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ABSTRACT

EVALUATION OF PERFORMANCE OF ARSENIC BIOREPORTER
IMMOBILIZED ELECTROSPUN MEMBRANES FOR ARSENIC
DETECTION IN WATER

Arik Kinali, Nehir
Doctor of Philosophy, Molecular Biology and Genetics
Supervisor: Prof. Dr. Hiiseyin Avni Oktem
Co-Supervisor: Prof. Dr. Aysen Tezcaner

December 2022, 150 pages

Heavy metal pollution, which is growing and threatening the health of all living
things as well as human health, can lead to serious lifelong consequences. It is very
important to detect and monitor these heavy metals that cause environmental
pollution. In addition to traditional laboratory techniques, the use of bacterial
biosensors to detect heavy metals has come into focus. In addition, it is known that
the immobilization of these bacterial biosensors is more advantageous in many

respects, such as being more stable and protected than the free ones.

In this thesis study, arsenic bioreporters whose expression of the reporter gene
increased in the presence of arsenic and which we could record as fluorescent signal,
were immobilized on 12.5% cellulose acetate (CA) and 10 wt% polycaprolactone
(PCL) electrospun fibers. The characterization tests of the developed electrospun
fibers were carried out by means of scanning electron microscopy (SEM), fourier-
transform infrared (FTIR) spectroscopy and contact angle meter. It was observed
that the developed fiber support membranes were beadless and homogeneous fibers
(Diameters: 2.15 um +0.55 for CA; 0.61 um +0.20 for PCL) and both were



hydrophobic (143.6°+13.5 for CA, 106°+0.3 for PCL). The parameters of the
immobilization studies were changed, and their optimization was tried to be
achieved. For this, experiments were carried out in different conditions to determine
the relationship between the fluorescent signal emitted in the presence of arsenic and
the concentrations and growth phases of the immobilized cells. In addition,
according to the viability test performed by AlamarBlue method, the viability of the
bioreporters immobilized on CA fiber was 55.4%, while those immobilized-on PCL
fiber were 91%.

Afterwards, the studies were continued on the PCL fiber and the effects of the growth
medium and different immobilization times on the fluorescent signal were examined
and the properties of the bioreporter immobilized on PCL system were tried to be

determined.

Following the optimization studies, in order to determine the properties of the
bioreporter immobilized on PCL system, the sensitivity, selectivity, response time to

arsenic metal and storage life were determined by changing the storage conditions.

The study results show that the bioreporter immobilized on PCL system can be used
to detect arsenic heavy metal at environmentally safe concentrations. In addition, it
is thought that the study will fill the deficiencies in this field in the literature and
shed light on future studies.

Keywords: Arsenic, Electrospun Fibers, Whole Cell Bioreporter, Adsorption,

Bacteria Immobilization

Vi
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SUDAKI ARSENIK TESPITI ICIN ARSENIK BIYORAPORTOR
IMMOBILIZELi ELEKTROSPUN MEMBRANLARIN
PERFORMANSININ DEGERLENDIRILMESI

Arik Kinali, Nehir
Doktora, Molekiiler Biyoloji ve Genetik
Tez Yéneticisi: Prof. Dr. Hiiseyin Avni Oktem
Ortak Tez Yoneticisi: Prof. Dr. Aysen Tezcaner

Aralik 2022, 150 sayfa

Gittikge biiyliyen ve insan sagliginin yanisira diger tiim canlilarin da sagligini tehdit
eden agir metal kirliligi yasam boyu ciddi sonuglara yol agabilir. Cevre kirliligine
yol agan bu agir metallerin tespit edilmesi ve izlenmesi olduk¢a 6nem arz etmektedir.
Geleneksel laboratuvar tekniklerine ek olarak, agir metalleri tespit etmek amaciyla
bakteriyel biyosensorlerin kullanimi odak haline gelmistir. Ayrica bu bakteriyel
biyosensorlerin immobilizasyonunun serbest haldekilere nazaran daha stabil olmasi
ve korunabilmesi gibi birgok agidan daha avantajli oldugu bilinmektedir.

Bu tez caligmasinda, arsenik varliginda igerdigi raportor genin ifadesi artan ve bunu
da floresan sinyali olarak kaydedebildigimiz arsenik biyoraportdrlerinin, agirlik¢a
%12.5 seliiloz asetat (CA) ve agirlikca %10 polikaprolakton (PCL) electrospun
liflerine immobilizasyonu gerceklestirilmistir. Gelistirilen elektrospun liflerin
karakterizasyon testleri taramali electron mikroskopi (SEM), fourier doniisiimlii kizil
otesi (FTIR) spektroskopi ve temas agisi dlger araciligiyla yapilmistir. Gelistirilen lif
destek membranlarin boncuksuz ve homojen goriintiide lifler (Caplari, CA igin: 2.15
um +0.55; PCL i¢in: 0.61 pm =£0.20) oldugu ayrica her ikisinin de hidrofobik
ozellikte (CA i¢in 143.6°+13.5, PCL icin 106°+0.3) oldugu goriilmiistiir.

Vil



Immobilizasyon c¢alismalarmin  parametreleri  degistirilerek  optimizasyonu
saglanmaya calisilmistir. Bunun i¢in arsenik varliginda yaydiklar1 floresan sinyali
ile immobilize edilen hiicrelerin konsantrasyonlar1 ve biiylime fazlar1 arasindaki
iligkiyi tespit etmek amaciyla farkli kosullarda denemeler yapilmistir. Ayrica
AlamarBlue yontemi ile yapilan canlilik deneyine gore CA lifine immobilize edilen
biyoraportorlerin canliliklart %55.4 iken PCL lifine immobilize edilenlerin % 91
oldugu bulunmustur.

Daha sonra ¢aligmalara PCL lifi iizerinden devam edilmis ve biiyiime ortaminin ve
farkli immobilizasyon siirelerinin floresan sinyali iizerine etkisi incelenerek PCL
iizerine immobilize edilmis biyoraportér sistemin Ozellikleri belirlenmeye
caligilmistir.

Optimizasyon ¢aligmalarini takiben, PCL {izerine immobilize edilmis biyoraportor
sistemin 6zelliklerini belirleyebilmek i¢in de hassasiyeti, se¢iciligi, arsenik metaline
kars1 verdigi yanit siiresi ve saklama kosullar1 degistirilerek saklama omrii tayini
yapilmistir.

Calisma sonugclar1 gostermektedir ki PCL iizerine immobilize edilmis biyoraportor
sistem cevresel olarak giivenli konsantrasyonlardaki arsenik agir metalini tespit
etmek amaciyla kullanilabilirler. Ayrica ¢alismanin literatiirdeki bu alandaki eksik

yanlar1 dolduracagi ve gelecek caligmalara 151k tutacag diisiintilmektedir.

Anahtar Kelimeler: Arsenik, Elektrospun Lifler, Tam Hiicre Biyoraportorii,

Adsorpsiyon, Bakteri Immobilizasyonu
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CHAPTER 1

INTRODUCTION

In recent years, heavy metals emanating from different anthropogenic sources had a
direct or indirect negative impact on the environment. Heavy metals have hazardous
impact on living organisms. Therefore, it is important to identify whole cell
bioreporters that can be used to monitor their levels in environmental and biological

samples, especially waters.

1.1 Pollution in Environment

In Turkey and in the world, the lack of sufficient number of waste treatment facilities
and infrastructure inadequacies brought about by urbanization, industrialization and
rapid population growth bring along the growing environmental pollution problem.
The environment can be exposed to either contamination or pollution, which have
distinct sense from each other even so, all pollutants are contaminants, but not all
contaminants are pollutants that act malefic effect on the environment (Chapman,
2007). In the literature, pollution is described as contamination, in short, is the
presence of substances that should not be or in higher concentrations than natural
background. Besides, pollution is specified as the direct or indirect entry of matter
or energy into the environment by humans or naturally occurring contaminants,
which have the capacity to harm living resources and human health, hinder the
environment and cause undesirable consequences such as deteriorating its quality.
Pollution is contamination that results in or can result in adverse biological effects

to living organisms.



1.2 Water Pollution

Water pollution, one of the types of pollution, has a very important place for the
health of all living organisms. Despite this, existing water resources are a threat to
future generations because they are used and polluted unconsciously. Pollution of
water means that it becomes unsafe for humans with the increase in the amount of
dangerous or toxic substances and disease-causing microorganisms in the water
(Kilig, 2021). Pollutants, the elements of pollution, may cause undesirable alterations
in physical, chemical, and biological characteristics of air, water and soil which is
malign for living communities and harmful for living organisms, including animals
and plants, as well (Masindi & Muedi, 2018).

121 Heavy Metal Pollution

Heavy metals, with a density of at least 5 times greater than water and a high atomic
mass are well-known elements due to their persistence in the environment and their
bio accumulative nature. The sources that cause the formation of heavy metals, also
called environmental pollutants, are divided into two as natural and anthropogenic.
The former is known as the erosion of metal-containing rocks and volcanic eruptions,
while the latter includes mining and various industrial, medical and technological
applications and agricultural activities. Even for this reason, its potential effects on
animal health and the environment are of concern (Ali et al., 2019). It is impossible
for humans to survive on earth without toxic metals. These mentioned toxic metals,
Arsenic (As), cadmium (Cd), chromium (Cr, +3, +6), copper (Cu), lead (Pb), zinc
(Zn), and mercury (Hg), which have the potential to cause serious harm, are among
the priority metals that are jeopardous for living health (Rashed, 2020; Tchounwou
etal., 2012). The level of toxicity is closely related to many conditions such as dose,
type of interaction, age, gender, genetics, and nutritional status of the individuals
with whom it interacts. Some metals such as zinc, copper, iron, manganese, and

cobalt are necessary for the human body, on the contrary, they have various harmful



effects on human health. However, these heavy metals are dose dependent they can
also be toxic and carcinogenic, i.e. DNA damage and neurological abnormalities
(Gorini et al., 2014), when subjugate to very high concentrations (Balali-Mood et al.,
2021; Rehman et al., 2018). Concentrations of heavy metals in water allowed by
EPA and WHO are given in Table 1.1.

Table 1.1 Limit heavy metal concentrations in drinking water (mg/L) allowed by EPA
and WHO.

Heavy metals WHO (mg/L) EPA (mg/L) References
Arsenic, As>*° 0.01 0.01 (Binkley &

Simpson,
2003; Umoh,
2013; Y.
Zhang et al.,
2014)

Barium, Br?* 2.0 2.0 (Odobasié,
2019)
Cadmium, Cd?* 0.003 0.005 (Kinuthia et
al., 2020)
Calcium, Ca®* 50 50 (Odobasic,
2019; Umoh,
2013)
Chromium, Cr®* 0.05 0.1 (M. Bansal et
al., 2009; O. P.
Bansal, 2020)
Lead, Pb?* 0.01 0.015 (Bahnasawy et
al., 2011;
Shamsollahi &
Partovinia,
2019)




Table 1.1 (cont’d).
Magnesium, Mg?* 50 50
Mercury, Hg?* 0.001 0.002 (Binkley &
Simpson,
2003; Kinuthia
et al., 2020)
Nickel, Ni%* 0.05 0.01 (Azadi et al.,
2018; Kinuthia
et al., 2020)
zinc, Zn?* 0.05 0.05 (Bahnasawy et
al., 2011)
1.2.2 Arsenic Contamination and Toxicity

Arsenic is one of the most toxic metals derived from the natural environment. The
source that people are most exposed to arsenic toxicity is neither due to mining nor
agricultural resources (pesticides or fertilizers), but the contamination of natural
geological resources affects them more. In other words, the movement of arsenic
from geological sediments to sources such as underground and drinking water has
the potential to seriously harm the health of living things (Sikdar & Kundu, 2018).
Drinking water of even industrial or less industrial countries can be contaminated
with arsenic. In addition, arsenic, which is number one in the 2001 priority list of
dangerous substances and disease records defined by WHO, is described as the 'king
of poison' because it is an extremely toxic element (Shaji et al., 2021). The amount
of As in soil, water and living organisms can be found in concentrations varying
from ppm to ppb. While the As concentration in sea water is around 2 pg/L, this
concentration is generally 1-40 pg/g in soil. The toxicity of arsenic in natural waters
depending upon both its chemical form and its doses. The allowable concentration

of arsenic in drinking water, which was 50 pg/L until 1993, has been decreased to



10 ng/L since 1993 (Shaji et al., 2021). With the decision taken by the Environmental
Protection Agency in 2001, the level of arsenic allowed in drinking water in the USA
was reduced from 50 ppb to 10 ppb (Ratnaike, 2003). In Turkey, the amount of
arsenic in drinking water has been determined as <10 pg/L with the standard
numbered TSE 266 prepared by the Ministry of Health (Anonim, 2005). The most
dangerous and frightening feature of arsenic has been shown by IARC to be
carcinogenic (IARC, 2012), besides, it also has mutagenic and teratogenic
properties. (Ratnaike, 2003). It is known that long-term exposure of living organisms
to these metals can cause damage such as DNA mutations, cell cycle disorders,
neurological problems, liver and kidney damage, disruption in the endocrine system,
cardiovascular dysfunction and even apoptosis (Genchi et al., 2020; Jadoon & Malik,
2017).

Agueous arsenic (0) commonly exists forms in either +3 (trivalent) or +5
(pentavalent), affiliated to local oxidation-reduction circumstances. Arsenic is found
arsenate (As (V)) form in aerobic (surface waters), and arsenite (As (l11)) form in
anaerobic environment (deep groundwaters) (Queensland Fire and Emergency
Services, 2018). It is considered that As (111) is more toxic than As (V) (Ferguson &
Gavis, 1972; Raju, 2022). Arsenic in drinking water is severely harmful for living
health due to it is carcinogenicity, hence, requires its concentration to be measured
and monitored in real time (Ahmad & Bhattacharya, 2019; Brauner et al., 2014).

1.3 Environmental Monitoring of Metal Contamination

Rapid and reliable detection of metal ions is very important in the pollution caused
by the mentioned heavy metals (Sikdar & Kundu, 2018). Otherwise, they can cause
irreversible problems by causing severe harm to the health of living things.
Therefore, rapid analysis should be prioritized for the initial and on-site detection
of contaminated environments (Rigo et al., 2019). There are two main techniques
used for these purposes. These techniques detect heavy metals with two different

approaches, physicochemical and biosensing analysis.



131 Physicochemical Techniques for Monitoring of Metal lons

For physicochemical methods are the first of the heavy metal monitoring methods
and instrumental devices working with chromatographic and spectroscopic sense are
utilized. Although they have the same biological or toxic effect, many compounds
with different chemical structures exist in nature. The devices described in this group
make it easier to detect such compounds, but they cannot provide information about
what kind of biological effect these compounds will have. These techniques are very
sensitive for the simultaneous detection of different heavy metals, making them very
versatile (Malik et al., 2019). The techniques utilized to monitor these toxic heavy
metals are named chromatography and high performance liquid chromatography
(GC and HPLC) (Okano et al., 2015; Sarzanini, 2000) with specific element
detectors based either on atomic absorption spectroscopy (AAS) (Aquisman et al.,
2019), or inductively coupled plasma atomic emission spectroscopy (ICP-OES)
(Karami et al., 2004; Velitchkova et al., 2003), or inductively coupled plasma-mass
spectroscopy (ICP-MS) (Mittal et al., 2017), atomic fluorescence spectroscopy
(AFS) (Sanchez-Rodas Navarro et al., 2010). However, all these techniques need
labor-intensive and equipment that is high price, complicated to operate, and
consume several days for purification processes and to get results (L. Wang et al.,
2019). Besides, in terms of their use in field studies, their operation is quite complex
and they are not sufficiently equipped to detect the presence and amount of arsenic

in rare earths (Pola-Lopez et al., 2018).

AAS was utilized monitoring of arsenic with the detection limit of 0.19 mg L%, (Nie
et al., 2008) unlike HPLC was used to measure arsenic in the range of 9x10™ to
24x10° ppm (Lindemann et al., 2016). ICP-MS can be an optimum detection
technique for As contamination analysis due to its high sensitivity (B’Hymer &
Caruso, 2004).



1.3.2 Biological Sensing Techniques for Monitoring of Metal lons

The second group includes bioassay-based analysis and biosensors. For former
group, several living systems have been utilized to monitor and analyze water with
aquatic organisms i.e., fish (Authman et al., 2015), mussels (Ng et al., 2013; I. Saleh
et al., 2021), water flea (Cui et al., 2017), algae (F. Hussain et al., 2021; Wu et al.,
2016), bacteria (Elcin & Oktem, 2020b) or plants (Y.-E. Chen et al., 2019; Ciftci et
al., 2021) to sense the poisonousness of materials.

Certain methods mentioned above (such as AAS or ICP — AES) involve a very
tedious application procedure and require at least 48-96 hours of stimulus exposure.
(Hussain et al., 2021; Latata et al., 2005). Much more attention has been given to the
development of affordable and accurate methods that allow the determination of
even very low concentrations of pollutants or contaminants (Eltzov et al., 2015).
Hence, there is a vogue technique to monitor water in terms of simple, low-cost,
mobilize, rapid and real-time measuring capability.

Biosensors have the potential to be a viable alternative to the above-mentioned
features (Farré et al., 2005). By definition, biosensor is known as a powerful and
innovative analytical technique with its biological sensing element, which has uses
in many areas such as food safety and processing, drug discovery, disease diagnosis,
biomedicine, biomedical research, environmental monitoring and security
(Vigneshvar etal., 2016). They can also be used to analyze and continuously monitor
drinking water and warn in the early stages. They are used to control water quality
for water purification purposes, additionally, detect and monitor pharmaceuticals and
bioactive compounds that are impossible or difficult to detect (Long et al., 2013; Sin
et al., 2014). The first biosensor, which measures glucose levels, was laid out in
1960s by the pioneers Clark and Lyons (Clark Jr. & Lyons, 1962). Biosensors have
many more outstanding features over conventional techniques such as basic
structures, fast response, and enhanced sensitivity (R. Liu et al., 2008). Researchers
are interested in developing biosensors with higher accuracy and sensitivity by

taking advantage of the high specificity and strict interaction among bio — sensing



molecules and analytes (Park et al., 2013). They are classified into according to their
bioreceptors (biological sensing elements) that are responsible for binding analyte of
interest to biosensor for measurement. These bioreceptors comprise enzymes,
antibodies/antigens, nucleic acids, and others (aptamers, peptides) (Chambers et al.,
2008; P. Mehrotra, 2016; Tetyana, 2021). Another grouping of biosensors is
according to their transducers. There are four main type of transducers converting
the signal into an appropriate measurable response for the detection and analyze the
biological compounds: optical (colorimetric, chemiluminescence, fluorescence,
absorbance), piezoelectrical, electrochemical (potentiometric and amperometric),
thermal and magnetic transducers based on type of their transduction signal
(Majdinasab et al., 2019; Newman & Turner, 1992; Turdean, 2011; Yoo & Lee,
2010). Optical and electrochemistry bio-transducers are highly preferred in
biosensors due to their characteristic features. Optical biosensors work on the
principle of generating an optical signal by interacting in specific regions of the
biosensor elements. (Khansili et al., 2018). There is working principle of biosensor

with various bioreceptors that can relate to transducer elements (Figure 1.1).
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Figure 1.1 Schematic representation of working principle of biosensors with

different inducers, receptors and transducers (Luka et al., 2015).



A disadvantage of biosensing techniques is that the reproducibility is very low, even
near impossible since the measurements are made using living materials. In addition,
the lack of validation of (bio)sensors for being used extensively in environmental
monitoring or before their commercialization can be cited as another disadvantage,
which requires inherent sensitivity and selectivity, (Ranveer et al., 2015). On the
other hand, they not only detect certain chemical substances, but also identify various
biological effects of these substances such as toxicity, cytotoxicity, genotoxicity
(Odobasic¢, 2019). Another use of biosensors is environmental quality monitoring,
that is, they take part in the evaluation of the biological or ecological quality of the
environment or in the chemical monitoring of both inorganic and organic primary

pollutants (Ranveer et al., 2015).

Biosensors that sense heavy metals can be grouped as protein-based (cell-free, i.e.,
enzymes, antibodies, aptamers) and whole cell-based systems (Verma & Singh,
2005). Enzymes used as bioreceptors are very selective and sensitive, which can be
given the reason for their frequent use, but their cost and rather tedious purification
processes are the handicap of enzyme-based biosensors. Unlike these, whole cells
have the potential to be a very good alternative to other bioreceptors, especially to
enzymes, because they are much cheaper, have better stability in harsh environments,
and have the ability to reproduce very quickly in a short time because they have a
very short doubling time (Lagarde & Jaffrezic-Renault, 2011). Cofactors are already
present in whole cells, although enzymes need multienzymes or cofactors to generate
measurable signals (D’Souza, 2001; Park et al., 2013; Su et al., 2011). These
biosensors can be altered very easily with simple genetic engineering techniques,
hence they can be converted in the next attempt to detect complex responses in a
different living cell, despite the fact that cell-based biosensors are not as sensitive as
much as protein-based biosensors and whole cell-based sensors may have limited
detection range due to the toxicity and harmful effects of analytes on cells (Gui et
al., 2017; K.-H. Lee & Kim, 2019).



1.4 Whole-Cell Biosensors

For environmental bio sensing purposes such as water quality monitoring or heavy
metal detection, bacteria and yeasts are often preferred as whole cells, and algae are
are less preferred (Lei et al., 2006). On the contrary, higher eukaryotic cells are used
in the detection and analysis of basic cellular functions and disease pathogenesis
(Gupta et al., 2019). Whole cell biosensors (or called microbial biosensors) allow to
obtain information about various characteristics of a sample that cannot be given by
molecule-based biosensors. In whole cell-based biosensors, the bio sensing element
is integrated with the reporter gene. The working principle involves the reporter gene
becoming active as a result of the treatment of the target analyte with the bioreceptor
and emitting a measurable output signal in direct proportion to the heavy metal
concentration (Odobasic, 2019).

Among the advantages of using a whole cell-based biosensor, the most important
one, is to acquire information about the effect of a biological element on a living
system by using only one component of the living cell. This system offers the
possibility to compare the amount of biological element present with analytical
information. Under favour of these biosensors, besides specific chemical analysis,
rapid determination of general quality parameters and biological contamination can
be evaluated. (Bousse, 1996).

A heavy metal specific regulatory elements are expressed from the resistance operon,
which responds to the presence of heavy metals. When these elements are combined
with appropriate optical and electrochemical bioreporters, they form a whole cell

biosensor with a bioreceptor and/or transducer function.

14.1 Principles of Whole-Cell Bacterial Bioreporters

Whole cell-based biosensors which have been studied so far can be divided into two
main classes according to the signal transmission strategy: electrochemical and

optical biosensors. The first of these techniques, which is a widely used very

10



sensitive and fast sensing feature, functions by recording the change in conductivity
or voltage across the cell membrane of the microbial cell, which is affected by the
physiological conditions created by the heavy metal present in the environment. In
other words, electroactive specimens produced/consumed by microorganisms are
detected by methods such as conductimetric, amperometric, impedimetric or
potentiometric. The second involves the use of natural bioluminescent bacterial
strains or genetically modified organisms as detectors. That is, this technique works
with the principle of measuring fluorescent, luminescent light production,
colorimetric or other optical outputs emitted from living cells after treatment with

heavy metals (Kannappan & Ramisetty, 2022; Olaniran et al., 2011; Su et al., 2011).

Many cell-based biosensors are used to detect and monitor heavy metals in water. It
provides results by measuring quickly, its capacity to make continuous
measurements, its ease of production, its ability to determine the concentrations of
toxic substances, and its field test applicability to determine the effects of toxic heavy
metals on living organisms (Odobasi¢, 2019; Teo & Ling Shing, 2014).
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Figure 1.2 Schematic representation of whole cell based biosensor (Gui et al., 2017).

Whole cell-based biosensors, utilize the whole prokaryotic/eukaryotic cells as a
single reporter, reuniting together bioreceptor and transducer elements in the same
cell (Figure 1.2). They are based on using natural or genetically engineered
biosensing cells, i.e. microorganisms, plant cells, algae, fungi, protozoa (Gavrilas et
al., 2022; Gutiérrez et al., 2015).
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There are many advantages of using a whole cell as a biological element. For
example, these cells are more resistant to various changes (i.e., pH and temperature)
occurring in the environment. The cell includes all the enzymes and cofactors
necessary to detect the analyte, indicating that a multistep reaction is possible. Its
cultivation is easy, and its isolation and purification are not difficult. Since it allows
the growth and maintenance of cells, it allows comfortable use in situ. Whole cell-
based biosensor comprises of a transducer linked with immobilized living or non-
viable microbial organisms. They are low-cost biosensing elements in both non-
viable cells obtained after permeabilization and whole cells containing periplasmic
enzymes that can be used instead of enzymes. However, contrast to enzyme, it can
be considered as a disadvantage since it allows the entry of other analytes, although
it is not pollutant/contaminant. In addition, they have relatively longer response
times than biosensors developed with other biosensing elements (D’Souza, 2001;
Odobasi¢, 2019).

Whole cell bacterial bioreporters (WCBs), developed according to classical
recombinant DNA technology, are engineered by designing a plasmid vector
(cloning vector). These vectors contain promoters that are sensitive to the presence
of agents such as heavy metals that control the expression of the reporter gene (H. J.
Kim et al., 2018; Martinez et al., 2019; Nourmohammadi et al., 2020). There are two
main factors that determine the performance of WCBs. The first factor is the reporter
gene selection. Another factor that is at least as important as the first is the selectivity
and sensitivity of molecular recognition that eventuates when regulatory proteins
bind to analytes (Gui et al., 2017).

Biological and specific responses of bacteria to toxic analytes via metal-sensitive
transcription or bicomponent signal transduction arise in consequence of various
interactions among bacteria and metals coexisting in the environment (H. J. Kim et
al., 2018). Promoters in normal bacterial cells regulate genes that respond to stimuli.
However, engineered bacterial bioreporters disrupt the association of promoters with
the mentioned genes and these genes are replaced by reporter genes. After being
supported by promoters, these modified reporter genes are transcribed and translated
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into reporter protein that emits the signal such as bioluminescent, fluorescent, or
colorimetric. (Cosansu & Ayhan, 2003; Ivask et al., 2009; Rawson et al., 1989; Xu
et al., 2013). The major advantages of WCBs include the easy manipulation of
bacteria and the production of large amounts of biomass in a very short time
(Cerminati et al., 2015). Among the convenience of using bacterial cells, it has the
potential to provide a stable environment against environmental conditions that will

break down sensory elements and damage those (Odobasic, 2019).

In order for a biosensor to be highly effective and comprehensive, it must have
certain features. These six basic features are given below (Bhalla et al., 2016; Dincer
et al., 2019; Kalantar-zadeh, 2013).

i. Selectivity: It is the most important feature that a bioreceptor should have.
Therefore, it is essential to consider when designing a biosensor. A selective
bioreceptor has the capacity to detect the target analyte molecule from the

environment where different pollutants coexist.

ii. Sensitivity: It is the capacity to detect target analytes in the sample or medium to
be analyzed, even if they are in the lowest concentration (ug/L or fg/mL).

iii. Linearity: It is known that the higher the linearity, which is accepted as the
accuracy criterion, the more accurate the detection of target analyte concentration by
the biosensor. Linearity is the property mathematically represented as y=mc, which
indicates the accuracy of the measured response (for sample containing different
concentrations of analyte) to a straight line, where ¢ is the concentration of the
analyte, m is the sensitivity of the biosensor, and y is the output signal. Besides the
analyte concentration tested, the resolution of the biosensor, expressed as the
slightest change in the concentration of the analyte required to produce a change in
the response of the biosensor, can be correlated with the linearity of a biosensor
(Naresh & Lee, 2021).

iv. Response time: Time taken for the biosensor induced by the target analyte to

identify and analyze the amount/concentration (about 95%) of that analyte.
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v. Repeatability: This property is closely related to precision (ability to give the same
results even when measured more than once) and accuracy (ability to produce an
average value closer to the true value in each measurement). In other words, it can
be defined as the biosensor giving the same results even if the same sample is
measured more than once. However, this may not always be true for bacteria-based

biosensors (Ranveer et al., 2015).

vi. Stability: It is the feature that the biosensor should have in studies where
continuous monitoring is necessary. It can be defined as the degree of tenderness of
the biosensor ambient disturbances in and around the biosensing system. These
disturbances can cause a shift in the output signals of a biosensor responding in the
presence of the analyte. This may cause an error in the measured concentration and
affect the accuracy and reliability of the biosensor. The responses of transducers and
electronics can be temperature sensitive, which can affect the stability of a biosensor.
Therefore, the electronics used must be properly tuned in order for the
designed/selected biosensor to give a stable response. Its limitations are the loss of
the affinity of the bioreceptor (the degree of binding of the analyte to the bioreceptor)

and the function of the bioreceptor over time.

The read signal in WCBSs is produced by the expression of the reporter gene by the
promoter. There are several reporter genes: the B-galactosidase gene (lacZ), the
luciferase (bioluminescence) gene (luxAB and luc), and the fluorescent protein genes
(GFP, YFP, CFP, and RFP).

Bacterial luciferase (lux) genes have the ability to respond very quickly, but it may
not always be possible to use these genes as reporter genes in mammalian cells.
Because these genes are thermally labile and suffer from dimeric protein interaction,
they also need O>. Instead of this gene, the researchers use the more sensitive and
thermally stable gene, the firefly luciferase (luc) reporter, in mammalian cells.
However, the limitations of this gene include its need for O, and ATP and its low
permeability. Another reporter gene, B-Galactosidase (lacZ), is widely used in

molecular biology as it is an excellent determinant and monitor of transfection
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efficiency. Although the limitation of the lacZ gene is its low permeability and need
for substrate, it is often preferred because it is simple to use, has a short response
time, very high sensitivity capacity and low detection limit (Gui et al., 2017). The
reporter gene, gfp, encoding green fluorescent protein (GFP), does not need the
appendage of cofactors/substrates to emit light due to its autofluorescent. The
autofluorescence source of GFP is associated with the internal covalent bonding of
the imidazolinone chromophore. The formation of chromophores occurs by post —
clastic modification. This means that the chromophore undergoes oxidation of three
amino acids after cyclization. Also, the chromophore is the rate — limiting factor, that
is, it determines the reporting rate of gene expression by the GFP. The disadvantages
of GFP include the need for posttranslational modifications, mixing of light from
biological systems with autofluorescence from GFP not being hypersensitive, and
having cytotoxic properties for some cell types (Daunert et al., 2000). It is thought
that this may be the reason why GFP — based biosensors are less sensitive than lux
and lacZ — based biosensors. Fluorescent protein genes are suitable for visualizing
WCBs in single cells, while luciferase genes are more useful in the use of
quantitative detections (Song et al., 2012). Moreover, the linearity and stability of
the fluorescent signals emitted by GFP require a longer time to be high, which
negatively affects the maximum detection performance of GFP — based biosensors.
Therefore, GFP — based WCBs are not suitable for use where analytes need to be
detected in a short time. By radiation — free energy transfer from primary proteins
(aequorin or luciferase) to GFP, the emission spectrum is converted from blue
bioluminescence to green fluorescence. As this transition is made, GFP acts as an
auxiliary protein to the primary proteins. The excitation spectrum of GFP has a
maximum at 395 nm and a small peak at 475 nm, while its emission maximum occurs
at 509 nm and a small shoulder at 540 nm (Brovko, 2010; Molinari et al., 2008;
Ward, 1979).

To generate arsenic bioreporter which detects arsenite, ars is used as the promoter
and arsR is used as the regulatory gene. Ars operons, which are frequently used in

studies, were produced from the R773 and R46 plasmids of E. coli. In addition,
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although bacteria have the chromosomally encoded arsRBC operon, which provides
moderate resistance to arsenic, the most powerful resistance system for bacteria is
the conjugative resistance factor R773, derived from E. coli (Elcin, 2019). With this
technology, the arsR gene derived from E. coli and the operator/promoter region of
the ars operon were used to develop the arsenic bioreporter plasmid in E. coli
(Fujimoto et al., 2006). When arsenic is present in the medium, arsR dissociates from
the promoter and regulates expression of the reporter gene. Expression of the reporter
gene increases as the concentration of arsenic increases, so in this case WCB acts as
an arsenic sensor. It is also very sensitive to detect arsenic concentration in pg/L
range and has a high selectivity for arsenic even if other heavy metals and metalloids

are present in the environment (Baumann & van der Meer, 2007; Loska et al., 2004).

Li et al. created the arsenite — inducible vector with GFP as the reporter gene, pUC18-
ars-gfp and combined it with E. coli to design a whole cell biosensor. They noted
that the As (III) detection limit capacity of this biosensor increased from 3 pug/L to
0.75 pg/L concentration after 1 hour of induction (Li et al., 2015).

Prévéral et al. formed the transcriptional fusion between the bacterial luciferase
operon lux and arsenide controlled by the transcriptional repressor ArsR and an
inducible promoter Pars. E. coli was used as the host for this construct. The whole-
cell biosensors they designed were able to detect 7.5 pug/L — 15 pg/L As (ll1)

concentrations in LB medium after 60 minutes (Prévéral et al., 2017).

Pola — Lopez et al. created an arsenite — sensitive bacterial biosensor using E. coli as
a host, made with three genetic modules called arsenic biosensor POLA (ABP). The
detection capacity of this scheme was reported to be 1-h for 5 pg/L — 140 pg/L As
(1) in LB medium (Pola-Lopez et al., 2018).

Jiaetal. developed an arsenic WCB with a positive feedback amplifier in Escherichia
coli DHS5a. The output signal from the mCherry reporter was significantly enhanced
by the positive feedback amplifier. They showed that this designed whole-cell
biosensor could detect 7.5 ng/L As (III) after 2—h (Jia et al., 2019).
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Elcin and Oktem developed a GFP — based whole — cell bacterial biosensor using E.
coli as host. They emphasized that this biosensor could detect arsenic forms (As (I11)
and As (V)) at a concentration of 10 pg/L after 2—h (Elcin & Oktem, 2020a).

1.4.2 Applications of Whole-Cell Bacterial Bioreporters

Whole-cell bacterial bioreporters are promising for use in a wide variety of fields in
detecting pollutants and heavy metals in the environment according to it is simple,
inexpensive, fast and not difficult to use (Roointan et al., 2015). After the enzymatic
biosensor was developed to measure the sugar level in the blood, various biosensors
have been developed that serve many purposes such as environmental and food

monitoring and homeland security (Naresh & Lee, 2021).

Figure 1.3 Main application fields of WCBs.

Biomedicine and Pharmacology

Another usage area of WCBs is medical/health fields. That is, they are suitable for
use in applications such as cellular physiological analysis, pharmaceutical
evaluation, and medical diagnosis in the field of biomedicine, thanks to their capacity
to analyze biological metabolic disorders and other diseases at the cellular/molecular
level (Gui et al., 2017).
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Feng et al. (2007)., who generated a whole cell biosensor from a frog fibroblast cell
line, aimed to evaluate the activity of G protein-coupled receptors and to determine
the amount of adrenaline they secreted with this biosensor (Feng et al., 2007). The
human hepatoma cell-based biosensor of Zager et al. (2010) can be given as a
different example for the same field of use. For the simple and rapid detection of
genotoxic agents, which is the aim of this study, they used a GFP encoding plasmid
under the control of a p21 promoter to develop the biosensor (Zager et al., 2010). In
their study, Riangrungroj et al. managed to develop a label — free optical whole cell
biosensor using E. coli in order to determine the pyrethroid insecticide exposure with
a limit of 3 ng/mL 3-phenoxybenzoic acid concentration in the linear range of 0.01-

2 ng/mL (Riangrungroj et al., 2019).

Quantification of micronutrients can also be determined using WCBs. For example,
excessive intake of vitamin B2 (Riboflavin), which has a very important place in
human growth and development and causes serious diseases such as reproductive
problems, metabolism disorders, anemia, skin disorders, visual impairment and even
cancer in its deficiency in the body, is also harmful. In this case, it is inevitable to
experience liver problems and skin problems against ultraviolet rays (Cardoso et al.,
2012; Suwannasom et al., 2020). For the determination of this vital vitamin for
humans, Si et al. developed a whole cell bio — electrochemical biosensor (Si et al.,
2016). One of the most important steps in the diagnosis of diseases is the fast and
reliable detection of the causative pathogens. Detection of these pathogens, which
takes a very long time with traditional microbiological techniques, can be detected
very quickly and with higher selectivity with whole cell biosensors (Shabani et al.,
2008).

Soil quality monitoring

Soil is very important for all living things on earth. Soil, which is considered
indispensable for living things to survive, has been polluted with various pollutants
such as aromatic compounds and heavy metals brought about by developing industry

and agriculture, which has seriously damaged the naturalness and sustainability of
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the soil (Zeng et al., 2021). Detection and monitoring of soil pollutants is very
important for the health and survival of living things in an ideal environment. In the
light of recent studies, it is seen that the use of potential and promising WCBs in this
regard allows the rapid determination and analysis of pollutants in the soil. WCBs
recognize target analytes with their molecular recognition elements and emit a
measurable signal. WCBs are very suitable for the detection and analysis of toxic
substances in the soil, thanks to reasons such as simplicity, ease of use, portability,
fast response, and cheapness (Francisco et al., 2019; X. Wang et al., 2014; Zeng et
al., 2021). Frick et al. (2019) used a Cu and As (V) — responsive bioluminescent
whole-cell biosensor to stabilize soil contaminated with chromated copper arsenates
(CCA). Pcop/luxAB was used as Promoter/reporter construct, reporter was
luminescent and host cell was P. fluorescens. (Frick et al., 2019). Yoon et al (2016)
used E. coli based WCB in their study and tested the bioavailability of As in soil by
measuring directly (in vivo) and indirectly (in vitro). WCB was used to evaluate the
effectiveness of As-removal from As-regulated soils as well as where bioavailability
could be achieved. According to the results obtained from the contaminated soil
samples, it was observed that the amount of biologically usable arsenic increased,
although the total amount of arsenic decreased. In the light of the results obtained, it
is very important that the ecotoxicological aspects of soil improvement are important
and WCBs provide information for soil recovery by determining the total amount of
pollutants and bioavailability in the soil. WCBs were used to determine
bioavailability in modified soil and soil solution samples. LUFA (modified soil) and
field soil were added to the cultured cells and after waiting for certain times, they
were centrifuged to remove the soil from the cells and finally to pick up the cells.
The resulting cells were suspended and their GFP fluorescence was measured by

spectrophotometer (Yoon et al., 2016).

Water quality monitoring

Heavy metals are inorganic pollutants that need to be studied and given importance
because they have biological toxicity to the environment, humans, and other biota.
According to the information obtained from the studies carried out up to this date, it
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has become known that bacteria, in general, have defense mechanisms against the
harmful effects of heavy metals. These bacteria can cope with metal toxicity through
efflux carriers that remove harmful heavy metal ions from the cell or modification
enzymes that can convert these toxic heavy metals into less harmful ones. Energy is
spent for the expression of the proteins used in this process. Because the energy
expended here imposes an additional metabolic load on the host cells, the defense
against toxic substance becomes active only when heavy metal ions reach toxic
concentrations. Inducing the defense mechanism in this way requires a specific
transcriptional regulator that, upon metal binding, activates the transcription of genes
in the downstream defense. As the defense against mercury (Hg) and arsenic (As) is
activated by the transcriptional regulators MerR and ArsR, respectively. The
developed metal bacterial bioreporter is formed by promoter/operator splicing in
addition to the genes encoding the metal-specific transcriptional regulator. This
promoter/operator is the defense related genes to a promoterless reporter gene (luc,
gfp, yfp or cfp) or reporter genes (luxAB and luxCDABE). After WCBs are induced
by the heavy metal, the transcriptional regulator becomes active, which then
regulates the expression of the reporter gene(s), producing a measurable readout
signal (Xu et al., 2013).

Roointan et al. (2015) developed WCB to detect mercury in water in their study.
GFP gene, that was cloned downstream of the Pseudomonas pBS228 merR gene,
was used as the reporter. They cloned merR promoter, gene, and GFP into the vector
and transferred it to the E. coli BL21 (DE3) to use as a host cell. Engineered bacteria
were used as WCBs for detecting mercury. They used microscopy and fluorescence
to measure the mercury concentration in water. It has been noted that it can detect
even concentrations of mercury of 10 M after 3h treatment with mercury (Roointan
etal., 2015).

The study of King et al (1990) which reported WCB developed by to detect
naphthalene, is one of the first studies to show the importance of genetic engineering
and how to use it to turn bacteria into biosensors (King et al., 1990). Development
of this WCB was accomplished by combining the bacterial bioluminescence gene
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with an expression promoter induced by naphthalene and transferring this construct
into a Pseudomonas fluorescens. Engineered E.coli is used in WCBs developed with
the same logic and used to detect metals such as silver (Martinez et al., 2019), arsenic
(Elcin & Oktem, 2020a), cadmium (Elcin & Oktem, 2020b; G. Zhang et al., 2021),
copper (Chen et al., 2017; Costello et al., 2020; Kang et al., 2018) or zinc (Watstein
& Styczynski, 2018). It was known that arsenic detecting WCBs have higher

sensitivity than other chemical test kits even at low levels (Trang et al., 2005).

1.5  Support Materials for Bacterial Bioreporters

Immobilization of whole-cell bacterial bioreporters is of great importance in order
to survive and preserve the response properties of bioreporters. WCBs have been
immobilized on transducers or support materials using various techniques to obtain
integrated microbial biosensors. Immobilized cells are more resistant to
environmental changes (such as pH or temperature) and have the potential to be
reused. (Berillo et al., 2021). These immobilization techniques are generally divided
into 4 groups as encapsulation/entrapment, covalent bonding, crosslinking and
adsorption  (Bjerketorp et al.,  2006; Vigués  Frantzen, 2020).
Encapsulation/entrapment is a physically immobilized and irreversible
immobilization method, usually in small sizes of porous matrix or hollow fibered
that provides a 3D environment to living cells. For a matrix to be defined as ideal for
the immobilization of WCBs, it must be functional at room temperature, be
biocompatible, prevent the escape of immobilized cells, allow nutrients, oxygen, and

analytes to circulate by diffusion, and have protective barrier properties.

In principle, encapsulation/entrapment cells should be able to survive for a long time,
that is, they should be stored under suitable conditions, but should not grow. In
studies conducted with this principle, it has been reported that bacterial growth is
limited in encapsulation/entrapment immobilization with inorganic polymers, which
does not include carbon atoms in the backbone (Michelini & Roda, 2012). Covalent

binding occurs when reactive groups on the cell are attached to reactive groups on
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the support material surface, such as carboxyl or amine groups. In order to do this
immobilization, a bifunctional cross-linker, either homo or hetero, is needed.
Although very few, it has been reported that glutaraldehyde homobifunctional
crosslinker (binder agent) is used for covalent immobilization in some studies. Some
environmental parameters, temperature, pH or ion energy affect the success of
immobilization. This technique, which is generally used for enzyme immobilization,
is also rarely used for WCBs in some cases, but the binder agents used can impair
cell viability or enzyme activity (Bayat et al., 2015; Shriver-Lake et al., 2002).
Adsorption immobilization technique is divided into two groups, physically or
chemically, according to the type of interactions between the bacterial cell and the
support material surface. In physical adsorption with van der Waals forces, bacterial
bioreceptor cells are deposited on the support material and after a certain period of
incubation, the non-adsorbed ones are removed by washing with liquid solutions.
This very easy immobilization technique can be performed under static or dynamic
conditions. On the other hand, chemical adsorption by electrochemical or ionic
interactions, electrostatic charges on the support material attract and immobilize the
bacterial bioreceptor. Another group of bacteria immobilization techniques is the
attaching bacteria bioreporter to a surface. The parameters that affect the success of
this technique are the characteristics of the support material used, the bacterial cell
surface, the adhesive substances secreted by the bacterial cells, and even having
flagella/fimbriae (Kimkes & Heinemann, 2020; Michelini & Roda, 2012; Zheng et
al., 2021).

Even if any support material is used in this immobilization, it does not mean that
almost all of the bacterial cells will be successfully immobilized (Jesionowski et al.
2014). In such cases, the efficiency of immobilization increases, and they can be
adhered more successfully, thanks to the use of organic/inorganic compounds such
as positively charged poly — L — lysine, polyethyleneimine, chitosan and silanes. The
positive charge of these molecules attracts negatively charged bacteria to the sensor
surface for immobilization. No conclusion has yet been reached regarding which

type of support material the bacterial cells adhere to better. While some researchers'
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reports state that hydrophobic materials are more suitable for the adhesion of bacteria
according to their wettability (Bruinsma et al., 2002; Parreira et al., 2011), the studies
presented by some researchers show that materials with hydrophilic surfaces are
more suitable for bacterial cells to adhere to and maintain their viability (Lassen et
al., 1994; Yuan et al., 2017). It is thought that this difference may be related to the
better spread of bacteria on hydrophilic surfaces due to the polar nature of the

extracellular polymeric substance (Oh et al., 2018).

The selection of support materials to be used in the immobilization of bacterial
bioreporters has a very important place. For this purpose, ideal support materials
should be insoluble, non-biodegradable, harmless, non-polluting, light, flexible,
robust, chemically stable, less preferred for other microorganisms, and affordable.
Support materials are divided into two groups as inorganic material (zeolite, clay,
anthracite, porous glass, activated charcoal and ceramic) and organic polymers.
Inorganic materials are more resistant to microbial degradation and have
thermostable properties. However, organic polymers are more common in nature and

they are divided into two groups as natural and synthetic (Suzana et al., 2013).

Natural algal polysaccharides such as alginate, carrageenan, agar and agarose,
chitosan, which is chitin-derived amino polysaccharide, and various synthetic
(acrylamide, polyurethane, polyvinyl, resins) polymers have been used as support
materials in bacterial immobilization. Although natural polymers such as alginate
and carrageenan are the most commonly used polymers, synthetic polymers are more
advantageous because natural polymers are unstable in wastewater (Suzana et al.,
2013).

151 Electrospun Fiber Support Materials

Electrospinning technique can be used to produce a potential support material for the
immobilization of microorganisms, especially bacteria, due to its unrivaled features

such as simplicity, versatility, and cheapness technique and it makes possible tunable
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fabrication, high porosity, large surface area of fibrous matrices, the morphology of
fibers can be controlled by changing parameters (Horzum et al., 2017; Tlili &
Alkanhal, 2019). Bacteria have been immobilized on matrices or substrates ranging
from silica gels to alginate microcapsules or from glass beads to polymer
microparticles, depending on their characteristics and application areas (Xie et al.,
2016).

Salalha et al., in their study in 2006, subjected bacteria (Escherichia coli and
Staphylococcus albus) and bacterial viruses (T7, T4 and 1) suspended in a poly (vinyl
alcohol) (PVA) solution dissolved in water to electrospinning technique. It was
stated that the bacteria and viruses encapsulated in this study managed to survive in
the electrospinning technique and maintained their viability at very high levels
(Salalha et al., 2006).

Gensheimer et al., Micrococcus luteus and E. coli bacterial organism suspensions
and polyethylene oxide (PEO) polymer solution were subjected to electrospinning
technique separately and produced biocomposites. The viability of these developed
biocomposites was tested and they revealed that the PEO polymer is suitable as a
bacterial carrier (Gensheimer et al., 2007).

In another study, a support material that was not used very often before was used.
Pseudomonas fluorescens bacteria were physically adsorbed on this matrix by using
the eggshell membrane, which has very high gas and water permeability, as a support
material. As a result of this study, Yeni et al. suggested that immobilization by
bacterial adsorption on the eggshell membrane is a sufficiently simple and rapid
procedure for the preparation of stable, immobilized microorganisms. It has been
demonstrated that this step, called preactivation, which is important to prevent the
toxic effects of glutaraldehyde on existing healthy cells, is not needed thanks to the

procedure proposed by them (Yeni et al., 2008).

Chu et al. used polyethyleneimine as a crosslinking agent for immobilization of E.

coli bioreporter cells onto Cotton, polyester, rayon and silk fibers as the support
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material and it was observed that E. coli bioreporters could remain alive and

stimulated for 3 days in this immobilized structure (Chu et al., 2009).

Klein et al. encapsulated Pseudomonas ADP bacteria in polycaprolactone
microtubes via coaxial electrospinning technique. When comparing encapsulated
cells with free cells (unencapsulated), it was reported that encapsulated cells retained
approximately 10% of phosphatase activity and 23% of B-galactosidase activity (S.
Klein et al., 2009).

Liu and his team added a bacterial suspension (Pseudomonas fluorescens,
Zymomonas mobilis and E. coli) into the hydrophobic FDMA/PEOQ polymer solution
and subjected it to electrospinning technique to obtain water — insoluble fibrous
polymeric material. It has been shown that the encapsulated bacteria survive more
than 1 week at 4 °C and more than 2 months at —70 °C in their study, which aims to
elucidate the conditions of the electrospinning and crosslinking process that allows
encapsulation as well as preserving the viability of intact bacteria. It has been
suggested that the integrity and viability of bacteria are maintained by the cross —

linking process (Liu et al., 2009).

Lopez — Rubio et al. carried out the encapsulation of bifidobacterial strains by coaxial
electropinning technique by using PVA polymer, which is water-soluble and has a
high oxygen barrier, as a carrier. It has been shown that the integration of
Bifidobacterium animalis Bb12 into the fiber leads to a decrease in the melting point
and crystallinity of PVA fibers and an increase in the polymer glass transition
temperature. As a result of the viability tests performed at different temperatures, it
was found that they can survive up to 40 days at room temperature and 130 days at
-20 °. In addition, no significant decrease was observed in the viability of non-

encapsulated bacteria in both conditions (Lopez-Rubio et al., 2009).

Fung et al. probiotic bacteria, Lactobacillus acidophilus, was incorporated into the
spinning solution to fabricate bacteria encapsulated nanofibers. As encapsulators of
bacteria, soluble dietary fiber (SDF) from agrowastes, okara (soybean solid waste),

oil palm trunk (OPT), and oil palm frond (OPF) obtained via alkali treatment were
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used. According to the results of the viability studies they gave, it is seen that after
being subjected to the electrospinning technique, the bacteria maintain their viability
at a rate of about 78.6 — 90% and they maintain their viability after 21 days of storage
at +4°C. They claimed that this study was the first to use agricultural waste-based
electrospuns used as carrier material for Lactobacillus acidophilus (Fung et al.,
2011).

Sarioglu et al. successfully immobilized Acinetobacter calcoaceticus STB1 bacterial
strain on electrospun porous CA fiber. The ammonium removal capacity of this
developed biocomposite has been tested and is 100%, 98.5% and 72% within 48
hours for 50 mg/L, 100 mg/L and 200 mg/L, respectively. When their reusability was
investigated, it was shown that the bacteria immobilized CA fiber system could be

reused for at least 5 cycles (Sarioglu et al., 2013).

Keskin et al. showed in their study that CA electrospun fiber is a suitable support
material for the immobilization of bacteria. Three different bacterial strains
(Aeromonas eucrenophila, Clavibacter michiganensis and Pseudomonas
aeruginosa) were immobilized and their potential for decolorization of methylene
blue dye was evaluated. It was stated that 95% effective methylene blue dye removal
was achieved within 24 hours and this rate was very close to that of free bacteria
(non-immobilized). Their re — use capacity has been tested and it has been
highlighted that there is a 45% dye removal potential after the fourth cycle (San et
al., 2014).

Sarioglu et al. performed the immobilization of two different sodium dodecyl sulfate
(SDS) biodegradable bacterial strains, Serratia proteamaculans STB3 and
Achromobacter xylosoxidans STB4, on electrospun mats. They used porous and non-
porous CA as electrospun support materials for bacterial immobilization. The effects
of contact time required for immobilization were investigated and ended with a
contact time of 25 days. It has been stated that porous electrospun mats are more
suitable than non-porous for immobilization. By evaluating the SDS biodegradation

capacities of porous CA — immobilized bacteria, it has been shown that the most
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efficient results are obtained at concentrations up to 100 mg/L. It was emphasized

that the biodegradation results were similar to the free cells (Sarioglu et al., 2015).

Keskin et al. identified a pollutant — resistant Lysinibacillus sp. NOSK bacterial
strain was immobilized on polysulfone electrospun fiber to remove Reactive Black
5 (RB5) and Cr (VI). The researchers worked with several parameters such as initial
pH value, temperature, shaking conditions, RB5 and Cr (VI) at different
concentrations in order to determine the performance of this system they developed
in their studies. In the shared results, it is given that the removal rate of RB5 was
99.7%, and Cr (vi) was 98.2%. In addition, according to the results of the reusability
test, the developed bacteria immobilized PSU fiber system has 28.1 = 0.6% and 66.7
+ 0.8% removal efficiency for RB5 and Cr (VI), respectively, thus at least 7 cycles.
stated that they can be reused (Keskin et al., 2015).

In a study by Sarioglu et al. Morganella morganii STB5 bacteria were immobilized
to electrospun polystyrene (PS) and polysulfone (PSU) fibers and the hexavalent
chromium recovery performance of this immobilized system was evaluated.
According to the results obtained, it was found that the bacteria adhered very strongly
to the polymeric surfaces of the fibers. Also given are the removal efficiencies of
hexavalent carbon at different concentrations over 72 hours: 93.60% and 93.79% for
10 mg/L, 99.47% and 90.78% for 15 mg/L, and 70.41% and 68.27% for 25 mg/L.
According to the reusability test, it has been shown that it can be reused for at least
5 cycles. The storage results also proved that this biocomposite system can be stored
without losing its bioremoval capacities (Sarioglu et al., 2016).

In a different study, the same team investigated the immobilization of specific
bacteria (Clavibacter michiganensis) on electrospun mats (polycaprolactone (PCL)
and polylactic acid (PLA)) in order to remove textile dyes (Cetazol Blue BRF-X). It
has been proven that both PCL and PLA fibers are suitable support materials for
bacterial immobilization, and it has been observed that this immobilized system
cured the tested dye within 48 hours. It was emphasized that the results obtained

were similar to those of free (not immobilized) bacteria, and their reusability was
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tested, and good results were obtained even at the end of the 5" trial (Sarioglu et al.,
2017b).

In another study conducted in the same year by Sarioglu et al., the fabricated
polysulfone (PSU) electrospun fibers were used as support material and bacteria
were immobilized on these fibers. At the end of the 21 — day immobilization period,
the bioremediation performance of this developed immobilized system was
evaluated and the effects of fiber morphology (random or aligned) and diameters
(small and large diameter) on performance were investigated. Random oriented and
thin (1065 + 140 nm) fibers have been found to be the most suitable support material
for the immobilization of bacteria, and according to the results of the trials performed
on this system, it has been proven that they are promising for the simultaneous

removal of ammonium and methylene blue dyes (Sarioglu, et al., 2017).

Keskin et al. encapsulated bacteria for bioremediation into cyclodextrins (CD),
which can be converted into ultra — thin electrospun fiber form with the
electrospinning technique. Within the scope of the study, the bacterial suspension in
CD aqueous solution was subjected to electrospinning technique. They showed that
this developed biocomposite system is suitable for wastewater treatment application,
CD fibers act as an additional source of nutrition for bacteria and maintain cell
viability for up to 7 days after storage conditions at +4° C. In addition, the
performance of this system in removing heavy metals such as Nickel (II) and
chromium (V1) and RB5 dye was evaluated, and it was stated that they were more
efficient than unencapsulated bacteria (Keskin et al., 2017).

In another study conducted by Sarioglu et al., Pseudomonas aeruginosa bacterial
strain was electrospinned with polyvinyl alcohol (PVA) and PEO aqueous solutions.
They evaluated the methylene blue dye improvement performance of this
biocomposite system they developed. Efficient results were obtained for both
biocomposite systems (bacteria/PVA and bacteria/PEO) from methylene blue dye
improvement trials. However, the bacteria/PEO biocomposite system gave much
better results than the bacteria/PVA system. In addition, the viability test results
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performed after storing at +4 degrees for 3 months showed that the bacteria preserved
their viability (Sarioglu et al., 2017a).

Gordegir et al. combined polyethylenimine (PEI) polymer with polycaprolactone
(PCL) to provide functional amino groups that are absent in the polycaprolactone
polymer. Gluconobacter oxydans bacteria were immobilized with covalent bonds
with the help of glutaraldehyde in this PCL/PEI nanofiber fabricated via
electrospinning technique. While the characterization of this developed
gluconosensor was done by SEM, its performance was tested with its glucose sensing
capacity. It has been observed that the response time of the sensor is shortened and

the limit of detection concentration for glucose is reduced (Gordegir et al., 2019).

Jayani et al. evaluated its potential as a support material for the development of
bacterial cellulose nanofibers (BCNF) and the immobilization of probiotic bacteria
Lactobacillus acidophilus 016 by adsorption method. Characterization test results
such as tensile strength, surface area, pore properties and thermal analysis of
cellulose fiber showed that these nanofibers can be used in the food industry. SEM
results showed that the immaobilized bacterial cells remained intact up to 24 days in
storage conditions. In addition, 71% proved to survive when stored at 35 °C. The
results of this study suggest the availability of BCNF-based probiotics for various

commercial applications (Jayani et al., 2020).

Bacterial immobilization studies using CA and PCL fibers used in our study, which

are available in the literature, are summarized in Table 1.2.
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Table 1.2 Bacterial immobilization studies on CA and PCL electrospun fibers in the

literature.
. Immobilization o
Polymer Bacteria ) Application | References
Technique
) ) (Sarioglu
Acinetobacter Ammonium ol
etal.,
calcoaceticus STB1 removal
2013)
Aeromonas
eucrenophila, o
. Decolorization
Clavibacter (San et al.,
o ) of methylene
michiganensis and 2014)
CA blue
Pseudomonas
aeruginosa Adsorption
Serratia
proteamaculans (Sarioglu
SDS
STB3 and ) ) etal.,
biodegradation
Achromobacter 2015)
xylosoxidans
Textile dye ]
) (Sarioglu,
Clavibacter (Cetazol Blue
PCL and PLA o ] etal.,
michiganensis BRF-X)
2017Db)
removal
(Gordegir
Gluconaobacter ) Gluconosensor
PCL/PEI Encapsulation etal.,
oxydans development
2019)
Lactobacillus ) Optimization | (Jayani et
BCNF ) ) Adsorption
acidophilus study al., 2020)
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15.2 Applications of Electrospun Fiber Support Materials

The immobilization process, which limits the active area of the bacteria, allows them
to be used safely. The use of electrospun fibrous mats as support material/carrier for
the immobilization of bacteria is also very suitable since the electrospinning
technique has the potential to be a technique that can fabricate these electrospun
fibers in a versatile manner. That is, these fabricated electrospun fibers have large
surface area, high porosity, and interconnected pores. Encapsulated/Adsorbed
bacteria system can use drug delivery, wastewater treatment, water filtration, and
bioremediation applications (Sarioglu et al., 2017). The increasing popularity of
nanofiber — based technologies produced by electrospinning in the pharmaceutical
distribution industry can be attributed to the high surface area/volume ratio that
allows the controllable diffusion of active ingredients from the material (Diep &
Schiffman, 2021). From another point of view, which supports the use of electrospun
fibrous mats fabricated via electrospinning technique in drug delivery, these
electrospun mats can be designed for localized drug delivery in order to alleviate
systemic toxicity and provide drug accumulation in tumors. Compared to the current
protein and gene delivery strategy, it has superior advantages in sustained release,

bioactivity retention, and toxicity reduction (Xie et al., 2016).

15.2.1  Drug Delivery

Xie et al. who designed GFP — containing Escherichia coli bacteria in 2016, arrested
these engineered bacteria in core - sheath fibers via coaxial electrospinning or grafted
on the fiber surface by covalent binding or affinity adsorption. In this study, which
was conducted for the first time until 2016, it was aimed to evaluate the potential of
bacteria encapsulated in fibers to be used in drug delivery system. The pore sizes of
the fibers obtained by using NaCl microparticles increased, thus facilitating protein
secretion into the environment. In this study, optimization experiments were carried

out by investigating the parameters of the production technique and the
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immobilization methods on bacterial viability. In addition, growth and protein
expression of immobilized bacteria were evaluated. It has been shown that
approximately 48% of the bacteria in the fiber produced with optimum
electrospinning parameters can survive. On the other hand, it was stated that bacteria
immobilized on the fibers achieved a high bacterial viability over 92%. It was
emphasized that the number of bacteria immobilized by affinity absorption was
significantly higher than that of covalent bonding. The results obtained in this study
show that the immobilization of engineered bacteria on electrospun fibers has the
potential to be used for drug delivery purposes. In particular, they emphasized that
their aim in this study is the immobilization of bacteria designed on electrospun

fibers for efficient gene delivery and disease management (Xie et al., 2016).

15.2.2 Wastewater Treatment

Changing the properties of electrospun fiber mats by changing the parameters during
production gives strong advantages in their use in various application fields such as
water treatment. Fibrous mats used in wastewater treatment should not dissolve in

water and should be easily recoverable (Nayl et al., 2022).

Biocompatible polystyrene (PS) and polysulfone (PSU) polymers can be given as
examples of fibrous mats produced via the electrospun technique used for water filtration
(Sarioglu et al., 2016).

The use of electrospun fiber mats, which are used as support material in bacterial
immobilization, for the detection and removal of pollutants has become very popular
and studies on this have recently started to take place in the literature. (Sarioglu et
al., 2016)

Sarioglu et al. (2013) achieved the removal of ammonium in the aqueous medium
by immobilizing Acinetobacter calcoaceticus STB1 cells on CA (Sarioglu et al.,
2013).
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In their another study, Sarioglu et al. (2017) utilized water-based and biocompatible
polymers, PVA, and PEO, for the encapsulation of bacterial cells in order to maintain
the viability of the bacteria and not be affected by the external environment. They
tested the methylene blue dye removal capacity of these bacteria-immobilized
electrospun fibers and showed that they provided bioremediation in water (Sarioglu
etal., 2017).

Zamel et al. (2019) tested the methylene blue dye removal capacity of this system
from aqueous media by producing a CA/PEO electrospun mat loaded with Bacillus
paramycoides. In this process, adsorption and biodegradation strategies were used
together. Moreover, it has been shown to be reusable and it has been noted that 44%
methylene blue dye can be removed even after a fourth use (Zamel et al., 2019).
While cyclodextrin electrospun fibers are a very suitable support material for

bacterial encapsulation, they are also a very powerful nutritional source for bacteria.

And in order to test the bioremediation capacity of this biocomposite material in
wastewater treatment, Keskin et al. tested some heavy metals, such as nickel and
chromium, textile dye, reactive black 5, removal capacity. Their results show that
the bioremediation capacity of bacteria-encapsulated cyclodextrin electrospun

biocomposite material is promising in wastewater treatment (Keskin et al., 2017).

The poor adhesion between bacteria and electrospun fibers greatly limits the use of
this laboratory-created structure on a real-life industrial scale. Moreover, when this
structure is used in water applications, it is inevitable that bacteria that cannot adhere
are easily separated from the electrospun fibers. For this reason, the encapsulation of
bacteria in electrospun fibers has become a subject that has been focused on recently
(Zamel et al., 2019). The rapid change in osmotic pressure, which occurs with the
rapid evaporation of water during electrospinning, causes the bacteria to lose their
viability. This is also disadvantages of bacterial encapsulation (Hirsch et al., 2021,
Xie et al., 2016).
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1.6 Aim of the Study

In this thesis study, our chief goal is to arrest fluorescent E. coli bioreporters with the

ability to detect toxic metals on electrospun fibers by immobilization technique.

In the first part of the thesis, the fabrication of electrospun fibers via electrospinning
technique from CA and PCL polymer solutions prepared at different concentrations
and the immobilization of arsenic bioreporter cells on these fibers were done.

In the second part of the thesis, various characterization tests were carried out to
determine the properties of the fabricated electrospun fibers and optimization of
immobilized bioreporter systems. Morphological, chemical structure and wettability
properties of the fabricated electrospun fibrous support materials were determined
by different characterization tests such as SEM, FTIR and contact angle. The
fluorescence performances of the bacteria immobilized CA and PCL electrospun
fibers in the presence of arsenic were optimized under different conditions such as
growth phase and bacterial cell concentrations. In addition, viability tests were
performed to determine the percentage of live bacteria attached to the fibers.
Continuing from the bacterial cell system immobilized on PCL, the effects of growth
medium and immobilization time on the fluorescence performances emitted in the

presence of arsenic were investigated.

In the last part of the study, arsenic detection limit, metal specificity, and response
time experiments in the presence of arsenic were performed to characterize the
properties of bioreporters immobilized on PCL. Additionally, shelf — life tests were
conducted to evaluate the performances of bioreporter systems stored under certain

conditions for certain periods.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Commercial cellulose acetate (CA; Mn 30 000) and polycaprolactone (PCL; Mn 70
000-90 000) were purchased from Aldrich (Missouri, USA.) were utilized as fiber
support material for bacterial immobilization. Dichloromethane (DCM; >99.9%) and
acetone (Laboratory Reagent >99.5%) were purchased from Sigma Aldrich (USA)
that were used as solvents of polymers utilized to fabricate fiber via electrospinning
technique. Arsenic sensing pbR_arsR_sGFP in E. coli whole cell bacterial
bioreporter was used as bacteria immobilized on fibers and utilized to detect arsenic
in aqueous solution. M9 minimal medium and MOPS — supplemented medium
(Appendix A) were used as the bacteria growth medium. Ampicillin (100 pg/mL)
was added to bacterial culture to maintain plasmid stability and positive selection.
Sodium arsenite (NaAsO») and sodium arsenate (Na2HAsO4.7H20) were supplied
from Merck, Sigma-Aldrich and Applichem was used as an inducer. AgNO3, CdCl»,
CuSO0s4, FeClz, MgClz, MnCl2, Na2MoO4, NiCl2, and ZnClI, metal salts were supplied
from Merck, Sigma — Aldrich and Applichem utilized for determining immobilized
bioreporter system’s selectivity characteristics. Resazurin sodium salt (known as
AlamarBlue) were purchased from Serva (Heidelberg, Germany) for determining

cell viability.

2.2 Methods

As shown in Figure 1.4, the optimization of fabrication of fibers used as support
material for bioreporter bacterial cell from polymer solutions via electrospinning

technique and the immobilization of bioreporter bacterial cell to these fabricated

35



fibers constitute the first part of the thesis. Characterization of the features of the
fabricated fibers and optimization studies of the designed bioreporter immobilized
on fibers are included in the second part of the thesis study. In the third and last part,
the performance properties of the developed bioreporter immobilized fibers was

investigated. The experimental part of the study is given below, respectively.

Contunied with
Polymer \ bacteria
solution X A immobilized
—— N AV
. 77 O L0\ on PCL
Syringe X X —
pump X ;

Fibers Immobilized Flourescence Flourescence
(CA and bioreporter on fibers measurements measurements

- PCL) (12.5% CA and 10%
High voltage PCL)
DC supply
l | :

Characterizations - Different cell o Effect of growth
- Fiber concentration medium
morphology - Different o Selectivity
- Chemical growth phase o Sensitivity
structure - Viability test o Response time
- Wettability - Type of fibers o Shelf - life

Figure 2.1 An illustration of a summary of the experimental studies.

2.2.1 Fabrication Support Materials and Their Characterizations

2.2.1.1  Preparation of Polymer Solutions

Various concentrations of CA (5—7.5— 10 wt% and 12.5 wt%) and PCL (7.5 wt%
and 10 wt%) solutions were prepared for electrospinning. CA polymer was dissolved
in dichloromethane:acetone (DCM:Ace, 2:1 v/v) (San et al., 2014) solvent system.
PCL polymer dissolved in different solvent systems, such as dichloromethane (Qin
and Wu, 2012), tetrahydrofuran (Katsogiannis et al., 2015), and combinations of
DCM: dimethylformamide (DCM:DMF, 1:1 v/v) (Mochane et al., 2019) was then
subjected to electrospinning technique, but fiber could not be obtained. Eventually,
fiber could be obtained from the PCL solution prepared in acetone
(Malikmammadov et al., 2019).
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2.2.1.2  Electrospinning Set Up

The experimental setup for conventional electrospinning experiments consisted of
NE-1000 syringe pump (New Era Pump Systems, Inc., New York, USA), Gamma
High Voltage Source ES30 (Gamma High Voltage 25 Research, Inc., Florida, USA),
static metal collector (Gozer Elektronik, Ankara, Turkey) and plexiglass cabinet
(Section Plexi, Ankara, Turkey) made up of PMMA. During conventional
electrospinning, the system is set up on the horizontal axis to ensure that the formed
jet is equally affected by the gravitational forces along the way. The static metal
collector was covered with an aluminum sheet and all the components of the system
were placed in the cabinet according to the specified configuration, distance, and

angle (Figure 13).

Eventually, the solution loaded into the syringe pump was electrospun at the adjusted
flow rate, electrical voltage provided by the connected power supply and tip-to-the-
collector distance to fabricate the fibrous webs. Electrospining parameters tested for
the fabrication of fiber support materials are given in Table 2.1. CA and PCL fibers
were fabricated with the final parameters decided. For CA, the flow rate was 1.0
mL/h, the applied voltage was set to 15 kV, and the tip to collector distance was set
to 10 cm. For PCL, on the other hand, flow rate was set as 6.0 mL/h, applied voltage

15 kV, and tip to collector distance 30 cm.
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Table 2.1 Prepared polymer:solvent system concentrations and electrospinning

fabrication parameters.

Polymer End to tip
) Solvent systems | Voltage | Flow rate )
Polymer concentration distances
(Viv) (kV) (mL/h)
(Wt%) (cm)
DCM:DMF
10-15-20-25 25 0.5 15
PCL (1:1)
75-10 Ace 15 6.0 30
CA 5-75-10-125 | DCM:Ace (2:1) 15 1.0 10
2.2.1.3  Characterization of Support Materials

2.2.1.3.1 Morphology of Fabricated Electrospun Fibers

The morphology of the CA and PCL fibers was investigated using scanning electron
microscopy (SEM; Stereoscan S4-10, Cambridge, UK and JSM-6400 Electron
Microscope, Jeol Ltd., UK in Center of Excellence in Biomaterials and Tissue
Engineering, BIOMATEN at METU, Ankara, Turkey) operating at an accelerating
voltage of 5 kV. The fibrous mats fabricated were cut in 1x1 cm? dimensions. Prior
to the imaging, a gold coating (682 PECS, Gatan, Inc., USA) was applied to the
fibrous samples to enhance the fibers conductivity. Fiber morphologies and fiber
diameter distributions of electrospun fibrous support materials were examined from
various images obtained from different regions on the surface of the samples. From
three different SEM micrographs at least 100 fiber segments of each micrograph
were randomly selected, to calculate the average diameter (via using ImageJ
software) and fiber diameter distribution graphs were created via using Origin

software.

Pore size diameters of 12.5 wt% CA and 10 wt% PCL fibers were also calculated
from obtained SEM micrographs analyzed in ImageJ software and distribution

histogram graphs were constructed via using Origin software.
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2.2.1.3.2 Wettability of Fabricated Electrospun Fibers

The wettability of the fabricated fiber support materials (CA and PCL) was
determined via a contact angle measuring device (One Attension, Biolin Scientific,
Sweden, METU). Water contact angle measurements of samples were made with
sessile drop method using goniometer at room temperature. dH2O dripped on each
fiber, the process was repeated with three different samples. Average contact angle

values were reported.

2.2.1.3.3 Chemical Structure of Fabricated Electrospun Fibers

To identify molecular structure, such as functional group and bond of these
fabricated fiber membranes (CA and PCL) was done via Fourier transform infrared
spectrometry (FTIR; PerkinElmer L1050002 series, PerkinElmer, Inc., UK) in
METU, BIOMATEN using spectrum 100/100N software program in transmission
mode. The analysis was performed within the wavelength range of 400 — 4000 cm™,

with a resolution of 4 cm™, and a total of 50 scans per sample.

2.2.2 Immobilization and Optimization Studies

2.2.2.1 Immobilization of Bioreporter Bacterial Cells on Fibers

For the immobilization study, arsenic sensing bacterial bioreporter cells previously
developed in our laboratory (Elcin & Oktem, 2020a) were used. In their study, Elgin
and Oktem created a DNA sequence to detect arsenic from the promoter region of
the arsR operon and the arsR gene derived from E. coli plasmid R773. DNA
fragments were amplified by PCR and the sticky ends were ligated with BamHI| after
digesting the promoterless plasmid pBR_sGFP with EcoRI. After transforming this

resulting product into E. coli DH5a cells, they transformed the sensor plasmid,
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named pBR_arsR773 into E. coli MG1655 cells. These engineered arsenic sensitive

bioreporters was referred to as pBR_ars773_sGFP in E. coli in this thesis.

Cultivation of Bioreporter Bacterial Cells

E. coli bacterial bioreporter cells were kept in Luria — Bertani (LB) agar —ampicillin
(Appendix A) petri dishes for storage at +4°C and in 20% glycerol and stored at
—80 °C as freezer stocks. M9 (minimal) medium and MOPS — supplemented medium
(Appendix A) were used for growth and immobilization of bacteria. Plasmid —
selective antibiotics, ampicillin (Amp, 100 pg/mL), was added to the bacterial
suspension. Before starting the experimental procedures, stock bacteria stored at 4°C
were cultured in M9 minimal medium or MOPS — supplemented medium, then the
inoculated flasks were incubated at 37 °C on a rotary shaker at 150 rpm. After

growing in the incubator for 18 h, experimental procedures were started.

Immobilization

The fabricated fiber support materials were prepared by cutting in a circle shape to
fit into the wells of a 96-well microplate. For sterilization, after being treated with
70% ethanol for 5 minutes, they were left under UV for 2 hours. Then, sterile fibers
were placed into the 96-well microplate (black and opaque) and 100 uL of each
bacterial cell culture was transferred to the wells onto the fibers for absorption
(immobilization) for 3h. Thus, at least 4 repetitions were made for each sample.
Many parameters were tested for optimization and characterization of cell

immobilization and fluorescence studies.

2.2.2.2  Optimization of Bioreporter System Parameters

Cell concentration and cell growth phase parameter trials were conducted for the
optimization of designing arsenic bioreporter systems using —PCL and —CA fiber
support materials. In this optimization experiment, the effects of growth phase and
cell concentration on the fluorescent signals emitted by the bioreporter system in the

presence of arsenic were investigated. After the immobilization process, 90 uL of
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medium and 10 pL of arsenic were added to the bacteria immobilized fibers in the

wells. Experimental groups used for fluorescence measurement experiments are given

in Table 2.2. Emitted fluorescent signals were recorded for 18h on the SpectraMax®
iD3 Multi-Mode Microplate Reader (Molecular Devices, USA). The fluorescent

microplate reader was set at the following parameters to take readings at 395 nm/509

NM A excitation/ A emission Wavelength; recorded fluorescence values every 30 minutes

for 18-h with 15 seconds of orbital pulsed shaking before every measurement.

According to the tried parameters, in which cell concentration and in which growth

phase the highest fluorescent signal is obtained in the presence of arsenic, it will be

decided that that parameter is more appropriate, and the studies will proceed over it.

Table 2.2 Experimental groups used in fluorescence measurement experiments

Group Name Definition
IB Immobilized bioreporter on fibers
Immobilized arsenic bioreporter cell on
CA-1B )
CA fibers
Immobilized arsenic bioreporter cell on
PCL-IB _
PCL fibers

IB — background

Background for immobilized arsenic
bioreporter cell on fibers
(Neat fiber + 90 uL medium

+ 10 pL arsenic)

IB — control

Control for immobilized arsenic
bioreporter cell on fibers
(Neat fiber + 90 pL medium
+ 10 pL sterile dH20)

FB

Free arsenic bioreporter cell




Table 2.2 (cont’d)

Background for free arsenic
bioreporter cell
FB — background
(100 uL medium

+ 20 pL arsenic)

Control for free arsenic bioreporter cell
FB — control (100 pL free bioreporter cell +20 uL.
sterile dH20)

2.2.2.2.1 Effect of Growth Phase

To examine the effect of the growth phase on the fluorescent signal to be obtained
from the immobilized bioreporters, the cells were grown up to lag phase, log phase,
and stationary phase. Overnight liquid cultures in M9 minimal medium of arsenic
bioreporter were transferred to fresh M9 minimal medium at a ratio of 1:50 (v/v) and
left to grow at 37 °C, 150 rpm till they reached ODgoo = 0.1 (early growth phase),
ODs0o = 0.5 (mid — exponential growth phase) and ODegoo = 1.5 (stationary phase).
Cells grown up to the determined growth phase were transferred onto the fibers (12.5
wt% CA and 10 wt% PCL) in the wells of the 96 well plate also 100 uL of free
arsenic bioreporters were also placed in other empty wells and incubated at 32° for
3 h. Adsorption studies of arsenic bioreporters on CA and PCL fibers were explained
in detail in Section 2.2.2.1 At the end of the immobilization, the fluorescent signals
emitted by the arsenic bioreporters immobilized on the fibers and the free bioreporter
cells in the presence of 0 ug/L (uninduced, no arsenic), 50 ug/L and 100 pg/L arsenic
were recorded. Designated 0 pg/L, 10 pL of sterile dH2O was added on the IB and
20 pL sterile dH20 was added on the FB instead of the arsenic. For 50 pg/L and 100
ug/L final As (I11) concentrations, 10 uLL and 20 uLL As (111) were added for IB and
FB, respectively. Fluorescence measurement studies were carried out as mentioned

above in Section 2.2.2.2.
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2.2.2.2.2 Effect of Cell Concentration

The effect of cell growth phase study conducted in the previous Section 2.2.2.2.1
showed that the cells in the mid exponential expressed more GFP when induced by
arsenic. Hence, to investigate the cell concentration effect, ODsoo values of overnight
liquid cultures in M9 supplemented medium, were measured after being transferring
to fresh M9 supplemented medium at a ratio of 1:50 (v/v) and left to grow at 37 °C,
150 rpm till reaching the mid — exponential growth phase. The arsenic bioreporter
cell concentration was then adjusted to ODgoo = 0.1 (~8.0x10’ cells/mL), ODgoo = 0.5
(~4x108 cells/mL) and ODgoo = 1.5 (~1.2x10° cells/mL) (Yap & Trau, 2019). 100 uL
of the bioreporter cells, whose cell concentrations were adjusted, was either placed
on the sterile fibers (12.5 wt% and 10 wt% PCL) in the wells or to the empty wells
and left for 3 h at 32° C. At the end of the incubation, bacterial suspension placed on
the fibers or wells was removed and washed twice with 1X PBS using 150 pL each
time of to remove the cells that could not adhere to the fibers. Then, 90 pL of M9
supplemented medium and 10 pL of As (I1l) (from 50 pug/L and 100 pg/L arsenic
concentration) were added to the wells with IB. 20 uL of As (l11) was added to the
wells with FB, and the final arsenic concentration in the well was adjusted to be 50
pg/L and 100 pg/L. The same amount of water was added instead of arsenic to the
uninduced (indicated as 0 pg/L) wells, that is, the control group. Immobilization
studies of bacteria by adsorption on fibers are detailed in Section 2.2.2.1, and the
measurement methods of fluorescence emitted from bioreporters are retailed in
Section 2.2.2.2.

2.2.2.2.3 Evaluation of As (V) Detection Performance

CA - IB and PCL — IB groups were induced with the +5 — valence form (arsenate)
to test their ability to detect different arsenic forms. Accordingly, in these
experiments, arsenic bioreporter cells grown in MOPS — supplemented medium until

mid — exponential growth phase and cell concentration adjusted to ODego = 0.5 were
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separately immobilized to CA and PCL electrospun fibers with 3-h incubation.
Afterwards, they were washed with 1X PBS to remove non — adherent cells. All the
steps applied regarding the immobilization studies are given in Section 2.2.2.1.
Following the completion of the immobilization studies, the CA — IB and PCL — 1B
groups were induced with As (V) at different concentrations (50 ug/L and 100 pg/L),
0 ng/L represents the control group, 10 uL of dH20 was added instead of As (V) on
the uninduced IB. The values recorded in the fluorescence reading taken during 18h
were accepted as an indicator of the responses of these two developed groups to As

V. All details about fluorescence reading studies are given in Section 2.2.2.2.

2.2.2.2.4 Cell Viability

Resazurin sodium salt (Resazurin-Na-salt; Serva 34226.02), known as AlamarBlue,
was utilized to analyze metabolic activities of bioreporters immobilized on the fibers.
Resazurin salt was prepared according to the reagent instruction (Lee, 2017). Briefly,
Resazurin stock solution (100x) was prepared by dissolving 0.50 g Resazurin sodium
salt into 100 ml 1x PBS. Then, the stock solution was diluted 1:100 of the stock
solution with 1X PBS to prepare the working solution. 100 pL of bacterial culture
(concentration adjust to 1*10* cells/mL (Scientific, 2008) for each sample was added
to the black and opaque 96 — well microplate including fiber and left in the incubator
at 32 °C for 3h for immobilization. At the end of the immobilization period, the
bacterial suspensions on the fibers were withdrawn and the fibers were washed with
PBS to fend off non-adherent bacteria. 10 pL of resazurin sodium solution and 90
pL growth medium (LB medium) was added to the wells. After incubation for 2 h
and 4 h at 37° C, the cell viability was measured by a fluorescence spectrophotometer
at 590 nm (emission) and 550 nm (excitation), SpectraMax® iD3 Multi-Mode
Microplate Reader (Molecular Devices, USA) pursuant to reagent instruction
(Eilenberger et al., 2018; Grzywaczyk et al., 2021). Results were calculated as the
percent difference in reduction of reagent compared to control samples according to
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Equation 1 and as the percent of viability of immobilized bioreporters to the 12.5%

CA and 10% PCL electrospun support materials according to Equation 1.

Equation 1. % Viability (Scientific, 2008)

Experimental RFU value with test compound x 100
Untreated Control RFU value

where:

Untreated Control RFU value = Free bioreporter RFU value

Experimental RFU value with test compound = Bioreporter immobilized on fiber
RFU value

Theoretically, non-fluorescent resazurin can be used as a fluorogenic oxidation-
reduction indicator in a variety of cells, i.e., bacteria, yeast and eukaryotes by flow
cytometry, fluorescence microscopy and high-throughput screening. Briefly,
resazurin tests are based on the reduction of blue dye to resorufin by living cells.
Alamar Blue, which is initially nonfluorescent, is reduced to a pink, fluorescent dye
by cell activity, in other words, there is a direct relationship between the reduction
of resazurin (Alamar Blue) in the growth medium and the amount or proliferation of
living organisms (Borra et al., 2009; Garcia et al., 2019; Mcgaw et al., 2014; O’Brien
et al., 2000).

2.2.2.2.5 Morphology of Immobilized Bioreporters on Fabricated
Fibers

Morphology of arsenic bioreporter on —CA and —PCL electrospun fibers were
visualized of via SEM (Quanta 400F field emission SEM in Central Laboratory at
METU, Ankara, Turkey) and confocal microscopy (CM, Leica DMI4000B
automated inverted epifluorescence microscope equipped with confocal attachment

Andor AMH200 Metal Halide lamp), for visualization of immobilized bioreporters
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on fibers. In SEM analysis CA — IB and PCL — IB groups were examined, and their
images were taken at 10 000X and 20 000X magnifications. The developed IB
groups were cut in 1x1 cm? dimensions. Prior to the imaging, a gold coating (682
PECS, Gatan, Inc., USA) was applied to the samples to enhance their conductivity.
In confocal imaging, bacteria had auto fluorescence due to their GFP, so staining
was not needed. However, due to the auto fluorescent nature of PCL fiber,
background fluorescence from the fibers could only be blocked at A excitation =405 nm
and imaging was obtained. A flat surface for imaging could not be obtained from the
bacteria immobilized on the CA fiber. The reason for this can be given that the fiber
structure was fluffy. As a result of all these, the image showing the presence of

bacteria could not be recorded.

2.2.2.2.6 Effect of Growth Medium

M9 minimal medium and MOPS—supported medium were used to examine the effect
of growth medium on fluorescent signals emitted from immobilized arsenic
bioreporter systems. Based on the results obtained in the previous experiments, it
was decided with which fiber support material to continue the next experiments. PCL
was considered to be suitable for our purpose and was included in the scope of the
thesis, since the fluorescent signals obtained as a result of cell concentration and cell
growth phase parameters were high and consistent, as well as obtaining higher
fluorescent signals than free bioreporters, and having the highest bacterial viability
percentage according to cell viability results. PCL — IB group continued in other
studies. Accordingly, bioreporters grown in M9 minimal medium and MOPS-
supported medium were adjusted to ODeoo = 0.5 (at mid — exponential growth phase)
and immobilized on PCL fiber support material for 3h at 32° C in incubator. As
mentioned in Section 2.2.2.1 in detail, at the end of the 3h immobilization period,
the bacterial suspensions in the wells were removed and washed twice with 1X PBS
to ensure that the cells that could not adhere to the fibers were removed. Then, 90
pL of M9 minimal medium/MOPS — supplemented medium and 10 pL of As (I111)/As
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(V) were added to the PCL — IB group and the fluorescent signals they emitted were
recorded via using Varioskan Lux multimode microplate reader (Thermo Fisher
Scientific, USA) at Aexcitation: 395 nm and Aemission: 509 nm with a bandwidth value of
12 nm. As a result of this experiment, it will be found that more GFP is expressed
than immobilized bioreporters induced in which arsenic form and in which growth
medium. Fluorescence measurements studies were carried out as mentioned above
in Section 2.2.2.2.

2.2.2.2.7 Effect of Immobilization Time

The fluorescent signals emitted by the arsenic bioreporters immobilized at various
times (1h, 3h and 7h) were recorded at the end of the immobilization period. The
effect of immobilization time on the response of bioreporters adsorption
(immobilized) on PCL to arsenic in terms of the fluorescence value emitted was
investigated. Accordingly, 100 pL of arsenic bioreporter cell suspension, grown till
mid — exponential growth phase (ODeoo set to 0.5), planted on PCL fibers were left
in the incubator for adsorption at 32° C for different immobilization times. At the
end of the immobilization period, the bacterial suspensions on the fiber in the well
plates were removed and washed twice with PBS. Then, 90 uL of M9 minimal
medium and 10 uL of As (Il) were added. For fluorescence measurements,
Varioskan Lux multimode microplate reader (Thermo Fisher Scientific, USA) was
used at Aexcitation: 395 nm and Aemission: 509 nm with a bandwidth value of 12 nm.
Immobilization studies and fluorescence measurements in detail were performed as

mentioned above in Section 2.2.2.1 and Section 2.2.2.2, respectively.
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2.2.3 Determination of the Performance Characteristics of The

Bioreporter System

Sensitivity, selectivity, response time and shelf-life features were evaluated in order
to evaluate the performance of the developed PCL — immobilized arsenic bioreporter

systems.

2.2.3.1  Sensitivity

In order to assess the sensitivity performance of the immobilized arsenic bioreporter
system was induced with several concentrations of arsenic forms. Accordingly,
arsenic bioreporters grown up to the mid exponential phase in M9 minimal medium,
were immobilized on PCL fiber after 3h immobilization period. Then the bacterial
suspensions were removed and washed with PBS. To measure their sensitivity, they
were induced with As (I11) and As (V) forms at different concentrations (10, 20, 30,
50, 75 and 100 pg/L). More detailed descriptions of immobilization and fluorescence
measurements studies were given above in Section 2.2.2.1 and Section 2.2.2.2,

respectively.

2.2.3.2  Selectivity

In order to determine the selectivity performance of the immobilized arsenic
bioreporter system, with different metals (Ag (1), As (l11), As (V), Cd (I1), Fe (I1),
Mg (I1), Mn (1), Mo (1V), Ni (11)) were induced. Final metal ion concentrations of
all heavy metals were 100 pg/L. For M9 minimal medium, cells grown until
stationary phase were adjusted to ODeoo = 1.5 and incubated in well plate at 32 °C
for 3 — h to be immobilized on PCL fibers. At the end of the immobilization period,
the necessary procedure was followed to remove non — adherent bacteria as detailed
in Section 2.2.2.1 Then, 90 uL. of M9 minimal medium and 10 pL of metal were

added onto the immobilized arsenic bioreporter system. No metal was used in the
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control group. After 8-h of induction, the viability of the immobilized bioreporters
was determined by the AlamarBlue method. Non — treatment group (metal — free
fiber immobilized bioreporters) was used as the control. The detailed explanation of
the viability test is given in Section 2.2.2.2.4. After 8 hours of induction with metals,
the response of immobilized bioreporters to metals used was measured as a
fluorescent signal. Fluorescence measurement studies were taken using the
procedure described Section 2.2.2.2 above via using Varioskan Lux multimode
microplate reader (Thermo Fisher Scientific, USA) at Aexcitation: 395 nm and Aemission:
509 nm with a bandwidth value of 12 nm. The fluorescent signal values they emitted
were corrected for 100 % cell viability, based on viability results PCL immobilized

bioreporters after induction with metals

2.2.3.3  Response Time

This experiment was carried out so as to determine the time of the first signals
received from the immobilized arsenic bioreporter systems induced by As (I1) at
different concentrations, in other words, the speed of the response given at these
arsenic concentrations. After removing the cells that could not adhere at the end of
the 3 h immobilization period, 90 pL of M9 minimal medium and 10 pL of As (I11)
were added onto the PCL — IB. Accordingly, the responses of the bioreporter system
induced by As (I1l) at different concentrations (10, 30, 50 and 100 pg/L) were
recorded as fluorescent signals for 18 h. More detailed descriptions of
immobilization and fluorescence measurements studies were given above in Section

2.2.2.1 and Section 2.2.2.2, respectively.

2.2.3.4  Shelf-life Experiments

In this experiment, the shelf life of immobilized arsenic bioreporter systems was
determined by studying the performance of fiber immobilized bioreporters which

were incubated at different temperatures (+4 °C and room temperature (RT)) and for
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various times (0, 7, 14, 21 and 28 days). The immobilization procedure detailed in
Section 2.2.2.1 was followed. Accordingly, 200 uL of 1 X PBS was added to those
that were kept at +4°C and room temperature after the lids are closed and wrapped
with parafilm. Then, the first measurement was taken on day 0, they were removed
from their environments at the same time at certain days, the medium on it was
removed, 90 uL. M9 minimal medium and 10 uL 100 ug/L As (I11) was added. The
fluorescence measurement process as mentioned above in Section 2.2.2.2 was
followed via using Varioskan Lux multimode microplate reader (Thermo Fisher
Scientific, USA) at Aexcitation: 395 nm and Aemission: 509 nm with a bandwidth value of
12 nm. The viability of these immobilized bioreporter systems kept at +4 °C and
room temperature was then measured with the AlamarBlue assay as mentioned
above in Section 2.2.2.2.4. When calculating for both relative fluorescence and

relative viability, 1% day (Day1) group accepted as control group, 100%.
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CHAPTER 3

RESULTS AND DISCUSSION

PCL and CA fibers were used to create bioreporters immobilized on them. By
changing the parameters, their effects on the emitted fluorescent signals were
evaluated, so these systems were optimized and compared with each other.
Accordingly, performance evaluation experiments were carried out by deciding on
the bioreporter system immobilized on PCL fiber.

3.1  Fabrication Support Materials and Immobilized Systems

3.1.1 Fabrication of Fiber Support Materials

Within the scope of the thesis, CA and PCL electrospun fibers with uniform,
beadless, and water — stable characteristics were fabricated successfully. The
homogeneity of these fibers depends not only on the process parameters, but also on
the properties of the polymer solution. However, desirable fiber production could
not be observed in some solvents initially tried to dissolve the PCL polymer, i.e.
PCL/DCM, PCL/THF, PCL/DCM:DMF. It was observed that when PCL/DCM and
PCL/THF solutions were subjected to electrospinning technique, fiber jets did not
form, and the polymer solution reached the top of the collector without evaporation
of the solvent. After obtaining a wet and sticky form, although the fabrication
parameters were changed, the fibers in the desired form could not accumulate on the
collector. 10 — 15 — 20 — 25 wt% PCL polymer prepared in DCM:DMF solvent
combination was subjected to electrospinning technique and fiber was obtained but
later it was seen that fiber could not be obtained by imaging in SEM. Then, PCL
polymer solutions of different concentrations (7.5 wt% and 10 wt%) were prepared
in acetone and fiber could be also obtained. 5 — 7.5 — 10 — 12.5 wt% CA polymer
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solutions in DCM:Ace was subjected to electrospinning technique and fibers were

obtained.

3.2  Characterization of Fabricated Fiber Support Materials and

Optimization of Immobilized Bioreporter Systems

The results of the SEM, FTIR, and wettability tests for the characterization of fiber
support materials and the results of the experiments carried out within the scope of
the optimization of the bioreporters immobilized on fibers are given below,

respectively.

3.2.1 Characterization of Fabricated Fiber Support Materials

3211 SEM

CA and PCL electrospun fibers collected in aluminum foil were examined in terms
of fiber morphology by SEM. It is known from the literature that the morphology of
electrospun fibers is of great importance in order to provide a suitable environment
for the attachment and growth of bacterial cells (Hemmatian et al., 2021; Varshney
et al., 2020).

SEM micrographs in 5 000 X magnification and fiber diameter distributions of
fabricated CA fibers at different concentrations are given in Figure 3.1, respectively.
As seen in Figure 3.1a — b, the CA/DCM:Ace solution, prepared at 5 and 7.5 wt %,
bead structures were formed instead of continuous fibers. It can be deduced that the
polymer concentration is low as the reason for the inability to form fiber. Because it
is known that viscosity and concentration are directly related to each other (Hong,
2016). When a solution of extremely low concentration is subjected to
electrospinning, it is quite possible to observe bead morphology as a result of the
applied electric field (Senol & Akkoyun, 2020). It can be seen in Figure 3.1c —d,

that as the concentration increases (when 10 wt% and 12.5 wt%) the bead — like
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morphology was replaced by elongated fibers. Because with the increase in
concentration, the surface tension is overcome and homogeneous fibers without
beads are obtained (Unnithan et al., 2015).

The diameters of the fibers were calculated by analyzing the SEM micrographs using
Fiji software, and a histogram graph of the diameters was plotted (Figure 3.1d and
3.1e). Since fiber could not be obtained from 5 wt% and 7.5 wt% CA, fiber diameters
could not be calculated. However, as the polymer concentration in the solution was
increased (10 and 12.5 wt %), the diameters of the fibers also increased. The reason
for this situation can be associated with the increase in viscosity (Ramakrishna et al.,
2006).

The increase in the viscosity of the solution as a result of the adhesion of the polymer
chains in the solution causes the liquid to disperse in the electric field and
accumulates continuously on the collector (Arik et al., 2022), thus the fiber diameter
has increased. In addition, the reason for the observed bead — like structures (5 and
7.5 wt % CA) may be due to the greater surface tension of the solvent in the solution
(Rieger et al., 2013). The diameters of the fabricated fibers at 10 and 12.5 wt %
CA/DCM:Ace (2:1 v/v) solutions were 1.27 um +0.17 and 2.15 um =+ 0.55,
respectively. The histogram plot was constructed from at least 100 measurements
taken at different sites of CA (Figure 3.1c, 3.1d). Also, for 10 wt % CA and 12.5 wt
% CA, fiber diameter distributions range from 1.037 pm — 1.4498 pum and 0.773 pm
—3.15 pum, respectively.
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Figure 3.2a. Although smooth fiber morphology appeared as the concentration

fabrication process (Figure 3.2). The bead
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increased, the amount of bead — like structures remained in excess (Figure 3.2b-d).
This is thought to be due to the high surface tension of the DCM:DMF solvent
system. Surface tension is the cohesive force between the same molecules that brings
the surface molecules of the liquid closer together. The liquid, which wants to
minimize the surface area it covers and therefore forces itself to shrink, causes
Rayleigh instability (Korycka et al., 2018; H. Zhao, 2018). Many studies have shown
that surface tension is very effective in the formation of bead or bead — on — string
fibers. It is argued that this problem can be eliminated by changing the solvent type

or solvent ratios in the system (Fong et al., 1999; Zuo et al., 2005).

Figure 3.2 Typical SEM micrograph of (a) 10% PCL, (b) 15% PCL , (c) 20% PCL
and (d) 25% PCL electrospun support material (Solvent system: DCM/DMF (1/1
v/v),Voltage: 25 kV, Flow rate: 0.5 mL/h, End to tip distance: 15 cm).

Afterwards, it was tried to fabricate fiber from PCL polymer dissolved in acetone via

electrospinning technique and the fabrication was carried out successfully. SEM
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micrographs of 7.5 and 10 wt% PCL fibers are given in Figure 3.3. Beadless structure
and continuous fiber image was obtained. The diameters of 7.5 wt% PCL and 10
wt% PCL fibers were calculated, and histogram graphs are given in Figure 3.3c —d.
The fiber diameters increased as the polymer concentration was increased. The
increase in fiber diameters can be attributed to the increase in viscosity (Ramakrishna
et al., 2006). Because as the polymer concentration in the solution increases, the
viscosity of the solution increases, and accordingly, the diameter of the fibers
increases and thicker fibers are obtained (Bagbi et al., 2019; Petras et al., 2011). The
diameters of the fibers obtained from 7.5 wt % and 10 wt % PCL:Ace solutions were
0.24 £0.08 and 0.61 £0.20 pum, respectively. The diameter distributions of the fibers
ranged from 0.116 um — 0.406 pm for 7.5 wt % PCL and 0.306 um — 1.136 pm for
10 wt % PCL (Figure 3.3c, 3.3d). In addition, it has been reported that electrospun
membranes containing bead are not suitable for the adhesion of bacteria (Chen et al.,
2009).
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Figure 3.3 Typical SEM micrograph of (a) 7.5% PCL fibrous support materials and
(b) 10% PCL; Fiber diameter distribution histogram, (c) 7.5% PCL fibrous support
materials and (d) 10% PCL (Voltage: 15 kV, Flow rate: 6.0 mL/h, End to tip

distance: 30 cm).

Fiber pore size distribution

After the images obtained from SEM micrographs were analyzed with Imagel
software and fiber diameters were determined, the pore sizes of 12.5 wt% CA and
10 wt% PCL electrospun fibers were also calculated. The pore diameter of PCL
electrospun fiber was significantly higher than that of 12.5 % CA (0.65 pm +0.02 >
0.30 um +0.03). The pore size diameters were in the range of 0.151 — 1.12 um for
CA, while those of PCL were in the range of 0.035 — 1.11 um (Figure 3.4). It is
thought that the higher porosity obtained in PCL fibers compared to CA fibers may
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be due to the rapid evaporation of the highly volatile solvent (acetone) and as a result,
the solidification of the polymer chains (Anitha et al., 2016). Bacterial cells usually
range in size from 0.5 to 3 um, but mostly around 1 — 2 um (Jiang et al., 2014).
Except in some cases, it has been stated that it is very difficult for microorganisms
to penetrate narrow pores below <10 um (Gaveau et al., 2017). In materials with <1
um and smaller pore sizes, cells only grow on the outer surface, but it is an
undeniable fact that such small pore sizes increase the surface roughness and
encourage the growth of cells (Champigneux et al., 2018; Chong et al., 2019).
However, it is foreseen as an inconvenient situation because small — sized pores can
become clogged over time. However, long — term experiments (18 — 25 days) by
Karthikeyan et al., Zhao et al., and Yang et al. proved that it does not cause pore
clogging when the pore size is close to the bacterial cell size (Karthikeyan et al.,
2015; Y. Yang et al., 2016; S. Zhao et al., 2015).
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Figure 3.4 Pore size diameters of (a) CA and (b) PCL electrospun fibers (at least
245 pore diameters were measured for drawing the pore size distribution of the
fibers).
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3.2.1.2 FTIR

FTIR Spectroscopy is based on the principle of measuring the vibration of chemical
bonds by the absorption of infrared radiation (IR), the energy available to excite
vibrations in molecules. (Almeida & Marques, 2016). IR radiation is absorbed by
different vibrational movements of chemical bonds such as stretching, shrinking, and
bending. Changes in the vibrations of chemical bonds in the IR region and their
absorption properties lead to the formation of spectral peaks. Each functional group
has its own vibration frequency, and each IR spectrum is specific (Griffiths, 2007).
Bacteria-surface interaction takes place under the influence of VVan der Waals forces
(Mohamed Zuki et al., 2021). From the FTIR results, the chemical bonds of the fibers
were determined and characterized whether they are suitable for the adhesion of
bacteria. FTIR spectra of 10 wt% CA fiber samples show characteristic peak
absorptions in Figure 3.5a. According to the figure; a band (O—H stretch) at 3477
cm*and a wide band at about 1753 cm™ (C=0 stretch), peak (C=C stretch) at about
1631 cm™, a band at 1428 cm™ (CH; vibration), a sharp band at 1041 cm™ (C-O
stretch) (Ibrahim et al., 2015). Figure 3.5b shows FTIR spectrum of 10 wt% PCL
fiber characteristic peak absorptions. Asymmetric and symmetric CH, (methylene
group) stretching vibrations were detected at 2936 and 2861 cm?, respectively, and
there was a slightly displaced band of ester carbonyl group (C=0 stretching) at 1724
cm™ due to the presence of carbonyl. In — plane carboxylic acid bending band (C—
O-H) was observed at 1462 cm™ and the out-of-plane one at 933 cm™, respectively.
C-0O, C-C, and asymmetric/symmetric C-O—C strong stretch bands were detected
at approximately 1300-1000 cm™. A specific band located at 732 cm™ was found
corresponding to the scissor — like bending mode of the methylene groups. The
results found were similar to those of other researchers (Azizi et al., 2018; Elzein et
al., 2004; Rocha, 2019; Tursucular et al., 2018).
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Figure 3.5 FTIR spectra of (a) 10 wt% CA and (b) 10 wt% PCL electrospun fibers.

3.2.1.3 Contact Angle Measurements

To determine the wettability of the fiber support materials, static contact angles were
measured using the constant drop method given in Figure 3.6. It has been shown in
the literature that CA is hydrophobic, it was expected that our results would be
consistent with this. As a matter of fact, we obtained similar results shown in Figure
3.6a that the contact angle of 10 wt% CA fiber was found to be 123.4°£9.9, while
the contact angle of 12.5 wt% CA fiber was calculated as 106°+0.3. It was figured
out that there was a significant change in hydrophobicity as a result of concentration
differences (p<0.00). It was mentioned in literature that the contact angle values for
PCL are in the range of 115° — 136° (De Cesare et al., 2019), and according to our
results, the contact angle values for 7.5 wt % and 10 wt % PCL are 136.9°+ 10.5 and
143.6°+13.5, respectively (Figure 3.6b). The adhesion of bacteria to a surface is due
to the extensions they have. The pili of Escherichia coli (E. coli) are very suitable
for adhesion to surfaces. It has been emphasized that this may be due to the tendency
of pili/flagella to hydrophobic surfaces. When the bacterium approaches the surface,
it is attracted first by long — range VVan der Waals and then by short — range repulsive

electrostatic forces (Kimkes & Heinemann, 2020). Friedlander et al. in their study,
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they evaluated the adhesion performance of E. coli cells by using self — assembled
monolayers (SAMSs) of thiol — bearing molecules on gold films. At the end of the
study, they concluded that flagella are more prone to adhere to hydrophobic surfaces
(Friedlander et al., 2015).

E. coli was used as host cell in genetically designed arsenic bioreporters used in our
study. In a study, it was stated that the contact angle values of all E. coli cells were
in the range of 17 — 36°, that is, the E. coli cell shows hydrophilic properties (Hamadi
etal., 2008). Some studies show that the increased hydrophobicity of abiotic surfaces
and the corresponding decrease in surface energy increase the affinity of hydrophilic
bacteria to adhere to these surfaces (Oh et al., 2018; Parreira et al., 2011). Thus, it is
supported that the hydrophobicity of the fibers we have chosen as the support
material will increase the adhesion of arsenic bioreporter cells. It is clearly seen that
the contact angle values of the fibers increase as the concentration increases, so fiber

mats with the highest polymer concentration (12.5 wt% CA and 10 wt% PCL) were

selected.
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Figure 3.6 Contact angle values of fibers obtained from (a) CA electrospun fibers
produced using different polymer concentrations (10 and 12.5 wt%); (b) PCL

electrospun fibers using different polymer concentrations (7.5 and 10 wt%), n=3.
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3.2.2 Optimization of Arsenic-Sensing Properties of Bioreporter System

3.221 Effect of Growth Phase

In order to measure the effect of cell growth phase on the sensitivity performance of
arsenic bioreporter, bioreporter cells of different growth stages immobilized on mats
obtained with 12.5% CA and 10% PCL obtained by electrospinning were tested.
Fluorescence emitted by As (I11) induced immobilized bioreporters on 12.5 wt% CA
fibrous support material, which were grown in M9 minimal medium and in three
different growth phases (early growth phase, mid — exponential growth phase and
stationary phase) was given in Figure 3.7. In general, GFP expression in bioreporter
cells increased as the cells continues to grow (Shachrai et al., 2010) and the arsenic
bioreporter yielded higher fluorescence signals with increasing As (llI)
concentrations. As can be seen in Figure 3.7, the highest response signals generated
by the bioreporters immobilized on 12.5% CA fibers in all three growth phases were
obtained at the highest induction concentration of As (111) (100 pug/L) (p<0.05). As
expected, bioreporters were induced more in the presence of high concentrations of
As (I11), thus emitting more fluorescence. At 50 pg/L of As (lll), cells in the
stationary phase showed higher response which can be explained by the higher cell
concentration (ODego=1.5) compared to the cells in mid — exponential growth
(ODeg00=0.5) and early growth (ODe0o=0.1) phase.
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Figure 3.7 Fluorescence emission kinetics of 12.5 wt% CA-immobilized arsenic
bioreporter induced with varying As (l1l) concentrations (uninduced (0 ug/L), 50
ug/L and 100 ug/L). (a) Early growth (b) mid — exponential (c) stationary phase. M9

minimal medium was used as the immobilization and growth media, n=4.

The fluorescence responses recorded for 10% PCL — immobilized bioreporters,
which were grown in M9 minimal medium, in three different growth phases (early
growth phase, mid — exponential growth phase and stationary phase) are given in
Figure 3.8. In the light of these results, it was seen that the highest signal was
obtained from the immobilized bioreporter induced with 100 ug/L As (111) (p<0.05).
As expected, the bioreporters emitted more fluorescence in the presence of higher
concentrations of As (I11). In the mid — exponential growth phase, the presence of 50
pg/L As (111) resulted in significantly higher GFP expression in cells and thereby

higher emission of fluorescent signals, as the growth medium was fresher than in the
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other growth phases (p=.000). Besides, it was thought that the increase in
hydrophobicity of the cell wall of metabolically active bacterial cells in the mid-
exponential phase may also help the cells to adhere to the membranes better (Zur et
al., 2016).
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Figure 3.8 Fluorescence emission kinetics of 10 wt% PCL-immobilized arsenic
bioreporter induced with varying As (l1l) concentrations (uninduced (0 ug/L), 50
ug/L and 100 ug/L). (a) Early growth (b) mid — exponential (c) stationary phase. M9

minimal medium was used as the immobilization and growth media, n=4.

The bar graph of the fluorescence values measured at 8 hours in 3 different growth

phases (early growth phase, mid — exponential growth phase and stationary phase)
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of —CA and —PCL immobilized bioreporters grown and immobilized in M9 minimal
medium and induced by several As (111) concentrations are given in Figure 3.9. In
Figure 3.9a, the fluorescence values of CA — IB were given, it is clearly seen that the
intensity of the emitted fluorescent signal surged with ascending As (1)
concentration. However, the best results were obtained in the early growth phase in
the CA — IB system induced by 100 pug/L As (lll). Furthermore, as the inducer
concentration was increased, there was an augmentation in the fluorescent signals
from the immobilized bioreporters in all three growth phases (p<0.05). In the Figure
3.9b, the bar graph of the fluorescent signal values from the GFPs expressed by the
induction of the PCL — IB system at different As (IlI) concentrations was shown.
Statistically the highest fluorescent signal was obtained by immobilizing cells grown
up to the mid-exponential phase (p<0.05). It was observed that the emitted
fluorescence value increased significantly as the arsenic concentration was increased
(p<0.05). While the highest response was obtained by the cells in the mid —
exponential growth phase, cells in the stationary phase also showed a higher response
with a higher standard deviation compared with the cells in the early growth phase.
As expected, the highest fluorescence value was reached at the highest inducer

concentration for all growth phases.
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Figure 3.9 Fluorescence emission kinetics of immobilized arsenic bioreporter at
different cell growth phases (early growth phase (light gray); mid—exponential
growth phase (hard coal); and stationary phase (pink)) induced with varying As (111)
concentrations (uninduced (0 ug/L)), 50 ug/L and 100 ug/L). a) 12.5% CA and b)
10% PCL were used as fiber support materials, M9 was used as the growth and

immobilization media, n=4, t=8h, * means p<0.05.

Figure 3.10 shows the graph drawn from the signals received by inducing As (I11)
with the free bioreporter cells (non — immobilized) and the fiber immobilized
bioreporters. Despite using the same number of bioreporter cells in the same growth
phase, a significant difference (p=0.000) was observed between the free and
immobilized cells. The reason for this may be the fact that some of the bacteria could
not adhere and maintain their viability during immobilization. In Figure 3.10a, free
bioreporter had the highest fluorescence signal value for after being exposed to both
50 pg/L and 100 pg/L As (III) concentration (p<0.05). In addition, when the PCL —
IB group was induced for 8-h with both 50 pg/L and 100 pg/L arsenic
concentrations, the results obtained were found to be significantly higher (p<0.05)
than the CA — IB group. As shown in Figure 3.10b, PCL — IB had more GFP
expression than free bioreporter and 10% CA — immobilized bioreporters when
bioreporter cells grown till mid — exponential growth phase (p<0.05). Among the

disadvantages of free cells are that they can be easily affected by the environmental
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factors and can be removed from the environment during use. In Figure 3.10c, where
the fluorescent signals emitted by FB, CA — 1B and PCL — IB groups in the stationary
phase are given, it was the free bioreporter that emits the significantly most
fluorescent signal after being treated with both 50 pg/L and 100 pg/L (p<0.05). On
the other hand, the use of arsenic bioreporter in the field is quite difficult compared
to the immobilized one. Immobilized bioreporters are more sheltered and not easily
affected by environmental factors, and they have the potential to be reused without
loss of activity (Mehrotra et al., 2021).
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Figure 3.10 Fluorescence emission kinetics of free bioreporters (light gray), 12.5
wt% CA-immobilized bioreporters (hard coal), and 10 wt% PCL-immobilized
bioreporters (pink) induced with varying As (II1) concentration (0, 50 and 100 ug/L).
M9 was used as the growth and immobilization media, cells at (a) early growth phase
(b) mid — exponential growth phase and (c) stationary phase, n=4, t=8h, * means
p<0.05.

Moreover, when we compared the two types of bioreporter immobilized electrospun
fibers, 10% PCL group had the highest fluorescence signal and thus can be
considered more sensitive than the 12.5% CA fiber. When we examined the results,
it is evident that the bioreporter cells collected and assayed at the mid — exponential

growth phase provides both high fluorescence as well as high reproducibility and
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reliability with the lowest standard deviation. Thus, mid — exponential cells were
used for further experiments. To evaluate the significance levels of growth phase
groups, one of the post hoc tests, Tukey’s HSD (honestly significant difference) test
was run. The descriptive statistics table, ANOVA table and post hoc test results are

given in Appendix C.

3.2.2.2 Effect of Cell Concentrations

The effect of concentrations of the bioreporter cells to be immobilized to the fibers,
on the fluorescence intensity emitted was investigated. In order to adjust the density
of bacterial cells which were left to grow in the incubator overnight and taken after
18 hours, the ODsoo values were set to 0.1, 0.5, and 1.5. Then, the immobilization
process was performed as mentioned above, and the fluorescence intensities were
measured. 12.5% CA fiber support material was utilized, and the results are given in
Figure 3.11. According to the results, the most intense fluorescent signal was
obtained from arsenic bioreporters immobilized on 12.5% CA fibrous support
material when ODeoo = 1.5. The most intense fluorescent signal obtained by adjusting
the bacterial density to ODesoo= 0.5 (p=0.00).
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Figure 3.11 Fluorescence emission kinetics of immobilized arsenic bioreporter with
varying As (I11) doses at different cell concentrations (a) ODeoo = 0.1, (b) ODs0o=0.5,
(c) ODeoo = 1.5. 12.5% CA was used as the fibrous support material, M9 minimal

medium was used as the growth and immobilization media, n=4.

The fluorescent signals emitted by the bioreporters immobilized on PCL fibers at
different concentrations (ODsoo = 0.1, 0.5 and 1.5) at various As (I11) concentrations

(50 pg/L and 100 ug/L) are given in Figure 3.12. Accordingly, when the As (111)

concentration (100 pg/L) was the highest in all three cell concentrations, the

fluorescent signal was also found to be the highest. However, when the cell
concentration was adjusted to ODeoo = 0.5, the PCL — IB system was found to be

more sensitive to arsenic and emit a higher fluorescent signal.
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Figure 3.12 Fluorescence emission kinetics of immobilized arsenic bioreporter with
varying As (I11) doses at different cell concentrations (a) ODeoo = 0.1, (b) ODsgo =
0.5, (c) ODsoo = 1.5. 10% PCL was used as the fibrous support material, M9 minimal

medium was used as the growth and immobilization media, n=4.

According to the Figure 3.13a, the best results were obtained when ODgoo was 1.5
and As (I11) value was 100 pg/L. The reason for this could be due to immobilization
of more cells and the inductor expresses more bioreporters due to the high
concentration. In Figure 3.13b when ODeoo Was set to 1.5, significantly higher value
was obtained in the presence of 100 ug/L As (lll) (p<0.05) however, when the

concentration was 0.5, a high signal was obtained even when bioreporters were
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induced with 50 ug/L. This situation showed that the bioreporters were more and
rapidly expressed when induced with 50 pug/L As (I11) in the first 8 hours, however,
as more As (I1) entered the cell later (100 pg/L As (I11)), the fluorescence signal
from the bioreporters became higher (p<0.05).
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Figure 3.13 Fluorescence emission kinetics of imm obilized arsenic bioreporter at
different cell concentrations ODeoo = 0.1 (dark gray bar), ODsoo = 0.5 (light gray
bar) and ODeoo = 1.5 (pink bar) induced with varying As (I1l) concentrations
(uninduced (0 ug/L)), 50 ug/L and 100 ug/L). a) 12.5% CA and b) 10% PCL were
used as the fibrous support material, M9 minimal medium was used as the growth

and immobilization media, n=4, t=8h, * means p<0.05.

In Figure 3.14, the responses of free (non-immobilized) and immobilized
bioreporters at different cell concentrations in the presence of arsenic are shown in
bar graphs as the fluorescent signal value. Accordingly, the responses of free
bioreporters at all three cell concentrations (ODeoo = 0.1, 0.5 and 1.5) induced with
different arsenic concentration (50 pg/L and 100 pg/L) were higher, except for the
fluorescence value emitted by the PCL — IB system set to ODsoo= 0.5 and induced
by 100 ug/L As (I11) (p<0.05). In Figure 3.14b, when the PCL — IB system, whose
cell concentration was adjusted to ODeoo = 0.5, and the free bioreporters were

induced with 50 png/L, there was no statistically significant difference (p>0.05) in
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terms of the fluorescent signal they emitted. Although, when the As (lll)
concentration was increased to 100 pug/L, it was found that the PCL — IB system's
response to arsenic was higher than both free bioreporter and CA — IB system
(p<0.05). The reason for the difference between the fluorescent signal values emitted
by the arsenic — induced CA — IB and the PCL — IB system is thought to be due to
the fact that the cells could not adhere due to the fluffy structure of the CA fiber
(Sinha et al., 2020). It is also known that thin electrospun membranes with a smaller
fiber diameter facilitate the attachment of cells due to their larger surface area (Ko
and Yang, 2008; Sarioglu et al., 2017).
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Figure 3.14 Fluorescence emission kinetics of free bioreporters (light gray), 12.5
wt% CA-immobilized bioreporters (hard coal), and 10 wt% PCL-immobilized
bioreporters (pink) and induced with varying As (111) concentration (0, 50 and 100
ug/L). M9 minimal medium was used as the growth and immobilization media, cells
at (a) ODeoo = 0.1 (b) ODeoo = 0.5 and (c) ODeoo = 1.5, n=4, t=8h, * means p<0.05.

3.2.2.3  Evaluation of As (V) Detection Performance

The fluorescent signal values of the responses of the CA — IB and PCL — IB groups
we developed, when induced with As (V), a different form of arsenic, are given in
Figure 3.15. When the graph was examined, it was deduced that the PCL — IB system

was more sensitive than the CA — IB system when induced with both 50 and 100

74



ug/L As (V) (p<0.05). However, there was no statistically significant difference
between the fluorescence signal value emitted when CA — IB group was induced
with 100 ug/L As V and the emitted fluorescence signal value when PCL — IB group
was induced with 50 ug/L As V (p=0.651). This showed that the PCL — IB group
was more sensitive than the CA — IB group. Due to the fact that it is a biological —
based study, different results were obtained in each trial, and as a result, the
calculated standard deviation values were quite high. Both systems expressed more
GFP when the As (V) concentration was increased, from 50 pg/L to 100 pug/L, and

the intensity of the fluorescent signal they emitted increased.
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Figure 3.15 Fluorescence emission kinetics of immobilized arsenic bioreporter

induced with varying As (V) concentrations (uninduced (0 ug/L)), 50 ug/L and 100
ug/L). a) 12.5% CA and b) 10% PCL were used as the fibrous support materials,
MOPS — supplemented medium was used as the growth and immobilization media;
cells were grown till mid — exponential growth phase, ODeoo was set as 0.5 n=4.

In the bar graph in Figure 3.16, the fluorescence values of the non — immobilized
(free) and immobilized bioreporters read at 8 hours after being induced with As (V)
at different concentrations (50 ug/L and 100 pg/L) are given. The fluorescence
values emitted by the PCL — IB group at 50 pg/L and 100 pg/L concentrations were
statistically different from the other two groups, free bioreporter and CA — IB system.

It was observed that the emitted fluorescent signal value increased as the As (V)
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concentration increased. As with As (lll), the PCL — IB system emitted more
fluorescent signals in the presence of As (V). However, the emitted fluorescent signal
value was less than when induced by As (I11) (p<0.05). As (l11) is a water — soluble
and movable polyol similar in structure to glycerol. The bidirectional channels that
play a role in the entrance to the cell allow small and uncharged molecules such as
water and glycerol to enter the cell, just as they allow for As (I11). However, the
situation is different with As (V) since the rate of absorption of As (V) by the cell is
much lower than that of As (111), due to the fact that the role of phosphate transporters
(Pit and Pst) in the uptake of As (V) is very limited. Therefore, it is better understood
why the As (111) — induced IB system emits more fluorescent signals than the As (V)
— induced despite being induced even at the same concentrations (Fernandez et al.,
2005; Hirano, 2020). To evaluate the statistically significant differences of each
group, one of the post hoc tests, Tukey’s HSD test was run. The descriptive statistics
table, ANOVA table and post hoc test results were given in Appendix C.
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Figure 3.16 Fluorescence emission kinetics of free bioreporters (light gray), 12.5
wt% CA-immobilized bioreporters (hard coal), and 10 wt% PCL-immobilized
bioreporters (pink) and induced with varying As (V) concentration (0, 50 and 100
ug/L). MOPS supplemented medium was used as the growth and the immobilization
media, cells were grown till mid — exponential growth phase, ODgsoo Was set as 0.5,

n=4, t=8h, * means p<0.05.
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3.2.24  Cell Viability

In order to clarify and confirm the results made with fluorescence experiments, the
viability of bacterial bioreporter cells immobilized on fibers was compared by using
the AlamarBlue test. Relative viability graph showing the percentage of reduction of
the AlamarBlue by immobilized bioreporter cells according to the fluorescence
readings taken at the end of the 4™ incubation hours with AlamarBlue was drawn in
Figure 3.17. In favorable fabrication conditions, up to 55.4% of bacteria were kept
alive on CA fibers. In other respects, bacteria were grafted on PCL fibers and a high
bacterial viability was achieved at over 91%. When relative viability of PCL —
immobilized bioreporters and CA — immobilized bioreporters was compared, a

significant statistical difference was observed (p = 0.005).

100 | *

Relative Cell Viability (%)

Incubation Time (h)

Figure 3.17 Relative cell viability (%) results of immobilized bacterial bioreporter
cells on —CA and (light gray bar) and —PCL (dark gray bar) fibrous support
materials. (LB was used as immobilized and growth medium, n=4, * means p<0.05),

free bioreporter cells serve as the control group).

Fung et al. fabricated soluble dietary fibers from okara, palm oil stem and palm oil
obtained by alkali treatment from agricultural wastes via electrospinning technique.
They investigated the potential of these fibers to be used as carriers in the

encapsulation of Lactobacillus acidophilus, and electrospinned by adding bacteria to
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each organic waste solution. They observed that the encapsulated bacteria could

survive at a rate of approximately 78.6-90 % (Fung et al., 2011).

Xie et al. immobilized genetically engineered E. coli (GFP) on poly (ethylene
glycol)-polylactide (PELA) fibers. They showed that in their study, around 92% and
95% of the viability of bacteria was observed after covalent binding and affinity
absorption, respectively (Xie et al., 2016). The authors tested effect of chemical
modifications on fibers and immobilization method it is therefore difficult to

compare their results with ours.

Jayani et al. showed that 71.1 % of Lactobacillus acidophilus 016, which they

immobilized on bacterial cellulose, maintained their viability (Jayani et al., 2020).

Grzywaczyk et al. evaluated the viability of the arrested bacterial cells in the
polystyrene/sodium alginate — bacteria/polystyrene sandwich model they developed.
According to the results they found, while the free bacteria were viable around 60%,

up to 81% of the immobilized bacteria were viable (Grzywaczyk et al., 2021).

3.2.2.5  Morphology of Bioreporter Immobilized on Fibers

SEM was used to display the bioreporters immobilized onto the fibers. The images
of bacteria immobilized fibers at 10 000X magnification are shown in Figure 3.18.
Rod — shaped bacteria were observed on the fibers. The number of bacteria seen on
PCL fiber was greater than that observed on CA. The diameters of the bacteria
attached to the fibers were calculated as approximately 0.91 pm + 0.14.

In the imaging performed with a confocal microscope, a CA — IB group image could
not be obtained because it has a floating structure and therefore cannot be fixed on a
flat surface. In imaging with PCL — IB group despite attempts to block the
background fluorescence, the green color of the fibers is due to the intrinsic
autofluorescence of the PCL material at selected excitation wavelengths. Living

bacteria that bridge and spread between the fibers glow green fluorescent thanks to
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the gfp in their structure. The bacteria not only adhered to the fiber surface, but also

spread to the spaces within the fibrous mesh.

(@)

(b)

Figure 3.18 SEM micrographs of bacteria immobilized on (a) CA fibers and (b) PCL
fibers at 10 000X magnification and (c) confocal microscopy of PCL — IB groups

after 3h immobilization. Arrows show the bioreporters adhered on the fibers.
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When the fiber diameters are larger than the E. coli bacteria size, the bacteria accept
each fiber surface as a flat substrate. On the other hand, it has been reported that
when the fiber diameters are smaller than the bacteria diameter, it is not always
possible for the cells to change shape and form colonies by building a bridge between
the fibers (De Cesare et al., 2019). Therefore, fibers with a diameter greater than that
of 1.0 — 2.0 um in length and 0.5 um in diameter, known as E. coli cells (Knoll et
al., 1999) are considered to be suitable for bacterial immobilization.

In the trials conducted so far, PCL and CA electrospun fibers were used as the
support materials to immobilize arsenic bioreporters. When the fiber support
material characterization tests and then the optimization results of the immobilized
bioreporter systems are examined, it is clearly seen that the fluorescent signals from
the PCL immobilized bioreporters were higher additionally, in the viability test, the
viability percentages of the bacteria attached to the PCL fiber were found to be higher
than IB — CA systems. Sarioglu et al, in their study to show the effect of fiber
diameter and morphology on the immobilization of bacteria, immobilized
Acinetobacter calcoaceticus STB1 bacteria on four different groups of PSU fiber,
namely aligned and random, thin, and thick. As a result of their study, they
emphasized that random oriented thin fibers are more suitable for bacteria to adhere
to because they have enough space (Sarioglu, et al., 2017). In our study, it can be
deduced that the PCL — IB group emits more fluorescent signal than the CA — IB
group in the presence of As (Ill), because they have a thinner and larger pore
diameter, so that the bacteria adhere better. This means that PCL electrospun fiber
was a more suitable support material for bacteria to survive and adhere. Accordingly,

following studies was continued with PCL — immobilized arsenic bioreporters.

3.2.2.6 Effect of Growth Medium

In order to show the change in the response of immobilized arsenic bioreporters to
arsenic when grown in different growth media (M9 minimal medium and MOPS —

supplemented medium), the fluorescent signals emitted at the 8" h were recorded
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(Figure 3.19). It was seen that arsenic bioreporters grown and immobilized in M9
minimal medium expressed more GFP in the presence of As (I11) than those induced
by As (V), therefore emit more fluorescence (p<0.05). Similarly, it is also clear that
the signal received from bioreporters induced by As (I11), but this time grown and
immobilized in MOPS — supplemented medium, was considerably lower than those
grown in M9 minimal medium. The reason may be that the fluorescence performance
of immobilized bioreporters in MOPS — supplemented medium was significantly
lower than that of M9 minimal medium (p<0.05), which is presumably owing to the
presence of inorganic phosphates in M9 minimal medium. Because inorganic
phosphate is one of the basic nutrients of bacterial cells (Li et al., 2019). In addition,
E. coli cell carries out the uptake of As (V) into the cell via the non — specific
phosphate transporter, inorganic phosphate transporter (Pit), which is known to play
the biggest and main role (Yang et al., 2012). In some cases, phosphate specific
transport (Pst) is also expressed, which is more specific but less efficient than Pit,
which carries phosphate. However, if the cell is continually subject to large amounts
of As (V), it will only express Pst in such cases to minimize As (V) uptake. This may
mean that the cell emits less fluorescence in the presence of As (V). In addition, it
has been reported that E. coli cells have water glyceroporins, such as glycerol
facilitator GlpF, to facilitate the entry of As (111) into the cell and to ensure its entry
in greater amounts (Garbinski et al., 2019; Krueger et al., 2013; Kumari &
Jagadevan, 2016). This may be another explanation proving that it expresses more

GFP in the presence of As (I11) because As (I11) enters the cell more easily.
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Figure 3.19 Fluorescence emission kinetics of immobilized bioreporter induced with
As (I11) (dark coal bar) and As (V) (light gray bar) concentrations (100 ug/L) in
different growth medium. 10% PCL was used as the fibrous support materials,
MOPS and M9 were used as the growth and immobilization media, respectively.
Cells at mid-exponential growth phase were used during the study, n=4, t=8h, *

means p<0.05.

In another experiment, the fluorescent signals emitted by arsenic bioreporters
induced by arsenic forms at different concentrations were recorded (Figure 3.20).
However, it is seen that although the As (V) concentration was increased, the
fluorescent signals they emitted did not increase as in As (I11) (p<0.05). There was
no statistically significant difference between the fluorescent signal emitted by the
PCL — IB group when induced with 50 pg/L As (V) and the fluorescent signal
emitted when induced with 100 pug/L As (V) (p>0.05). As (V) enters the cell via
phosphate transporters and replaces phosphate, but as phosphate is already present
in the M9 — minimal medium, it may be difficult for As (V) to enter the cell and may
not induce immobilized arsenic bioreporters as much as As (I11) (Cavalca et al.,
2013) It is known that As (V) is particularly sensitive to pH depending on biological
and chemical conditions and cannot maintain its stability (Darma et al., 2022;
Edmundson & Horsfall, 2015) which might explain the results given in Figure 3.18.

Furthermore, bacterial periplasmic phosphate binding proteins responsible for As
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(V) uptake are 500 to 850 times more selective for phosphate than As (V), and it is

known to be 4500 times more in arsenic — resistant species (Hirano, 2020).
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Figure 3.20 Fluorescence emission kinetics of immobilized bioreporter induced with
varying As (I11) (dark coal bar) and As (V) (light gray bar) concentrations (0, 50 and
100 ug/L). 10% PCL was used as the fibrous support material, M9 minimal medium
was used as the growth and immobilization medium, cells at mid — exponential
growth phase, n=4, t=8h, * means p<0.05.

In Figure 3.21, the graph of fluorescent signals emitted by inducing arsenic
bioreporter cells grown and immobilized in MOPS — supplemented medium with
different concentrations of arsenic forms is given. Statistically significant difference
(p<0.05) was found between different arsenic concentrations (0 pg/L, 50 ug/L and
100 pg/L). With increasing arsenic concentration, more GFP was expressed in

bioreporters, causing an increase in signal intensity.
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Figure 3.21 Fluorescence emission kinetics of immobilized bioreporter induced with
varying As (111) (dark coal bar) and As (V) (light gray bar) concentrations (0, 50 and
100 ug/L). 10% PCL was used as the fibrous support material, MOPS supplemented
media were used as the growth and immobilization media. Cells at mid — exponential
growth phase were used during the study, n=4, t=8h, there is a statistically

significant difference between arsenic concentrations, * means p<0.05.

The fluorescent signals (RFU) emitted by the PCL — IB system induced by different
As (V) concentrations (50 pg/L and 100 pg/L) in different growth mediums (M9
minimal and MOPS — supplemented medium) are given in Figure 3.22. When the
PCL - IB system was treated with 50 pg/L As (V) in MOPS supplemented medium,
it gave significantly higher fluorescent signal than that in M9 minimal medium, an
analogous situation was observed when the concentration was 100 pg/L (p<0.05).
The reason for the PCL — IB system to express more GFP in the presence of As (V)
in MOPS-supported media may be that arsenate is chemically like phosphate.
Basically, the ability of As (V) to enter the cell relies on competitive inhibition. That
is, if the cell is saturated with phosphate, it may be insensitive to As (V). It is known
that As (V) uptake systems in E. coli are made by the phosphate transporters Pst and
Pit. Pst is a high — affinity, low — capacity system caused by phosphate starvation,
while Pit is a low — affinity, high — capacity constituent system that is also the main
uptake system for As (V) (Yang et al., 2012). Therefore, the PCL — IB system in the
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phosphate — rich M9 minimal medium was not phosphate-starved, so it took up

relatively less As (V) into the cell, thus emitting less fluorescent signal.
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Figure 3.22 Fluorescence emission kinetics of immobilized bioreporter grown in M9

minimal medium (dark coal bar) and MOPS supplemented medium (light gray bar)
induced with varying As (V) concentrations (0, 50 and 100 ug/L). Fibrous support
materials produced with 10% PCL were used for immobilization of cells at mid —
exponential growth phase, t=8h, n=4.

3.2.2.7 Effect of Immobilization Time

Different immobilization times (1 h, 3 h.and 7 h) were tried to examine the effect of
the time taken for the immobilization of arsenic bioreporters to the PCL electrospun
fiber on the fluorescent signal they emit. Accordingly, at the end of the
immobilization period, the immobilized bioreporters were induced with As (111) at
concentrations of 50 pg/L and 100 pg/L and the fluorescence signal emitted was
recorded. The emitted fluorescence value was found to be the highest after 3 hours
of immobilization pursuant to the bar graph (p<0.05) (Figure 3.23). After 3-h
incubation for immobilization, PCL — IB emitted statistically higher fluorescence
than those oberved for the other immobilization periods (1-h and 7-h) after they
were induced with both 50 pg/L As (III) and 100 pg/L As (III) (p<0.05). PCL — IB
system subjected to 7-h immobilization time emitted a high fluorescent signal with

a high standard deviation when induced with 100 ug/L As (III). However, it was
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decided that 3—h would be sufficient because it emits more fluorescent signals, so 7—
h waiting would not be necessary. It was predicted that the longer the waiting period,

the older the cells and the lower their vitality.
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Figure 3.23 Fluorescence emission kinetics of arsenic bioreporters immobilized for

different immobilization periods (1h, 3h and 7h) induced with varying As (l11)
concentrations (50 ug/L (dark coal bar, and 100 ug/L (light gray bar). 10% PCL
fibrous mats were used as the support materials, M9 minimal medium was used as

the growth and immobilization media, n=4, t=8h, * means p<0.05.

Parreira et al. used self-assembled monolayers (SAMs) of alkanethiols on gold in
order to procure several functional groups such as OH, CHs and ethylene glycol
(EGa4) in their studies. As a result of their experiments, they stated that Helicobacter
pylori (H. pylori) bacteria adhered to the surfaces they developed after 2 hours.
(Parreiraetal., 2011).

San et al. immobilized Aeromonas eucrenophila, Clavibacter michiganensis and
Pseudomonas aeruginosa bacteria on CA to evaluate the methylene blue
decolorization performance. By figuring out the immobilization time of 7 days, they
left the fibers to incubate in the growth medium with bacteria at a rotational speed of
100 rpm at 30 °C (San et al., 2014).

Abrigo et al. used polystyrene (PS) electrospun fibers fabricated in several diameters
as support material to immobilize Escherichia coli, Pseudomonas aeruginosa, and

Staphylococcus aureus bacterial cells by adsorption method. After growing the
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bacterial cells on LB agar, electrospun fibers were placed on the agar and incubated
for 1 hour at 37°C. At the end of 1-h, they removed the fibers and continued their
work by washing with PBS and removing the bacteria that could not adhere (Abrigo
etal., 2015).

Sarioglu et al. Serratia proteamaculans STB3 and Achromobacter xylosoxidans
STB4 bacteria immobilized on electrospun fibers which are non — porous CA and
porous CA. The aim of this study is to investigate the effect of contact time and fiber
porosity on bacterial adhesion and to evaluate their performance in terms of SDS
remediation in water. They started a 25 — day incubation at 25°C 180 rpm by
including the fibers in the liquid medium with the bacteria. They evaluated the SDS
remediation performance of the system they created by renewing the liquid medium
with fresh medium every 7 days. As a result, they concluded that 25 days was the

optimum incubation period (Sarioglu et al., 2015).

Sarioglu et al. developed Morganella morganii STB5 immobilized on PS or PSU
fiber mats for hexavalent chromium remediation in water. In their immobilization
studies, bacterial cells were incubated in M1 growth medium with fiber mats (PS or
PSU) for 30 days (Sarioglu et al., 2016).

Sarioglu et al. used Clavibacter michiganensis immobilized on PCL and PLA fibers
for remediation of textile dyes in water. They incubate bacteria and fiber for 7 days
(Sarioglu, et al., 2017b).

3.3  Determination of the Performance Characteristics of The Bioreporter

System

331 Sensitivity

A dose — dependent experiment was performed to understand the sensitivity of the
PCL — immobilized bioreporter in the presence of As (Ill) and As (V). Different
concentrations (10, 20, 30, 50, 75 and 100 pg/L of As (Ill) form and 0 pg/L
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(uninduced; control group)) were used for this experiment. In the Figure 3.24, as
expected the intensity of the emitted fluorescent signal increased as the As (111) and
As (V) concentration (from 0 pg/L to 100 pg/L) was increased (Brutesco et al., 2017;
Yuvaraj et al., 2016). However, there was no significant difference between
fluorescence intensity at 50 ug/L and 75 ug/L As (111) concentrations (Figure 3.24a).
The fluorescence values emitted by PCL — immobilized bioreporters induced by As
(V) are also given in Figure 3.24b. Accordingly, as in As (lIll), with increasing
concentration, more arsenic was introduced and more GFP was expressed. However,
looking at the two graphs, it is clear that the fluorescent signal from As (V) induced
immobilized bioreporters was significantly lower than that of As (111) induced ones.
This is because, under anoxic conditions, As (I11) has the ability to bind slightly to
less absorbent surface regions, and after bonding it diffuses into the aqueous phase,
increasing its mobility, that is, it moves faster than As (V). The results obtained can
be explained by the fact that As (I11) moves faster inside the cell and expresses GFP

in a shorter time (Darma et al., 2022).
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Figure 3.24 Fluorescence emission kinetics of immobilized bioreporters induced
with varying arsenic concentration (0, 10, 20, 30, 50, 75 and 100 ug/L) (a) As (111)
(b) As (V). 10% PCL was used as fiber support materials, M9 was used as a growth
and immobilized medium, cells at mid-exponential growth phase, n=4, t=8h. Error

bars are shown only when they exceed the size of the symbols.
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3.3.2 Selectivity

There may be other metal ions in drinking water or natural spring water as well as
arsenic (Moiseenko et al., 2013; Payal & Tomer, 2021). Selectivity is one of the most
important characteristics for determining the performance of a biosensor. Selectivity,
in other words, metal specificity is defined as the capability of a bioreceptor to detect
a particular analyte despite the presence of different contaminants in the environment
(Bhalla et al., 2016). In order to evaluate the selectivity of the immobilized arsenic
bioreporter, they were induced with arsenic forms (As (I11) and As (V)) and other
metals (threatening human health) at a concentration of 100 pg/L. First, viability
analysis of bacterial cells in PCL — IB system induced with different metals at 100
pug/L concentration for 8 hours was performed by AlamarBlue method. The results
obtained in the viability analysis are given in Figure 3.25. According to Figure 3.25,
although it was induced with a very low metal concentration (100 pg/L), a decrease
in the viability of bacteria treated with some metals was observed according to the

AlamarBlue test results at the end of the 8—hour induction period.
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Figure 3.25 Relative cell viability (%) results of immobilized arsenic bioreporters

which were induced with different metals (100 xg/L). Bioreporter cells were grown
in M9 minimal medium (till stationary phase, ODes0oo=1.5). The viability of the no
metal addition group was accepted as 100%. n=3, t=8h, * shows the groups

significantly different than the others, p<0.05.
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The viability results of PCL — IB group after 8-hour treatment with metals are given
in Figure 3.25. It was observed that there was a significant decrease in the viability
of the immobilized bioreporter cells treated with some metals (p<0.05). The relative
cell viabilities of the PCL — IB system induced by Cd (1), Mg (I1), Mn (Il) and Mo
(V) were significantly lower than the uninduced group (p<0.05). The pH value of
the M9 minimal medium used in the experiment was adjusted to around 7.0, but it
has been reported in the literature that Cd (I1) is more toxic at neutral pH than acidic
environment (Worden et al., 2009).

In their study, Kalantari et al. suggested that Fe (I1) metal ion completely inhibited
E. coli bacteria cells at a concentration of 55840 ug/L (1 mM/L). In addition, it was
stated that chromium metal at 193.350 pg/L (0.5 mM/L) and 3867 pg/L (0.1 mM/L)
concentrations decreased the viability of E. coli bacterial cells to 77% and 38%
(Kalantari, 2008).

Vijayadeep and Sastry reported in their study that E. coli treated with heavy metals
at different concentrations showed a very high tolerance. In the study, it was reported
that the viability of the cells treated with 2000 pg/L (2 ppm) Cd (Il) remained
constant, but their viability was greatly reduced when the metals dose was increased
(Sastry & Vijayadeep, 2014).

According to the results of their study, Terzi and Civelek showed that E. coli isolates
treated with 750 pg/mL arsenic concentration maintained their viability. They also
remarked that these cells could survive at concentrations of 112 pg/mL Cd (IT) (Terzi
& Civelek, 2021).
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According to the viability results of PCL — IB system after induction with different
metals (100 pg/L), the fluorescent signal values they emitted were corrected for
100 % cell viability. Accordingly, the extrapolated fluorescence values are given in
Figure 3.26.
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Figure 3.26 Metal selectivity of the PCL — immobilized arsenic bacterial bioreporter.
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Bioreporter cells grown in M9 minimal medium (till stationary phase, ODgoo=1.5).
Control refers to no metal addition, n=3, t=8h, * means the significantly the highest
group, ** means the significantly the higher group than others, p<0.05. Error bars
are shown only when they exceed the size of the symbols. The fluorescent signal

values the bioreporters emitted were corrected for 100 % cell viability.

It can be deduced from Figure 3.26, development PCL — immobilized arsenic
bioreporter system did not give worthy of note fluorescence response to the assessed
metals. The highest fluorescence was measured from the As (I11) — induced PCL —
IB system (p<0.05). It is thought that the reason why it was higher than those induced
by As (V) was due to the growth the growth media effect as explained above in
Section 3.2.2.6. Although, the arsenic bacterial bioreporter appeared to be sensitive
to arsenic forms (As (l11) and As (V) forms tested here), it was not sensitive to the
other metals and did not respond even if induced by them (p<0.05) (Kim et al., 2020).
Of all tested metals, only As (I11) and As (V) showed high fluorescence response.
This result can be explained that arsR protein consist of a strikingly high — affinity
ligand and a very specific binding site toward arsenic and it can differentiate arsenic

than other metals (Kostal et al., 2004). Arsenic bioreporters induced by Ag (I), Fe
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(11 and Ni (I1) metals did not emit fluorescent signal, although they remained viable
(87.2%, 96.5% and 97.8%), respectively. According to the results, it has been proven
that the bioreporters maintain their viability, but the arsR protein in its structure does
not react to metals used other than arsenic forms (Elcin & Oktem, 2020a).

3.3.3 Response Time

The results of the experiment conducted to determine the response time of the
immobilized bioreporter system to different concentrations of As (I11) are given in
Figure 3.27. The detection limit was decided using statistically significant changes
(p < 0.05) in fluorescence signal values compared with fluorescent signal value
emitted from the control group. According to the One — way ANOVA result for M9
minimal medium, it was found that a response could be obtained 3.5 hours after the
PCL — IB group induced by all As (111) concentrations tested compared to the initial
(p<0.05). These results showed us that the As (I11) detection limit of the developed
PCL - IB system was initially higher but decreased over time. In addition, GFP tends
to accumulate in the cell (Leveau & Lindow, 2002), so it can be deduced from the
Figure 3.27, as well as the recorded fluorescent signal value increased continuously
over time. Fluorescent signals from the no metal — induced PCL — IB system did not
have any statistically significant changes over time (p>0.05). It was mentioned that
S0 as to short response time besides high growth rates under aerobic and/or anaerobic
conditions bacterial cells may be utilized as biosensors (Roointan et al., 2015). Since
there is no study in the literature where we can compare the detection limit of
immobilized bioreporters used in metal detection within the scope of the thesis,
previous studies with free bioreporters are given below and the superior to or equal
of immobilized bioreporters to free bioreporters is shown. This difference in
response time between immobilized and non-immobilized bioreporters can be
attributed to direct exposure of free bioreporters to the changing environment so that
immobilized bioreporters can better tolerate environmental stresses (such as nutrient
depletion and pH changes) (Ge et al., 2017; Hussain et al., 2017).
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Figure 3.27 Fluorescence emission kinetics of immobilized arsenic bioreporter cells
in response to As (I11). Bioreporter cells grown in M9 minimal medium (till mid —

exponential growth phase, ODgoo=0.5) induced with various As (I11) concentrations.

Liao and Ou developed an E. coli whole cell biosensor based on GFP expression of
Staphylococcus aureus plasmid pl258 under the control of arsR gene in order to
detect As (I11), As (V) and Sb (I11). In their studies conducted in LB medium, it was
reported that the engineered biosensor could detect 30 pug/L As (I11) and 75 pg/L As
(V) concentrations after 2 hours of induction, and when the induction time was
increased to 8 hours, the lowest detection limit for As (111) and As (V) was 7.5 ug/L
(Liao & Ou, 2005). In our study, the limit of detection (LOD) concentration of the
developed PCL — IB system was 10 pug/L As (III), and it was able to detect arsenic
at this concentration after 3.5 hours. When induced with a concentration of 30 pg/L
As (I11), the response time decreased to 1.5 hours. Tani et al. designed a whole — cell
biosensor to detect As (Ill) using E. coli DH5a. The biosensor they developed
reduced the detection limit from 20 pg/L to 7.5 ng/L As (III) concentration at the
end of the 6-h induction period (Tani et al., 2009). The PCL- IB system developed
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in the study responded after 3.5 h in the presence of 20 pug/L As (III). Theytaz et al.
designed a microfluidic chip using E. coli DH5a and evaluated this design for its
response in the presence of arsenic and recorded the fluorescent signals emitted by
GFP. According to the results they gave, it was seen that the biosensor system should
be induced for 90 minutes in order to detect 50 pg/L As (III) in minimal medium
(Theytaz et al., 2009). According to the test results of the response time of the PCL
— IB system developed in the presence of As (IlI), a significant response was
obtained 30 minutes after it was induced with 50 pg/L As (III) according to the
control group. Hu et al. introduced the reporter protein gene phiYFP into E. coli
DHb5a to convert it into a whole — cell biosensor. They reported that they could detect
375 ng/L As (IIT) and As (V) after 2 hours of induction in LB medium, according to
their detection study (Hu et al., 2010). In our study, the developed PCL — IB system’s
detection limit was reduced from 100 pg/L to 30 ug/L As (I11) concentrationina 1.5

— hour induction period.

3.34 Shelf — life

To determine the shelf life of the PCL — IB group, they were stored at different
temperatures (+4 °C and RT) for 28 days. The fluorescence measurements of the
immobilized bioreporters, which were removed from their storage environments
after a certain period, were recorded at 8th hour after the PBS was removed and
treated with 100 pg/L As (III). After removing the PBS buffer on the immobilized
bioreporters removed from the storage media for certain periods (0 — 7 — 14 — 21 —
28 days), they were treated with 100 pg/L As (III) for 8 hours. The response of the
PCL — IB system to arsenic on the first day (day 0) was accepted as 100% in terms
of fluorescent signal, and the fluorescent signal values measured on other days were
calculated accordingly and are given in Figure 3.28. According to Figure 3.27a, the
PCL — IB system stored at +4 °C and RT for 7 days decreased by 52% and 54%,
respectively, when the PCL — IB system was induced with arsenic (100 pg/L) for 8h.
After continuing the experiment, the decrease in the fluorescent signals emitted by
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the PCL — IB system, which was stored for 14 days, was significantly lower than that
of Day7 (p<0.05). As expected, the fluorescent signals they emitted continued to
decrease as the cells continued to be stored at RT and +4 °C. It was observed that the
decrease in fluorescent signal in all groups was higher in the PCL — IB system stored
at room temperature. It was thought that the reason for this was that the cells were
not in an environment that limited their metabolic activities because they were not at
low temperature, but that there was a decrease in their viability due to the lack of
sufficient nutrients in the environment, and therefore they could not respond to the
arsenic. This situation can also be explained by the adaptation of E. coli to its natural
habitat, because when E. coli live in the intestines, they are not accustomed to lack
of nutrient because they are fed from the host at high temperatures. However, it is
thought that when they were outside at the same temperatures, they could not adapt

and maintain their vitality (Nowroth et al., 2016).
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Figure 3.28 PCL — IB system stored at different temperatures (+4 °C and RT) (a)
comparative emitted fluorescent signals induced with 100 ug/L As (IIl) at t=8h, and
(b) their relative cell viability. Bioreporter cells grown in M9 minimal medium (till
stationary phase, ODsoo=1.5), n=3, * means p<0.05, there is also a significant
difference between days, 1% day (Day 0) group is accepted as control, and cell
viability for the control was taken as 100%.

The relative cell viability (%) of the PCL — IB system kept at different temperatures
(+4 °C and RT) is shown in Figure 3.28b. Figure 3.28b shows that as with the
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fluorescent signal values emitted by the PCL — IB system, a decrease in their viability
was observed when stored for a long time. At the end of 7, 14 and 21 days, the
relative cell viability of the PCL — IB system stored at room temperature was
significantly lower than that those stored at +4 °C (p<0.05).

It is evident that the relative fluorescence value and relative viability values did not
decrease to the same extent (for example, in Day7 the relative fluorescence value
was 34.56% (Figure 3.28a) while the relative viability was 46.87%, (Figure 3.28b)).
It was thought that the reason for this might be that they aim to increase the survival
time of the cells by reducing their metabolic activities (Nowroth et al., 2016). In
addition, lyophilization of immobilized bioreporters and keeping them at — 80 °C
using cryoprotectants can be tried to improve shelf life. Although cryoprotectants are
used to protect cells from damage caused by freeze — drying and to increase cell
viability, they have the feature of being easily removed. In other words, non — toxic
and biocompatible cryoprotectants help to prevent/reduce the damage caused by ice
crystallization, membrane rupture and/or osmotic pressure to the cells desired to be
stored at deep cryogenic temperatures (Kar et al., 2019; Nguyen et al., 2020).
Cryoprotectants to be used in freeze — drying bacteria can be dimethyl sulfoxide
(Bagis et al., 2005; Goss, 2013), ethylene glycol (Chi et al., 2002; Kresna et al.,
2019), glycerol (Kim et al., 2009), polyethylene glycol (Bhattacharya, 2018; Mi et
al., 2004), skimmilk (Cody et al., 2008; Saeki et al., 2015), sucrose (Jong-Bum et al.,
2004), and trehalose (Li & Ricke, 2004).

Since no study was found about the fluorescence signal value and viability of
immobilized bioreporters similar to the one in our study, we compared our results on
the viability of free bacterial cells and immobilized bacterial cells. In the study of
Suo et al., Salmonella typhimurium cells immobilized on CFA/I fimbriae were able
to survive for 6 h in PBS buffer at +4 °C. In addition, it has been stated that
immobilized cells stored in growth medium at +4 °C can last for at least 3 days and
that they can survive even longer if growth factors are present in the medium (Suo
et al., 2008). Since the viability of the immobilized bioreporters we developed was
investigated instead of dividing and multiplying, they were kept in PBS buffer, not
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in the growth medium, and they were able to survive similar to this study. Fung et
al. reported that Lactobacillus acidophilus bacteria encapsulated into electrospun
dietary fibers obtained from organic wastes maintain their viability for up to 21 days
when stored at +4 °C. It was stated that bacteria encapsulated in OPF nanofiber
remained viable at a rate of 72% after 21 days, but bacteria encapsulated in OPT and
okara nanofibers maintained their viability at a rate of 49% and 37.7%, respectively
(Fung et al., 2011). In our study, however, it was observed that the bacteria were
more affected by environmental factors (Nussinovitch, 1997), and their viability
decreased by 32.8%, since the bacteria were not encapsulated but were immobilized
by adsorption method. Since this study is different from our immobilization method,

it is very difficult to compare our results.

Sarioglu et al. immobilized STB5 bacterial cells on PS and PSU by adsorption
method. They then stored these immobilized STB5/PS and STB5/PSU
biocomposites in a closed moist environment at +4 °C for 15 days. They stated that
at the end of 15 days, STB5/PS and STB5/PSU retained their Cr (VI) removal
capacity about 72.79% and 68.65%, respectively (Sarioglu et al., 2016). Since the
value that we will compare with this study in our study did not match, when looked
in terms of viability, it is seen that its vitality is 46.87% at +4 °C at the end of 15
days, that is, it maintains its vitality.

Jayani et al. immobilized Lactobacillus acidophilus 016 probiotic bacterial cells to
bacterial cellulose electrospun fibers in their study. When they tested the storage
conditions, they stated that these immobilized bacteria remained viable (71.1 %) for
up to 24 days at 35°C (Jayani et al., 2020). Lactobacillus acidophilus probiotic
bacteria is known to be more resistant to high temperatures than E. coli. It is
suggested that this is due to the fact that Lactobacillus acidophilus is a Gram —
positive bacteria, that is, because it has a thicker cell wall. In addition, it has been
reported that the presence or absence of nutrients in the environment at high
temperature has a large share in affecting the viability of the cells (Kieps &

Dembczynski, 2022). In our study, it was observed that the viability of immobilized
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bacteria stored in PBS at room temperature had 19.55% vitality at the end of the 21%
day.

98



CHAPTER 4

CONCLUSION

In this thesis, a biosensor system was developed by immobilizing bioreporters on the
electrospun fiber mats to detect arsenic in aqueous media for the first time in the
literature. Firstly, CA and PCL fibers were fabricated via electrospinning technique
as the support material and compared. Immobilization studies conducted with arsenic
bioreporters at different concentrations and different growth phases on CA and PCL
electrospun membranes showed that PCL — IB group was found more suitable

substrate for the biosensor.

Selectivity, sensitivity, response time and shelf life tests, in which the performance
of the PCL — IB system as a biosensor was tested, showed that the biosensor system
was able to detect the required arsenic concentration in safe drinking water limits.

PCL — IB system does not respond to other metals tested, but only to arsenic forms.

The results of this study will lead to further research to develop a fast, specific, and
cost — effective mobile biosensor device for the detection of arsenic content in
environmental specimens. They can be used by anyone for on — site applications to
figure out the bioavailable content of the heavy metal along with its forms, giving an

idea of the toxicity risk and planning of treatment or removal processes.
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APPENDICES

A. COMPOSITIONS OF BACTERIAL CELL CULTURE MEDIA

Luria-Bertani Agar (1 L)

Agar 15 grams
Tryptone 10 grams
NaCl 10 grams
Yeast extract 5 grams

Distilled water (dH20) is added up to 1 L volume. The pH of the medium is
adjusted to 7.0 and autoclaved at 121°C for 20 minutes.

M9 supplemented medium (1 L)

Stock M9 Minimal salts, 5X (1 L)

NaxHPO4 3049
KH2PO4 15¢
NaCl 2590
NH4CI 5¢g

Autoclaved at 121°C for 20 minutes. Then,

5X Stock M9 Minimal Salts 200 mL
Filter sterilized stock solutions added,
MgSO4.7H20 stock, 1 M 2mL
CaCl2.2H.0 stock, 1M 1mL
Casaminoacids stock, 10% (v/v) 10 mL
Glucose stock, 20% (v/v) 20 mL

The pH of the medium is adjusted to 7.0. Complete to 1 L with sterile dH20.
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Mops supplemented medium (1 L)

MOPS sodiumsalt 9.8¢

NaCl 05¢
NH4CI 1g
NazHPO4 0.05¢
KH2PO4 0.05¢

The pH is adjusted to 7.0 by addition of NaOH and completed to 967 mL with dHO.
Autoclaved at 121°C for 20 min.

Filter sterilized stock solutions added,

MgSO4.7H20 stock, 1 M 2mL
CaCl2.2H20 stock, 1M 1mL
Casaminoacids stock, 10% (v/v) 10 mL
Glucose stock, 20% (v/v) 20 mL
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B. BUFFER SOLUTION FOR IMMOBILIZATION STUDIES AND
ALAMARBLUE

1 X Phosphate-buffered saline (PBS) (1 L)

Compound Final molarity
NaCl 137 mM

KCI 2.7 mM
Na2HPO4 10 mM
KH2PO 1.8 mM

The pH of the solution is adjusted to 7.4 with HCI. Autoclaved at 121°C for 20 min

and performed filter sterilization.

Resazurin Sodium Salt — AlamarBlue (Working solution)

Stock solution (100X)

Resazurin sodium salt 0.50 gram
1X PBS 100 mL

Then, stock solution diluted 1:100 with 1X PBS.

139



Effect of Growth Phase

Multiple Comparisons
Dependent Variable: Early growth phase, CA-immobilized

C. ONE-WAY ANOVA RESULTS

Tukey HSD
95% Confidence Interval
() CA_Early (J) CA Early Mean Difference (I-J)  Std. Error  Sig. Lower Bound  Upper Bound
0 pg/L 50 pg/L -1866100,12500" 706624,00290 ,026 -3546031,8130 -186168,4366
100 pg/L -8209795,27800" 706624,00290 ,000 -9889726,9660 -6529863,5890
50 pg/L 0 pg/L 1866100,12500" 706624,00290 ,026  186168,4366 3546031,8130
100 pg/L -6343695,15300" 706624,00290 ,000 -8023626,8410 -4663763,4640
100 pg/L 0 pg/L 8209795,27800" 706624,00290 ,000 6529863,5890 9889726,9660
50 pg/L 6343695,15300" 706624,00290 ,000 4663763,4640 8023626,8410

*. The mean difference is significant at the 0.05 level.

Dependent Variable: Mid-exponential growth phase, CA-immobilized

Multiple Comparisons

Tukey HSD
95% Confidence Interval
() CA MID  (J) CA MID Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound

0 pg/L 50 pg/L -1950959,73300 1399907,36200 ,348 -5280511,8330 1378592,3660
100 pg/L -10949644,92000" 1399907,36200 ,000 -14279197,0200 -7620092,8190
50 pg/L 0 pg/L 1950959,73300 1399907,36200 ,348 -1378592,3660 5280511,8330
100 pg/L -8998685,18600" 1399907,36200 ,000 -12328237,2900 -5669133,0860
100 pg/L 0 pg/L 10949644,92000" 1399907,36200 ,000 7620092,8190 14279197,0200
50 pg/L 8998685,18600" 1399907,36200 ,000 5669133,0860 12328237,2900
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Multiple Comparisons

Dependent Variable: Stationary phase, CA-immobilized
Tukey HSD

95% Confidence Interval

(1) Stat CA (J) Stat CA Mean Difference (I-J) Std. Error Sig. Lower Bound  Upper Bound
0 pg/L 50 pg/L -5572674,82400*  1561850,49600 ,002 -9286338,8410 -1859010,8070
100 pg/L  -11855356,89000*  1516569,81500 ,000 -15461355,5200 -8249358,2610
50 pg/L 0 pg/L 5572674,82400*  1561850,49600 ,002 1859010,8070 9286338,8410
100 pg/L -6282682,06800*  1561850,49600 ,000 -9996346,0850 -2569018,0510
100 pg/L 0 pg/L 11855356,89000*  1516569,81500 ,000 8249358,2610 15461355,5200
50 pg/L 6282682,06800*  1561850,49600 ,000 2569018,0510  9996346,0850
*. The mean difference is significant at the 0.05 level.
Multiple Comparisons
Dependent Variable: Early growth phase, PCL-immobilized
Tukey HSD
(1) Early (J) Early  Mean Difference (I- 95% Confidence Interval
PCL PCL J) Std. Error Sig. Lower Bound Upper Bound
0 pg/L 50 pg/L -4908422,59700*  1018853,75200  ,000 -7330650,9640  -2486194,2300
100 pg/L  -11479391,85000*  1018853,75200 ,000 -13901620,2100  -9057163,4800
50 pg/L 0 pg/L 4908422,59700*  1018853,75200  ,000 2486194,2300 7330650,9640
100 pg/L  -6570969,25000*  1018853,75200  ,000 -8993197,6170  -4148740,8830
100 pg/L 0 pg/L 11479391,85000*  1018853,75200  ,000 9057163,4800  13901620,2100
50 ug/L 6570969,25000* 1018853,75200 ,000 4148740,8830 8993197,6170

*. The mean difference is significant at the 0.05 level.
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Multiple Comparisons

Dependent Variable: Mid-exponential growth phase, PCL-immobilized

Tukey HSD
) Mid Mean Difference 95% Confidence Interval
() Mid PCL PCL (1-J) Std. Error Sig. Lower Bound Upper Bound
0 pug/L 50 pg/L -9110263,92900*  3434691,47900 ,025 -17280559,6400 -939968,2204
100 pg/L  -31835489,05000* 3459854,39000 ,000 -40065641,2100 -23605336,9000
50 pg/L 0 pg/L 9110263,92900*  3434691,47900 ,025  939968,2204  17280559,6400
100 pg/L  -22725225,12000* 3459854,39000 ,000 -30955377,2800 -14495072,9700
100 pg/L Opg/L  31835489,05000* 3459854,39000 ,000 23605336,9000 40065641,2100
50 pg/L  22725225,12000*  3459854,39000 ,000  14495072,9700 30955377,2800
*. The mean difference is significant at the 0.05 level.
Multiple Comparisons
Dependent Variable: Stationary phase, PCL-immobilized
Tukey HSD
(1) Stat (J) Stat 95% Confidence Interval
PCL PCL Mean Difference (I-J) Std. Error Sig. Lower Bound Upper Bound
0 pg/L 50 pg/L 995532,30490 3880739,12300 ,964 -8259877,9650 10250942,5700
100 pg/L -26374018,27000* 3540282,49500 ,000 -34817452,8600 -17930583,6700
50 pg/L 0 pg/L -995532,30490 3880739,12300 ,964  -10250942,5700 8259877,9650
100 pg/L -27369550,57000* 3929369,18700 ,000  -36740941,6300 -17998159,5100
100 pg/L 0 pg/L 26374018,27000* 3540282,49500 ,000 17930583,6700 34817452,8600
50 pg/L 27369550,57000* 3929369,18700 ,000 17998159,5100 36740941,6300

*. The mean difference is significant at the 0.05 level.
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Effect of Cell Concentration

Multiple Comparisons
Dependent Variable: OD600=0.1, CA-immobilized

Tukey HSD
Mean Difference (I- 95% Confidence Interval

(0.1 CA (J) 0.1 CA J) Std. Error Sig. Lower Bound Upper Bound
0 pg/L 50 pg/L -1631225,14900* 482684,06900 ,003 -2780119,9740  -482330,3228
100 pg/L -2039633,31000* 482684,06900 ,000 -3188528,1360  -890738,4844

50 pg/L 0 pg/L 1631225,14900* 482684,06900 ,003  482330,3228 2780119,9740
100 pg/L -408408,16160 486272,84760 679  -1565845,0740 749028,7507

100 pg/L 0 pg/L 2039633,31000* 482684,06000 ,000  890738,4844 3188528,1360
50 pg/L 408408,16160 486272,84760 679  -749028,7507 1565845,0740

*. The mean difference is significant at the 0.05 level.

Multiple Comparisons
Dependent Variable: OD600=0.5, CA-immobilized
Tukey HSD
95% Confidence Interval

() 0.5 CA (J) 0.5 CA  Mean Difference (I-J)  Std. Error  Sig. Lower Bound  Upper Bound

0 pg/L 50 pg/L -5623814,18900*  974837,01140 ,000 -7940473,6260 -3307154,7520
100 pg/L -5324584,74300*  974837,01140 ,000 -7641244,1800 -3007925,3060
50 ng/L 0 pg/L 5623814,18900*  974837,01140 ,000 3307154,7520 7940473,6260
100 pg/L 299229,44590 974837,01140 ,949 -2017429,9910 2615888,8830
100 pg/L 0 pg/L 5324584,74300*  974837,01140 ,000 3007925,3060 7641244,1800
50 pg/L -299229,44590 974837,01140 ,949 -2615888,8830 2017429,9910

*. The mean difference is significant at the 0.05 level.
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Multiple Comparisons
Dependent Variable: OD600=1.5, CA-immobilized

Tukey HSD
H1s5 (J)1.5  Mean Difference (I- 95% Confidence Interval
CA CA J) Std. Error Sig. Lower Bound Upper Bound
Opg/L  50pg/L  -5572674,82400* 1561850,49600 ,002  -9286338,8410  -1859010,8070
100 pg/L  -11855356,89000* 1516569,81500 ,000 -15461355,5200  -8249358,2610
50 pg/L 0 pg/L 5572674,82400* 1561850,49600 ,002 1859010,8070 9286338,8410
100 pg/L  -6282682,06800* 1561850,49600 ,000  -9996346,0850  -2569018,0510
100 pg/L 0 pg/L 11855356,89000* 1516569,81500 ,000  8249358,2610 15461355,5200
50 pg/L 6282682,06800* 1561850,49600 ,000  2569018,0510 9996346,0850
*. The mean difference is significant at the 0.05 level.
Multiple Comparisons
Dependent Variable: OD600=0.1, PCL-immobilized
Tukey HSD
Mean Difference 95% Confidence Interval
(D01PCL () 0.1PCL (1-J) Std. Error Sig.  Lower Bound Upper Bound
0 pg/L 50 pg/L -3849297,51700  2073467,82500 ,158 -8804599,7670  1106004,7330
100 pg/L  -15386050,66000* 2073467,82500 ,000 -20341352,9100 -
10430748,4100
50 pg/L 0 pg/L 3849297,51700  2073467,82500 ,158 -1106004,7330  8804599,7670
100 pg/L.  -11536753,14000* 2264719,02800 ,000 -16949119,4100 -6124386,8850
100 pg/L 0 pg/L 15386050,66000* 2073467,82500 ,000 10430748,4100 20341352,9100
50 ug/L 11536753,14000* 2264719,02800 ,000 6124386,8850  16949119,4100
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Multiple Comparisons

Dependent Variable:

0D600=0.5, PCL-immobilized

Tukey HSD
J)0.5 Mean Difference 95% Confidence Interval
() 0.5 PCL PCL (1-J) Std. Error Sig. Lower Bound Upper Bound
0 pg/L 50 pg/L -14019771,48000 11484974,29000 ,444 -41360976,4100 13321433,4400
100 pg/L  -64221147,70000* 11484974,29000 ,000 -91562352,6300 -36879942,7700
50 pg/L 0 pg/L 14019771,48000  11484974,29000 ,444 -13321433,4400  41360976,4100
100 pg/L  -50201376,22000* 11484974,29000 ,000 -77542581,1400 -22860171,2900
100 pg/L Opg/L  64221147,70000* 11484974,29000 ,000 36879942,7700  91562352,6300
50 ug/L.  50201376,22000*  11484974,29000 ,000 22860171,2900  77542581,1400
*. The mean difference is significant at the 0.05 level.
Multiple Comparisons
Dependent Variable: OD600=1.5, PCL-immobilized
Tukey HSD
Mean Difference 95% Confidence Interval
(D15PCL (J)1.5PCL (1-J) Std. Error Sig.  Lower Bound Upper Bound
0 pg/L 50 pg/L 995532,30490  3880739,12300 ,964 -8259877,9650  10250942,5700
100 pg/L - 3540282,49500 ,000 -34817452,8600 -17930583,6700
26374018,27000*
50 pg/L 0 pg/L -995532,30490  3880739,12300 ,964 -10250942,5700 8259877,9650
100 pg/L - 3929369,18700 ,000 -36740941,6300 -17998159,5100
27369550,57000*
100 pg/L 0 pg/L 26374018,27000* 3540282,49500 ,000 17930583,6700  34817452,8600
50 pg/L 27369550,57000* 3929369,18700 ,000 17998159,5100  36740941,6300

*. The mean difference is significant at the 0.05 level.
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() Ca_Pcl (J) Ca_Pcl

As (V) Detection

Multiple Comparisons

Dependent Variable: As (V) detection

Tukey HSD

Mean Difference (1-J)

Std. Error

Sig.

95% Confidence Interval

Lower Bound

Upper Bound

Ca_0,5_100

Ca 0550 pe 05 50

Pcl_0,5_100

Ca_ 0,5 50

Ca 0,5 100
Pcl_0,5_50

Pcl_0,5_100

-2917431,514000000

-5233808,286000000*

15150810,700000001*
5233808,286000000*
2316376,771000000

-9917002,414000000*

1990803,656000000

1990803,656000000

1990803,656000000

1990803,656000000
1990803,656000000

,461

,047

,000

,047
,651

1990803,656000000 ,000

-8095671,49500000

10412048,27000000

20329050,68000000
55568,30504000
-2861863,20900000

15095242,39000000

*. The mean difference is significant at the 0.05 level.
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2260808,46600000

-55568,30504000

-9972570,71900000

10412048,27000000
7494616,75200000

-4738762,43400000



Response time_viability

Multiple Comparisons

Dependent Variable: Uninduced PCL - IB

Paired — Sample Test

Paired Differences

95% Confidence Interval of the Sig. (2-
Std. Std. Error t
Mean Difference tailed)
Deviation Mean
Lower Upper
Pair  Control -
L . 71,725 ,783 ,452 69,780 73,669 158,681 ,000
n
Pair  Control -
37,317 5,045 2,913 24,783 49,851 12,810 ,006
2 Mg
Pair  Control -
40,070 1,377 ,795 36,649 43,490 50,404 ,000
3 Mn
Pair  Control -
42,191 ,887 627 34,224 50,157 67,290 ,009
4 Mo
Pair  Control -
. . 16,111 13,528 9,566 -105,431 137,653 1,684 ,341
e
Pair  Control -
64,068 3,076 2,175 36,429 91,708 29,453 ,022
6 Cu
Pair  Control -
. A 19,992 6,264 4,429 -36,289 76,274 4,514 ,139
g

*. The mean difference is significant at the 0.05 level.
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