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PREFACE

It is an honor for us to present the book named Natural Sciences:
Methods and Applications. We are happy to contribute to the topics

mentioned in this book scientifically at international level.

This book was published for the first time and prepared in chapters.
The book consists of six chapters that describe new and current issues,
after a brief introduction at first. It is a professional book in the field
of Natural Sciences with important applications and methods. It
includes very effective views and the latest determinations of
scientists in the fields of Natural Sciences especially in chemistry,

biology and physics.

This book has been prepared with the idea of partly refill the gaps in
the aforenamed fields in our country and in the world and to make use
of undergraduate / graduate students and our colleagues working in

the fields of natural sciences.

We would like to thank Iksad Publishing's managers and employees
for their rigorous and patient work in conducting the typesetting,
editing and printing of the book named Natural Sciences: Methods

and Applications. Yours respectfully...

Editor of Natural Sciences: Methods and Applications
Dr. Seda CETINDERE
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INTRODUCTION

Every year, a large number of hazardous pollutants such as dyes,
metals, and organic compounds (phenolics, pharmaceuticals,
pesticides, herbicides, etc.) are produced by various industries. These
pollutants are a serious concern for human and animal life and
therefore need to be cleaned first to avoid damage to the environment
(Khatri, Peerzada, Mohsin & White, 2015). Also, they are usually in
traced quantities and are not easily degraded in nature, greatly
threatening environmental stability and human health. For instance,
toxic metals such as Hg, Cr, Pb, Zn Cu, Cd, Co, and Ni occasioned
critical problems for the environment and created serious risks for the
health of humans even at low concentrations (Lemaire, Franzluebbers,
de Faccio Carvalho & Dedieu, 2014). Besides, Hg and Co are two
typical metal ions in environmental samples also detected in
specimens of food and plants. For example, Co metal has been
reported as exposing effects on toxicological effects like
cardiomyopathy and vasodilation. Hg is also a heavy metal known to
be the most neurotoxic to harm most human systems (Ozdemir,
Okumus & Diindar, 2013). It uses different dyes in various processing
steps in many industries such as textiles, chemical refineries, leather,
plastic, and paper (Ismail, Hussain, & Akram, 2013). Industrial sectors
are held responsible for the passage of contaminants with toxic,
carcinogenic, and mutagenic effects to humans and microorganisms,
as they mix approximately 10-15 percent of these dyes that cause

organic and inorganic pollution into wastewater (Balakrishnan et al.,




2016; Chequer et al., 2015). It is also stated that it can cause serious
damage to systems and organs such as the reproductive system, liver,
kidney, brain, central nervous system (Yagub, Sen, Afroze & Ang,
2014). As for antibiotics, even at very low levels can cause toxic
effects, chronic allergic reactions, and latent growth of antibiotic-
resistant bacteria in the long term (Bao, Qiang, Chang, Ben & Qu,
2014; Kuppusamy et al., 2018 ). And the high toxicity of pesticides
can damage the respiratory, cardiovascular, and nervous system, just
like organ failure and fatal consequences (Wang, Wang, Lu, Teng &
Du, 2017). Therefore, successfully extracting antibiotics, pesticides,
and toxic metals from agricultural water is still a very important and
challenging project to maintain ecological stability and human safety.

For this reason, advanced methods become an inevitable approach. In
recent years, some methods such as adsorption, membrane processes,
oxidation, membrane bioreactors, and their hybrid processes have
been the subject of researchers' studies (Bui, Vo, Ngo, Guo &
Nguyen, 2016). Among these methods, the adsorption technique,
which is a simple and effective tool, is the most attractive alternative
method for agricultural wastewater treatment due to its wide
adaptability, environmental friendliness, and low cost (Ghasemi,
Heydari & Sillanpai, et al., 2017). Many researchers have used fungi
(Yildirim et al., 2020), used fungal substrate (Zhou, Zhang, Li, Su &
Zhang, 2016), inanimate biomass (Schneider & Rubio, 1999), and
biosorbent (Gupta, Nayak & Agarwal, 2015; Nahar, Chowdhury,
Chowdhury, Rahman & Mohiuddin, 2018) as effective adsorbents to

separate antibiotics, pesticides and toxic metals from agricultural
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wastewater. Recently, due to its feature of being a renewable resource
and biopolymer, the mushroom can be used in many fields from
medicine to food, agriculture to cosmetics, from pharmacy to
wastewater treatment, and the textile sector. Mushrooms that have
many excellent advantages like high porosity, large specific surface
area, easy modification, good flexibility, and easy separation for
regeneration, can be considered as superior biosorbents for many

pollutants from wastewater.

This chapter covers the current state of mushrooms / mushroom-based
biosorbents (M/MBB) used in studies to efficiently remove pollutants
such as heavy metals, dyes, and organic compounds (phenolic
compounds, pesticides, pharmaceuticals, etc.) found in nature. Studies
for the removal of pollutants in contaminated water made with
M/MBB were examined with kinetic, isotherm models using the
literature of the last 10 years. Summaries of the studies conducted for
each pollutant are also presented in the form of tables. Future
perspectives and biosorption capacities of M/MBB and methods used
in biosorption are discussed. This chapter also draws attention to the
prospective research requirements regarding the biosorption of
wastewater pollutants by M/MBB and determines deficiencies, and
also generates ideas about future studies that may be required for the

literature.



1. M/MBB BIOSORBENT

Biosorption is defined as an environmentally friendly and cost-
effective technique for the treatment of low concentration and high
volume wastewater containing pollutants such as heavy metals, dyes,
and organic compound wastes, using biomaterials such as agricultural
waste, crab shells, fungi, bacteria, or composites (Nadaroglu, Celebi
Kalkan & Tozsin, 2013). In the case of biosorption studies,
researchers are mainly concerned with biosorption materials,
conditions, and the mechanism of biosorption. Particularly
mushrooms are considered to be the best alternatives for water
purification among the biological biosorbents. Due to the adaption and
growing of mushrooms under extreme conditions (pH, temperature,
nutrient availability), they can be considered a versatile group. Also,
the cell wall of mushrooms includes a relatively complex structure
consisting of polysaccharides, lipids and, proteins providing a large
number of active binding sites for pollutants with functional groups as

amides, hydroxyl, and carbonyl (Yang et al., 2020).

Significant advances have been made in many pollution removals
using the mushrooms themselves. However, to overcome the
shortcomings of a single substance (particle size, mechanical
properties, change properties and chemical stability, etc.) and to
further improve adsorption performance and stability, modified
mushrooms and mushroom-based composite materials by physical or
chemical methods were also prepared and investigated in adsorption

studies. Recently, various mushrooms and mushroom-derived
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biosorbents have been investigated for biosorption of pollutants, such
as Pleurotus ostreatus (Yang et al., 2020; Chen, Deng, Chen, Yang &
Xu, 2014), Armillaria tabescens (Yildirim & Acay, 2020), Morchella
conica (Yildirim & Acay, 2020), Agaricus bisporus (Toptas,
Demierege, Ayan & Yanik, 2014; Long, Li, Ni, Xua & Xu, 2015) ,
Shiitake (Yang et al., 2020; Wu et al., 2019), Aspergillus niger
(Chatterjee, Mahanty, Das, Chaudhuri & Das, 2020), Trametes
versicolor (Subbaiah, Yuvaraja, Vijaya & Krishnaiah, 2011),
pretreated Fungus Biomass (Ahmed & Ebrahim, 2020), inactive
biomass of the fungus (Grassi et al., 2019), plant gum-mushroom
biocomposite (Das, Vimala & Das, 2015), renewable biopolymer
composite (Kumari & Sobha, 2016), Fe304 nanoparticle-coated
mushroom (Wang et al., 2019a), etc. These biosorbents have been
used in the removal of many pollutants from wastewater such as dyes
(Malachite green, Safranine T, Congo red, Basic Red 18, Direct red
5B, etc.), heavy metals (Cu(1l), Pb(Il), Cr(IV), Fe(Ill), Mn(1I), Hg(II),
Ur(VI), etc), organic compounds (phenolic compounds, pesticides,
pharmaceuticals, etc.) (Figure 1). On the other hand, spent mushroom
waste is residual compost waste produced by the mushroom
production industry, and considering that 1 kg of mushrooms creates 5
kg of waste, it turns out to cause serious pollution in the environment.
Besides, thanks to the richness of the spent mushroom waste in terms
of natural polymers and thus their functional groups, they will be able
to provide high binding sites for pollutants in wastewater treatment

process.




2. KINETICS of BIOSORPTION

Kinetic of biosorption studies is an important parameter for
wastewater treatments because it provides significant parameters to
determine the mechanism of the biosorption process. Generally,
pseudo-first-order and pseudo-second-order models were preferred to
determine the kinetic parameters of the biosorbents. The pseudo-first-
order kinetic model is given by the following equation (Mishra et al.,

2020) (1):

In (ge-q:1) = Inge- kit (D

where ¢. and ¢, are the amounts of adsorbed adsorbate (mg/g) at
equilibrium and ¢ time (min), respectively. Also, k; is the rate constant
of biosorption (1/min) and can be calculated from the plot of In (g.-g:)
vs t. s. The pseudo-first-order kinetic model implies that the
adsorption processes of pollutants by biosorbents is controlled by

physical processes.
The pseudo-second-order kinetic model which indicating the
chemical-adsorption-mechanism can be expressed as (Osman, Hendi

& Saleh, 2020)(2):

Vg= 1lk2q.* + t/q. (2)

10 || Natural Sciences: Methods and Applications




Where k2 is the pseudo-second-order kinetic model (min g/mg). From
the plot of the #/q: vs t, k> and g. values can be calculated from slope
and intersection, respectively. The pseudo-second-order kinetic model
supposes that chemical-adsorption is the rate-limiting step, and the
removal of pollutants is directly proportional to the active groups on
the biosorbent surface. Pseudo-first-order kinetic model is applicable
only during the initial stage of the biosorption process whereas

pseudo-second-order kinetic model applies over a long period time.
3. ISOTHERMS of BIOSORPTION

Isotherms of biosorption which are of great importance in optimizing
the use of adsorbents, are widely used models to explain how the
interaction between biosorbents and adsorbate occurs. The adsorption
isotherm is used to draw graphs between the amount of adsorbed
material and the concentration at equilibrium and with a constant
temperature. Although various adsorption isotherms are examined by
researchers, Langmuir and Freundlich adsorption isotherms are the
most commonly investigated isotherm models. Langmuir isotherm
model which suggests homogeneous active sites existed on the surface
of the biosorbent and monolayer is given by equation (3) (Wei, Xu,

Mei & Tan, 2020):

I/Qe: 1/qmax + 1/ K. Ce qmax (3)

Where ¢q. and C. expressed the adsorption capacity (mg/g) and

concentration of adsorbate (L/mg) at equilibrium, respectively. Ky is




the Langmuir constant (L/mg), and gma« expressed the maximum
adsorption capacity. K. and g. values can be calculated from the plot

of 1/C.vs 1/ge.

Freundlich isotherm model describes the multilayer adsorption and
heterogeneous active sites on the surface of the biosorbents are

followed as (Nnadozie & Ajibade, 2020)
Ing. = In K¢ +1/n (InC.) 4)
Where Kr and n express the Freundlich constant (mg/g) and

biosorption favorability, respectively. When the Ing. vs InC. is plotted,

Kr and n can be calculated from intersection and slope, respectively.

- D

(Malachite Green, (phenolic compounds, ’(i‘(liul(g)’ZNi(ﬁ)’
Safranine T, Congo pesticides, c EIV')’ P{)IEII')’
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Direct Red 5B, Acid FC‘I;(III‘I])’ gcel(&ll),
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Figure 1: Type of Adsorbates by M/MBB in The Biosorption Process
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4. ADSORBATES
4.1. Biosorption of Dyes

Dyes are complex organic compounds with different structures and
great differences in their chemical structure and toxicity. In
worldwide, there are more than 10.000 dyes and pigments synthesized
in industries and 10-15% of them are mixed into wastewater when
applied. Dyes have three types according to their ionic structure:
nonionic, anionic, and cationic (Ahmadipouya et al., 2021). Synthetic
dyes used in the dye industry are stable structures especially due to
their aromatic structure and are not biodegradable. Wastewater
originating from textile industries is exposed to dangerous
environmental problems due to the presence of dyes and similar
pollutants. Therefore, the dyes from these industries must be removed
from the wastewater before being discharged into rivers. In the
literature, for this purpose, many types of mushrooms, mushroom
waste, mushrooms-based composite materials, mushroom biomass,
spent mushroom compost, spent mushroom substrate, etc. were used
as biosorbents for dye removal (Table 1) Fungi were preferred in dye
biosorption due to their containing different groups such as amino,
carboxyl and thiol, which are responsible for binding dye molecules in
the cell wall. Figure 2 shows the chemical structure of different type
of dyes that were investigated for biosorption by M/MBB. As it can be
stated from the data in Table 1, the biosorption capacity of edible
fungus substrate porous carbon material biosorbent for Rhodamine

dye removal was obtained as 1497 mg/g and was determined as the




highest data among mushroom-based materials (Chen et al., 2021).
Here, the pore structure formed on the material surface plays an
important role in the adsorption process. The huge specific surface
area (2767.3 m?%g) and highly total pore volume (1.3936 cm?®g) of
edible fungus substrate porous carbon material could provide many
pore filling sites and provides great adsorption capacity. In the
evaluation of adsorption studies carried out in the last 10 years
discussed in this chapter, it was observed that adsorption isotherms
were compatible with the Langmuir model and the Pseudo-second-
order kinetic model in most of the studies. This proved that the

biosorption of dyes and M/MBB following monolayer biosorption and

chemisorption.
) N
g ‘ O b A \ S
AN = \
N Nt NH \
2 &N 2 Odis\
O y 0N
HyC N CH, il
Malachite Green Safranine T Congo Rred
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Figure 2: Chemical Structures of Different Dyes Adsorbed by M/MBB




Table 1: Type of M/MBB for Dye Biosorption

Biosorbent Mushroom | Adsorbate | Kinetic | Isotherm | Biosorption Reference
genus Model Model Capacity
Mushroom Pleurotus Methylene Pseudo- | Langmuir - (Yang,
Waste-derived ostreatus blue second & Chao, Chou,
g-C3Ny Freundlic Wang & Hu,
(polymeric h C 2020).
graphitic
carbon nitride )
Spent substrate | Ganodorma Malachite 94 %
lucidum green, Pseudo- | Langmuir (Wuetal.,
Safranine T second & 85 % 2018)
Methylene
blue Freundlic 97 %
h
Edible fungus - Rhodamine | Pseudo- | Langmuir 1497 mg/g (Chen, et al.,
substrate dye second 2021)
porous carbon
material
Agricultural - Methylene | Pseudo- | Langmuir 869 mg/g (Cheng et al.,
waste edible blue second 2019)
fungus slag
derived
nitrogen-doped
hierarchical
porous carbon
Derived Penicillium Congo red - Langmuir | 102.4 mg/g | (Zhang,
Penicillium Jjanthinellum & Lu,
Jjanthinellum Freundlic Bai,
strain fungus h Lin &
Yao,
2016)
Pleurotus Pleurotus Malachite Pseudo- | Freundlic 32.33 mg/g | (Chen, Deng,
ostreatus ostreatus green second h Chen, Yang
fungus & Xu, 2014)
Mushrooms Pleurotus 82.81 mg/g
ostreatus Methylene 43.90 mg/g
Armillaria blue Freundlic | 38.47 mg/g
tabescens Pseudo- h (Yildirim, &
Morchella Malachite second 64.13 mg/g | Acay, 2020)
conica green 56.80 mg/g
39.28 mg/g
Mushroom- Pleurotus Malachite Langmuir | 77.11 mg/g (Yildirim,
based bio- ostreatus green 2020)
composite Methylene 40.11mg/g
blue
Spent Acid Red Pseudo- 140.9 mg/g
Mushroom 111 second
Compost Agaricus Pseudo- 400.0 mg/g
16 || Natural Sciences: Methods and Applications




bisporus Basic Red second | Langmuir (Toptas,
18 Pseudo- 169.5 mg/g Demierege,
first Ayan &
Levafix Yanik,
Braun 2014)
Hydrothermal Shiitake Congo red Pseudo- | Langmuir | 217.86 mg/g | (Yangetal.,
treated shiitake | mushrooms first 2020)
mushroom
Spent Direct red 18.00 mg/g
mushroom Pleurotus 5B Pseudo- | Langmuir | 15.46 mg/g (Alhujaily,
waste ostreatus Direct black | second 20.19 mg/g | Yu,Zhang &
22 14.62 mg/g Ma, 2020)
Direct black
71 Reactive
black 5
Spent - Methylene | Pseudo- Temkin 63.5 mg/g Yan &
mushroom blue second Wang, 2013)
substrate
Solid residues Pleurotus Azure B - - (Leandro &
from ostreatus Indigo Forchiassin,
mushroom carmine Freundlic 2018)
production Malachite h
green
Xylidine
Modified spent Pleurotus Direct red Pseudo- | Langmuir | 249.57 mg/g | (Alhujaily,
mushroom ostreatus 5B second 338.67 mg/g | Yu, Zhang &
waste Direct blue 265.01 mg/g | Ma, 2018)
71
Reactive
black 5
Pretreated Agaricus Methylene | Pseudo- | Langmuir 239.818 (Ahmed &
Fungus bisporus blue second mg/g Ebrahim,
Biomass Congo red 76.412 mg/g 2020),
Naturally Daedalea 90 % (Sintakindi&
Grown Fungi africana Methylene | Pseudo- | Langmuir Ankamwa,
Phellinus blue second 72 % 2020)
adamantinu
s
Inactive Diaporthe Crystal Elovich Sips 6423 mg/g | (Grassietal.,
biomass schini violet 2019)
of the fungus
Mixed Ganoderma Foron Pseudo- | Langmuir 37 % (Sadaf &
biomass of lucidum turquoise second & Bhatti, 2011)
white rot fungi Coriolus SBLN Freundlic
from synthetic versicolor h
effluents

T: Temperature, ET: Equilibrium time




4.2. Biosorption of Metals
Heavy metal pollution has been one of the most serious environmental
problems today. Compared to organic pollutants, heavy metals are not
biodegradable and therefore their removal is extremely important for
the health of living specimens due to their high toxicity. Dumped new
energy batteries and industrial wastes containing heavy metals such as
mineral processing cause water pollution, which poses a great threat to
the environment (Dou, Liu & Li, xxxx). The removal of these toxic
heavy metals from contaminated water is becoming very important
and urgent and has become the subject of research for many
researchers to develop innovative ways (Liu, Yang, Gu, Liu & Yang,
2021). In the removal of heavy metals, M/MBB has gained an
important place in the biosorption technique in recent years. The
interaction of cationic metals with a wide variety of functional groups
such as hydroxyl, carbonyl, and amide, in the structure of mushrooms,
is one of the reasons why they are preferred in the biosorption process.
These functional groups provide binding sites for metal ions and
support the practice of removing toxic metal ions from polluted water.
The studies conducted in recent years by removing heavy metals from
polluted water with mushroom-based materials are summarized in
Table 2. When Table 2 is examined, Cu (II), Pb (II), Ni (II), Cr (IV),
Ag (I), Fe (III), Hg (II), Cd (II), and many other heavy metal removal
studies have been examined and generally fit the Langmuir isotherm
model and Pseudo-second-order kinetic model, and very rarely fit the
Freundlich isotherm model and Pseudo-first-order kinetic model.

Also, according to the data obtained, the column technique was used
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in several studies while the batch technique was preferred in many

other studies. Jiang, Hao & Yang,

(2016) investigated Pb(II)

biosorption by Lentinus edodes, Flammulina velutipes, Pleurotus

eryngii, Hypsizygus marmoreus, Agrocybe cylindracea mushrooms in

their study and determined that Flammulina velutipes and Pleurotus

eryngii have higher biosorption capacity than others. Besides, as can

be seen from Table 2, biosorption of Cu(Il), Ni(II), Pb(Il), Zn (II) and

Cr (IV) metals have been studied extensively, while Hg (II) and Ur

(VI) metal biosorption seems to be less studied with M/MBB.

Table 2: Type of M/MBB for Metal Biosorption

Biosorbent Mushroom | Adsorbate | Kinetic Isotherm Biosorption | Reference
genus Model Model Capacity
(mg/2)/(%)
Mushroom- A. bisporus Cu(II) - Langmuir 162 mg/g (Janescha
derived etal.,
chitosan- 2020)
glucan nano
paper filters
Mushroom Lepiota Pb(II) Pseudo- Langmuir 3.89 mg/g (Kariuki,
biomass hystrix Cu(I) second 8.50 mg/g Kiptoo &
Onyancha,
2017).
Biochar Lentinula Cr(1V) Pseudo- Langmuir 47.1 mg/g (Wang et
derived from edodes second al., 2019a)
mushroom
waste
(agricultural
waste)
Composted Lentinus Pb(II) - Langmuir& | 31.56 mg/g (Li,
spent edodes Freundlich Zhanga,
mushroom Sheng &
substrate Qing,
(CSMS) 2018)
Spent Tricholoma Pb(I) - Langmuir 210 mg/g (Dai, Cen,
Mushroom lobayense Ji, Zhang &
Tricholoma Xu, 2012)
lobayense
A cationic Tricholoma Cr(IV) - Langmuir 43.86 mg/g | (Jingetal.,
surfactant lobayense 2011)
spent




mushroom

Plant gum- Pleurotus Ag(D) pseudo- | Langmuir& 137.8 mg/g (Das,
mushroom platypus Zn(II) second BDST 287.9 mg/g Vimala &
biocomposite Das, 2015)
Immobilized | Flammulina (Li,
fungi residues velutipes Cu(II) 8.1 mg/g Zhanga,
Auricularia Sheng &
polytricha Zn(II) Pseudo- Langmuir 7.2 mgl/g Qing,
Pleurotus second 2018)
eryngii Hg(I) 8.5 mg/g
Pleurotus
ostreatus
Fungus Cystosiera (Negm,
compressa, Cu(Il) 99 % Abd El
Sargassum Pseudo- | Freundlich 99% Wahed,
vulgare, Pb(II) second Hassan &
Turbinaria, Kana,
Agaricus 2018)
campestris
Immobilized - Cu(Il) - - 45.56 mg/g | (Xiao-jing,
spent substrate Hai-dong,
of fragrant Ting-ting,
mushroom Yu &
Juan-juan,
2014)
Spent Auricularia Cr(IV) Pseudo- | Langmuir & | 9.327 mg/g (Dong et
substrate auricula second Freundlich al., 2018)
Renewable Agaricus Pb(I) Pseudo- Langmuir 6.96 mg/g (Kumari,
biopolymer bisporous second and Sobha,
composite 2016)
Superparamag | Aspergillus Cr(IV) Pseudo- Langmuir - (Chatterjee,
netic iron niger second Mahanty,
oxide Das,
nanoparticles Chaudhuri
& Das
2020)
Citric acid- Fussarium ThdV) Pseudo- Langmuir 75.47 mg/g (Yang et
treated second al., 2013)
mangrove
endophytic
fungus
Fussarium sp.
Endophytic Microsphae CddI) Pseudo- Langmuir 247.5 mg/g | (Xiao et al.,
fungus (EF) ropsis sp second 2010)
Microsphaero
PSis sp.
LSE10
Mushroom Pleurotus (Pb) - - - (Suseem &
Pleurotus ostreatus (Cr) Saral,
eous (Ni1) 2014)
20 || Natural Sciences: Methods and Applications




Pleurotus Pleurotus - - 3.3 mg/g (Kamarudz
Spent ostreatus Mn(II) aman,
Mushroom Chay, Ab
Compost Jalil &

Talib,
2015a)
Mushroom Pleurotus Pb(II) Pseudo- Freundlich 57.73 mg/g (Eliescu, et
Biomass and ostreatus second 85.91 mg/g al., XXXX).
Spent
Mushroom
Substrate
Spent Pleurotus Fe(III) Pseudo- Langmuir % 80 (Kamarudz
Mushroom ostreatus second aman,
Compost Chay, Ab
Jalil &
Talib,
2013)
Spent Pleurotus Ni(Il) Pseudo- Langmuir 3.04 mg/g (Tay et al.,
mushroom ostreatus second 2011)
compost
Spent Zn(II) Pseudo- 7.5 mg/g (Abdallah,
Mushroom Cu(l) second Langmuir 12 mg/g Ahmad,
Compost Pb(II) & 55 mg/g Walker,
Biochar Intrapart Leahy &
icle Kwapinski,
diffusio 2019)
n
Spent Pleurotus Fe(D) Pseudo- Langmuir 45 % (Kamarudz
Mushroom ostreatus second aman,
Compost Chay, Ab
Jalil &
Talib,
2015b)
Edible Lentinus Freundlich | 84.314 mg/g
Macrofungi edodes 105.481 (Jiang, Hao
Flammulina mg/g & Yang,
velutipes Pb(II) Pseudo- 2016)
second Langmuir
Pleurotus 107.170
eryngii mg/g
Hypsizygus 72.817 mg/g
marmoreus 84.345 mg/g
Agrocybe
cylindracea
Pilot-scale Agaricus Cu(Il) 6.0 mg/g (Long, Li,
packed bed bisporus Cd(I) 18.8 mg/g Ni, Xua &
systems +Pleurotus Pb(II) Pseudo- Langmuir 26.1 mg/g Xu, 2015)
cornucopiae Ni(Il) second 1.5 mg/g
Zn(II) 1.1 mg/g




Amended Aspergillus Fe(II) - Langmuir & 22.2 mg/g (Hassouna,
mushroom versicolor Freundlich Marzouk,
Elbably &
El
Maghrabi,
2018)
Mushrooms Pleurotus CddI) Pseudo- | Langmuir & 78 % (Georgescu
and Spent ostreatus second Freundlich etal, 2019)
Substrate
Biochar Pleurotus 326 mg/g (Wu et al,
derived from ostreatus Pb(II) Pseudo- Langmuir 2019)
spent Shiitake second 398 mg/g
mushroom
substrate
Fe304 Agrocybe Cr(VD) Pseudo- Langmuir 98.92 % (Wang et
nanoparticle- cylindracea second al., 2018)
coated
mushroom
Microfungus Ustilago Cr(IV) Pseudo- | Langmuir & | 131.55 mg/g (Serrano-
maydis second Freundlich Go'mez &.
Olgui'n,
2015)
Fungus Fusarium Ur(VI) Pseudo- | Langmuir & | 370.85 mg/g | (Heetal.,
mycelium sp. second Freundlich 2019)
modified by
the bis-
amidoxime-
based groups
Fungus Pleurotus Ni(II) Pseudo- Langmuir 20.71 mg/g | (Mahmood,
ostreatus second etal.,
2016)
Fungal Penicillium Pb(II) - Langmuir- 60.26 mg/g | (Ezzoubhria,
biomass sp. Freundlich etal.,
2010)
Loofa- Phanerocha Cr(Il) Pseudo- Langmuir 92.59 mg/g | (Bashardoo
immobilized ete second st,
fungus chrysospori Vahabzade
mycelia um h,
Shokrollah
zadeh &
Monazzami
,2010).

T: Temperature, ET:
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Equilibrium time, RT:

Room temperature
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4.3. Biosorption of Organic Pollutants

The discharge of phenolic compounds producing by phenol industrial
to wastewater, has caused the massive environmental pollution.
Chlorinated phenolic compounds generated by petroleum and
petrochemical, coal conversion, other chemical processes, etc. are
common pollutants among the phenolic groups in wastewater. Phenol
and its derivatives have toxic and carcinogenic effects to aquatic life
and humans. Prolonged exposure to phenolic pollutants can cause
severe nervous system damage and damage to the lungs and kidneys
Kumar & Kim, 2011; Yao, Zhang, Long, Dai & Ding, 2020). It is
important to remove phenolic compounds from dirty water. For this
purpose, in this study, removal studies of phenolic compounds with
biosorbents developed using M/MBB with biosorption technique were
investigated and the results are given in Table 3. The chemical
structure of some organic compounds adsorbed with M/MBB is
shown in Figure 3. Cheng et al. (2019) have investigated the removal
of Bisphenol A and 2,4-dichlorophenol pollutants with the preparation
of carbonized fungus slag biosorbent and they found quite high

biosorption capacities as 1249 mg/g and 1155 mg/g, respectively.

In Western civilizations, the use of all pharmaceutical active
compounds such as antibiotics, analgesics, antidepressants are
increasing significantly. Active pharmaceutical compounds are
regarded as emerging pollutants since the wastewater operation
boundaries are not yet known and continue to pose a serious problem

among these organic compounds. Active pharmaceutical compounds




are formed in small quantities and become biologically damaging over
a while since they are not hydrolyzed and biodegradable. With the
increasing production and use of pharmaceutically active compounds,
their release to the environment has increased and some of these
substances enter water resources have reached serious levels (Shin et
al., 2021; Zhao et al., 2016). As a result, in recent years, scientists
have remarked on the removal of these and similar substances from
polluted water. Some alternative studies on the removal of active
pharmaceutical compounds from contaminated water using M/MBB
are given in Table 3. de Jesus Menk and coworkers (2019) have
studied the batch biosorption of paracetamol and 17 a-ethynyl
estradiol as pharmaceutical compounds by mushroom stem waste by
using two different mushrooms, Agaricus bisporus and Lentinula
edodes. According to the results obtained from the biosorption
experiments of paracetamol and 17 a-ethynyl estradiol
pharmacological compounds, Agaricus bisporus mushroom waste
(34.2 mg/g, 338 mg/g) has a higher biosorption capacity than
Lentinula edodes waste (18.95 mg/g, 0.31 mg/g). When the isotherm
data of this study conducted with the batch method were examined, it
was emphasized that the results were compatible with both the

Langmuir and Freundlich isotherm models.

Pesticides are organic pollutants that are used to increase the income
of the agricultural product and potentially harmful to the environment
and human health, as more than 70% remain in the soil environment

(Li, Wang & Zhang, 2021). These impurities also become a serious
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risk in terms of water pollution by mixing with water from the soil. In
the study in which the biosorption of Linuron, Diazinon, and
Myclobutanil was performed with the spent mushroom substrate
biosorbent, all three pesticide biosorption processes were found to be
suitable for Freundlich isotherm (Table 3) (Rodriguez-Cruz et al.,
2012). According to the data obtained in this study, studies of the
removal of pesticides using M/MBB are limited. Therefore, in this
field, new studies can be developed by using new biosorbents based-

mushroom for biosorption of different pesticides.

\\X Cl
: ,OH Cl
0
0
BN
I
17 a-ethynyl estradiol Paracetamol Linuron
Cl
H,Co CH,
I HaC CH, O
SNS CH N NH
N -
AL S A0
S VU 3
| N_ ~
HsC 0710 cony Ly W soH,
Diazinon Myclobutanil Metribuzin

Figure 3: Chemical Structures of Different Organic Compounds Adsorbed with
M/MBB.




Table 3: Type of M/MBB for Organic Compounds Biosorption

Biosorbent | Mushroom Adsorbate Kinetic | Isotherm | Biosorption | Reference
genus Model Model Capacity
(mg/g)
Schizophyllu | Schizophyllu Phenol 120 (Kumar &
m commune | m commune 2-Chloro Pseudo- Langmuir 178 Kim,
fungus phenol second 244 2011)
4-Chloro
phenol
Agricultural - Bisphenol A, | Pseudo- | Langmuir 1249 (Cheng et
waste edible 2.4- second 1155 al., 2019)
fungus slag dichlorophen
derived ol
nitrogen-
doped
hierarchical
porous
carbon
Mushroom Agaricus Paracetamol - Langmuir 342 (Menk et
stem waste bisporus & 338, al., 2019)
Lentinula 17 a-ethynyl Freundlich 18.95
edodes estradiol 0.31
Pleurotus Pleurotus Metribuzin - - 3.0 (Behloul,
mutilus mutilus Lounici,
fungal Abdi,
biomass Drouiche
& Mameri,
2017)
Spent Agaricus Linuron - - (Rodriguez
mushroom bisporus Diazinon Freundlich -Cruz et
substrate Pleurotus sp | Myclobutani al., 2012)

1

T: Temperature, ET: Equilibrium time

CONCLUSION

According to the data obtained in this chapter, a batch method was

used in most of the biosorption studies with M/MBB, and the column

method was used in very few studies. Most of the pollutants (dyes,

metals, organic compounds) biosorption studies have been well fitted
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with the Langmuir isotherm model and pseudo-second-order kinetic
model. The highest biosorption capacities were also observed in the
studies of biosorbents obtained by the carbonization technique with a
very high porosity structure. In the recent past, many studies about
M/MBB for dyes, metals, and some organic compounds removal have
been reported, but there is the deficiency in removing pesticides,
pharmaceutical wastes, phenolic compounds, and other impurities in
the wastewater. For research improvement, further studies should
focus on investigating the pharmaceuticals, pesticides, and personal
care products wastes which are known as emerging contaminants and
becoming very dangerous with their increased use in the biosorption

process.
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INTRODUCTION

Radionuclides are used in imaging with PET/SPECT in Nuclear
Medicine, where imaging has become a fundamental element in the
diagnosis and diagnosis of diseases. Today, radionuclides used in the
treatment of some diseases including cancer and diagnosis of many
diseases with PET imaging are produced from reactors, generators or
cyclotrons. In nuclear medicine, 95% of radiopharmaceuticals are
used for diagnosis and 5% for treatment. While radiopharmaceuticals
prepared with gamma ray emitting radionuclides are used for
diagnosis in nuclear medicine, beta ray emitting radiopharmaceuticals
are used in treatment (Chitambar, 2010). All of the radionuclides used

in nuclear medicine are artificially produced ("®F, "®Br, '*1, %Ga,

%Cu).

%Galium (°®Ga) is one of the radionuclides that is widely used for
diagnostic purposes in Nuclear Medicine. Electropositive gallium
atom (Ga) is in period 4 in group 3A (boron group) in the periodic
table. Ga was first discovered by Lecoq de Boisbaudran in 1878.
Later, its place in the periodic table was determined by Dimitri
Mendeleev (Chitambar, 2010). There is a large range between the
boiling point (2204°C) and the melting point, which is not visible in
any metal. The melting point of Ga (29.76°C) is one of the official
temperature reference points of the International Temperature Scale
(ITS-90) established by BIPM in 1990 (Preston—Thomas, 1990;
Magnum & Furukawa, 1990)




Ga has two stable isotopes that occur naturally; ®°Ga (60.11%
abundance), "'Ga (39.89% abundance) (Meija, Coplen, Berglund,
Brand, & et.al.,, 2016). Three Ga radionuclides are available in
potential imaging pharmaceuticals for radiolabeling biomolecules.
%Ga (t = 9.49 h, B+ 4.153 MeV) and %Ga (t = 67.71 min, f71.92
MeV(%89); EC (%11)) degraded by positron emission. “’Ga (t = 3.26
days (78 hours), 93.3 keV (37%),184.6 keV (20.4%), 300.2 keV
(16.6%) and 888 keV (26%)) is degraded by gamma emission
(Kumar, 2020). Other main isotopes of gallium are also shown in table

1.

Table 1. Main Isotopes of Gallium

Parent Proton Neutron Half life Decay Daughter
Isotope Number | Number (t ¥%; hour) Mode Isotope
66 Ga 31 35 9.49 B* 66 Zn
5 Ga 31 36 78.26 EC 57Zn
8 Ga 31 37 1.1285 B* 58 7Zn

% Ga 31 38 Kararh

= B (% 99,59) 0 Ge
Ga 31 39 0.3523 EC (% 0,41) 71

1 Ga 31 40 Kararh

2 Ga 31 41 14.095 B 2 Ge

3 Ga 31 42 4.86 B 3 Ge

The stable oxidation state of gallium is +3 and has an ionic radius of
47-62 pm. Due to its high charge density (2.6 pK) it is highly acidic
and easily hydrolyzes to Ga(OH).

The purpose of this review is to evaluate the labeling properties of
peptide macromolecules with ®Ga.In particular, the following factors

in labeling were discussed:
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o Investigation of ®Ge/®®Ga generators available on the market to
determine the long-term efficient use potential for the ®®Ga
radiopharmaceutical preparation.

o Gallium-68 chemistry, evaluating for conjugation of a

peptide/nucleotide to a bifunctional chelator.

1. GALLIUM-68/GERMANIUM-68 (®Ga/*Ge) GENERATOR

Since the half-life of ®Ge is 100 times longer than that of ®*Ga, a
secular balance is defined between ®*Ge decay and *®Ga accumulation
(Equation (1)) (Velikyan, 2015).

t1/2 (68Ge)

t1/2 (68Ga) 5762 (1)

%Ga accumulation with ®®Ge degradation has equal radioactivity 14
hours after elution (12th ti2). However, 50% of the maximum
radioactivity accumulates after 68 minutes of elution, it is over 91%
after 4 hours. Thus, three production (®Ga production) can be made
within a working day, depending on the age of the generator. The ti.
of %8Ga in the European Pharmacopoeia monographs is 62—74 minutes

(Pharmacopeia, 2011; Pharmacopeia, 2013).

The 271day ti,2 of ®Ge gives Ge/ ®®Ga generators about 1 year of use
(Velikyan, 2014). ®Ge is produced by irradiation of the natural-
gallium target (Meinkin, Kurczak, Mausner, Kolsky, & Srivastava,
2005) as a product of spallation after proton irradiation of

molybdenum or rubidium (Roesch & Filosofov, 2010) The primary




long-lasting pollutant in %*Ge production is zinc-65 (®*Zn), with a half-

life of 244 days.

Commercial generators distributed today are solid phase based and
use hydrochloric acid to separate produced ®Ga regardless of phase
type. The commercial ®Ge/®®Ga generator with column matrices
based on titanium dioxide (TiO2) or tin dioxide (SnOy) is the most
widely used generator. Commercially produced %Ge/%®*Ga generators
are available from certain manufacturers; PARSIsotope (Iran),
Eckert&Ziegler (Isotope Products-Germany), iThemba Labs (South
Africa) and JSC (Obninsk Cyclotron Ltd.). Generator eluates obtained
with hydrochloric acid provide ionic %*Ga (®*GaCls). The existence of
cationic species has been proved by electrophoretic analysis (Roesch
F. , 2012). The efficiency of the ®®Ga generator spontaneously
decreases. The presence of ®Ga degradation product Zn(II) and the
presence of non-radioactive metals such as Fe(Ill), which are
considered to be common chemical impurities, reduce the generator

elution efficiency.

One of the advantages of ®*Ga/®*Ge generators is that they become an

ideal and useful product in many aspects. If we list other advantages;

-Efficient separation of parent/daughter elements of %®Ge/*®*Ga
generator.

-The long physical half-life of ®*Ge (allows rapid regrowth of **Ga
after generator flushing).

-Long shelf life.
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- Pyrogen-free and the sterile output of product from the generator.
-The versatile chemistry of ®Ga.

-Suitable for automation and kit preparation.
2. GALLIUM-68 CHEMISTRY

The three basic components that make up the radiopharmaceutical; is
a vector molecule, a radionuclide and a linker between them. While
the radionuclide provides the radioactivity (radiation component); the
vector molecule targets biomolecules in specific tissues and cells.
Although the coordination chemistry of ®®Ga is the first effective
factor in peptide / macromolecule binding, the chemistry of the vector
and the chemistry of the chelator molecule also have an effect on the

labeling efficiency.
2.1. Gallium-68 Complex Chemistry

According to the Pearson's acid-base concept, the Ga(Ill) cation is
characterized as a hard acid due to the high charge density of the
positive ion (+3). Formation of a chelate depends on the size of the
center cation and the electron configuration. Due to its small size, the
Ga(IIl) cation also prefers chelates containing five-membered rings
and forms the stable complex with hard donors. Besides five ring
chelates, sets of NxOySz with four, five and six coordinates are also
known. Some of these are stabilized by strong binding interactions
between sulthydryl (thiol) donor groups and the metal core. This is
due to the electron configuration (i.e. completed d orbitals) and the

presence of interactions between these electrons and the empty




orbitals of the sulfur shell. Ga(Ill) can form stable complexes with soft
thiophenol donors (Bandoli, Dolmella, Tisato, Porchia, & Rifosco,
2009). The metal cation in the six-coordinate Ga (III) complexes that
provides a stable complex with a filled d10 electron configuration has

an octahedral geometry.

The Ga(IIl) cation is very sensitive to hydrolysis according to its pH
values. While there is no hydrolysis below pH 3, cation rapidly forms
oxide and hydroxide gallium at values above 3 and inclined to form
collidal precipitates. Stable gallate anion (Ga(OH)) is formed at pH
values higher than 7.4. In in vitro experiments, Ga(OH)4 is formed by
a clear difference compared to Ga(OH)3 in gallate anions generated by
GaCls (49:1; Ga (OH) 4 : Ga (OH)s3). (Bandoli, Dolmella, Tisato,
Porchia, & Rifosco, 2009; Harris & Pecoraro, 1983).

Discovered in the 1970s, the anticancer properties of gallium have
been studied in many studies since its discovery and its mode of action
has been tried to explain (Collery, Keppler, Madoulet, & Desoize,
2002). Ga(Ill) is easily reduced, similar to Fe(Ill), thus, its
participation in redox reactions is prevented. This property supports
cellular absorption of Ga(IIl) wherever gallium is needed in some
proteins, particularly cancer cells. This natural similarity between Fe
(IIT) and Ga (III) increases the affinity of high-spin Ga (III) to the iron

carrier protein apo-transferrin.
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2.2. Gallium-68 Labelling Chemistry

There are many studies on fast labeling with various chelators,
especially at room temperature, considering generator impurities and
labeling environment (Velikyan, 2015; Loktionova, Belozub,
Filosofov, & Zhernosekov, 2011; Ugur, Yaylali, & Yiiksel, 2021). In
many studies conducted so far, the effect of parameters such as
reaction temperature, impurity of generator eluate, pH and metal ion-
ligand ratio on labeling efficiency with Ga(Ill) has been investigated.

(Velikyan, 2015; Hancock & Martell, 1989).

+ 3 valence radiometals generally cannot form direct complexes with
peptide or protein biomolecules, and this type in order for
biomolecules to form a complex with radiometals, they must be with
auxiliary agents such as chelates. There are two basic requirements for
chelate selection. First and foremost, the radiometal-chelate complex
has a high stability in the biological environment that cannot be
separated from each other. Second, the chelating properties are not
lost during the formation of the chelate-peptide complex (Sosabowski
& Mather, 2006) . Some chelates that form a thermodynamically
stable complex with Ga (III) have been described as bifunctional
chelating ligands (bfcs) (Hancock & Martell, 1989). Bfcs should form
conjugation with macromolecules (protein, antibody, etc.) on the one
hand and radionuclides (*™Tc, %®Ga, !"'In etc.) on the other hand.
(Jurisson, Berning, Jia, & Ma, 1993). Examples of very bi-functional
chelating agent commonly used in 68Ga labeling are 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-




triazacyclononane-N, N’, N -triacetic acid (NOTA) derivatives (fig
1). An illustrative example of Ga (III) with bfc is the 1,4,7,10-
Tetraazacyclododecane-1,4,7,10-tetraacetic acid (tetraxetan, DOTA)
ligand. The advantage of DOTA is that it can be potentially used for
both diagnosis and radiotherapy by labeling it with various
radionuclides such as ®®Ga, °°Y or '"Lu. The main reason for this is
that these bifunctional chelating agents rapidly form stable octahedral

chelate complexes with Ga(IlI).
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Figure 1. Structures of some %8Ga chelators (Berry, Ma, & Ballinger, 2011)

Acyclic (HBED-CC) and macrocyclic (NOTA and DOTA) chelating
agents are known to form thermodynamically kinetically stable inert
metal chelates. Although radiometal-DOTA complexes have higher
thermodynamic and kinetic stability than radiometal-DTPA

complexes, the complex formation rate of radiometales with DOTA is

slower and more difficult (Kukis, DeNardo, & DeNardo, 1998).
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Worldwide clinical trials of ®®Ga labeled ligands PSMA-617 and

PSMA-11 for prostate cancer imaging are still ongoing.
2.2.1. Factors affecting *Ga labeling

e Effects of pH: The most important factor in labeling efficiency
with %®Ga is pH. The Ga (III) ion hydrolyzes rapidly at values
above pH 4, and the gallium cation rapidly forms oxide and
hydroxide derivatives. The stable gallate anion Ga(OH)4 occurs
at pH levels higher than 7.4 (Jackson & Byrne, 1996). Complex
formation is prevented at low pH values. The high concentration
of H* in solution generally tends to hydrolyze even stable
complexes.

e Effects of Buffer: “’Ga(Ill) and ®*Ga(III) are commonly labeled
as [Ga(H20)6]** in buffer solution at slightly acidic conditions
between pH 2.8-3.8. Commonly used buffers are ammonium
acetate, citrate buffer and HEPES (4- (2-hydroxyethyl) -1-
piperazineethanesulfonic acid). These buffer compounds are
used to protect Ga(Ill) from sudden hydrolysis by rapidly
forming metastable complexes with Ga(Ill). At the same time,
antioxidants such as ascorbic or gentic acid are added to the
reaction bottle to prevent radiolysis of the peptide. When the pH
is 3 and above in the labeling process, if the buffer solution is
not used, the formation of Ga (III) hydroxide and oxide species
begins, sometimes insoluble gel-like colloids are observed

(Roesch & Riss, 2010).




e Effects of temperature: The complexation reaction of %Ga with
the macrocyclic chelator conjugated to the peptide begins at
room temperature. HBED-CC, one of the acyclic complex
ligands, is a urea-based PSMA inhibitor, a chelator suitable for
room temperature radiolabeling with %Ga produced by the
generator. Complex formation yields of the HBED chelator with
%Ga are relatively low at ambient temperature (25°C- 40°C),
and complex formation is obtained in 40% after 10 minutes
reaction time (Eppard, Homann, de la Fuente, Essler, & Rosch,
2017). On the contrary, at high temperatures of 60°C to 90°C,
the efficiency and complex formation kinetics are high and fast.
There are studies showing that optimum labeling is made
NODAGA and PSMAI1 at 30°C, DOTATOC and DOTANOC
at 95°C (25). It is known that ®3Ga-peptide labeling is incubated
at ~ 4 pH with a standard labeling protocol and reaches
maximum complexing efficiency in the temperature range of 90-
100° C (Eppard, Homann, de la Fuente, Essler, & Rdsch, 2017;
Reverchon, Khayi, Roger, Moreau, & Kryza, 2020).

o Effects of generator eluate: Commercial generators used today
are solid phase based as we mentioned earlier and use
hydrochloric acid to decompose ®®Ga produced regardless the
type of solid phase. Radioactive labeling procedures with ®Ga
are affected by the presence of some metals (Velikyan, 2015).
Metal contamination can affect radioactive labeling processes
that require high specific activities. Metals present during the

radiolabeling reaction can bind to peptide ligands, resulting in
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the formation of non-radioactive peptides. These peptides can
compete with ®Ga labeled peptides at the receptors. When
examining generators in terms of their characteristics, first of all,
the differences in HCl concentrations required to operate the
generator draw attention. They are then evaluated for ®*Ga
elution, frequency of use or physical half-life and ®Ge
excretion. Although the generator is used in principle for at least
one year, the lifetime of the generator may not be parallel to this
half-life. The efficiency of the ®Ga generator spontaneously
decreases and with the increase of ®Ge (Velikyan, 2015; Roesch
& Riss, 2010), it starts to give non-optimal performance. The
presence of Zn(Il) formed by ®*Ga degradation and the presence
of non-radioactive metals such as Fe(IIl), which are considered
as general chemical impurities, reduce the generator elution
efficiency. Whichever generator is used, the large eluate
volume, slow complexation, and the presence of metallic
impurities such as Zn**, Ti**, Sn**, Mn** and Fe** which can
make labeling difficult with ®®Ga**, compete with the chelator,
reducing the labeling efficiency. For widespread use of ®*Ga
generators in nuclear medicine routine, minimum chemical
purity determination and radiochemical efficiency should be

considered.




CONCLUSION

Molecular imaging is not only good imaging in Nuclear medicine, it is
also considered the center of routine patient management in
personalized medicine of the future. Molecular imaging is a new
initiative with the production of drugs suitable for targeted tissues.
However, various regulations, financial and practical obstacles to be
overcome must be overcome to achieve this goal. ®*Ga labeled drug
applications are believed to have a new future with current knowledge
and techniques. While the %®Ga radionuclide is used in diagnostic
practice, it is important to know the chemistry of the radionuclide, its
complexing kinetics and labeling chemistry to maximize the potential

of the radiopharmaceutical.

One measure of the physicochemical parameters is the stability, the
stability of the ®Ga-complex formed in in vitro aqueous solution.
Ligand binding and metal cation exchange processes (Fe, Zn, Cu, Ca,

etc.) of the purified complex in saline are important for stability.

Research articles from all areas of ®*Ga-based radiopharmaceutical
chemistry are followed with interest and there is a continuous increase
in publications. In this study; the variety of complexation with
generator eluate, labeling reagents and ligand has been studied

chemically, radiochemically and physicochemically.
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INTRODUCTION

Chemosensors can be defined as devices used for detecting the presence
of specific chemical molecules with accompanying alternate in one or
more characters such as color, fluorescence or the potential of redox in
a media (Rani, 2015). Chemosensors comprise of three constituent: a
chemical receptor that can usually recognize the interesting guest with
high particularity, a converter that transforms the binding event into a
commeasurable physical change, and the procedure of measurement

this change and turning it into useful knowledge (Figure 1).

v Guest
+

0 — @0

Signalling subunit Binding subunit

Figure 1: Binding Of An Analyte (guest) By A Chemosensor (host), Producing A
Complex With Altered Optical Properties.

Luminescence, optical absorption, redox potential, etc., are the most
popular applications used in the sensors of chemicals, but these sensors
based on other spectroscopies as well as optical parameters such as the
reflectivity and refractive index have also been developed. The
improvement of fluorescent chemosesensors for the unveiling of
environmentally and biologically significative metal ions among
known chemosensors has allured stable attention in variant areas such
as materials, chemistry, environmental and biological sciences by the
reason of the plain use, low cost, high certainty and definitiveness,

concurrent monitoring and minimum response time (Quang & Kim,



2010; J.F. Zhang, Zhou, Yoon & Kim, 2011; Kim, Ren, Kim & Yoon,
2012; Sahoo, Kim & Choi, 2016; Jeong & Joo, 2012; Kaur & Kumar,
2011). Upon interactive relation with the metal ions, the intensity of
fluorescence and/or the chemosensors’ fluorescence band shift
converts, and the ions of metal may be determined quantitatively and
qualitatively (Chandrasekhar, Bag & Pandey, 2009). The three kinds of
chemosensors, namely “off-on’and ‘on-off’, ‘‘ratiometric’ are
classified in compliance with their changes of the fluorescence signal,
and each kind is further divided into numerous parts in compliance with
their structure of molecule characteristics and/or mechanisms’
recognition. ‘Off-on’ and‘on-off” and chemosensors’ fluorescent rely
on alterations in intensity of emission in a particular wavelength, and
these are instrumental efficiency, microenvironment and chemosensor
concentration. On the contrary, proportional fluorescent chemosensors
proves alteration proportion to emission intensities at two divergent
wavelengths, and can be used to assess analyte concentration and ensure
a built-in rectification for the effects of the environmental (Wu, Li, Li,

Tang & Liu, 2014; Coskun & Akkaya, 2015).
1. FLUORESCENT CHEMOSENSORS

Fluorescent chemosensors are described as combineds that contain a
fluorophore, a binding site, and a mechanism for transmission between
the two sites (Czarnik, 1994). In a number of areas, including
environmental chemistry, analytical chemistry, and bio-medical
science, fluorescent chemosensors are extremely useful. These provide

reliable and low-cost characterization with high particularity and
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sensitivity of toxic heavy metal ions, enzymes and anions. The first
fluorescent chemosensor was notified in 1867. A process for
determining aluminum ions (AI* *) by forming a powerful fluorescent
morine chelate was described in this report (Czarnik, 1993; Czarnik,
1994). This led to a sequence of fluorescent chemosensors being
improved in order to the assignation of many other metal ions. Early
experiments on fluorescent chemosensors intensed initially on the
estimation of metal ions rather than the estimation of anions or neutral
species, since the selective binding of metal ions in water is
considerably easier than that of neutral species or anions (Sousa &
Larson, 1977; Konopelski, Kotzyba-Hibert, Lehn, Desvergne, Fages,
Castellan & Bouas-Laurent, 1985; de Silva & de Silva, 1986;
Grynkiewicz, Poenie & Tsien, 1985; Huston, Haider & Czarnik, 1988).
Fluorescent chemosensors were widely developed following these
pioneering days (de Silva et al., 1997; Yang, Zhao, Feng & Li, 2013;
Li, Gao, Shi & Ma, 2014). Compared to other biological detection
techniques, fluorescent chemosensors have been used as an important
technique to detect a number of intracellular reactive species because
of their obvious benefits, such as high sensitivity and selectivity (Wang,
Li, Yu, Song, Sun, Yang, Lou & Han, 2013; Wang, Yu, Li & Shao,
2015; Chen, Tian, Kallio, Oleson, Ji, Borchardt, Jiang, Remington &
Ai, 2016; Wang, Zhu, Jiang, Hua, Na & Li, 2017). The development of
fluorescent chemosensors for different analytes has been actively
maintained by chemists. On the other hand, because of the high levels
of sensibility and particularly capability of them to be used for temporal

and spatial exemplification for in vivo imaging applications, they have




been generally used in a variety of fields such as, pharmacology,
biology, and environment (Wu, Sedgwick, Gunnlaugsson, Akkaya,
Yoon & James, 2017). Fluorescent chemosensor detection of an analyte
is normally accomplished by one or more standard photophysical
processes, such as intramolecular charge transfer (ICT), photoinduced
electron transfer (PET), etc. (de Silva, Gunaratne, Gunnlaugsson,
Huxley, McCoy, Rademacher & Rice, 1997; Daly, Ling & de Silva,
2015). These mechanisms have been utilized in the search for longer
wavelength emission, higher quantum yields and higher signal
response. Currently, many fluorescent chemosensors use ‘“turn-on”
methods, with advantages in terms of their reliability, as well as
freedom from background noise, compared with “turn-off” fluorescent
sensors. In this case, strategies, such as PET, ratiometric approaches,
and Fluorescence Resonance Energy Transfer (FRET) can be employed
to control the “turn-on” and “turn-off” behavior of a luminescent

system.
2. FLUORESCENCE CHARACTERISTICS OF BODIPY DYES

Boron-dipyrromethene (BODIPY) dyes (Figure 2), which were first
discovered in 1968, are compounds that are rapidly increasing in
importance among fluorescent organic dyes today (Treibs & Kreuzer,
1968). These dyes possess unique photophysical properties like high
quantum yields of fluorescence (generally between 60 and 90 %), long
excited state lifetimes (around 1 to 10 ns), large molar absorptive
coefficients (generally in the region of 40000 to 112000 M'cm™ and
small Stokes shifts (about 10 nm) (Yao, Xiao & Dan, 2013). Also they
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have good solubility in many organic solvents and high chemical
stability and photostability. The fact that BODIPY dyes are one of the
most important characteristics is that their optical properties can be
changed by changing the molecular backbone (Ulrich, Ziessel,
Harriman, 2008; Bozdemir, Guliyev, Buyukcakir, Selcuk, Kolemen,
Gulseren, Nalbantoglu, Boyaci & Akkaya, 2010). BODIPY derivatives
can emit in different regions of the electromagnetic spectrum (Figure
3). Thus, different BODIPY derivatives can be screened largely, which
causes a considerable expansion of the area of use (Laudet & Burgess,
2007). BODIPY dyes are usually immune to aggregation in a solution.
Due to the intense transitions corresponding to the So - S1 phase and the
absorption from Sp to S states, together with the fine structure with net
vibration, the absorption spectra registered in the solution exhibit a
more modest set of transitions. Characteristic of C = C bond system of
the BODIPY nucleus, both transitions typically display a fine vibration
structure in the range of 1200 to 1400 cm™'. Strong fluorescence from
S state is tracked when excited in either of the S or S, states, which
indicates good mirror symmetry with the lowest energy absorption
band. No fluorescence was tracked from the S» state and the internal
transformation seems to be quantitative (Ulrich et al., 2008). BODIPY's
absorption and fluorescence behaviors are excessively affected by the
extent of the delocalization’s electron around the core and throughout
conjugated substituents and because of this, their particular

photophysical characteristics can be tuned (Laudet et al., 2007).
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Figure 2: Structure And Numbering Of BODIPY Core.
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Figure 3: Fluorescence Emission Graphs Of Different BODIPY Dyes

3. BODIPYS AS FLUORESCENT CHEMOSENSORS

Fluorescence detection technology has the characteristics of high
sensitivity, good selectivity, low cost, easy operation and wide
application and it has taken a place in the field of chemical and
biological analysis. The core of fluorescence detection technology lies
in the performance of high-performance fluorescent dyes directly
affects the accuracy and sensitivity of detection, so finding fluorescent
dyes with excellent performance is of great significance for the
development of chemical and biological analysis technology. Among

these fluorescent dyes because of their excellent optical properties,
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BODIPY dyes have been extensively used as the chemosensors of
fluorescent for the assignation of cations and anions in different
applications in recent years (Isaad & Achari, 2020; Kursunlu, Ozmen
& Giiler, 2019; Xue, Liu & Liu, 2019; Haldar & Lee, 2019; Gao, Chen,
Chen, Meng, Wang, Li & Feng, 2019; 35. Haldar, Sharma, Ruidas &
Lee, 2020; Li, Cao, Hu, Li, Meng, Han & Ma, 2019; Li, Han, Sun,
Shana, Ma, He, Merguc, Park, Kim & Son, 2020). For the BODIPY -
based fluorescent chemosensors, different ligand groups for the
illumination of the photophysical and photochemical properties
prepared the BODIPY derivatives. The synthesized BODIPY -based
fluorescent chemosensors have remarkable photophysical properties,
such as intense absorption in the visible and near-IR ranges high molar
absorption coefficient, a high quantum yield, long excited state
lifetimes etc. Moreover, these chemosensors were successfully
implemented on living organisms for the detection of analytes. After
chemically modifying the basic structural unit of BODIPY, it can be
made into a fluorescent probe that can achieve specific functions in the
body. Fluorescent probes are mainly composed of structural units such
as recognition groups, link arms and fluorescent chromophores. In
recognition when detecting the object, the photophysical properties of
the fluorescent chromophore affected, the output form of the
fluorescence signal changes, such as the shift of the fluorescence peak
position, the fluctuation of the fluorescence quantum yield and the
appearance of new fluorescence peaks, etc., so the fluorophore can play
the role of information conversion, that is, the identification

information is converted into fluorescence signal, the mechanisms




involved in this conversion process mainly include PET, ICT, and
FRET, etc. (Figure 4-6). Following three more widely used approaches:
displacement, binding site signaling unit and chemodosimeter, the
BODIPY core has been successfully used in the chemosensors’ design.
Fluorescent responses depending on the position of the reactive unit in
the BODIPY nucleus has been obtained. In most cases, analyte-induced
alterations may be tracked with the naked eye. You can detect anions,
cations, and neutral molecules in various environments: aqueous Or
organic. In biological applications, the biocompatibility of many of

these compounds enables them to be used.
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Figure 4: ‘Turn-on’ Sensing Mechanism Of PET Sensors
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Figure 6: Fluorescence Mechanism Of FRET Sensors

4. BODIPY-BASED SENSORS FOR METAL CATIONS

Metal ions play a major role in some chemical and biological processes
at the cellular level to a limited concentration. Some of them play a
critical role in a variety of enzymatic processes, vital activities and
biochemical processes in the human body, and various environmental
cycles. An enhancement in the concentration of some metal ions beyond
their permissible limit may lead to diverse neurological sicknesses like
the disease of Wilson, the disease of Alzheimer, the disease of prion,

and Menkes to humans (Gul, 2020). There are various conventional



analytical techniques for the metal ions’ detection and these techniques
often require samples of large size and not suitable for quick and online
monitoring. Besides, these methods are time-consuming and
complicated; they need expensive instruments for analysis. In contrast
to this, the techniques based on fluorogenic and colorimetric sensors
offer some important advantages such as selectivity, sensitivity,
simplicity, the capability of real-time analysis, response time, cost-
effectiveness, and the local observation by using fluorescence imaging

spectroscopy (Gul, 2020).

As it was mentioned above, fluorescent sensors are classified as turn-
off, turn-on, ratiometric, these are quenched, enhanced and target
analyte respectively (Zhu, 2015). In this chapter we summarize some of
the BODIPY-based fluorescent probes for the detection of transition
metal cations (e. g. Fe?*, Fe**, Zn?*, Cd**, Cu**, Pt**, AI’**, Hg**, Ag*,
Cr**) and the alkali and alkaline earth metal cations (e. g. Na*, Cs*, and

Ca*).
4.1. Turn-on Fluorescent BODIPY Probes

Tang and co-workers discovered a fluorescent chemosensor (1) with
high selectivity for Pt>* (Figure 7). The detection of Pt>* by the probe
could work in aqueous medium in the pH range of 5-10. The probe bind
to Pt** in a 1:1 ratio and complex formation caused strong green
fluorescence at 520 nm based on the PET mechanism. The selectivity
performance showed that (1) was applicable to distinguish Pt** from

other relevant soft metal ions (Tang, 2020).
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A water-soluble fluorescence turn-on chemosensor (2) consisting of
BODIPY fluorophore functionalized with a dicarboxylate pseudo-
crown ether receptor was developed by Maity et al. Selectively
detecting Cd*" in aqueous sample over other related metal ions by
mediating the PET process (Figure 7). At 512 nm after excitation, the
free chromophore displays a very small fluorescence band (= 0.057).
After Cd** was applied, the fluorescence intensity increased
significantly (almost = 0.43) by approx. Four folds of the emission
wavelength with a negligible red change (about 2 nm) could be
monitored. A visually visible colour shift to brilliant green was also
monitored, under UV light at 365 nm by the naked eye. Fluorescence
titration results indicated 1:1 metal-ligand stoichiometry, fluorescence

life time was found to be 3.81 ns (Maity, 2019).

A water-soluble, BODIPY-added, and semicarbazone-based polymeric
chemosensor (3) was reported by Haldar and co-workers for selective
detection of Hg (II) ions. (Figure 7). In presence of (3) at pH 7.4
(detection time ~72 s) in pure aqueous media, Hg (II)-ion-induced turn-
on fluorescence was easily obtained. A negligible blue shift (~4 nm)
upon addition to it of Hg (II) ions is showed for the absorption
maximum of solution of (3). Whereas, a new emission band that
induced the solution to achieve a brilliant yellow colour seemed at 545
nm (®r = 0.17). Limit of detection (LOD) for (3) was found as 0.37 uM
(Haldar, 2019).

Kursunlu improved a fluorescent sensor (4) for monitoring AI** (Figure

7). Within a methanol/water (9/1, v:v) solutions, sensor (4) created a




1:2 complicated with Al**

resulting a remarkable increasing in
fluorescence intensity owing to ICT effect. Suitable pH range for Al
(IIT) ion sensing was determined as 4-7 and LOD was found to be

1.8x108 M (Kursunlu, 2015).

Three bichromophoric compounds (5, 6, 7) consisting BODIPY and
anthracene fragments attached by variant spacers were synthesized by
Saura and co-workers (Figure 7). The compounds showed
communication of interchromophoric by way of Electronic Energy
Transfer (EET). The fluorescence of the compounds in an aqueous
environment was pH sensitive, a typical behavior of PET probes. A
turn-on response to Cu®" in water at neutral pH was found in the
presence of several metallic cations studied (Cu®*, Ni**, Cd**, Zn*")

(Saura, 2017).

Sui et al. reported a highly water soluble BODIPY -based fluorescence
switch-on sensor (8) for Ca®* (Figure 7). Its selectivity as a Ca** sensor
was investigated in the 30 mm HEPES buffer (pH 7.4). The particularity
high-energy unbound electron pair of the Ca®>" receptor's
electronegative nitrogen atom will carry an electron to the excited
fluorophore in the absence of Ca”*, the fluorescence is thereby
quenched by PET treatment. After Ca>* (1: 1) bound, PET treatment
from Ca** receptor to fluorophore was attenuated and the fluorophore
showed an increase in fluorescent emission signal at 511 nm. It was
determined that the dissociation constant (Kd) of the sensor was 0.92

mm, which is very similar to the extracellular level of Ca** (Sui, 2016).
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A fluorescent sensor (9) was developed by Xiao and co-workers to
evaluate Hg?* (Figure 7). The formation of complex (2)-Hg>* (1:1)
induced outstanding fluorescence enhancement induced by Hg**
(almost 249-fold) at 515 nm in the EtOH/tris-HCI (v/v, 1/9) medium
pH of 7.3, with quantum yields increasing from 0.007 to 0.58. Only Al1**
provided a poor response to the addition of other metal ions. The Hg?*
binding constant (Ka) of the probe was determined to be 9.43 x 10* M!
and LOD was assessed to be as low as 1.73 uM (Xiao, 2015).

Figure 7: Structures Of Turn-on Fluorescent BODIPY Probes

4.2. Turn-off Fluorescent BODIPY Probes

A BODIPY-based turn-off fluorescent probe (10) for the detection of
the selective of Cs* ions was developed by Ozcan and Cosut (Figure 8).
In a DMSO/water (9:1, v/v) solutions, sensor-Cs* formation complex

(1:1) caused significant decreases in both fluorescence and absorption




intensities. To evaluate the binding abilities of (10), various metal ions
(Li*, K" Cs*, Mg?*, Pb*", Hg?**, Na*, Ca>*, Ba’*, Mn?*, Ni*" Cd**, Ag",
Cu**, Co**, Zn**, Cr** and Fe*) were tested. The foreign ions’

interference was found to be negligible (Ozcan, 2018).

By inserting amide receptors into the BODIPY system, Sun and
coworkers synthesized probe (11) (Figure 8), and phenolic hydroxyl
and carbonyl groups were attached to the skeleton as donors. The
coordination between Cu?* and (11) caused fluorescence quenching at
510 nm. Also Cu?* addition to the solution of this probe induced a 20
nm bathochromic shift of the absorption maximum in UV region and 2
nm blue shift in visible region. (11) replied to Cu®** quickly under near
neutral conditions, and indicated good detection ability towards Cu®* in
the concentration range of 0.35-7 uM. The fluorescence quantum yield
of the probe in EtOH was measured to be 0.06 and the lifetime of
fluorescence was 2.03 ns (45.46%), 0.4878 ns (54.54%) (Sun, 2020).

The sensor (12) (Figure 8) developed by Herten et al. (12), which
combined the bright emission of the recognized BODIPY fluorophore
with the sensory activity of bipyridine, was itself strongly fluorescent
and displayed an emission band typical for BODIPY derivatives at 517
nm.. Solid quenching due to the PET mechanism of fluorescence
emission observed on Cu?* coordination. By adding EDTA, the
quenching of Cu?* ions could be reversed (Herten, 2018).

Turn-off fluorescent chemosensors based on the BODIPY adorned with
triazine derivatives (13, 14) developed by Senkuytu et al for the

detection of silver (Ag*) ions (Figure 8). These molecules had nitrogen

72 || Natural Sciences: Methods and Applications




atoms in three different regions (BODIPY, triazole and triazine rings)
that could bind metals. The BODIPY -decorated triazine demonstrated
high familiarity and selectivity over other competitive metal ions for
silver ions. The complex stoichiometry of the BODIPY -triazines and
Ag* ions were determined as 3:1 (L/M) for (13) and 2:1 (L/M) for (14)
by fluorescence titrations. Fluorescence emission and maximum
absorbance wavelength were tracked 500 and 511 nm (®r = 0.60) for
(13), 683 and 720 nm (®r = 0.10) for (14) in tetrahydrofuran,
respectively (Senkuytu, 2018).

Cetindere et al. designed hexa-BODIPY substitued triazole linked
cyclotriphosphazene (15) for the sensitive and selective detection of
Fe’* ions (Figure 8). The absorption and emission maxima of (15) in
THF solution were tracked at 502 and 513 nm, respectively. The
formation of complex (15)-Fe** (1:1) caused fluorescence quenching
accompanied by changing color from yellow to brown. LOD of (15)
was calculated as 2.03 uM (0.114 ppm) (Cetindere, 2016).

A " turn-off " fluorescent sensor (16) was identified by Kursunlu and
co-workers for the selective signaling of Cu’*, consisting of double
triazole moieties and BODIPY groups (Figure 8). The photophysical
properties of (16) were tested in methanol/water (9:1, v/v). Due to
suppression of the PET mechanism upon metal binding, an efficient
quenching of the fluorescence intensity at 548 nm was enhanced. The
fluorescence intensity shift has reported that 8 minutes of reaction time

is required to form the complex (16)-Cu?* (1:2) (Kursunlu, 2019).




A near infrared (NIR) fluorescent probe based on BODIPY (17) was
reported by Ji et al. for highly sensible and selective estimation of
biologically significant Fe** in aqueous environment (Figure 8). A pair
of side arms of 2-sulfonatostyryl attached as a convertible chelator
unique to Fe** to the BODIPY heart. Because of paramagnetic feature
of Fe**, the NIR fluorescence of (17) was fully quenched following
disulfonate chelation to Fe** (LOD as low as 14.2 uM). In addition,
upon the addition of sodium ascorbate as a reduction agent or EDTA as
a stronger chelator, the quenched NIR fluorescence was instantly

recovered (Ji, 2018).
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Figure 8: Structures Of Turn-off Fluorescent BODIPY Probes

4.3. Ratiometric BODIPY Probes

Many variables, like as sensor concentration, change of conditions
around the sensor (pH, polarity, temperature, etc.) may affect the
measurement of fluorescence with a decline or increament in emission
intensity without excitation or too much change in the emission
wavelength. Proportional measurement, that is, synchronous recording

of fluorescence intensities at two wavelengths and estimation of their



ratios, is used to minimize these effects. Various signaling mechanisms
such as ICT, excimer / exciplex generation, excited state intramolecular
proton transfer (ESIPT), FRET, and throughbond energy transfer
(TBET) (Zhu, 2015). By combining the biaryl BODIPY fluorophore
with an oligoethyleneglycol bridge serving as a binding site, Yamada
and coworkers produced a proportional BODIPY probe (18) for Na*
cations (Figure 9). Using the corresponding perchlorate salt, the spectral
response to the addition of alkaline ions was calculated. A characteristic
change in maximum absorption to a longer wavelength of 12 nm results
from the addition of NaClO4. As for other alkali ions, the greater the
difference between their ionic radii and Na*, the lower the redshift

(Yamada, 2005).

A BODIPY-based sensor of near-infrared distyryl (19) carrying a
bis(1,2,3-triazole) amino receptor was identified by Huang et al. (Figure
9). In CH3CN/H2O (5:1 v/v), this probe was rigorously bound to Hg**
and Cu?* cations and showed considerably blue-shifted absorption and
fluorescence bands due to inhibition of the transfer mechanism of
intramolecular charge. When bound to the Hg?** or Cu®' ion, the
fluorescence changes of this probe were exactly various, subject to a
proportional fluorescence increment (for Hg?*) or a fluorescence
quenching mechanism (for Cu®*"). To the naked eye, the resulting

vibrant color shifts are smoothly noticeable (Huang, 2019).

On the basis of ICT effect, Zhang et al. developed a Ag* selecting
fluorescent sensor (20) (Figure 9). This sensor showed the blue shift of

its ICT absorption, ICT emission and excitation caused by Ag*, with
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the exception of raising its intrinsic emission to 587 nm. LOD of this
sensor was obtained to be 17 uM (~0.002 ppm). With a colour transition
from blue to purple, the (20)- doped PVC film demonstrated 1 ppm Ag*
sensitivity, giving this sensor the ability to sensitively measure Ag™ in

total water solution by naked-eye detection (Zhang, 2018).

Xia and co-workers have identified the identification of zinc ions in
solution and living cells by colorimetric and ratiometric fluorescence
with a BODIPY-based probe (21) (Figure 9). The sample (21) shows
high absorption at 525 nm and heavy fluorescence emissions at 540 nm
(®r =0.67) in the CH3CN/0.02 M HEPES (1:1, v/v, pH 7.0) buffer A
new 580 nm emission band with 40 nm red-shift was achieved with the
addition of Zn>*, followed by a color transition from green to salmon
pink.. The (21)-Zn** complex (1:1) demonstrated reduced quantum
yield of fluorescence (0.52) (Xia, 2018).

Centered on TBET, Chereddy et al. reported a fluorescent BODIPY -
rhodamine dyad probe (Figure 9) which can be used for identification
of trivalent metal ions (AI**, Cr** and Fe®"). In the aqueous acetonitrile
buffer (1:1, acetonitrile/0.01 M tris HCI buffer at pH 7.4), the sample
(22) alone was yellow and showed two absorption bands based at 374
and 499 nm, respectively. Trivalent ions (AI** or Cr’** or Fe*)
selectively caused new absorption and emission bands centered at 559
and 585 nm among the different metal ions introduced, explicitly
demonstrating the ring opening mechanism of the rhodamine B unit in
the probe. In addition, due to the efficient energy transfer from

BODIPY to rhodamine with the trivalent metal ion-induced spirolactam




ring opened, a decline in the strength of the BODIPY emission band at
517 nm was observed (Chereddy, 2016).

Shen and Qian have synthesized a ratiometric fluorescent probe (23)
(Figure 9) based on the rhodamine B and BODIPY platform for sensing
Fe’* and Hg?* ions.The fluorescence spectrum of free probe
(H2O/CH3CN, 1:1, v/v) showed a single peak at 505 nm. A new
emission band was tracked at 575 nm after excitation in the presence of
Hg?* and Fe** ions, which is due to the spirolactam ring opened by the
rhodamine device. A shift of color from green to salmon pink was
noticed. From titration outcomes, the low LOD was determined with a
value of 7.74 x 107 M for (23)/Hg** and 3.91 x 10”7 M for (23)/Fe’*",
in severalty. The test was exceptionally sensitive and the detection time

was less than 2 s (Shen, 2018).

2+

Cheng and co-workers reported a fluorophore dyad (24) as a Hg
selective fluorescent sensor dependent on FRET from BODIPY to
rhodamine B (Figure 9). The fluorescence intensity at around 535 nm
was dramatically decreased when Hg?* ions were applied to the sensor
solution, and a new red-shifted emission band at 570 nm was formed,
resulting in a major color change. The task's plot indicated the probe
and Hg?" in a 1:1 binding model to create a complex. Hg>" ions with a
very low LOD of 1.56 ppb and very high selectivity against Hg?* ions
could be observed by probe (24) (Cheng, 2016).
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A distyryl-BODIPY based NIR red-shifting the fluorescent of
ratiometric probe (25) (Figure 9) was stated by Hiruta et al. for Ag* and
Hg?* detection In the presence of many metal ions, fluorescence
emission spectra of (25) were observed in the ethanol/HEPES buffer
solution (10 uM, pH = 7,8). Spectral red shifts were tracked with Ag*
and Hg?*, as predicted, based on the ICT method. Only fluorescence
emission rate variations have been observed for other metal cations

(Hiruta, 2015).
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Figure 9: Structures Of Ratiometric BODIPY Probes



CONCLUSION

Some of the BODIPY-based fluorescent probes for transition metal
cation detection (e.g. Fe**, Fe**, Cu*", Cd*", AI**, Zn**, Pt**, Cr’*, Hg*",
Ag") and alkali and alkaline earth metal cations (e.g. Na*, Cs*, and
Ca?") have been briefly summarized throughout this chapter. BODIPY
dyes are very popular as a fluorescent chemosensor especially in last
decades, because of their excellent photophysical and photochemical
properties. Based on the recent sensor studies on BODIPY dyes, it has
seen that they have many applications especially on biological and
environmental studies. It appears that BODIPY dyes are still an opened
door for better more efficient derivatives and will stay popular in the

future.
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INTRODUCTION

DNA, deoxyribonucleic acid, is the intermolecular information
transport in our cells. It occurs of two polymer strands. The polymer
strands are formed of nucleotides with four different building blocks.
These nucleotide forms of a phosphoric acid esterified with a
deoxyribose sugar, which is covalently linked to different DNA bases:
guanine (G), adenine (A), cytosine (C) or thymine (T) (Figure 1).
DNA bases exhibit a hydrogen bonding pattern, ending up G pairing
with C and A with T. Compared to the A-T base pair, the C-G base
pair includes three hydrogen bonds, therefore base pair sequences rich
in C-G are more stable than those rich in A-T. In addition, at
physiological pH, the phosphate backbone of DNA has a negative
charge. The DNA structure shows a large groove and a small groove.
The small groove is narrow and shallow while the main groove is deep

and wide.

There are various types of interactions with which compounds bind to
DNA. The DNA interactions with compounds can be classified as
covalent and non-covalent, where non-covalent interactions could also
be subdivided into electrostatic, intercalation, minor and major groove

binding

(Tse and Boger, 2004). The type of interactions between compounds
and DNA is a significant tool for the prediction of potential

physiological results of such interactions.
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Figure 1: DNA Structure of Nucleotides Connected by 5’ to 3’ Phosphodiester
Bonds

1. COVALENT BINDING

The covalent bonding is a type of DNA interaction that is irreversible
and prevents cell replication. Figure 2 shows the structure of cisplatin

and the binding of the cisplatin to the DNA.
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Figure 2: a) Cisplatin b) Cisplatin Irreversible Binding (covalent) with DNA (Gill
and Thomas, 2012).

2. NON-COVALENT BINDING

2.1. Electrostatic Interactions

Electrostatic interaction occurs when positively charged ions such as
Na*, K*, Mg and cationic compounds interact with the sugar-
phosphate DNA backbone. These interactions neutralize the phosphate
charges and give rise to the release of concentrated counter ions

(Strekowski and Wilson, 2007).
2.2. Groove Binding Interactions

DNA consists of two grooves called minor and major groove. Small
molecules generally interact with the minor groove of DNA on the
other hand proteins typically interact with the major groove of DNA.

The interaction of netropsin, which is known to bind to the DNA




minor groove, has been proven by various crystallographic and NMR
techniques (Figure 3). It has been reported that the interactions are
mostly by hydrogen bonding and van der Waals forces. It is known
that when a compound is binded to the minor groove, they cause only
minor changes in the conformation of DNA and the natural shape of
DNA remains the same (Puckowska, Bielawski, Bielawska and

Midura-Nowaczek, 2004).

Figure 3: X-ray Crystal Structure of 1:1 Complex of Netropsin:DNA (Tabernero,
Verdaguer, Col, Fita, van der Marel, van Boom, Rich and Aymami, 1993)

Molecular docking is an important technique to figure out the
interaction between DNA and compound. To discover the binding
mode of the nickel (II) complex were performed to molecular docking
studies with DNA. As illustrated in Figure 4, these results suggest that

possible conformation of the nickel (II) complex is inside the DNA
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major groove. Additionally, hydrogen bonding and van der Waals
force also play a significant role in the interaction between DNA and

the complex (Dong, Gao, Zhang, Xu, Wang, Kong and Li, 2020).

a) b)

Figure 4. a) Crystal Structure of Nickel(II) Complex ([Ni(o-van-tris),]2H,O) b)
Molecular Docking of the Nickel(II) Complex at the Major Groove of DNA

2.3. Intercalation
The aromatic compounds interact with DNA by means of
intercalation. Intercalation takes place when cationic planar
compounds containing aromatic rings insert between the DNA base

pairs (Lerman, 1961) (Figure 5).




Figure 5: X-ray Data of the Sequence Selective Intercalation of [Rh(Mestrien)(
phi)]3+ into the DNA (Kielkopf, Erkkila, Hudson, Barton and Rees, 2000)

3. TECHNIQUES FOR MEASURING DNA INTERACTIONS

Various methods are used to investigate metal complexes-DNA
interactions. NMR and X-ray provide detailed information at the
atomic level details of the host—guest binding (Andersen and Sletten,
2000). Mass spectrometry, MALDI (matrix assisted laser desorption
ionization) and ESI (electrospray ionization) methods, allow the
analysis of biomolecules (Beck, Colgrave, Ralph and Sheil, 2001).
Assays with gel electrophoresis, different incubation protocols help
verify DNA cleavage (Tan, Wang and Zhu, 2009). Fluorescence and
electronic absorption spectroscopy are the most used techniques due
to their repeatability, sensitivity and versatility. The fluorescence and

absorbance spectra of metal complexes change their maxima after
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interacting with DNA. Also, an increase in fluorescence or quenching
can be observed as a result of the interaction of metal complexes with
DNA (Busto, Garcia, Leal, Gaspar, Martins, Boggioni and Secco,
2011).

4. DNA BINDING ACTIVITIES OF METAL(II) COMPLEXES
CONTAINING AROMATIC AMINO ACIDS AND
INTERCALATING LIGANDS

Electronic absorption spectroscopy is common a technique used to
study the interactions of metal complexes with DNA. After metal
complexes interact with DNA base pairs, an interaction occurs
between the n* orbitals of the ligands that form metal complexes and
the m orbitals of the nucleic acid base pairs in the DNA structure. This
interaction causes changes in the absorbance and wavelength of
systems containing metal complex+DNA solutions. With the
interaction between the n* orbitals of the ligands that metal complexes
and the & orbitals of the nucleic acid base pairs in the DNA structure,
the m-m * transition energy decreases and a red shift in wavelength
(batochromic effect) is observed (Sharma, Toupet, Ahmad and
Arjmand, 2016). A decrease in absorbance intensity is observed
simultaneously with the red shift observed in the wavelength
(hypochromic effect). In solution systems containing metal
complex+DNA, the decrease in the absorbance intensity of the metal
complex and the red shift in the wavelength generally indicate that
metal complexes interact with DNA by intercalation. In the solution

systems containing metal complex + DNA, the increase in the




absorbance intensity of the metal complex (hyperchromic effect) and
the blue shift in the wavelength (hypsochromic effect) generally
indicate that metal complexes interact with DNA electrostatically or
as minor / major groove binding in the DNA structure (Rao, Patra and
Chetana, 2007). Ky, intrinsic binding constant, is an important
parameter for measuring the interaction affinity between metal
complexes and DNA (Hadjiliadis and Sletten, 2009). Current methods
for determining Ky, are: McGhee and von Hippel (McGhee and von
Hippel, 1974), Scatchard (Scatchard, 1949), Wolfe et al. (Wolfe,
Shimer and Meehan, 1987), Rodger and Norden (Rodger and Norden,
1997), Norden and Tjerneld (Norden and Tjerneld, 1976), Carter et al.
(Carter, Rodriguez and Bard, 1989).

In order to verify the type of binding of metal complexes to DNA by
fluorescence spectroscopy studies and to compare the binding forces
of metal complexes to DNA with the results obtained using electronic
absorption spectroscopy, displacement studies are carried out using
EB, which is known to interact to DNA via intercalation. In the
solution system containing EB+DNA, there is usually an increase in
the fluorescence of the EB+DNA solution when EB binds to DNA.
When another molecule is added to the EB+DNA solution, it is
thought that the newly added molecule with EB is replaced by a
reduce in the fluorescence of the EB+CT-DNA+molecule system
(Dhara, Roy, Ratha, Manassero and Banerjee, 2007). From the spectra
obtained from fluorescence spectroscopy studies, the values of Ky

(Stern-Volmer constant, which indicates the fluorescence quenching
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capabilities of the compounds) and Kapp (the apparent DNA binding
constant where the complexes reduce the fluorescence intensity of the
EB+DNA solution to 50 %) constants are calculated (Lakowicz and

Weber, 1973).

Complexes involving intercalating ligands (1,10-phenanthroline and
derivatives) and various metal ions are known for their ability to
interact with DNA. As in the case of most intercalating ligands, the
type of interaction depending on the DNA form as well as the
structural properties of the complexes. In fact, complexes containing
intercalating ligands could interact with DNA in an intercalative
mode. Furthermore, metal complexes containing intercalating ligands
can also interact with DNA by simply inserting them into the minor or
major Groove (Zeglis, Pierre and Barton, 2007). Amino acids are
significant molecules involved in many biologically important
processes. Amino acids could be chelating agents by means of amine
(-NH2) and carboxylate (COQO") groups. Aromatic amino acids have
many important properties. The aromatic amino acids are tyrosine,
phenylalanine and tryptophan. Whereas tryptophan is aromatic
because of its indole ring, while phenylalanine contains a phenyl
group, tyrosine contains a hydroxy phenyl group. Both tyrosine and

tryptophan could contribute to hydrogen bond formation.

The results of electronic absorption and fluorescence spectroscopy
titrations provide an effective DNA binding ability to these complexes
(Tables 1-4). The observed tendency of the Ky, Ksy and Kapp values

indicates planarity of the metal(Il) complexes, seems to increase the




DNA intercalation ability. The binding between the complexes in the
polymeric structure and DNA is by means of electrostatic binding. If
hypochromicity is observed with batochromic shift, it indicates the
nature of the complexes binding a groove to CT-DNA (Tables 1-4).

Table 1: The Binding Constants, Kp, for the Interaction of Ternary Metal(Il)
Complexes Containing Intercalating Ligands and Tyrosine with CT-DNA

Electronic absorption spectroscopy
Compounds loo H Bindi
og Hypo Binding
Ky Ky | %* mode Ref
] 4 i . |Lakshmipraba
[Cu(phen)(L-tyr)BPEI]C1O4 2.10x10%4.32 Electrostatic etal, 2015
[Cu(Fc-try)(aip)]Cl04 6.80x10°5.83| - [|Intercalation GOSW;S?L etal,
[Cu(Fe-tyr)(pyip)|ClOs 6.30x10%6.80| - IntercalationGosvgglllLet al,
[Cu(Fe-Tyr)(phen)]CIO - 60x1044.88 - Groove |Goswami et al,
yoip 4 : : binding 2013
Groove |Goswami et al
- 3 - ’
[Cu(Fe-Tyr)(dpq)]CIO4 2.30x1075.36 binding 2013
[Cu(Fc-Tyr)(dppz)]Cl04 4.20x10%5.62| - [Intercalation Goswzzz)n;; etal,
. Groove |Goswami et al
- 3 - ’
[Cu(Fe-Tyr)(nip)]C104 2.10x10°5.32 binding 2013
[(Cu-Phen-Tyr)(H,0)]ClO, 2.44x10°6.39| - |Intercalation Yarz% 1e I .
Y . Reddy and
[Cu(saltyr)(phen)] 3.47x10%4.54{ 20.0 |Intercalation Shilpa, 2011
[Cu(L-tyr)(phen)]CIO 4.00x1073.60 43.0 [Intercalation| R2makrishnan
yr)(p 4 . : : et al, 2009
3 Intercalation| Ramakrishnan
[Cu(L-tyr)(5,6-dmp)]ClO,4 6.50x107(3.81| 44.0 /hyrophobic| et al, 2009
i 3 . |Ramakrishnan
[Cu(L-tyr)(dpq)]ClO4 9.80x10°|3.99| 49.0 |Intercalation et al, 2009
] 5 ) . Reddy and
[Cu(phen)(L-Tyr)(H0)] 3.75x1073.57 Intercalation, Manjula, 2009

100 || Natural Sciences: Methods and Applications




[Cu(dmphen)(tyn)(H:20)JNOs H,O  [1.56x10%5.19] 52.1 [Intercalation| "ot &t 3

2015a
[Cu(nphen)(L-tyr)(H,0)]NO3-2H,0  |1.05x10%3.02| 10.1 [Intercalation Inz"éf;sl’
[Cu(phen)(tyr)(H,0)]NOs-2H,0  |1.89x1033.28] 14.8 [Intercalation Inzc(l)f;j‘l’

[Cux(py-phen)a(tyr)2(H20)2](NOs),-3H,0R2.21x10%3.34| -  [Intercalation|inci et al, 2018

[Cu(4-mphen)(tyr)(H:0)]CIO;  9.65x1073.98| 10.2 [Intercalation Inzcéf;:]’
[Cu(5-mphen)(tyr)(H20)]C104-1.5H,0 [5.05x10%3.70| 10.9 |Intercalation| 1nzc(i)le;;11,
[Cu(tmphen)(tyr)(NO»)]0.5HO  [2.33x10%5.37| 30.2 [Intercalation Inzcéf;:h
[Pd(phen)(tyr)]NOs-H,O 7.33x10%2.82| - |Intercalation| 1n20(i)$gl’
[Pd(5-mphen)(tyr)]NOs 6.66x1013.30, - [Intercalation 1%1%1?1’

*Hypo: Hypochromism (Hypo %=A-Ao/Ag); BPEI: branched polyethyleneimine
(Lakshmipraba et al, 2015); Fc-tyr: ferrocenylmethyl-L-tyrosine, aip: 2-(9-anthryl)-
1H-imidazo[4,5-f][1,10] phenanthroline, pyip: 2-(1-pyrenyl)-1H-imidazo[4,5-
f][1,10]phenanthroline (Goswami et al, 2014); Fc-TyrH:ferrocene(Fc)-conjugated
reduced Schiff base of L-tyrosine, phen:1,10-phenanthroline, dpq:dipyrido[3,2-
d:2°,3’f]quinox aline, dppz: dipyrido[3,2-a:2°,3’-c]phenazine, nip:2-(naphthalen-1-
yl)-1H-imidazo[4,5-f][1,10]phenanthroline  (Goswami et al, 2013); saltyr:
salicylidene tyrosine (Reddy and Shilpa, 2011); 5,6-dmp:5,6-dimethyl-1,10-
phenanthroline  (Ramakrishnan et al, 2009); dmphen:4,7-dimethyl-1,10-
phenanthroline (Inci et al, 2015a); nphen:5-nitro-1,10-phenanthroline (inci et al,
2015b); py-phen:pyrazino[2,3-f][1,10]phenanthroline (Inci et al, 2018); 4-mphen:
4-methyl-1,10-phenan throline, 5-mphen: 5-methyl-1,10-phenanthroline, tmphen:
3,4,7 8-tetramethyl- 1,10-phenanthroline (inci et al, 2019a).
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Table 2: The Binding Constants, Kp, for the Interaction of Ternary Metal(Il)
Complexes Containing Intercalating Ligands and Phenylalanine with CT-DNA

Electronic absorption spectroscopy

Compounds log [Hypo|Binding mode ¢
Kp K | %+ Re
[Ni(sal-L- 4 Intercalation
phe)(phen)(CH;OH)]CH;OH 1.82x10%|4.26| - Zhao et al, 2018
Int lati
[Ni(naph-L-phe)(phen)(CHsOH)] |1.96x1044.29| - | o e @HON | 7 0 et al, 2018
[Ni(o-van-L- " Intercalation
ohe)(phem(CILOMSCH 0 2021071431 - Zhao et al, 2018
Intercalati :
[Cu(PAIC)(phem)2H:0  2.60x10%|4.41| - | ororaton A““;gaf 6et al,
Electrostatic,
van der Waals Kumar and
[Cu(phen)(L- s ’
) 4.34x10°(5.64| - hydrogen Arunachalam,
phe)(BPED)|CIO44H,0 bondine N0
intercalation
Groove Goswami et al,
[Cu(Fc-Phe)(phen)]Cl0s  [7.40x10|4.87| - binding Wzo1 3
Groove G ietal,
[Cu(Ph-Phe)(phen)(CIOs)]  [5.00x10*4.70| - binding °SW2%“1“36 a
Intercalati
[Cu(L-phe)(phen)(H20)]NO;  3.60x10%/5.56| - | "o 2% | patra et al, 2008
phe)(p
Int, lati
[Cu(L-phe)(dpq)(H:0)INO;  6.10x105(5.79| - | o O | patra et al, 2008
Int lati
[Cu(L-phe)(dppz)(H:0)]NOs  [1.20x106/6.08| - | o O | patra et al, 2008

Sal-L-phe: a Schiff base derived from salicylaldehyde and L-phenylalanine, naph-L-
phe: a Schiff base derived from 2-hydroxy-1-naphthaldehyde and L-phenylalanine,
o-van-L-phe: a Schiffbase derived from o-vanillin and L-phenylalanine (Zhao et al,
2018); PAIC = phenylalanine imidazole carboxylic acid (Annaraj et al, 2016); BPEI:
branched polyethyleneimine (Kumar and Arunachalam, 2009); Fc-Phe: reduced
Schiff base derived from L-phenylalanine and ferrocenecarboxaldehyde, Ph-Phe:
reduced Schiff base of L-phenylalanine and benzaldehyde (Goswami et al, 2013).
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Table 3: The Binding Constants, Kp, for the Interaction of Ternary Metal(Il)
Complexes Containing Intercalating Ligands and Tryptophan with CT-DNA

Electronic absorption spectroscopy

Compounds B log Hypd Binding Ref
b Ky | %% mode €
Groove |Banaspatia et al,
[Cu(Sal-Trp)(phen)] 240x10°l5.38) - | pinding 5019
Groove |Banaspatia et al,
[Cu(Sal-Trp)(dpq)] 435x10%5.64) - | inding 5019
Intercalati i
[Cu(Sal-Trp)(dpp2)] 6.38x1075.80| - | on Banaspatia etal,
Intercalati i
[Cu(Sal- Trp)(aip)] 5 30x1015.7p . |Mntercalation Banasggilg et al,
Int lati
[Cu(o-vanillin-L-tryptophan)(phen)] [9.50x 1075.98| - | " [Theetharappan et
[Cu(o-vanillin-L-tryptophan)(5,6- 7 70x10°15.80| - Intercalation |Theetharappan et
dmphen)] al, 2017
Intercalati i
[Cu(Fe-Tip)(aip)IClOs 7.50x10%5.88 - | on| Goswami etal,
Int lati i
[Cu(Fe-Trp)(pyip)ICIOs  [7.70x1086.89| - | oo Goswami etal
Intercalati
[Cu(Trp Schiff base)(phen)>]C1 ~[3.90x10%5.50] 31 | on| Raman tal,
. ] Intercalation| Raman et al
[Ni(Trp Schiff base)(phen),]C1  |1.70x10°5.23| 28 2012 ’
Intercalati
[Co(Trp Schiff base)(phen)>]C1  [2.20x10%|5.34) 29 | <00 Raman tal,
Intercalati
[Zn(Trp Schiff base)(phen)2]C  [1.30x10%5.11] 24 |- o] Raman stal,
Int lati
[VO(Naph-trp)(phen)|CH;0H  |6.80x1044.83| - | " Bian et al, 2012
" Intercalation| .
[VO(o-Van-trp)(phen)]CH;OH-H,0 [4.00x104.60| - Bian et al, 2012
Groove | Goswami et al,
[Cu(Fe-Trp)(phen)]C104 1.89x10%5.28 - | i ding 2011
Groove | Goswami et al,
[Cu(Fe-Trp)(dpg)]ClOs 1.09x10°06.04) - | e oLl
Intercalati i
[Cu(Fe-Trp)(dppa)ICIO; | L67x10¢06.22) - | o ion | Goswami etal,
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Groove G ietal,
[Cu(Ph-Trp)(phen)(H.0)]CIOs  [2.05x10%(5.31 binding OS";%“flle a
Int lati i
[Cu(Ph-Trp)(dppz)(H20)ICIOs  [1.28x10%6.11 fercatation Goswzzz)‘rl‘llet al,
Int lati 1
[Zn(Fe-Trp)(dppz)]CIO; 1.61x1096.21 nercafation Goswzznlnl etal,
Intercalation
{[Cu(phen)(trp)]C104-3H,0}, 8.24x10%2.92 Senel et al, 2019
Int lati
{[Cu(4-mphen)(trp)]C104-3H:0}, [1.77x10%3.25 plercalalion o o el et al, 2019
[[Cu(dmphen)(trp)(MeOH)] 3 Intercalation
[Cu(dmphen)(trp)(NO3)]NOs 5.52x10-°|3.84 Senel et al, 2019
Int lati
[Cu(L-trp)(phen)(H,0)INOs  [2.20x10|4.34 IO patra et al, 2008
Int lati
[Cu(L-trp)(dpq)(H20)INOs  [4.30x10°/5.63 niercalalion) o ira et al, 2008
. Intercalation
[Cu(L-trp)(dppz)(H20)]NO3 7.30x10°|5.86 Patra et al, 2008
Intercalation|
[Cu(py-phen)(trp)(H20)INO;  [4.03x10°/3.61 PETCTIION fnci et al, 2020

Sal-TrpH:  N-salicylyl-L-Tryptophan,
(Banaspatia et

f][1,10]phenanthroline

aip:

al,

2019);

2-(anthracen-1-yl)-1H-imidazo[4,5-
o-vanillin-L-tryptophan:

(E)-2-(2-hydroxy-3-methoxybenzylideneamino)-3-(1H-indol-3-yl)propanoicacid,

5,6-dmphen: 5,6-dimethyl-1,10-phenanthroline (Theetharappan et al, 2017); Fc-Trp:
ferrocenylmethyl-L-tryptophan, aip: 2-(9-anthryl)-1H-imidazo[4,5-
f][1,10]phenanthroline, pyip: 2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]phenanthroline
(Goswami et al, 2014); Naph-Trp: Schiff base derived from 2-hydroxy-1-
naphthaldehyde, o-Van—trp: Schiff base derived from o-vanillin and L-tryptophan
(Bian et al, 2012); Fc-Trp: ferrocene-appended reduced Schiff base of L-tryptophan,
Ph-TrpH: reduced Schiff base derived from benzaldehyde and L-tryptophan
(Goswami et al, 2011)
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Table 4: Comparison of the K, and K., Values for the Quenching of Fluorescence
Intensity by Displacement of EB from CT-DNA by Ternary Metal(II) Complexes
Containing Intercalating Ligands and Tyrosine/Phenylalanine/Tryptophan

Ethidium bromide (EB)
Compounds p p Bindi
og og inding
K Ksv Kapp Kapp mode Ref
) 4 i ) . |Lakshmipraba
[Cu(phen)(L-tyr)BPEI]C1O4| 2.13x10% |4.33 Electrostatic et al, 2015
[(Cu-Phen-Tyr)(H,0)]CIO4 | 1.56x105|5.19| - - |Intercalation Yaggflt al,
Int lati inci
[Cu(dmgg:)gzg)(mon 1.08x10° |5.04| 1.77x10% [4.20] Tereration Inzc(l)fgjl’
[Cu(nphen)(L-tyr)(H,0)] 5 4 Intercalation | Tnci et al,
NOw2H0 1.64x10% [3.21| 2.17x10* |4.34 015t
Intercalati inci
[C“(pﬁgl)(ztﬁ)gho)] 1.61x104|4.21]2.06x10° [5.31| " crexaton Inzc(l)f;l’
3" 2
- Int lati inci
[C“2(py(§}(‘)er)‘)2§grg(H2o)2] 3.02x10° |3.48| 1.41x105 |5.15| eredaton Inglo?gal’
3)2° 2
- Int lati inci
[Cu4 mp}lgg(tyr)(moﬂ 1.21x10° [3.08] 4.17x10% | 4.62| o aHon Inzcéféjl’
4
. Intercalati inci
[Cu(S é‘llghe?)s(grgmo)] 9.47x102|2.96| 3.13x10* |4.49| " creation Inzc(l)f;:l‘l’
4 1. 2
[Cu(tmphen)(tyr)(NO3)] s p Intercalation | Inci et al,
0510 1.69x10(5.21| 8.33x10°|6.92 0104
Groove Inci et al,
[Pd(phen)(tyr)]NOy'H:0 | 4.47x10°|3.65| 1.66x10°|5.22| oo 50190
Groove Inci et al,
[Pd(5-mphen)(tyn)INOs | 4.37x10°|3.64|2.63x10%|5.42| 1 gin 5019k
[Cu(PAIC)(phen)]2H,0 | 2.90x10* |4.46| 3.50x10* |4.54| Intercalation Anngg‘f 6"” al,
[Cu(L-phe)(phen)(H,0)] ) . 6 . Patra et al,
NO; 1.08x10° [6.03 | Intercalation 2008
[Cu(L-phe)(dpq)(HLO)NOs| - - |5.60x10° |6.75| Intercalation Pagggé al,
[Cu(L-pheIzI(gppz)(HQO)] - - 19.33x10°|6.97 | Intercalation Patzrggé al,
3
[Cu(o-vanillin-L- 4 5 . | Theetharappa
ryptophan)(phen)] 2.16x10% |4.33| 8.00x10° |5.90| Intercalation netal, 2017
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[Cu(o-vanillin-L- 4 s . | Theetharappa
tryptophan)(5,6-dmphen)] 2.12x10%|4.33| 7.00x10° {5.85| Intercalation netal, 2017
{[Cu(phen)(trp)]ClO4 3 4 . Senel et al,
3,0}, 1.51x10° |3.16| 5.88x10% |4.77 | Intercalation 2019
{[Cut4-mphen)(UP)] |3 79,103 |3 56| 1.67x10%|5.22 | Intercalation | ><ncl et al

Cl0,-3H,0}, 2019

[[Cu(dmphen)(trp)(MeOH)]

[Cu(dmphelz\?())(;rp)(NO;)]] 1.23x10%|4.06| 1.00x10° |6.00| Intercalation Senz%le; al,
[Cu(L-trp)(phen)(H,0)INOs| - - |2.42x10% |5.38 | Intercalation Patzrgoeé al,
[Cu(L-trp)(dpg)(H20)]NOs | - - |2.81x10°|6.45| Intercalation Pagggg al,
[Cu(L-trp)(dpp2)(HO)INO| - | - |4.66x10°|6.67| Intercalation | "5 % al,
[C“(py'phgg?rp)(mo)] 6.19x10° |4.79( 5.88x10° | 5.77| Intercalation Ingi()ztoal’

BPEIL: branched polyethyleneimine (Lakshmipraba et al, 2015); dmphen: 4,7-
dimethyl-1,10-phenanthroline (Inci et al, 2015a); nphen: 5-nitro-1,10-phenanthroline
(Inci et al, 2015b); py-phen: pyrazino[2,3-f][1,10]phenanthroline (Inci et al, 2018);
4-mphen: 4-methyl-1,10-phenanthroline, 5-mphen: 5-methyl-1,10-phenanthroline,
tmphen: 3,4,7,8-tetra methyl-1,10- phenanthroline (inci et al, 2019a), PAIC:
phenylalanine  imidazole  carboxylic acid (Annaraj et al, 2016);
o-vanillin-L-tryptophan: (E)-2-(2-hydroxy3methoxy
benzylideneamino)3(1H-indol3yl)propanoicacid, 5,6-dmphen: 5,6-dimethyl-1,10-
phenanthroline (Theetharappan et al, 2017)
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CONCLUSIONS

In this study we have reviewed DNA binding activities of metal(Il)
complexes containing aromatic amino acids and intercalating ligands.
The development of new cell-selective therapeutic agents offers
possibilities for novel design of metal complexes. The structural
characterization of the interaction between complexes and DNA is
important and provides insight into what changes could be made to
increase affinity and specificity for DNA. Structure-function
relationships could also provide a significant information. It is clear
that combinations of DNA interaction modes can be used to improve
the binding affinity and selectivity of metal complexes, but there are
many more examples. What is clear is that the inherent
physicochemical diversity of transition metals and the design
flexibility provided by the virtually unlimited range of ligands for
coordination makes metal complexes powerful biologically active
agents that could be used to investigate the structural diversity of

DNA.
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INTRODUCTION

The first synthesis of Galvinoxyl or namely “Coppinger's” radical (as
shown in Figure 1) was realized in 1957 by Galvin M. Coppinger
(Coppinger, 1957). From that time many derivatives of Galvinoxyl
radical have been synthesized and their characteristics have been
reported (Lamp, Azarkh, Drescher, Imming, 2019; Gierke, Harrer,
Kurreck, Reusch, 1973; Gierke, Harrer, Kurreck, Reusch, 1976;
Harrer, Kurreck, Reusch, Gierke, 1975).

DNP (Dynamic Nuclear Polarization) is a class of methods developed
to address the low-sensitivity problem concerning the calculation of
NMR (Nuclear Magnetic Resonance). They depend on the transfer by
MW (Microwave) of the high spin polarization of a PA (Polarizing
Agent) to the coupled target nuclei (Ardenkjaer-Larsen et al., 2015).
DNP at room temperature in liquids is also called Overhauser DNP
(Overhauser, 1953; Hausser & Stehlik, 1968) is a spin relaxation
process triggered by the time modulation of the hyperfine coupling
between a target nuclear spin and unpaired electron via molecular
motions. Furthermore, this technique facilitates the direct polarization
of the target nuclei and thus has the potential to turn into a powerful
method for NMR spectroscopy (Denysenkov & Prisner, 2019; Bennati
& Orlando, 2019). DNP in liquids on 'H nuclei was thoroughly
explored in many magnetic fields during the last decade (Bennati,
Tkach, Tiirke, 2011; Franck, Pavlova, Scott, Han, 2013; Griesinger et
al., 2012; Bentum, Meerten, Sharma, Kentgens, 2016; Levien, Hiller,
Tkach, Bennati, Orlando, 2020).
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DNP in strong magnetic fields has been one of the main areas for
studying magnetic resonance spectroscopy and imagery in recent

years (Prisner, Denysenkov, Sezer, 2016).

1. MATERIALS AND EQUIPMENT

The technical details and equipment of the double resonance
spectrometer used in this work have been extensively described in
prior publications (Yalciner, 1978; Kirimli & Ovalioglu, 2014;
Kirimli, Ovalioglu, Akay, 2017). Further information on the theory
and applications of DNP for liquid samples is available in the
literature (Kirimli & Ovalioglu, 2014; Kirimli et al., 2017; Hausser &
Stehlik, 1968; Potenza, 1972; Miiller-Warmuth, & Meise-Gresch,
1983). DNP experiments were performed at 1.53 mT with 61.2 kHz
resonance frequency for the '°F nuclei and 45.5 MHz for the electrons.

The sample was prepared at 3mM concentration.

Table 1: Basic constants and NMR sensitivity of MBFA (N-Methyl-bis-
trifluoroacetamide)

Molecular Boiling Melting NMR
Solvent Purity Weight Point Point Density Sensitivity
= (g mol™) (°C) (°O) (g cm) (x10%2 spin/cm?)
N-Methyl-
bis-
trifluoroacet
amide % 97 223.08 122 <-10 1.569 2.54
(MBFA)
(CsH3F6NO,

)
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The solvent was bought from the US, Aldrich Chemical Co. The main
properties of MBFA (N-Methyl-bis-trifluoroacetamide) in Figure 2
used as a solvent in this study are given in Table 1. The samples
placed in 18-mm-diameter Pyrex tubes were degassed and sealed at
about 107 Pa. Degassing is required, otherwise, the oxygen in the

sample would not allow an EPR line to be quickly stimulated.

Figure 1: Open structure of the Galvinoxyl free radical (C29H4105). Turquoise
shows carbon, blue oxygen, and red hydrogen.

Figure 2: Open structure of the N-Methyl-bis-trifluoroacetamide molecule
(CsH3F¢NOy). Here, turquoise represents carbon, magenta fluorine, yellow nitrogen,
red hydrogen, and navy blue represents oxygen.
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2. RESULTS AND DISCUSSION
2.1. EPR Spectra

To calculate the DNP parameters in a certain magnetic field the EPR
spectrum of free radical is necessary. ESR spectrum should not be
affected by the solvents (Yalciner, 1978). Figure 3 puts forward the
EPR spectrum of the Galvinoxyl/MBFA solvent medium based on
four different temperatures and Table 2 shows Gaussian functions
parameters of the Galvinoxyl/MBFA solvent medium for four

different temperatures.

The spectrum was known as single Gaussian only, created by the
overlap of a variety of Lorentzians. The experimental points can be in
accordance with a sum of seven Gaussians as follows:

y = 71 Kiexp (—0-5 : (%)2) (1

1

Where the x.i’s are ESR frequencies at the peak points and y = — (P, —
Po)/Po, the K; values are the enhancements at the peak points, and w;’s
are the standard deviations of the singular Gaussians. For the
temperatures 263K, 280K, 296K, and 311K in Table2, all fit
parameters are listed. R? values, which are the degree of fit between
experimental fit function (1) and experimental values, range between

0.950 and 0.990.
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Table 2: The experimental points of the GALV/MBFA spectrum can be in
accordance with a sum of seven Gaussians shown in (1). For four temperature
values, fit parameters are tabulated.

263 K 280 K 296 K 311K

2008 2021 2008 2021 2008 2021 2008 2021
Data Data Data Data Data Data Data Data

X 33.16 33.05 3299 3300 3290 32.86 33.09 33.15

ESR X 3681 3672 3661 3662 36.63 3663 3679 36.77

Frequency Xeo 4018 40.15 4022 4022 4020 4020 4020 40.18
at the Peak Xecs 4458 44.67 44.69 4470 4475 4478 44.67 44.60
Point Xes 49.02 4891 49.13 49.14 49.02 49.04 49.15 49.15

(MHz)  x 5251 5279 5266 5266 5262 5262 5257 52.57

X7 5631 57.07 5638 5638 5632 5632 5637 5637

Ki 673 371 664 336 647 298 507 179

K» 1120 600 1053 532 1168 459 801 295

Weightof K, 938 493 879 443 813 367 726 3.1

. the K4 5.61 3.04 5.33 271 5.21 2.39 4.96 191
individual K
Gaussian 5 10.50 535 10.10 5.07 9.32 4.25 9.17 3.59

Ko 1642 826 1515 778 1480 672 1449 568
K; 1172 602 1088 545 993 450 931 3.64
wi 145 132 117 117 100 097 230 243
Standard w, 088 098 104 104 100 1.08 089 0.95
Deviation w; 106 102 105 104 094 094 114 1.08

_ ofthe wa 187 215 187 187 236 240 172 181
individual
Gaussian ™5 109 090 119 120 103 101 115 114

(MHz) we 097 145 094 093 096 096 090 091
w7 148 1.35 1.26 1.28 1.33 1.35 1.39 1.41
2008 Data (Ovalioglu et al., 2010).
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Figure 3: (a) EPR Spectra of the Galvinoxyl /MBFA sample with respect to four
temperature values. Experimental data of the year 2008. (b) EPR Spectra of the
Galvinoxyl /MBFA sample with respect to four temperature values. Experimental
data of 2021.
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2.2 DNP parameters

The NMR enhancement factor is figured out as follows (Hausser &

Stehlik, 1968; Kramer & Miiller-Warmuth, 1964; Enkin et al., 2015)

Ys

(PZ_PO)
A=——2"C—p.f-
P > Y1

Pg

(2)

where Py and P, correspond to the NMR signal amplitudes excluding

and including ESR saturation power, ys and yi correspond to electronic

Ys

and nuclear gyromagnetic ratios, respectively, Furthermore,

Y1

700 for '°F. In this equation f stands for the leakage factor for the
nuclear relaxation, s stands for the saturation factor, and for the full
EPR saturation that value equals 1, and finally, p stands for the
nuclear-electron coupling parameter, that is a measurement unit for
the nuclear-electron interaction. All saturation tests mentioned above

were saturated at 45.5 MHz.

The saturation tests were conducted with a precision of + 2 °C for
each sample in the liquid phase. For the sample that we have, Py has
been tested four times at four distinct temperatures, and P, values have
been collected from at least 7 distinct ESR power so as to saturate

electronic spin polarization.

The saturation factor is calculated by using the following equation

g = HO_HZ

= 3)
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In this equation, Iy stands for the electronic spin polarization and I1,
is the dynamic polarization in the thermal equilibrium level. For the
infinite ESR power, I, corresponds to 0 and s corresponds to 1, and in

line with Equation (2) enhancement factor, A will get the A value.

In order to determine the A value, A" = [(P,-Po)/Po]’, namely the
reciprocal of the enhancement factor, should be attained as a function
of ESR power’s reciprocal value. This value is proportional to H;2 or
V:i%. Here, Veir stands for the high-frequency voltage on the ESR coil.
Whereas, A corresponds to A~y for the maximum attainable ESR
power. In the event that ESR saturation is complete, the ESR power
should be infinitive or V,# equals zero. For Galvinoxyl/MBFA, the
variation of -[(P,-Po)/Po]”! with respect to Ve‘f§ based on four distinct
temperatures is demonstrated in Figure 4. There, A5 values stand for

the points of intersection of the extrapolated best-fit line and V# = 0

line.

For the sample, f, the leakage factor, was defined as 0.90+0.05 for
sample by utilizing the information on fluorinated Galvinoxyl

solutions in the literature (Miiller-Warmuth & Meise-Gresch, 1983;

Ys

Peksoz, Yalciner, Cimenoglu, 2009). Based on the equation
700 for F corresponds to 700. Considering this, p values were

extracted from the equation as follows

Ao
P="00f 4)
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In the low field, extreme narrowing condition (wst<<1) can be met at

high-temperature levels.

In this study, the measurement was only performed at 311K
maximum temperature level. Here, K can be calculated by using the

equation below

_ 0.966-1.953p
- 1+p

K )

A - 10%T and p - 10T graphics for Galvinoxyl/MBFA are given in
Figure 5 and Figure 6 respectively. Our sample was prepared at a
concentration of 3 mM. Table 3 provides gauged DNP parameters for
the same sample and attained DNP parameters, which were found by
utilizing results obtained in 2008. In the equation, respectively, A«
stands for the enhancement factor; p stands for the nuclear—electron
coupling parameter; s stands for the saturation factor, and lastly, K
stands for the importance of dependent scalar coupling parameter. In
reference to 2008 data, particularly p-value at 311K equals 0.142 that
is the greatest coupling parameter value for all temperature levels as
seen in Table 3. For the temperature levels 311K, 295K, 280K, 263K
respectively, we have declining percentages for p values of our
sample, roughly 9, 10, 8, and 9. This condition indicates that at the
end of the thirteen years period solvents move slower. Saturations in
tests range from 64.2% to 69.6%. A« values are all negative at all of
the signal enhancements, since P,, the observed dynamic polarization,

are inverted, based on Py, the pure NMR signal. This also leads to a
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differentiation between values of p, the nuclear-electron coupling

parameter, for various temperature levels.

~ 100 2008 Data GV/MBFA _ 120 2021 Data GV/MBFA
'l_'c 0T=311K ’I_‘c | oT=311K
Z T=295K = 0 | ¥xT=295K
< 80 1 AT=280K > | AT=280 K
A | 0OT=263K R g0 | OT=263K

N N
-» -9
- 60 |
2 T 40
=) & [
o —

w w20 /E_gaﬁ/a/a/

0 e 0 — ‘
0 5 10 15 20 0 5 10 15 20
(x10%) Veff2 (V?) (x10°%) Veff2 (V2)

_p1-1
Figure 4: Variation of [(PZP—PO)] with respect to Ve}fc for asphaltene/meta-
0

difluorobenzene sample based on four distinct temperature levels. Here, A5l values
stand for the intersection points of the extrapolated best-fit line and the V7 = 0 line.
On the other hand, the R? values present the agreement degree between the
experimental points and the linear fit function. Above, graph (a) is based on 2008
data, and graph (b) is based on 2021 data.

Table 3: DNP parameters for Galvinoxyl/MBFA suspensions.
cmM) TEK) As Ao p* p s s K¥* K

311 -89,5 -81,2 0,142 0,129 0,712 0,696 0,60 0,63

295  -610 -547 0,097 0,087 0664 0,652 0,71 0,73
3,0

280 -46,0 -42,0 0,073 0,067 0,663 0646 0,77 0,78

263 -31,3 -28,6 0,050 0,045 0,659 0,642 083 0,84

* 2008 Data (Peksoz et al., 2009)
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Figure 5: For GV/MBFA, it is seen that the A. values obtained from the
experiments performed at distinct temperature levels vary with respect to 10%/T.
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Figure 6: For GV/MBFA, it is seen that the p, the nuclear-electron coupling
parameter, values obtained from the experiments performed at distinct temperature
levels vary with respect to 10%/T.
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CONCLUSION

DNP experimentations were carried out to investigate suspension of
galvinoxyl in MBFA solvent at 1.53 mT. We have observed a single
Gaussian which was peaked around 45.5 MHz in the EPR spectra of

the galvinoxyl.

The following results can be deduced for the context of the scientific

research implemented and discussed in this paper.

First of all, the spectrum was monitored as a single Gaussian
generated by the overlap of multiple Lorentzians. The shape of the
spectrum conforms with data obtained in 2008. After 13 years of the
waiting period for samples forming colloidal suspensions with MBFA
solvent galvinoxyl, the p-value, the parameter for nuclear electron
coupling, was found to be lower. More clearly, the p-value, the
nuclear-electron coupling parameter, differs between +0.5, which
stands for pure dipolar, and -1.0, which stands for pure scalar within
the low magnetic fields. Additionally, the p values obtained in this
analysis are between those limits in question. In this analysis, p values
are all positive. In fact, this indicates the dipolar section of
intermolecular spin-spin interactions is overwhelming. Almost for all
temperatures, the K value has risen due to the value of the parameter
of dependent scalar coupling. This has a crucial outcome, that is the
scalar section of intermolecular spin-spin interactions has risen in
samples waited for years, in other words, the dipolar section of the

interactions has degraded.
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INTRODUCTION

Crude oils are sophisticated liquids that have a wide variety of
viscosities, at this point, "heavy oils" are typically considered to have
viscosities over 100 mPa-s (Briggs, Fulleylove, Wright, 1988).
Conventionally, the components of SARA (saturated, aromatic, resin,
and asphalt) are differentiated in these materials by means of a well-
defined separation method. Resins and asphaltenes (defined as the n-
alkane insoluble, toluene soluble fraction) are accepted to be main
reasons for having high viscosity and average molecular weight
characteristics for oils. (Gizatullin et al.,, 2018; Shukla, 2018;
Martyanov, Larichev, Morozov, Trukhan, Kazarian, 2017; Yen &
Chilingarian, 1994; Yen & Chilingarian, 2000; Chilingarian & Yen,
1978; Evdokimov, 2010; Ilyin & Strelets, 2018; Chen et al., 2014). In
addition, crude oils have paramagnetic characteristics (Yen &
Chilingarian, 1994; Yen & Chilingarian, 2000; Gutowsky, Roger,
Rutledge, Unterberger, 1958; O’Reilly, 1958). Many paramagnetic
centers are favorably clustered in asphalts and resins and often occur
in the shape of consistent carbonaceous FR (Free Radicals), unpaired
electrons dislocated over several aromatic or conjugated chemical

bonds.

Asphaltenes, which are a part of petroleum, are considered to be polar
species, have greater aromatic complexes, and consist of
heteroatoms (e.g. O, S, and N), alkyl chains, and certain metals

(Evdokimov, Eliseev, Akhmetov, 2006). Asphaltenes have unpaired
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electrons, which are observed in crude petroleum by using the ESR

(Electron Spin Resonance) experiments (Gutowsky et al., 1958).

DNP (Dynamic Nuclear Polarization) uses liquid state interactions
between nucleus and unpaired electron spins to produce enhanced
nuclear polarization after the saturation of ESR radical transitions. The
maximum DNP enhancement rate of the NMR signal is calculated by
the electron-to-nuclear gyromagnetic ratio, ye/yn. For proton spin,

this ratiois 658.

It becomes apparent that studies of the coupling between I, nuclear
spin reservoir, and S, electronic spin reservoir, may put forward
insight into the dynamics and structure of these sophisticated
materials. However, while the coupling itself can also utilize DNP
techniques to increase the NMR signal via spin polarization from S to
I. Therefore, sensitivity increases by (Shukla, 2018) or (Martyanov et
al., 2017) orders of magnitude (Sapunov et al., 2016). The ODNP
(Overhauser Type Mechanism) for the hyperpolarization should be the
most efficient, as crude oil is historically treated as a viscous liquid
(Pradhan, Ovalles, Moir, 2018). Since the comparatively high mobility
of oil molecules, including radicals, requires an appropriate regulation
of electron-nuclear interaction, this condition leads to an efficient
propagation of polarization between nuclei and electrons in oil. The
main aspect of ODNP is that when the microwave pumping frequency
is in precisely the same resonance as the EPR transition, namely, f

MW= fe, the full effect of electron polarization conversion on the
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nuclear system is obtained. In fact, Poindexter (Poindexter, 1958;
Poindexter & Torrey, 1963) recorded Overhauser form of DNP in the
external magnetic field Bo= 18 G on protons of "light" or "medium"

crude oils that have a viscosity of 25-40 mPa-s as early as the 1950s.

The nuclear spins are the proton spins in this sample, which are the 1H
center of the solvent medium, while the electron spins are the free
electrons on the asphaltene micelles. Unpaired electrons have been
dislocated to the unfilled carbon bonds of asphaltene particles'
compact aromatic structure (Griesinger et al., 2012). We revealed a
dipolar interaction between the solvent hydrogen atoms and unpaired
colloidal asphaltene electrons through the DNP process. In a low
magnetic field, electron spin saturation, as well as DNP
improvements, were achieved, and also DNP parameters have been

determined.
1. MATERIALS AND EQUIPMENT

The spectrometer used in this study is a continuous wave weak field
dual resonance NMR spectrometer. Additional material is available
in the literature on the DNP principle and implementations for liquid
samples (Kirimli & Ovalioglu, 2014; Hausser & Stehlik, 1968;
Potenza, 1972; Miller-Warmuth & Meise-Gresch, 1983). DNP

experiments were performed at 1.53 mT with 61.2 kHz resonance

frequency for the IH nuclei and the electrons 42.5 MHz resonance
frequency. Asphaltene was taken from MC800 fluid asphalt. This

asphalt was obtained from the Turkish Petroleum Refineries
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Corporation in Kirikkale province of Turkey. Three distinct asphalt
ratios were taken to prepare the suspensions. The solvent was bought
from the US, Aldrich Chemical Co.

The main properties of meta-difluorobenzene in Figure 1 used as a

solvent in this study are given in Table 1.

Figure 1: Structure of the meta-difluorobenzene molecule (green color “flour”;
white color “hydrogen” and grey color “carbon”).

Table 1: NMR sensitivity of meta-difluorobenzene and basic constants.

NMR
Molecular Melting Boiling Dipole
Density  Viscosity Sensitivity
Solvent Weight Point Point Moment
(g em™) (cP) (x10
(g mol™) ©C) 0 D)
spin/cm?)
meta-
difluorobenzene 114,09 -59 83 1,163 0,603 1,5 1,23
(CeH4F2)

Degasification of the samples was carried out with the Leybold-
Heraeus vacuum system and the lowest pressure value seen in our
studies was recorded as 1-10° Pa. As seen in Figure 2, the samples

were sealed and degassed in Pyrex tubes.
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Figure 2: The sample in Pyrex tube was sealed and degassed.

2. RESULTS AND DISCUSSION
2.1. EPR Spectra

To test DNP parameters in the magnetic field, it is important to obtain
a free radical EPR spectrum. ESR spectrum should not be affected by
the solvents (Yalciner, 1978). Figure 3 displays the EPR distribution
for three separate concentrations of the asphaltene/meta
difluorobenzene solvent medium. Furthermore, Table 2 demonstrates
the Gaussian function parameters of the asphalt/meta-difluorobenzene
solvent medium at room temperature in three distinct amounts.

_1 M]

y=A-e[2 o2 (1)
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Table 2: Gaussian parameters obtained for the meta-difluorobenzene of MC800
Asphaltene in distinct concentrations. y=-(Pz-P¢)/Py, xc=v (MHz), x is peak
frequency that shows EPR spectrum peak point, c is the standard deviation, and A is
the fit in Eq. 1 parameter shows variance for various experimental data.

concentration A A* Xe Xc* o o* RA2 RA2*

1,8kgm? 044 0,77 4231 4234 736 7,23 9531 96,50

31kgm3 040 0,70 4243 4229 649 6,58 97,29 96,43

6,3kgm? 0,35 0,64 4256 42,50 4,99 576 98,07 98,67

#2016 Data (Kirimli et al., 2017).

The spectrum was presented as single Gaussian, created by the
overlay of many Lorentzians. Additionally, the measured values of
these concentrations are fit with Gaussian functions given by the

following equations:

) [ (42317

Py = 0.44exp | 108.34 (2a)
_ (Pz=Po) _ [ (vs—42.43)?]
“r - 0.40exp YTy (2b)
_ (Pz=Po) _ [ (vs—42.50)?]
—r - 0.35exp ~ 980 (2¢)
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Figure 3: (a) EPR Spectra of the meta-difluorobenzene /MC800 asphaltene sample
for three concentrations (Kirimli et al., 2017), (b) EPR Spectra of the meta-
difluorobenzene /MC800 asphaltene sample for three concentrations. It is the

experimental data of 2021.
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2.2. DNP Parameters

The NMR enhancement factor is calculated as follows (Kramer &

Miiller-Warmuth, 1964)

Ys

(PZ_PO)
A= -2 =p-f-
P > Y1

Pg

3)

here P, and Py are the NMR signal amplitudes with and without ESR
saturation power. On the other side, ys and y1 symbolize electronic and
nuclear gyromagnetic ratios, f is the nuclear relaxation leakage factor,
s 1s the saturation factor equivalent to 1 for the whole EPR saturation,
and lastly, p is the nuclear-electron coupling parameter, that is a
measurement of the nuclear-electron interaction. All of the saturation
measurements have been saturated at 42.5 MHz.

(PZ_PO)

-1
- ] versus Vg for asphaltene/meta-
0

The variation of

difluorobenzene sample is seen at 3 distinct concentrations in Figure
4. For the maximum attainable EPR power, A and A}, are equal.
The reciprocal enhancement factor is extrapolated for the infinite ESR
power if the saturation condition is met. At complete EPR saturation
A is the enhancement factor and it is calculated as follows

Ys

Aoo:_p.fYI

“4)

U., the ultimate enhancement factor, can easily be determined, as Ayl

values are well proportioned to the reciprocal concentration of the
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sample ¢! as depicted in Figure 5. Here the p values can be calculated

after determining U..
p=— a (5)

In the formula, for each concentration f value was figured by using the
Ax/Ux ratio and the s value was computed by using the Acnd to Ac
ratio. A, U, f, and s parameters which are parameters of the dynamic
nuclear polarization are provided in Table 3. Experimental saturations
range from 78% to 84%. The value of A« varies between -8.2 and -
10.6. For all samples, it shows an increase with the rise in the
concentration of the sample. All A, and U, parameters have negative
values since P, and Po NMR signals are opposite to each other. This
condition also leads p, nuclear coupling parameter, to have a positive
value for solvent medium. p value of asphaltene/meta-difluorobenzene

1s 0.015.
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Figure 4: Variation of [@] versus Ve‘fﬁc for asphaltene/meta-difluorobenzene
0

sample at 3 distinct concentrations. Here, A5l values equivalent to the intersection
points of the extrapolated best-fit and the V7 = 0 lines. The R? values indicate how
well the linear fit function is consistent with the experimental points. (a) (Kirimli et
al., 2017) and (b) 2021 data.

125
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Figure 5: Examples of ultimate enhancement factor evaluations measured at room
temperature. Here, the Uzl values are equivalent to the intersection points of
extrapolated best-fit lines and the ¢! = 0 line (2016 & 2021 data).
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Table 3: DNP parameter values for the suspensions of meta-difluorobenzene with

asphaltene.

C #* * *

Solvent Medium Aw Ay U U, ) p’ f £ s s*
(kg m™)

1,8 -82 9,1 0,821 0,796 0,809 0,779
Asphaltene/meta-

3.1 -8,8 -10,0 -10,0 -11,4 0,015 0,017 0,877 0,872 0,801 0,843
difluorobenzene

6,3 9,5 -10,6 0,944 0,931 0,782 0,806

* 2016 Data (Kirimli et al., 2017).

CONCLUSION

DNP experimentations were conducted to analyze meta
difluorobenzene solvents asphaltene suspensions at 1.53 mT. We have
observed a single Gaussian which was peaked around 42.5 MHz in the
EPR spectra of the asphaltenes. It ranges from +0.5, which means pure
dipolar to -1.0 which means pure scalar in low magnetic fields. In our
study, had varied between 0.015 and 0.017. Even the new attained p
values range between the limits mentioned above. Following the five-
year retention of samples that formed colloidal suspensions of meta-
difluorobenzenic asphaltene solvent medium obtained from liquid
asphalt, the nuclear-electron coupling parameter, p, was found to be
reduced. The decrease in p-value is almost %13. Interactions between
the solvent molecular hydrogen nuclei and unpaired electrons
belonging to the asphaltene micelles are distinguished by dipolarity.
Ultimately in this analysis, all p values are positive, indicating the
superiority of the dipolar component in intermolecular spin-spin
interactions. The obtained DNP parameters demonstrate that

asphaltene particles have aggregated under the effect of solvent.
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