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Abstract

Sulfonamides are preventive and therapeutic agents for certain infections caused by
gram-positive and gram-negative microorganisms. At the same time, their
widespread application is hindered by their low solubility in agueous media. Since
the water solubility of sulfonamide drugs is increased in the presence of
cyclodextrins, the host-guest type complex formation of these antibiotics with
cyclodextrins is an extensively studied field.

Sulfamethazine is a representative member of the sulfonamide antibiotic drugs, it is
still used in human and veterinary therapy. Previous studies described the ability of
F-cyclodextrin to increase the solubility of this drug in aqueous solution and studied
the structure of the complexes by experimental and molecular modeling techniques.
This work aims to examine the interactions of sulfamethazine with two p-
cyclodextrin derivatives at different pH in the temperature range of 298-313 K.
Results showed the formation of stable complexes of sulfamethazine with both native
and randomly methylated f-cyclodextrin  host molecules. Spectroscopic
measurements and molecular modeling studies indicated the possible driving forces
(hydrophobic interaction, hydrogen bonding, and electrostatic interaction) of the
complex formation, and highlighted the importance of the reorganization of the
solvent molecules during the entering of the guest molecule into the host’s cavity.
Functionalization of the g-cyclodextrin molecule does not affect considerably the
complex stabilities, therefore the native S-cyclodextrin molecule looks the simplest
and most effective inclusion host to design a selective and sensitive tool for
sulfamethazine detection. The protonation state of this drug affects not only its
aqueous solubility but controls its inclusion complexes with g-cyclodextrins. The
pH-affected structures of the complexes explain previous contradictory findings
based on the inclusion of the aniline moiety as well as the pyrimidine ring through
the cyclodextrin cavity. Furthermore, surprisingly, the interaction between the
neutral and anionic forms of the guest molecule and cyclodextrins with electron rich

cavity is thermodynamically more favorable compared to the cationic guest. This



property probably due to the enhanced formation of the zwitterionic form of
sulfamethazine in the hydrophobic cavities of cyclodextrins, which affect
significantly the stability of sulfamethazine - cyclodextrin complexes.

Since sulfonamide antibiotics, including sulfamethazine, are poorly metabolized,
they can be found in surface water, in wastewater and in meat-producing animals
with considerable concentrations. Therefore, several studies have focused on the
sulfonamide drugs adsorption on different kinds of natural and synthetic materials to
remove them from the environment. Accordingly, in this work, the removal of
sulfamethazine from water has also been tested. Based on the interaction between
sulfamethazine and S-cyclodextrin, a cyclodextrin containing insoluble polymer has
been tested to extract sulfamethazine from aqueous solution. Furthermore, carbon
nanotubes, successfully used for the adsorption of several antibiotics earlier, have
also been investigated as possible sorbents to eliminate this drug from aqueous
solution. Systematic analysis has been done to describe the effect of the number of
layers of walls and the effect of the functionalization of the carbon nanotubes.
Results showed that although insoluble p-cyclodextrin bead polymer is not
applicable for removing sulfamethazine from aqueous solution effectively, single-
walled carbon nanotubes are suitable for extracting this antibiotic from aqueous
media.

These observations might be relevant for the preparation of orally administered
products of sulfonamide-cyclodextrin complexes which can be useful in finding
materials suitable for developing new sulfonamide drug binders to remove these

drugs from contaminated beverages, e.g. from drink water.



Abbreviations

AML1 Austin Model 1

CD Cyclodextrin

BCD p-Cyclodextrin

BBP p-Cyclodextrin Bead Polymer

C-MWCNTSs Carboxyl Functionalized Multi-Walled Carbon
Nanotubes

CNTs Carbon Nanotubes

DWCNTSs Double-Walled Carbon Nanotubes

GC-MS Gas Chromatography-Mass Spectrometry
H-MWCNTSs Hydroxyl Functionalized Multi-Walled Carbon
Nanotubes

HPLC High Performance Liquid Chromatography

FT-IR Fourier Transform Infrared Spectroscopy

K Binding Constant

LC-MS Liquid Chromatography-Mass Spectrometry

M Concentration unit, mol/L

MeOH Methanol

MWCNTSs Multi-Walled Carbon Nanotubes

NMR Nuclear Magnetic Resonance Spectroscopy

PL Photoluminescence
RAMEB Randomly Methylated /8 -Cyclodextrin

SMT Sulfamethazine
SWCNTs Single-Walled Carbon Nanotubes
UV-Vis Ultraviolet-Visible



AG Gibbs Free Energy Change
AH Enthalpy Change
AS Entropy Change
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Chapter 1

1 Introduction

Host-guest interaction has become a very common expression in organic, analytical,
inorganic, biological and physical chemistry. In general, it can be defined as
supramolecular aggregates between large molecules that have a specific shape (host
or receptor) and smaller molecules (guest or analyte), that are stabilized by multiple
non-covalent bonds such as hydrogen bond, z-z stacking, cation-z bond, Coulomb
interaction, electrostatic and hydrophobic interactions. Encapsulation occurs when a
guest molecule is entrapped inside the macrocyclic cavity of a host molecule [1,2].
Supramolecular chemistry is a powerful approach to study nanostructures that mimic
the sophisticated biological systems. A major type of macrocyclic compounds is
cyclodextrins (CDs), which were selected as host molecules due to their good
selectivity and sensitivity [3].

Nanomaterials, such as nanoparticles, nanotubes, nanorods, nanofibers and
nanoribbons, have attracted much attention in the past few years due to their
potential applicability in medicine and biology. The overall dimensions of these
materials are in the nanoscale, where usually at least one of the dimensions is under
1000 nm. There are some important size-dependent properties of these nanomaterials
that are already known, however, wide application still seems to be a big challenge
and requires further investigations. The field of carbon nanotubes (CNTSs) is
considered to be a revolutionary research field presently. Various CNTs having been
used for the adsorption of aqueous heavy metals and drugs for reducing
environmental pollution [4] attracted the attention of scientists

Sulfonamides (SAs) are the first synthesized antimicrobial drugs and are still in use
today. These antibiotics are widely used to treat human and animal diseases.
Sulfamethazine (SMT) is one of the most important members of the SA drug family

and it is used for the treatment of bacterial infections including those causing


https://en.wikipedia.org/wiki/Cyclodextrin

bronchitis or urinary tract infections. Unfortunately, residues of SMT were found in

surface water and wastewater and in meat-producing animals [5].

1.1 Cyclodextrins

The credit for the development of supramolecular chemistry must go to Lehn, Cram,
and Pedersen who won the Nobel Prize of 1987 for their leading discoveries in the
host—guest systems. A series of macrocyclic molecules and their derivatives have
been investigated during the past few decades, including calixarenes, crown ethers,
CDs, cyclophanes, cucurbit[n]urils, and others [6] (Figure 1). These macrocyclic

molecules play the host role, possessing the cavities that encapsulate the guests [7].
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Figure 1 Chemical structures of some macrocyclic molecules: a) CDs, b)

calixarenes, ¢) 18-crown 6-ether and d) cucurbit[n] urils, a,b,d are cited from Ref. 6



In 1891 Villiers [8] discovered CDs, which have undergone extensive studies to this
date. The synthesis of CDs is relatively easy because they can be prepared from
starch precursors, like potato, rice, corn and by enzymetriggered starch degradation
[9]. These synthetized CDs are inexpensive and can have a wide range of
applications in various fields such as analytical chemistry [10], enzyme technology
[11], catalytic reactions [12], and pharmaceutics [13]. The pharmaceutical uses of
CDs have been discussed in numerous reviews and books [14-18]. The concept of
CDs was a major subject of a biennial International Cyclodextrin Symposium and in
the Society of Cyclodextrins in Japan [19]. CDs are 1 - 4 R-linked cyclic oligomers
of anhydro-glucopyranose [20]. The shape of CD can be toroidal with the secondary
hydroxyl groups at the wide side and the primary hydroxyl groups at the narrow side
[7]. They are composed of 6, 7 or 8 glucose subunits called a-, 5- (BCD) and y-CD,
respectively (Figure 2). The depth of the hollow cavity is 0.78 nm for all three types
of CDs.
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Figure 2 Chemical structure of CD. n=6, 7, 8 for a-CD, BCD, y-CD respectively,
cited from Cyclolab Ltd

The hydroxyl groups of the glucose units are oriented toward the outside at the
orifice of the two ends. A variety of guests can be encapsulated into the cavity via the
host—guest interaction. CDs with hydrophilic external surfaces and hydrophobic
hollow cavities in aqueous conditions and even in the solid-state enable the inclusion
of small molecules [21], cationic or anionic guests [22], proteins [23] and polymer
chains [24].

Hydrophobic and van der Waals interactions between the inner surface of the CD

ring and the hydrophobic sites of the guest molecule are the main driving forces for



the formation of CD inclusion compounds [25]. Researchers studied the binding
constant of a CD inclusion compound with the guest which can be enhanced by
dipole-dipole moment interaction, e.g., dipole moments induced on «-CD-p-NP
higher than a -CD-H20 and o -CD-MeOH [26]. Modified CDs such as randomly
methylated S-cyclodextrin (RAMEB), 2-hydroxypropyl p-cyclodextrin and heptakis
(2,3,6-tri-O-methyl)-S-cyclodextrin have improved solubility and gave an excellent
safety profile compared to the native BCD (Figure 3).

-CH,CH(OH)CH,

Figure 3 Chemical structure of modified CDs a) RAMEB, b) 2-hydroxypropyl -
cyclodextrin, c) heptakis (2,3,6-tri-O-methyl)- g —cyclodextrin, cited from Cyclolab
Ltd

CDs offer several advantages compared to other cavity-shaped molecules. Extensive
studies on the use of CDs in the biomedical field were fostered by the properties of
the natural availability in starch, leading CDs to exhibit good water solubility, good
biocompatibility, and nontoxicity toward biological systems and availability in large
quantities [27]. The construction of CD-based supramolecular nanoparticles or
aggregates in nanoscale size has received great attention from researchers [28,29].
Due to their various reversibly buildable blocks, this type of supramolecular system
has been used under different conditions in various morphologies such as ribbons,

orderly patterned threads, tubes and vesicles, with diagnostic and therapeutic



applications [30]. widespread applications in the biomedical field such as bioimaging
using these supramolecular systems have been reported [31,32]. Several efforts have
been made to introduce catalytic groups onto CDs to build artificial enzymes for
biomimetic reactions after obtaining the evidence of using CDs as enzyme models
[33,34]. Encapsulation of aromatic oily plant extracts by CDs can increase
physiochemical stability and aqueous solubility of these essential oils, potential food
preservatives. Both stability and selectivity of CD inclusion complexes can be
strongly affected by chemical modifications of parent molecules [35]. Furthermore,
sensitive dye molecules or molecular wires can be protected against decomposition
by rotaxanation within CD cavities. CDs can be functionalized by a wide variety of
synthetic methods [36,37], and they are sometimes chosen for developing drug
delivery systems. The formation of host—guest complexes between drugs and CDs or
CD derivatives greatly increases the water solubility of hydrophobic drugs, thus
enhancing drug availability in biological systems [38].

1.2 p-Cyclodextrin bead polymers
Polymer beads containing BCD (f5-cyclodextrin bead polymers - BBP) are prepared

through crosslinking of CD molecules and functional linking agents. This is a highly
effective technique for manipulating CD functionality and gives important properties
such as stability toward heat, pH and water insolubility. Therefore, BBP can be used
in many applications as adsorbent material to remove the organic pollutants and
heavy metal ions from water [39] including the removal of phenol from wastewater

[40], and they also effectively adsorb alternariol from aqueous solutions [41].

1.3 Carbon nanotubes, a nanoscale allotrope of carbon

The concept of allotropy is defined as the capability of some chemical elements to
configure a range of different molecular structures from the same type of atoms. The
chemical and physical properties of the allotropy have been investigated with regard
to the structural geometry of the atoms and the type of chemical bonds within the
molecules. One of the most interesting elements is carbon, which is available in

several structures with different properties. In science, technology and human life



there are two different types of hard carbons allotropes including diamond and
graphite [42].

Over the last decades of the 20" century, several new low-dimensional carbon forms
have been discovered by the Japanese researcher S. lijima [43] who called the
attention to the helical microtubules yielding numerous types of carbon allotropes.
The novel materials involving graphene, graphite, CNTs and fullerenes have
attracted considerable attention [44,45] (Figure 4). Since that time on CNTs have
been developed into a major field of research and currently they are at the cutting
edge of material science research in nanotechnology, materials science and
electronics [46].

a

Figure 4 Carbon nanostructures a) Grafene, b) grafene layers, c) fullerene and d)
carbon nanotube

CNTs are cylindrical tubes made up by hexagonally arranged sp?-hybridized carbon
atoms with an inner diameter of several nanometers (> 0.9 nm), and a length of a few

micrometers [47]. CNTs can be classified as single cylinder known as single-walled



carbon nanotubes (SWCNTSs) with a diameter around 1-3 nm and a length of a few
micrometers, isolate double-walled carbon nanotubes (DWCNTSs) with a diameter
less than 5 nm and a length around 10 um, also multi-cylinders with coincided
centers known as multi-walled carbon nanotubes (MWCNTS) with a diameter of 5—
40 nm and a length around 10 um [48] (Figure 5). Additionally, there are
functionalized CNTs, such as, hydroxyl functionalized multi-walled carbon
nanotubes (H-MWCNT) and carboxyl functionalized multi-walled carbon nanotubes
(C-MWCNT) [49] (Figure 6).
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Figure 6 Functionalized MWCNTSs a) H-MWCNTSs and b) C-MWCNTSs

SWCNTs have larger ratios compared to MWCNTSs due to their smaller diameter.
Moreover, the aspect ratios for all CNTs appear much higher (length to diameter
ratios) than other materials [50]. The modification of the tubes’ structures themselves

requires high temperatures to change from a SWCNT to a DWCNT or even to a



MCWNT. Structures and properties of CNTs are usually utilized in obtaining the
designs which perform multiple synergistic functions or solve a specific problem
[51]. The electrical properties of SWCNTs depend on their chirality or hexagon
orientation regarding the tube axis which is wrapped by the graphene plane, thus,
there are three shapes of SWCNTSs (Figure 7):

1. Armchair (electrical conductivity > copper)

2. Zigzag (semi-conductive properties)

3. Chiral (semi-conductive properties)

Various sub-configurations can be obtained by shifting the wrapping axis from the
zigzag plane toward the armchair plane [52]. The transfer of semiconductor zigzag
(7,0) and metallic armchair (4,4) SWCNTs have no significant difference in their
vibration dynamics properties in the temperature range of 278-378 K [53].

On the other hand, multiple carbon layers, frequently with variable chirality are
involved in MWCNTS, producing extraordinary mechanical properties instead of
outstanding electrical characteristics [50]. Accordingly, CNTs show high thermal and
electrical conductivity compared to other conductive materials. Additionally, they
can reduce heavy metals and improve the adsorptive capacity [54,55]. It is possible
to obtain the structure of CNTs with a distinct combination of rigidity, strength and
elasticity. This tailoring is an important characteristic as compared to other fibrous
materials. The magnetic properties, separation and recycling of the nanomaterials
have been facilitated [51]. A huge leap in the diverse applications in the medical,
industrial and technical fields has been made due to the unique electronic, thermal,
and outstanding mechanical stability and electric transport capacity, especially the

transport of ions and molecules in the nanoscales channel of CNTs [56-59].
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Figure 7 Single-walled carbon nanotube a) armchair, b) zigzag and c) chiral

Another important property of CNTSs is that they are not soluble in most of the
popular solvents such as phenol and benzene, but these aromatic molecules can
adsorb onto the surfaces of the CNTs [60]. Salipira et al. removed organic pollutants
from water with CNTs and CD polymers [61]. Furthermore, CNTSs also adsorb heavy
metals, such as mercury, lead, chromium and cadmium which are regarded as non-

biodegradable, bioaccumulative and extremely dangerous. These metals produce



hazardous threats to plant, animal, and human health, even at trace levels of
concentration [62,63]. Furthermore, the adsorption properties of suspended CNTSs,
beside their exposed surface area, play an important part in adsorbing organic

compounds such as SA drugs and removing them from aqueous solutions [64].

1.4 Sulfonamides, a group of synthetic antibiotics

Antibiotics have been widely used and are currently in the focus of interest due to the
rapid therapeutic efficacy and preventive benefits to humans and animals [65]. In
1932, a German scientist Gerhard Domagk, while working for the chemical and dye
company, |. G. Farben, discovered that a red dye compound, ‘“Prontosil,” was
effective in treating mice injected with Streptococci. Unfortunately, his ideas were
not taken into consideration until 1935. The active ingredient in the dye compound
was SA which was later tested by the Pasteur Institute in France, to justify Domagk’s
idea [66]. Sulfa drugs or SAs are an important group of antibiotics. Generally, the
concept refers to a group of drugs containing the chemical structure of sulfanilic
amide groups, one of the most widely administered groups of antibiotics in human
medicine and animal husbandry [1]. The European Food Safety Authority founded in
2002 by the European Union, implemented a farm-to-table approach in the European
Union food legislation. Accordingly, they took into account several debates on the
use of antibiotics, including SAs, as growth promoters [67]. The structure of SAs
contains one basic amine group (—NHz) and one acidic amide group (—NH-) which
correspond to pKazi and pKao; respectively. It can accept a proton by the amine group
and release a proton by the amide group under specific pH conditions [68].
Approximately 30 SAs have been investigated so far and some of them have a good
antibacterial effect [69-71]. Figure 8 shows the most important SAs drugs (for some

of SAs drugs and their pKa values) see appendix.
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Figure 8 Structure of some selected SA drugs a) SMT, b) sulfadiazine, c)
sulfathiazole, d) sulfamerazine, e) sulfisoxazole and f) sulfamethazole

These drugs are preventive and therapeutic agents for certain infections caused by
gram-positive and gram-negative bacteria, fungi and certain protozoa. SAs have the
advantage of being available for a relatively low price [72,30]. SAs have a number of
efficient applications such as anti-angiogenic [73], anti-tumor [74], anti-
inflammatory and anti-analgesic [75] in human medicine and animal therapy
including cattle, sheep, pigs and poultry [76]. They are used to cure infectious
diseases of the digestive and respiratory systems and affections of the skin (in the
form of ointments). Moreover, they are used for the prevention or therapy of
coccidiosis in small domestic animals. SAs are also employed in hypoglycemic,
antitumor, antiviral, diuretics and antithyroid agents [77]. Accordingly, sulfa drugs
are considered powerful medicines (together with ampicillin and gentamycin) as

chemotherapeutic agents to treat bacterial infections caused by Escherichia coli in
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humans. SAs perform their antibacterial activity by the competitive suppression of
dihydropterase enzyme towards the substrate P-amino benzoate [3].

SAs present unfavorable physicochemical properties such as poor aqueous solubility
and dissolution rate, which is a major concern for its therapeutic use. Therefore, the
popularity of SAs has decreased. New formulations with solubilizers to improve the
efficacy and safety have been investigated in order to deliver the SAs to the targeted
site. Moreover, the transfer of SA derivatives in the body can be controlled by
encapsulation with carrier molecules. Among the candidates of molecular capsules
BCD is used in the pharmaceutical industry as complexing agents [78]. pH-
responsive host-guest encapsulation has increased attention not only in the field of
material sciences but also in drug delivery systems [79].

SAs do not accumulate in humans because they are execrated after acetylation.
Therefore, antibiotics in surface water, groundwater, and influent and finished water
of municipal drinking water treatment have been discovered at relevant
concentrations [80]. On the other hand, environmental antibiotics may come from
municipal and agricultural origin [81]. SAs can be removed from the inorganic and

organic pollutants by adsorbing in the large surface area of the insoluble CNTs [82].

1.5 The previous results of the recent works

Although SAs are being clinically used since 1968, their therapeutic use still needs to
be further addressed. Widely used in human and animal medicine, these drugs have
low water solubility. One of the frequently applied strategies to enhance drug
solubility is the complexation with CDs. In the past twenty years, several studies
have demonstrated the improved solubility of SAs complexed by CDs compared to
the free drug. 2-hydroxypropyl-f-cyclodextrin seems to be a fruitful candidate to
improve the aqueous solubility of SAs. The increased water solubility of sulfadiazine
in the presence of 2-hydroxypropyl-S-cyclodextrin has been reported [83]. The
complexation of sulfisoxazole with hydroxypropyl-/-cyclodextrin in itself improves
the solubility of the pure drug, while the presence of triethanolamine has a beneficial
effect on the solubilization process [84]. Furthermore, another formulation to

enhance the water solubility of acetazolamide also based on the combined effect of
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hydroxypropyl-s-cyclodextrin and triethanolamine has been published [85].
However, the native and hydroxypropyl-S-cyclodextrin are similarly effective to
enhance the solubility of sulfamethizole [86]. While molecular encapsulation has
become significant in pharmacology and drug delivery science, recent studies focus
also on the stability of the SA drugs’ complexes with CDs [1,87,88,72]. These
studies state, that all tested different compounds, namely sulfamethoxazole,
sulfisoxazole, sulfathiazole, sulfanilamide sulfamethizole, sulfamethazine,
sulfadimethoxine, and sulfacetamide show similar affinity to BCD, the related
association constant being ~10° M. Although these association constants are small,
they are comparable with other inclusion complexes of CDs [89]. Furthermore, no
significant difference has been found between the stability of sulfacetamide and
sulfadimethoxine complexes with a- or f-CD [87,72]. Furthermore, the complex
structures also have been analyzed by combined nuclear magnetic resonance (NMR)
spectroscopy and molecular modeling methods. The inclusion mode of sulfadiazine
involves an NH: orientation of the drug in the 2-hydroxypropyl-f-cyclodextrin cavity
[83], while, in the case of sulfamethizole, the guest molecule enters with its
thiadiazole group into the CD cavity [86].

In the special case of SMT, Zoppi et al. investigated its increased solubility in the
presence of CDs [90,78], while Bani-Yaseen and Mo’ala analyzed the complex
formation in buffer-free aqueous media [1]. The aqueous solubility of SMT has been
increased by its encapsulation with BCD [90] and methyl-S-cyclodextrin [78].
Comparing the efficiency of solubility improvement under acidic and basic
conditions with buffer-free solutions, the ionization of the SMT does not support the
increase of its solubility. Although experimental results verified the formation of 1:1
inclusion complexes of SMT with both CDs, the affinity constant derived from phase
solubility studies is higher in the case of the native BCD. At the same time, the
functionalization of the host molecule does not affect the complexation mechanisms
and the inclusion modes of the guest molecule. The spatial conformations of the
complexes determined using NMR and molecular modeling studies show that SMT
included the substituted pyrimidine ring into the CD cavity [90,78]. Contradicting to
this, the result of another combined NMR and molecular modeling study [1] revealed

that the encapsulation of SMT by BCD is favorable with the inclusion of the guest’s
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aniline moiety through the host’s cavity. In this latter work, the association constant
of SMT-BCD complex (logK ~ 2.9) in buffer-free aqueous solutions was also
determined based on ultraviolet and visible spectroscopic studies.

Sulfonamide antibiotics are widely used in veterinary medicine all over the world,
but most of the SAs fed to animals cannot be metabolized, therefore livestock feces
and urine containing these antibiotics have created serious environmental pollution.
An increasing number of papers focus on environmental pollution with sulfonamides
[91]. Research extensively focuses not only on the possible risk of the pollution [92],
but on the possible strategies for removing these veterinary antibiotics [93].

One of the possible removal techniques is adsorption. Based on the inclusion
complexation of the small bioactive molecules with CDs the CD-containing BBP can
effectively decrease the pollutant content of aqueous solution [40,41]. Furthermore,
carbon nanotubes are reported to be promising adsorbents readily applicable in water
and wastewater management. The optimization strategies of the removal of
antibiotics from water using CNTs have been reported [94- 96]. The adsorption
mechanism of SAs on CNTs is extensively investigated and strong adsorption
affinity of CNTs for these antibiotics was found [97-100]. Comparative studies of
graphite and MWCNTSs have proved that these nanomaterials can be very promising
and effective adsorbents for SA antibiotics [101]. They have especially focused on
the investigation of the exact mechanism and predominant factors controlling the
adsorption of SAs to MWCNT. The main driving force of the adsorption process is
attributed to z-z electron coupling with the graphene surface of the adsorbent. In
addition to these results, similar pH dependence was observed in the case of both
investigated carbon nanomaterials during the adsorption reaction and no considerable
effect of the ionic strength was found. However, in the presence of dissolved soil
humic acid the adsorption has been decreased dramatically, because of the
competition for adsorbent surface area [101]. In contrast to this latter finding, Pan et
al. have shown, that the presence of some humic acid can enhance the adsorption of
organic materials, such as SAs [99]. Furthermore, 2 orders of magnitude higher
adsorption of SAs onto humic acid-suspensed CNTs than onto aggregated CNTs
have been found. SA antibiotics often exist as differently charged species, depending

on the pH, which makes more complicated to understand the exact mechanism of its
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adsorption. Zhang et al. have been studied the adsorption contributions of different
protonated states of various antibiotics to its total adsorption and the effect of the
CNTs functionalization on the adsorption [102]. The pH dependent adsorption was
well explained by hydrophobic and electron donor-acceptor interactions. However,
the highest adsorption was achieved in acidic environment where the cationic form
adsorbed to the surface by hydrogen bonds also had a dominant contribution. They
examined the overlap of adsorption between SAs and other chemicals. Surprisingly,
their results indicate, that bisphenol A concentration decreased the adsorption of the
neutral antibiotic only, not the overall antibiotic concentration. In a freshly published
article a carboxylic-functionalized carbon nanofibers- encapsulated Ni magnetic
nanoparticles, a negatively charged CNT derivate and SA interaction was also
examined [103]. Similarly to Zhang et al. [102], their study also emphasized
electrostatic and z-z interactions, as predominant driving forces for the adsorption of
deprotonated SA, but they reported that in acidic solutions the mechanism of the
adsorption is controlled by electrostatic interaction only. Tian et al. have investigated
the adsorption of some selected SA species onto the surface of CNTs in aqueous
solutions under various conditions [98]. Their findings have highlighted the special
role of some physicochemical properties in controllimng the removal of these SAs by
an adsorbent. Isotherms showed that sonication-aided dispersion could enhance the
efficiency of the sorption of the antibiotics on to the CNTSs, due to the increased
surface. However, the higher pH values of the solutions definitely decreased the
adsorption capacity on the CNT surface of SAs, while the amount of the adsorbent
had only minimal effect on the interaction.

The adsorption/desorption mechanisms on CNT surface have already been described
in the literature in the case of most of the members of SA the family. Although, SMT
shows a very complex and unconventional behavior, due to the fact that in aqueous
environment it exists in four different forms (SMT?, SMT*, SMT- and insignificant
amount of SMT*). Scientists also pay much attention to understanding the exact
mechanism of SMT adsorption on carbon materials. Teixid6 et al. have investigated
the pH dependence of SMT adsorption on charcoal [104]. In strong acidic regions the
protonated form with the positively charged surface implies z-z donor-acceptor

interaction, as the major driving force of the adsorption Furthermore, the negatively
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charged SMT especially in the alkaline region, coupled with the driving force
between the aniline ring- and the n-electron rich graphene surface. another negative
surface, where a proton exchange with water can occur, leading to the accumulation
of -OH"ions and resulting in a strong hydrogen-bond between SMT® and carboxylate
and phenolate groups on the suface. Furthermore, at pH 5, adsorption of SMT? is
followed by a partial proton release and results in a competition with
triphenylammonium ion. SMT" and/or SMT* contributions enhanced by n*-n
electron donor-acceptor and Coulomb interactions have been highlighted. Yang et al.
have proved the existence of pH and ionic strength dependent adsorption mechanism
of SMT on MWCNTs, which can be mainly explained by electrostatic and
hydrophobic interactions [105]. The presences of some anions and cations on SMT
adsorption have been also analyzed. Results show that the adsorption is highly
affected by the type of metal cations, the CNT and the pH applied, while anions
insignificantly influence SMT adsorption on different CNT, even at various pH

values.

1.6 Characterization of the complexation of SMT drugs by
cyclodextrins and SMT adsorption on carbon

nanotubes

1.6.1 Fluorescence spectroscopy

The fluorescence property undergoes significant changes upon complexation,
providing an opportunity to study the weak molecular interaction between host and
guest molecules by the highly sensitive fluorescence method. Analyzing the
photoluminescence (PL) spectra of the host, the guest and their complex can
determine both stoichiometry and association constant of the related process. Our
team used this method to investigate several different types of complexes, e.g.
resorcinarene derivatives — neutral phenol guest [106], malvidin — polyphenol [107],

zearalenone — CDs [108].
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1.6.2 Ultraviolet and visible absorption spectroscopy

Ultraviolet and visible (UV-Vis) spectrophotometry is another useful method,
furthermore easily available method for the detection of host-guest complexes. In the
case of SAs it has been found that through the inclusion of the guest molecule inside
the supramolecular cavity, its spectral characteristics can face notable changes
enabling the determination of the stability constant of SA — CD complexes [1,72,38].
Besides that UV-Vis spectra are suitable to determine the pKa values of different

compounds, e.g. SAs [109].

1.6.3 Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) absorption bands changing in shape, shift and
intensity can also clarify the host-guest complex formation. The encapsulation of
SAs with CDs has also been validated by using this method [72,78].

1.6.4 High Performance Liquid Chromatography

Several chromatography methods such as gas chromatography [110] gas
chromatography/mass spectrometry [111], capillary electrophoresis [112], and liquid
chromatography/mass spectrometry [113] are used to determine SAs in different
samples. High performance liquid chromatography (HPLC) is also a suitable
technique for the quantification of SAs, e.g. in honey [114,115], in chicken [116] or

in agauous solution [105].

1.6.5 Molecular modeling
The computation of the host-guest complexes requires large resources. Fortunately,

semi-empirical methods have been found to give accurate estimates of inclusion
complex formation and complex properties [117,118]. In addition, a software to
build and calculate theoretical models of CDs derivatives and their inclusion

complexes also have been reported [119].

17



Chapter 2

2 Objective

Previous studies described the capability of BCD for increasing the solubility of
SMT in aqueous solution and investigated the structure of the complexes by
experimental and molecular modeling techniques. However, contradictory results of
the complex conformation have been reported. The present work aims to get a deeper
look into the biologically important interactions of SMT drug with native and
randomly methylated BCDs to explain the inclusion complex stability and the
stoichiometry in aqueous solutions under different environments. The effects of pH
and temperature on the host-guest system will also be analyzed. The thermodynamic
parameters will be investigated both with experimental methods and molecular
modeling.

The interactions between SAs and CNTs have attracted great attention, due to the
serious ecological risks of these antibiotics. Since SMT is one of the serious
environmental pollutants, in this work, the removal of SMT from water also will be
tested. Based on the interaction between SMT and BCD, a CD containing insoluble
polymer will be investigated to extract sulfamethazine from aqueous solution.
Furthermore, CNTs, earlier successfully used for the adsorption of several
antibiotics, will also be investigated as possible sorbents to remove this drug from
aqueous solution. Systematic analysis will be done to describe the effect of the

number of layers of walls and the effect of the functionalization of CNTSs.
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Chapter 3

3 Experiments

3.1 Materials and methods

3.1.1 Materials

SMT was purchased from Alfa Aesar. BCD, RAMEB and BBP (BCD content in the
BBP: 50 m/m%) were obtained from CycloLab Cyclodextrin Research &
Development Laboratory Ltd (Budapest, Hungary). SWCNTs, DWCNTSs,
MWCNTs, H-MWCNTs and C-MWCNTs were purchased from Guangzhou Heji
Trade Co. (China). The tubes' average diameters are 1-2, 1.3-3,< 8, <8 and <8 nm
and they are about 50, 15, 50, 50 and 50 microns in length with the purity of more
than 90%, 50%, 95%, 95% and 95% in the case of SWCNTs, DWCNTs, MWCNTS,
H-MWCNTs and C-MWCNTSs, respectively. Methanol (spectroscopic grade) was
purchased from Reanal. All the other analytical grade chemicals were purchased
from VWR International Ltd (Debrecen, Hungary). Phosphate buffers with different
pH (2- 10) were prepared in ultrapure water (conductivity < 0.1 uS/cm, Adrona water

purification system).
3.1.2 Instruments

3.1.2.1 UV-Vis spectrophotometry

Specord plus 210 spectrophotometer (Analytik Jena, Germany) was used to record
the UV-VIS spectra. Photon counting method with 0.1 s integration time at 3 nm
bandwidths was used for data collection. The measurements were carried out at
298.2 K. Quartz cuvettes (Hellma, path length 1.0 cm) were used in the
measurements. Phosphate buffers with different pH (2, 5, 7 and 10) were the solvent.
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3.1.2.2 Fluorescence spectroscopic studies

3.1.2.2.1 Determination of the complex stabilities at room temperature

Fluorolog 13 spectrofluorometer (Jobin-Yvon/SPEX, Longjumeau, France) was used
to investigate the fluorescence spectra of the different solutions with high sensitivity.
Photon counting method with 0.1 s integration time was used to collect the data. 4
nm were the bandwidth of the excitation and emission. The PL emission spectra were
recorded using the excitation wavelengths of 280 nm. The measurements were
carried out at 298.2 K. Acrylic cuvettes (Sarstedt, path length 1.0 cm) with right-
angle detection were used in the measurements of the interactions between SMT and

cyclodextrins.

3.1.2.2.2 Temperature-dependent measurements of SMT-BCD and SMT-
RAMEB

Temperature-dependent steady-state fluorescence spectroscopic measurements were

carried out at different temperatures: 298.2 K, 303.2 K, 308.2 K and 313.2 K. The PL

emission spectra were recorded using the excitation wavelengths of 280 nm. Acrylic

cuvettes (Sarstedt, path length 1.0 cm) with right-angle detection were used in the

measurements of the interactions between SMT and CDs.

3.1.2.2.3 Measurement of SMT adsorption on CNTs measurements
Fluorescence spectroscopic measurements were carried out using 280 nm excitation
wavelength at 298.2 K, for SMT with CNTs. Semi-micro quartz cell was used in the

measurements of the interactions between SMT and carbon nanotubes.

3.1.2.3 Fourier transform infrared spectroscopy

SMT, BCD, RAMEB, SMT-BCD and SMT-RAMEB complexes fourier transform
infrared spectra were recorded on Platinum Alpha T FT-IR (Bruker, Germany).
Droplets of samples were used for these measurements. An average of ten scans with

5 cm™?! resolution was applied.

3.1.2.4 High performance liquid chromatography
High Performance Liquid Chromatography (1100 HPLC, HP, Germany) with a UV
detector equipment at 263 nm and reversed-phase Cig column (HP, 5 um, 4.6 mm

inner diameter x 150 mm length) was used to determine the area of SMT in the
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supernatant. The retention time was 2.6 min. The injection volume was 20 pL, the
flow rate was 1 mL min. The volume ratio of the mobile phase was 50: 50 methanol
and ultrapure water. This method is based on Yang et. al. [105], but the eluent
composition was changed to obtain sufficient retention and baseline separation of

SMT from the interfering peaks at the dead time.

3.2 Sample preparations

3.2.1 Phosphate buffer

The mixture of (0.1 M) HsPO4 - (0.1 M) NazHPOg4, (0.01 M) H3PO4 - (0.01 M)
NazHPO4, (0.01 M) KH2PO4 - (0.01 M) NazHPO4 and (0.01 M) KH2POy - (0.01 M)
NaOH were prepared to reach the requested pH 2, 5, 7 and 10 respectively.

3.2.2 The aqueous solution of the complexes

The stock solution of SMT (5000 uM) in methanol was prepared and stored at 277.2
K. For preparing the samples, appropriate volumes of the stock solution were
evaporated under low pressure, then redissolved in phosphate buffers with different
pH (2,5, 7 and10). The SMT concentration was (30 uM) in the absence and presence
of BCD or RAMEB (0-3 mM).

3.2.3 Adsorption of SMT on BBP and CNTs

SMT adsorption on BBP or CNTs was achieved by mixing standard amount (20 pM)
of SMT in the presence of increasing amount (0.0-12.5 mg) of BBP and (0.0-0.5 mg)
of CNTs in 1.5 ml buffered aqueous solution (pH 2, 5 and 7) at room temperature
and stirring for (2 hours for BBP, 1 hour for CNTs). The insoluble BBP or CNTs
were sedimented by pulse centrifugation (15000 rpm, 15 min) and gently 500 pl
supernatant was collected. Then the concentration of SMT in the supernatant was

directly determined by HPLC and fluorescence emission.

3.2.4 Adsorption isotherms

Varying quantities (2.5-100 uM) of SMT with 0.1 mg of BBP or CNTs in 1.5 ml
buffered aqueous solution (pH 2, 5 and 7) at room temperature were stirred for 2
hours. The insoluble BBP or CNTs were sedimented by pulse centrifugation (15000
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rpm, 15 min) and gently 500 pl supernatant was collected. Then the concentration of

SMT in the supernatant was directly determined by HPLC.

3.2.5 Statistical Analyses
Representing mean + SEM values of the data were calculated depending on three
independent experiments. The One-Way ANOVA test was applied with Microsoft

Excel used for statistical analyses. The significant level was set as 99% and p < 0.01.

3.3 Molecular modeling studies

Semiempirical AM1 (Austin Model) method was applied to determine the
equilibrium geometry and the molecular interactions between the SMT molecules
and the cyclodextrin derivatives were examined also experimentally. This
semiempirical method was found to be sufficiently precise to determine at least the
tendencies of the physical parameters along the interaction process and it offers an
appropriate timeframe to examine such large systems as the SMT — BCD complexes.
It must be mentioned here, that semiempirical methods can also implicitly consider
the electron correlation. The interaction was examined along with the change of the
Gibbs free energy, considering the entropy term through the molecular vibrations

calculated in harmonic approximation.

3.3.1 Determination the geometries of SMT and BCD

During the synthesis of RAMEB, the methyl substituents were placed randomly. At
the preparation of the model structure of this host all the OH groups were considered
to be equivalent, thus at the lower or upper rim four or eight methyl groups were
used to replace the hydrogen atoms of -OH groups [see details in Ref 89]. At the
same time, in line with the experiences of Lemli et al. the CD derivatives (RAMEB,
randomly methylated »CD, quaternary ammonium BCD, quaternary ammonium y-
CD) can be considered as charged species of the native molecules [41,120].
Accordingly, the electron donating property of the methyl groups can be considered
as negatively charged BCD or »~CD skeleton, while the electron withdrawing
character of quaternary ammonium moieties can be considered as the positively

charged BCD or »~CD skeleton. However, to confirm that neglecting methyl groups
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does not affect the entropy term, Lemli et al. performed calculations for the entropy
change subtracting the entropy content of the separated species from the entropy
content of the complex for both cases: in the absence and in the presence of the
methyl groups on the CD skeleton. Since the difference in the entropy term was
below 1 percent, they concluded that the vibrations of methyl groups do not affect
the entropy change associated with the formation of the complex. Therefore, in this
work the RAMEB was considered as negatively charged species of the native BCD.
All the geometry optimizations were carried out using semiempirical methods at
AML1 level of theory using Fletcher — Reeves conjugate gradient method with 0.01
kJ/mole convergence criteria.

All of the calculations were performed by the methods described above implemented

in the HyperChem code.

3.3.2 Determination of the thermodynamic parameters of the SMT-

BCD or SMT-RAMEB complexes

In order to determine the thermodynamic parameters of SMT- BCD or SMT-
RAMEB complexes at 298.2 K, the enthalpy change and the entropy change are
considered in the common way as follows (Eq.1 and 2):

AHcompleaxation = HSMT—BCDS - (Hfree SMT + Hfree BCDs) (1)

AScompleaxation = SSMT—BCDS - (Sfree SMT + Sfree BCDs ) (2)
Boltzmann statistics was applied to determine the entropy terms of the species
interacted. The vibrational motions give the larger contribution to the entropy.

Accordingly, after the vibrational frequencies were calculated in harmonic

approximation, the entropy was determined as follows (Eg.3):
hv; /KT .
Syip = R Z {e(hvl/KT) — ln[]_ — e(hVL/KT)]} (3)

Where the vi is the frequency of vibration and T is the temperature (298.16 K).

Geometry optimizations have been calculated by semi-empirical MINDO/3 level
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using HyperChem 8 code. After the total energies of the species interacted
determined by MINDO/3 level, the vibrational-rotational analysis was performed in
harmonic approximation using AM1 approximation.

Neutral aqueous environment was considered by the TIP3P solvation model
implemented in HyperChem code [121]. The TIP3P solvation model considers the
solvent molecules explicitly, i.e. individual solvent molecules are presented in the
simulated system and direct interactions of solute-solvent and solvent-solvent
molecules are considered. This model was developed originally for water and
extended later to other solvents. The different explicit solvation models, so as this
TIP3P model, have their own parametrization, which predicts the physical properties
of the liquid during the calculations. Comparing with continuum models, where the
solvent molecules are considered as a continuous medium and the solvent are
represented usually by its dielectric constant and volume, TIP3P explicitly considers
the solvent molecules. This property offers the chance to consider the
microsolvation, i.e. consideration the interactions raises by the coordination of
individual solvent molecules to the solutes interacted. Therefore, the explicit
solvation models are combined with molecular mechanics, molecular dynamic or
semi-empirical calculations. Considering the huge computational requirements of the
explicit solvent models, in our present case, semi-empirical methods (AM1 and
MINDO/3) have been used for the molecular modeling calculations. First the host,
guest and host-guest complexes were optimized in vacuum, then these structures
were placed into a 30 A x 30 A x 30 A sized cube (Figure 9). The cube was filled
with explicit water molecules. The number of the solvent molecules determined the
algorithm of the TIP3P solvation model implemented in HyperChem code. After
that, molecular dynamic simulation was done for 10 ps at room temperature using
MM+ forcefield to reach the system close to the equilibrium. From this equilibrated
system further calculations in the presence of explicit water molecules for the
complexes and the separated species interacted were performed at MINDO/3 level.
Solvent density is also ensured by this model during the simulations because when
one solvent molecule exits on one side of the cube, another one enters into the cube
at the opposite side. One more reason why we have chosen this model is, that it is

possible to mimic the ionic strength of the aqueous buffer by replacing some water
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molecules by the ionic components of the applied buffer. In our present case HPO4Z,

PO,*, K*, Na* and H3O" ions were considered according to the composition of the

phosphoric buffer solution at pH 7, 5 and 2.
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-

o
[

Figure 9 SMT-BCD complex in the 30 A x 30 A x 30 A sized cube filled with water
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Chapter 4

4 Results and discussions

4.1 The protonation states of SMT molecule

SAs structure contains one basic amine group (—NH-) and one acidic amide group (—
NH-) which resemble pKa: and pKa, respectively. Theoretically, two possible
protonation routes can be considered:

1. Neutral, monoanionic and dianionic

2. Cationic, nonionic, zwitterionic and anionic

From the theoretical point of view both series can be stable in vacuo, while only the
second route is stable in aqueous phase. Therefore, the molecular environment
affects the preference within the two routes. Especially, in aqueous phase the amine
group has the capacity to accept a proton while amide group can release a proton
under specific pH conditions. SMT has the pKa = 2.07 (related to the aromatic
amine) and the pKa2 = 7.49 (related to the sulfonamide nitrogen) [68], although these
values vary slightly with the analysis used, e.g. pKat = 2.65 [122] or pKa2 = 7.65
[123] also has been reported. Based on the first data pair the protonation state for
SMT has been calculated using HySS2009 program [124], to get the species’
concentrations before the investigation. Figure 10 shows the percentage amount of
SMT of the three different species via pH, namely cationic, nonionic and anionic. It
can be clearly seen that at pH 2 cationic and nonionic, at pH 5 only nonionic, at pH 7
nonionic and anionic, while at pH 10 only anionic form are available in agueous

solutions.
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Figure 10 Distribution diagram of SMT*, SMT® and SMT- species as a function of
the pH

4.1.1 Optical spectroscopic properties of SMT
The optical spectroscopic properties of the pure SMT in phosphate buffer have been
investigated first. UV-VIS absorption spectra of pure SMT at four different pH are

plotted in Figure 11.
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Figure 11 Absorption spectra of pure SMT at pH 2, 5, 7 and 10
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Obviously, the different forms of SMT show different absorption properties and
spectral changes are in good agreement with the known acid dissociation constant.
Two characteristic peaks can be obtained at about 280 nm and 310 nm. In agreement
with the literature, according to the absorption behavior of sulfamethizole [1], the
increase of the peak at 280 nm or decreasing the peak at 310 nm reflect the
deprotonation of the -NH> or —-NH- groups upon elevating the pH, respectively.

The fluorescence spectral properties of SMT in different buffer solutions have also
been investigated by recording the PL emission spectra. Using 280 nm as excitation
wavelength, pure SMT showed two emission maxima, (Figure 12): at pH 2, the
emission maxima were observed at 340 and 400 nm, while the strong large peak at
400 nm disappeared with the elevation of pH. Because of this latter peak is
significantly lower and missing above pH 5, presumably, it belongs to the cationic
form of the drug. The weaker peak at the shorter wavelength remains nearly

unchanged in all samples containing nonionic and/or anionic SMT.
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Figure 12 Emission spectra (Aexc =280 nm) of pure SMT at pH 2, 5, 7 and 10
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4.1.2 Protonation states and structures of SMT molecule

The energetically favorable deprotonation route of SMT molecule was determined at
molecular level using molecular modeling calculations. Along with the known forms,
i.e. cationic (SMT"), anionic (SMT?) and nonionic (SMT?), the presence of
zwitterionic form (SMT™) of this drug stabilized on adsorbed state has also been
reported [104]. During the calculations the cationic, nonionic, zwitterionic and
anionic routes have been considered. Figure 13 shows the two deprotonation steps
related to the changing pH from low to high: at low pH the aromatic amine is
protonated, therefore the SMT" ion is presented, but when the pH increases from 2 to
5, the ion will lose one proton and SMT will be nonionic i.e. SMT? or/and
zwitterionic (SMT™), then in higher pH the sulfonamide nitrogen will lose its proton
as a second deprotonation step resulting in the SMT™ ion. Therefore, the SMT present
at pH 5 as a neutral form which includes nonionic SMT® and zwitterionic SMT=,

SMT+ === SMT? == SMT-
1l AG=12.3 kJ mol-

SMT*

e i s ¥ }‘" . 9 }“
Lo o 2€ S8 &% >
" pld AT ST

&
*«
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Figure 13 The energetically most favorable deprotonation routes of SMT (cationic:
left, nonionic: middle, anionic: right, zwitterionic: bottom) determined by MINDO/3
approximation using the TIP3P solvation model for the buffer [125]. Gibbs free
energy between the nonionic and zwitterionic forms suggest the presence preferably

of nonionic form in the solution
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From the calculations in aqueous solutions of buffer, the Gibbs free energy
difference between the nonionic and zwitterionic forms of SMT was found to be 12.3
kJ mol! in this environment, which is comparable with the experimentally
determined value of 15.7 kJ/mol [104]. From the calculated AG value the estimated
amount of SMT* is 0.7 %, which confirms the experimental findings of Shakuri and
Ishimitsu [126], namely, less than 2 % of SMT exist in the zwitterionic form in
aqueous solution. This result suggests the presence of SMT in nonionic rather than

zwitterionic form in the aqueous solution phase.

4.2 Inclusion complex formation between SMT and CDs

4.2.1 Complexation stabilities of SMT— BCD and SMT-RAMERB at
varying pH

Based on our analyses described above we can conclude that under the applied
experimental conditions the SMT are presented in reasonable assume cationic and
nonionic, nonionic, nonionic and anionic or anionic forms at pH 2, 5, 7 or 10,
respectively. In this way, it is possible to analyze the potential differences or the
similarities between the interaction of BCD or RAMEB with cationic, nonionic and
anionic forms of SMT. First, the spectral changes in the absence and presence of
BCD or RAMEB (0-3 mM) were investigated. From Figure 14 a) and b), it is clear
that under acidic circumstances, the emission maxima of SMT appearing
approximately at 340 and 400 nm increased in the presence of CDs and no
significant red or blue shift in the emission spectrum of SMT was observed. For the
later determination of the association constant (see below) related to the complex
formation, both 340 and 400 nm have been selected. With the elevation of the pH
only one noticeable emission peak at 340 nm could be detected (Figure 14 c), d) e),
f), g) and h)) and this peak also increased in the presence of CDs.
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Similarly to our previous studies [127,128], a non-linear fitting method was used to
calculate the association constants of the complex formation based on the
fluorescence emission data for all the experiments performed with the
HyperQuad2006 program package [129]. The following equations are implemented
in the program code:

pCD + qSMT = CD,SMT, 4)

_[cDySMT,]
Pa = [CD]P[SMT]

()
Where p and g are the coefficients that indicate the stoichiometry associated with the
possible equilibrium in the solution. Furthermore, all equilibrium constants are

defined as overall association constants:

CD + SMT < CD SMT _ LCD SMT] 6

e f1 = eoismT) ©
cD L _ [CD SMT,]

+ 2SMT = CD SMT, B, = TCDTSMTT (7

CD + qSMT = CD SMT, B, = [[a; [i 1\;17;]] (8)

The relationship between the overall association constants i and the stepwise

association constants K; is:

ﬁlzKl; ﬁZZKIXKZ; ﬁq:K1XK2 XKq (9)

From the model of the lowest standard deviation, the stoichiometry and association

constants of the complex formation process were determined by data evaluation.
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The logarithm of the association constants (logK) related to the complex formation
between SMT and BCD or RAMEB at pH 2, 5, 7 and 10 were determined as shown

in

Table 1. The data are small (logK ~ 3) and indicate weak but relevant interaction
between the species applied. Furthermore, our earlier works [108,89] showed that
guest molecules with similar size like SMT form a more stable complex with
RAMEB than BCD does because in both directions the extended cavity of BCD by
the methyl groups could offer a more complete and deeper penetration of the guest
molecule inside the methylated BCD. Surprisingly, in the present case, the stabilities
of the investigated CDs’ complexes of SMT were independent from the BCD
derivatives. Accordingly, due to the association constant values (Table 1), it seems
that the process is more sensitive for the ionic form of SMT than the
functionalization of the CDs. Although significant difference only between the
association constants at pH 2 and at higher pH has been found, these data are
indicating that the cationic species of SMT form weaker complex with BCD and
RAMERB than nonionic and anionic SMT molecules.

Table 1 Stabilities (logk+SEM) of SMT-BCD complexes (the unit of K is dm®/mol)

pH SMT-RAMEB SMT-BCD
2.0 2.1%+0.1 2.0%+0.2
5.0 3.1°+0.1 2.9°+0.3
7.0 3.0°+0.2 3.0°+0.2
10.0 3.1°+0.1 2.9°%+0.4

&b Means followed be the same letter are not significantly different (p<0.01).

4.2.2 The possible structures of SMT- BCD and SMT- RAMEB

complexes
Taking into account the three forms (SMT*, SMT?, SMT") presented in the applied
solution phase the most important task was to determine their complexations with

BCD and RAMEB host molecules in the aqueous buffers at molecular level. The

33




computational procedure for a big system is very long, therefore the system was
modified considering the slightly negatively charged cavity of RAMEB molecules by
the negatively charged parent BCD (see details in Chapter 3.3.2). Obviously, it is
reasonable to assume that the electron rich cavity of the parent BCD itself and the
negatively charged RAMEB cavity result in repulsive Coulomb interaction between
the CD host and the anionic SMT guest, which repulsion will reduce the secondary
interactions between the host and guest molecules. However, the interaction between
SMT" and the host molecules are stronger and more stable than the interaction with
the other SMT ionic forms. Analyzing the theoretically determinate structures
(Figure 15) it can be explained as follows: at low pH the cationic SMT molecule
enters into the host cavity with its aromatic amine moiety, while at higher pH with its
methyl substituents. In the former cases, hydrogen bridges between the (guest amine)
N-H ... O (host hydroxyl) which are responsible for the stabilization of the cationic
SMT form, while in the latter cases, the hydrogen bridges between the (guest methyl)
C-H ... O (host hydroxyl) moderate the weak interactions between the host and
guest. In this way, it can be concluded that electrostatic forces are responsible for
these unexpected results which orient SMT compound before penetrating inside the
BCD cavity. Additionally, this pH dependent orientation of the guest molecule in the
complexes can explain the earlier contradictory description of the SMT-CD
structures. Those results are based on combined NMR and molecular modeling
results and described the complex structure as the inclusion of the aniline moiety [1],
or the inclusion of the pyrimidine ring [90] through the CD cavity was found.

Figure 15 Equilibrium conformation of SMT-BCD complexes. a) SMT molecules
with their aromatic amine moiety and b) with their methyl groups enter into the

cavities of hosts
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4.2.3 Thermodynamic studies

Temperature dependent PL measurements have been done with the aim to study how
the association constant of the complex formation between SMT and BCD or
RAMEB depends on the temperature at different pH. The logarithm of the
association constant at four different temperatures between 298.2 and 313.2 K are
summarized in Figure 16. Although the association constants of CDs’ complexes
generally decrease with the elevation of the temperature [130], our earlier work [89]
shows an example for the opposite tendency. In the present case with the elevation of
the temperature the complex stability increased and decreased at pH 2 and 7,
respectively. This means that the presence of SMT* at pH 2 and SMT" at pH 7
contrary affects the stability of the complex. At pH 5 only the neutral form of the
guest are in a considerable amount, and the association constants at room
temperature related to the SMT — CD complexes show no significant changes in the
functionalization of the BCD molecule by methyl groups (log K = 2.9 vs. log K
=3.1). Therefore, it is surprising that at pH 5 the substitution of the BCD affected the

dependence of the complex stabilities on the temperature.

Due to the weak interactions between the molecules, the dependence of complex
stabilities on the temperature is slight and indicates that the enthalpy change is low.
To get more information about the related process, the thermodynamic parameters
have also been determined using the van’t Hoff plot (Figure 16) and applying the
van’t Hoff equation (Eq. 10):

AG AH AS
- =} 10
InK RT RT+ R (10)

AH and A4S are the enthalpy and entropy changes of the complex formation, and 4G
is the Gibbs free energy change. R stands for the gas constant, while T is the

temperature in Kelvin.
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Figure 16 van’t Hoff plots of complex formation between SMT and BCD or

RAMEB at pH 2,5and 7

Table 2 Thermodynamic parameters associated to the formation of SMT-CD

complexes. Data are determinate based on temperature-dependent fluorescence

spectroscopic measurements. (44 [k mol™], 45 [J K mol™], 4G2es  [kJ mol™])

+SEM
Host
_ pH AH AS AG298 K
Species
BCD 5 15.44+0.8 90.04£2.5 -11.4£1.5
RAMEB 18.94+0.8 102.7£2.6 | -11.7+1.6
BCD 5 2.24+0.5 63.3+1.7 -16.7£1.0
RAMEB -6.4+1.0 37.243.3 -17.5£2.0
BCD . -2.2+0.5 51.0+£1.7 -17.3+1.0
RAMEB -8.5+1.2 28.8+£3.8 -17.1£2.3
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Thermodynamic parameters are summarized in Table 2. The complex formations of
SMT with BCDs were spontaneous, because of the negative AG values. At pH 7
results show that association was exothermic, while at low pH (pH = 2) endothermic
molecular association was obtained. Furthermore, at pH 5, the methyl group of BCDs
changed the endothermic character of the complex formation to exothermic.
Furthermore, positive entropy change was observed for each complex formation,
however, it was compensated by the enthalpy change. The solvation shell released
when the SMT molecule entered the CD cavity and this probably caused the entropy
increase during the association reaction. Moreover, the removal of more or less water
molecules from the solvation shell regarding the molecules interacted during the
formation of complexes, thus, higher entropy. When the pH is high, the entropy
changes decreased, which may be related to lower releasing water molecules from
the solvation shell of SMT molecules, because the stabilization is also supported by
the attractive Coulomb forces between the negatively charged SMT and the dipole
moments of the solvent molecules. The correlation between the enthalpy and the
entropy changes can be explained by the changes of the solvation shell of guests,
since the removal of less water molecules from the solvation shell requires less
energy. This description agrees with the enthalpy-entropy compensation and
highlights that the exothermicity of molecular association usually restricts the
movement of the constituents, thereby causing increasing entropy loss.

Table 3 Thermodynamic parameters associated to the formation of SMT-CD
complexes. Semiempirical MINDO/3 method with TIP3P solvation model is applied.
(4H [kJ mol™?], 48 [J KT mol?])

guest’s charges

host
host +1 0 0 -1
species simulated | (cationic) | (nonionic) | (zwitterionic) (anionic)
as

AH | AS | A4H | 4S8 AH 48 AH a8

BCD 0BCD |16.3| 930 | 9.3 | 78.2 5.4 68.4 -3.7 47.5

RAMEB | -1BCD |19.1 1054 |14.3| 99.7 | -8.7 35.2 -9.4 26.4
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In order to interpret the BCD functionalization dependent opposite enthalpy change
at pH 5, the thermodynamic parameters of the complex formation have been
determined using molecular modeling methods. These theoretically calculated
thermodynamic parameters (Table 3) are in good agreement with the experimental
data (Table 2). It is clear that all entropy data of the interactions are positive, but the
entropy value decreased for the anionic form of SMT with CD. This result may be
due to three causes: 1. SMT molecules totally or at least partly lose their hydration
shell. 2. It is expected to remove the solvent water molecules from the host’s cavity
before the complex formation. Both causes increased entropy. 3. Probably the
presence of hydration shell surrounding the anionic SMT is more stable, therefore the
entropy gain decreases for the anionic SMT form with CDs interactions. The
dehydration process leads to combining the SMT and part of the CD by hydrogen
bond formation. Dehydration requires energy, but this energy is compensated by the
entropy arising from the increasing freedom of the water molecules after the
dehydration. This description is supported by the good agreement between the
measured and calculated thermodynamic parameters.

Obviously, during the calculation of SMT-CD complex structures, we found that in
the case of RAMEB, the formation of the zwitterionic form of SMT is significant.
When the guest molecule enters with its aromatic amine moiety into the RAMEB
cavity, the proton is transferred from the sulfonamide to the amine moiety. This
tautomerization of SMT enhanced by the Coulomb interaction of the proton with the
negatively charged cavity of the host. This finding can explain the experimentally
found negative enthalpy change related to SMT-RAMEB complex formation at pH
5. To justify this theoretically found conception, simultaneous analysis of the

complexation behavior was carried out using FT-IR spectroscopy.

38



v
1
=) J
= Pl
— 0.7 D
I B Vo
= T Vo
Io el v 2812om"’ \ 4
— 1 1
E 0.5 11 1103 om’
1
2 1 o - - - RAMEB
o 947 ! — SMT + RAMEB
S
I, seeas
= | SMT

ot
w
1 "

0.2 : T g T : T g T : T E T u 1
500 1000 1500 2000 2500 3000 3500 4000
Wavenumber [cm'1 ]

Figure 17 Infrared spectra of SMT-RAMEB complexes

As excepted, our results are in agreement with the IR analyses of SMT-BCD
complexes prepared by Zoppi et al. using freeze-drying method [78]. In good
agreement with our results they also found that the characteristic bands of SMT
shifted and are more or less intense in the presence of BCD. FT-IR spectra of the
SMT-RAMEB complexes and the interacting species gave additional information on
the complexation process and support our idea described above. Figure 17 shows that
significant changes of two characteristic vibrations of SMT molecules were observed
due to the complexation with RAMEB host as follows: the belting vibration of SNH
bond angle at 1103 cm™ which is related to sulfonamide moiety disappeared, at the
same timethe bond stretching, which is related to the aromatic -NHs" appeared at
2812 cm™. These changes are regarding the stabilization of the zwitterionic form of
SMT in the RAMEB cavity. This behavior has been observed in the case of the
RAMEB but has not been found in the spectra related to the complexes of BCD host.
This information is in agreement with our experimental result and supports the

theoretical findings of SMT*- RAMEB complexes.

4.2.4 Driving forces of the complex formation SMT and BCDs

The thermodynamic parameters derived from temperature-dependent spectroscopic

measurements are constant in the temperatures range (298.2-313.2 K). Furthermore,
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these data reflected the way how the association constants have been determined and
the temperature-dependent change of the association constants values. Due to the
choice of the spectroscopic method for investigation the stabilities of the complexes
and depending on the environmental conditions, it is important to study the details of
the environment around the guest when the molecule enters from the polar aqueous
media into the hydrophobic cavity of the CD, thus, the related enthalpy changes and
entropy change explains the complex formation without solvent interaction in the
bulk phase. In this work, the fluorescence spectroscopic measurements and van’t
Hoff equation have been applied to determine the thermodynamic parameters.
Isothermal titration calorimetry (ITC) is the accurate technique for directly
measuring thermodynamic properties of host-guest complex formation, however
relevant experiments showed [87] that in the case of CDs’ complexes the
thermodynamic parameters derived from spectroscopic data or measured directly
with ITC are almost similar and the difference between the two methods is slight.
Therefore, the following interpretation of our data is relevant.

The possible mechanisms, which are acting as driving forces and are responsible for

the stabilities of the host-guest complexes of CDs, include [25]:

- Electrostatic interaction,

- hydrophobic interaction,

- van der Waals interaction,

- hydrogen bonding,

- charge transfer interaction and

- removal of the water molecules from the hydrophobic cavity of the CDs to the
bulk phase.

Thermodynamic parameters explain the contribution of the SMT species’
desolvation and various types of noncovalent interactions listed above. In fact, van
der Waals force and hydrogen bonding or hydrophobic interaction in the complex
formation play a role for both negative and positive enthalpy and entropy changes,
respectively. On the other hand, electrostatic driving forces combined with hydrogen
bonds of ionized groups are responsible for the higher negative values of AH

combined with positive AS [131]. It is important to study the tendencies observed in
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the thermodynamic parameters, losing the proton of SMT ions which change the
ionic form in the order SMT*, SMT?, SMT, and this change leads to a decrease of
enthalpy and entropy. According to this principle, taking into account the attractive
forces between the anionic cavity of the host and the cationic guest at pH 2, highly
negative enthalpy changes should be observed in vacuo, but the guest desolvation
needs energy more than it produces during the association of SMT with the CD, so
positive enthalpy changes can be observed. Furthermore, the increase in the entropy
returns to break down of the solvent molecules in the solvation shell, thus these
molecules become free and increase the entropy. At pH 5, the neutral form of SMT
is available. Due to the low solvation shell stability, then much less energy is needed
for destroying the shell, consequently, the enthalpy change of the complexation is
lowered rather than the weaker contribution of the attractive Coulomb forces.
Moreover, the same effect on the entropy is present, i.e. the lower stability of the
solvent molecules in the solvation shell surrounding the guest assumes higher
entropy content of the solvent molecules prior to complex formation which property
causes lower entropy gain during the interaction with the CD hosts. At pH 5,
zwitterionic form of SMT is presented in a special case, i.e. SMT*- RAMEB
complex. The presence of SMT* affects the complex formation however, and this
probably enhances the decrease of the enthalpy when the positively charged -NHs*
group of SMT interact with the highly negatively charged cavity of the RAMEB
while the negative sulfonamide nitrogen of SMT interacts with the positively
charged methyl groups of the host. Overall, at pH 5 the competition will be between
three effects (Coulomb interaction, desolvation of the guest prior formation of the
complex and the formation of zwitterionic derivative of the SMT). At pH=7 two
forms of SMT, neutral and anionic are present in aqueous solution. The complex
formation explains the complex stabilization effect of the deprotonated SMT
nitrogen on the additional decreasing of the two enthalpy and entropy changes.
Furthermore, to gain details of the competition effects of the complexation processes
above, enthalpy — entropy compensation has been analyzed. The enthalpy-entropy
compensation exhibits a linear relationship between thermodynamic parameters.
This compensation attracts scientists’ attention as it is an unresolved phenomenon in

chemical thermodynamics [132,133]. Figure 18 shows the AH vs. A4S plot for SMT-
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CD complexes analyzed in the present work. The plot includes the experimentally
and the theoretically determined data. The temperature range of the measurement
investigated is small (298.2-313.2 K), but the compensation temperature determined
from the slope of the good straight line (387 K and 374 K experimental and
theoretical data, respectively) are far from the average temperature. This small
difference could arise from the indirect determination of the thermodynamic
parameters based on spectroscopic measurements. Furthermore, the difference
between the AG values (~6.1 kJ mol! in the present systems) brings the

experimental and compensation temperature farther [134].

201 w  experimental data (R*=0.99) 1]
1 ® theoretical data (R=0.98) <
15- i
¥ T ' T ¥ T % T s 1
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Figure 18 Enthalpy-entropy compensation plot of SMT- BCD and SMT-RAMEB

complexes

The compensation effect refers to the behavior of a series of closely related chemical
reactions. Obviously, in the supramolecular chemistry systems, especially in CD
molecules, the enthalpy-entropy compensation was investigated 20 years ago and
more than 1000 thermodynamic values of the inclusion complexes of native and
chemically-modified CDs were studied [21]. Depending on the studies of the
enthalpy-entropy compensation plot of native and modified CDs or the a-, /- and -
CDs, it was found that the linear relationship and the slope of the straight line could

be affected by the variance between the conformational change of the native and

42



modified CDs caused by the desolvation of both CDs and guest molecules, and by
the ring size and flexibility. In previous works [25,132], the compensation
consequence is mostly interrupted by the changes in the level of hydration and
restructuring of the solvent molecules. The significant effect of the solvent is not
new, since solvation is recognized to affect the electronic structure of molecules and
then affects the interactions between electrons of different atomic or molecular
orbitals, accordingly, it also affects the molecular interactions, particularly when they
are weak [135,136]. In our present study, if the anionic SMT form molecule keeps
the part of its solvation shell, then the higher ordered structure of the complexes
(included by its solvation shell) explains the deprotonation enhanced gain entropy
decreases. Because there is no significant difference or clear difference, it is difficult
to distinguish between the cavity size and elasticity of BCD and RAMEB and the
richness of the enhanced electron-enhanced aspect of the methylated CD will have an
adverse effect on the results that have emerged, and we can explain the differences in
the small entropy term by the weak solubility of the BCD. (Because there is highly
arranged water molecules in their melt shell) [14]. As it is known, when guest
particles enter the CD cavity, the reaction (at least in part) greatly affects the solvent
cortex of the host and may result in a weakening of the CD solvent molecule. This is
similar to our previous findings [89], when the solvent molecules leave the host’s
cavity, reorganization of the more ordered BCD-water structure results in a higher

entropy change vs. the less ordered RAMEB-water system.

4.3 SMT removal from aqueous solutions by water

insoluble nanomaterials

SAs have been found in water, which originate from human and animal waste.
Therefore, it is necessary to use some effective substances that have the ability to
remove these pollutants by adsorption on their surface. For this purpose, we studied
the SMT adsorption onto the surface of BBP and CNTs by applying adsorption

isotherm models.
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4.3.1 Adsorption behavior and mechanisms

The adsorption of drugs on the nanomaterial surfaces commonly determined using
one or combination of the following methods:

1- Adsorption isotherms

Adsorption isotherm is the graph between the amounts of adsorbate (x) adsorbed on
the surface of adsorbent (m) and the pressure at constant temperature. The isotherm
model describes the calculation of the theoretical adsorptive capacity which is the
most important indicator for evaluating the adsorbent. The Langmuir, Freundlich,
Redlich-Peterson, Temkin, and Dubinin-Radushkevich models are used to describe
the adsorption behavior of drugs on nanomaterials [137-139].

2- Adsorption Kkinetics

Essential information on kinetic mechanisms can be given by kinetic models to
describe the conversion during biomass gasification, which is crucial in designing,
evaluating, and improving gasifiers [140]. Kinetic models are accurate and detailed,
but also computationally intensive. In general, pseudo-first order, pseudo-second
order, Elovich, and intraparticle diffusion models give precise fitting of the
adsorption kinetics of aqueous moved by carbon based nanomaterials [141, 142].

3- Adsorption thermodynamics

Thermodynamic equilibrium models, such as models of chemical reaction
equilibrium, are regarded to the minimization of the Gibbs free energy of the system.
The adsorption thermodynamics of the drugs can be determined by calculating Gibbs

free energy, enthalpy change and entropy change [143,144].

In this work the analysis of adsorption isotherms were chosen to describe the
possible removal of SMT from aqueous solution using BCD containing polymer or
carbon based nanomaterials using Langmuir (Eg.11) and Freundlich (Eq.12)
adsorption models:

qo = (Qo X K, X Ce)/(1 + K, X Cp) (11)

1
qo = Kp x C, % (12)

Where qo (mg g?) is the adsorption at the equilibrium, Qo (mg g) is the maximum

adsorption capacity, C. (mg g?) is the equilibrium concentration in solution, K. (L

44



mg) is the affinity parameter, Ke (mg g (L mg?) ™) is the adsorption coefficient,
and n is the adsorption constant as an indicator of isotherm nonlinearity.

4.3.2 Adsorption of SMT by insoluble BCD bead polymer

Previous studies demonstrated that based on the formation of stable host-guest
complexes, the guest molecule can be effectively removed from aqueous solution
using insoluble BCD polymer [see e.g. 41]. However, it is not possible to estimate
the adsorption capacity of the polymer based on the association constant related to
the BCD-guest complex. Therefore, the efficiency of BBP to remove SMT from
aqueous solution has also been tested. In the first step standard amount of SMT was
added to increasing amount of BBP at pH 2, 5 and 7. Although Figure 19 a) shows
that BBP is removed only a small amount of SMT from aqueous solution, the
adsorption isotherms of SMT onto BBP was also tested (Figure 19 b). Table 4
summarize the determinate adsorption isotherm parameters for SMT by BBP at
different pH. No preference was found between the Langmuir and Freundlich models
with high R? values varied in both cases between 0.91 and 0.95. The heterogeneity
indexes are close to 1 indicating a relatively homogenous sorption. The maximum
quantity of the drug bound per gram of insoluble polymer is the highest at pH 5,
however, all of the data are small which indicates that BBP has low efficiency

towards SMT under the applied environmental conditions.

Table 4 Langmuir and Freundlich adsorption isotherm parameters of (SMT)
adsorption by BBP at pH 2, 5 and 7. Qo, K., Kr and n! are + SEM

Kr(mg g™
PH | Qo(mgg?) | Kubmg?) | RE )t | R
2 01+004 | 0301 |0969 | 003:0.03 |0.8:0.1 | 0.947
5 01+002 | 05:05 | 0988 | 005:0.02 | 0.6:0.1 | 0.977
. 01:006 | 01:0.1 |0964 | 002:0.01 |08:0.1 | 0.953
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Figure 19 HPLC measurement for a) SMT (2 uM) adsorption on BBP (0-12 mg) and
b) adsorption isotherm plot for SMT (0-12.5 uM) by BBP (2.5 mg) at pH 5

4.3.3 Adsorption of SMT onto insoluble CNTs

Because of the slight SMT adsorption onto the insoluble BBP, another group of
adsorbents is tested to remove SMT from the aqueous solution. CNTs were found to
be an effective adsorbent for several inorganic and organic compounds [54,55],

therefore, these nanomaterials have been tested to extract SMT from water.
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Since we had experience on the spectral properties of SMT, our first idea was to
follow the adsorption process using fluorescence measurements. For the purpose of
verifying the results obtained from the fluorescence emission method, we measured
the compounds with HPLC for comparison and to ensure the accuracy of the results.
Obviously, the adsorption of SMT on MWCNTs or H-MWCNTs showed big
difference between fluorescence emission and HPLC measurements (Figure 20).
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Figure 20 The fluorescence intensity of the free SMT in the supernatant at pH 2, in
the absence or presence a) MWCNTS or ¢) H-MWCNTSs mass (0-0.5mg),
Fluorescence and HPLC measurements for SMT (20uM) with b) MWCNTSs or d) H-
MWCNTSs, (0-0.5 mg) interaction at pH 2 and 298.2K

The low intensity of the adsorption observed by fluorescence measurement may be
due to the production of the CNTs materials. As written in the materials section
(3.1.1), such as MWCNTSs, that the purity of it is 95%, so the 5% contain other
aromatic compounds and amorphous carbon. These materials could remain in the

solution, and then this part disturbs the PL intensity measurement and gave negative
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effect on the adsorption process of SMT on the CNTs. Furthermore, in the sample
preparation methods, although centrifugation was used to separate the solution which
contain the free SMT in the supernatants from the CNTs, but this method is probably
not enough to remove all the CNTs from the solution. Despite our efforts, we did not
find the right filter to work around this problem with a filtration step before the
measurements. Fortunately, HPLC measurements solved this problem with the
separation of the different materials on the column. Accordingly, HPLC was

recommended for more precise measurements.

In this work systematic analyses have been done to investigate the effect of the
number of layers of walls and the effect of the functionalization of the CNTSs.
Therefore, five different types of CNTs were used as adsorbent of the SMT
molecules to compare their adsorption capacity. To determine which CNTs are the
most suitable for effective removal of SMT from aqueous solutions by minimized
mass of adsorbent, we applied different CNTs with the same mass and used constant
concentration of SMT. Under the same conditions, at 298.2 K and at pH 2, 5 or 7 the
SMT adsorption have been monitorized. Figure 21 a), b) and c) shows that increasing
the amount of CNTSs leads to considerable decrease in the presence of SMT in the
solution phase. The SWCNTSs can start adsorbing with amount less than 0.01 mg, and
reaching the equilibrium by adsorbing the maximum amount of SMT using
maximum mass 0.4 mg from SWCNTSs. Therefore, SWCNTs were found to be the
most appropriate CNTs to adsorb SMT, but it is not surprising because SWCNT has
the largest specific surface area. Nevertheless, considering the prices of the CNTSs,
the possible application of the more cost effective functionalized or nonfuctionalied
MWCNTSs should not be discarded.

4.3.3.1 Adsorption isotherm of SMT on the CNTs

To obtain the highest adsorption capacity of the five different CNTs, the Langmuir
and Freundlich models were applied to explain the difference between the CNTs and
the ionization states of the antibiotic SMT (Figure 21b), d) and f)). The data
calculated from the fitted isotherms are summarized in Table 5.

The interaction between SMT and CNTs must take place by various molecular level

interactions, namely electrostatic interactions, Lewis acid-base, van der Waals
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interactions, hydrophobic interactions, hydrogen bonding, electron donor-acceptor
interaction and z-z interaction. Yang et al. found [105] that the main driving force
during the adsorption of SMT onto MWCNTS is electrostatic interaction.

Table 5 a) Langmuir and b) Freundlich model for adsorption isotherm parameters of
(SMT) adsorption by SWCNTs, DWCNTs, MWCNTs, H-MWCNTSs and C-
MWCNTSs. Qo, KL, Kr and n! are =+ SEM

a
SMT-CNTs pH Qo(mg g?) KL (L mg?) R?
2 426.3+80.1 0.1+0.0 0.985
SMT-SWCNTs 5 302.5+£33.8 0.2+0.1 0.977
7 285.1+£39.0 0.2+0.1 0.965
2 102.1+£25.5 0.1+0.0 0.921
SMT-
5 82.3£12.2 0.1+£0.0 0.943
DWCNTs
7 49.7+6.3 0.6+0.3 0.759
2 85.3+£8.3 0.4+0.2 0.908
SMT-
5 81.5+£3.3 0.6+0.1 0.947
MWCNTs
7 58.5£3.5 0.7+0.1 0.878
2 45.1+3.6 0.5+0.2 0.894
SMT-H-
5 91.849.2 0.2+0.0 0.965
MWCNTSs
7 15.0£1.3 0.5+0.2 0.858
2 105.0+19.7 0.2+0.1 0.890
SMT-C-
5 111.6+7.6 0.1+0.0 0.986
MWCNTs
7 26.8+1.0 1.1+£0.2 0.955

49



Ke(mg g?
SMT-CNTs | pH F(mg g nt R?
(Lmgw)
2 31.1+2.0 0.7+0.0 0.995
SMT-
5 4.5+7. .6+0.1 97
SWCNTS 54.5+7.0 0.6+£0 0.970
7 49.5+8.5 0.6+0.1 0.945
2 10.54+2.6 0.6+0.1 0.938
SMT-
5 11.9+2.1 0.5+0.1 0.954
DWCNTs
7 18.3t4.4 0.3+0.1 0.738
2 26.3+£5.2 0.4+0.1 0.873
SMT-
5 36.6+6.6 0.3+0.1 0.771
MWCNTs
7 23.0+4.1 0.3+0.1 0.788
2 16.8+1.3 0.3£0.0 0.966
SMT-H-
5 13.3+£2.6 0.6+0.1 0.954
MWCNTs
7 5.8+1.2 0.3+0.1 0.752
2 18.3+£3.7 0.5+0.1 0.936
SMT-C-
5 17.4+2.4 0.5+0.1 0.970
MWCNTs
7 13.7£1.8 0.2+0.1 0.784

In our present case, the maximum adsorption of SMT on CNTs was 426.3 mg g at
pH 2 using SWCNTSs. The reason is attributed to the combination of the large surface
area of the SWCNTs and the electrostatic interaction controlled by ionic states of
SMT. In good agreement with the adsorption properties of oxytetracycline and
ciprofloxacin onto CNTSs [96], our results show the adsorption sequence of CNTs in

the presence of SMT is as follows SWCNTs > DWCNTs > MWCNTS.
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Figure 21 Extraction of SMT from aqueous solution using SWCNTs, DWCNTS,
MWCNTSs, H-MWCNTSs or C-MWCNTSs. Effect of increasing amount of CNTs
(0.00, 0.01, 0.05, 0.10, 0.20, 0.30, 0.40 and 0.50 mg/1.5 mL) on the SMT (initial

concentration 20 uM) content of phosphate buffer a) at pH 2 ¢) pH 5 and e) pH 7.

Langmuir and Freundlich isotherms for the SMT adsorption onto CNTSs in phosphate
buffer b) at pH 2 d) pH5and f) pH 7

pH also influences the adsorption properties of SMT onto CNTs. SMT has different
protonation form at different pH, while the pH changes play a key role in surface

charge characteristics of the adsorbent. According to currently reported data in the
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literature, on the nanosurface the SMT is in ionic forms, namely cationic,
zwitterionic and anionic controlling by pH [104]. It means, at pH 2, where the
cationic and neutral forms are presented in the solution phase, cationic and
zwitterionic forms are adsorbed onto the CNTs’ surface. Regarding the acidic
condition, the electrostatic interaction and hydrogen bonding would be increased due
to the increment of the hydrophobicity, solubility and ionization of antibiotics, but
SWCNTs are the maximum adsorption capacity due to their large surface area and
the highest electrostatic interaction [145]. At pH 5, where the SMT is in the neutral
form in the solution phase, the adsorption capacity is lower than at pH 2. At pH 7 the
adsorption capacity is the lowest because of the electrostatic repulsion between the
negatively charged surface of the adsorbent and the anionic antibiotic presented at a
significant amount under these environmental conditions [146]. Furthermore,
DWCNTs and MWCNTSs play the same role as SWCNTSs, which means the best pH
for removal SMT in order are pH 2 > pH 5 > pH 7. These results are in agreement
with the earlier reported findings that the increase of the pH decreases the adsorption
of SAs [147,98].

The effect of the CNTs’ functionalization also has considered and reduced adsorption
capacity has been found in the case of H-MWCNTSs. Earlier findings [105] showed
that the functional -OH groups reduce the hydrophobicity of the CNTs, which is
considered as one of the mechanisms controlling the drug adsorption onto the CNTs.
Moreover, the phosphate buffer solution includes many ions that can interact with the
functional group. When the functional group adsorbs both sodium and potassium
ions, they may increase the diffusion resistance and inhibit the drug adsorption onto
the CNTs surface [148, 149]. Furthermore, the water solvent molecules surrounding
the CNTs’ surface may form a solvent shell around the functional group, which also
reduces the adsorption capacity of CNTs [150]. Comparing H-MWCNTs and C-
MWCNTSs the lower adsorption capacity of H-MWCNTSs because -OH decrease the
hydrophobic interaction with SMT less than -COOH group [151] and -COOH makes
C-MWCNTSs an electron acceptor, as long as, -OH group makes H-MWCNTSs an
electron donor resulting an enhanced adsorption capacity of C-MWCNTSs [152].
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Chapter 5

5 Conclusions

Sulfamethazine is a member of sulfonamides antibiotic group containing sulfanilic
amide groups, which is used to treat humans and animals to prevent certain
infections and improve their antibacterial ability. Unfortunately, this type of drug is
poorly soluble in aqueous solution, and the transferring of the sulfonamide in the
living body systems by encapsulation with molecules such as BCDs improves the
efficacy of the drug. Many efforts have been made but the details about the
properties of the drug were missing. To get deeper insight into the encapsulation
processes, pH and temperature dependence of the interactions of SMT with the
native and randomly methylated BCDs at a wide pH range (2-10) have been
investigated using optical spectroscopic methods and molecular modeling

calculations. Our major observations and conclusions are the following:

e Sulfamethazine formed weak but stable complexes (logK ~ 3) with native and
randomly methylated g-cyclodextrin under different environmental conditions.
Although the functionalization of the p-cyclodextrin host molecule by methyl
groups does not affect considerably the complex stabilities, the association
constants differ significantly only between acidic conditions (pH 2) and at
elevated pH (5-10). Based on this finding the relationship between the estimated
complex stabilities at room temperature are the following: SMT™ — BCD ~ SMT"
— RAMEB < SMT? — BCD ~ SMT? - RAMEB ~ SMT" — BCD ~ SMT" —
RAMEB.

e From the thermodynamic point of view both the spectroscopic measurements
and the molecular modeling studies highlight the importance of the
reorganization of the solvent molecules. Furthermore, the values of
thermodynamic parameters are affected not only by the desolvation of the

species interacted but also by the different kinds of noncovalent interactions
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(electrostatic interaction, van der Waals interaction, hydrophobic interaction,
hydrogen bonding). The presence of competition of the noncovalent interactions
and hydration/dehydration processes was confirmed by the analysis of enthalpy
— entropy compensation.

pH-affected structures of the complexes have been found: the sulfamethazine
molecule enters into the cyclodextrin cavity with its aromatic amine moiety or
with its methyl substituents at low or higher pH, respectively. This result
explains the contradictory findings of the complex structures published earlier.
Molecular modeling calculations indicate the possible tautomerization of
sulfamethazine molecule after entering into the randomly methylated p-
cyclodextrin cavity. The formation of zwitterionic sulfamethazine in the host

cavity has been supported experimentally by FT-IR measurements.

Moreover, SMT considered as one of the environmental pollutants, particularly in the

waste water and drink water. SMT extraction from aqueous solution has been tested

with the assistance of two different nanomaterials: based on the interaction of SMT

with BCD, BBP, an insoluble BCD containing polymer, was tested as the possible

SMT binder. Furthermore, CNTs used for the removal of inorganic and organic

compounds and SMT adsorption has also been detected by the adsorbent CNTSs.

Therefore, to investigate the properties of their interaction, systematic analyses of

SMT adsorption have been carried out by 5 types of CNTs. The effect of the number

of layers of the CNTs’” walls and the functionalization of the CNTs have been

described. Our major observations and conclusions are the following:

The insoluble p-cyclodextrin bead polymer is not applicable to remove SMT
from aqueous solution effectively. The sulfamethazine-binding ability of this
polymer was significantly lower than it was expected on the basis of stability of
SMT — BCD complex.

Carbon nanotubes are capable of effectively decreasing the SMT content of
aqueous solution in pH 2, 5, and 7. According to the pH the following order of
efficiency for the removal of sulfamethazine from aqueous solution was found:
pH 2 > pH 5 > pH 7. The electrostatic interaction between the SMT molecule
and carbon nanotube surface is known to be the driving force of the adsorption,

54



therefore the adsorption of cationic and neutral forms of the drug molecule are
higher than the anionic form.

e Both functionalization and the increase of the side wall of the nanotubes
decrease their adsorption capacity. Therefore, among the 5 different types of
carbon nanotubes investigated, the SWCNT is the most suitable to extract SMT
from aqueous media under the range of the environmental conditions

investigated.

Based on the findings above my plans for the future works are: to carry out similar
investigations for the wide spectra of sulfonamide family. To get a good comparison
between the sulfonamide family members, especially sulfonamide derivatives at
different pH and temperatures experimentally and theoretically will be studied in

addition to their adsorption capacity on the surface of different types of CNTSs.

These observations might be relevant for the preparation of orally administered
products of sulfonamide-cyclodextrin complexes and they can be useful remove
these drugs from contaminated beverages e.g. from drink water.
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Appendix

Sulfonamides
Abbreviations
Structure formulas

pK values

Sulfamethazine
C12H14N4O2S
pK31:2.36, pKa2:7.38 [70]

Sulfadiazine
C10H10N402S
PKa1=2.0, pK42=6.37 [70]

Sulfathiazole
CoHoN302S,
pKa1=2.01, pKx2=7.11 [68]

Sulfamerazine
C11H11N4025Na
pK31:2.26 pKa2:7.06 [70]

Sulfadimethoxine
C12H14N4O4S
pPKa1=2.13, pKa2=6.08 [68]
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Sulfamethoxazole \\S¢O CH,
C10H11N303S \NHﬁ
PKx1=1.85, pKs2=5.6 [68] N N—C
2
Sulfanilamide NH,
CoHeN2025 H2N—©7S|:O
PKa1=2.36, pKs2=10.43 [70] I
Sulfisoxazole o H G
N0 CH,
C11H13N303S \ 74
NH |
PKa1=1.55, pKs2=5.1 [70] N
H,N
Sulfapyridine O\ o
% =
C11H11N30.S \
NH \ /
pK31:2.58, pKa2:8.43 [70] N
H,N
Sulfamonomethoxine O\\ o O—CHj
N
C11H12N4NaOsS . —
Ka=2.0, pKa2=5.9 [70] NN
PRa1=2.U, pKRa2=2. HN N
Sulfamethoxypyridazine O\\ ¢o
S ———
C11H12N40O3S \NH \ / O\
pKa1=2.06, pKa2=6.09 [70] N—N CHs
H,N
Sulfamethizole \\840 \
CoH10N402S; \NH{ /'K
pKa1=2.00, pKs2=5.45 [70] H,N ST ch,
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Table 6 a)The Langmuir and b) Freundlich model fitting adsorption isotherm
parameters for adsorption of SMT, sulfapyridine(SPY) and sulfamethoxazole (SMX)
by MWCNTSs, H-MWCNTs, C-MWCNTSs and pristine-MWCNTSs ( P-MWCNTS).
Qo, K, Kr and n't are + SEM of the ref.

a

SMT-CNTs pH Qo(mgg?) | Ku(Lmg?) | R? Ref.

SMT-P-MWCNT | 5.0+0.1 38.1+£0.6 0.07£0.00 | 0.995 | [105]
SMT-H-MWCNT | 5.0+0.1 27.3£0.4 0.04+0.00 | 0.998
SMX-*MWCNT 3 98.0 0.2 0.995
SMX-*MWCNT 5.6 82.2 0.3 0.989
SMX-*MWCNT 7 48.8 0.2 0.992

SMX-*MWCNT 9 18.6 0.0 0.987 | [98]
Spy-*MWCNT 3 108.6 0.2 0.961
Spy-*MWCNT 5.6 102.1 0.2 0.974
Spy-*MWCNT 7 94.5 0.13 0.968
Spy-*MWCNT 9 83.2 0.2 0.971

*functional groups (e.g., carboxyl and hydroxyl groups)
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b

Kr(mg g
SMT-CNTs pH (Lmg nt R? Ref.
1)(1/n))

SMT-P-MWCNT | 5.0+0.1 | 6.73+0.8 | 0.4+0.0 | 0.947 | [105]
SMT-H-MWCNT | 5.0£0.1 | 3.0£0.4 | 0.5+0.03 | 0.963
SMX- H-MWCNT 1 6.0£0.3 | 1.7+0.02 | 0.982
SMX- H-MWCNT | 3.7 12.24£0.5 | 1.9+0.02 | 0.978
SMX- H-MWCNT | 75 0.7£0.03 | 1.1+0.02 | 0.980 | [102]
SMX- C-MWCNT 1 43402 | 1.7+0.02 | 0.979
SMX- C-MWCNT | 3.7 6.4+0.4 | 1.8+0.02 | 0.963
SMX-C-MWCNT | 75 0.4£0.02 | 0.9+0.02 | 0.984
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