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Spectroscopic characterization of a series of aryl Schiff bases and their potential use
for targeting DNA
Smaragda-Maria Argyri
Department of Chemistry and Chemical Engineering
Division of Chemistry and Biochemistry
Chalmers University of Technology

Abstract
Schiff bases are a class of chemical compounds that are considered promising ther-
apeutic agents, mainly due to their antimicrobial [1, 2], antioxidant [2, 3], and
anticancer [4, 5] properties. Also, structural modifications can easily be attained,
via straightforward condensation reactions with ketones or aldehydes. [2], [5] The
therapeutic properties are attributed to the imine functional group (–C=N–), but
also to subsequent functional groups attached to the Schiff bases, such as: methyl (-
CH3), carbonyl (C=O), hydroxyl (-OH), amine (-NH2) and other functional groups,
[Hodnett, Ernest M., and William J. Dunn. 1970 [6]. Additionally, different struc-
tural characteristics of the compounds (e.g. size, charge and flatness of the surface
etc.) have been studied [7–9]. However, the mechanism of action has not yet been
determined. [10] Many researchers connect the biological activity to possible DNA
binding interactions [2], [4], [11–14], which was the starting point of this study. The
Institute of Nanoscience and Nanotechnology of the National Centre of Scientific
Research (NCSR) “Demokritos”, Athens, Greece, generously provided a series of
Schiff bases. The DNA interactions of these compounds were to be studied in order
to determine their potential as DNA-targeting probes [10] or drugs. To achieve this,
UV-vis spectroscopy, fluorescence spectroscopy and linear dichroism were utilized.
During the experiments it was observed that the compounds undergo a chemical
transformation when the chemical environment changes polarity. The effect that
this transformation has on the DNA binding properties of this class of compounds
is something that has not been documented in the literature before. So, besides the
potential DNA binding, the transformation kinetics, the thermodynamical equilib-
rium and the chemical structure of the compounds, via spectroscopic techniques as
well as NMR spectroscopy (H-NMR, C-NMR, and HSQC-NMR) were performed.
The NMR analysis suggests that a trans to cis isomerization (with respect to the
C=N double-bond) occurs upon going from a less polar (DMSO) to a more polar
(EtOH) solvent. This result is also in line with the spectroscopic evaluation. Linear
dichroism spectroscopy showed very slow and weak binding, likely via intercalation.
Based on these results we propose that the trans isomer is the DNA-binding isomeric
form and that the slow binding kinetics are attributed to the isomeric distribution in
aqueous solution being shifted significantly towards the non-DNA binding cis-form.

Keywords: DNA binding, cis - trans isomerization, DNA ligands, UV-vis spec-
troscopy, Fluorescence, Linear Dichroism.
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1
Introduction

In living organisms, all the information related to the biological functions responsible
for the maintenance of life is encoded in the genome. [17] Deoxyribonucleic acid
(DNA) is a self-replicating macromolecule that caries all the information necessary
for the formation of the building blocks of life, i.e. ribonucleic acid (RNA) and
proteins. Various small molecules have the ability to interact with DNA, proteins
and/or other biomolecules, acting as inhibitors, activators and/or labels and probes.
Investigating the biological mechanisms and function of these small molecules is
essential for drug and probe development.

1.1 DNA structure
DNA is a macromolecule consisting of a double helix made up of a sequence of
nucleotides. Each nucleotide consists of a phosphate group, a sugar group (deoxyri-
bose) and a nitrogenous species, more commonly known as a DNA base (Figure
1.1). The sugar and phosphate group create a repeating pattern that forms the
DNA backbone, while the DNA sequence is determined by the particular order of
DNA bases.

Figure 1.1: Chemical structure of nucleotide, here exemplified by deoxyadenosine
monophosphate.

There are four different DNA bases: adenine (A), thymine (T), cytosine (C) and
guanine (G) (Figure 1.2). In so called Watson-Crick base-pairing, adenine binds
selectively via hydrogen bonds to thymine (A-T) and cytosine selectively with gua-
nine (C-G), creating a specific set of DNA base-pairs. [18] The bases are aromatic,
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1. Introduction

heterocyclic molecules with hydrophobic properties, while the external part, consist-
ing of the sugar-phosphate backbone, exhibits hydrophilicity due to its net negative
charge. The complementarity between A and T as well as G and C is essential for
the DNA double strand formation and replication, processes that are vital in for
example cell division. [17]

Figure 1.2: Chemical structure of DNA nucleotides

The most abundant form of double strand DNA (dsDNA) was first described by
Watson and Crick, and is known as B-form DNA. According to the proposed model,
it exhibits a right-handed double helical conformation, consisting of 10 bases pairs
per turn. The rotation angle is 36◦ per base pair, while there is a vertical rise of
3.4 Å per base pair. The helical diameter is ca. 23.7 Å. [19] Due to the asymmetry
originating from the geometry of the base pairs, dsDNA presents two grooves on the
exterior of the helix, that differ both in depth and width. The wider groove is called
the major groove whilst the narrower is called the minor groove.
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1. Introduction

Figure 1.3: 3D model of DNA structure [15]

1.2 DNA binding

The study of DNA interactions with small molecules can provide important informa-
tion regarding the potential of the molecule to be utilized e.g. as drugs or DNA fluo-
rescent probes. Investigations on the thermodynamic equilibrium state and binding
kinetics of the DNA binding agents can provide information regarding the structure
and dynamics of DNA, as well as details regarding the binding and function of the
ligand. For instance, in the case of slow binding kinetics, intermediate binding sites
may be uncovered. [20]

Small molecules can bind to DNA either via covalent or non-covalent interactions.
Covalent DNA binding leads to a permanent modification of the double stranded
DNA via cross-linking, either by linking the nucleotides directly (e.g. the photo-
crosslinking drug psoralen [21]), or by first inserting into the dsDNA and then cross-
linking the DNA bases (e.g. Mytomycin C and Aflatoxin B1 [21]). By changing the
DNA conformation, the transcription as well as other DNA dependent processes are
affected, typically leading to cell death. Small molecules typically exhibit very low
selectivity, which leads to significant cytotoxicity also towards healthy cells. [21]

Typically, four non-covalent binding modes are distinguished for DNA: major groove
binding, minor groove binding, electrostatic binding, and intercalation (mode 1, 2,
3, and 4 in Figure 1.4, respectively).
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1. Introduction

Figure 1.4: Main non-covalent DNA binding modes [16]

The term major groove binding refers to the interactions of small molecules with the
larger groove site of DNA. A clear example of non-covalent interaction with DNA is
Ditercalinium, which is a compound derived by the natural product ellipticine. It
causes structural changes to the DNA, such as unwinding and widening of the major
and minor grooves. [16] In other cases, compounds can interact non-covalently with
the major groove of DNA, but cause non-reversible changes to DNA for instance
by DNA cleavage, alkylation, or other mechanisms. [22] Examples of natural major
groove binding agents that exhibit this behavior are: Neocarzinostatin, Azinomycin
and Leinamycin. This is attributed to the formation of intermediate products that
are activated in the presence of DNA. [16]

Minor groove binding is the result of molecules that bind non-covalently on the
minor groove of DNA. This type of DNA binding agents may interact via van der
Walls forces with the minor groove walls or via non-specific electrostatic interactions.
[23] A typical example of minor groove DNA binding agents is netropsin [16] which
presents a selectivity towards AT bases, with which it may also interact covelantly via
hydrogen bond formation. Other examples of minor groove binders are: distamycin,
netropsin, chromomycin and actinomycin D. [16]

Electrostatically binding compounds typically have cationic functional groups that
interact electrostatically with the negatively charged DNA backbone. Metal com-
plexes of compounds with antibacterial, anticancer, antiviral, or other biological
properties are typical examples of this type of DNA binding agents. Some of the
most commonly utilized metals are: Co(II) [24–26], Cu(II) [27–29] , Ni(II), [30–32]
Pd(II), [31, 33, 34] Pt(II) [31, 35, 36] , Mo(IV) [31, 37] and Zn(II) [38].

Intercalation refers to the non-covalent insertion of compounds in between the DNA
bases and leads to stabilization of the DNA double strand. This can be detected for
instance via a DNA Thermal shift sssay, in which the denaturation temperature of
DNA with and without the compound are determined and compared. As denatu-
ration temperature of DNA is defined as the temperature at which, under standard
conditions, 50% of the DNA double strand is separated into single strands [39], also
known as melting temperature. In case the melting temperature is increased by

4



1. Introduction

more than 5◦C then this is an indication of intercalation.

Another technique that determines whether the binding mode of a compound is via
interaction, is called ethidium bromide displacement assay. Ethidium bromide is a
characteristic example of interacting DNA binding agent. In this technique, ethid-
ium bromide is added is a DNA solution and the emission spectrum is collected [da
Silva, 2017 [12]]. Then a known concentration of the compound under investigation
is added in the solution and the emission spectrum is collected again. In case the
emission is decreased, it is an indication that the ethidium bromide has been dis-
placed by the compound. Afterwards, more titration steps can be followed up until
the point the emission intensity is no longer decreased, indicating an equilibrium
between the DNA binding places.

A special case of intercalation which has been widely studied with Ruthenium (Ru)
complexes, is known as threading interaction. This binding mode is attributed to the
very slow and strong binding kinetics that for instance some Ru complexes exhibit.
[40] These characteristics classify these complexes as very promising drugs and for
that reason research has taken place in great extent, especially in cancer treatment.
[41–43]

It should be noted however that although DNA binding experiments are able to
provide important information regarding the thermodynamical equilibrium state of
the reaction, there is a possibility that a compound may present cytotoxicity iv
vivo without necessarily exhibiting DNA interactions (e.g. prodrugs and nuclear
receptors).Thus, it is found important to raise interest regarding molecular studies
in order to develop deeper understanding of the activity and mechanisms of small
molecules iv vivo.

1.3 Schiff Bases
A family of compounds that has attracted the interest of many researchers is Schiff
bases. These compounds have a wide variety of applications in organic, inorganic
(e.g. as catalysts, corrosion inhibitors etc. and analytical chemistry. [10] They are
considered versatile pharmacophores due to the multiple cytotoxicity properties they
exhibit, such as: anticancer, antioxidant, antidepressant, anthelmintic, analgesic
antimicrobial, anticonvulsant and other [10]. These properties are attributed to the
azomethine functional group (–C=N–), however, the mechanism of action is still not
completely clear. Many researchers consider DNA binding as the mechanism behind
their cytotoxicity [18, 19, 44], [16, 21–23] for that reason DNA binding investigations
iv vitro are the main tools for the study of these molecules.

Schiff bases, named after the German-Italian chemist Hugo Schiff (1834 – 1915),
are chemical compounds that are characterized by an imine group (-C=N-). As
mentioned above, they exhibit a wide number of properties and applications that
are attributed to their functional group, but also to subsequent functional groups
attached to the Schiff bases, such as: methyl (-CH3), carbonyl (C=O), hydroxyl (-
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OH), amine (-NH2) and other functional groups, [Hodnett, Ernest M., and William
J. Dunn. 1970 [6]. In the study performed by Hodnett, Ernest M., and William
J. Dunn. 1970 [6], the structure and the substituent groups present in Schiff bases
was correlated to the anticancer activity of the compounds. Overall, it is reported
that aldehyde group leads to induced anticancer activity compared to an amine
group. An interesting observation is that anticancer activity is favored in the case
the substituent group leads to electron withdrawal from the ring. According to the
authors this could be either due to increased structural stability of the Schiff base,
or to the possible attachment of the compounds to receptor sites.

In this thesis, the main interest is given to aryl Schiff bases and for that reason,
in this subchapter, research related only to these compounds is presented. In this
work, particular attention has also been given to publications related to chemi-
cal transitions that these compounds undergo, such as keto-enol tautomerism and
cis-trans isomerization, depending on the chemical environment or UV irradiation,
respectively.

Figure 1.5: General chemical structure of imines

According to the review article written by Kajal, Anu, et al. 2013 [10], iv vivo ex-
periments have been performed in various cell lines, examining the biological prop-
erties of Schiff bases. These compounds have successfully exhibited antimicrobial,
antidyslipidemic, anthelmintic, antitubercular, antidepressant, anticonvulsant, anti-
inflammatory, antitumor, antioxidant, antiviral, antihypertensive and antidiabetic
activity. Classifying this class of compounds as versatile pharmacophores. [10]

Dileepan, AG Bharathi, et al. 2018 [2], report Schiff bases derived by Isatin as
antimicrobial and antioxidant agents. The activity of the compounds is correlated
to DNA binding via intercalation. The binding constants reported belong to the
range of 105 to 104 M−1. The cytotoxicity assays resulted in strong inhibition of
bacterial growth and potential for improvement of antibacterial drugs are concluded.

All the compounds included in this study are novel, besides compound number
15 (view Figure 3.1 in page 13). This compounds has been widely studied and
it is used as a reference. According to Souza, Ana O. de, et al. 2007 [45], this
compound appears to have effective antimyobacterial activity. It was tested against
M. tuberculosis H37Rv and it exhibited Minimum Inhibitory Concentration (MIC)
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of 8 µmol/L. Additionally low cytotoxicity was found against J774 macrophages,
as at concentration of 1,000 µmol/L, led to 20% of cell death. Da Silva Cleiton
M, et al. 2017 [12], examined the cytotoxicity and selectivity in a wide variety of
cell lines. Compound 15 exhibited high selectivity and cytotoxicity towards MCF-
7 breast cancer cell line and U-251 MG brain cancer cell line. The DNA binding
of the compound was also examined, and a correlation between biological activity
and DNA interaction was proposed. The DNA binding mode was proposed to be
intercalation.

Demirci, Selami, et al. 2017 [46], report DNA interactions and suggest DNA cleavage
as a possible mechanism responsible for the biological activity of the compounds.
The Schiff bases studied exhibited anticancer activity against prostate cancer cell
lines.

1.3.1 Keto-enol tautomerism
Tautomerism refers to the rapid back and forth structural shift of molecules that
differ in a hydrogen atom or a double bond. [47] In the case of ketones, this transition
usually takes place due to the protonation of the C=O bond from an α hydrogen
(i.e. Hydrogen connected to the carbon next to the C=O carbon. More that one
α hydrogens may be present), in acidic solutions. [48] The protonation leads to the
breaking of the C=O double bond and the creation of an enol group (-OH) as well
as a C=C double bond (Figure 1.6). The two tautomers are called keto and enol,
tautomers respectivery. This transition is important in the carbonyl chemistry and
research regarding Schiff bases has also taken place.

Figure 1.6: Keto-enol tautomerism

1.3.2 Cis-trans isomerization
Another structural transition that has been observed regarding Schiff bases is cis-
trans isomerism. Coelho J, et al. 2013 [49] studied this transition is a series of Schiff
bases that have the same general structure as the ones studied in this thesis (Figure
1.7). It is reported that the cis-trans isomerization can be induced by UV light,
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leading to the formation of cis form. Whereas, in the absence of light the compound
return to the original trans form. The transition kinetics were recorded to be slow,
thus the observation at room temperature was possible. [49]

Figure 1.7: Cis-trans tautomerism

1.4 Aim and Objectives
The initial objective of this thesis was focused on the in vitro DNA binding study of
thirteen Schiff bases (View Table A.1 in Appendix) by using calf thymus DNA (ct
DNA). For that reason spectroscopic techniques are utilized (UV-vis spectroscopy,
eclipse spectroscopy and linear dichroism). During the execution of the experiments
it was observed that a chemical transition takes place when the compounds are in-
troduced from the 100%DMSO stock solutions into 50mM Tris-HCl (100mM NaCl).
For that reason, besides the potential DNA binding, the structure of the compounds
is studied via NMR (1H-NMR, 13C-NMR and HSQC-NMR). This set new objectives,
such as determining the type of transition that takes place and investigating whether
the compounds interact with the DNA by any means. These studies aimed towards
the determination of the potential DNA binding mode, as well as the strength of the
interaction between the compounds and the DNA. As this information can define
the possibility of the compounds to be utilized as drugs or DNA probes.
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2
Theory

2.1 Spectroscopy
Spectroscopy refers to a number of techniques (e.g. IR, UV, NMR) that study the
interactions between elecrtomagnetic radiation and matter in a quantitative and a
qualitative way. Since ancient times, vision and electromagnetic radiation in the
form of light have triggered the human mind. The energy that light carries is
described by the formula:

E = hcṽ = hc

λ
(2.1)

Where:
• h: Planck’s constant (6.626 ∗ 10−34 m2kg/s)
• c: speed of light in vacuum (299, 792, 458 m/s)
• ṽ: spatial frequency of wave [sec−1]
• λ: wavelength of wave [nm]

This formula indicates the wave-particle duality of light, meaning that light propa-
gates in quanta (i.e. small packages of energy – photons), but also as a harmonic
wave with the electric and the magnetic components perpendicular to each other.
The harmonic wave is characterized by the wavelength, which determines the energy
it carries.

2.2 Jablonski diagram
When a molecule absorbs energy from light in the ultraviolet (UV) or visible part
of the spectrum, different electronic transitions may occur. The Jablonski diagram
(Figure 2.1) provides a graphical description of the possible transitions between
quantized energy states in a molecule. Two classes of electronic states can be defined:
singlets and triplets. In the singlet state (S), the electrons have opposite spins and
transitions between different singlet states is spin-allowed. When a molecule returns
to the ground state from an excited singlet state, it can do so non-radiatively or
radiatively (i.e. by emitting light). In the case of radiative relaxation, the process
is called fluorescence. The intramolecular non-radiative transitions are typically
categorized as vibrational relaxation, internal conversion, and inter-system crossing.
In addition, intermolecular reactions can depopulate the excited states. This is
typically called “quenching” and for a fluorescent molecule it leads to a decrease of
the observed fluorescence intensity.
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Figure 2.1: Jablonski diagram illustrating electronic transitions in a molecule

2.2.1 Absorption
The absorption spectrum in the UV and visible region can be utilized to determine
the concentration of a chemical compound in solution, according to Beer-Lambert
law:

A(λ) = C ∗ ε(λ) ∗ l (2.2)

Where:
• A(λ): Absorption at specific wavelength, λ [a.u.]
• c: Concentration of substance of interest [M]
• ε(λ): Molar absorptivity coefficient at specific wavelength, λ [M−1cm−1]
• l: Path length of the cuvette [cm]

2.2.2 Fluorescence
Fluorescent molecules, also known as fluorophores, absorb light at specific wave-
lengths and emit light at longer wavelengths after a short period of time, known as
the fluorescence lifetime. [50] In case these molecules have the ability to bind to DNA
they may have potential to be utilized as DNA dyes. Fluorophores have a key role
in bioimaging studies of DNA, cells and organisms as they may have the ability to
provide important information regarding the DNA structure, [51] the characteristics
of cells membranes [52], the expression of genes [53], and other biological activities.
Some examples of fluorescence techniques utilized for that purpose are laser scanning
confocal microscopy, time-correlated single photon counting (TCSPC), and Förster
resonance energy transfer (FRET).

In this thesis, only fluoresence emission spectroscopy was utilized, which is a tech-
nique that records the emission spectrum when exciting at a specific wavelength.
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That way the fluorescent intensity of the molecules of interest and potential differ-
ences in fluorescence when DNA is present, can be investigated.

2.2.3 Linear dichroism
Flow-oriented linear dichroism (LD) is a steady-state spectroscopy technique that
can be utilized to study macromolecular samples, such as DNA. According to this
technique, molecules that are oriented in solution, using for instance a Couette cell,
are probed with linearly polarized light, with the polarization angles perpendicu-
lar to each other and to the direction of light propagation. [54] The difference in
absorption between the two polarizations defines the LD signal according to:

LD = A‖ − A⊥ (2.3)

In solution, molecules are typically randomly oriented. Thus, when no flow is ap-
plied, the overall LD signal is zero. In the case were oriented DNA interacts with
small molecules, two binding modes can be described.

• If A‖ > A⊥ then LD > 0. In this case the majority of compound is parallel to
the flow, thus it binds in the grooves of DNA.

• If A‖ > A⊥ then LD < 0. In this case the majority of compound is perpendic-
ular to the flow, thus the binding mode is intercalation.

The LD technique provides high quality results that can easily be interpreted. How-
ever, it is not a wide-spread technique as it requires orientation equipment that is
currently not available in most biophysical labs. [54]

Figure 2.2: a) LD spectroscopy illustration, b) oriented sample

2.3 DNA binding
When DNA-binding ligands interact with DNA in a non-covalent manner, the
molecules reversibly associate and dissociate from the binding sites of DNA.

DNA + L kon−−−⇀↽−−−
koff

DNA@L
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The rate of ligands binding on DNA is expressed by the formula as:

d[DNA@L]
dt

= kon[DNA] ∗ [L] − koff [DNA@L] (2.4)

Where,
• [L] :concentration of ligands (binding agents) free in solution [M ]
• [DNA]: concentration of DNA free in solution [M ]
• [DNA@L]: concentration of ligands bound on DNA [M ]
• kon: association rate [sec−1]
• koff : dissociation rate [sec−1]

At equilibrium, the rate of ligands associate and dissociate from DNA are constant.
Thus, the binding constant (Keq) at equilibrium is defined as:

d[DNA@L]
dt

= 0 (2.5)

Keq = kon

koff

= [DNA@L]
[DNA][L] (2.6)

2.4 Activation Energy
In the case that a chemical reaction or structural transition (e.g. isomerization)
takes place, the energy that is required to activate the reaction can be determined
by plotting the van Hoff’s diagram. This is based to the Arrhenius law:

ln(k) = ln(A) − Ea

RT
(2.7)

Where,
• k: rate constant [sec−1, for first order reaction]
• A: Arrhenius factor [sec−1, for first order reaction]
• Ea: activation energy [J/mol]
• R: gas constant [8.314462 J*K −1*mol−1]
• T: temperature [K]

By plotting the ln(k) with respect to 1/T , the activation energy Ea can be calculated
by the slope of the graph, which will be equal to Ea/R.
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3
Materials and Methods

3.1 Compounds

The dry compounds were received as a generous contribution by the research group
of Dr. Papadopoulos Kyriakos, Institute of Nanoscience and Nanotechnology, NCSR
“Demokritos”, Athens, Greece (Figure 3.1 and Table A.1). Prior to use, the samples
were stored in the dark at room temperature (ca. 22◦C).

Figure 3.1: Chemical Structures of the compounds utilized in this study
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3.1.1 Stock solution preparation
Stock solutions (10 mM) were prepared by weighing approximately 2.5 mg of each
dry compound and dissolving them in the appropriate amount of dimethyl sulphox-
ide (DMSO). To accelerate the dissolution process, a Vortex device was used. All
compounds appeared to be soluble in DMSO. No unsolvable particles could be ob-
served when the solutions were prepared. However, after 3 months of storage at
5◦C, compound 1 appeared to have formed some precipitates. From the 10 mM
stock solution, a further diluted 300 µM stock solution was prepared and used as a
working solution throughout the project. All DMSO stock solutions were stored at
5◦C.

3.2 Buffer preparation
The buffer solution used was a 50 mM Tris buffer containing 100 mM NaCl.
To prepare it, a 10X concentrated buffer solution was first prepared by dissolv-
ing Tris-HCl (13.222 g, 0.0839 mol), Tris-Base (1.943 g, 0.0160 mol), and NaCl
(11.690 g, 0.2000 mol) in mQ water. The pH of this solution was found to be
7.44 at 22.2◦C. Finally, the 1X buffer used in the experiments were prepared by
diluting the 10X buffer ten times using mQ water. The 10X and 1X buffers were
stored in 5◦C throughout the project.

3.3 DNA preparation
Calf thymus DNA (ctDNA, Sigma-Aldrich) in solid form, was added to the 1X
buffer and subjected to mild agitation overnight. The resulting solution was clear.
The concentration of the solution was determined via UV-vis spectroscopy to be
2.53 mM . This DNA stock solution was stored in 5◦C throughout the project.

3.4 UV-Vis absorption instrumentation
Three different instruments were used for the UV-Visible absorption measurements:
Varian Cary 50, Varian Cary 4000 and Varian Cary 5000. The same parameter
set-up was used for all instruments: Scan rate: 600 nm/min, Scan range: 200 nm−
700 nm. A sample-matching solvent baseline was recorded and subtracted for all
measurement. Two different types of quartz cuvettes were used: one with dimensions
1.0 cmx0.4 cm and one with dimensions 1 cmx1 cm. The second one was only
used for the determination of the molar extinction coefficient (ε) of the compounds.
The pathway (l) of the cuvette used was 1 cm for all measurements unless stated
otherwise.

3.5 Fluorescence spectroscopy instrumentation
A Varian Cary Eclipse fluorescence spectrometer was used for the emission spec-
troscopy measurements. The scanning rate applied was 600 nm/min. Slit widths,
excitation wavelength, and scanning wavelengths varied depending the compound.
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3.6 Nuclear Magnetic Resonance (NMR)
For the NMR measurements a 2 M stock solution was prepared by diluting 49.00mg
of compound 15 (MW = 213.08 g/mol) in 114.98 µL of deuterated DMSO. After
using Vortex no undissolved particles could be observed. From that stock solution
two samples were prepared with the aim to investigate whether there are two chem-
ical structures in solutions that differ in polarity preference. The concentration of
both samples was 0.5 M of compound 15. One sample was present in 100% deuter-
ated DMSO (relative polarity 0.444), while the other sample solution consisted of
5% deuterated DMSO and 95% deuterated ethanol (relative polarity 0.654). [55]

Three different NMR experiments were performed for the examination of the struc-
tures of compound 15: 1D 1H, 1D 13C and 2D 1H-13C Heteronuclear Single Quantum
Coherence (HSQC) spectroscopy. The latter mentioned is a 2 dimensional (2D) and
more sensitive technique that is a product of the combined proton and carbon NMR
spectrums. In HSQC analysis each proton (1H) can be assigned to the covalently
bonded carbon and the chemical structure of a compound can be more easily pre-
dicted and interpreted. During the experimental procedures standard parameters
were used. Regarding H NMR 8 scans were performed and the relaxation time ap-
plied was 1sec. For 13C the relaxation time applied was 3sec and 128 scans were
performed. The frequency of deuterated DMSO was utilized as a reference frequency
(lock frequency) for both samples.

The software used for the processing and presentation of the results is MestReNova
x64.

3.7 Linear Dichroism
The instrument used for LD was an Applied Photophysics Chirascan spectrometer.
A custom built Couette cell with a total pathlength of 1 mM , was used. Three
consecutive technical replicates were collected for each rotational speed: 0 rpm,
300 rpm, and 500 rpm. With zero rotation, the molecules in solution are randomly
oriented and, as a result, the LD should be zero. However, due to different instru-
mental parameters such as the relative wavelength- and polarization-sensitivity of
the detector, the measured LD at zero rotation is non-zero. For that reason, the
zero rotation is used as a baseline for all flow-oriented measurements.
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4
Results and Discussion

As mentioned in the introductory chapter 1, according to the literature, Schiff bases
have been reported to interact with DNA. However, as will be discussed here in this
project this observation was not that straightforward.

We started out by merely mixing calf thymus DNA (ctDNA) and the various Schiff
bases to investigate if interaction could easily be detected using UV-vis absorption.
We examined the ability of the molecules to bind to DNA by adding a high quantity
of ctDNA into a solution where buffer, DMSO (at 5% - a concentration considered
to be the highest acceptable in DNA-binding studies) and compound were present.
Significant changes in the Schiff base absorption region were observed that for most
compounds suggested extensive aggregation and/or changes to the Schiff base itself
(example spectrum given in Appendix page VII). Specifically, changes in the absorp-
tion spectra were observed when the compounds were added from a 100% DMSO
stock solution to the buffer. These initial results suggest, not unexpectedly, that
most of the Schiff bases are significantly hydrophobic in nature and possibly also
form other species when changing solvent from DMSO to more polar ones. Thus,
we needed to perform more detailed research on the Schiff bases only to distinguish
between effects resulting from changes due to the compounds themselves and their
possible DNA binding.

Due to the existing publications. compound 15 was later chosen to be studied in
more detail, for example, via NMR for the compound itself and via linear dichroism
for its DNA-binding. Due to the large volume of experimental results produced for
this thesis, only compound 15 is presented in this Chapter. The results of the other
compounds can be found in the Appendix from page II to page XXI.

4.1 Schiff base solubility in up to 5% DMSO
Due to the initial observation of aggregation or presence of various species of Schiff
base in buffer solution we set out to study the solubility of compound in water-based
solutions. The solubility of compounds was examined to determine the minimum
percentage of DMSO needed in the studies of the compounds in buffered solutions.
As mentioned above, the stock solutions of the compounds were kept in DMSO. The
concentrations of the compounds utilized for these experiments were within the range
of 10 µM to 20 µM . As evidenced by no (or very little) scattering in absorption,
compounds 8, 12, 13, 14, 15, 17 and 28 exhibited the highest solubility, being
able to solubilize even in 0.1 to 0.2% DMSO (Figure 4.5 and Appendix II). For the
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rest of compounds, 2 − 5%DMSO was needed, except for compounds 1, 23 and 24
which at 5%DMSO exhibited scattering in the wavelength region between 550 nm
and 700 nm. This indicates that half of the compounds exhibit very high solubility
in buffer. Taking into account the proper solubility and the number of publications
available regarding compound 15 that show antibacterial and anticancer properties
[12], we chose to study this compound and its DNA-binding in more detail (see
below).

4.2 Emission of Schiff bases
Before investigating compound 15 in more detail, we decided to study the flu-
orescence properties of the Schiff bases. For that purpose steady-state emission
measurements of the compounds dissolved in 5% DMSO and 95% 50 mM Tris-HCl
(100 mM NaCl)were performed (Figure 4.1). Overall, all Schiff bases except 12, 17
and 23 were emissive.
It should be noted that these measurements were collected as a first investigation of
the properties of the compounds. As will be presented later, we found out that the
compounds undergo a structural transition that changes the absorption spectrum
and as a result also the emission. Hence, the emission found here correspond to
the mixture of two isomers in solution present initially in the solvent before any
transition to the final state has taken place. The percentage of each isomer in
solution can be determined e.g. by a chromatographic technique known as High
Performance Liquid Chromatography (HPLC). This technique is able to separate
the two isomers and estimate the quantity of each in solution. A table with the
fluorescence properties of the compounds can be found in the Appendix A.2.

Figure 4.1: Absorption (red line) and emission (black line) spectra of compound
14, 15µM, 0.2%DMSO
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4.3 Initial screen for DNA binding
All compounds were screened for potential DNA binding by observing changes in
absorption upon adding a small volume (ca. 50 µL) from the DMSO compound
stock to a large volume (ca. 950 µL) of DNA in buffer. The DNA was present
in a 3.4-fold excess (ca. 50 µM of DNA to 14.7 µM of compound) and the final
DMSO concentration was 4.9%. As shown in Figure 4.2, a clear change in the
absorption and emission spectra was seen. This observation was initially thought to
be an indication of DNA binding attributed to the presence of bound and unbound
compound in solution.

Figure 4.2: Absorption spectrum of 15 (14.7 µM, 5% DMSO in 50 mM Tris-HCl
(100 mM NaCl) buffer) with and without DNA (50 µM) present. Note that the
spectrum of 15 without DNA was collected before the thermal equilibrium had
established.

However, changes in the absorption spectrum were observed also when the compound
DMSO stock was added to buffer without DNA was present (Figure 4.3). This
prompted us to investigate the behavior of the compounds alone in solution before
moving on with further DNA binding studies.
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Figure 4.3: Isothermal kinetics of compound 15, 20 µM, in 50 mM Tris-HCl
(100 mM NaCl) and 5%DMSO

4.4 Molar absorptivity
The molar absorptivity (ε) of compounds 9, 14, 15, 17, 26, and 28 was determined
in 5% DMSO in buffer. This selection was motivated by the compounds exhibiting
1) adequate solubility in buffer, 2) fluorescent properties, and 3) a clearly distin-
guishable interaction with DNA, as judged by changes in absorption or emission
upon DNA addition. The binding potential (criterion 3 above) at this point of the
project was however misjudged, as the spectral changes of the compounds itself was
mistaken for DNA binding. Nevertheless, the molar absorptivity of compound 15
is presented below, while the corresponding data for the other compounds can be
found in the Appendix. To determine the molar absorptivity of the compounds, a
20 µM solution was prepared as described above and showed in Figure 4.4. Ab-
sorption spectra were then collected over time in room temperature until no further
changes could be observed in the absorption. After this, the 20 µM solution was
diluted down to 17 µM and then to 15 µM and spectra were collected at each con-
centration. The measurements were repeated twice and the results are shown in
Table 4.1.
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Table 4.1: Absorption values of compound 15 at absorption peak (λ = 398 nm)
in different concentrations

Concentration
( µM)

Absorption
(sample 1)

(a.u.)

Absorption
(sample 2)

(a.u.)
15 0.05897 0.05804
17 0.0671 0.06603
20 0.07857 0.07718

By plotting the absorption vs. concentration, the molar absorptivity is calculated
as the slope of the linear fit, as shown in Figure 4.4. The absorptivity was thus
determined to be 3900 M−1cm−1 for compound 15.

Figure 4.4: Absorption with respect to concentration

4.5 Kinetics of molecular transition upon dilution
into buffer

The molecular transition characteristics of the Schiff bases upon going from the less
polar DMSO solution to aqueous solution was evaluated using UV-vis spectroscopy.
Each compound was studied at room temperature (ca. 22◦C) immediately after
adding a small volume of the DMSO stock solution to 50 mM Tris-HCl (100 mM
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NaCl), by collecting absorption spectra over time. Both 0.1% and 5% DMSO prepa-
rations were studied. The experiment was terminated when no more significant
changes in absorption were observed.

Figure 4.5: Molecular transition of 15 (20 µM) in 0.1% DMSO monitored using
UV-vis spectroscopy at room temperature (ca.22◦C) immediately after compound
addition from a concentrated DMSO stock into aqueous buffer. Left panel: Temporal
spectral evolution. Right panel: Absorption at 336 nm (black squares) as a function
of time. A first-order exponential fit (red line) rendered a time constant (τ =
3.2 min) for the reaction.

Figure 4.6: Molecular transition of 15 (20 µM) in 50 mM Tris-HCl (100 mM
NaCl), 5% DMSO monitored using UV-vis spectroscopy at room temperature (ca.
22◦C) immediately after compound addition from a concentrated DMSO stock into
aqueous buffer. Left panel: Temporal spectral evolution. Right panel: Absorption
at 336 nm (black squares) as a function of time. A first-order exponential fit (red
line) rendered a time constant (τ = 6.8 min) for the reaction.

In figures 4.5 and 4.6, isosbestic points, i.e. wavelengths at which the absorption
does not change with time, can be observed at 252 nm, 288 nm, 389 nm, and
409 nm. This is a strong indication that the chemical transformation involves not
more than two states.
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4.6 Solvent effects
In an attempt to learn more about the nature of this transition, the kinetic behavior
of compound 15 was studied in three solvents with increasingly polar nature: ace-
tonitrile, ethanol, and methanol, having polarities (relative to water) of 0.46, 0.65,
and 0.76, respectively. [55] This was done by collecting absorption spectra over time
following addition of a small volume (5 µL) of DMSO stock solution (10 mM) to a
large volume of the solvent (950 µL). Thus, in the cuvette the DMSO content was
0.5% and the concentration of the compound was 50 µM.

Figure 4.7: Molecular transition of 15 (50 µM) in Acetonitrile monitored using
UV-vis spectroscopy at room temperature (ca. 22◦C) immediately after compound
addition from a concentrated DMSO stock into the solvent ([DMSO] = 0.5%). Left
panel: Absorption spectra (no changes were recorded over time). Right panel: Ab-
sorption at 350 nm (black squares) as a function of time.

Figure 4.8: Molecular transition of 15 (50 µM) in Ethanol monitored using UV-vis
spectroscopy at room temperature (ca. 22◦C) immediately after compound addition
from a concentrated DMSO stock into the solvent ([DMSO] = 0.5%). Left panel:
Temporal spectral evolution. Right panel: Absorption at 350 nm (black squares) as
a function of time.
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Figure 4.9: Molecular transition of 15 (50 µM) in ultra purified, MQ-water (not
Tris-HCl buffer) monitored using UV-vis spectroscopy at room temperature (ca.
22◦C) immediately after compound addition from a concentrated DMSO stock into
the solvent ([DMSO] = 0.5%). Left panel: Temporal spectral evolution. Right
panel: Absorption at 350 nm (black squares) as a function of time.

It was observed that when 15 was added to acetonitrile which is closest in polarity
to DMSO (0.46 vs. 0.44, respectively [55]), no significant changes were detected
over time. However, for ethanol and water, changes in absorption spectrum over
time were observed. An isosbestic point was found close to 261 nm (Figure 4.8)
and 262 nm (Figure 4.9) in ethanol and in water, respectively. It was observed
that compound 15 reaches thermal equilibrium faster in ethanol (time constant =
2.9 min) compared to water (time constant = 4.3 min). This does not fit the
hypothesis that a more polar surrounding accelerates the reaction, which suggests
that additional factors influences these kinetics.

Nevertheless, the manifestation of the spectral changes in the two polar solvents
water and ethanol, but not in the comparatively less polar solvents DMSO and
acetonitrile could support the hypothesis that two chemical forms that differ in
polarity are present in solution. Specifically, in the case of cis-trans isomerization,
the cis-form has higher polarity compared to the trans-form. Thus, the cis-form is
more favored in a more polar solvent compared to the trans-form. As ethanol is less
polar compared to water, the difference of polarity between DMSO and ethanol vs.
DMSO and water is smaller and could result in differences in rates of transformation.
Also, effects like hydrogen bonding ability of solvent could potentially affect the rate
of transformation.

4.7 Nuclear Magnetic Resonance
The chemical structure of compound 15 was examined via Nuclear Magnetic Res-
onance spectroscopy. The results acquired from 1H, 13C and 1H-13C HSQC spec-
troscopy are presented bellow.
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4.7.1 1H-NMR of Schiff base 15 in different solvents
In Figure 4.10 the 1H-NMR spectra of the compound in DMSO and ethanol, re-
spectively, are shown. There are significant differences between the spectra in the
two solvents. The differences most likely is a result of changes in shifts due to the
different solvents but also, importantly, due to a conformational difference of the
compound in the two solvents. An important difference in the number of peaks
is observed for the signals between 7.4 ppm and 7.3 ppm. Specifically, there are
four and five peaks present for the sample in DMSO and ethanol, respectively. The
number of peaks corresponds to the number of non-equivalent protons present in
the chemical structure. Thus, this change is an indication of a structural difference
between the two solvents, originating from the different chemical environments in
the two solvents used.

Figure 4.10: Proton NMR comparison of compound 15 in two different solvents

The complete setup of peaks between 7.7 ppm and 6.8 ppm correspond to the signals
from the aromatic hydrogens. By integrating the area under the peaks the number
of protons present in the specific signal can be determined. According to the values
calculated by the software MestReNova x64, nine protons were found in both samples
(Appendix A.24). This means that the protons, apart from the ones in the -OH-
group, present in the aromatic structures are all found in the 1H-NMR and were
neither reduced nor increased due to the solvent.

4.7.2 13C-NMR of Schiff base 15 in different solvents
In figure 4.11, the 13C NMR signals are presented. For one of the peaks it is observed
that there is a chemical shift from 161 ppm (sample in DMSO) to 163 ppm (sample
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in ethanol). The chemical shift can be the result of either a conformational change,
or an effect that the solvent environment has to the resonance signal. [55] It is
highly plausible that the observed chemical shift is an indication of a structural
change. However, to confirm and be certain about the validity of this observation
HSQC-NMR, a 2D-NMR technique was performed.

Figure 4.11: Carbon NMR comparison of compound 15 in two different solvents

4.7.3 Heteronuclear Single Quantum Coherence (HSQC) of
Schiff base 15 in different solvents

The results of HSQC-NMR spectroscopy of 15 in both DMSO and EtOH are shown
in Figure 4.12. In the x- and y-axis the chemical shifts in ppm of 1H-NMR and C-
NMR are depicted, respectively. The red circles correspond to the signals produced
by the sample in DMSO and the green ones to the sample present in ethanol.

In tables A.4 and A.5 in Appendix the exact values of the DMSO and ethanol
samples, respectively are shown. Overall, it is observed that an upfield shift is
induced for the 1H peaks while a downfield shift is induced for the 13C peaks when
compound 15 is present in Ethanol. This is an indication of magnetic shielding of
1H’s and a magnetic deshileding of the 13C’s, caused by increased electron density
in the chemical structure. 1H-13C HSQC can only observe carbons with protons
attached to it, while quartenary carbons are lacking in the spectrum. Therefore, it
could be confirmed that the peak at 161 ppm in DMSO move to 163 ppm in ethanol
since this peak was absent in the 1H-13C HSQC spectrum in both solvents. From the
structural predications presented below it is suggested that this peak is assigned to
one of the carbons with a hydroxyl groups attached to it. The alteration in solvent,
going from DMSO to ethanol, could be the explanation for the observed chemical
shift change. In other words, the different chemical environments obtained in the
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different solvent could be the reason for a change in conformation, here appearing
as a change in chemical shift, but needs to be confirmed by e.g. evaluation of the
interactions between protons close in space which can be observed in a Nuclear
Overhauser Effect Spectroscopy (NOESY) experiment.

Figure 4.12: HSQC-NMR of compound 15 in DMSO (red) and ethanol (green)

4.8 Activation energy of trans-cis-transformation
of 15 when going from DMSO to buffer

For the evaluation of the activation energy of the isomerization reaction, the rate
constant for reaching the thermodynamic equilibrium at three different temperatures
(20◦C , 30◦C and 40◦C) were determined. The transition was studied when going
from 100% DMSO to a buffer solution where the rest concentration of DMSO was
0.1%. The isomerization process was studied using the change in absorption of
the compound at a wavelength where the variation in absorption as an effect of the
transition is profound (312 nm, see Figure 4.5). This change in absorptive properties
were then plotted as an effect of time. The data fit to a 1st order exponential decay,
which together with the isosbestic point verifies the existence of no more than two
states. As expected the time needed for the transition to take place was shorter
with increased temperature. The rate constant (k) is related to the exponential
time constant (τ) as:
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k = 1
τ

(4.1)

Figure 4.13: Arrhenius plot of compound 15 utilized for the determination of the
activation energy Ea from the slope of equation 2.7

As shown in the Arrhenius evaluation of the process in Figure 4.13 the reaction has
an activation energy of 43.2 kJ/mol, i.e. 10.33 kcal/mol. This value is reasonably
well in line with literature values that are reported to be between 13 kcal/mol and
18 kcal/mol [49, 56].

4.9 DNA binding of 15
The DNA binding of compounds 5, 8, 9, 13, 15 and 28 was examined using UV-
Visible spectroscopy and linear dichroism. Herein, only the results for compound
15 are presented and the rest can be found in the Appendix. Having established
that the cis-form of 15 is the thermodynamically stable form in buffer we focused
first on the addition of this form to DNA not to have two kinetic processes overlaid
in our investigations.
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4.9.1 Kinetics of DNA binding of 15 studied with fluores-
cence spectroscopy

Compound 15 was excited at wavelength λexc=393 nm and the emission intensity
was collected over time at the emission peak wavelength, λem=512 nm. The exci-
tation wavelength was chosen to be close to the isosbestic point at λiso=389 nm, as
this means that the changes seen in emission is only an effect of changed quantum
yield and not an effect of changes in absorptivity. The sample with compound 15
was pre-equilibrated to reach its cis-form before the addition of DNA and start-
ing the measurements. In this experiment 15 µM of compound 15 in buffer (5%
DMSO) was pre-equilibrated whereafter ctDNA was added. First, emission spectra
at various times, with and without DNA were collected by exciting at λexc=393nm
(Figure 4.14 (right)). In an additional experiment, the change in emission over time
by exciting at wavelength λexc = 393nm and observing the emission at λem = 512
nm was performed. We measured the emission of the pre-equilibration of 15 up
until no significant changes in the emission was observed (Figure 4.14 (left), t =
200 min). Thereafter, approximately 195 µM of ctDNA (100 µL) was added to the
solution and the emission kinetics were collected for an additional 4.5 hours.

Figure 4.14: Left: Emission intensity spectrum of pre-equilibration of compound
15, and at different time points after addition of ctDNA. Right: Emission kinetics
spectrum of adding compound 15 first, C=15 µM

It can be observed that the emission intensity doubled during the trans-cis-transition,
indicating a higher quantum yield of the cis-form. After the addition of DNA, the
emission intensity increased slightly more during the course of approximately 0.5 h
and then it started to linearly decrease. The former could be an indication of DNA
binding and the latter could be a consequence of photo-degradation due to the long
irradiation of the compound. By studying the DNA binding process by adding com-
pound 15 to DNA (and not the other way around as studied above) similar results
were found (see Appendix from page XVII to page XVIII).

4.9.2 DNA binding of 15 studied with linear dichroism
DNA binding of compound 15 was studied using linear dichroism spectroscopy.
Linear dichroism and UV-visible absorption spectra were collected daily for up to
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3 days, while keeping the samples at room temperature, to examine whether any
changes are observed. To examine the stability of DNA under those conditions,
a sample which was consisted of only 200 µM ctDNA in buffer (5% DMSO) was
stored at the same conditions and spectra were also collected daily for up to 3 days
(Appendix).

Figure 4.15: Left: LD spectra of solutions with 200 µM ctDNA and 100 µM of
compound 15 after different times. Right: Magnified image of LD spectra illustrated
on the left panel, wavelength range from 320 nm to 500 nm

As can be seen in Figure 4.15 (left), there is a change in absorption spectrum over
time and by magnifying the LD signal (Figure 4.15 (right)) a weak change is also
observed between the wavelengths 360 nm and 500 nm where compound 15 has its
low energy absorption band. According to LD-theory the negative signal suggests
binding angles above 55◦ and approaching perpendicular orientation relative to the
DNA helix axis, thus indicating an intercalative mode of binding. In comparison
to the transformation kinetics (Figure 4.3) the change in absorption spectrum of
15 seems to follow the opposite pattern. Thus, it is plausible that the DNA forces
compound 15 into the trans form, i.e. binds only the trans-form and therefore slowly
enriches this species. However, the binding kinetics is very slow. It takes up to 3
days to observe merely minute changes in absorption and LD signal. The reason
is attributed to the fact that the cis-trans equilibrium is heavily pushed towards
the cis-form in free solution and a very slow transformation between the two states.
Specifically, this means that two chemical equilibria take place in solution:

DNA + trans − 15 −−⇀↽−− DNA@trans − 15

cis − 15 −−⇀↽−− trans − 15

The first chemical reaction is pushed towards the right, i.e. has a low free energy
for the DNA-bound trans-form. As trans is bound to DNA less trans form is found
free in solution. Thus, the equilibrium of the second chemical interaction is pushed
towards the right to compensate for the lost trans-form free in solution. As a result,
more cis-form free in solution is transformed into trans, which subsequently binds
to DNA up until an overall equilibrium has been established.
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When we studied the same phenomenon instead adding compound to DNA we
found similar behavior as described above (see Appendix A.29). Overall, we find
DNA binding of the Schiff base 15. However, it appears to be much weaker than
the values reported in literature (Ka = 10−4M−1 − 10−6M−1) [57] and, also, the
binding process appears to be much slower.

4.9.3 Ethidium bromide displacement
As was mentioned in Chapter 1, ethidium bromide is a common DNA intercalator
that can be used to examine whether a compound interacts with DNA via inter-
calation. This is achieved by a competition assay were ethidium bromide is added
in a solution with brine and DNA. Thereafter, a high amount of the compound of
interest is added and the change in ethidium bromide emission intensity is recorded.
This study has previously been performed on DNA and 15 by da Silva et al. 2017
[12], showing a decrease in intensity by 10.2% when 30 µM of compound 15 was
added in Tris HCl 20 mM (NaCl 100 mM) and 1.6 µM of ethidium bromide. In our
ethidium bromide displacement experiment we chose conditions that resembled the
ones in the previous study. However, as can be seen in Figure 4.16, no significant
difference was observed by adding 10 µM of compound 15. When slowly increasing
concentration of compound 15 to 100 µM slight changes to the ethidium bromide
emission started to appear (see Figure 4.16 and Table 4.2).

Figure 4.16: Ethidium bromide displacement from DNA upon adding compound
15

Specifically, a 2.6% decrease in fluorescence was calculated from the spectra above
for 30 µM of 15 added. For 100 µM of compound 15 a 5.9% decrease in emission
was noted. This is still a lower value compared to the one reported by da Silva et
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al. 2017 [12]. Even though we cannot repeat the results by da Silva et al. 2017 [12],
the emission decrease that we find still is well in line with the suggestion from the
linear dichroism that 15 in its trans-form, although weakly and slowly, intercalates
into DNA.

Table 4.2: Ethidium bromide displacement of compound 15 comparison with lit-
erature

Compound
Concentration (µM)

Emission
Intensity (a.u.)

% Fluorescent
decrease

Literature
da Silva et al. 2017

[12]

0 73.4 - -
30 71.5 2.6 10.2
100 69.1 5.9 -
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5
Conclusion

This research aimed to identify the absorption and fluorescence properties, as well as
the potential DNA binding of a numer of Schiff bases provided by NSCR "Demokri-
tos". It appears that the compounds exhibit very slow and weak DNA binding
that did not allow the determination of the association constant (Ka). Most of the
compounds had high to moderate solubility in 5% DMSO which allows biological
studies. Additionally, compounds 1, 8, and 26 exhibited satisfactory fluorescent
properties, thus they may have potential to be utilized as probes. The chemical
transition observed in all compounds may be attributed to cis-trans isomerization
transition. This is highly supported by the UV/Vis spectroscopy and the activation
energy results, as the values were in close proximity to the literature, in regard to
compound 15. The two isomers appear to differ in polarity preference. Specifically,
trans isomer appears to be favored in solvents with lower polarity compared to the
cis isomer. The LD and UV-vis spectra of compound 15 suggest that DNA induces
a slow transition back to the trans-form, over time. The mode of binding appears
to be via intercalation, however, the binding constant is found to be much weaker
compared to the values suggested by the literature. Additionally, regarding com-
pound 15 the results of the Ethidium Bromide Displacement assay provided by da
Silva et al. 2017 [12] were not reproducible, since much lower decrease in emission
intensity is recorded in the experiments performed in this thesis.

5.1 Future work
Based on these conclusions, it is suggested to continue the study of the remain-
ing compounds, to examine whether the same isomerization transition occurs and
evaluate the binding mode and potential as DNA binding agents. It is also sug-
gested to perform High Performance Liquid Chromatography (HPLC) to determine
the percentage of each isomer in solution depending on the solvent in which they
are present. That way the structural evaluation and the evaluation of fluorescence
and binding properties can be improved. Additionally, it is suggested to repeat the
emission kinetics, as the temperature might increase the transition rate or effect the
binding kinetics. Another binding technique that could be applied is thermal shift
assay. According to this technique the melting temperature of DNA is measured
in presence and absence of compound. In case the temperature difference of these
two measurements is greater than 5◦C, then intercalation is considered to be the
binding mode, as the temperature increase is attributed to the fact that via inter-
calation the dsDNA becomes more stable. Overall, according to the literature these
compounds appear to have therapeutic properties, however, based on the results of
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this thesis they do not seem to be attributed to DNA binding as it is very weak.
Thus, a detailed biological study is suggested to take place in the future, to estimate
the biological activity of these compounds. Currently, cytotoxicity assays are per-
formed at NCSR “Demokritos” of the novel compounds to estimate their anticancer
properties against glioblastoma cell lines.
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A
Appendix

A.1 Schiff bases

Table A.1: Chemical name and Molecular weight of compounds used

Compound Chemical name
Molecular
Weight
[g/mol]

1 2-(((E)-(4-aminophenylimino)methyl)phenol 212.09
5 (E)-N-(4-chlorobenzylidene)-4-chlorobenzenamine 250.12
8 2-((E)-(6-methoxypyridin-3-ylimino)methyl)phenol 228.09
9 (E)-N-(4-nitrobenzylidene)-4-chlorobenzenamine 260.68
12 2-((E)-(4-methoxyphenylimino)methyl)phenol 227.26
13 2-(((E)-(4-chlorophenylimino)methyl)-4-methoxyphenol 261.06
14 4-methoxy-2-((E)-(phenethylimino)methyl)-3,5-dichlorophenol 255.31
15 (E)-2-(2-hydroxybenzylideneamino)phenol 213.08
17 (E)-N-(4-methoxybenzylidene)-4-nitrobenzenamine 256.26
23 2-((E)-(5-chloro-2-methylphenylimino)methyl)phenol 245.70
24 2-((E)-(4-(hexyloxy)phenylimino)methyl)phenol 297.39
26 2-((E)-(3-methylpyridin-2-ylimino)methyl)-3,5-dichlorophenol 281.14
28 2-((E)-(3-chlorophenylimino)methyl)phenol 231.68
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A.2 UV-Vis spectra of compounds in 0.2% DMSO

Figure A.1: Absorption spectrum of compound 1, 10 µM at 0.2% DMSO

Figure A.2: Absorption spectrum of compound 5, 10 µM at 0.2% DMSO
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Figure A.3: Absorption spectrum of compound 8, 10 µM at 0.2% DMSO

Figure A.4: Absorption spectrum of compound 9, 10 µM at 0.2% DMSO
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Figure A.5: Absorption spectrum of compound 12, 10 µM at 0.2% DMSO

Figure A.6: Absorption spectrum of compound 14, 10 µM at 0.2% DMSO
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Figure A.7: Absorption spectrum of compound 17, 10 µM at 0.2% DMSO

Figure A.8: Absorption spectrum of compound 23, 10 µM at 0.2% DMSO
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Figure A.9: Absorption spectrum of compound 24, 10 µM at 0.2% DMSO

Figure A.10: Absorption spectrum of compound 26, 10 µM at 0.2% DMSO
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Figure A.11: Absorption spectrum of compound 28, 10 µM at 0.2% DMSO

A.3 Compounds not Soluble in 5% DMSO

Figure A.12: Absorption spectrum of compound 23, 20 µM at 5% DMSO
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Figure A.13: Absorption spectrum of compound 24, 15 µM at various percentages
of DMSO

A.4 Absorption Kinetics

Figure A.14: Molecular transition of compound 1 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 353 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 18.301 min) for the reaction.
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Figure A.15: Molecular transition of compound 5 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 322 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 9.963 min) for the reaction.

Figure A.16: Molecular transition of compound 8 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 343 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 21.3751 min) for the reaction.
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Figure A.17: Molecular transition of compound 9 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 345 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 17.473 min) for the reaction.

Figure A.18: Molecular transition of compound 12 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 340 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 11.972 min) for the reaction.
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Figure A.19: Molecular transition of compound 13 (10 µM) in 0.1% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 369 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 4.094 min) for the reaction.

Figure A.20: Molecular transition of compound 13 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 369 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 8.515 min) for the reaction.
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Figure A.21: Molecular transition of compound 17 (15 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 319 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 9.743 min) for the reaction.

Figure A.22: Molecular transition of compound 26 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 282 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 10.592 min) for the reaction.
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Figure A.23: Molecular transition of compound 28 (10 µM) in 5% DMSO mon-
itored using UV-vis spectroscopy at room temperature (ca. 22◦C) immediately
after compound addition from a concentrated DMSO stock into 50 mM Tris-HCl
(100 mMNaCl) buffer. Left panel: Temporal spectral evolution. Right panel: Ab-
sorption at 276 nm (black squares) as a function of time. A first-order exponential
fit (red line) rendered a time constant (τ= 14.951 min) for the reaction.

A.5 Absorption Emission

Table A.2: Fluorescent properties of all compounds

Compound
Absorption
at λexc

[a.u.]

λexc

[nm]
λem

[nm]

Maximum
intensity
[a.u.]

Exc. & emis.
slits’ opening

[nm]
% DMSO

1 0.0815 398 546 100,8 10 5
5 0.0471 293 358 92 10 5
8 0.0747 308 392 908 5 5
9 0.1439 288 350 141,96 10 5
12 0.0500 381 501 18,8 10 5
13 0.0382 357 493 32 10 5
14 0.0414 357 493 37 10 5
15 0.0565 398 511 43 10 5
17 0.2164 383 - - 10 5
23 0.2188 336 547 11,5 10 100
24 0.3848 352 534 31,4 10 100
26 0.0935 400 517 239,2 10 5
28 0.0614 393 510 65 10 5

XIII



A. Appendix

A.6 Molar absortivity

Table A.3: Molar absortivity values for compounds 9, 14, 17 26, 28

Substance
Molar Absorptivity, ε

[M−1cm−1]
Wavelength

[nm]
9 10745 269
14 2233 425
17 9778 382
26 5685 404
28 4621 406

A.7 Nuclear Magnetic Resonance

Figure A.24: Proton NMR integration of peaks
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Figure A.25: Carbon NMR chemical schift maximized

Table A.4: Carbon and HSQC NMR peak values for compound 15 in DMSO

13C-NMR HSQC
a/a. 13C (ppm) 13C (ppm) 1H (ppm)
1 116,67 116,76 6,95
2 116,89 116,92 6,92
3 118,96 118,96 6,93
4 119,64 119,73 7,34
5 119,86 119,89 6,87
6 128,3 128,3 7,12
7 132,44 132,52 7,6
8 133,12 133,1 7,38
9 135,03 161,79 8,94
10 151,25
11 160,92
12 161,74
13 161,81
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Table A.5: Carbon and HSQC NMR peak values for compound 15 in ethanol

13C-NMR HSQC
a/a. 13C (ppm) 13C (ppm) 1H (ppm)
1 117,29 117,3 6,97
2 117,88 117,85 6,91
3 119,27 119,3 6,88
4 120,58 120,6 6,86
5 120,84 120,84 7,26
6 128,55 128,56 7,07
7 133,08 133,09 7,49
8 133,49 133,49 7,32
9 135,99 162,48 8,9
10 151,99
11 162,42
12 162,45
13 162,78
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A.8 DNA binding
A.8.0.1 Emission Kinetics of compound 15

Figure A.26: Left panel: Emission kinetics adding DNA prior to compound 15
addition (i.e. "DNA first"), 15 µM, exciting at λexc = 393 nm and recording emission
at λem = 512 nm. Right panel: Emission spectra at: time 0 (before the emission
kinetics recording started, black line), 120 min after the emission kinetics initiated
(red line) and after 228 min (endpoint, blue line). Emission peak at λem = 512 nm

Figure A.27: Left panel: Emission spectra: i) black line: only compound 15 was
present in 50 mMTris HCl (100 mM NaCl) buffer. Emission peak at λem = 512 nm,
ii) red line: only compound 15 in buffer after thermodynamical equilibrium was
established (t= 185 min, Shift in emission peak is observed from λem = 512 nm to
λem = 501 nm, iii) blue line: 200 µM of DNA was added. No changes in emission
intensity are observed. Emission peak at λem = 501 nm, iv) after linear dichroism
spectroscopy took place (approximately 200 min after DNA was added in solution.
Emission peak at λem = 501 nm. Right panel: Emission kinetics adding compound
15, 100 µM prior to DNA addition, exciting at λexc = 393 nm and recording at λem

= 512 nm
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Figure A.28: Left panel: Emission kinetics adding 200 µM DNA, prior to 100 µM
(black line) and ca. 85 µM (red line) of compound 15 addition. Exciting at λexc

= 393 nm and recording at λem = 512 nm. The experiment was performed twice
to confirm the reputability of the results. The same pattern in emission intensity
changes is recorded, as an initial increase and afterwards a gradual decrease in
intensity is observed, until the thermodynamical equilibrium is established after ca.
100 min. Right panel: Emission intensity spectra of the two samples. The black
and red lines correspond to the sample with concentration equal to 100 µM of 15, at
time 0 (before the emission kinetics were initiated) and 230 min after the kinetics
were initiated and the thermodynamical equilibrium was established (endpoint),
respectively. Shift in emission peak from λem = 512 nm to λem = 501 nm and
decrease in emission intensity are observed. The blue and green lines correspond to
the sample with concentration equal to approximately 85 µM of 15, at time 0 (before
the emission kinetics were initiated) and 140 min after the kinetics were initiated
and the thermodynamical equilibrium was established (endpoint), respectively. Shift
in emission peak from λem = 512 nm to λem = 501 nm and decrease in emission
intensity are observed.
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A.8.1 Linear Dichroism Spectra

Figure A.29: Absorption and LD spectra of compound 15, 100 µM adding 200 µM
DNA prior to compound addition. Left panel: Shift in absorption is observed 2
days after the sample was prepared. Right panel: Magnified image of LD spectra
illustrated on the left panel, wavelengths range from 320 nm to 410 nm

Figure A.30: Absorption and LD spectra of compound 5, 15 µM, in Tris-HCl buffer,
5% DMSO and 200 µM of DNA

XIX



A. Appendix

Figure A.31: Absorption and LD spectra of compound 8, 15 µM, in Tris-HCl buffer,
5% DMSO and 200 µM of DNA

Figure A.32: Absorption and LD spectra of compound 9, 15 µM, in Tris-HCl buffer,
5% DMSO and 200 µM of DNA
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Figure A.33: Absorption and LD spectra of compound 13, 15 µM, in Tris-HCl
buffer, 5% DMSO and 200 µM of DNA

Figure A.34: Absorption and LD spectra of compound 28, 15 µM, in Tris-HCl
buffer, 5% DMSO and 200 µM of DNA
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