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ABSTRACT

Objective(s): The interaction of DNA with iron oxide nanoparticles (SPIONs) was studied to find out the
interaction mechanism and design new drug delivery systems.

Materials and Methods: The interaction of calf thymus DNA (ctDNA) with SPIONs doped with 2H-chromene
via dopamine as cross linker (SPIONs@DA-Chr) was studied using the UV absorption spectroscopy, viscosity
measurement, circular dichroism, fluorescence and FT-IR spectroscopic techniques.

Results: UV absorption study showed hyperchromic effect in the spectra of DNA. Few changes were
observed in the viscosity of ctDNA in the presence of different concentration of SPIONs@DA-Chr. The result
of circular dichroism (CD) suggested that SPIONs@DA-Chr can change the secondary structure of DNA.
Further, fluorescence quenching reaction of ctDNA with SPIONs@DA-Chr and competitive fluorescence
spectroscopy studied by using methylene blue, have shown that the SPIONs@DA-Chr can bind to ctDNA
through non-intercalative mode. FT-IR spectroscopy confirmed the binding of SPIONs@DA-Chr and
ctDNA.

Conclusion: These results suggested that SPIONs@DA-Chr binds to DNA via groove binding mode.
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INTRODUCTION

DNA plays an important role in biology and
is the important target in cancer treatment,
so the interaction of small molecules and DNA
can damage the structure of DNA, blocks the
proliferation of cancer cells and leads to cell death
[1]. The interaction of small molecules with DNA
has been extensively studied. These studies can
get insights into the development of effective
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therapeutic drugs to control the gene expression
[2]. The interaction between small molecules and
DNA are of two types, covalent interactions and
non-covalent interactions. The three major types
of non-covalent interactions are; (a) electrostatic
interactions that occurs between the negatively
charged phosphate backbone of DNA and
positively charged end of small molecules, (b)
groove binding that involves hydrogen bonding or
(c) Vander Waals interaction of the small molecules
with nucleic acid bases and intercalative binding
occurs when the small molecules intercalate
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within the nucleic acid base pairs [3, 4].

In the recent development of biotechnology,
magnetic nanoparticles have gained increasing
attention for use in biomedical applications [5].
The multifunctional capabilities of engineered
superparamagnetic iron oxide nanoparticles
(SPIONPs) have profound impact on various
fields of cancer therapeutics. They have potential
to improve contrast features in magnetic
resonance imaging (MRI) [6], drug delivery [7]
and hyperthermia [8]. Because of their smaller
size and hence greater surface to volume ratio
and flexible surface modification properties, they
have improved binding kinetics to the variety of
substances. As SPIONPs are biodegradable and
biocompatible, they find application in various
biomedical fields such as gene therapy [9], cell
and biological material separation [10]. SPIONPs
need to have surface modification to improve
their efficacy in clinical applications. Solubility,
biocompatibility and stability are three main
factors endowed with surface functionalization
[11]. A widely used robust and versatile anchor
on the surface of iron oxide nanoparticles is
dopamine [12-14]. The linkage is based on the
chelation of the hydroxyl groups of dopamine with
the surface iron atoms rendering the particles
at the same time water dispersible. The amine-
functions on dopamine are one of the best parts
for post-functionalization of the dopamine coated
magnetic nanoparticles [15]. Pyranochromenes
are one of the most commonly encountered
oxygen containing heterocycles [16], which
form the important compounds having medical
significance [17-19].

Although a wide variety of methods are being used
in cancer therapy, the magnetic nanoparticles
seem to hold the greatest potential of success.
By using nanoimaging and nanodrug delivery
systems, cancer cells can be selectively targeted
thus, reduce undesired systemic drug toxicity.
In the present study we have tried to survey
interaction of superparamagnetic iron oxide
nanoparticles (SPIONs) doped with 2H-chromene
via dopamine as cross linker (SPIONs@DA-Chr,
Fig 1) with ctDNA and introduce SPIONs@DA-
Chr as a new nanoparticle that target the DNA.
The interaction properties of SPIONs@DA-Chr
with calf thymus DNA were studied by using
the UV-Vis spectrophotometry, fluorescence
spectroscopy, CD and FT-IR spectroscopy,
and viscosity measurement. This work will
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contribute to elucidating the binding mechanism
of SPIONs@DA-Chr with DNA and will provide
valuable information about behavior and mutual
interactions of superparamagnetic nanoparticles
with biological systems.
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Fig 1. Structure of SPIONs@DA-Chr

MATERIALS AND METHODS
Materials

Calf thymus DNA (ctDNA) was purchased from
sigma chemical company and used without further
purification. Its stock solution was prepared by
dissolving an appropriate amount of ctDNA in
10 mM Tris-HCl buffer (pH 7.4) and stored at
4°C. The concentration of DNA was determined
by UV absorption spectroscopy using the molar
absorption coefficient € = 6600 M cm™* at 260
nm [20]. A solution of ctDNA gave a ratio of UV
absorbance at 260 and 280 nm more than 1.8,
which indicates that DNA was adequately free
from protein [21].

Apparatus and methods
Synthesis and characterization of SPIONs@DA-Chr
SPIONs were synthesized by the chemical co-
precipitation method [22]. For surface modification
of SPIONSs briefly, in first step 2 gr of dried SPIONs
were well dispersed in 15 ml deionized water
by using ultrasonic waves. After that, 4 gr of
dopamine were dispersed in 15 ml deionized water
and added to SPIONs under nitrogen atmosphere,
NaOH (0.01 M) was dripped to the reaction
mixture (pH 8), and the solution was stirred for
24h at RT. The resulting black precipitation was
then collected by external magnet and washed
three times by deionized water and acetone
respectively. The obtained SPIONs@DA was dried
under vacuum at 60°C overnight. In second step
500 mg of SPIONs@DA were dispersed in 200 ml
ethanol and 500 mg of 6-bormo-2H-chromene-
3-carbaldehyde was added to the SPIONs@DA
solution, and the reaction mixture was stirred
for 24h under the nitrogen atmosphere. Finally,
precipitation collected by external magnet and
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washed by acetone and ethanol. The obtained
SPIONs@DA-Chr was dried under vacuum at 60°C
overnight. SPIONs@DA-Chr were suspended in 10
mM Tris-HCI buffer containing 0.7% DMSO and
sonicated to ensure a uniform suspension.

The SPIONs@DA-Chr was characterized by
using Bruker Tensor 27 (Japan) FT-IR spectrometer,
PG Instrument (T60, PG Instruments Ltd,
Leicestershire, UK) UV-Vis spectrophotometer
and LEO 1430VP (England & German) scanning
electron microscopy (SEM).

Spectroscopic studies

The interaction between ctDNA and SPIONs@
DA-Chr was studied by UV-Vis spectroscopy
using PG Instrument (T60, PG Instruments
Ltd, Leicestershire, UK) spectrophotometer.
All experiments were accomplished in Tris-HCI
buffer (10mM pH 7.4) by using a (1cm) quartz
cell. Spectral changes of DNA were recorded after
adding different concentrations of SPIONs@DA-
Ch. Absorption spectrum has also been monitored
under the same condition after adding different
concentrations of ctDNA keeping constant
SPIONs@DA-Chr concentration.

Fluorescence measurements were carried out
in a JASCO (FP-750) (Japan) spectrofluorometer by
using a quartz cell of 1cm path length. Excitation
and emission slit were set at 5 nm. The fluorescence
quenching measurements were determined by
keeping the concentration of SPIONs@DA-Chr
constant (15 uM) and varying the concentration of
ctDNA (0-105 uM). Solutions were excited at 290
nm and the emission was monitored at 535 nm.
For thermal study, samples were incubated at three
different temperatures (298, 310 and 318 K) and
some quantitative analysis were performed [23].

For competitive fluorescence assay, at first DNA
(50uM) was added to methylene blue (MB) (50uM)
solution and titrated with varied concentration of
SPIONs@DA-Chr (0-6 uM). Samples were excited
at 630 nm, and emission spectra were recorded
from 650-730 nm.

CD spectra were recorded in a JASCO (J-810)
(Japan) spectropolarimeter by adding various
concentrations of SPIONs@DA-Chr (0-5.25 pM)
and constant concentration of DNA (50 uM).

FT-IR spectra were obtained using a Bruker
Tensor 27 (Japan) spectrometer at room
temperature in a range of 4000-400 cm™. The
samples were placed in a potassium bromide (KBr)
disks.
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Viscosity measurement was carried out
in a viscometer (Ubbelohde-lran) which was
maintained at a constant temperature at 25+0.1°C
in a thermostatic water-bath. The ctDNA was fixed
at 50 uM and SPIONs@DA-Chr was 0-5 pM. Flow
time was measured with a digital stopwatch, the
mean value of three replicated measurements was
used to evaluate the viscosity (n) of the samples.
The data were reported as (n/n,)"* versus the
[compound/DNA] ratio. Where, n is the viscosity
of DNA solution alone [21].
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Fig 2. SEM image of Fe304 NPs (A: bare Fe304 NPs, B:
SPIONs@DA-Chr)

RESULTS AND DISCUSSION
Characterization of SPIONs@DA-Chr

SEM images of bare Fe,O, NPs and SPIONs@
DA-Chr are shown in Fig 2. Fig 2a, shows that Fe, O,
NPs have uniform spherical shaped morphology.
SPIONs@DA-Chr has different morphology than
the naked Fe O, NPs, (Fig 2b). Slight increase in the
size could be related to the surface modification.
SPIONs@DA-Chr had 20-40 nm size. The
absorption spectra of bare Fe 0, and SPIONs@DA-
Chr are shown in Fig 3. There are new peaks at 290
and 374 nm in the absorption spectra of SPIONs@
DA-Chr that related to dopamine and chromene.

To certificate the successfully bonded of
dopamine and chromene to Fe O, NPs, FT-
IR analysis carried out. Fe,O, NPs showed an
absorption peak around 571 cm® assigned to the
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Fe-O stretching of the iron oxide nanoparticles (Fig
43). The broad band at 3423 cm™ ascribed to the
vibration of the hydroxyl groups and/or absorbed
water molecules on the surface of the particles
[24]. The spectrum of SPIONs@DA-Chr exhibit
additional bands, (Fig 4b).The absorption bands
appeared at 1644 and 1477 cm™could be related
to the asymmetric and symmetric stretching
vibration of the benzene rings. The bands related
to the C-O bonds was located at 1284 cm™[25].
Also the peak at 631 cm™ could be corresponded
to the C-Br strong stretching [26]. All the above
can demonstrate successfully formation of the
SPIONs@DA-Chr.
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Fig 3. Absorption spectra of Fe304 NPs and SPIONs@DA-Chr
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Fig 4. The FT-IR spectra of A: Fe304 NPs, B: SPIONs@DA-Chr
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UV-Vis spectral measurements

Absorption spectroscopy is an effective
technique that is useful to determine the binding
mode of DNA with small molecules [27, 28].
Therefore, to demonstrate the binding possibility
of the SPIONs@DA-Chr to ctDNA, spectroscopic
titration was performed. UV spectra of SPIONs@
DA-Chr (10 pM) in the presence of different
concentrations of DNA (0-51 uM) are shown in Fig
5a. The absorption bands at 374 nm showed an
increase in the peak intensities (hyperchromism)
and slight blue shift with respect to increasing
concentration of ctDNA. This change in the
spectrum of SPIONs@DA-Chr in the presence of
ctDNA is related to a non-intercalative binding
mode. Amine and hydroxyl groups could form
hydrogen bonds with the DNA base pairs,
contributing to the overall hyperchromism [29].
The band at 260 nm of DNA arises from the
n—>n* electronic transition of the bases [30]. The
absorption spectra related to the interaction of
ctDNA with SPIONs@DA-Chr was recorded at a
constant DNA concentration (50uM) and different
concentrations of SPIONs@DA-Chr (0-6 uM), (Fig
5b). Generally hypochromism arises from the DNA
helix axis, as well as its conformational changes, in
contrast, hyperchromism is due to a damage of the
ctDNA double-helix structure [31]. The changes
observed in the absorption spectra of ctDNA in
the presence of SPIONs@DA-Chr indicated the
damage in the DNA double-helical structure and
binding mode is non-intercalative. The value of the
apparent association constant, K obtained from
Benesi-Hildebrand equation (1) [32]:

4, & N &g 1
A-A, (6ug-86) (6ng-&q) KICT-DNA|

(1)

Where “K” is the apparent association constant,
A, and A are the absorbance of the SPIONs@DA-
Chr and its complex with DNA, respectively, and €_
and g, are absorption coefficients of the SPIONs@
DA-Chr and SPIONs@DA-Chr-DNA complex,
respectively [32]. The association constant for
SPIONs@DA-Chr was calculated 1.58x10® M™.
This value of K was lower than that of classical
intercalators, by comparing the calculated K with
popular DNA binders [33], SPIONs@DA-Chr can
interact with DNA through groove binding mode.

Fluorescence quenching studies

To study the interaction of small molecules with
biomacromolecules, fluorescence spectroscopy is
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the most suitable technique [34]. To investigate the
binding mode of SPIONs@DA-Chr to ctDNA, the
fluorescence titration experiment was performed.
The emission spectrum of SPIONs@DA-Chr in the
absence or presence of ctDNA was shown in Fig 6.

It was obvious that SPIONs@DA-Chr had a
significant maximum emission peak at 535 nm
following excitation at 290 nm. By increasing the
concentration of ctDNA, the fluorescence intensity
of the SPIONs@DA-Chr was decreased without
any remarkable shift in the maximum wavelength
of emission. Fluorescence quenching of SPIONs@
DA-Chr can be described by Stern-Volmer equation
(2) [35]:

F
FO =14 Ky7[Q] = 1 + Kgy[Q] (2)

Where F, and F represent the fluorescence
intensities before and after the addition of the
quencher (DNA), respectively. K, is the fluorophore
quenching rate constant, K, is Stern-Volmer
constant, t, is the life time of the fluorophore,
and [Q] is the concentration of quencher [36].
From the slope of the plot in Fig 7, the Stern-
Volmer quenching constant was calculated. The
fluorescence quenching mechanisms are usually
classified as dynamic and/or static quenching [37].
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Fig 5. (A) Changes of UV spectra of SPIONs@DA-Chr (10 uM) in
the presence of different concentrations of ctDNA (0-51pM).
(B) Absorption spectra of ctDNA (50uM) in the presence of
different concentrations of SPIONs@DA-Chr (0-6 uM)
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Table 1. The Stern-Volmer constants, quenching constants of
SPIONs@DA-Chr-DNA complex at different temperatures

T R Ksv (L/mol) 10° K4 (L/mol/s) 10"
298 0.9685 2.5 2.5
310 0.9853 2.8 2.8
318 0.9609 3.5 35

Dynamic quenching refers to a process that
the fluorophore and the quencher come into
contact during the transient existence of the
excited state. This type of quenching depends
upon diffusion. As regards higher temperature
lead to larger diffusion coefficients, by rising
the temperature K, can be increased. In the
case of static quenching, fluorophore-quencher
complex accomplishes. Complex stability can
be decreased by increasing temperature, and
therefore lower values of K,, were resulted [38,
39]. The calculated K, at different temperatures
(298, 310 and 318 K) is presented in Table 1. The
results show that K., values were increased with
increase in temperature indicating the dynamic
type of quenching mechanism through interaction
between DNA and SPIONs@DA-Chr.

Equilibrium binding titration

Fluorescence titration data were used to
determine the binding constant (Kf) and the
number of binding sites (n) by the following Eq (3)
[40].

Fy—F

log = logK; +n log[Q] (3)

Where F and F are the fluorescence intensities
of the fluorophore in the absence and presence of
different concentrations of quencher, respectively.
A plot of log [(F, — F/F)] vs. log [Q] yields a slope
equal to n and the length of intercept on Y-axis
equals to IogKf (Fig 8).

The values of K, and n are shown in Table 2.
The low binding constant (Kf) of SPIONs@DA-
Chr in comparison with intercalators [41, 42],
demonstrated that SPIONs@DA-Chr binds to
ctDNA via groove binding mode.

Table 2. Binding constants (Kf) and number of binding sites (n)
of SPIONs@DA-Chr-DNA complex at different temperatures

T R K; (L/mol) 10* n
298  0.9596 0.1 1.5
310 0.9281 2.5 1.2
318  0.9045 19.9 0.9
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Fig 6. Fluorescence spectra of the SPIONs@DA-Chr in the
absence and presence of increasing concentrations of ctDNA
(0-105 uM) at 298 K
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Fig 7. Stern-Volmer plot of ctDNA- SPIONs@DA-Chr complex
at different temperatures (298, 310 and 318 K)

Thermodynamic studies

The interaction forces between small molecules
and biomolecules mainly contain hydrogen bonds,
Van der Waals forces, electrostatic forces and
hydrophobic interactions [43]. If AH > 0, AS > 0,
the main acting force is hydrophobic interaction; if
AH < 0, AS > 0, the major force is the electrostatic
effect; if AH < 0, AS < 0, the main binding force
is Van der Waals force or hydrogen bond [44]. To
determine the interaction force of SPIONs@ DA-
Chr with ctDNA, we calculated the thermodynamic
parameters from the Van’t Hoff equation (4):

AH = AS
AG = AH — TAS (5)

AH and AS were determined by the plotting Ian
versus 1/T (Fig 9). The free energy change (AG)
was estimated from Eq (5). The values of AH, AS
and AG for the interaction of SPIONs@DA-Chr
and ctDNA are shown in Table 3. Negative value
of AG is responding to spontaneous interaction
process and positive AH and AS indicated that
the hydrophobic force was a major binding force
between SPIONs@DA-Chr and DNA.
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Fig 8. Determination of binding constant and number of
binding site from double logarithm plot of fluorescence
quenching
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Fig 9. Van’n Hoff plot of SPIONs@DA-Chr-DNA complex

Competitive study using methylene blue (MB)
The competitive study was carried out using
methylene blue (MB). MB can bound to duplex
DNA via intercalation. The emission intensity of
MB was quenched on adding DNA due to its strong
stacking interaction (intercalation) between the
DNA base pairs. The fluorescence of MB decreased
after binding with DNA due to its intercalation
[33, 45]. If MB was replaced with SPIONs@DA-
Chr, it could lead to a significant increase in the
fluorescence intensity of MB-DNA complex. Fig
10 shows the fluorescence emission spectra of
MB with and without ctDNA and the effect of
adding increasing concentration of SPIONs@DA-
Chr to MB-DNA. There is not clearly change in
the fluorescence intensity of MB upon addition of
SPIONs@DA-Chr. Although, the binding constant
of SPIONs@DA-Chr is higher than MB (2.13 x 10*
M), but it is not able to release MB, because
they have different binding sites. This result is an
evidence for a non-intercalative mode of binding.

Circular dichroism spectroscopy

CD is an useful technique in diagnosing
structural changes in DNA during ligand-DNA
interactions, as the positive band due to base
stacking (275 nm) and the negative one due to
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right handed helicity (245 nm) are quite sensitive
to the mode of DNA interactions with small
molecules [46]. The shift in the CD signals of DNA
due to interaction of ctDNA with compounds may
often be designated to the corresponding changes
in the DNA structure [47]. Classical intercalative
molecules usually tend to enhance the intensities
of bands due to strong base stacking interactions
and stable DNA conformations, while simple
groove binding and electrostatic interactions
demonstrate less or no perturbation on the base
stacking and helicity bands [48].
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Fig 10. Emission spectra of MB-DNA in the presence of
increasing amount of SPIONs@DA-Chr (0-6 uM)
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Fig 11. CD spectra of ctDNA (50uM) in 10 mM Tris-HCl buffer,

in the presence of increasing concentrations of SPIONs@DA-

Chr (0, 2.25, 4.25, 5.25 pM). The arrows show the CD spectra
changes

The CD spectra of DNA in the presence of
SPIONs@DA-Chr are illustrated in Fig 11. After
adding different concentrations of SPIONs@
DA-Chr, the intensities of positive and negative
bands were decreased. According to CD spectra
it can be assumed that SPIONs@DA-Chr may not
significantly change the helicity of DNA. Also it
is important evidence for the groove binding of
SPIONs@DA-Chr to ctDNA that confirms our other
findings. This result is similar to the results of silver
nanoparticles interaction with ctDNA [49].
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Fig 12. Effect of increasing amount of SPIONs@DA-Chr (0-5
UM) on the viscosity of ctDNA (50 uM)

Table 3. Thermodynamic parameters for SPIONs@DA-Chr-DNA
binding at different temperatures

T R AH (KJ/mol) AS (J/mol/K) AG (KJ/mol)
298 0.9997 25.17 91.226 -2.01
310 0.9997 25.17 91.226 311
318 0.9997 25.17 91.226 -3.8

Viscosity measurement

To confirm the binding mode of SPIONs@DA-
Chr with DNA viscosity measurement carried out.
Hydrodynamic methods, such as determination of
viscosity, can be considered to be highly sensitive
to the change in length of DNA. A classical
intercalation model illustrates lengthening of
DNA helix with the separation of DNA base pairs
for adapting the bound molecule, leading to the
increase in DNA viscosity. Overhand, a partial,
non-classical intercalation of molecules could
bend the DNA helix, reducing its length and
subsequently, its viscosity. Furthermore molecules
that binds exclusively in the DNA groove by partial
and/or non-classical intercalation typically cause
less (positive or negative) or no change in DNA
solution viscosity [43]. The effect of different
concentrations of SPIONs@DA-Chr (0-5 uM) on
the viscosity of ctDNA is shown in Fig 12. Results
show only a slight increase in the viscosity of DNA
while increasing concentration of SPIONs@DA-
Chr, which indicates that groove binding mode of
interaction is more probable.

FT-IR spectra of SPIONs@DA-Chr-DNA complex
Fig 13 shows the FT-IR spectra of free DNA and
DNA bound with SPIONs@DA-Chr. The vibrational
frequencies of the NH and OH groups of free DNA
appeared around 3414-3478 cm™ [40], and in the
SPIONs@DA-Chr-DNA complex had a little shift to
3415-3478 cm™. This broad band in free DNA is
mainly attributed to the intramolecular H-bonding
and the changing in NH band on NPs interaction
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is indicative of the interaction of SPIONs@DA-Chr
with DNA bases. The Guanine band at 1796 cm?,
Adenine at 1617 cm?, Cytosine at 1510 cm™ and
the band at 1637 cm? related to Thymine [50],
shifted slightly toward lower frequencies at 1772,
1617,1510 and 1636 cm, respectively. Thereupon
the NPs show affinity to DNA bases respectively
G>T>A>C. The asymmetric phosphate anion (PO
,) stretching band at 1365 cm™in free DNA, has
been omitted in complex and symmetric vibration
at 1036 cm™ shifted to 1182 cm™. Also the IR
B-marker bands at 896 cm™ for sugar-phosphate
stretch and 865 cm™ for phosphodiester mode
present in free DNA [51, 52], changed in SPIONs@
DA-Chr-DNA complex. These results indicated that
the secondary structure of DNA was changed via
interaction of SPIONs@DA-Chr with DNA.
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Fig 13. FT-IR spectra of (A) free DNA, (B) SPIONs@DA-Chr-DNA
complex

CONCLUSION

DNA binding mechanism of SPIONs@DA-Chr
was studied in the present research. SPIONs@
DA-Chr was characterized by using SEM and FT-
IR spectroscopic methods. The interaction of NPs
with ctDNA was studied by various spectroscopic
methods and viscosity measurement. All the
results indicate that SPIONs@DA-Chr binds to DNA
through groove binding mode. The quenching
mechanism, binding constant and binding force
were obtained from the fluorescence quenching.
These results suggest the potential of SPIONs@
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DA-Chr to target the DNA and design the effective
anticancer compounds.
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