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Overexposure of TiO2 NPs has raised concerns over safety. This study focuses on stability and DNA binding activ-
ity of TiO2NPs inwater and cell culture growthmedia RPMI-1640 at physiological temperature. BorosilMansingh
Survismeter was used to assess dispersion and physicochemical properties. Values of density, viscosity, surface
tension, particle size, friccohesity and activation energy were calculated for a range of TiO2 NP concentrations
(25 μM/L to 125 μM/L). The results demonstrate higher limiting density and viscosity in culture media than
water, suggesting a stronger association of TiO2 NPs in growth media. Interaction of TiO2 NPs with human geno-
mic DNA was analyzed by UV–visible spectroscopy and fluorescence spectroscopy. UV–visible spectroscopy
showed hyperchromic effect due to strong stacking interactions between human genomic DNA and TiO2 NPs.
Fluorescence spectral characteristics revealed that with increasing concentrations of TiO2 NPs bound to DNA,
therewas amarked decrease influorescence spectrawhich indicates interaction of TiO2 NPwith human genomic
DNA. Understanding structural and physicochemical properties of TiO2 NPs and their interactionwith human ge-
nomic DNA will be important for in vitro genotoxicity studies as stability of nano form in media is a major
concern.
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1. Introduction

Advancement of nanotechnology has led to production of nanoma-
terials with unique properties. The smaller size and larger surface area
of NPs increase their biological reactivity. Hence there is increasing con-
cern regarding potential adverse health effects of NPs on human body
and environment at large [1,2,3,4]. TiO2, one of the most frequently
used engineered metal oxide nanoparticle has a fundamental role as a
white pigment. Due to its property of brightness, it is most favorable
for use as an additive in paints, food coloring, cosmetics, sunscreens,
toothpastes, polymers, medicines, ceramics & pharmaceutical industry
[1,5,6,7]. Around 3000 t of TiO2 NPs are produced globally every year
and used in various fields due to high stability, photo catalytic proper-
ties and anti-corrosiveness [8,9]. TiO2 occurs in 3 crystalline structures:
Rutile, Anatase and Brookite. Rutile and Anatase are commercially avail-
able forms of TiO2NPs. Anatase ismore chemically reactivewhereas Ru-
tile is considered to be stable [10,11]. Nanoparticles possess unusual
physicochemical properties due to a variety of parameters such as
tel), palak608@gmail.com
gmail.com (S.R. Pandya),
auni.ac.in (S. Bakshi).
small size (surface area), surface structure (surface reactivity, surface
groups), chemical composition (purity, crystallinity, electronic proper-
ties), shape, solubility, and agglomeration. Nanoparticles have the abil-
ity to bind and interact with biological matter changing the surface
characteristics depending on the environment they are present,
resulting in an increased concern over its potential effect on human
body. Thus the characterization of nanoparticles in contact with the bi-
ological systems becomes complex leading to difficulty in classifying
them as hazardous [12]. In 2006, the International Agency for Research
on Cancer (IARC) reported sufficient evidence of carcinogenicity of TiO2

in experimental animals and inadequate evidence of carcinogenicity in
humans. Thus they declared it as group 2B carcinogen, “possibly carci-
nogenic to humans” [IARC 2010] [13,14]. Regulatory agencies seek lab-
oratory data on toxicity of nanoparticles, in order to determine
permissible limits in commercially available products. In vitro
genotoxicity assessment requires addition of nanoparticles in growth
media of proliferating cell cultures. Surface charge and other physico-
chemical properties of nanoparticles cause agglomerates, which can
lead to non-nano size and thus change in characteristics. This can ham-
per the interpretation of biological effect of nanoparticles on cultured
cells, like genotoxicity assessment. Attempts are going on to character-
ize the nanoparticles in culture media for extent of agglomeration, dis-
persion, and related properties, which can directly affect bioavailability
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Table 1
Density (ρ ± 10−3 kg m−3), viscosity (η ± 10−5 mPa·s) and surface tension
(γ ± 10−2 mN m−1) of pure water and RPMI-1640 media at 310.15 K.

Pure solvents ρ η γ

Water 0.9930 0.6960 70.00
RPMI-1640 media 1.0067 0.7312 63.40
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of nano form. The genotoxic effect of a compound can be exertedmainly
by DNA interaction. Hence, we aim to study nanoparticles in culture
media, for understanding in vitro genotoxicity. Reports suggest compo-
sition to be responsible for toxicity of conventional materials, where as
physicochemical properties such as size, surface area, surface chemistry,
surface roughness, medium of dispersion and ability to agglomerate are
considered to be responsible for toxicity of nano materials [15]. Hence
we aim to characterize nanoparticle dispersions and physicochemical
parameters such as density, viscosity, surface tension, and activation
energy in culture media. Since the physicochemical properties infer
the level of solubility, reactivity, binding and dispersion of nanoparticles
in medium, the critical evaluation of intermolecular interaction can be
useful. Molecular distribution of nanoparticles is one of the contributory
factors for agglomeration; with the culture medium or within NPs. This
can be calculated with Einstein's equation considering r in nm [16]. The
extent of dispersion in cell culture medium can be correlated with the
extent of DNA binding, making it genotoxic. We aim to assess in vitro
genotoxicity of TiO2 NPs and hence decided to study the particokinetics
and physicochemical properties in culture media. The present paper re-
ports physicochemical properties of TiO2 NPs dispersed in culture
media RPMI-1640 and water, using Survismeter. We have also studied
the interaction of DNAwith TiO2 NPs using UV–visible spectra and Fluo-
rescence measurements.

2. Materials and methods

2.1. Materials

TiO2 NPs manufactured by Sigma Aldrich (Cat. no. 634662) with a
primary diameter of less than 100 nm were used. Tris-base, EDTA,
Ethidium bromide, and RPMI-1640 media were purchased from Hi-
Media. The human genomic DNAwas isolated fromnormalWBCs of pe-
ripheral blood using the protocol of Qiagen's kit (Cat. no. 51104).

2.2. Methods

2.2.1. Assessment of physicochemical properties by Borosil Mansingh
Survismeter

The physicochemical properties such as density, viscosity, surface
tension, activation energy, and friccohesity elucidate dispersion activi-
ties of TiO2 in water and culture media. TiO2 NPs suspensions were pre-
pared at 25 μM, 50 μM, 75 μM, 100 μM and 125 μM concentrations in
water as well as media. Densities were determined with Anton Paar
Density and Sound velocity Meter (DSA 5000 M). Three mL suspension
was filled in DSA Quartz U tube. Pendent drop numbers (PDN) and
viscous flow times (VFT) were measured with Borosil Mansingh
Survismeter (BMS) for assessment of surface tension and viscositymea-
surements respectively. Tomaintain physiological temperature of 37 °C,
an auto temperature control LAUDA ALPHA RA 8 thermostat was used.

2.2.2. Assessment of DNA binding activity by UV-visible measurements
UV absorption spectra of human genomic DNA suspensionwas stud-

ied at 256 nm, following addition of various concentrations of TiO2 NPs.
The spectrum was measured with Agilent Carry-60 UV visible spectro-
photometer equipped with jacketed cell holders. Spectral changes of
13.71 μg DNA were monitored after adding various concentrations of
TiO2 NPs (0–200 μM) by recording the UV–visible absorption (200–
700 nm). All experiments were run in Tris-base buffer (0.1 M), pH 7.5,
in a conventional quartz cell attached with a thermostat to maintain
the temperature at 37 °C. The absorbance profiles, which depict the
thermal denaturation of DNA, were obtained using Carry-60 UV visible
spectrophotometer, under controlled denaturation with change in tem-
perature. Sample cells contained 13.71 μg DNA and 0 to 200 μM TiO2

NPs. The recording chart read temperature and absorbance differences
between the reference cuvettes (which were the same as the sample
except the DNA and DNA with TiO2 NPs at increasing concentrations
were noted).

2.2.3. Assessment of DNA binding activity by Fluorescence measurements
Fluorescence quenching helps in understanding the interaction of

chemical with DNA. Ethidium bromide binds to DNA by inserting be-
tween the stacked bases andfluoresces due to thehydrophobic environ-
ment between base pairs. In this assay, 100 μg of DNA was added to 2-
μM aqueous Ethidium bromide with maximum quantum yield at
471 nm, hence this wavelength was selected as the excitation wave-
length for samples at 37 °C in the range 500–720 nm. Different volumes
of TiO2 NPs (1–140 μL) were added to the DNA suspension containing
Ethidium bromide and measurements were done using a 1 cm path
length fluorescence cuvette. At the highest denaturation concentration
and an excitation wavelength of 471 nm, the fluorescence intensities
of TiO2 NPs were checked and the emission intensities were recorded.

3. Results and discussion

3.1. Physicochemical study

Intermolecular forces (IMF) like Dipole–Dipole, Ion–Dipole, Dipole–
induced Dipole and London dispersion forces catalyze interaction or
dispersion between two molecules. Physicochemical properties of dis-
persedmolecules and themedia in which they are dispersed determine
the IMF monitored reactions. We study the density, viscosity, surface
tension, friccohesity, activation energy and molecular radii of TiO2 NPs
dispersed in water and media at 37 °C.

3.1.1. Density

Density is defined, as mass per unit volume, and intermolecular
forces are the forces of attraction that hold themolecules together. Den-
sity, which depicts internal pressure of the TiO2 NPs inwater andmedia,
is regressed with mM/L using following Eq. (1).

ρ ¼ ρo þ Sρmþ S0ρm
2 ð1Þ

ρ° at m→ 0 is limiting density and Sρ is the 1st slope. A stronger in-
termolecular force between the components of RPMI-1640 media and
TiO2 NPs causes higher density of media as compared to the TiO2 NPs
in water. There is an interaction-taking place between metallic Titani-
um with the components of media resulting in shorter intermolecular
distances. Therefore the molecules in the media are densely packed
and held together by ionic force of attraction. The stronger intermolec-
ular forces in media components pull TiO2 NPs towards it, resulting
in more molecules per unit volume. The density (1.0067 kg m−3)
of RPMI-1640 media is 1.36% higher as compared to water
(0.9930 kg m−3) due to composition of the media. An increase in the
density of water and media is observed with increase in TiO2 NP con-
centrations (Table 2, Fig. 1). TiO2-media (1.0031 kg m−3) has a higher
limiting density than TiO2-water (0.9937 kg m−3), due to the presence
of TiO2 NPs in media, explaining a 0.84% stronger intermolecular
force interaction between TiO2 NPs and media than water. The
0.00002 kg2m−3mol−1 and 0.000008 kg2m−3mol−1 slope (Sρ) values
of TiO2-media and TiO2-water respectively, show TiO2-media N TiO2-
water indicating composition effects of media is higher as compared
to water (Table 3a). Thus for dispersion studies it can be inferred that



Table 2
Micro molar/L (μM), density (ρ ± 10 − 3 kg m−3), viscosity (η ± 10 − 5 mPa·s),
surface tension (γ ± 10−2 mN m−1), friccohesity (σ, s.m.−1), activation energy
(Δμ2⁎ ± 10 − 2 kJ mol−1), molecular radii (r, nm) at 310.15 K.

μM ρ η γ σ Δμ2⁎ r

TiO2 + water
25 0.9939 0.657909 70.59 0.0132975 −57.72 10.84
50 0.9940 0.673002 70.60 0.01360118 −57.68 8.60
75 0.9943 0.682157 70.62 0.01378204 −57.67 7.51
100 0.9945 0.684781 70.63 0.01383228 −57.66 6.83
125 0.9946 0.709890 70.64 0.01433804 −57.63 6.34

TiO2 + RPMI media
25 1.0034 0.75417132 63.62 0.015750 −57.67 10.80
50 1.0043 0.75565758 63.25 0.015872 −57.69 8.57
75 1.0046 0.75562293 63.27 0.015867 −57.72 7.49
100 1.0052 0.75711633 63.73 0.015783 −57.78 6.80
125 1.0054 0.75703535 63.74 0.015778 −57.83 6.31

Table 3a
Limiting density (ρ°, kg m−3), 1st slope (Sρ, kg2 m−3 mol−1), Limiting viscosity
(η°, mPa·s), 1st slope (Sη, mPa·s kg m−1), Limiting surface tension (γ°, mN m−1), 1st
slope (Sγ, mN kg mol−1 m−1).

System ρ η γ

ρ° Sρ η° Sη γ° Sγ

TiO2 + water 0.9937 0.000008 0.6468 0.0005 70.577 0.0005
TiO2 + RPMI 1.0031 0.00002 0.7538 0.00003 63.306 0.0029
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increased density of media results in higher binding interactions of TiO2

NPs in media as compared to water. See Table 1
Since water exhibits repelling nature towards TiO2, the NPP remain

suspended and get settled down indicating lower density (Tables 2,
3a; Fig. 1).Where as inmedia, TiO2 NPs get uniformly bound to its com-
ponents, due towhich the structure gets aggregated to develop stronger
interactions.

3.1.2. Viscosity
Viscosity is a flow property governed by frictional forces (FF), de-

fined as the resistance of a liquid to flow. In this study, it reflects the ef-
fect of IMF on flow, due to entanglement of TiO2with the components of
water and RPMI-1640 media. Viscosity increases with increasing
strength of IMF. It is observed that viscosity of TiO2 in media is higher
than in water (Fig. 2). The viscosities were calculated for 25 μM to
125 μM concentrations of TiO2 in water and media separately, from
their viscous flow times (t) with following Eq. (2).

η ¼ t
to

� �
ρ
ρo

� �
ηo ð2Þ

η0 is viscosity for water and RPMI-1640 is dispersingmedium, the t0
and t are flow times of solvent and mixtures respectively. The η data
were regressed with mM/L with following Eq. (3).

η ¼ η0 þ Sηm ð3Þ

η0 atm→ 0 is limiting viscosity; Sη is the 1st degree slope for effect of
composition on interaction. The viscosities increase with increase in
Fig. 1. Density of TiO2 in water and media.
concentration of TiO2NPs inmedia andwater (Table 2, Fig. 2). Their lim-
iting viscosities were found to be 0.7538 mPa·s and 0.6468 mPa·s with
TiO2-media and TiO2-water respectively (Table 3a). We observed a pos-
itive slope (Sη) for TiO2 NPs in media (0.0005 mPa·s kg m−1) and TiO2

NPs in water (0.00003 mPa·s kg m−1) (Table 3a) indicating structure
breaking and making effect (Table 3a). This suggests that water shows
higher structure breaking effect while culture media shows the struc-
ture making effects with TiO2 NPs. RPMI-1640 media has various com-
ponents, which are adjacent to each other increasing the point of
contact. This causes more interaction of the components with TiO2

NPs, which is reflected in higher viscosity of media.

Composition of RPMI-1640 media
Fetal bovine serum, which is harvested from Bovine fetuses taken

from pregnant cows during slaughter, is one of the major components
in RPMI-1640 media. It is the portion of plasma remaining after coagu-
lation of blood. Plasma protein fibrinogen is converted into fibrin during
coagulation. FBS is preferred since it has low level of antibodies and
more growth factors, allowing versatility in many different cell culture
applications. Globular protein Bovine Serum Albumin constitutes a
major component in FBS. Thus, more the numbers of these constituents
in media, higher will be the concentration. This would lead to more in-
teraction due to increased availability. Hence an effect of composition is
reflected in an increase in density and viscosity ofmedia containing TiO2

NPs.

3.1.3. Surface tension
Surface tension is a cohesive property in which molecules or parti-

cles sustain cohesivity with a uniform molecular arrangement in the
medium. Cohesive forces (CF), existing between molecules of the
same kind or similar substance are also the function of IMF. These forces
cause a tendency in liquids to resist separation. Surface tension data for
25 μM to 125 μM of TiO2 NPs with 25 μM intervals in water and culture
media are calculated with following Eq. (4).

γ ¼ η0
η

� �
ρ0

ρ

� �
γ0 ð4Þ
Fig. 2. Viscosity of TiO2 in water and media.
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γ0 is surface tension of medium. n0 and n are pendent drop numbers
of medium and solutions respectively. The γ data are regressed for
limiting values γ0 at m → 0 with following Eq. (5).

γ ¼ γo þ Sγm ð5Þ

γ0 is limiting surface tension, and Sγ is the 1st degree slope TiO2 NP
dispersions. A pattern of change in surface tension was observed
(Fig. 3). It can be inferred that TiO2 NPs favor interactions responsible
for the dispersion. Thus, more numbers of TiO2 NP, at higher concentra-
tion, increase the interaction due to more availability for dispersion.
Limiting surface tension for TiO2 NPs in water and TiO2 NPs in media
is 70.577 γ°, mN m−1 and 63.306 γ°, mN m−1 respectively. It is ob-
served that water has surface tension of 70mN/M, because of strong at-
tractive forces on its surface forming a spherical shape resulting in a
smaller surface area for the given volume.Water molecules are bonded
to each other by a hydrogen bond existing between H atoms on a mol-
ecule and O atoms of another molecule.

While in media, mismatch in the molecules is not so much since
there is a weak attractive force betweenmolecules, there is lesser inter-
molecular force attraction in media and therefore media has surface
tension of 63.71 mN/M at 37 °C. The added TiO2 NPs are attached to
media components and water. NPs have a polar head to which the
water component of media gets attracted and a hydrophobic nonpo-
lar part, which is attached to media components. The presence of
these substances weakens the strength of the layer and they inter-
fere with H bond existing between water molecules of media. In
media, a portion of the nanoparticle-organic components present,
tend to get aggregated at the surface of water, and their non-polar
tail sticks out away from water. At the surface, these molecules in-
terfere with Dipole–Dipole interactions amongst water molecules,
thereby reducing surface tension.

3.1.4. Friccohesity
Friccohesity is a dual force theory, considered to be the product

of frictional force and cohesive force within similar or dissimilar
molecules. A cohesive force exists between the water molecules
and nanoparticles. The force gets weakened when frictional force
begins to develop at the same level. Therefore the forces are interre-
lated with each other. Friccohesity was calculated using Mansingh
Eq. (6) [27].

σ ¼ σo
t
to

� B
t

� �
η
ηo

� 0:0012ð1� ρ
� �� �

ð6Þ

[17].
Here, σ is a friccohesity, σ0 is a reference friccohesity, t and t0

are the solution and sample viscous flow times respectively. n0
Fig. 3. Surface tension of TiO2 in water and media.
and n are the pendant drop number of reference and solutions
respectively.

σ ¼ σ0
t
t0

� �
η
η0

� �� �
ð7Þ

Reference friccohesity was calculated by σ0 = η0/γ0, where η0

and γ0 are the viscosity and surface tension of references (water
and media) respectively (Table 3b). A combination of frictional
force and cohesive force reflects the state of interaction of the
molecules.

There is an increase in friccohesity values, with increasing concen-
trations of TiO2NPs inwater andmedia (Fig. 4). The limiting friccohesity
was found to be higher in the case of TiO2 NPs-media (0.0158 s.m.−1) as
compared to TiO2 NPs-water (0.0131 s.m.−1) (Table 3b, Fig. 4).
Friccohesity of TiO2 NPs-media is higher since, there is stronger inter-
conversion of cohesive force to frictional force due to bulkiness of the
media. The value rises with increasing concentration of interconversion
of cohesive force to frictional force. This leads to stronger frictional force
at the cost of cohesive forcewith strongerNP-media interaction. The de-
creased values depict weaker TiO2 NP-water interaction due toweaken-
ing of the frictional force between nanoparticle and water molecules.
Weakening of the cohesive force between water molecules with lower
product of intermolecular forces also contributes to the decrease in
friccohesity. The slope values also support this structural circumstance
(Table 3b).

3.1.5. Activation Energy
Activation energy is the minimum amount of energy needed, in

order to carry out a chemical reaction. At lower activation energy, great-
er proportion of the collisions between solute and the solventwill result
in reaction. A free reaction is favorable if the free energy difference be-
tween products and reactants is negative. The partial molar volume V2

was calculated with following Eq. (8).

V2 ¼ 1000 ρ0 � ρ
� �

mρ0ρ

" #
þM

ρ
ð8Þ

Mmolarmass, ρ0 density ofwater and ρ is density of solution. The V1

for water and media at 37 °C is calculated with Eq. (9).

V1 ¼ M
ρ

ð9Þ

V1 and V2 are used for activation energy [24] obtained from Eq. (10).

Δμ�
1 ¼ RTln

ηoV1

hN

� �
ð10Þ

Δμ1⁎ is activation energy for water and media, R is gas constant, h is
Planck constant and N is Avogadro number (6.023 × 1023). Activation
energy (Δμ2⁎ J/mol) was calculated with Eq. (11) [18].

Δμ�
2 ¼ Δμ�

1 �
Rt
V2

� �
1000ηð Þ � V1 � V2ð Þð Þ

� �
ð11Þ
Table 3b
Limiting friccohesity (σ0, s.m.−1), 1st slope (Sσ, s.m.−1 kg2mol2), Limiting activation ener-
gy ((Δμ2⁎0, kJ mol−1), 1st slope (SΔμ

⁎
2, kJ L/mM2), Limiting molecular radii (r0, nm), 1st

slope (Sr, nm).

System σ0 Δμ2⁎0 r0

σ0 Sσ Δμ2⁎0 SΔμ
⁎
2 r0 Sr

TiO2 + water 0.0131 0.000009 −57.732 0.0008 11.255 −0.0431×
TiO2 + RPMI 0.0158 0.0000001 −57.615 −0.0016 11.219 −0.043×



Fig. 4. Friccohesity of TiO2 in water and media.
Fig. 6.Molecular radii of TiO2 in water and media.
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The limiting values are given in the Table 3b.
Activation energy of nanoparticles in media is lesser than that in

water, which results in its faster and more spontaneous dispersion in
media compared to water (Fig. 5). A substantial amount of inorganic
soluble salts present in media contribute to its higher ionic strength,
creating a favorable environment formolecular interactions. In addition
to this, since there aremoremolecules present in the aqueousmedia, in-
creased chances of collisions significantly increase the molecular inter-
actions. Stabilizing interaction between nanoparticles and media
components need higher energy utilization leading to a decrease in ac-
tivation energy. StrongermediaNP interaction is also indicated by an in-
crease in density and viscosity as stated above.
3.1.6. Molecular radii
Molecular radii play an important role in the dispersion activities of

NPs in water and media. The molecular radii r in nm is calculated with
Eq. (12).

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ϕ

4πNAc
3

s
ð12Þ

ϕ is volume fraction of water and media entangled with NPs. NA is
Avogadro number, c is concentration, π is constant and the r data are
given in Tables 2, 3b and Fig. 6. Since there is no significant difference
in the molecular radii observed in the case of TiO2 NPs dispersed in
water and media, we infer TiO2 NPs disperse in water and media with
the same proportion (Fig. 6). Their limiting radii (r) were found to be
11.219 nmand 11.255 nm for TiO2NP-media and TiO2NP-water respec-
tively indicating the cage formation of TiO2 NP with media and water
(Table 3b).
Fig. 5. Activation energy of TiO2 in water and media.
Media
HiKaryoXL™ RPMI Medium is a medium developed for short term

in vitro culture of peripheral blood lymphocytes. It is mainly used for
cytogenetic studies like Genotoxicity i.e. study of metaphase chromo-
somal aberrations in terms of structural and numerical abnormalities.
Lymphocytes fromnormal peripheral blood needmitogenic stimulation
hence Phytohemagglutinin (PHA-M) is added in the HiKaryoXLTM
RPMI-1640 Medium (AL165A). This is a basal medium supplemented
with L-Glutamine, Fetal bovine serum, PHA-M, Penicillin, Streptomycin,
and Sodium bicarbonate. It also consists of inorganic salts, amino acids,
vitamins, antibiotics and D-Glucose.

3.2. UV vis studies

The interaction of TiO2 NPs with human genomic DNA has been
studied with UV–visible spectroscopy in order to investigate the possi-
ble binding of nanoparticle to DNA. Interaction of DNA with TiO2 NPs
is studied by recording the absorption spectra for a constant DNA con-
centration in various TiO2 NPs mixing ratios at 37 °C, the results of
which are shown in Fig. 7. Absorption Spectroscopy helps to determine
the binding characteristics of metal complexes with DNA. The spectral
changes observed in the form of ‘hyperchromism’ and ‘hypochromism’
during the process, reflect the change in conformation of DNA and
structure of DNA [19]. Metal complex can bind to the DNA via covalent
and or/non-covalent interactions [20]. DNA base pairs have strong opti-
cal absorption at approximately 260 nm. The absorption spectra of DNA
in absence and presence of TiO2 NPs is shown in Fig. 7a.With addition of
increasing amounts of TiO2 NPs to DNA, there is an increase in absor-
bance observed, up to 15.3%, without any shift in the maxima wave-
length of 256 nm. Hyperchromism is reported to suggest breakage of
the secondary structure of DNA, and therefore this hyper chromic effect
suggests there exists a strong interaction between nanoparticles and the
human genomic DNA [21]. The binding results of which are shown in
the Fig. 7b. The metal complex can bind to DNA via covalent and or/
non-covalent interactions. Covalent interactions include via alkylation
or inter and intra strand crosslinking [22]. Non-covalent interactions in-
clude the following:

1. Intercalation between the base pairs

2. Binding to the major groove, minor groove or sugar phosphate
backbone

3. Binding to the exterior of the helix through non-specific interactions,
which are electrostatic [33,34].

Non covalent DNA interacting agents can change DNA conformation,
change DNA torsional tension, interrupt protein-DNA interactions and
potentially lead to DNA strand breaks, which is one of the end point of
genotoxicity [22,23,25].



Fig. 7. a. Changes of UV spectra of human genomic DNA in the presence of different
concentrations of TiO2 nanoparticle in Tris-base buffer (0.1 M), pH 7.5 at 37 °C. b. alter-
ations in maximum absorbance (at 256 nm) of human genomic DNA in the presence of
different concentrations of TiO2 nanoparticles.
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We hypothesize various modes in which the nanoparticles bind to
the DNA, resulting in an increase in absorbance.

(1). The absorption intensity at 256 nm is increased due to exposure
of purine and pyrimidine bases of DNA when TiO2 NPs bind to
DNA. This method of binding could have caused a slight change
in the conformation of DNA [21].

(2). In presence of electrostatic interaction created between TiO2 NPs
and DNA, there can be conformational and structural changes
that take place in DNA. Stacking interactions, hydrogen bonds,
and hydrophobic effect between complementary bases holds
the two strands of DNA together. Addition of TiO2 NP, results in
base–base interaction being reduced in DNA, due to which
many bases would be in free from and H bonding is not present
between complementary bases. This leads to an increase in UV
absorbance. As a result, absorbance for a single stranded DNA
will be 40% higher than that of double stranded DNA at the
same concentration [26]. We hypothesize an interaction mecha-
nism between TiO2 NPs and the phosphate backbone of DNA.
Charged cation Ti can bind to phosphate group of DNA backbone
via electrostatic as depicted in the graphical figure abstract. Each
strand of the DNA backbone consists of de-oxy ribose sugar mol-
ecules (A, G, C, T)which are linked together by phosphate groups
that possess C–O–P and P_O as binding site. The 3′C of a sugar
molecule is connected through a phosphate group to 5′C of the
next sugar by a phosphodiester bond. Since the phosphate
backbone is negatively charged, it can attract positively charged
TiO2 NPs. Ti–O is considered to be the major component of TiO2

NP and thus will react with P_O to form P–O–Ti–O, loosening
C–O–P bond, as shown in the graphical figure abstract [27].
There is a possibility that the other O atom, which is a part of
TiO2 NP, be released as an oxygen ion (reactive oxygen species).
Reports suggest TiO2 NPs release ROS, thus resulting in oxidative
damage; cytotoxicity and DNA damage eventually leading to
genotoxicity [28,29,30,31].

(3). Hyperchromism can also be due to the external contact or partial
uncoiling of the helix structure of DNA, exposing more bases of
the DNA [25,32,33]

(4). The other possibility of hyperchromism can be rationalized in
terms of groove binding. Since an aromatic ring closelymatching
with the helical turn is a required to be a part of themetallic com-
pound, this possibility seems unlikely [25].

It has been reported that hypochromism is due to the intercalative
mode involving a strong stacking interaction between an aromatic chro-
mophore of a drug and base pairs of DNA [25]. The above explanations
indicate there might be an electrostatic interaction between the TiO2

NP and human genomic DNA. And since hyperchromism is observed,
we can conclude that TiO2 NP binds to the DNA for certain, causing a
conformational change.

3.3. Fluorescence measurements

Fluorescence quenching is studied by a fluorescence titration spec-
trum, which is an effective method to study the reactivity of chemical
and biological systems, by allowing non-intrusive dimensions of sub-
stances in low concentration under physiological conditions. It also
helps in providing information about binding mechanisms and the na-
ture of binding [34,35]. The experiment is performed using Ethidium
bromide (EB), a commonDNAbindingfluorophorewith increasing con-
centrations of TiO2 NPs, to determine the extent of binding of nanopar-
ticles and human genomic DNA. EB strongly fluoresces in presence of
DNA due to intercalation between the adjacent DNA base pairs. It has
been previously reported that this enhanced fluorescence can be
quenched by the addition of a second molecule. With the addition of a
second molecule, there will be a competition between EB and the sec-
ond molecule to bind to human genomic DNA. This leads to a decrease
in fluorescence intensity. The extent of fluorescence quenching of EB
bound to human genomic DNA can be used to determine the binding
of second molecule with human genomic DNA. The emission spectra
of EB bound to human genomic DNA in absence and presence of TiO2

NPs has been reported. The fluorescence emission spectra of intercalat-
ed Ethidium with increasing concentrations of TiO2 NPs at 37 °C are
shown in Fig. 8a. The fluorescence intensity of EB-DNA decreases with
increasing concentrations of Titanium dioxide nanoparticles at physio-
logical temperature 37 °C (Fig. 8b). This decrease of EB fluorescence
(up to 27.49% of the initial EB-DNA fluorescence intensity) indicates
competition of TiO2 NPs with EB in binding to DNA. It can be concluded
that fluorescence intensity of DNA intercalated by Ethidium is quenched
when Ethidium is removed from the duplexes by action of TiO2 NPs.
These results suggest that TiO2 NPs intercalate the DNA strands. The
fluorescence quenching efficiency can be described by the Stern–
Volmer equation:

I0
I
¼ 1þ Ksv Titanium dioxide nanoparticle½ �

where I0 and I represent the fluorescence intensities in the absence
and presence of TiO2 NPs, respectively and Ksv is a linear Stern–Volmer
quenching constant. Ksv value calculated from the plot is shown in the
Fig. 8c of I0/I versus Titanium dioxide nanoparticle concentrations. The
value of Stern Volmer quenching constant (Ksv) was found to be
1.6 mM−1 (R = 0.98592). The quenching of fluorescence of EB bound
to human genomic DNA by TiO2 NPs is in good agreement with the lin-
ear Stern–Volmer equation, which provides evidence that there is par-
tial replacement of EB bound to DNA by nanoparticle, resulting in
decreased fluorescence intensity resulting in a decrease of fluorescence



Fig. 8. a. Fluorescence emission spectra of intercalated Ethidium bromide incubated with
human genomic DNA by increasing concentrations of TiO2 nanoparticle at 37 °C. b.
Alterations in the Ethidiumbromidefluorescence at different concentrations of TiO2 nano-
particles. c. Stern–Volmer plot of DNA-EB in the presence of different concentrations of
TiO2 nanoparticle.
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intensity. The data suggests interaction of TiO2 NPs to the DNA. [21,25,
36].

4. Conclusion

The results of density, viscosity and friccohesity measurement show
that intermolecular interactions of TiO2 NPs with media are higher as
compared towater, indicating greater dispersion andmolecular interac-
tion. The mono dispersed status of TiO2 NPs in culture media suggests
better correlation with biological effect. Hyperchromic effect observed
in UV–visible studies indicates an electrostatic interaction between
TiO2 NPs and DNA. Fluorescence spectroscopy exhibits an appreciable
decrease in emission upon addition of TiO2 NPs, as Ethidium bromide
gets displaced from the DNA duplex, and TiO2 NPs intercalates within
it. From the above results it can be concluded that binding of TiO2 NPs
to DNA results in structural changes in DNA. We have undertaken as-
sessment of induced chromosomal damage in similar conditions. The
biological effect of nanoparticles should be correlated with well-
characterized physicochemical properties when addressing human tox-
icological responses. Our study reports dispersion activities and binding
of nanoparticles with DNA, which will help in better understanding of
in vitro genotoxicity since the genotoxic potential of a compound is
largely due to its DNA binding capacity.
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