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Fluorescent labeling is limited to certain molecules and alters biomolecule functionality. A new class of
nanomaterial with anticancer activity and fluorescence properties has been designed and prepared. This
nanotherapeutic conjugate of natural molecules has a selective binding site in cancer cell lines. Natural
drug umbelliferone was taken with cobalt metal ions in a one pot assembly in the presence of tannic
acid which yields new fluorescent nanoparticles of umbelliferone cobalt oxide nanoconjugate.
Umbelliferone has high fluorescent properties and also has coordination ability to bind with central metal
ions. The nanoconjugate was synthesized and characterized by using TEM, EDX analysis, SEM, XRD, and
FTIR spectroscopy. TEM shows that the average size of the particles formed with umbelliferone is
~20 nm. The solubility of the drug nanoparticles in water showed compatibility with cancer cells and
provided a favorable environment to investigate the mechanism of action on the MCF-7 cell line. The
nanoconjugate is microcrystalline in nature and gives a clear suspension in water. The nanocobalt
conjugate was loaded on TiO, nanoparticles by ultrasonication, and the solution was digested overnight.
The conjugate of the drug with a TiO, drug carrier was stable in solution and maintained the
nanostructure ~34.6 nm. A comparative study with nano-vehicle TiO, and the nanoconjugate was
performed. TiO, was used to compare the anti-cancer activity of the nanoconjugate at low dose in vitro.
It was observed that the nanoconjugate with TiO, is capable of reaching the specific target like the TiO,
nanoparticle and enhance the chemotherapeutic impact. Hence, the nanoconjugate can also be used
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science have gained momentum, with their conjugates being
used for targeted drug therapy.
The demand for labeling technologies has enabled the

1. Introduction

Nanoparticle based conjugate biomaterials have opened a new

area of research in medical sciences and radio-oncology. The
nano-dimension molecules are being exploited for radio-
diagnosis, chemotherapeutic, and enzyme mimicking applica-
tions.*® Metal nanoparticles with paramagnetic properties are
attractive because their optical, magnetic and chemical prop-
erties can be modified for biosensing.**® Antibodies in life
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production of nanoconjugates for imaging and drug delivery
properties. There is a need to develop dual functional nano-
therapeutic bioconjugates for in vivo and in vitro model systems.
Nano fluorescent molecules are important drugs for the diag-
nosis and treatment of cancer.”®

The literature showed that the high concentrations of nano-
TiO, induce lung cancer in mice.”*® TiO, nanoparticles can
serve as potential tumor cell-killing agents, and gene targeting
materials. The impacts of TiO, on cytotoxicity in renal and
neural cells and ROS have thoroughly been investigated.™

Umbelliferone is a coumarin derivative and has anticoagu-
lant'>* and fluorescent properties.” Transition metal
complexes of umbelliferone derivatives synthesized, character-
ized and their antitumor activity has also been reported.***” The
Umbelliferae derivatives have high antimutagenic and anti-
carcinogenic activity.'®
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It has been reported that TiO, can move in the blood through
plasma proteins, the specific interactions between nano-
particles and proteins are not well studied. The TiO, particles
may react with cell membrane proteins, and interaction with
DNA followed by ROS has an essential role in DNA damage,
destruction of the membrane and finally cell death.*

The literature survey shows that a comparative study on
nanoconjugate with TiO, nanoparticles is still in demand. That
motivated us to synthesized fluorescent nano cobalt oxide
conjugate, to explore its anti-cancer activity, and its prospective
application in diagnostic medicine. A modified method was
opted to get nano-complex of cobalt() with umbelliferone in
the presence of tannic acid in the alkaline medium. Tannic
acid, contains glucose and poly galloyl ester chains, hydrolyzes
in both acidic and basic conditions and gives gallic acid and
glucose. The fragments have weak reducing properties which
protect high oxidation of cobalt ion. The umbelliferone is
a coordination ligand and captures the cobalt oxide at room
temperature and yields fluorescent nanoconjugate. In vitro
biological evaluation suggests that no apparent toxicity of the
TiO,/CoO-umbelliferone coating and the conjugation stimu-
lates the cell proliferation. Comparative study with TiO, and
TiO,-CoO-umbelliferone conjugate exhibits improved anti-
cancer activity of the latter.

The surface modification of TiO, materials may provide
hybrid material for the further development of bioactive duel
function conjugate to better meet the medical demand. The
literature survey shows that naturally occurring coumarins
exhibit antimutagenic activity and prevent dimethyl benz(a)
anthracene-induced mammary neoplasia.” Polymeric nano-
particles are widely used in pharmaceutical research. The
objective of this project was to develop a new and economically
viable nanoconjugate which has anti-cancer activity and fluo-
rescence property as well. Here, we report a simple method to
synthesize nano dual function fluorescent pharmaceuticals &
probe and delivery agent like nano-TiO,.

2. Material and methods

Umbelliferone, cobalt(un) nitrate hexahydrate obtained from
Fluka Trypan blue, phosphate buffered saline (PBS), dimethyl
sulfoxide (DMSO), ethidium bromide, acridine orange, and
Dulbecco's Modified Eagle's medium (DMEM), Tannic acid and
nano-TiO, obtained from Sigma-Aldrich (St Louis, MO, USA).
CellTiter 96® Non-radioactive cell proliferation assay kit ob-
tained from Promega (Madison, WI, USA). All reagents were of
the best commercial grade and used without further purifica-
tion. Fourier-transform IR (FTIR) spectra recorded on an
Interspec 2020 FTIR spectrometer PerkinElmer Model 1320
spectrometer (KBr disk, 400-4000 cm ™), PerkinElmer UV-vis
spectrophotometer, = Shimadzu RF-5301 PC  spectro-
fluorophotometer. Axygen horizontal electrophoretic assembly
with power supply and Vilber-Infinity gel documentation system
for imaging. Powder X-ray diffraction (XRD) of the products was
measured using a Philips X'Pert PRO MPD diffractometer at
a scanning rate of 4° min~ ', with 2« ranging from 10° to 70°,
using Cu Ka radiation (=1.5406 A). Thermal studies were
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conducted using a TGA/SDTA 851e (Mettler Toledo) thermog-
ravimetric analyzer in ambient atmosphere from 20 °C to 500 °C
at a heating rate of 10 °C min~'. The morphologies of the
samples studied by scanning electron microscopy (SEM) (JEOL
SM5600LV) at 20 kV. The powders were ultrasonicated in
ethanol, and a drop of the suspension dried on a carbon-coated
microgrid. Transmission electron microscopy (TEM) observa-
tions performed with a JEM 100CX-II microscope operated at
100 kv.

2.1. Synthesis of nanoconjugate

The synthesis of the nanoconjugate is done according to the
simple procedure (Scheme 1) by using tannic acid as reducing
and activating agent. A methanolic solution of cobalt nitrate
(0.001 mol) was taken in a round bottom flask and umbelli-
ferone was added (0.001 mol) to it to form a clear pink solu-
tion. To the stirring solution, tannic acid was added dropwise
in open assembly. The solution of the reactants sonicated for
one hour till a brown colored fine powder obtained. The
product was centrifuged and washed with ethanol and again
centrifuged and washed several times with ethanol and dried
in vaccuo.

2.2. DNA binding and cleavage

DNA binding experiments were done using the standard
protocol.* The MCF-7 human breast adenocarcinoma cell line
was obtained from American Type Culture Collection (ATCC,
Rockville, MD, USA) and cell were grown in DMEM with 10%
FBS and 1% antibiotics at 37 °C with 5% CO, (for detail see
ESIt). MTT colorimetric assay with some modifications was
performed using a CellTiter 96® non-radioactive cell prolifera-
tions assay kit (Promega, Madison, WI, USA). Morphological
changes in cells (MCF-7) after treatment with nanoconjugate for
24 h were visualized under 100x a phase contrast inverted
microscope. Intracellular ROS generation was analysed by
staining the cells after treatment with fluorescent dye (carboxy-
H, DCFDA). Quantitative estimation of ROS was achieved by
measuring fluorescence and qualitative observation was per-
formed by acquiring images under fluorescence microscope.
Acidic vesicular organelles (AVOs), as a marker of autophagy
induction were observed by fluorescence microscopy after
staining of cells with acridine orange (AO). An apoptosis DNA
ladder kit (Roche Diagnostics, Mannheim, Germany) was used
to analyse DNA fragmentation on agarose gel electrophoresis.
All experiments were carried out with three independent repli-
cates. Values were presented as mean + standard error of the
mean (SEM). Data were analyzed using the Student's t-test for
comparison between the means applying a significance level of
P < 0.05. For more details on these experiments see ESL.{

2.3. Molecular docking

The rigid molecular docking studies performed by using HEX
8.0.0 software, which is an interactive molecular graphics
program for calculating and displaying available docking
modes of protein. The Hex 8.0.0 performs protein docking
using Spherical Polar Fourier Correlations® the parameters

This journal is © The Royal Society of Chemistry 2019
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Scheme 1

used for docking include correlation type - shape only, FFT
mode - 3D, grid dimension - 0.6, receptor range — 180, ligand
range - 180, twist range - 360, distance range — 40. The crystal
structure of DNA and the human serum albumin (PDB ID:
1bna, 1h9z) downloaded from the protein data bank (http://
www.rcsb.org./pdb). Visualization of minimum energy
favorable docked poses has been performed using Discovery
studio 4.1.>?

2.4. Binding of nanoconjugate with calf thymus DNA and
HAS

HSA and DNA binding studies were carried out using UV-visible,
fluorescence quenching and circular dichroism methods and
the detailed experimental procedures for these studies have
been described elsewhere.?****

3. Result and discussion

Nanoconjugate has dual character as drug and a carrier,
nanostructural arrangement enhance cellular uptake.?*3°
Immunomodulation of the drug has opened new sub-area of
research.®* Several self-assembled nanostructures have been

This journal is © The Royal Society of Chemistry 2019

studied by TEM and it has been observed that the driving forces
such as hydrogen bonds and van der Waals forces exist. The
effective delivery also depends on other factors, specific tar-
geting, cell uptake, kinetics, and clearance. The present study
was focused on nanoconjugation to minimize drug degradation
and increase absorption in the cell. Natural organic conjugate
nanoparticles possess many desirable features for drug delivery
in three distinct interfaces, suitable for endocytosis, less toxic
and biodegradable. To recognize and respond to biomolecules
has recently been exploited to deliver therapeutic compounds
via drug carrier. The loading mechanisms, therapeutic targets
delivery, and efficacy enhanced many folds through this
method. The importance of such nanoconjugate for drug/drug
delivery agent, it has spaced structures for adsorbing second
drug moiety. The cytotoxicity of this nanoconjugate evaluated
on the receptor in the cell. Umbelliferone was successfully
attached to the nanocobalt oxide nanoparticles by covalent
interaction, exhibit cytotoxicity and induce apoptosis in cancer
cells. Fluorescence microscopy study shows the dose of the
conjugate particle absorbed by MF7 cancer cells, which
demonstrated that cells overexpressing the conjugate receptor
internalized a higher level of this nanoconjugate then TiO,.

RSC Adv., 2019, 9, 26503-26518 | 26505
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Fig.1 TEM, SEM images inner and outer core of nanoconjugate (a—g); TEM (a, c and d) and SEM (e, f and i) images & computer generated model
images of nanoconjugate (b, g, and h) of cobalt oxide nanoconjugate of umbelliferone.

3.1. Characterization of nanoconjugate

3.1.1. X-ray diffraction analysis. The XRD pattern of nano-
conjugate was compared and interpreted with standard data of
JCPDS file. The XRD pattern of cobalt oxide nanoparticles rep-
resented in Fig. 1. The characteristic peaks at 26 0 37.39°,
43.62°, 63.91° and 76.98° for cobalt oxide umbelliferone nano-
conjugate (Fig. S1,T XRD) correspond to (220), (400), (511) and
(440) respectively.*> The XRD pattern indicates that particles are
square pyramidal/cubic shape crystals which are further

supported by SEM images, the particles size measured by TEM
image, the average size of the complex was estimated to be
23 nm after calibrating the scale on the TEM and further
calculated by Scherrer equation eqn (1)** the prominent peaks
suggest successful conjugation of umbelliferone with CoO. A
limited number of peaks in XRD indicate that there is no frag-
ment of coordination complex of cobalt(i) ligand.

d = 0.9/8 cos 6, (1)

umbeliferone

CoO NP

Fig. 2 Model presentation of the simulation of nanoconjugate.
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where 1 is the X-ray wavelength (0.154 nm, Cu Ko source); 8 is
the Bragg's diffraction angle; 6 is the FWHM of the peak.

3.1.2. FT IR spectroscopy. FTIR spectra show basic IR band
characteristics of CoO at /M-O 566 cm™*, which indicate the
presence of CoO vibration and broadband around 3412 em %,
indicative of the presence of yJOH groups on the nanoparticle
surface. After conjugation, the spectrum shows the character-
istic band of the CoO and umbelliferone in the nano-inner core
and ligand oxygen donor atom (Fig. S21). In addition to this,
a band at 2930 cm™ ' along with the /C=O stretching at
1612 cm ™' indicated that CoO conjugated to C=0 and C-OH of
umbelliferone. 763 cm™*,1069 cm ™~ and 1231 cm ™%, 1372 cm™*
are due to C-O and C-O-C. The peak at 2840 cm™ " is due to C-H
stretching vibration of umbelliferone.

3.1.3. TGA and mass spectrometry. The molecular mass
and thermogravimetric analysis support the combination of
nanoconjugate in [-Co=O0:--H-O-umbelliferone-C=0 —
Co=]0, the calculated mass M/Z = 295.99 (Fig. S37) is close to
the experimental value of nanoconjugate, ie., 293.199. The
mass fragments 74 111 163 are the umbelliferone components
as reported in the literature.**** The TGA further support that
the conjugate is non-hygroscopic nature, there is no remarkable
loss below 100 °C. The organic moiety of umbelliferone resists
fragmentation up to about 500 °C. The total loss in weight
percentage supporting the loss of umbelliferone (Fig. S47).

3.1.4. TEM and SEM imaging. Drug conjugation is the
process by which component metal and ligand bond together to
form a new drug formulation. The binding of the ligand and
nanoparticle yielded single spherical nanoconjugates during
the modified synthesis at room temperature.***” The cobalt ion
gets reduced in the presence of tannic acid and forms nano-
conjugate. The single crystalline nature is confirmed by HRTEM
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and SEM images (Fig. 1) which shows that the well-defined
arrangement in the structure. The SEM and TEM images
simulated by computer-generated structures to understand
packing pattern of Co-O and conjugation of umbelliferone. The
corresponding transform pattern (Fig. 1e and g) of the HRSEM
image also verifies that this single crystalline nanorod grows
along the [001] direction. In the syntheses, the TEM image
(Fig. 1a, c and d) of the products synthesized at room temper-
ature shows a crystalline square/cubic pyramidal morphology
with an average size 23 nm. Few of the nanorods split into two
or more sub rods formed after an extended period of exposure
to the air at room temperature.

3.1.5. Stability of nano-conjugate in water and in buffered
saline system. Stability of nano-conjugate in water and in
medical grade saline system was also seen and it was found that
it was degraded 10% in water and 16% in medical grade saline
system in 24 h. UV-visible spectra of nanoconjugate in water
and in medical grade saline at physiological pH are given in
Fig. S5a and b.7 In future, a study can be designed to enhance
the stability of this nano-conjugate which have various prom-
ising properties which will be discussed in the following parts of
the manuscript.

3.2. Molecular docking

The literature on the docking or molecular simulation studies of
the nano-drug conjugate is scarce. The main problem resides in
the simulation of structural coordinates or molecular assembly of
the nano-drug conjugate. Here we adopt a three-step molecular
simulation protocol, (1) generation of 2 nm CoO nanoparticle
atomic coordinates. (2) Interaction of nanoparticle with corre-
sponding drug moiety to find out the surface level interaction
and confirmation of drug moiety. (3) The molecular docking of

Fig. 3 Energy minimized most favorable molecular dock model of drug-nanoconjugate with DNA and binding site interactions.

This journal is © The Royal Society of Chemistry 2019
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Tyr148

Fig. 4 (a) Molecular docked model of drug nanoconjugate (CPK) located within the hydrophobic pocket in subdomain IIA of HSA. (b) Molecular
docked model with hydrogen bond donor—acceptor protein surface. (c) Molecular docked model of binding site interactions with pocket

residues of the binding site | located in subdomain IIA of HSA.

drug nanoconjugate with DNA. The molecular assembly of 2 nm
CoO generated from the crystal structure investigation file is
directly taken from the CCDC. The generated 2 nm CoO nano-
particle molecular structure is then subjected to energy mini-
mization along with the ten numbers of drug molecules by
employing the molecular mechanic's force field.

3.2.1. Molecular docking with DNA. The nanodrug conju-
gate binding with DNA has attracted attention in the medicinal
design of anticancer drugs. The docking studies are carried out
to gain a deeper understanding of DNA interaction in silico for
the prepared drug nanoconjugate. The confirmation of docked
drug nanoconjugate is usually assessed for the kinds of non-
covalent interaction between the DNA and nanoconjugate.
The energetically favorable docked pose attained from the
molecular docking of the nanoconjugate with a DNA duplex of
sequenced (CGCGAATTCGCG), dodecamer (PDB ID: 1BNA) was
executed in order to predict the binding mode along with the
most minimum energy favored orientation (Fig. 2 and 3). The
result shows that nanoconjugate interacts by way of the major
groove of DNA via hydrogen bonding, electrostatic and hydro-
phobic interactions as illustrated in Table S1.7%*

3.2.2. Molecular docking with HSA. Molecular docking
simulation was employed to find out the exact binding sites

Table 1 Non-covalent interaction of drug nanoconjugate with HSA®

within the molecular target HSA. The reported 3-D structure of
crystalline albumin HSA comprises of three homologous
domains (denoted I, II, and III): I (residues 1-195), II (196—
383) and III (384-585) that assemble to form a heart-shaped
molecule. The key region of the nanoconjugate binding sites
of HSA is located in hydrophobic cavities in subdomains IIA
corresponding to sites I, and the tryptophan residue (Trp-214)
of HSA in subdomain IIA. There is a large hydrophobic cavity
in subdomain IIA (a binding site I) to accommodate drug
nanoconjugate. The minimum energy docked pattern (Fig. 4a
and b) indicates that drug nanoconjugate located within the
subdomain IIA of HSA, forming numerous hydrophobic
contacts (Pi-Sigma, Pi-Alkyl) with VAL462, CYS246, and
LYS205, residues of hydrophobic binding site IIA (Fig. 4c).
Furthermore, there are also some hydrogen bonds and
specific metal acceptor interactions formed by the drug
nanoconjugate (Table 1).

These non-covalent interaction formed by drug nano-
conjugate dominated by hydrophobic contact while additional
stabilization also assisted by the hydrogen bonding and other
metal acceptor type noncovalent interactions with the polar
residues of the binding site cavity. It was previously observed
that hydrogen bonding and metal acceptor interaction

Name Distance (A) Category Type
:UNK1:01 - A:ALA201:0 3.0465 Hydrogen bond Hydrogen bond
A:LYS205:CA - :UNK1:0 3.45698 Hydrogen bond C-H bond
A:LYS205:CE - :UNK1:01 3.26261 Hydrogen bond C-H bond
*A:LYS205:CE - :UNK1:01 3.09276 Hydrogen bond C-H bond
:UNK1:CO1 - A:TYR148:0H 3.03676 Other Metal-acceptor
:UNK1:CO1 - A:GLN104:0 3.37952 Other Metal-acceptor
A:VAL462:CG2 - :UNK1 2.45914 Hydrophobic Pi-c
A:VAL462:CG2 - :UNK1 3.29989 Hydrophobic Pi-c

:UNK1 - A:CYS246 5.44805 Hydrophobic Pi-alkyl

:UNK1 - A:LYS205 4.07321 Hydrophobic Pi-alky

:UNK1 - A:LYS205 4.22508 Hydrophobic Pi-alkyl

¢ Note: UNK1 = nanodrug-conjugate.
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decreased the hydrophilicity and increased the hydrophobicity
to keep the drug nanoconjugate — HSA system stable.*

3.3. Invitro DNA and HSA binding studies in solutions

UV-visible spectroscopy was employed to see the changes in the
UV-visible spectral profiles of ct-DNA in the presence of nano-
conjugate (Fig. 5). Hyperchromism was observed with
increasing concentration of ct-DNA confirming the interaction
of complex and ct-DNA which suggests the possibility of inter-
actions between them. The apparent rate constant was evalu-
ated using Benesi-Hildebrand equation® which was found to
be 1.67 x 10* M. For getting more insight on the interaction
between ct-DNA and nanoconjugate dye displacement method
(using EB and DAPI) along with circular dichroism spectroscopy
performed, and the results have also been validated using
molecular docking simulations.

The CD spectrum of ct-DNA displays one positive peak at
275 nm due to the base pair stacking while a negative peak
around 245 nm is due to the helicity. It is known that inter-
calating molecules affect the CD spectra of DNA while groove
binders did not show any considerable influence*' As evident
from the figure. Three, that complex has some effect (though
not very large as expected in case of classical intercalators and
also not very small or negligible anticipated for groove binders)
on the CD spectrum of ct-DNA. It is considered that the binding
site of the complex is somewhere at the interfacial region of the
intercalating site and groove region. To confirm our hypothesis
we have performed dye displacement assays using EB which is
a classical intercalator and DAPI which is known to bind at
minor groove under our experimental conditions***” and the
results are shown in Fig. 6.

Both EB and DAPI display very low fluorescence emission,
but the fluorescence intensity of both dyes increases multifold
when these mixed with DNA solutions. Fig. 7A therefore, any
molecule which binds at the particular site belongs to these
dyes can displace the latter and eventually can decrease the
fluorescence*>*? the complex synthesized in the present study

0.15 1
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Absorbance

0.05 1

0 ——|
0 5 10 15 20
10*/[complex] (ML)

0.00 T T T T T T
230 240 250 260 270 280 290 300

Wavelength (nm)

Fig. 5 Difference UV-visible absorption spectra of ct-DNA (30 puM) in
the presence of increasing concentrations of nanoconjugate (0-50
puM) in Tris—=HCl buffer (pH 7.4). Inset is showing the zoomed image
near the wavelength of maximum absorption.
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Fig. 6 Circular dichroism spectra of ct-DNA in absence and presence
of complex (50 puM).
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Fig. 7 (A) Fluorescence titration of EB and ct-DNA complex with

nanoconjugate (0-50 pM). EB DNA complex was excited at 471 nm
and emission spectra recorded from 525-700 nm. (B) Fluorescence
titration of ct-DNA and DAPI (groove binder) complex with the
nanoconjugate. DAPI-DNA complex was excited at 338 nm, and
emission spectra recorded from 375-600 nm.
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Fig. 8 UV-visible absorption spectra of HSA (2 uM) in the presence of
increasing concentrations of the nanoconjugate (0, 2, 51and 15 uM) in
Tris—HCl buffer (pH 7.4). Inset is showing the zoomed image near the
wavelength of maximum absorption.

has its own fluorescence emission at the excitation wave-
length of the DAPI. However, it does not show any fluores-
cence enhancement in the presence of DNA. To nullify the
involvement of the fluorescence of nanoconjugate in case of
DAPI emission we have taken the fluorescence emission
spectra of successive addition of nanoconjugate to the DNA
solution and subtracted these values from the spectra con-
taining the DAPI-DNA mixture and the subtracted spectra
given in Fig. 7B. The complex did not show any fluorescence at
the excitation wavelength of EB. From the dye displacement
study of both EB and DAPI, it is clear that the complex was
able to displace both the dyes from their respective solutions
and hence can be considered as binding at the interfacial
region of the groove and intercalating site. These results have
been, further, supported by the computational method using
molecular docking which has been given in the corresponding
part of the manuscript.

The binding of the nanoconjugate seen with carrier protein
human serum albumin (HSA). The UV-visible difference spectra
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of HSA alone and complexed with the complex given in Fig. 8
the results have shown that on the addition of complex to the
HSA, the intensity of latter increases and the increment is
directly proportional to the concentration of complex. After this
we performed fluorescence quenching experiments by exciting
the HSA at 295 nm, in which the protein shows its intrinsic
fluorescence owing to the presence of a tryptophan residue.”
Further, the complex didn't show any significant fluorescence
in the region of HSA emission. However, due to the significant
absorption of the complex in the region of fluorescence emis-
sion of HSA, the fluorescence data were corrected for the inner
filter effect while calculating the quenching and binding
parameters® the fluorescence quenching spectra of HSA in the
presence of complex at 25, 35, and 45 °C is given in Fig. S6A-C,
respectively. The complex is capable of quenching the fluores-
cence of HSA efficiently which means a strong interaction
between them. Stern-Volmer quenching constants have been
calculated to elucidate the type of interaction using the
following equation:*

FlF =1+ Ksy[Q] (2)

log (FO; F) =log K, + n log[Q] (3)
—-AH AS

ln Kb = ﬁ + ? (4)

AG = AH — TAS (5)

where, Fo, F, [Q], Ksv, K, and n are the fluorescence intensity
of HSA in absence of quencher, fluorescence intensity of HSA
in presence of quencher, concentration of quencher, Stern-
Volmer quenching constant, binding constant and number
of binding sites, respectively. AG, AS and AH are changes
in the free energy, entropy and enthalpy of interaction,
respectively.

The fluorescence quenching of biomolecules by the ligands
takes place either via a static or dynamic type of mechanism.

6.0 6.0 6.0
B
(A) 1(B) . 1 ©)
5.0 5.0 5.0
4.0 4.0 4.0
w w | w ]
IO 3.0 w° 3.0 0° 3.0
2.0 2.0+ 2.04
1.0- 1.0- 1.0
00 20 40 00 20 40 00 20 40
10°[Q] (M) 10°1Q] (M) 10°1Q] (M)

Fig. 9 Stern—-Volmer plots of HSA-complex interaction at 25 °C (A), 35 °C (B) and 45 °C (C).
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Table 2 Stern—Volmer quenching constants, binding parameters and thermodynamic parameters for the interaction of HSA with the nano-

conjugate at various temperatures

Temperature AG AH AS
(9] 10* Ko, M) n 10° K, M) kM k™M™ g 'M™Y
25 8.0 1.4 9.8 —-39.9 4.4 148
35 8.1 1.4 10.7 —41.4
45 8.3 1.4 11.0 —42.9
1.09 (A) 1.09 (B) 1.04 (C)
0.8 0.8+ 0.8+
0.6 0.6+ 0.6
0.4 0.4 0.4
[T [T [T
¢ 0.2 "/‘.: 0.2+ ¢ 0.2
w 0.0 w 0.0 w 0.04
-0.2- -0.2 0.2
-0.44 -0.44 -0.4 4
-0.6 -0.6 -0.6

54 51 -48 45 -4.2
log [Q]

54 5.1 -48 -45 -42

54 -51-48 -45 -42

log [Q] log [Q]

Fig. 10 Binding of HSA-complex interaction at 25 °C (A), 35 °C (B) and 45 °C (C).

Both quenchings can be differentiated by their behavior
concerning the temperature.*” Quenching constant in case of
static mechanism decreases on increasing the temperature
while it increases for dynamic quenching. Therefore, the
fluorescence quenching measurements have been carried out
at three different temperatures (25, 35 and 45°) and the
values of Stern-Volmer quenching constants (analyzed
according to eqn (2) using Fig. 9) given in Table 2. Increase
in temperature causes a decrease of Stern-Volmer quen-
ching constant, hence; it can be concluded that dynamic
quenching is involved in the interaction between HSA and
complex.

17.0

16.5+

° 16.0-

15.54

15.0

T
0.0033
1T (K

T
0.0032
Fig. 11 Van't Hoff plots of HSA-complex interaction.
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Evaluation of binding constant and number of binding sites
was carried out using eqn (3) and Fig. 10 for which the values
a given in Table 2. There was 1 : 1 strong binding between HSA
and complex. Thermodynamic parameters were evaluated
(Table 2) from the linear regression of Fig. 11 using eqn (4) and
(5). A high value of AG is ascribed to the strong interaction
between HSA and complex. From the values of AH and AS the
involvement of electrostatic forces as well as hydrogen bonding
is estimated in the interaction.**

CD was also performed to see the secondary structural
changes in the protein and it was found that addition of
nanoconjugate resulted in the decrease in the helicity of HSA
(Fig. 12).2%%

-204

404

CD (mdeg)

-604
pure HSA
80 - --- HSA + complex
200 210 220 230 240 250

Wavelength (nm)

Fig. 12 Circular dichroism spectra of HSA (2 puM) in absence and
presence of complex (50 uM).

RSC Adv., 2019, 9, 26503-26518 | 26511


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02412c

Open Access Article. Published on 23 August 2019. Downloaded on 1/17/2026 4:17:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

RSC Advances

3.4. pH-Dependent fluorescence studies

The fluorescence studies of the nanoconjugate were performed
at different pH and observed that the conjugate has high

EX(nm)

View Article Online

Paper

fluorescence at pH-10 and stable (Fig. 13 and 14) at pH-4-pH-10
the intensity of the peaks increased when we move from lower
to higher pH. The nano-CoO-umbelliferone has pH-dependent

AR
I
c ‘\‘\.1‘\\

300 400 500
FM(nm)
550
-, 000
000
EX(hm) ; -:‘:\ti\; \ 3000
35 ‘\:\\\\:\:‘\Sg: 3 2000
30 AR 1000
300 400 500
EX(nm)

300 400 500

EM(nm)
Q=Umb-0-H 0=C-Umb-C-0
| v :

|
:

pH 4

Fig. 13 Effect of pH on the 3-d spectra of nanoconjugate pH 4, pH 7 and pH 11 at 25 °C.
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Fig. 14 Relative fluorescence intensity of complex as a function of pH
at 25 °C. The fluorescence intensity at pH 7 has been taken as a stan-
dard to calculate the relative intensity.

fluorescence behavior may be considered as an active probe
property for drug dispersion and action observation. The pH
dependent fluorescence exciting 330-360 nm wavelength and

Mic ag Operator  Date
JEM 101180 kV 30000 x Mukhtar 11/19/17, 9:59

(2)

20kV

X3, 880

(c)

Fig. 15 TEM (a) and SEM (b—d) of nano-conjugate TiO, composite.
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emission peak absorbance shifted to ~450 nm, the shift is due
to hydrogen bonding with nano-cobalt oxide and umbelliferone
hydroxyl group (-Co=0°":--*’H-"O-umb-C=0) further if
enhanced the intensity of the fluorescence may be due to (Co=
O-umb-O~ + H') deprotonating in aqueous solution® the
stability further enhanced due to electrostatic attraction within
nanoconjugate.

3.5. Comparative antiproliferative studies of TiO with CoO-
umbelliferone conjugate

Titanium oxide nanoparticle has been used for anti-cancer
activity and drug delivery vehicle as well. Since titanium
oxide has its therapeutic impact on cancer cells lines,
therefore, researchers have considered it as an active delivery
agent for drugs and gene vector.*”*® The literature on cyto-
toxicity of TiO, support that TiO, nanoparticles have a high
effect on the breast cancer cell line."**** Some studies re-
ported the synergistic effect of UV radiation and TiO, nano-
particles on several cells, nanoparticles react with

a water molecule in vitro and yield ROS via electron capture
pathway.

18kuU x4, 5868

(b)

(d)
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Fig. 16 EDX of the nanoconjugate-TiO, composite.

The titanium nanoconjugate prepared by mixing of CoO
umbelliferone and TiO, with ultra-sonication and the dried
nanoparticles analyzed by SEM and TEM, EDX analysis, the size
of the mixed nanoparticles was 22-56 nm and EDX confirmed
the presence of both the particles TiO, and umbelliferone
conjugate (Fig. 15 and 16). We have compared the anticancer
activity of our CoO-umbelliferone conjugate with TiO,, and
found that the proposed nanoconjugate has similar activity in
vitro system. The ICs, value were compared and concluded that
the CoO umbelliferone has promising activity in vitro anticancer
evaluation.

3.5.1. Cytotoxicity. Cytotoxic activity of TiO,, complex and
Mix was evaluated by MTT assay (Fig. 17). A concentration
dependent significant (p < 0.05) decrease in the cell viability was
observed in MCF-7 cells treated with test compounds. The cell
proliferation was inhibited to 65%, 69% and 73% by TiO,,
complex and Mix, respectively, at highest concentration of 250
ng mL~". The ICs, values estimated at 24 h post-treatment in
these cells is 150 ug mL~", 130 ug mL~" and 104 ug mL~" for
TiO,, complex and Mix, respectively. These data suggest that
Mix exhibited higher cytotoxicity in MCF-7 cells compared to
the other compounds. In the subsequent experiments for
autophagy, ROS, and DNA fragmentation assay, half of the ICs,
for each test compound was applied.

26514 | RSC Adv., 2019, 9, 26503-26518
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Fig. 17 Proliferation of MCF-7 cells evaluated by MTT cytotoxicity
assay. The cells were exposed to indicated concentrations of TiO,,
complex and Mix respectively, for 24 h. All data are expressed as mean
+ SE for three independent experiments. *Significant (p < 0.05)
compared with corresponding controls.
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Fig. 18 Morphological analysis of MCF-7 cells observed under phase contrast inverted microscopy. The cells were exposed to half of the ICsq
concentrations of TiO, (75 ng mL™%, B), Complex (65 ng mL™%, C) and Mix (52 pg mL™%, D) and untreated control (A) respectively, for 24 h.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig.19 Measurement of intracellular ROS by fluorescence microscopy and fluorescence intensity in MCF-7 cells. The cells were exposed to half
of the ICso concentrations of TiO, (75 pug mL™%, B), complex (65 pg mL™%, C) and Mix (52 ng mL™%, D) and untreated control (A) respectively, for
24 h. Fluorescent intensities were measured for green fluorescence (excitation = 485 nm, emission = 530 nm) (E). The values are expressed as
mean =+ SE, (*Significant, p < 0.05).
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3.5.2. Morphological changes analysis. Fig. 18A-D shows
the representative images of diverse morphological alter-
ations observed under phase contrast inverted microscopy in
MCF-7 post treatment with TiO,, complex and mix, respec-
tively for 24 h. The morphological variations were observed
such as loss of membrane integrity, cells detached from
surface and becoming round, and swelled. As a result cells
undergone cell death due to which cell density was decreased
and many cells appeared to be floating in the medium in
treated MCF-7 cells (Fig. 18B-D). Whereas control cells
showed normal shape and were found attached to the surface
and reached about 95-100% confluence (Fig. 18A).

3.5.3. Measurement of intracellular reactive oxygen
species. To investigate the potential role of test compounds in
inducing oxidative stress in MCF-7 cells, intracellular ROS
generation was measured by carboxy-H, DCFDA assay using
fluorescence microscopy and spectrofluorometry. As shown in
Fig. 19B-D, after 24 hours exposure, an increase in ROS level was
observed, as reflected by the enhanced green fluorescence
intensity compared to the control (Fig. 19A), where only basal
level of fluorescence was evident. The maximum level of intra-
cellular ROS was seen in Mix treated cells (Fig. 19D). This pattern
of intracellular ROS generation was also confirmed by quantita-
tive estimation of fluorescent intensity, where a significant
increase (p < 0.05) in the ROS level was recorded (Fig. 19E). When
compared to the control group, an increase in 1.41, 1.55 and 1.92
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fold ROS generation was recorded in TiO,, complex and Mix
treated cells, respectively.

3.5.4. Detection of autophagy by acridine orange staining.
To elucidate the role of test compounds in inducing auto-
phagy in MCF-7 cells, acridine orange (AO) was used for
detection of acidic vesicular organelles (AVOs). Concentrated
AO in the vesicles fluoresce bright red, whereas the cytoplasm
and the nucleus show dominant green fluorescence. Staining
of MCF-7 cells revealed the appearance of AVOs after treat-
ment with TiO,, complex and Mix for 24 hours. Fluorescence
microscope images revealed control MCF-7 cells exhibited
limited AVOs in the cytoplasm and showed green fluorescence
with minimal red/orange fluorescence (Fig. 20A). On the other
hand, the majority of treated cells exhibited more AVOs in the
perinuclear region of the cytoplasm as indicator of autophagy
(Fig. 20B and C).

3.5.5. DNA fragmentation. Genomic DNA fragmentation
resulting in a ladder formation on agarose gel is a characteristic
feature of apoptosis, and DNA laddering is a valuable technique
to analyse the endonuclease cleavage products of apoptosis. In
this case, treatment with TiO,, complex and Mix resulted in
DNA fragmentation and apoptosis that can be seen as a typical
DNA laddering pattern (Fig. 21, lane B-D). In contrast, the
control DNA exhibited a normal band of genomic DNA (lane A).
The DNA fragmentation was more prominent in Mix treated
MCF-7 cells (lane D).

Fig. 20

Induction of autophagy was observed in MCF-7 cells through acidic vesicular organelles (AVO) staining by acridine orange. The cells

were exposed to half of the ICsq concentrations of TiO, (75 ug mL™%, B), complex (65 ng mL™*, C) and Mix (52 ng mL~%, D) and untreated control

(A) respectively, for 24 h.
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Fig. 21 DNA fragmentation analysis of MCF-7 genomic DNA by
agarose gel electrophoresis. The cells were exposed to half of the ICsq
concentrations of TiO, (75 ug mL™%, B), nanoconjugate (65 pg mL™?, C)
and mix (52 pg mL™%, D) and untreated control (A) respectively, for
24 h. M-100 bp DNA ladder used as molecular weight marker.

4. Conclusion

This paper deals with the new modified chemical method for
the preparation of a nano-cobalt oxide conjugate of umbelli-
ferone and study its relative influence on breast cancer cell line
MCF-7 at different concentrations in vitro. The nano-cobalt
oxide conjugate of umbelliferone has shown impressive fluo-
rescence properties and remarkable cytotoxic potential to act as
a chemotherapeutic agent as a good alternative to TiO,. It
further helps to find a better-tolerated fluorescent anti-cancer
promising drug conjugate for in vivo studies, and seeks to
ascertain the drug delivery action in the cancerous cells.
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SEM Scanning electron microscopy
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FTIR Fourier-transform infra-red

ct-DNA  Calf thymus DNA

HAS Human serum albumin

TiO, Titanium dioxide

JCPDS Joint Committee on Powder Diffraction Standards
FWHM  Full width at half maximum
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