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a b s t r a c t

Three new a-hydroxy carboxylate group functionalized MnFe2O4 nanoparticles (NPs) have been devel-
oped to explore the microscopic origin of ligand modified fluorescence and magnetic properties of nearly
monodispersed MnFe2O4 NPs. The surface functionalization has been carried out with three small
organic ligands (tartrate, malate, and citrate) having different number of a-hydroxy carboxylate func-
tional group along with steric effect. Detailed study unveils that a-hydroxy carboxylate moiety of the
ligands plays key role to generate intrinsic fluorescence in functionalized MnFe2O4 NPs through the
activation of ligand to metal charge transfer transitions, associated with ligandeMn2þ/Fe3þ interactions
along with ded transition corresponding to deorbital energy level splitting of Fe3þ ions on NP surface.
Further, MnFe2O4 NPs show a maximum 140.88% increase in coercivity and 97.95% decrease in magne-
tization compared to its bare one upon functionalization. The ligands that induce smallest crystal field
splitting of deorbital energy level of transition metal ions are found to result in strongest ferrimagnetic
activation of the NPs. Finally, our developed tartrate functionalized MnFe2O4 (T-MnFe2O4) NPs have been
utilized for studying DNA binding interaction and nuclease activity for stimulating their beneficial ac-
tivities toward diverse biomedical applications. The spectroscopic measurements indicate that T-
MnFe2O4 NPs bind calf thymus DNA by intercalative mode. The ability of T-MnFe2O4 NPs to induce DNA
cleavage was studied by gel electrophoresis technique where the complex is found to promote the
cleavage of pBR322 plasmid DNA from the super coiled form I to linear coiled form II and nicked coiled
form III with good efficiency.
1. Introduction

3d-Transition metal oxide basedmagnetic nanoparticles (MNPs)
have gained tremendous research interest due to their several ap-
plications in different growing fields ranging from magnetic reso-
nance imaging (MRI) [1], AC magnetic field assisted hyperthermia
[2], targeted drug and gene delivery [3,4], biosensor for clinical
diagnosis [5], cell labelling and tracking [6], and tissue engineering
[7] owing to their unique characteristics, including efficient
I. Chakraborty).
contrast effect, biocompatibility, chemical stability, non-toxicity,
inexpensive and simple preparation method, versatile surface
functionalization capability, and controlled manipulation under
external magnetic field. Among them, inverse spinel type ferri-
magnetic manganese ferrite (MnFe2O4) nanoparticles (NPs) have
attracted enormous concern because of their highest saturation
magnetizationwhich strengthens their activity as magnetic probes.
Further, the size tunability of MnFe2O4 NPs from a few to tens of
nanometres helps to enhance their effective interaction with
different biological entities having similar size dimension. How-
ever, the agglomerative nature and insolubility of MNPs restrict
their biomedical applicationwhich can be easily overcome through
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proper surface coating or functionalization with non-toxic and
biocompatible ligand.

Properly functionalized MNPs can provide highly water-soluble
and well-dispersed MNPs which can facilitate their penetration
through cell and tissue barriers and offer organ-specific therapeutic
and diagnostic modalities [8]. Pal and her research group have
developed MnFe2O4 NPs as a biocompatible novel multifunctional
biological probe through their surface functionalization with small
organic tartrate ligand. The tartrate modified MnFe2O4 NPs are
found to exhibit simultaneously superparamagnetism as well as
intrinsic bright multicolour fluorescence covering from cyan, green
to red in addition to water solubility which improve the efficiency
of MNPs for their application in non-invasive biomedical diagnosis
[9]. In recent years, generation of novel property through judicious
surface functionalization of MNPs has been the subject of key
research and opens up new opportunity on the study of metal-
eligand interaction which is found to significantly depend on the
size, shape, surface chemistry of MNPs as well as the nature of
surface binding ligands. For example, Lee et al. [10] demonstrated
the effect of citric acid and various citrates on the formation of
different ZnO structures based on pH of the solution. Zhang et al.
[11] described the magnetic behaviour of AOT functionalized Mn-
doped ZnO nanorods on the basis of ligand to metal charge trans-
fer (LMCT) effect and ligand field multiplet theory. In spite of
numerous reports on the effect of ligands on NPs, the studies
regarding microscopic origin of ligand modified novel properties of
nearly monodispersed MnFe2O4 NPs through systematic variation
of surface co-ordinating ligands are scarce in the extant articles.

Recently, engineered MNPs represent a cutting-edge tool in
medicine and have found immense applications in DNA binding
and delivery in vitro [12], gene therapy [13], and nanomedicines
[14]. DNA is well studied macromolecule which is the key target for
anticancer and antiviral therapies. A long term research unfolds
that fluorescence and chemiluminescence are the beneficial tools
for DNA detection [15e17]. Due to non-fluorescent nature of DNA
[18,19], it becomes very essential to employ extrinsic fluorescent
probes for identifying DNA [20e22]. The enhancement of emission
intensity in fluorescence spectra of a given probe in the presence of
DNA is more advantageous than the radioactive labelling for
detecting DNA [23e25]. In recent years, so many researchers have
shown the binding of gold (Au) or silver (Ag) NPs with macromo-
lecular DNA [26e28] where these noble NPs are found to highly
interact with nucleotides through the functionalization of stabi-
lizing capping layer with fluorescent moieties. Furthermore,
numerous researches on the interaction of nanostructured mate-
rials such as carbon NPs [29] and MNPs [30] with DNA have been
started for exploring novel pathogenic bacteria detection, imaging,
biosensor, and drug delivery applications. The structure and com-
positions of NPs, the pH at which DNA interacts with the NPs, and
the functionalization of NPs are found to play significant role in
determining the nature of interaction between DNA and NPs and
have become a main area of research interest.

In view of aforementioned advantageous aspects of MNPs, we
focus on the synthesis as well as functionalization of MnFe2O4 NPs
by systematic variation of the nature of surface-binding ligands,
named disodium tartrate dihydrate (T), disodiumDL-malate hydrate
(M), and trisodium citrate dihydrate (C) which help to solubilize and
disperse the as-prepared MnFe2O4 NPs in aqueous medium as well
as generate multiple intrinsic fluorescence. We have explained the
optical response of functionalized MnFe2O4 NPs in the context of
LMCT transition from ligand to the lowest unoccupied energy level
of Mn2þ or Fe3þ of NPs and ded transition, centred over Fe3þ ions of
MnFe2O4 NPs. We have been able to explain the origin of subtle
changes in the optical and magnetic responses of functionalized
MnFe2O4 NPs by rational variation of functional groups and steric
hindrance of the ligand. Finally, we report the nuclease activity and
the DNA-binding properties of structurally characterized tartrate
functionalized MnFe2O4 NPs with maximum optical response in
order to have a broad understanding of their binding mode with
DNAs as well as for exploring new anticancer agents, biomolecular
modification and detection agents.

2. Experimental section

2.1. Materials

Iron(III) acetylacetonate [Fe(acac)3], manganese(II) acetate
[Mn(ac)2], oleylamine and sodium hydroxide were purchased from
Sigma Aldrich whereas oleic acid, cetyl alcohol, ethanol, disodium
tartrate dihydrate, trisodium citrate dihydrate and the solvent
diphenyl ether were obtained from Loba Chemie. Disodium DL-
malate hydrate was purchased from TCI, Japan. Calf thymus (CT)
DNA (sodium salt, type XI, 42 mol % GC content) and ethidium
bromide (EB) were purchased from Sigma Chemical Company, USA,
whereas supercoiled (SC) plasmid pBR322 DNA was obtained from
Bangalore Genei (Bangalore, India). The whatman syringe and
millipore membrane filters of 0.22 mM pore size were purchased
from Sigma Aldrich and Millipore, India Pvt. Ltd., Bangalore, India,
respectively. All the reagents are of analytical grade and used
without further purification.

2.2. Synthesis and functionalization of MnFe2O4 NPs

MnFe2O4 NPs were synthesized by wet chemical method [31],
involving the high temperature of 270 �C reflux of Fe(acac)3 and
Mn(ac)2 salts in presence of diphenyl ether, oleic acid, cetyl alcohol,
and oleylamine for 1 h. The as-prepared NPs were vigorously
cyclomixed with 0.5 M Na-tartrate, Na-malate, and Na-citrate so-
lutions in separate vessels for 12 h at room temperature. In order to
remove non-solubilized larger MnFe2O4 NPs, three different solu-
tions were passed through separate syringe filters of 0.22 mm
diameter and the filtrates were termed as tartrate functionalized
MnFe2O4 (T-MnFe2O4), malate functionalized MnFe2O4 (M-
MnFe2O4), and citrate functionalized MnFe2O4 (C-MnFe2O4) NPs
solution.

2.3. De-proteinization of DNA

DNA was de-proteinized by phenol-chloroform extraction
method [32] followed by precipitation using ethanol. Initially, the
dried DNA sample was dissolved in 10 mM CP buffer at pH 7 which
was filtered through millipore membrane filters of 0.22 mM pore
size. The filtrate was then sonicated in order to have uniform size of
about 280 ± 50 base pairs of DNA by using a Labsonic 2000 soni-
cator (B. Braun, Germany) with a titanium ultrasonic needle probe
(4 mm in diameter, 127 mm long) [33]. The sonicated DNA sample
was dialysed several times against the experimental buffer under
sterile conditions in order to free DNA sufficiently from protein
contamination. The characteristic UV absorption spectra of DNA
with A260/A280 ratio between 1.88 and 1.92 and A260/A230 ratio
between 2.12 and 2.22 confirm the absence of protein from DNA
and the concentration of the DNA sample was calculated from ab-
sorption spectroscopy by using the molar absorption coefficient
value of 13200 M�1 cm�1 (base pairs). All experiments were per-
formed at 25 ± 0.5 �C.

2.4. Characterization techniques

The X-ray diffraction (XRD) pattern of MnFe2O4 NPs was ac-
quired by employing a scanning rate of 0.02� s�1 in the 2q range



from 20� to 80� by a Rigaku miniflex II diffractometer equipped
with Cu Ka radiation (at 40 mA and 40 kV). The transmission
electron microscope (TEM) image and the elemental analysis
were performed using FEI Tecnai TF-20 TEM operating at 200 kV.
The sample for the TEM analysis was prepared by pouring a drop
NPs solution in carbon coated Cu grid followed by slow drying in
open air. The UV-visible (UV-vis) absorption spectra of MnFe2O4
NPs, bare ligands, functionalized MnFe2O4 NPs solutions were
taken on a Shimadzu UV-2600 spectrophotometer with a quartz
cuvette of 1 cm path length. The steady-state fluorescence emis-
sion and excitation spectra of T-MnFe2O4, M-MnFe2O4 and C-
MnFe2O4 NPs solutions were recorded on a Horiba Jobin Yvon
Fluorolog fluorimeter. A JASCO Fourier transform infrared (FTIR)
6300 spectrometer was used to confirm the attachment of ligand
molecules to the NPs surface and the room temperature magnetic
measurements were carried out in a Lake Shore vibrating sam-
ple magnetometer (VSM). For magnetic and FTIR spectro-
scopic measurements, we dialysed T-MnFe2O4, M-MnFe2O4, and
C-MnFe2O4 NPs solution to remove the excess ligands and
lyophilized it, followed by drying over a temperature controlled
magnetic stirrer.

In order to study the interaction between T-MnFe2O4 NPs and
nucleic acid molecules, we have carried out UV-vis absorption and
fluorescence spectroscopic studies, ethidium bromide displace-
ment assay, optical melting study, and nuclease activity of DNA in
presence of T-MnFe2O4 NPs. The mode of interaction between T-
MnFe2O4 NPs and DNA can provide the information about the
mechanisms that alter DNA molecular structure and highlight new
insights for DNA detection and gene therapy. A Jasco V 660 spec-
trophotometer (Jasco International Co. Ltd., Hachioji, Japan)
equipped with a thermoelectrically controlled cell holder and
temperature controller in matched quartz cuvette of 1 cm path
length (Hellma, Germany) was used for studying the absorption
spectra at room temperature following the methodologies
described earlier [34]. Absorbance titration was carried out by the
addition of CT-DNA into T-MnFe2O4 NPs solution in 10 mM CP
buffer of pH 7. After each addition of CT-DNA, the solution mixture
was incubated at room temperature for 15 min and scanned from
210 to 600 nm. The absorbance values were recorded after 1 min of
each successive addition of CT-DNA in order to obtain the equilib-
rium condition. The association constants (KBH) of [CT-DNA]�[T-
MnFe2O4 NPs] complexes were calculated by employing Bene-
sieHildebrand plot obtained from the following equation [35]:

1
DA

¼ 1
DAmax

þ 1
ðDAmaxÞKBH

� 1
½M�

where DA is the difference in absorbance and [M] is the DNA
concentration.

Fluorescence spectroscopic study of T-MnFe2O4 NPs with vary-
ing concentrations of CT-DNA was performed on a Shimadzu RF-
5301PC spectrofluorimeter (Shimadzu Corporation, Kyoto, Japan)
with the excitation and emission band pass of 10 nm each, scan
speed of 60 nm/min, and spectral response of 2 s in a fluorescence
free quartz cuvette of 1 cm path length as described previously [34].
T-MnFe2O4 NPs exhibit a fluorescence maximum at 495 nm, which
was found to increase by the addition of CT-DNA, when excited at
400 nm. The binding constant was calculated thereby using the
modified BenesieHildebrand (BH) equation.

Ethidium bromide (EB) displacement assay was performed in
50 mM TriseHCl buffer (pH 7) in fluorescence free quartz cuvette
having path length 1 cm at 25 �C. In the experiment, an equilibrated
mixture of CT-DNA (50 mM) and EB (7 mM) was prepared and
termed as ethidium bromide bound CT-DNA (EB-DNA) solution.
The aliquots of T-MnFe2O4 NPs solution were added to obtain a
ratio of [T-MnFe2O4 NPs]/[EB-DNA] in the range of 0.1e2.5. The final
mixture solutions were excited at 490 nm with excitation and
emission slit of 10 nm and the spectra is recorded in the range of
510e700 nm.

Melting studies of CT-DNA and [CT-DNA]e[T-MnFe2O4 NPs]
were carried out on a Shimadzu Pharmaspec 1700 unit equipped
with the Peltier controlled TMSPC-8 model accessory (Shimadzu
Corporation). In this experiment, T-MnFe2O4 NPs of different con-
centrations were added to 5 mM CT-DNA solutions and mixed well
in an eight partitioned micro optical cuvette of 10 mm path length.
The absorbance change for CT-DNA at 260 nmwas monitored with
increasing temperature at a heating rate of 0.5 �C/min. The melting
temperature (Tm) was detected as the midpoint of the melting
transition from the differential of the absorbance versus tempera-
ture plots.

In order to investigate the ability of T-MnFe2O4 NPs to induce
DNA cleavage, an agarose gel electrophoresis study has been car-
ried out using supercoiled pBR322 DNA (0.5 mg) in 50 mM TriseHCl
buffer (pH 7.0), treated with different concentrations of T-MnFe2O4
NPs. During experiment, the DNA solutions with and without the T-
MnFe2O4 NPs were incubated for 45 min at 37 �C. After incubation,
the samples were loaded on a 0.9% agarose gel containing
1.0 mg ml�1 ethidium bromide solution. Finally, the electrophoresis
was carried out at 100 mV for 3 h in 1X TAE buffer. The bands were
visualized by UV light and the extent of super coiled (SC) pBR322
DNA cleavage induced by T-MnFe2O4 NPs solution was determined
by analysing the intensity of the bands.

3. Results and discussions

3.1. Phase, morphology, and crystallinity studies of MnFe2O4 NPs

Fig. 1(a) shows the XRD pattern of MnFe2O4 NPs, where all the
diffraction peaks match with the cubic inverse spinel structure of
MnFe2O4 NPs as reported in the literature [31]. The EDX analysis of
MnFe2O4 NPs as shown in Fig. 1(b), confirms the presence of
manganese (Mn), iron (Fe) and oxygen (O). The TEM study has been
carried out to understand the morphology of MnFe2O4 NPs as
shown in Fig. 1(c), indicating their almost spherical shape with
average size of 14 nm. Fig. 1(d) shows the high resolution TEM
image where the calculated inter-planar distance between the
lattice fringes is found to be 0.253 nm, which corresponds to the
distance between the (311) planes of MnFe2O4 crystal lattice. The
corresponding selected area electron diffraction (SAED) pattern is
shown in Fig. 1(e), confirming the poly-crystallinity of the as-
prepared NPs.

3.2. Spectroscopic analyses of functionalized MnFe2O4 NPs

3.2.1. UV-vis absorption study of functionalized MnFe2O4 NPs
It is well known that the surface modification of nanostructured

materials has extensive impact on their surface electronic struc-
tures and may give rise to many novel optical, electrical, and
magnetic properties which are completely absent in its bare form
[36,37]. We have carried out surface functionalization of MnFe2O4
NPs with three different naturally occurring organic ligands which
are tartrate, malate, and citrate as shown in Fig. 2(a)e(c) where the
tartrate ligand is found to have two a-hydroxy carboxylate groups
and both malate and citrate ligand have only one a-hydroxy
carboxylate group. However, citrate ligand is found to be more
steric in nature than the malate due to the presence of three
carboxyl group in citrate. Three different ligands having varieties of
a-hydroxy carboxylatemoiety and steric effect have been employed
in order to identify the exact functional group which is responsible
for strong optical response from the functionalized NPs. In order to



Fig. 1. (a) XRD pattern, (b) EDX spectrum indicating the presence of Mn, Fe, and O, (c) TEM image, (d) high resolution TEM image of lattice fringes, indicating high crystallinity, and
(e) SAED pattern of as-prepared MnFe2O4 NPs.

Fig. 2. Schematic diagrams of the chemical structure of (a) tartrate, (b) malate, and (c)
citrate. (d) UV-vis absorption spectra of T-MnFe2O4, M-MnFe2O4, C-MnFe2O4 NPs along
with tartrate, malate and citrate.

Fig. 3. Fluorescence emission spectra of T-MnFe2O4, M-MnFe2O4, and C-MnFe2O4 NPs
after excitation at (a) lex ¼ 300 nm and (b) lex ¼ 400 nm, respectively. The photo-
graphs of aqueous (c) T-MnFe2O4, (d) M-MnFe2O4, and (e) C-MnFe2O4 NPs solution
under visible (I) and UV light (II).
investigate the change in optical response of MnFe2O4 NPs upon
attachment with tartrate, malate, and citrate ligands, we have
carried out UV-vis absorption spectra of T-MnFe2O4, M-MnFe2O4,
and C-MnFe2O4 NPs at pH 7 along with bare MnFe2O4 NPs, tartrate,
malate, and citrate as shown in Fig. 2(d). From the UV-vis spectra, a
clear broad absorption band at around 300e400 nm is observed for
all functionalized MnFe2O4 NPs where the bare ligands including
MnFe2O4 NPs do not show any absorption spectra within that
wavelength range of analysis which completely support the inter-
action of ligands with the NPs. The comparative absorption spectra
show the maximum absorption for T-MnFe2O4 NPs followed by M-
MnFe2O4 and C-MnFe2O4 NPs. The broad absorption is due to the
LMCT from the highest occupied energy level of the ligands to the
lowest unoccupied energy level of the surface dangled metal ions
(Mn2þ and Fe3þ) and ded transitions centred over Fe3þ ions in the
NPs [9,38].

Different absorption spectra of tartrate, malate, and citrate
modified NPs imply that the structural differences of individual
ligands have notable impact on the electronic structure of surface
transition metal ions of MnFe2O4 NPs. It is found that the tartrate
having two a-hydroxy carboxylate group exhibits maximum ab-
sorption with distinct absorption feature upon attachment with
MnFe2O4 NPs than two other ligands, malate and citratewith one a-
hydroxy carboxylate group. Interestingly, C-MnFe2O4 NPs show
minimum absorption spectrum comparing with absorption spectra
of T-MnFe2O4, M-MnFe2O4 NPs with no distinguishable peak in
spite of having one a-hydroxy carboxylate group. It can be
explained in the context of steric effect offered by bulky ligand.
Chen and his research group have demonstrated that the steric
influence of ligand can design new complexes with optimized
properties since it affects structure, reactivity, and selectivity of
reactions significantly [39]. Therefore, big size effect of citrate
ligand due to the presence of three carboxylate (eCOO�) groups
causes more steric hindrance for the interaction of ligand with the
surface metal ions of MnFe2O4 NPs, leading to obscure LMCT
transition. The comparative study reveals that the presence of a a-
hydroxy carboxylate moiety in the ligands plays key role for the
optical response of functionalized MnFe2O4 NPs through activation
of LMCT, associated with Mn2þ/Fe3þeligand interactions along
with ded transitions corresponding to the deorbital energy level
splitting of Fe3þ ions on the NP surface.
3.2.2. Photoluminescence study of functionalized MnFe2O4 NPs
Excellent results in the UV-vis absorption spectra of T-MnFe2O4,

M-MnFe2O4, and C-MnFe2O4 NPs lead to carry out fluorescence
study in order to get additional evidence regarding the origin of
their optical properties. Fig. 3(a) and (b) show the emission study
upon exciting T-MnFe2O4, M-MnFe2O4 and C-MnFe2O4 NPs at 300
and 400 nm, respectively. Upon exciting three different function-
alized NPs at lex ¼ 300 nm, the emission in the wavelength
(lem) range of 407e411 nm proves the fluorescence property of the
samples. Different peak intensities of different metaleligand



complexes are found to be consistent with the obtained results of
UV-vis absorption spectra. Photoluminescence peak arising at
lem ¼ 407e411 nm assigns the involvement of LMCT transition
from HOMO (Highest occupied molecular orbital) of the ligand to
the LUMO (Lowest unoccupied molecular orbital) centred over
metal ions i.e. Mn2þ/Fe3þ. When the functionalized NPs are excited
against lex ¼ 400 nm, the emission spectra at lem~493e497 nm
with different peak intensities, similar as UV-vis absorption
demonstrate one of the ded transitions of surface Fe3þ ions.
Although the ded transitions of Fe3þ (3d5) containing materials are
formally dipole and spin forbidden transitions; however it can have
considerable strength due to the relaxation of selection rules by
octahedral distortion and spineorbit coupling [40,41]. Further,
identical intensity difference was obtained in the photographs of
aqueous solutions of T-MnFe2O4, M-MnFe2O4, and C-MnFe2O4 NPs
under visible and UV light, as shown in Fig. 3(c)e(e). The distinct
absorption features from UV-vis absorption spectra and its corre-
sponding emission intensities from fluorescence spectra clearly
indicate that the strength of interaction between a-hydroxy
carboxylate group of the ligand and the surface transition metal
ions of the NPs plays key role in developing novel optical response
in functionalized MnFe2O4 NPs.

3.2.3. FTIR study of functionalized MnFe2O4 NPs
The recorded FTIR spectra for one of the ligand functionalized

MnFe2O4 NPs, as shown in Fig. 4 confirm the attachment of the
functional group of tartrate to the MnFe2O4 NPs surface. In case of
tartrate, two sharp peaks at 1068 and 1112 cm�1 are due to the
stretching vibration of CeOH bond. Another two peaks at 1411 and
1617 cm�1 arise due to the symmetric and asymmetric stretching
vibrations of eCOO� groups, respectively [42,43]. The eOH
stretching vibration at 3400 cm�1 is perturbed significantly along
with other bands for T-MnFe2O4 NPs assuring the attachment of the
functional groups of the tartrate ligand to the NPs surface. In a
similar way, FTIR of the ligands (malate and citrate) having similar
functional groups attach to the NPs as the tartrate ligand are shown
in Fig. S1 of supporting information.

3.3. Magnetic analyses of bare and functionalized MnFe2O4 NPs

Fig. 5(a) and (b) show the room temperature magnetic mea-
surements of as-prepared MnFe2O4 and T-MnFe2O4, M-MnFe2O4,
and C-MnFe2O4 NPs, respectively. The insets of Fig. 5(a) and (b)
Fig. 4. FTIR spectra of as prepared MnFe2O4 NPs, T-MnFe2O4 along with Na-tartrate.
show the zoomed image which helps to calculate the coercivity of
MnFe2O4 and functionalized MnFe2O4 NPs accurately. The hyster-
esis loops of as-prepared and all functionalized NPs indicate their
ferrimagnetic nature and Table 1 indicates the change in coercivity
and magnetization of functionalized MnFe2O4 NPs with reference
to the bare NPs. The coercive fields for as-prepared MnFe2O4, T-
MnFe2O4, M-MnFe2O4, and C-MnFe2O4 NPs are found to be 30.62,
61.97, 69.62, and 73.76 Oe, respectively whereas some their mag-
netizations are not found to reach their saturation values (Msat)
within the applied magnetic field range. The maximum magneti-
zation (Mmax) values of as-prepared MnFe2O4 and C-MnFe2O4 NPs
at 12 kOe are found to be 31.93 and 2.72 emu/g whereas Msat values
of the T-MnFe2O4 andM-MnFe2O4 NPs are found to be 0.82 and 1.14
emu/g, respectively at 12 kOe. It is found that the functionalization
of MnFe2O4 NPs with different ligands has a notable impact on
the ferrimagnetic properties of bare MnFe2O4 NPs at room
temperature.

The ligand co-ordination with the NP causes a very strong
pinning to the surface unpaired magnetic moments of Mnþ2 ions,
leading to a strong surface anisotropy which therefore enhances
the coercivity of functionalized nano-systemwith reference to bare
NPs [44]. Moreover, the surface binding of ligand leads to
quenching of unpaired magnetic moments of surface Mnþ2 ions
due to LMCTand causes to significant reduction of magnetization of
modified NPs with respect to the bare one [45]. Moreover, the
distinct changes in magnetic properties of functionalized MnFe2O4
NPs are found to exhibit a profound dependence on the nature of
surface binding ligands.

According to ligand field theory (LFT), there is a LMCT from
HOMO of the ligand to the LUMO centred over metal ions i.e. Mn2þ/
Fe3þ upon interaction with the ligand where the field strength as
well as the number of functional ligands are found to play signifi-
cant role in determining the magnitude of LMCT [46]. Among the
three ligands, tartrate has two a-hydroxy carboxylate groups
whereas both malate and citrate have single a-hydroxy carboxylate
group. The enhanced ligandemetal interaction in case of T-
MnFe2O4 NPs favours the quenching of orbital magnetic moments
of 3d-transition metal ions and subsequently reduces both its
magnetization as well as spineorbit coupling more in comparison
to M-MnFe2O4 and C-MnFe2O4 NPs. According to Stoner-
Wohlfarth theory, the magnetocrystalline anisotropy energy (EA)
of singleedomain MNPs extensively depends on its spineorbit
coupling (K) which can be expressed as, EA ¼ KVsin2q with V as
volume of the NP and q, the angle betweenmagnetization direction
and easy axis of NP. Therefore, maximum reduction of spineorbit
coupling causes huge decrease in EA or the coercivity of T-MnFe2O4
NPs. In between C-MnFe2O4 and M-MnFe2O4 NPs, the functional
groups of smaller ligands can interact with surface ions of the NP
more efficiently than larger counterpart. Therefore, greater inter-
action of functional groups of malate ligand results in its higher
crystal field splitting energy (CFSE) of deorbital energy levels of
transition metal ions and causes more decrease in both coercivity
and magnetization than the citrate one.

Having developed magneto-fluorescent MnFe2O4 NPs through
surface functionalization, we are interested to exploit their broad
optical response throughout the UV-vis region for non-invasive
biomedical applications. In general, MNPs are broadly used in
diagnostic immunoassays and various reactions involving enzymes,
proteins, and DNA due to their advantages of easy isolation from
biological materials. For instance, Shan et al. [47] have demon-
strated an isolation of genomic DNA present in urine sample at a
concentration of 50 � 10�6 mol/L using carboxylated MNPs as
adsorbent. Gersting et al. [48] have reported the delivery of plasmid
DNA to human respiratory epithelial cells using superparamagnetic
particles, indicating gene therapy using nucleic acid-MNP



Fig. 5. Room temperature magnetization versus applied magnetic field (MeH) curve of (a) MnFe2O4 NPs and (b) C-MnFe2O4, M-MnFe2O4, and T-MnFe2O4 NPs. Inset shows the
zoomed image indicating the coercivity of bare and respective functionalized NPs.

Table 1
List of coercivity and maximum magnetization at 12 kOe of as-prepared and C-
MnFe2O4, M-MnFe2O4, and T-MnFe2O4 NPs.

Sample Coercivity (Oe) Maximum magnetization at 12 kOe

MnFe2O4 NPs 30.62 39.93
C-MnFe2O4 NPs 73.76 2.72
M-MnFe2O4 NPs 69.62 1.14
T-MnFe2O4 NPs 61.97 0.82
nanocomposites which is a good alternative to viral vectors with no
risk of immune response and development of infective diseases.
Therefore, in order to investigate the efficiency of biocompatible
multifunctional MnFe2O4 NPs for improving diagnosis and therapy
of disease, we have chosen T-MnFe2O4 NPs with maximum fluo-
rescence intensity upon specific wavelength excitation and carried
out DNA binding study with CT-DNA and nuclease activity study
with SC plasmid pBR322DNA for exploring their biomedical ap-
plications as a DNA detector as well as anticancer drug.
Fig. 6. (a) Absorbance titration profile of T-MnFe2O4 NPs complex with increasing concen
sieHildebrand plot for the complexation of DNA with NPs from absorbance titration (c) Fluor
[DNA]/[NPs complex] ¼ 0.2e2.5) and (d) Modified BenesieHildebrand plot for the complex
3.4. DNA binding studies and nuclease activity of T-MnFe2O4 NPs

3.4.1. Spectroscopic studies on DNA binding
The binding of T-MnFe2O4 NPs with DNA was investigated

through spectrophotometric and spectrofluorometric titrations
where the interaction is revealed by changes in the absorbance and
fluorescence spectra. The electronic absorption of T-MnFe2O4 NPs
was monitored in presence and absence of CT-DNA as shown in
Fig. 6(a). An isosbestic point at 285 nm as pointed by an arrowmark
in Fig. 6(a) was observed indicating a strong interaction of T-
MnFe2O4 NPs with CT-DNA. There is a considerable increase of
252 nm band and decrease in the absorption band at around
370e400 nm due to the addition of CT-DNA. The association con-
stant of the [CT-DNA]�[T-MnFe2O4 NPs] complex species was ob-
tained from BenesieHildebrand (BH) plot as shown in Fig. 6(b) and
calculated to be (8.17 ± 0.02)� 106 M�1. The association constant of
T-MnFe2O4 NPs is comparable to other classical intercalators and
metal complex intercalators [49]. In recent past, Bouffier et al. [50]
tration of CT-DNA (molar ratio [DNA]/[NPs complex] ¼ 0.2e2.5) (b) Modified Bene-
escence titration of NPs complex with increasing concentration of CT-DNA (molar ratio
ation of DNA with NPs from fluorescence data.



have shown Fe3O4 MNPs (average size of 24 nm) sequentially
functionalized with trimethoxysilylpropyldiethylenetriamine and
9-chloro-4H-pyrido[4,3,2-kl]acridin-4-one as a DNA interacting
agent with the binding affinity of 2.8 � 105 M�1 which imply that
our developed T-MnFe2O4 NPs play excellent role in DNA binding.
Evidence for the association of NPs to CT-DNA was also derived
from fluorometric titration. The T-MnFe2O4 NPs are found to exhibit
fluorescence maxima at 495 nm when excited at 400 nm. The
steady state fluorescence of the NPs in the range 450e490 nm
increased remarkably upon addition of CT-DNA as shown in
Fig. 6(c). This kind of spectral pattern was observed due to the
complexation of T-MnFe2O4 NPs with CT-DNA. Modified Bene-
sieHildebrand (BH) plot as shown in Fig. 6(d) is used for the
calculation of the binding constant between NPs and CT-DNA. The
binding affinity value was estimated to be (6.18 ± 0.02) � 106 M�1,
which was in good agreement with the binding constant evaluated
from the data of absorption spectroscopic analysis.
Fig. 8. Melting profile of free CT-DNA (black curve) and in the presence of T-MnFe2O4

NPs (red curve).
3.4.2. Ethidium bromide displacement assay
In order to establish the binding mode of T-MnFe2O4 NPs with

CT-DNA, the fluorimetric measurements using ethidium bromide
(EB) were carried out. Ethidium bromide emits intense fluorescence
in the presence of DNA due to its strong intercalation between the
adjacent DNA base pairs [51,52]. This enhanced fluorescence can be
quenched by the addition of a third molecule which can bind DNA
by intercalative mode through displacement of EB [53,54]. The
emission spectra of EB bound to DNA in the absence and presence of
the T-MnFe2O4 NPs are presented in Fig. 7(a). The addition of T-
MnFe2O4 NPs to DNA pre-treated with EB causes a gradual
quenching in emission intensity, indicating that the T-MnFe2O4 NPs
compete with EB in binding DNA and lead to a quenching in fluo-
rescence intensity of EB-DNA complex system. Further, the increase
in concentration of T-MnFe2O4 NPs gradually quenches the fluo-
rescence intensity of EB-DNA complex system which further con-
firms the displacement effect properly. Significant decrease in
fluorescence intensity lends strong support in favour of intercalation
of T-MnFe2O4 NPs into CT-DNA double helix by displacing EB.
Fluorescence quenching study in presence of the T-MnFe2O4 NPs
was analysed further by SterneVolmer equation: I0/I ¼ 1 þ KSV [Q]
[55]; where I0 and I are the fluorescence intensities in the absence
and presence of the quencher (T-MnFe2O4 NPs), respectively; [Q] is
the concentration of the quencher, KSV is the SterneVolmer
quenching constant, which is obtained from the slope of plot of I0/I
vs. [Q]. A plot of I0/I vs. [T-MnFe2O4 NPs]/[EB-DNA] appears linear as
shown in Fig. 7(b) and the SterneVolmer quenching constant (KSV)
was found to be (6.31 ± 0.02) � 106 M�1 at 37 �C. This data is also in
agreement with the value obtained by electronic spectral studies.
Fig. 7. (a) Fluorescence emission spectra of the EB-DNA complex in the presence of EB of 15 m
the excitation wavelength ¼ 490 nm. (b) Plot of I0/I vs. [T-MnFe2O4 NPs]. Inset indicates the
The inset of Fig. 7 (b) indicates the stages of T-MnFe2O4 NPs binding
with the CT-DNAwhere clear replacement of EB from the base pairs
of EB-DNA complex is presented by the T-MnFe2O4 NPs.

3.4.3. Optical melting study with CT-DNA
Optical melting study of CT-DNA in the presence of T-MnFe2O4

NPs can give the information about the stability of the complex
when the temperature is increased, as well as the strength of
interactive forces existing between T-MnFe2O4 NPs and DNA. The
intercalative interaction of different types of natural or synthe-
sized organic and metallo-intercalators generally results due to
considerable increase in melting temperature [56e58]. The
melting curves of CT-DNA in the absence and presence of
T-MnFe2O4NPs are presented in Fig. 8. Here, the thermal dena-
turation experiment for DNA in absence of T-MnFe2O4 NPs
revealed a Tm value of 65.41 (±0.2 �C) under the experimental
conditions, whereas the observed melting temperature Tm of DNA
in the presence of T-MnFe2O4 NPs in turn increased to 82.81
(±0.2 �C). Addition of T-MnFe2O4 NPs to DNA resulted in a signif-
icant increase in melting temperature by 17.4 ± 0.2 �C which
revealed that the binding of T-MnFe2O4 NPs to CT-DNA occurs
through an intercalation binding mode [59].

3.4.4. DNA cleavage studies using agarose gel electrophoresis
The DNA nuclease activity of any molecule is assessed by

monitoring the relaxation of supercoiled circular form I (SC) of
M and CT-DNA of 10 mM; (ael) the ratio of [T-MnFe2O4 NPs]/[EB-DNA] ¼ 0.2e2.5. Herein,
schematic diagram of EB replacement by T-MnFe2O4 NP at the base position of CT-DNA.



Fig. 9. Cleavage of super coil pBR322 DNA by T-MnFe2O4NPs in CP buffer (pH 7). Lane
1: DNA control, lanes 2e5: DNA þ T-MnFe2O4NPs (4e10 mM). SC: super coil, NC: nicked
coil and LC: linear coil.

Table 2
Results of the cleavage of pBR322 DNA determined by gel electrophoresis study.

Lane Amount of T-MnFe2O4 NPs in DNA Form I
(% SC)

Form II
(%NC)

Form III
(%LC)

Lane 1 Control DNA 85 15 0
Lane 2 DNA þ T-MnFe2O4 NPs (4 mM) 71 18 11
Lane 3 DNA þ T-MnFe2O4 NPs (6 mM) 65 22 13
Lane 4 DNA þ T-MnFe2O4 NPs (8 mM) 53 29 18
Lane 5 DNA þ T-MnFe2O4 NPs (10 mM) 47 32 21
pBR322 plasmid DNA into the nicked circular form II (NC) and the
linear form III (LC). The double-stranded plasmid pBR322 DNA
exists in a compact supercoiled (SC) form. The gel electrophore-
gram reveals that if one strand is cleaved, the super coiled formwill
relax to produce a relatively slow moving nicked circular form,
while if both the strands are cleaved, a linear formwill be produced
which will migrate between SC and NC [60]. The ability of the T-
MnFe2O4 NPs to induce DNA cleavage was studied by gel electro-
phoresis using super coiled pBR322 DNA in TriseHCl buffer (pH 7).
The breakage of DNA strands, induced by various concentrations of
T-MnFe2O4NPs (as shown in Fig. 9) was quantified by the appro-
priate software; the results are presented in Table 2. Controlled
experiment suggests that untreated DNA (lane 1) has 85% form I
(SC) and 15% form II (NC), whereas T-MnFe2O4 NPs induce nicking
from 29 to 53% (lanes 2e5). Li and his group have demonstrated the
effects of various NPs (Au, Ag, ZnO, CeO2, Fe2O3, SiO2) on DNA
replication in vitro indicating their less nuclease activity than our
developed T-MnFe2O4 NPs [61].

Multifunctional magnetic-fluorescent MnFe2O4 NPs are found to
be a promising biological probe for the vast area of research in
nanobiotechnology. We have found that the mode of binding of T-
MnFe2O4 NPs with CT-DNA exhibits intercalation interaction with
the base pairs present in DNAwhereas the DNA cleavage activity in
presence of T-MnFe2O4 NPs indicates that the nuclease activity
occurs through breakage of DNA strands which can contribute
significantly to the design and development of new advanced
biomedical applications such as DNA detection, gene therapy, and
anticancer drug agents etc.

4. Conclusion

We have carried out surface modification of MnFe2O4 NPs with
three small organic ligands, named tartrate, malate, and citrate
having different number of a-hydroxy carboxylate group along
with steric effect for studying the effects of surface chemistry on
the optical/magnetic responses of the NPs. It is found that tartrate
modified MnFe2O4 NPs show better fluorescence property
comparing with malate and citrate modified MnFe2O4 NPs due to
the presence of maximum number of a-hydroxy carboxylate group
in tartrate ligand, indicating a-hydroxy carboxylate moiety plays
key role to generate intrinsic fluorescence in functionalized
MnFe2O4 NPs through activation of LMCT transitions, associated
with ligandeMn2þ/Fe3þ interactions along with ded transition
corresponding to the d-orbital energy level splitting of Fe3þ ions on
the NP surface. Moreover, the comparative magnetic study of T-
MnFe2O4, M-MnFe2O4, and C-MnFe2O4 NPs reveals that the ligand
that induces largest splitting of d-orbital energy levels of surface
transition metal ions results in nethermost enhancement of coer-
civity and upmost decrement of magnetization of bare MnFe2O4
NPs. Finally, we have utilized our developed biocompatible, multi-
fluorescent, and magnetic probe for DNA binding and nuclease
activity studies which clearly indicate that T-MnFe2O4 NPs bind and
stabilise the DNA helix due to intercalation and induce cleavage on
plasmid DNA. This may be taken into account for designing new
biomolecular detection agents and anti-cancer drug which can
open up a new door toward diverse non-invasive biomedical
applications.
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