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The emerging category of magneto-fluorescent tartrate-modified MnFe2O4 nano hollow spheres

(T-MnFe2O4 NHSs) can be considered as promising candidates for biomedical applications. The interaction

of bovine serum albumin (BSA) with T-MnFe2O4 NHSs has been studied using several spectroscopic

techniques, which suggest that the interaction occurs by an electrostatic mechanism. Furthermore, BSA

enhances the charge transfer transition from the tartrate ligand to the metal ions along with the d–d

transition of Fe3+ ions on NHSs surfaces at different pH. Very strong salt bridge formation occurs

between the lysine of the BSA surface and the tartrate in basic medium (pH 10), followed by the acidic

(pH 3) and neutral medium (pH 7), respectively. Systematic fluorescence microscopic analysis reveals

that BSA significantly enhances the contrast of T-MnFe2O4 NHSs in UV and blue light excitation because

of the extended charge transfer from BSA to T-MnFe2O4 NHSs. Our report demonstrates great potential

in the field of nanotechnology and biomedical applications. In vitro toxicity analysis using RAW

264.7 celline and in vivo studies on Wister rats revealed that the T-MnFe2O4 NHSs are benign.

Furthermore, T-MnFe2O4 NHSs also appear to be an antimicrobial agent. Therefore, T-MnFe2O4 NHSs

can be explored for future therapeutic applications.

Introduction

Magnetic nano hollow spheres (NHSs) have opened avenues for
biomedical applications and diagnostics due to their dimensional
similarities with biological molecules.1 The cost-effectiveness,
biocompatibility, non-toxicity, mechanical stability and large
specific surface area of 3D transition metal oxide-based NHSs
suggest their potential impact in clinical laboratories.2,3 As an
example, Hyeon et al. developed magnetite hollow nanocapsules,
which could be used as multifunctional nanocarriers to deliver
drugs and provide contrast for MRI.4 Hence, the use of NHSs to
study the interaction with bio-macromolecules (serum albumin,
protein, DNA, RNA and carbohydrate), encapsulation and drug
delivery has become a key area in chemical and biomedical fields.

Recently, nano-sized hollow structures have gained tremendous
attention because of their low density and enhanced coercivity.5

Among the ferrites, MnFe2O4 NHSs show significant magnetization,
which is potentially useful for magnetic hyperthermia, magnetic
imaging and drug delivery.6 It has already been reported that the
particles (10–200 nm) are suitable for biomedical applications. After
the inoculation of the nano-ordered magnetic particle into the
blood for drug delivery or other biomedical applications, they
travel through the blood, which contains thousands of different
proteins.7 Thus, the study of the absorption/interaction of blood
containing proteins on the NHSs is very important. Aqueous
phase insolubility, the absence of inherent optical properties
and the agglomerative nature of MnFe2O4 NHSs restrict their
applications in the biomedical field. To overcome the drawback
of the NHSs, proper surface decoration with a biocompatible
ligand is very essential. For example, Dong et al. synthesized and
modified Y2O3:Yb3+/Er3+ hollow nanospheres with PEG, which
has very good potential in angiography due to the high contrast
imaging and long blood circulation time.8 Also, there are
numerous reports on the effect of nanoparticles on macro-
molecules like DNA and proteins.9–12 Elango et al. studied the
charge transfer complex of bovine serum albumin (BSA) with
quinone and its influence on the ligand binding property.13 Salis
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et al. found that anions bind to the protein surface according to the
Hofmeister series (Cl� o Br� o NO3

� o I� o SCN�).14 Similarly,
another group used a photo-induced intramolecular charge transfer
(ICT) fluorescence probe to study BSA in its native and thermally
induced denatured states.15 Different fluorescent probes have also
been developed to study microenvironments and protein binding
sites,16–18 but studies regarding the microscopic origin of fluores-
cence emission spectra, changes in ligand-to-metal charge transfer
transition (LMCT) due to the presence of ligands and metal ions,
and the d–d transition of metal oxides in the presence of proteins
have not yet been explored in detail. Besides, most fluorescent
probes are bulky in nature and non-magnetic. So, there is a
limitation in the application of fluorescent probes in many bio-
logical purposes. To overcome this problem, the design of new
nano-biocompatible fluorescent probes based on magnetic
properties is very essential.

For our current work, We chose BSA as our single preferred
candidate, which helps to maintain the colloidal osmotic
pressure and pH of the blood.19 BSA is a large globular protein
that contains 583 amino acid residues.20 The low-cost, easily
available and well-known structure of BSA promotes interest in
its use in a wide range of applications.21–24 The structure and
behavior of BSA in aqueous medium helps researchers in
observing the interaction of BSA with other proteins, urea,
surfactants and nanomaterial using NMR, circular dichroism
(CD), UV spectroscopy and fluorescence spectroscopy.25–28

In the present case, we have synthesized magnetic MnFe2O4

NHSs and modified them with tartrate for use in biomedical
applications. This is necessary to understand the interaction of
T-MnFe2O4 NHSs with the protein to use the T-MnFe2O4 NHSs
for biological purposes using the fluorescent and magnetic
properties. We deeply investigated the mechanistic origin of
the increasing fluorescence intensity of T-MnFe2O4 NHSs in the
presence of BSA by several spectroscopic and other techniques.
It was found initially that the tartrate was responsible for the
LMCT transition from the tartrate ligand to the metal ion, but
due to the interaction of T-MnFe2O4 with BSA, the protein
enhanced the LMCT transition. BSA is also responsible for the
intrinsic d–d transitions centered over Fe3+ ions in the NHSs.
The addition of BSA into the aqueous solution of T-MnFe2O4

NHSs deforms the structure of BSA, which has been investigated
in detail. Moreover, we attempted to determine the explanation
for the relative fluorescence intensity variation like the blue and
green of bare T-MnFe2O4 NHSs and [BSA]–[T-MnFe2O4] under
the fluorescence microscope.

We also examined the toxic effects of the developed nano-
material both in celline (RAW 264.7) as well as in the rat model.
Intriguingly, T-MnFe2O4 NHSs were found to be non-toxic in
both systems we tested.

Experimental section
Materials

The salts such as MnCl2�6H2O, FeCl3�6H2O, oleylamine and
bovine serum albumin (BSA) (MW 66.5 kDa), Na2HPO4 and

NaH2PO4 were purchased from Sigma Aldrich. Ethylene glycol,
ethanol, disodium tartrate dihydrate and urea were purchased
from Loba Chemie. Milli-Q water (Milli-Q Academic with 0.22 mm
Millipak R-40), DMEM (Hi-Media, India), and fetal bovine serum
(Gibco, USA) were used for the experiments. MTT, DMSO,
Xylene, Paraffin, Eosin, and Hematoxylin were purchased from
Merck, India. 20,70-dichlorofluorescein diacetate (H2DCFDA)
(Sigma, USA) and the CaspACEt Assay System (Promega, USA)
were also purchased. All the reagents are of analytical grade and
used without further modification.

Synthesis and functionalization of MnFe2O4 NHSs

In a typical synthesis of MnFe2O4 NHSs by the solvothermal
process, the high-temperature heat treatment of MnCl2�6H2O
and FeCl3�6H2O was done in the presence of urea, oleylamine
and ethylene glycol. The prepared MnFe2O4 NHSs were cyclo-
mixed with 0.5 M disodium tartrate dihydrate solution. The
resulting mixture was centrifuged, and the collected filtrate was
termed as tartrate-functionalized MnFe2O4 (T-MnFe2O4) NHSs
solution. The XRD patterns of the as-synthesized MnFe2O4

NHSs, EDX analysis, SEM image and TEM analysis of MnFe2O4

NHSs are shown in our previous report.29 The TEM image
shows the almost spherical shape of the MnFe2O4 NHSs with
an average diameter of 100 nm.

Preparation of experimental solution

1 mM stock solution of BSA was prepared by dissolving the BSA
in 10 mM phosphate buffer (NaH2PO4 + Na2HPO4) at pH 7.
Then, it was kept at 4 1C for 3 hours to stabilize the solution.
Next, the solution was diluted through the addition of phosphate
buffer of the same concentration to carry out the experiments.
T-MnFe2O4 NHSs were used for the experiments without further
changing the concentration. To carry out all the experiments in
triplicate, T-MnFe2O4 NHSs solution was freshly prepared and
phosphate buffer was used.

For biological studies, T-MnFe2O4 NHSs were mixed with
Milli-Q water (Millipore, USA) to prepare the different concen-
trations required for the experiments.

In vitro analysis

In vitro cytotoxic effects of T-MnFe2O4 NHSs were investigated
following our previous reports.30,31 In brief, 1 � 106 macro-
phages (RAW 264.7; ATCC, USA) were cultured in a six-well
culture vessel using DMEM medium supplemented with 10%
foetal bovine serum and treated T-MnFe2O4 NHSs for 6 h at
37 1C in a humidified incubator maintaining 5% CO2 level.
After completion of treatment, the cells were harvested by
scraping and subjected to centrifugation at 3000 � g for 5 min.
The cell pellets were washed with PBS (100 mM, pH 7.0) three
times and the cell viability was determined by MTT assay as
demonstrated below.

MTT assay

Cell viability of the control and T-MnFe2O4 NHS-treated RAW
264.7 macrophages were determined by MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay following
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our previous reports.30,31 The cells were treated with T-MnFe2O4

NHSs and harvested by centrifugation, as depicted above. 200 ml
of MTT solution (prepared in 100 mM PBS) was added to each
cell pellet, mixed properly and incubated at 37 1C for 1 h in the
dark. The cell suspension was centrifuged at 3000 � g for 5 min,
the supernatant was discarded and the purple coloured forma-
zan crystal was further dissolved by the addition of 200 ml of
DMSO. The colour intensity was measured spectrophotometrically
at 495 nm using a plate reader (Bio-Rad, USA). Cell viability was
determined using the following formula:

%Cell viability ¼ Absorbance of test sample

Absorbance of control
� 100

In vivo analysis

The toxic effects of the T-MnFe2O4 NHSs were studied in a
mammalian model (Wistar rat). All animal-related experiments
were performed after obtaining ethical clearance from the
CPCSEA (Reg. no.: 1819/GO/Ere/S/15/CPCSEA), Govt. of India.
Three groups (n = 6) of adult male rats (120 � 10 g) were
exposed to T-MnFe2O4 NHSs (25 ml kg�1 body weight mg and
100 ml kg�1 body weight) through an intraperitoneal route for
7 consecutive days. All the experimental animals were provided
with water and food ad libitum. After the termination of treatment,
the animals were euthanized and their blood was collected
through heart puncture. Haematological and biochemical para-
meters were determined following our earlier reports.30,32 Besides,
liver tissue was perfused with cold PBS (100 mM; pH 7.0) and
histology was performed following the procedure by Mukherjee
et al.30 In brief, liver tissue was cut into small pieces (5 mm �
5 mm), fixed in Bouin’s fixative for 24 hours and alcohol gradation
was performed. The tissues were treated with xylene, xylene : par-
affin (1 : 1) and embed in a paraffin block to obtain thin section in
the ultramicrotome (Weswox, India). Sections were deparaffinized
using xylene, mounted on a clear glass slide, subjected to staining
with haematoxylin and eosin stain, followed by analysis using an
optical inverted microscope (Dewinter, Italy).

Assay of caspase

The activity of caspase-3 in T-MnFe2O4 NHS-treated macro-
phages was determined by the substrate-based colorimetric
assay, as depicted in our earlier reports.30,32

Determination of antimicrobial activity

Antibacterial activity. The antibacterial activity of T-MnFe2O4

NHSs was investigated by treating the culture of Escherichia coli
(�ve bacterium) and Bacillus subtilis (Gram +ve) following our
earlier reports.31 Briefly, the bacteria were cultured in Luria-
Bartoni (LB) broth (pH 7.0) for 24 h. After reaching the expo-
nential growth phase, the bacteria were separately treated with
variable doses of T-MnFe2O4 NHSs, and the inhibition of
microbial growth was monitored by determining the turbidity
(optical density; OD) of both the control and treated microbes at
600 nm. All the experiments were performed in triplicate and
replicated at least three times.

Antifungal activity. The antifungal activity of T-MnFe2O4

NHSs was investigated in vitro against a pathogenic fungus
isolate Pichia guilliermondii (Genbank accession no.: KC771883)
following the protocol described by Mukherjee et al.30 In brief,
P. guilliermondii was cultured in modified yeast potato dextrose
(YPD) broth in the presence of T-MnFe2O4 NHSs in different
concentrations. The growth of the control and treated fungi
were monitored by measuring the turbidity at 600 nm against
the media control. Each result collected from the experiments
was conducted in triplicate and repeated at least three times.

Statistical analysis

All the experiments were performed in triplicate and repeated
at least three times. Data are given as mean � S.D. Data were
analyzed by Student’s t-test and/or One-way ANOVA using the
GraphPad Prism 5.0. p o 0.05 was considered as statistically
significant.

Characterization

Magnetic measurements were carried out in a Lake Shore
vibrating sample magnetometer (VSM).

The UV-visible (UV-vis) absorption spectra of tartrate-modified
MnFe2O4 NHSs solution along with BSA were taken on a Shimadzu
UV-2600 spectrophotometer with a quartz cuvette of 1 cm path
length. The steady-state fluorescence emission and excitation
spectra of the same solutions were recorded on a Horiba Jobin
Yvon Fluorolog fluorimeter. Fluorescence anisotropy measure-
ment was carried out in a Hitachi F-7000 Fluorescence Spectro-
photometer. The fluorescence anisotropy is defined as:

r = (IVV � G�IVH)/(IVV + 2G�IVH)

where IVV and IVH refer to the emission intensities obtained
with the excitation polarizer oriented vertically and the emission
polarizer oriented vertically and horizontally, respectively. The G
factor is defined as:

G = IHV/IHH

where the intensities IHV and IHH are the vertical and horizontal
positions of the emission polarizer with the excitation polarizer
being horizontal, respectively.

Time-resolved fluorescence spectra were recorded using a
commercially available spectrophotometer (LifeSpec-ps) from
Edinburgh Instruments, UK. For the 320 nm laser source, the
instrument response function (IRF) was 90 ps. The data were
fitted using Igor Pro 6.34A data analysis software.

The circular dichroism (CD) spectra were recorded on a
JASCO J815 spectropolarimeter (Jasco International Co. Ltd,
Hachioji, Japan) equipped with a Peltier temperature control
system (model PTC-348WI). The instrument parameters for CD
measurements were 50 nm min�1, 1.0 nm bandwidth, and
100 millidegree sensitivity. The path length of the cuvette used
was 1 cm. The concentration of BSA was fixed at 1 mM. The
ellipticity values are expressed in terms of the mean residue
molar ellipticity (y), in units of deg cm2 dmol�1. Secondary
structure calculations were performed by the software supplied
by Jasco.
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Results and discussion
Magnetic analysis of MnFe2O4 NHSs

To investigate the magnetic properties of MnFe2O4 NHSs, the
M–H hysteresis loops of the sample with a maximum applied
field of 14 kOe at 80 K and 300 K were observed (Fig. 1a). At
around room temperature (300 K), the HC, MR and MS of NHSs
were found to be 128.7 Oe, 13.3 emu g�1 and 55.8 emu g�1,
respectively, displaying the soft ferrimagnetic nature of MnFe2O4

NHSs. Upon lowering the temperature (80 K), HC = 163.8 Oe, MR =
18.2 emu g�1 and MS = 68.8 emu g�1, showing the values of NHSs
to be higher than at 300 K as the increased value of magnetic
anisotropy at lower temperatures prevents the orientation of
magnetic spins in an applied field. Also, reduced thermal fluctuation
at 80 K helps to achieve higher magnetization in the sample.

Furthermore, the M–T curves of NHSs measured in the
presence of the 100 Oe field at 10 K interval within the temperature
region of 80–400 K during both zero-field-cooled heating (ZFCH)
and the FCH mode are shown in Fig. 1b. The separation gap
between the FCH and ZFCH curves is related to the anisotropy
energy barrier, which is related to the magneto-crystalline energy
of the sample. Also, the split between FCH and ZFCH curves in the
entire region of 80–400 K indicates that the blocking temperature
(TB) for this sample is situated above 400 K.33

Moreover, it shows that MnFe2O4 NHSs with a size of
100 nm maintain their cubic structural phase from 80 K to

300 K, as no phase transition cusp for ferrites (i.e., Verway
transition) was found in this region.

To understand the dynamic nature of magnetization, the
magnetic relaxation property of the sample is measured. In Fig. 2,
after the removal of the aligning field of 14 kOe, the variation of M
with time was recorded. At first, M falls sharply and then levels out,
which reflects the influence of Néel and Brownian relaxation. The
graph is fitted with M(t) = M(0)e�t/t, where t is the relaxation time
constant that represents the ability to retain the magnetization as
well as the interaction between magnetic spins.

The larger wall thickness of NHSs than its crystallite or
single domain size suggests the non-existence of the superspin
state. Also, from the high value of TB, strong interaction between
superspins cannot be expected near room temperature, which is a
possible reason behind the high value of t = 1137 s found here.34

UV-vis absorption study

To study the protein sensing ability and changes in the LMCT
band as well as the d–d transition of the metal ion in the
presence of BSA, we investigated the UV-vis absorption profile
of T-MnFe2O4 upon the addition of increasing concentrations
of BSA, as shown in Fig. 3. The absorption peak of T-MnFe2O4

Fig. 1 (a) M–H hysteresis loops at 300 K and 80 K, and (b) temperature (T)
dependence of magnetization (M) under ZFCH and FCH modes for
MnFe2O4 NHSs.

Fig. 2 M vs. time curve at room temperature for MnFe2O4 NHSs.

Fig. 3 Absorbance titration profile of the T-MnFe2O4 NHSs complex with
increasing BSA concentrations of (i) 0.0, (ii) 0.266, (iii) 0.398, (iv) 0.530, and
(v) 0.660 mM. For 3 successive measurements, the calculated error is �5%.
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NHSs at 329 nm is due to the LMCT, and that at 427 nm was
assigned to the d–d transition centered over Fe3+ ions in the
NHSs. The absorption at 329 nm increased with a maximum
blue shift of 5 nm upon the addition of BSA and clearly indicates
the interactions between BSA and hydrophilic T-MnFe2O4 NHSs.
A slight change in polarity in the hydrophilic environment of
T-MnFe2O4 NHSs in the presence of BSA is the reason behind the
blue shift.35 An increasing absorption at 427 nm after the addition
of BSA also indicates a greater d–d transition due to the decrement
in the t2g and eg levels of d-orbitals centered over metal ions.

Fluorescence emission study

Evidence of the interaction of BSA with the T-MnFe2O4 NHSs
was derived from fluorometric titration. When excited at 299 nm,
BSA exhibits an emission spectrum at around 347 nm (Fig. 4a).
The addition of only 0.266 mM of BSA in the T-MnFe2O4 NHSs
solution shows an emission spectrum at 378 nm against the
excitation wavelength of 299 nm. The red-shifted emission peak
of BSA from 347 to 378 nm in the presence of T-MnFe2O4 NHSs is
due to the addition of BSA in the solution medium. Furthermore,
the addition of higher concentrations of BSA resulted in the
solution medium becoming less polar.36 As a result, the maximum
blue shift of 10 nm (378 nm to 368 nm) along with an increase in
intensity was observed when 0.660 mM BSA was added in the
T-MnFe2O4 NHSs solution. This signifies the slight change in the
polarity of the local environment of the fluorescent molecule, as
the environment becomes less polar due to the replacement of
water molecules (e = 80) by less polar BSA. The difference between
the ground and excited states of BSA increases upon reducing the
polarity of the environment, resulting in a lower wavelength
emission spectra (blue shift) and the return of more electrons
to the ground state (higher intensity). The tartrate ligand

(charge, surface density and length) also plays a major role in
determining the spectral changes.37 In a polar environment of
the solution medium, T-MnFe2O4 NHSs are negatively charged
due to the presence of the tartrate ligand on the outer surface of
MnFe2O4 NHSs. Upon adding BSA in the solution, the strong
binding of tartrate ligand to the BSA took place due to the
formation of salt bridges between the negatively charged tar-
trate and the carboxylate ammonium type of lysine on the BSA
surface. It has already been established that BSA prefers to bind
to the negatively charged surface of ligands.38 Although BSA is
negatively charged at pH 7, it still binds preferentially to
negatively charged tartrate, which is somewhat puzzling. The
isoelectric point of BSA is 4.6, which suggests that the overall
charge of BSA is negative, but the attractive electrostatic inter-
action of 60 surface lysine groups with the tartrate moiety
makes this binding possible.39–41

To explore the mechanistic origin of enhanced LMCT and
the d–d transition in the presence of BSA, T-MnFe2O4 NHSs
were excited at different wavelengths with increasing concen-
trations of BSA at pH 7. Fig. 4b shows the emission spectra in
the range of 396–399 nm upon exciting the T-MnFe2O4 NHSs in
the presence of BSA at 329 nm. The T-MnFe2O4 NHSs solution
shows an emission spectrum at 396 nm, but the increasing
concentration of BSA in the medium shifted the emission
wavelength (lem) to 401 nm, with a red shift of 5 nm. The
extended charge transfer from the negatively charged BSA to
tartrate to Mn2+/Fe3+ ions causes an increase in fluorescence
intensity. When T-MnFe2O4 NHSs are excited at 427 nm, an
emission spectrum is shown at 496 nm (Fig. 4c). Furthermore,
the increasing concentration of BSA results in the red shift of
13 nm (from 496 to 509 nm) with increasing fluorescence
intensity. A strong electrostatic interaction between BSA and
the carboxylate group (COO�) of the tartrate ligand loosen the
ligand–metal interaction. This affects the d–d transitions of
Fe3+ ions. As Mn2+ and Fe3+ are both d5 systems, they are Laporte
and spin forbidden.40 However, considerable d–d transitions of
Fe3+ occur due to the relaxation of selection rules by spin–orbit
coupling and octahedral distortion.42 The energy gap between t2g

and eg of Fe3+ ion decreases, and hence, the fluorescence
intensity of the d–d transition increases with the addition of
BSA in the solution medium.43,44 These results strongly suggest
the effect of BSA on the T-MnFe2O4 NHSs.

The binding affinity (KBH) of the [BSA]–[T-MnFe2O4] complex
was also determined from the fluorometric titration of T-MnFe2O4

NHSs with increasing concentration of BSA using the modified
Benesi–Hildebrand equation:

1

DF
¼ 1

DFmax
þ 1

DFmaxð ÞKBH
� 1

½BSA�

where DF is the difference in fluorescence intensity in the presence
and absence of BSA and [BSA] is the BSA concentration. The
Benesi–Hildebrand association constant (KBH) could be deter-
mined from the ratio of the intercept to the slope of the straight
line of the plot of 1/DF against 1/[BSA].

The calculated binding affinity (KBH) was estimated to be
(1.06 � 0.32) � 106 M�1 in Fig. 4d, which is in good accordance

Fig. 4 Fluorescence emission spectra of (a) BSA in phosphate buffer and
BSA in increasing concentrations of (ii) 0.266, (iii) 0.398, (iv) 0.530, and
(v) 0.660 mM at lex = 299 nm in T-MnFe2O4 NHSs; (b) and (c) T-MnFe2O4

NHSs with increasing concentrations of (i) 0.0, (ii) 0.266, (iii) 0.398,
(iv) 0.530, and (v) 0.660 mM BSA at lex = 329 nm and 427 nm, respectively.
For 3 successive measurements, the calculated error is �5%. (d) Modified
Benesie–Hildebrand plot for the complexation of BSA with T-MnFe2O4

NHSs from the fluorescence data of lex = 329 nm. Error bars are calculated
from the standard deviation of 3 successive measurements.
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with the binding constant evaluated from the UV-vis absorption
spectroscopic data. To investigate whether BSA is attached only
with T-MnFe2O4 NHSs, we performed the relative fluorescence
intensity study of BSA in the presence of water and tartrate
separately. Fig. S1 (ESI†) confirms that the relative fluorescence
intensity of BSA is highest with T-MnFe2O4 NHSs, followed by
H2O and tartrate, respectively.

The continuous variation protocol (Job’s plot) was carried
out to determine the stoichiometry of the complexation of
[BSA]–[T-MnFe2O4]. The plot of the difference fluorescence
intensity (DF) at the wavelength maxima versus the mole fraction
of the T-MnFe2O4 NHSs added revealed a single binding mode
(Fig. S2, ESI†). From the inflection point, the mole fraction (w)
was found to be 0.51. Thus, stoichiometry was estimated to be
around 0.96.

Steady-state fluorescence anisotropy study

Steady-state fluorescence anisotropy measurement is a useful
method to study how the surrounding environment imposes
motional restriction on the fluorophore.45 It also provides
information about the fluorophore in liquid media, where the
fluorophore can rotate freely but the increase in the rigidity in
the environment surrounding the fluorophore can cause an
enhancement in the anisotropy value.46 Fig. 5a depicts the
change in the anisotropy value of T-MnFe2O4 NHSs with an
increasing concentration of BSA in phosphate buffer medium.

The figure reveals that with the addition of BSA (0.660 mM) into
the medium, the fluorescence anisotropy increases from 0.029
to 0.084 monotonically before leveling off. This fact clearly
indicates that substantial restriction on the free motion of
T-MnFe2O4 NHSs is imposed with the addition of BSA. This
happened due to the binding of BSA with T-MnFe2O4 NHSs.

The binding constant of [BSA]–[T-MnFe2O4] can be estimated
using the Ingersoll and Strollo method:47

1

fB
¼ 1þ 1

Kb½BSA�

where Kb is the apparent binding constant of [BSA]–[T-MnFe2O4].
fB corresponds to the fractional fluorescence contribution of
T-MnFe2O4 NHSs bound to BSA:

fB ¼
r� rF

R rB � rð Þ þ r� rFð Þ

where the anisotropy value of free T-MnFe2O4 and [BSA]–
[T-MnFe2O4] are denoted by rF and rB, respectively. The correction
factor R is the ratio of the intensity of [BSA]–[T-MnFe2O4] and
T-MnFe2O4 NHSs. The double reciprocal plot of 1/fB versus 1/[BSA]
is shown in Fig. 5b, which is a straight line. From the slope, Kb

was estimated to be (1.21 � 0.21) � 106 M�1, which is in good
agreement with the value obtained from the spectrofluorometric
titration experiment. Thus, the fluorescence anisotropy study sug-
gests the strong binding affinity of T-MnFe2O4 NHSs to BSA, and
this method is feasible in determining the binding constant.48

Fluorescence microscopic imaging

Furthermore, to understand the fluorescence intensity difference
of T-MnFe2O4 NHSs and [BSA]–[T-MnFe2O4], fluorescence micro-
scopy images are obtained. Fig. 6a and b indicate the fluorescent
colors such as blue and green upon exciting the T-MnFe2O4 NHSs
under UV and blue light irradiation, respectively. The intensities of
the same fluorescent colors (blue and green) increase noticeably

Fig. 5 (a) Variation of the steady-state fluorescence anisotropy of
T-MnFe2O4 NHSs as a function of BSA concentration. lex = 329 nm and
lem = B396 nm for T-MnFe2O4 NHSs. (b) 1/fB vs. 1/[BSA] plot to evaluate
the binding constant for the complexation of BSA with T-MnFe2O4 NHSs.
Error bars are calculated from the standard deviation of 3 successive
measurements.

Fig. 6 Fluorescence microscopic images of T-MnFe2O4 NHSs under
(a) UV and (b) blue light irradiation. The higher fluorescence intensity of
[BSA]–[T-MnFe2O4] NHSs was observed under (c) UV (d) blue light irradia-
tion. The scale bars in all the images are 200 mm.
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with the addition of only 0.398 mM of BSA into the T-MnFe2O4 NHSs
solution, which is illustrated in Fig. 6c and d, respectively. The
main reason for increasing the intensity of [BSA]–[T-MnFe2O4] is
the extended charge transfer through the formation of the salt
bridge between BSA and the tartrate ligand of T-MnFe2O4 NHSs,
as discussed earlier. During this experiment, we fixed the
excitation wavelengths at 340–390 (for UV) and 460–495 (for
blue) nm to generate the blue and green fluorescence of the
samples, respectively.

Effect of pH on fluorescence intensity

A series of emission spectra (357–498 nm) of [BSA]–[T-MnFe2O4]
were recorded in the pH range of 3 to 10 against the excitation
wavelength (lex) of 329 and 427 nm and are shown in Fig. 7a
and b, respectively. In two cases, the maximum intensity is
observed in basic medium (pH 10), followed by acidic (pH 3)
and neutral (pH 7) medium. The difference in fluorescence
intensity in different pH range is explained by a simple schematic
(Scheme 1).

The plausible complexation of the metal unit by tartrate in
neutral medium (pH 7) is shown in Scheme 1(A–C). Dissolving
tartrate into water medium maintains the equilibrium of the
system, and the formation of the complex drives the reaction
forward. Chelation of MnFe2O4 NHSs is favourable in aqueous
medium by tartrate with a binding site, an a-hydroxy carboxylate
group.49,50 Furthermore, with the addition of sodium hydroxide

(pH 10) in T-MnFe2O4 NHSs, the carboxylic acid (–COOH) group
is converted into a carboxylate (–COO�) group (Scheme 1D) and
the bond rearrangement (Scheme 1F) helps to donate more
electrons to the metal ions. Now, the addition of an increasing
concentration of BSA in the T-MnFe2O4 NHSs is strongly influenced
by the pH, and the electrostatic interaction of BSA with the
T-MnFe2O4 complex becomes more favorable. Due to the addition
of hydrochloric acid (pH 3) in the T-MnFe2O4 NHSs, the –COOH
group becomes protonated (Scheme 1E) and the bond rearrange-
ment forms the resonance structure (Scheme 1G), which donates
electrons to the metal ions but unlike the basic medium. For the
formation of a chelate complex in acidic medium, the tartrate
ligand undergoes hydrolysis over the –COOH group but the
chelate formed in basic medium is successively more stable
than in acidic medium.51,52 As a result, T-MnFe2O4 NHSs and
[BSA]–[T-MnFe2O4] in basic medium show better fluorescence
intensity than in acidic medium against the excitation wave-
lengths of 329 and 427 nm. Finally, the minimum fluorescence
intensity of T-MnFe2O4 NHSs at pH 7 (Scheme 1C) can be
explained on the basis of the nucleophilicity of CQO, C–OH
and C–O� groups. As the nucleophilicity of CQO is much lower
as compared to that of C–OH and C–O�, there is less electron
donation from CQO to the metal ions. As a result, the fluorescence
intensity of T-MnFe2O4 NHSs and [BSA]–[T-MnFe2O4] is lowest in
neutral medium, comparable to that of the basic and acidic
medium against the excitation wavelengths of 329 and 427 nm.

Temperature-dependent fluorescence study

Temperature-dependent fluorescence was also carried out at
five different temperatures (296.15 K, 298.15 K, 301.15 K,
304.15 K and 306.15 K) to evaluate the thermodynamic para-
meters (DG, DH and DS) for the formation of an adduct between
BSA and T-MnFe2O4 using the classical Van’t Hoff equation:

lnK ¼ �DH
0

RT
þ DS0

R

Fig. 7 pH titration of T-MnFe2O4 NHSs with increasing BSA concentra-
tions of (i) 0.0, (ii) 0.266, (iii) 0.398, (iv) 0.530 and (v) 0.660 mM at (a) lex =
329 nm and (b) lex = 427 nm. Error bars are calculated from the standard
deviation of 3 successive measurements for each case.

Scheme 1 The plausible formation process of T-MnFe2O4 framework in
neutral, basic and acidic medium.
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where K is the association binding constant corresponding to
various temperatures and R is the gas constant (8.314 J K�1

mol�1). The standard state enthalpy changes (DH1) can be
calculated from the slope of the Van’t Hoff plot ln K versus
1/T. The standard molar entropy change (DS1) can be calculated
from the intercept, and standard molar Gibbs energy (DG1) can
be estimated from the following relationship:

DG1 = DH1 � TDS1

The binding constants are calculated from the fluorescence
titration of the T-MnFe2O4 NHSs complex with BSA (as
described earlier) at the five different temperatures 296.15 K,
298.15 K, 301.15 K, 304.15 K and 306.15 K. Some marginal
decrease in the binding constants was observed, and from
these values, the Van’t Hoff plot ln K versus 1/T was constructed
(Fig. 8). The values of the thermodynamic parameters were listed
in Table 1. The negative value of DH1 indicates that the inter-
action process is exothermic in nature. The negative binding free
energy and positive entropy also imply that the BSA binding
process is thermodynamically favorable.53,54 Moreover, the slight
decrease in the rate constant with increasing temperature implies
that the interaction between BSA and T-MnFe2O4 NHSs weakens.

Time-resolved fluorescence decay study

Time-resolved fluorescence measurement is a very useful and
sensitive technique to study and predict the effect of the micro-
environment surrounding a fluorescent molecule. We measured

the fluorescence lifetime of T-MnFe2O4 NHSs in the presence of
different concentrations of BSA. The nanosecond lifetime decay
study of T-MnFe2O4 NHSs (5 mM) in the absence and presence of
BSA (0–0.660 mM) were recorded at an excitation wavelength of
320 nm and an emission wavelength of 400 nm. A comparative
decay profile is depicted in Fig. 9, and the average fluorescence
lifetime (tav) for biexponential decay curve was obtained from
the equation:

tav = t1a1 + t2a2

where t1 and t2 are the two relaxation time constants with
normalized pre-exponential factors a1 and a2, respectively. The
biexponential fitting of the decay processes provides the para-
meters given in Table 2. As for BSA, the shorter lifetime is
independent of any structure; the association of the tryptophan
structure in the excited state and the longer lifetime component
is attributed to the interaction between BSA and the surrounding
microenvironment of the medium. The fluorescence lifetime (tav)
thus refers to the average time of a molecule that stays in its
excited state before emitting a photon. The tav values were found
to be higher in the presence of BSA than the native complex. This
increase in the lifetimes of T-MnFe2O4 NHSs in the presence of
BSA is due to the decreased non-radiative rates in the BSA
environment.55 Interestingly, the addition of BSA leading to a
further increase in the lifetime signifies the better interaction of
the T-MnFe2O4 NHSs with BSA.56 This is in accordance with the
steady-state fluorescence titration described earlier.

Fig. 8 Van’t Hoff plot for the binding of BSA with T-MnFe2O4 NHSs. Error bars
are calculated as the standard deviation of 3 successive measurements.

Table 1 Binding constants (K) and relative thermodynamic parameters for
the binding reaction between BSA and T-MnFe2O4 NHSs at pH 7

Complex T (K) K (106 M�1)
DG1/
kJ mol�1

DH1/
kJ mol�1

DS1/
J mol�1

T-MnFe2O4 NHSs 296.15 1.92 � 0.01 �35.69 �15.68 67.58
298.15 1.98 � 0.01 �35.83
301.15 1.81 � 0.01 �36.03
304.15 1.66 � 0.01 �36.23
306.15 1.61 � 0.01 �36.37

Fig. 9 Fluorescence decay profile of T-MnFe2O4 NHSs (5 mM) in the
presence of increasing concentrations of BSA (0–0.660 mM).

Table 2 Lifetime values of the fluorescence decay of compounds (5 mM)
in the presence of increasing concentrations of BSA (0–0.660 mM). w2

represents the goodness of fit. Errors are calculated as the standard
deviation of 3 successive measurements

T-MnFe2O4
NHSs

BSA
(mM)

Lifetime (ns)

w2t1 t2 a1 a2 tav

5 mM 0 0.44 � 0.03 3.56 � 0.07 0.68 0.32 1.42 � 0.07 1.04
0.266 0.65 � 0.02 3.96 � 0.06 0.66 0.34 1.79 � 0.04 1.05
0.398 0.68 � 0.09 4.13 � 0.08 0.65 0.35 1.89 � 0.03 1.07
0.530 0.69 � 0.10 4.65 � 0.09 0.64 0.36 2.11 � 0.21 1.03
0.660 0.71 � 0.05 4.90 � 0.08 0.65 0.35 2.17 � 0.11 1.06
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Circular dichroism study

Circular dichroism (CD) spectrometry is an important tool
for the quantification of the conformational changes in the
secondary structure of BSA after absorption onto the nano-
particle complex.57 The structural and conformational changes
of BSA in the presence of T-MnFe2O4 NHSs was measured
by the circular dichroism (CD) spectra in the far-UV region
(190–260 nm) at room temperature in the absence and in the
presence of T-MnFe2O4 NHSs (Fig. 10). Two negative bands in
the UV region of pure BSA at 208 and 222 nm were assigned
to the n - p* transition due to the peptide bond of the a-helix.
The CD spectra of BSA with different concentrations of
T-MnFe2O4 NHSs were collected after the baseline CD spectra
of only the corresponding T-MnFe2O4 NHSs concentrations.
Using the following equation, the observed CD results were first
converted into mean residue ellipticities (MRE) according to
the following equation:

MRE deg cm2 dmol�1
� �

¼ yobs
cpnl � 10

where cp is the concentration of BSA in mM, yobs is the observed
ellipticity in mdeg, l is the path length in cm (1 cm), and n is the
number of amino acid residues of the protein (583 for BSA). The
a-helix contents of BSA had been calculated from MRE values at
208 nm using the following equation:58

%a-helix ¼ �MRE208 � 4000

33000� 4000
� 100

The estimated a-helicity content of native BSA in phosphate
buffer at pH 7 and T = 298 K was found to be 56.1%, and in the
presence of T-MnFe2O4 NHSs, the intensity of the a-helix gradually
decreased with the increasing concentration of the nano-complex.
The % of helical content, changing from B56.1 to B49.3 (�3%) at
0.024 mg ml�1 T-MnFe2O4 NHSs, to B45.2 (�3%) at 0.032 mg ml�1

T-MnFe2O4 NHSs, to B44.8 (�3%) at 0.040 mg ml�1 T-MnFe2O4

NHSs and to B41.9 (�3%) at 0.048 mg ml�1 T-MnFe2O4 NHSs,

is shown in Table S2 (ESI†). The results indicate that the
conformational changes of BSA were observed after absorption
onto the T-MnFe2O4 NHSs surface, but the secondary structure
of BSA retains its predominant a-helix character; the shape of
the peaks and the maximum peak position remained almost
the same.

T-MnFe2O4 NHSs are non-toxic

The most important trait of a therapeutic nanomaterial is its
non-toxic nature. This means that a nanomaterial can only be
explored for biological application if it possesses no noxious
effect on humans or other mammals. Herein, T-MnFe2O4 NHSs
were tested in the in vitro model, i.e., RAW 264.7 macrophages
and the animal model, i.e., in rats.

RAW 264.7, a mouse cell line of macrophages (an immune
cell) was selected as a model for testing the toxicity of
T-MnFe2O4 NHSs (Fig. 11). An ideal nanotherapeutic (anti-
cancer or antimicrobial) should not induce any adverse effects
on the immune cell system of the recipient. Treatment of macro-
phage culture with T-MnFe2O4 NHSs did not induce any signs of
cytotoxicity even after 24 h of incubation (Fig. 11a). Cell viability
study using MTT assay revealed no significant degree of cell death
in T-MnFe2O4 NHS-treated cells (Fig. 11a). However, at the highest

Fig. 10 CD spectra of BSA in the presence of different concentrations of
T-MnFe2O4 NHSs in phosphate buffer at pH 7 and T = 298 K.

Fig. 11 (a) MTT assay showing the cell viability of RAW 264.7 macro-
phages. (b) Caspase activity in T-MnFe2O4 NHS-treated macrophage cells
in vitro.
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dose, a minute level (B18%) of cell death was observed (Fig. 11a).
We analysed whether such death is normal or due to the toxicity of
T-MnFe2O4 NHSs. Our experimental data on caspase-3 activity
clearly revealed that the upregulation of caspase-3 activity leads
to such cell death (Fig. 11b). Caspase-3 activation is a hallmark of
programmed cell death (i.e., apoptosis), and such phenomenon is
observed in the presence of most exogenous stressors. In contrast,
necrosis is an abnormal cell death process. Herein, signs of
apoptosis suggest that the minute percentage of death in macro-
phages was due to the normal cell death process (i.e., apoptosis)
and not due to necrosis (Fig. 11b). Interestingly, the cytotoxic dose
of T-MnFe2O4 NHSs was (CC50 200.25 ml ml�1) more than 10-fold
higher than that of the treatment doses.

After observing the benign nature of T-MnFe2O4 NHSs
in vitro, we conducted in vivo experiments in the rat model.
Data obtained from the in vivo toxicity analysis study was
corroborated with the in vitro experiment. Peritoneal macro-
phages of T-MnFe2O4 NHS-treated animals were devoid of any
significant levels of cell death (Fig. 12a).

No toxic alteration in the histological architecture of the
liver tissue indicates the benign nature of T-MnFe2O4 NHSs
(Fig. 12b). The liver is a key organ in mammalian body systems

that governs important physiological processes like digestion,
metabolism and detoxification. Toxic agents that enter into the
mammalian circulation are known to affect liver function by
inducing structural damage. In this study, T-MnFe2O4 NHSs
caused no alteration in the tissue histology of rat liver tissue.
Alongside this, other critical hepatic markers like the transaminases
(SGPT and SGOT) and ALP were also normal. SGPT and SGOT are
crucial determinants of liver function as they are important for
maintaining metabolism. On the other hand, ALP maintains
membrane integrity. Therefore, changes in the level of these
enzymes are indicative of the disruption of liver function. However,
T-MnFe2O4 NHSs treatment did not induce any changes in these
enzymes or in the serum proteins (albumin and globulin) in the
rats (Fig. 12c and d). Unchanged levels of conjugated and unconju-
gated bilirubin (Fig. 12e and f) also support earlier observations and
demonstrate the non-toxic nature of T-MnFe2O4 NHSs.

Furthermore, we also studied the haematological parameters
like the counts and percentages of different W.B.C like neutro-
phils, eosinophils, basophils, monocytes and lymphocytes, and
all were within the normal ranges in T-MnFe2O4 NHS-treated
animals (Fig. S3a and b, ESI†). We also noticed no change
in the level of haemoglobin, an important blood parameter

Fig. 12 (a) MTT assay showing the cell viability of rat peritoneal macrophages. (b) Histology showing the architecture of liver tissues in rats treated with
T-MFO-HS. Changes in the levels of (c) hepatic enzymes, (d) serum proteins, (e) and (f) serum bilirubin in T-MnFe2O4 NHS–treated rats.
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(Fig. S3c, ESI†). All these data collectively revealed that T-MnFe2O4

NHSs are non-toxic nanomaterials under the experimental condi-
tions used in this study. Herein, we adopted an acute (short-term)
toxicity schedule, and therefore, chronic (long-term) toxicity study
is particularly required to facilitate the biological applications of
the nanomaterials in the future. Moreover, detailed pharmaco-
kinetics studies (absorption, serum retention time, bioavailability,
excretion) are also required before designing any application
directly related to human use.

T-MnFe2O4 NHSs possess antibacterial and antifungal
properties

Antimicrobial activities, i.e., lethal effects on bacteria and fungi,
are considered to be the major desirable properties of smart
nanoparticles. Additionally, previous studies have demonstrated
that iron-based nanomaterials do exert lethal action against
bacteria and fungi.59 However, the most critical issues are the
toxic effect on the host and high dose.60 Interestingly, the study
depicts that the T-MnFe2O4 NHSs nanocomposite is non-toxic
(Fig. S4, ESI†), which has prompted us to study whether this
nanomaterial could have any antimicrobial activity or not. We
found excellent antibacterial and antifungal activities of T-MnFe2O4

NHSs in vitro (Fig. S4, ESI†). T-MnFe2O4 NHSs were found to cease
the growth of both Gram �ve (E. coli) and Gram +ve (B. subtilis)
bacteria (Fig. S4, ESI†) with calculated minimum inhibitory con-
centrations (MIC) of 5.5 mg ml�1 and 5.8 mg ml�1, respectively, for
E. coli and B. subtilis. Moreover, we have also determined the strong
antifungal activity of T-MnFe2O4 NHSs against P. guilliermondii, an
opportunistic fungal pathogen that infects human (Fig. S4, ESI†).
The calculated MIC for the antifungal activity of the Ag-NPs was
found to be 3.45 mg ml�1. The antimicrobial actions of T-MnFe2O4

NHSs can be further explored in future for their activity against the
clinical isolate of pathogenic bacteria and fungi.

Conclusion

We explored the effect of BSA towards the fluorescence intensity
of MnFe2O4 NHSs due to the d–d transition corresponding to
the d-orbital energy level splitting of Fe3+ ions. The association
between BSA and T-MnFe2O4 NHSs was clearly demonstrated by
the UV-vis and fluorescence spectral changes. The steady-state
anisotropy study also confirmed the interaction between BSA and
T-MnFe2O4 NHSs. The surface modification strategy of MnFe2O4

NHSs with the tartrate ligand developed inherent multicolour
fluorescence covering blue, cyan and green and enhanced the
intensity of these colours due to the addition of BSA. The negative
value of the standard-state enthalpy change revealed that the
interaction of BSA with T-MnFe2O4 NHSs is exothermic in nature.
The higher fluorescence lifetime of T-MnFe2O4 NHSs in the
presence of higher concentrations of BSA revealed that a strong
electrostatic interaction occurred between BSA and the micro-
environment of the medium. The CD spectra confirmed that the
T-MnFe2O4 NHSs induced the conformational change of BSA in
terms of the decrease of the a-helix content in BSA. The other
important traits of T-MnFe2O4 NHSs are their non-toxic nature in

mammalian body systems and their ability to kill microorganisms.
We hope that our study is potentially valuable in opening new
doors in the design of new biomolecular detection agents and
nanomedicines.
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