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A B S T R A C T

In the rapidly emerging field of multifunctional nanomaterials, this article highlights the surface functionali-
zation of MnFe2O4 nanoparticles (NPs) with tri sodiumcitrate dihydrate ligand and their efficacies in different
application. The systematic spectroscopic analysis regarding UV-visible absorption and steady state fluorescence
emission and excitation reveal that the citrate functionalized MnFe2O4 (C-MnFe2O4) NPs are capable of emer-
ging multicolor fluorescence starting from blue, green to red. The magnetic measurements demonstrate that
room temperature superparamagnetic nature of MnFe2O4 NPs remains unaltered after surface modification. The
potential of C-MnFe2O4 nanoparticles for magnetic resonance imaging (MRI) is also unveiled in the perspective
of the protein interaction. Moreover, these multifunctional C-MnFe2O4NPs exhibit excellent catalytic efficiency
in the degradation of methylene blue, a water contaminant and bilirubin, a pigment responsible for jaundice.

1. Introduction

The tremendous application of 3d transition metal oxide based
magnetic nanoparticles (MNPs) in diverse fields like energy storage [1],
catalysis [2], sensing [3] etc, they have grabbed a wide research in-
terest for long. Due to biocompatibility, non-toxicity, chemical and
mechanical stability in addition to control transport property, they rise
their opportunities in the biomedical fields also. However, insolubility
and agglomerative nature of these MNPs in aqueous medium restrict
their application in biomedical field. Proper functionalization and/or
surface coating of MNPs with biocompatible ligand helps to overcome
these problems and find tremendous application as a magnetic re-
sonance imaging (MRI) contrast and hyperthermia agents and drug
delivery vehicles [4–7].

In recent years, the development of magneto-fluorescent composite
NPs has attracted immense attention to the current researchers due to
an increasing demand of nanomaterial based molecular markers for
tumor diagnostics [8]. The optical property, in addition to magnetism
of magneto-fluorescent NPs, provides the capability of remote vector-
ization and sensitive detection through light. The usual architecture
consists of core-shell structures where an inorganic magnetic core is
surrounded by fluorescent units. However, main limitations of these
systems generally rely on spatial dilution of the active units, photo-
bleaching of fluorescent dye in addition to their non-biocompatibility.

Therefore, it was necessary to develop an approach to make a well
dispersed, water soluble MNPs with intrinsic fluorescence for their
application in biological imaging. Superparamagnetic materials espe-
cially with intrinsic multifluorescence, have drawn gamut of attention
in the use of MRI. Beside the magnetic saturation of the MRI particles,
the bio compatibility of the material is of pre-eminent importance. It
majorly depends on the size, shape and protein absorption. Reportedly,
particles of greater than diameter 200 nm are generally taken up by the
macrophages resulting in decrease in blood circulation time while
particles with diameters ̴ 10 nm are removed through renal clearance,
suggesting that the particles ranging from 10–200 nm are suitable for
MRI application. After the intrusion of the MRI nanoparticles, blood,
containing thousands of different proteins, is the first physiological
environment they go an interaction for. Thus, the absorption of aban-
doned proteins on the nanomaterials is very like to take place which in
turn reduces the efficiency of the said material. Surface functionaliza-
tion of the nanoparticles plays a very significant role here to reduce the
protein absorption on the particle surface. Reportedly, ferrite NPs are
found to be a good catalytic agent for selective chemical reactions, both
economically and environmentally benign in terms of their low cost,
great stability, high activity, easy preparation method and controlled
separation technique using an external magnetic field [9–12].

Considering the aforementioned advantageous aspects of ferrite
nanostructures, we have focused on the synthesis and surface

* Corresponding author.
E-mail address: indranil.chakraborty@bose.res.in (I. Chakraborty).

http://www.sciencedirect.com/science/journal/24680230
http://www.elsevier.com/locate/surfin
http://dx.doi.org/10.1016/j.surfin.2017.09.005
http://dx.doi.org/10.1016/j.surfin.2017.09.005
mailto:indranil.chakraborty@bose.res.in
http://dx.doi.org/10.1016/j.surfin.2017.09.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2017.09.005&domain=pdf


functionalization of MnFe2O4 nanoparticles for the generation of in-
trinsic fluorescence. Interestingly, citrate modified MnFe2O4 NPs found
to exhibit multicolor fluorescence at room temperature starting from
blue, green to red. A detailed explanation regarding the occurrence of
aforesaid is given in the light of ligand-to-metal charge transfer (LMCT)
and Jahn-Teller (J-T) distortion concept. The citrate modification on
MnFe2O4 NP is found to be beneficial for the MRI application due to the
less protein absorption on its surface than the pristine MnFe2O4. In
addition, we have inspected the catalytic efficiency of C-MnFe2O4 to-
wards the methylene blue (MB) and bilirubin (BR) for wastewater as
well as therapeutic treatment.

2. Experimental section

2.1. Synthesis and functionalization of MnFe2O4 NPs

MnFe2O4 NPs were synthesized by wet chemical method [13], in-
volving high temperature (270 °C) reflux of Mn(ac)2 and Fe(acac)3 in
diphenyl ether in the presence of oleic acid, cetyl alcohol and oleyla-
mine. The as-prepared NPs were then cyclomixed with 0.5 M Na-citrate
solution for 12 h at room temperature, resulted a pale yellow colored
solution containing citrate functionalized MnFe2O4 (C-MnFe2O4),
named as fl. modified C-MnFe2O4. In order to remove the non-
solubilized larger MnFe2O4 NPs, it is passed through a syringe filter of
0.22 µm diameter. To manifest the fluorescence property of the func-
tionalized NPs, continuous heating was performed for 15 h at 70 °C.

2.2. Protein adsorption

To deploy the superparamagnetic and fluorescent ferrite materials
for MRI application, the preliminary protein adsorption test was per-
formed using Human Serum Albumin (HSA). 0.1 g of HSA was dissolved
in distilled and deionized water under mild shaking and stored at 4 °C.
Both MnFe2O4 and C-MnFe2O4 NPs at varying concentrations (50, 100,
200, 250, 500, 1000 µg/ml) were dispersed into 15ml of PBS at a fixed
temperature of 37 °C and a shaking rate of 150 rpm. 5ml of the pre-
pared HSA solution was added to the solutions containing different
concentration of nanoparticles as mentioned above. For each con-
centration of particle three batches of experiments were performed.
After the incubation for 2 h, the mixed solutions were centrifuged and
supernatants were collected. The concentrations of residual HSA were
determined from the absorbance of the mentioned upper clear solutions
at 278 nm. HSA adsorbed on nanoparticles were calculated using the
equation: q= (Ci–Cf) V/m, where ‘Ci

’ and ‘Cf
’ are the initial HSA and

final HSA concentrations in solutions before and after HSA adsorption,
respectively; ‘V’ is the total solution volume (20mL); ‘m’ is the weight
of NPs added into the solution.

2.3. Photocatalysis

For photocatalytic study of MB, an 8 W UV lamp and a 100W in-
candescent light bulb from Philips as the UV and visible light sources
were used respectively. An aqueous solution of MB(5 µM) and C-
MnFe2O4 NPs (50 µL, containing 0.60mg NPs) were mixed homo-
geneously for 1 h in a quartz cuvette in the dark, maintaining pH∼3 of
the solution. Then, the cuvette was kept approximately 2 cm away from
the light source and the absorbance of MB in the reaction mixture was
recorded periodically using the UV-vis spectrophotometer.

Similarly, for studying the catalysis of BR, C-MnFe2O4 NPs (50 µL,
containing 0.60mg NPs) were added to a 13.4 µM aqueous solution of
BR and kept it in the dark in a quartz cuvette maintaining the pH∼7
under the stirring condition. The absorbance of BR in the reaction
mixture was measured time to time.

2.4. Characterization techniques

The X-ray diffraction (XRD) patterns of MnFe2O4 NPs were acquired
by employing a scanning rate of 0.02° s−1 in the 2θ range from 20° to
80° by a Rigakuminiflex II diffractomer equipped with CuKα radiation
(at 40mA and 40 kV). The transmission electron microscopic (TEM)
analysis and the Energy-dispersive X-ray spectroscopy (EDAX) were
performed using FEI Tecnai TF-20 TEM operating at 200 kV.

For the spectroscopic analyses of the synthesized materials, UV-
visible (UV-vis) and Fourier transform infrared (FTIR) spectroscopy
were carried out using a Shimadzu UV-2600 spectrophotometer (using
a quartz cuvette of 1 cm path length) and JASCO FTIR-6300 respec-
tively. The steady-state fluorescence emission and excitation spectra of
C-MnFe2O4 NPs were recorded on a Horiba
JobinYvonFluorologfluorimeterand the fluorescence images were cap-
tured by using leica DM1000 LED.

The room temperature magnetic measurements were carried out in
a Lake Shore VSM equipped with an electromagnet, capable to generate
a field upto 1.6 T.F or the magnetic measurements and FTIR spectro-
scopic experiment, the C-MnFe2O4 NPs solution was dialyzed to remove
the excess ligands and lyophilized, followed by drying using tempera-
ture controlled magnetic stirrer.

3. Results and discussion

The crystallographic study of the prepared materials is presented in
Fig. 1(a), where all the diffraction peaks match the cubic inverse spinel
structure of MnFe2O4 NPs [14]. The well dispersity of MnFe2O4 NPs is
seen in TEM micrograph (Fig. 2(a)). In Fig. 2(b), the high resolution
TEM (HRTEM) image shows the interplanar distance between the lat-
tice fringes is 0.254 nm, upon calculation which corresponds to the
distance between the (311) planes of MnFe2O4 crystal lattice. The
corresponding selected area electron diffraction (SAED) pattern
(Fig. 1(e)) confirms the polycrystallinity of as-prepared NPs. The pre-
sence of the elemental fingerprints of Mn, Fe and O are obtained from
EDAX analysis, shown in Fig. S1.

Fig. 3 shows the UV-vis absorption spectra of citrate, C-MnFe2O4,
and fl. Mod.C-MnFe2O4 NPs, indicating the presence of absorption band
in C-MnFe2O4 NPs which is completely absent in sole citrate ligand. To
enhance the intensity of the absorption spectra of C-MnFe2O4 NPs, it is
further modified through heat treatment at 70 °C for 15 h at pH∼12. At
this pH all the –COOH group convert into –COO−group. The fl. Mod-
ified C-MnFe2O4 NPs is found to exhibit absorption peaks at 310, 425,
and 454 nm, indicating a significant variation in the electronic structure
of the NPs surface upon modification with citrate ligand.

Fig. 4(a) shows the normalized multicolor fluorescence emission

Fig. 1. XRD pattern of MnFe2O4 nanoparticles.



spectra acquired upon exciting the fl. Mod. C-MnFe2O4NPs at
λex= 310, 425, 454 and 494 nm which give rise to fluorescence at
λem= 413, 495, 516 and 595 nm respectively whereas Fig. 4(b) shows
the corresponding excitation spectra. The observed fluorescence at
λem= 413 nm, may be attributed to the ligand-to-metal charge transfer
(LMCT) transition where charge is transferring from the highest occu-
pied energy level of citrate to the lowest unoccupied energy levels of
Mn2+/3+ or Fe3+ metal ion centers on the NPs’ surface [15]. Origin of
additional three peaks (495, 516, and 595 nm) might be due to the d-d
transitions involving Mn2+/3+or Fe3+ metal ions in the fl. Mod. C-
MnFe2O4 NPs surface. However, the possibility of d-d transitions in the
case of both Fe3+ (d5) and Mn2+ (d5) ions is forbidden for Laporte and
spin according to the selection rule of fundamental atomic spectroscopy
[16,17]. In general, 3+ oxidation state of Mn ion is absent in MnFe2O4

NPs, however, under pH∼12, it is possible to form 3+ oxidation state
of Mn ion [18]. As Mn3+ is d4 system and in the high spin octahedral
field, there is two-fold degeneracy in eg level but degeneracy could be
lost due to Jahn-Teller (J-T) distortion. Therefore, these three bands
(495, 516 and 595 nm) can be explained on the basis of spectroscopic
term symbols, involving the transitions of 5B1g →5Eg, 5B1g→ 5B2g and
5B1g→ 5A1g respectively [19]. The fluorescence images of fl. Mod. C-

MnFe2O4 NPs are shown in Fig. 4(c)–(e), indicating fluorescent colors
such as blue, green and red upon exciting the NPs using proper filters.

We performed the comparative FTIR study of bare MnFe2O4, C-
MnFe2O4 NPs along with Na-citrate ligand to confirm the attachment of
the ligand to the NPs. As shown in Fig. 5(a), for trisodium citrate, two
strong characteristic peaks at 1590 and 1391 cm−1 correspond to the
symmetric and asymmetric stretching of carboxylate group (COO¯) re-
spectively and a peak at 3400 cm−1 is due to the stretching vibration of
hydroxyl group (OH) [20,21]. The peak at 617 cm−1 proves the pre-
sence of alkyl group of citrate. All these different peaks are perturbed
significantly for C-MnFe2O4, which imply the attachment of citrate to
the MnFe2O4 NPs.

To study the effect of ligand on the magnetic properties of bare
MnFe2O4 NPs, we measured M-H curve of MnFe2O4 as well as C-
MnFe2O4 NPs at room temperature. The inset of Fig. 5(b) indicates
super paramagnetic nature of bare MnFe2O4 NPs. Super paramagnetic
nature remained unchanged in case of C-MnFe2O4 NPs with a huge
decrease in saturation magnetization due to LMCT, leading to reduction
in the numbers of unpaired d-electrons of surface Mn3+ ions [22].

Fig. 6(a) and (b) show the representative UV-vis absorption spectra
of HSA in the supernatant of different concentrations (batch 1) of
MnFe2O4 and C-MnFe2O4 NPs respectively. The absorption spectra of
other batches of samples are provided in Fig.S1.

The amount of HSA adsorbed on both MnFe2O4 and C-MnFe2O4 NPs
with of different concentrations is represented in Fig. 7(a) and (b) re-
spectively. A linear increase of the amount of adsorbed HSA is found
with the increase in particle concentration.

Comparing the amount of adsorbed HSA for both MnFe2O4 and C-
MnFe2O4 NPs, it is found that the amount of adsorbed HSA is reduced
by three times in citrate functionalized MnFe2O4 than the pristine
MnFe2O4 NPs (Fig. 8). The bulk citrate ligand plays a very significant
role to reduce the protein adsorption on the surface of C-MnFe2O4 NPs
exercising its steric hindrance.

After studying the multiple fluorescence properties of C-MnFe2O4

Fig. 2. (a) TEM image of well dispersed MnFe2O4 nanoparticles of the range of 10–12 nm and particle size distribution (inset), (b) lattice fringes (SAED inset) of the nanocrystals, (c) SEM
microghaph of the MnFe2O4 nanoparticles for the EDAX elemental mapping of O, Fe and Mn, shown in (d), (e) and (f) respectively.

Fig. 3. UV-vis absorption spectra of citrate, C-MnFe2O4, and fl. Mod.C-MnFe2O4 NPs.



NPs, we tried to utilize its UV absorption band in the degradation of
environmentally harmful dye, methylene blue (MB) under UV irradia-
tion. Fluorescence study of modified NPs under UV light indicates the
excitation of electrons from valence band to conduction bands. This
indication accounts for the degradation of MB in presence of C-
MnFe2O4 NPs under UV irradiation. The excited electrons react with the
surface O2 and H2O of C–MnFe2O4 NPs and generate superoxide anions
(O2

⋅−) and hydroxyl ions (OH⋅) respectively which plays main role for
degradation of MB present in the aqueous solution of C–MnFe2O4 NHSs.
The proposed reaction mechanism is as follows:

C–MnFe2O4+ hγ→ eCB−+hVB+

eCB−+ O2→O2
⋅−

O2
⋅−+ MB→ Product (P)

hVB++ H2O→HO⋅+ H+
aq

HO⋅+MB→ P

Fig. 9(a) shows that the absorption peak of MB at 663 nm drops with
time and it takes almost 75min to degrade completely at pH∼3 with a
first order rate equation of kinetics rate constant (k) of

Fig. 4. (a) Normalized steady-state fluorescence emission spectra at
four different excitation wavelengths of 310, 425, 454 and 494 nm,
(b) fluorescence excitation spectra at four different emission wave-
lengths of 413, 495, 516 and 595 nm of fl. Mod. C-MnFe2O4 NPs.
Fluorescence microscopic images of the same NPs powder under (c)
UV, (d) blue and (e) green light irradiation. The scale bars in all the
images are 500 µm. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article)

Fig. 5. (a) FTIR spectra of MnFe2O4 NPs, C-MnFe2O4 and citrate. (b)
Field dependent magnetization (M-H) at room temperature of C-
MnFe2O4 NPs. Inset shows M-H plot of bareMnFe2O4 NPs.

Fig. 6. UV-vis absorption spectra of HSA in the supernatant solutions of MnFe2O4 (a) and C-MnFe2O4 (b) where the concentration of the respective particles are of 50, 100, 200, 250, 500
and 1000 μg/ml in both the cases and the samples are of batch I in the mentioned samples.



5.68 × 10−2 min−1. The comparative rate of degradation of MB in
presence of citrate and C-MnFe2O4 is shown in Fig. 9(b).

After successful degradation of MB, we tried to see the degradation
of an organic dye, bilirubin (BR) whose presence in higher concentra-
tion in blood leads to jaundice. The degradation of BR (pH∼7) with
time at 435 nm proves the excellent catalytic efficiency of C-MnFe2O4

NPs at room temperature, as shown in Fig. 6(a) with a first order rate
equation of kinetics rate constant (k) of 1.3× 10−2 min−1.

Fig. 10(a) indicates that an increase in absorbance at 352 nm with a
continuous decrease in BR absorbance at 435 nm over time, leading to
an isosbestic point, observed at 370 nm. The absorbance peak at 352 nm
arises due to the formation of methylvinylmaleimide (MVM), a photo
oxidation product of BR in aqueous medium [23]. The rate of

degradation of BR in presence of citrate and C-MnFe2O4 NPs are shown
in Fig. 10(b). Since the blood pH is ∼ 7.4 which is slightly basic, the
above tests were performed in the same range of pH. In alkaline
medium Mn+2 has a tendency to get converted to Mn+3 leaving one
electron (e−). This e− will subsequently be gained by the BR molecule
causing the degradation of the same. The plausible mechanism of BR is
as follows:

Mn+2→Mn+3+ e-; BR+ e-→ BR oxidation product

4. Conclusions

Surface modification of MnFe2O4 NPs with trisodium citrate en-
lightens the scope of studying the surface electronic structures. Using
the spectroscopic technique, the optical properties of the material are
thoroughly ventured. We have also explored the origin of multicolor
fluorescence properties through LMCT transition from the citrate ligand
to the lowest unoccupied energy level of Mn ions and d-d transitions
over Mn ions present in the NPs. The pristine and surface modified
magneto fluorescent Mn2FeO4 nanoparticles are tested against protein
adsorption for future biomedical application and satisfactory results are
obtained. The catalytic activities of citrate functionalized MnFe2O4 NPs
for the degradation of methylene blue (a model water contaminant
under UV light) and bilirubin (a biologically harmful pigment) are in-
vestigated and competent performance is observed. We believe that the
multifunctional citrate modified MnFe2O4 NPs will open up a new door
for bio-imaging, drug delivery, waste water decontamination and for
the treatment of hyperbilirubinemia.

Fig. 7. (a) and (b) represent the amount of adsorbed HSA on the
surface of MnFe2O4 and C-MnFe2O4 nanoparticles of different
concentrations.

Fig. 8. Comparative representation of amount of adsorbed HSA on MnFe2O4 and C-
MnFe2O4.
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