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A B S T R A C T

Stimuli-responsive controlled release of drugs from metal complex devices has been receiving great attention, as
it provides many advantages such as better delivery efficiency and selective binding. Here in, we report the
synthesis of biocompatible CoFe2O4 NHSs of diameter around 200 nm and emergence of intrinsic multiple
fluorescence from blue, green to red on modifying their surface with hydrophilic bio-molecule such as folic acid.
The surface engineered NHSs also show excellent drug loading and releasing efficiency in different conditions.
Both the surface modified and bare hollow spheres showed excellent catalytic activity towards 4-nitrophenol
reduction.

1. Introduction

Transition metal based nanostructured materials were synthesized
and studied for various bio-medical applications such as in imaging,
hyperthermia treatments, tissue repair, immunoassay, detoxification of
biological fluids, cell separation, drug delivery, etc. [1–3]. For these
applications, the nanostructures must have combined properties of high
magnetic saturation, biocompatibility and interactive functions at the
surface. The surfaces of these particles could be modified through the
creation of few atomic layers of organic moieties or inorganic metallic
(e.g. gold) or oxide surfaces (e.g. silica or alumina), suitable for further
functionalization by the attachment of various bioactive molecules
[4–6]. One of the most challenging targets in nano-science and tech-
nology is the synthesis of biocompatible well-dispersed magnetic na-
nostructures with sharp size distribution of required morphology and
magnetic properties. Coating nanomaterials with natural or synthetic
polymers or surfactants is a method that provides stability of the col-
loidal suspensions. Use of surfactants such as: decanoic acid, oleic acid,
hexaldehyde or sodium carboxymethylcellulose leads to highly dis-
persed and high quality nanostructures with good biocompatibility and
smaller particle size [7–9].

In recent years, nano hollowspheres (NHSs) have attracted great
interest because of their lower density, large surface area, higher
compressibility compared to their solid counterpart and are widely used
as artificial cells, catalysts, fillers, and capsules for controlled release of
drugs and dyes [10–13]. The advantages of using these materials ori-
ginate not only from their improved magnetic properties over nano-
particles, but also from a larger surface, that provides higher sensitivity,
better targeting and improvement of the colloidal stability of the NHSs.

Among various ferrites, CoFe2O4 NHSs were extensively studied due
to their tunable magnetic properties as per need [14–15]. Though they
are proposed for bio-medical applications their use in medicine is re-
stricted due to numerous problems such as toxicity due to the re-
markable amount of cobalt release in aqueous solutions, aggregation in
solution, and poor accessibility of the surface when surfactants are
used. This problem can be overcome by coating the surface with a
compatible, nontoxic, and hydrophilic entity originating many novel
properties such as multiple fluorescence, photocatalytic property and
excellent drug carrying capacity as discussed in the present work.

2. Experiment

CoFe2O4 (CFO) NHSs were synthesized by solvothermal method as
reported earlier [16]. The surfaces of CFO NHSs were attached with
tartrate and folate ligands by cyclomixing the NHSs with 0.05 M Na-
tartrate and 0.05 M Na-folate solutions (pH ~ 7) at room temperature
for 12 h. and named them as TCFO and FCFO NHSs respectively.
Henceforth the attachment of ligands on the surface of NHSs is termed
surface modification.

The structural and morphological characterizations of the samples
were performed using X-Ray powder Diffraction (XRD), scanning (SEM)
and Transmission Electron microscope (TEM). Fourier transform in-
frared spectroscopy (FTIR) was performed to ensure the attachment of
ligand on the surfaces of NHSs. Vibrating sample magnetometer (VSM)
was used for room temperature magnetic measurements. Drug loading
and drug release were studied using UV–Vis spectrometer. The drug
(Doxorubicin) was loaded with the surface modified NHSs by cyclo-
mixing for 1 h, at room temperature. The drug-release was performed
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three times at different time interval by taking 15 mg of this drug
loaded NHSs, dispersing in 2 ml of buffer solution. UV-A lamp was used
in the photocatalytic degradation of 4-Nitrophenol (4-NP). For catalytic
purpose CFO NHSs, 4-NP and freshly prepared NaBH4 were mixed and
reduction of 4-NP was measured periodically using the UV–Vis spec-
trophotometer.

3. Results and discussion

Formation of pure FCC inverse spinel structure of CFO NHSs was
confirmed from XRD pattern (JCPDS file no. 22–1086) in Fig. 1(a).
Hollow spherical morphology of the samples was investigated by SEM
and TEM as shown in Fig. 1(b) and (c) respectively, indicating uniform
size distribution in Fig. 1(d).

The FTIR study was carried out for CFO and TCFO NHSs and for
only tartrate ligand in order to check the attachment of the ligand
molecules to the surface of bare CFO NHSs. As depicted in Fig. 2(a), the
peak arising at 590 cm−1 is due to stretching vibration of metal-oxygen
bonds in CFO [17]. Two sharp peaks at 1066 and 1112 cm−1 in tartrate
ligand are due to C–OH stretching modes [18] and two other peaks at
1411 and 1621 cm−1 are due to the symmetric and asymmetric
stretching of the COO− [19]. Because of the interactions between the
surface of the CFO NHSs and the functional group moieties of the li-
gand, all the bands are distinctly perturbed along with the band at

3399 cm−1 which corresponds the stretching vibrational modes of the
O–H group [18]. From this FTIR spectrum it is evident that –COO− and
–OH groups are actively involved in the functionalization. The same
study was carried out to check the attachment of Na-folate molecules to
the surface of bare CFO NHSs as evident from the peaks at 590 cm−1,
1485 cm−1, 1590 cm−1 and 1690 cm−1 in Fig. 2(b). The peak at
1485 cm−1 is due to absorption of Phenyl ring and peak at 1590 cm−1

is appeared due to N–H bond bending. C = O stretching vibration is
responsible for the peak at 1690 cm−1 [20].

Drug loading efficiency with Doxorubicin solution for the NHSs was
checked with UV–Vis absorption spectra before and after loading the
drug into the particles and is shown in Fig. 3(a) and (b) respectively.
The absorption intensity was measured at 486 nm and calculated using
the following Equation:

=

−

×

A A
A

Loading efficiency 100f0

0 (1)

where, A0 is the initial absorbance and Af is the final absorbance of
Doxorubicin solution.

About 40% of drug was loaded in case of TCFO whereas for FCFO it
was 60%. The –COOH groups of folate molecules get engaged in H-
bonding with the –NH2 groups of Doxorubicin [21]. Thus the attach-
ment of drug with NHSs occurs.

DOX release was calculated by the following equation:

Fig. 1. (a) XRD pattern (b) SEM image (c) TEM image and (d) size distribution of as prepared CFO NHSs.
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where, Ct is concentration of DOX at time t.
The drug release study at 37 °C and pH 7.4 shows TCFO to release

only 37% of the loaded drug whereas FCFO to release 90%, as shown in

Fig. 3(c) and (d) respectively. Further drug release study with loaded
FCFO NHSs at pH 5 was also performed and compared the result with
that of pH 7.4 in Fig. 4(a). Similarly at pH 7.4 the drug release from
FCFO NHSs at 37 °C and 44 °C is compared in Fig. 4(b). The graphs
clearly show that the release efficiency is undoubtedly better at lower
pH. Fig. 4(a) depicts that within 4 h, 99% of the drug was released at

Fig. 2. FTIR spectra of (a) as-prepared CFO, TCFO NHSs, Na-tartrate and (b) as-prepared CFO, FCFO NHSs, Na-folate.

Fig. 3. Absorption spectra of Doxorubicin solution before and after loading on (a) TCFO and (b) FCFO NHSs. Drug release study on (c) TCFO and (d) FCFO NHSs.
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pH 5 whereas in pH 7.4, release occurred up to 97% in 5 h. This fast
release at pH 5 was attributed to the cleavage of hydrogen bond in
acidic condition. The attachment of Doxorubicin with folate molecule
takes place through hydrogen bonding between the –COOH groups of
folate and the –NH2 groups of Doxorubicin. In hydrogen bonding, –NH2

of Doxorubicin forms –NH3
+. In acidic conditions, the H+ in solution

would compete with the hydrogen-bond-forming groups and then
weaken the above hydrogen-bonding interaction. The pH scale is a
logarithmic one, meaning that each pH unit has 10 times as many H+

ions as the unit above it. So, at pH 5, there are ~ 250 times more H+

ions than at pH 7.4. Due to this change in concentration of H+ ions
there is obvious change in drug release efficiency. Thus the lower pH
triggers the burst release of Doxorubicin. For the temperature depen-
dent release study we observed the FCFO NHSs to release 93% of the
loaded drug at 44 °C in 5 h, due to increase of thermal agitation, which
in turn detached the drug molecules from the FCFO NHSs surface [22].

Fig. 5 depicts the fluorescence microscopic images of FCFO and
DOX loaded FCFO. Fig. 5(a)-(c) show the blue, green and red fluores-
cence while exciting the FCFO NHSs with UV, blue and green light
respectively. The generation of multicolor fluorescence in FCFO NHSs

can be explained through the d-d transition [23] because Ligand to
metal charge transfer transitions usually occur at lower wavelengths
(UV region). Again using the UV, blue and green light on to the DOX
loaded FCFO NHSs, we found only red fluorescence shown in Fig. 5(d-
f). We carried out the photoluminescence study to confirm the attach-
ment of Doxorubicin molecules on FCFO NHSs. This result confirms the
attachment of DOX molecule onto the surface of FCFO NHSs.

Fig. 6(a) and (b) show the room temperature magnetic behavior of
the as-prepared CFO NHSs and FCFO NHSs respectively. The magnetic
measurements are performed on powder sample. In case of FCFO NHSs
magnetization is measured for the whole material present in the func-
tionalized sample. It is found that the saturation magnetization of the
NHSs was reduced due to functionalization. The folate ligand consists of
both σ donor (–NH2) and π donor (–COO−) groups which lead to im-
mense LMCT (ligand to metal charge transfer) and spin pairing (i.e.
quenching of magnetic moments) of Co+2/+3 or Fe+3 ions on the
surface of FCFO NHSs, which reduces the net saturation magnetization
[23].

Bearing in mind the current advances in the field of nanocatalysis,
we examined the photocatalytic property of the FCFO NHSs and

Fig. 4. Drug release study (a) for different pH and (b) different temperature for drug loaded FCFO NHSs.

Fig. 5. Fluorescence micrographs of FCFO NHSs powder under (a) UV (375 nm), (b) blue (450 nm) & (c) green (515 nm) light irradiation and of DOX-FCFO under (d)
UV (375 nm), (e) blue (450 nm) & (f) green (515 nm). The scale bars in all images are 2 μm. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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observed in Fig. 7(a) the gradual degradation of model water con-
taminant 4-NP (4-nitrophenol) in presence of FCFO NHSs under UV
light irradiation of 360 nm. The degradation of 4-NP was found to
follow 1st order reaction following the equation A = A0e-kt with rate
constant k = 5.39 × 10−2 min−1 and the fitting is shown in inset of
Fig. 7(a). The organic pollutants got absorbed on the surface of FCFO
NHSs and the hydroxyl radicals (•OH) generated due to the irradiation
of UV light, immediately oxidize the absorbed pollutants and led to
degrading products [24].

Furthermore, we investigated the catalytic property of CFO NHSs
under visible light using NaBH4 as reducing agent in transformation of
4-NP. The reduction of 4-NP to 4-aminophenol (4-AP) is a popularly
studied model reaction to evaluate the catalytic activity of metal na-
noparticles. Fig. 8(a) shows the transformation of 4-NP to 4-NA in just
10 min by NaBH4 in presence of CFO NHSs as catalyst, following first
order kinetics with the rate constant (k) = 5.6 X 10−1 min−1. Though
the reduction of 4-NP to 4-AP using aqueous NaBH4 is thermo-
dynamically favorable, the presence of the kinetic barrier due to large
potential difference between donor and acceptor molecules decreases
the feasibility of this reaction [25,26] but the presence CFO NHS eases
the transfer of electron or generated hydrogen from NaBH4 to 4-NP,
which in turn speeds up the reaction. Without CFO NHS, this reaction
will take a longer time to be completed. BH4¯ ions and 4-NP are co-
adsorbed on the surface of CFO NHSs. CFO NHSs relay electrons from
donor BH4¯ ions to the acceptor 4-NP to catalyze the reaction.

Fig. 9(a) depicts the reusability of CFO NHSs as catalyst. We added
same dose of 4-NP (50 μl) into the reaction mixture up to 11 doses,
keeping the catalyst concentration unchanged. The 4-NP degradation
rates of the cycles were monitored by measuring the fall of absorbance
at 400 nm with UV–Vis spectroscopy. The reusability test was also

carried out for FCFO NHSs as photocatalyst and found it worthy up to 5
consecutive cycles, as shown in Fig. 9(b).

4. Conclusion

Through easy surface modification of CoFe2O4 NHSs with Na-folate
and Na-tartrate ligands, we were able to prepare biocompatible multi-
functional nano-hollow spheres with intrinsic fluorescence properties
covering the whole visible region, ranging from blue, and green to red.
We believe that our material may develop new prospects in the field
like bio-imaging. The NHSs showed excellent pH and temperature
triggered drug release. The loading and pH-dependent releasing of drug
occurs due to the hydrogen-bonding interactions between the metal
oxide surface attached folate and Doxorubicin. Moreover, we found that
the as-prepared and folate functionalized NHSs have efficient catalytic
and photocatalytic property respectively towards the transformation of
hazardous pharmaceutical waste. In conclusion, this work has demon-
strated an efficient multifluorescent anticancer drug delivery system
using folate functionalized magnetic nano-hollow spheres.
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Fig. 6. Plot of magnetization versus applied magnetic field (M−H) of (a) as-prepared CFO NHSs and (b) FCFO NHSs at 300 K.

Fig. 7. (a) The UV/Vis spectral changes of an aqueous solution of 4-NP under
253 nm UV irradiation in presence of FCFO NHSs with time, (inset of (a) fitted
first order reaction rate) 4-NP solution (b) before and (c) after the photo-
catalysis.

Fig. 8. (a) The UV/Vis spectral changes of an aqueous solution of 4-NP with
NaBH4 solution in presence of CFO NHSs with time, (inset of (a) fitted first
order reaction rate) 4-NP solution (b) before and (c) after the catalysis.
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