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Synthesis of Micelles Guided 
Magnetite (Fe3O4) Hollow Spheres 
and their application for AC 
Magnetic Field Responsive Drug 
Release
Madhuri Mandal Goswami

This paper reports on synthesis of hollow spheres of magnetite, guided by micelles and their application 
in drug release by the stimulus responsive technique. Here oleyelamine micelles are used as the core 
substance for the formation of magnetite nano hollow spheres (NHS). Diameter and shell thickness 
of NHS have been changed by changing concentration of the micelles. Mechanism of NHS formation 
has been established by investigating the aliquot collected at different time during the synthesis of 
NHS. It has been observed that oleyelamine as micelles play an important role to generate hollow-
sphere particles of different diameter and thickness just by varying its amount. Structural analysis 
was done by XRD measurement and morphological measurements, SEM and TEM were performed to 
confirm the shape and size of the NHS. FTIR measurement support the formation of magnetite phase 
too. Frequency dependent AC magnetic measurements and AC magnetic field stimulated drug release 
event by these particles provide a direction of the promising application of these NHS for better cancer 
treatment in near future. Being hollow & porous in structure and magnetic in nature, such materials will 
also be useful in other applications such as in removal of toxic materials, magnetic separation etc.

Recently magnetic nanoparticles especially with tunable size, shape and porosity are getting very importance and 
attraction in research1–7. It has been observed that depending on size, composition, structure of the particles, the 
magnetic properties are altered and from these phenomena it is presumed that magnetic particles with tuned 
properties may have diverse range of useful applications from magnetic resonance imaging, magnetic separation, 
magnetic field triggered drug delivery and release, hyperthermia therapy etc.8,9. From the practical point of view, 
the magnetic property of magnetic nanoparticles is a very promising application tool in cancer diagnosis and 
treatment. Its research involves proper design, synthesis, engineering and characterization of a wide variety of 
magnetic nanoparticles. It is known that the cancer drugs can not selectively target the cancer affected region, it 
spreads all over the body damaging the benign cells too. So treatment of cancer without damaging the healthy 
cells with minimal side effect is one of the goals of clinical community. Cancer drugs themselves are very harmful 
to body. If spreading of such drugs all over body can be controlled that will be a real benefit to cancer patients. 
Recently, there has been an increasing drive to search for therapeutic agents which are deliverable to a specific dis-
eased site with aim to improve their efficiency and minimize undesirable side effects10,11. Among others, magnetic 
field directed targeting is one of the very promising techniques and different types of magnetic particles can be 
used as targeting agent. Magnetite nanoparticles are widely considered as a promising agent for the same due to 
its various advantageous features such as bio-safety, biocompatibility, ease of preparation and handling, low cost, 
stability and more importantly, possibility of carrying the drug to the desired location within the host body by 
using an external magnetic field. In this way, proper delivery of drugs to selective region and magnetic field stim-
ulated drug release may provide a new and effective pathway for treatment of cancer. Now a days, different stimuli 
like electric field, heat, pH, light, enzymes, etc.12–22 have been used to check the drug release activity of different 
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suitable nano drug delivery systems. Drug delivery systems based on stimulus-responsive materials are very 
demanding for controlled and long-term drug release in pulsed or continuous manner by stimulating externally 
through a noninvasive process. It will be very beneficial also if release is possible under the action of an external 
stimulus in noninvasive way because this type of method will give a new avenue for the treatment of many dis-
ease which require daily invasive intervention. We are interested to use magnetic field responsive technique as it 
is minimally invasive and magnetic material as targeting agent to send it to the specific region of interest in the 
body by applying external magnetic field. On the other hand, heat dissipation by the magnetic particles under AC 
magnetic field can be controlled by controlling applied magnetic field from outside the body and normal tissues 
can be saved. To achieve this control, we need to study the phenomena with many possible magnetic materials.

Before the use of the materials in such fields, their physical properties should be investigated properly with 
change of many parameters to have an overall idea about them so that it can be tuned according to requirements. 
Over the past few years scientific investigation on hollow nano sphere materials with high stability, large surface 
area, high porosity have drawn special interest. Among them hollow magnetic materials have drawn significant 
interest for the use in the field of water purification, biomedical application etc.23,24. Previously, we also have syn-
thesized hollow like magnetite particles by PVP method and measured magnetic properties25. The PVP method 
successfully produced only magnetite hollow particles but not other kinds of ferrites. In this paper, a method has 
been described for synthesis of nano hollow sphere magnetite of different sizes by oleylamine micelles templated 
way. By applying this oleylamine technique, many other kinds of ferrites can also be synthesized. Among them 
some are published and some are under investigation26. Therefore, to develop a general method for synthesis 
of many kinds of hollow like ferrite particles, we have concentrated on this method and also received success 
to some extent. On the other hand, PVP being a very large molecule in presence of ethylene glycol, produce a 
sticky substance thereby causing the process not easy to be handled. Our interest is in use of nanoparticles for 
drug release and theraputic agents. To make it a reality, a comparative study is needed to be made with various 
kinds of ferrites of similar group. We will be able to synthesize various kinds of ferrites by the same procedure 
which will be very useful for comparative study and to do an optimization in the use of materials and techniques. 
We are interested in hollow like particles because in case of hollow sphere, the added advantage is that due to 
hollow shape of particles, more amounts of drugs can be loaded. Applying AC magnetic field from outside the 
body, temperature of particles can be controlled, which in turn will provide a control over drug release from 
the drug loaded particles. Applying AC magnetic field with different frequency and strength in either pulsed or 
continuous application techniques, the control over drug release can be achieved. Our method in this respect will 
be highly potential if it can be materialized in real world. But before its practice it is necessary to be investigated 
systematically.

Experimental details
All the chemicals such as Ferric chloride hexahydrate (FeCl3, 6H2O), ethylene glycol (EG), alcohol, urea and 
oleylamine are of analytical grade and purchased from Sigma–Aldrich.

The synthesis procedure of the hollow spheres is as follows: Here three different sets of particles were prepared 
by varying the amount of oleylamine micelles. 2.4 gm of FeCl3, 6H2O was mixed in 40 ml Ethylene Glycol (EG) 
and 20 ml ethyl alcohol solution for all sets of particles. This solution was stirred with a magnetic stirrer until the 
Ferric chloride was completely miscible in the solution. Then 1.06 gm of Urea and different amount of oleylamine 
were added in the above solution to prepare different sets of particles. These solutions were again stirred until it 
became completely transparent. These final solutions were then transferred in three different 80 ml teflon lined 
stainless steel autoclaves for the solvothermal process. The solvothermal process was carried out at 180 °C for 
15 hrs. After 15 hrs, resultant black solutions were washed in alcohol for several times and then dried at 60 °C 
overnight. Particles were prepared in three different amount of oleylamine such as 2 ml, 3 ml and 4 ml to see the 
effect of change of concentration of oleylamine and to understand the mechanism of formation of NHS.

Here, role of Ethylene Glycol (EG) is to reduce the Fe+3 ions to Fe+2 ions partially. Urea helps to precipitate 
Fe+3 and Fe+2 to their corresponding hydroxides where the hydroxyl group comes from ammonium-hydroxide 
produced from urea and after the heat treatment both the iron hydroxides forms Fe3O4 through removal of water. 
The possible chemical reaction is given below what is shown in our previous published result27.

 →
++ + +2Fe Partial reduction by ethylene glycol Fe Fe3 3 2

+ → +CO(NH ) H O 2NH CO2 2 2 3 2

+ → ++ −NH H O NH OH3 2 4

+ →+ −Fe 3OH Fe(OH)3
3

+ →+ −Fe 2OH Fe(OH)2
2

+
 →

+2Fe(OH) Fe(OH) Pr olonged Heating Fe O 4H O3 2 3 4 2

Drug loading experiment. 50 mg of prepared NHS is dispersed in 1 ml of deionized water then 50 μ L of 
ammonium hydroxide solution is added to this and stirred for 30 min then 100 μ L of aqueous 1.5 ×  10−3 M DOX 
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solution is added under stirring condition and stirring is continued for one hour to allow the drug to be interca-
lated in the nanoparticles. Then the drug loaded particles are separated out through centrifugation technique and 
then dried. The dried particles are then gently washed with de-ionized water to remove excess non-bound drug. 
The amount of DOX loaded in this system is calculated from the absorbance value obtained from UV-visible 
absorption spectra at ~500 nm of initial DOX solution and solution collected after separating the particles. 
Loading efficiency is measured by applying the equation proposed by a group Nigam et al.28. and obtained in case 
of 350 nm NHS is near about 70%.

Characterization techniques. The phase and morphology of the synthesized samples were characterized 
by X–ray diffraction, scanning electron microscope (SEM) and transmission electron microscopy (TEM). The 
XRD analysis was performed in Rigaku Miniflex II desktop X–ray diffractometer using Cu Kα (λ  =  1.5418 Å) 
source. The TEM investigations of the hollow spheres were done by TECHNAI G2 SF20 ST TEM operating at 
200 kV. The frequency dependent AC hysteresis loops of all the samples were measured at room temperature 
(25 °C) using our lab-made instrument.

Results and Discussion
Crystallography and Morphology. Figure 1 shows the measurements done on one of the samples (highest 
size) to elucidate the crystal structure and morphology of the as synthesized material. The X-rd pattern of one set 
of the samples is shown in Fig. 1(a) and indexed as well. All the diffraction peaks of the pattern can be indexed to 
the face centred cubic (fcc) structure of magnetite (Fe3O4) [JCPDS card no. 65-3107]. The sharp diffraction peaks 
indicate higher crystallite size of the Fe3O4 samples. The crystallite size (d) of the sample was calculated using 
the Debye Scherrer equation (d =  0.9λ /(βcosθ)). The crystallite size (d) of the sample was calculated taking into 
account the most intense peak and found to be ~24 nm. Lattice parameter was calculated considering the XRD 
peaks 511, 440, and 533, which come at 2θ  value of 56.93, 62.57 and 74.1078 respectively. The high angle peaks 
are considered here to minimize the error. The calculated lattice parameter obtained are 8.404, 8.397, and 8.389 
A° for XRD peaks 511, 440, and 533 respectively. Taking the average of these lattice parameters we get the value 
8.39666 A°, which matches with the lattice parameter for magnetite. Hence particles are of pure phase magnetite. 
The SEM micrograph (Fig. 1(b)) of the sample shows hollow nature of spherical magnetite. Average diameter of 
the hollow spheres after considering the SEM micrographs is found to be nearly 350 nm. Distinct hollow structure 
of the as synthesized Fe3O4 spheres is confirmed from the TEM micrograph as shown in Fig. 1(c). The selected 
area electron diffraction (SAED) pattern taken from the complete hollow sphere (Fig. 1(d)) exhibits the high 
crystalline nature of the Fe3O4 NHS. TEM images at three different concentrations of oleylamine are shown in 
Fig. 2. Figure 2a presents the image of sample prepared in 4 ml, 2b is prepared in 3 ml and 2c is prepared in 2 ml 
oleylamine. Here we see with decrease of concentration of oleylamine, particle size increases and shell thickness 
also increases. Changes in different size parameters like size of whole particles, crystallite size and shell thickness 
of the hollow like particles with change of amount of oleylamine (from 4 to 2 ml) are shown in Table 1.

Figure 1. X-rd spectrum (a), SEM (b) and TEM (c) micrographs and SAED pattern (d) of the magnetite hollow 
spheres of diameter ~350 nm.
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Hollow sphere formation mechanism. In order to find out the progress of hollow formation in our 
sample, we have collected an aliquot at different time interval (2, 5, 10, and 15 h) during synthesis of sample, 
followed by washing and drying procedures and investigated those particles through TEM analysis. A series of 
TEM images (as shown in Fig. 3(a–d)) of the resulting products indicate increase in size of the particles and a 
distinct change in surface and interior of the nano-spheres with time. Initially, after reaction of 2 h, smaller nano 
structures are observed (as shown in Fig. 3(a)) and these small nano-particles are found to be aggregated to form 
a porous sphere with rough surface (as shown in Fig. 3(b)) during 2–5 h interval. With a longer reaction time 
after 10 h, a hollowing effect is started (as shown in Fig. 3(c)) to be formed from the porous spheres. After 15 h of 
reaction time, the distinct contrast between the edge and the hollow interior of the spheres (as shown in Fig. 3(d)) 
confirms the formation of nano hollow spheres (NHSs). From the above described TEM images, it appears that 
at the beginning, nano-scale hydroxides of iron nucleate then coalesce to each other and simultaneously deposit 
on the surface of micelles formed by oleylamine, thus the smaller particles grow to larger with time, driven by 
Ostwald ripening process29. Another possibility is that micelles accompanying smaller particles come closer and 
grow to larger one to decrease the surface energy. Then with prolonged heat treatment the molecules, ‘oleylamine’ 
which form micelles, move out towards edge from the centre of the larger particles through process of evapo-
ration. During this evaporation process a force is created from centre to outward direction that is toward edge 
from the core or centre of the bigger particles. Due to this outward directed force during evaporation process the 
smaller particles situated in the core of the larger particles tend to be relocated at the edge of the bigger one which 
leads to nano-hollow spheres formation. Here we see with increase of concentration of oleylamine thinner shell is 
formed. It can be explained by the phenomenon that with increase of concentration of oleylamine, more number 
of micelles are formed and with increase of number of micelles, deposition of smaller particles on the surface of 
micelles become lesser which leads to thinner shell formation as in each case precursor salt concentrations of Fe 
are the same. One of the representative dark field TEM images of NHS is shown in Fig. 3e, which again confirms 
the above explained phenomenon as few of smaller particles still are visible here at the core of NHSs. The under-
lying mechanism for the formation of NHSs is more clearly shown by the schematic diagram (Fig. 4).

To prove the oleylamine based micelles formation the dynamic light scattering (DLS) study was performed 
for different solutions including as well as excluding oleylamine (OM) as shown in Fig. 5(a–d). The measurement 
was performed for 350 nm NHS. Figure 5(a) represent DLS study on solution consisting of ethanol (EtOH) and 
ethylene glycol (EG). Here the size shown is not significant. It may be due to very small amount of dust parti-
cles present in solution and some impurities. Figure 5(b) represents DLS study on solution consisting of NHS 

Figure 2. TEM images of three different sized particles prepared in three different amount of oleylamine: (a) is 
prepared in 4 ml, (b) is in 3 ml and (c) is in 2 ml of oleylamine.

Amount of 
oleylamine

Size of the 
particles

Shell-
thickness Crystallite size

2 ml 350 ±  5 nm ~80 ~24 nm

3 ml 280 ±  5 nm ~60 ~22 nm

4 ml 200 ±  5 nm ~35 ~21 nm

Table 1.  Change of different size parameters of three sets of particles with change of amount of 
oleylamine.
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dispersed in ethanol (EtOH). This indicates size of NHS present in solution. Figure 5(c) represents DLS study on 
solution consisting of ethanol (EtOH), ethylene glycol (EG) and oleylamine (OM). Here it is evident from the size 

Figure 3. TEM images of time dependent synthesis of particles (a) after 2 h, (b) after 5 h (c) after 10 h and (d) is 
after 15 h, (e) dark field TEM image of NHSs.

Figure 4. Schematic diagram of formation mechanism of hollow sphere particles by oleylamine micelles. 
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that the OM forms micelles. After addition of NHS in this solution the size become larger. It is because formation 
of micelles is dynamic in nature and after addition of NHS the OM micelles take NHS inside the core expanding 
to larger size.

FTIR measurements. FTIR measurement was performed for one batch of samples on KBr matrix and is 
shown in Fig. 6. We see here a broaden peak at about 465 to 686 cm−1, which is attributed to Fe-O-Fe bending 
vibration of magnetite. Hence particles are of magnetite30,31. One of the groups28 has again shown that a peak in 

Figure 5. Dynamic light scattering study on different sets of solution including OM and excluding OM. 
(a) representative histogram on size distribution obtained from DLS measurement for solution consisting of 
ethanol (EtOH) and ethylene glycol (EG), (b) representative DLS measurement on solution consisting of NHS 
dispersed in ethanol (EtOH), (c) histogram and spectrum obtained from DLS study on solution consisting of 
ethanol (EtOH), ethylene glycol (EG) and oleylamine (OM), (d) histogram and spectrum obtained from DLS 
measurement on solution consisting of ethanol (EtOH), ethylene glycol (EG) and oleylamine (OM) and NHSs.

Figure 6. FTIR spectrum taken for one batch of NHSs in KBr matrix method. 
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FTIR spectrum at 580 cm−1 is attributed to Fe-O stretching vibration of magnetite. In our case the peak lie in the 
region which is not beyond 580 cm−1. Hence this result again supports the magnetite phase of NHSs.

Magnetic measurements and drug release studies. We are interested to use the particles for drug 
release by hyperthermia technique applying AC magnetic field as shown schematically in Fig. 7(a). Therefore 
we have done some AC magnetic measurements on these hollow spheres in our lab made set-up where we can 
produce nearly 92 kA/m ac magnetic field at nearly 700 Hz AC field frequency. The AC hysteresis loops of the 
hollow spheres were measured from 30 Hz to 700 Hz AC field frequency and the corresponding loops for four 
different frequencies for 200 nm particles are shown in Fig. 7(b–e). From these figures it is clear that the coercivity 
of the hysteresis loops of the hollow spheres increases with increasing frequency of AC field. Actually depending 
on frequency of AC magnetic field, particles can either behave superparamagnetically or ferromagnetically. At 
lower frequencies, few particles having relaxation time less than the measuring time will behave superparamag-
netically. Most of the particles will behave ferromagnetically when the measuring time is less than the relaxation 
time of the particles, i.e. at higher frequencies. So, as the frequency of the AC magnetic field increases, the frac-
tion of ferromagnetic particles increases and this phenomenon results higher coercivity at higher frequencies. 
The variation of power loss (proportional to the product of hysteresis loop area and frequency) with frequency 
is shown in Fig. 7(f). Power loss is obtained integrating the hysteresis loop area and multiplying it with measure-
ment frequency32–34. From the power loss calculation, an idea about the conversion of electromagnetic energy to 
heat energy by these particles are obtained. It is known that higher the power loss higher will be the heat energy 
generated by the particles. From the Fig. 7(f) it is reflected that the power loss of the hollow sphere increases 
with increasing frequency of applied AC field. We are able to measure the loss power up to 700 Hz AC field in 
our set up because after that the impedance of the circuit becomes so high that the field is reduced and reduced 
field is not enough to saturate the hysteresis loops. But with this limitation we measured the temperatures of the 
solutions of dispersed magnetic particles applying the AC magnetic field at different frequencies. From these 
results we observed that when 10 mg of particles is dissolved in 3 ml of solution, the temperature of the solution 
become 44 °C for 350 nm NHS at applied AC frequency 700 Hz and for 200 nm NHS at applied AC frequency of 
550 Hz. At the 44 °C temperature we studied the drug release activity for two sets of particles 200 nm and 350 nm. 
10 mg of drug loaded particles were taken in 3 ml PBS buffer of pH 7.4. Intercalation of drug (DOX) with porous 
hollow particles is shown schematically in Fig. 8. After functionalization with ammonium hydroxide, particles 
are hydroxylated as shown in this schematic diagram. Then drugs are allowed to be loaded into this hydroxide 
functionalized particles. After drying these drug loaded particles through removal of H2O from hydroxylated 
particles and the drug molecules, the drugs are intercalated into the particles in a similar way as shown by the 
group Parrot et al.35. The drug release event at 37 °C and under AC magnetic field that is at 44 °C was studied at 
different interval of time. The representative UV-visible spectra on drug release activity for two sets of particles at 
37 °C and at 44 °C are shown in Fig. 9(a,b). From the Fig. 9(a,b) it is observed that under AC magnetic field drug 
is released with faster rate. It is may be due to doxorubicin drug is heat sensitive and under AC magnetic field 
particles are heated up and release the drug with faster rate. From this figure it is also observed that for smaller 

Figure 7. (a) represent schematically drug release under AC magnetic field, (b–d) present hysteresis loop 
measurements at different frequencies and (e) is frequency dependent loss power measurement for 200 nm 
particles.
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particles drug release rate is higher than the bigger particles. One reason is may be due to the fact that the effective 
surface to volume ratio for smaller particles is higher than that of the bigger particles. Our lab made instrument 
have some limitations. Due to lack of funding we can not modify the instrument. But with all the limitations from 
the preliminary results we obtain the information regarding AC magnetic field stimulated drug release will be a 
new avenue for cancer treatment in a better way. In such case lower amount of drugs will be more effective and 
will act in a better way as control over drug release is possible according to required drug dose by changing differ-
ent parameters of magnetic particles as well as applied AC magnetic fields. Thus in this method large options are 
possible to be opened up for the release of drugs in a control manner. It will be more cost effective as well as will 
produce lower side effects also. We have checked the cell viability test using our free nano hollow sphere (NHS) 
of 200 nm size before drug loading. Stability of particles in cell culture medium has also been studied. We kept 
particles in cell culture medium at 44 °C for one day then separated the particles by centrifuge method and dried, 
then XRD measurement was done which gave same pattern as was observed for as made particles. This result 
indicates magnetite particles are stable in cell culture medium for sufficient amount of time. In vitro cytotoxicity 
of the free i.e. without drug loaded NHS on Hella cell line is studied by varying the amount of NHS. The Hella 
cell line were cultured in incubator at 37 °C with 5% CO2 in RPMI 1640 media with 10% fetal calf serum (FCS) in 
5 cm culture dishes. Culture at 80% confluence were routinely split 1:10 in culture dishes following general PBS 
and Trypsin method. Then 100 mg of magnetite particles were dispersed in 2 ml of water by probe sonication 

Figure 8. Schematic diagram on drug loading through intercalation of drug molecules to NHSs. 

Figure 9. AC magnetic field stimulated drug release study for two sets of drug loaded particles (a) for 200 nm 
and (b) for 350 nm and (c) is the graph of reflection on in vitro cytotoxicity of free NHS of 200 nm size on Hella 
cell line.
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method. Different aliquot from this magnetite dispersion was added to cell culture dishes maintaining the final 
concentration from 10 to 200 μ g/mL and kept for 24 hours in incubator. One control experiment was also done. 
When the magnetite was taken 10 μ g/mL, the cell viability was almost 99% and gradually decreases very slowly 
with increase of particles concentration which is reflected in Fig. 9(c). During experiment we also see that almost 
no morphological changes of the cells take place before and after treatment with particles. These results indicate 
that the cytotoxicity of our particles is very low for high pharmacological efficiency as this dose is enough for a 
cell. Hence our particles will be much more compatible for body as they are almost non-toxic upto very high dose. 
Hence these results indicate that our particles qualitatively better in respect of other results36,37.

Conclusion
Magnetite hollow sphere particles have been prepared using oleylamine micelles using as core substance and 
varying the number of formation of micelles, size and shell thickness of the particles also have been altered suc-
cessfully. The mechanism of evolution of hollow in the magnetite particles by solvo-thermal synthesis method 
has also been revealed here by support of some experiments and logical arguments. Structural characterization of 
these particles shows that they are pure phase of magnetite. The AC magnetic field stimulated drug release activity 
gives us new information about better treatment pathway for cancer and other diseases where control release in 
a noninvasive way is required. Hence these particles will be useful for drug release sensitizing the particles by 
hyperthermia technique applying an altering AC magnetic field from outside the body.

References
1. Huang, J. et al. One-Dimensional Chainlike Arrays of Fe3O4 Hollow Nanospheres Synthesized by Aging Iron Nanoparticles in 

Aqueous Solution. J. Phys. Chem. C 113, 12067–12071 (2009).
2. Ji, X. et al. Preparation, properties and in vivo pharmacokinetic study of drug vesicles composed of diphenhydramine and AOT. RSC 

Adv. 4, 62698–62707 (2014).
3. Shen, J.-M., Yin, T., Tian, X.-Z., Gao, F.-Y. & Xu, S. Surface Charge-Switchable Polymeric Magnetic Nanoparticles for the Controlled 

Release of Anticancer Drug. ACS Appl. Mater. Interfaces 5, 7014–7024 (2013).
4. Guan, N., Wang, Y., Sun, D. & Xu, J. A simple one-pot synthesis of single-crystalline magnetite hollow spheres from a single iron 

precursor. Nanotechnology 20, 105603–105610 (2009).
5. Xuan, S., Wang, Y. X. J., Yu, J. C. & Leung, K. C. F. Preparation, Characterization, and Catalytic Activity of Core/Shell Fe3O4 @ 

Polyaniline @ Au Nanocomposites. Langmuir 25, 11835–11843 (2009).
6. Chen, X. et al. Magnetic Silica Nanotubes: Synthesis, Drug Release, and Feasibility for Magnetic Hyperthermia. ACS Appl. Mater. 

Interfaces 4, 2303–2309 (2012).
7. Zhu, L. P. et al. One-Pot Template-Free Synthesis of Monodisperse and Single-Crystal Magnetite Hollow Spheres by a Simple 

Solvothermal Route. Crystal Growth & Design 8, 957–963 (2008).
8. Lee, S. W. et al. Self-heating characteristics of cobalt ferrite nanoparticles for hyperthermia application. J. Magn. Magn. Mater. 310, 

2868–2870 (2007).
9. Hafeli, U., Schutt, W., Teller, J. & Zborowski, M. Scientific and Clinical Applications of Magnetic Carriers, Plenum, New York (1997).

10. Das, D. & Pal, S. Modified biopolymer-dextrin based crosslinked hydrogels: application in controlled drug delivery. RSC Adv. 5, 
25014–25050 (2015).

11. Sadighian, S., Rostamizadeh, K. & Hamidi, M. Doxorubicin-conjugated core–shell magnetite nanoparticles as dual-targeting 
carriers for anticancer drug delivery. Colloids and Surfaces B: Biointerfaces 117, 406–413 (2014).

12. Yavuz, M. S. et al. Gold Nanocages Covered by Smart Polymers for Con- trolled Release with Near-Infrared Light. Nat. Mater. 8, 
935–939 (2009).

13. Choi, S. W., Zhang, Y. & Xia, Y. A Temperature-Sensitive Drug Release System Based on Phase-Change Materials. Angew. Chem., Int. 
Ed. 49, 7904–7908 (2010).

14. Ge, J., Neofytou, E., Cahill, T. J., Beygui, R. E. & Zare, R. N. Drug Release from Electric-Field-Responsive Nanoparticles. ACS Nano 
6, 227–233 (2012).

15. Gillies, E. R., Jonsson, T. B. & Frechet, J. M. J. Stimuli-Responsive Supramolecular Assemblies of Linear-Dendritic Copolymers.  
J. Am. Chem. Soc. 126, 11936–11943 (2004).

16. Kim, K. T., Cornelissen, K. J. J. L. M., Nolte, R. J. M. & Hest, J. C. M. A. Polymersome Nanoreactor with Controllable Permeability 
Induced by Stimuli-Responsive Block Copo- lymers. Adv. Mater. 21, 2787–2791 (2009).

17. Kostiainen, M. A., Kasyutich, O., Cornelissen, J. J. L. M. & Nolte, R. J. M. Self-Assembly and Optically Triggered Disassembly of 
Hierarchical Dendron Virus Complexes. Nat. Chem. 2, 394–399 (2010).

18. Dvir, T., Banghart, M. R., Timko, B. P., Langer, R. & Kohane, D. S. Photo-Targeted Nanoparticles. Nano Lett. 10, 250–254 (2010).
19. Chakravarty, P., Qian, W., EI-Sayed, M. A. & Prausnitz, M. R. Delivery of Molecules into Cells Using Carbon Nanoparti-cles 

Activated by Femtosecond Laser Pulses. Nat. Nano-technol. 5, 607–611 (2010).
20. Fedoryshin, L. L., Tavares, A. J., Petryayeva, E., Doughan, S. & Krull, U. J. Near-Infrared-Triggered Anticancer Drug Release from 

Upconverting Nanoparticles. ACS Appl. Mater. Interfaces 6, 13600–13606 (2014).
21. Karthik, S. et al. Photoresponsive Coumarin-Tethered Multifunctional Magnetic Nanoparticles for Release of Anticancer Drug. ACS 

Appl. Mater. Interfaces 5, 5232–5238 (2013).
22. Azagarsamy, M. A., Sokkalingam, P. & Thayumanavan, S. Enzyme-Triggered Disassembly of Dendrimer-Based Am-phiphilic 

Nanocontainers. J. Am. Chem. Soc. 131, 14184–14185 (2009).
23. Iram, M., Guo, C., Guan, Y., Ishfaq, A. & Liu, H. Adsorption and magnetic removal of neutral red dye from aqueous solution using 

Fe3O4 hollow nanospheres. J. Hazard Mater. 181, 1039–1050 (2010).
24. Figuerola, A., Corato, R. D., Manna, L. & Pellegrino, T. From iron oxide nanoparticles towards advanced iron-based inorganic 

materials designed for biomedical applications. Pharmacol. Res. 62, 126–143 (2010).
25. Sarkar, D., Mandal, M. & Mandal, K. Domain controlled magnetic and electric properties of variable sized magnetite nano-hollow 

spheres. J. Appl. Phys. 112, 064318–064328 (2012).
26. Rakshit, R., Pal, M., Chaudhuri, A., Mandal, M. & Mandal, K. Facile synthesis of CoFe2O4 nano-hollow spheres for efficient bilirubin 

adsorption. APL Mater. 3, 110701–110706 (2015).
27. Goswami, M. M., Dey, C., Bandyopadhyay, A., Sarkar, D. & Ahir, M. Micelles driven magnetite (Fe3O4) hollow spheres and a study 

on AC magnetic properties for hyperthermia application. J. Mag. Mag. Mater. 417, 376–381 (2016).
28. Nigam, S., Chandra, S., Newgreen, D. F., Bahadur, D. & Chen. Q. Poly(ethylene glycol)-Modified PAMAM-Fe3O4-Doxorubicin 

Triads with the Potential for Improved Therapeutic Efficacy: Generation-Dependent Increased Drug Loading and Retention at 
Neutral pH and Increased Release at Acidic pH. Langmuir 30, 1004–1011 (2014).

29. Hua, J. L. & Zeng, C. Hollowing Sn-Doped TiO2 Nanospheres via Ostwald Ripening. J. Am. Chem. Soc. 129, 15839–15847 (2007).



www.nature.com/scientificreports/

30. Márquez, F. et al. Synthesis and Characterization of Monodisperse Magnetite Hollow Microspheres. Soft Nanosc. Lett. 1, 25–32 
(2011).

31. Puvvada, N., Mandal, D., Panigrahi, P. K. & Pathak, A. Aqueous route for the synthesis of magnetite nanoparticles under 
atmospheric air: functionalization of surface with fluorescence marker. Toxicol. Res. 1, 196–200 (2012).

32. Rosensweig, R. E. Heating magnetic fluid with alternating magnetic field. J. Magn. Magn. Mater. 252, 370–374 (2002).
33. Hergt, R. et al. Magnetic properties of bacterial magnetosomes as potential diagnostic and therapeutic tools. J. Magn. Magn. Mater. 

293, 80–86 (2005).
34. Hergt, R., Dutz, S., Müller, R. & Zeisberger, M. Magnetic particle hyperthermia: nanoparticles magnetism and materials 

development for cancer therapy. J. Phys. Condens. Matter 18, S2919–S2934 (2006).
35. Parrott, M. C., Luft, M. F. J. C., Pandya, A., Gullapalli, A., Napier, M. E. & DeSimone, J. M. Incorporation and Controlled Release of 

Silyl Ether Prodrugs from PRINT Nanoparticles. J. Am. Chem. Soc. 134, 7978–7982 (2012).
36. Tian, Y. et al. Light- and pH-activated intracellular drug release from polymeric mesoporous silica nanoparticles. Colloids and 

Surfaces B: Biointerfaces 134, 147–155 (2015).
37. Muhammad, F. et al. pH-Triggered Controlled Drug Release from Mesoporous SilicaNanoparticles via Intracelluar Dissolution of 

ZnO Nanolids. J. Am. Chem. Soc. 133, 8778–8781 (2011).

Acknowledgements
Author is thankful to the Department of Science and Technology, Government of India for the funding under the 
project SR/WOS-A/CS-15/2013.

Author Contributions
All the work (investigation, idea generation, Text write-up, all) for this MS preparation is done by Dr. M.M.G.

http://creativecommons.org/licenses/by/4.0/

	Synthesis of Micelles Guided Magnetite (Fe3O4) Hollow Spheres and their application for AC Magnetic Field Responsive Drug R ...
	Experimental details
	Drug loading experiment. 
	Characterization techniques. 

	Results and Discussion
	Crystallography and Morphology. 
	Hollow sphere formation mechanism. 
	FTIR measurements. 
	Magnetic measurements and drug release studies. 

	Conclusion
	Acknowledgements
	Author Contributions
	Figure 1.  X-rd spectrum (a), SEM (b) and TEM (c) micrographs and SAED pattern (d) of the magnetite hollow spheres of diameter ~350 nm.
	Figure 2.  TEM images of three different sized particles prepared in three different amount of oleylamine: (a) is prepared in 4 ml, (b) is in 3 ml and (c) is in 2 ml of oleylamine.
	Figure 3.  TEM images of time dependent synthesis of particles (a) after 2 h, (b) after 5 h (c) after 10 h and (d) is after 15 h, (e) dark field TEM image of NHSs.
	Figure 4.  Schematic diagram of formation mechanism of hollow sphere particles by oleylamine micelles.
	Figure 5.  Dynamic light scattering study on different sets of solution including OM and excluding OM.
	Figure 6.  FTIR spectrum taken for one batch of NHSs in KBr matrix method.
	Figure 7.  (a) represent schematically drug release under AC magnetic field, (b–d) present hysteresis loop measurements at different frequencies and (e) is frequency dependent loss power measurement for 200 nm particles.
	Figure 8.  Schematic diagram on drug loading through intercalation of drug molecules to NHSs.
	Figure 9.  AC magnetic field stimulated drug release study for two sets of drug loaded particles (a) for 200 nm and (b) for 350 nm and (c) is the graph of reflection on in vitro cytotoxicity of free NHS of 200 nm size on Hella cell line.
	Table 1.   Change of different size parameters of three sets of particles with change of amount of oleylamine.



 
    
       
          application/pdf
          
             
                Synthesis of Micelles Guided Magnetite (Fe3O4) Hollow Spheres and their application for AC Magnetic Field Responsive Drug Release
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35721
            
         
          
             
                Madhuri Mandal Goswami
            
         
          doi:10.1038/srep35721
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35721
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35721
            
         
      
       
          
          
          
             
                doi:10.1038/srep35721
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35721
            
         
          
          
      
       
       
          True
      
   




