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Improvement of Anticancer Drug Release by Cobalt Ferrite
Magnetic Nanoparticles through Combined pH and
Temperature Responsive Technique
Chaitali Dey,*[a] Arup Ghosh,[b] Manisha Ahir,[a] Ajay Ghosh,[c] and
Madhuri Mandal Goswami*[a, d]

This work reports the application possibilities of cobalt ferrite

(CoFe2O4) magnetic nanoparticles (CFMNPs) for stimuli respon-

sive drug delivery by magnetic field induced hyperthermia

technique. The CFMNPs were characterized by X-ray diffraction

(XRD) with Rietveld analysis, field emission scanning electron

microscopy (FESEM), transmission electron microscopy (TEM),

selected area electron diffraction (SAED), fourier transform

infrared spectroscopy (FTIR), thermogravimetry and differential

thermal analysis (TG-DTA), vibrating sample magnetometer

(VSM) and superconducting quantum interference device

(SQUID) magnetometry. Particles were functionalized with folic

acid (FA) by EDC-NHS coupling method and loaded with

anticancer drug (DOX) by activated folate ions. The drug release

was studied as a function of time at two different temperatures

(37 and 44 8C) under pH~5.5 and 7. It was observed that the

drug release rate is higher at elevated temperature (44 8C) and

acidic pH~5.5 as compared to our normal body temperature

and pH~7 using the CFMNPs. This way, we have developed a

pH and temperature sensitive drug delivery system, which can

release the anticancer drug selectively by applying ac magnetic

field as under ac field particles are heated up. We have

calculated the amount of heat generation by the particles

around 1.67 8C per second at ~600 Hz frequency. By MTT assay

on cancer cell and normal cell, it was confirmed that CFMNPs

are nontoxic and biocompatible in nature, which assures that

our synthesized particles can be successfully used in localized

cancer treatment by stimuli responsive drug delivery technique.

1. Introduction

Magnetic nanoparticles (MNPs) has become a great deal of

attraction form last few decades, due to their promising wide

range of applications in biomedical area, like hyperthermia

triggered drug delivery,[1,2] magnetic resonance imaging,[3] cell

imaging,[4,5] gene delivery,[6,7] bio sensing,[8] bio separation,[9] and

so on.[10] Bare or functionalized ferrite based spinel nano-

materials are most popular among them. Their nontoxic nature

makes them suitable for application in biomedical field, which

actually helps to minimize the toxicity to normal cells. Chemical

stability, controlled size, uniform dispersion in liquid medium

are also necessary criteria for these type of uses.[11] Beside the

conventional therapies, now a day‘s alternative therapy like

hyperthermia is highly in demand. Hyperthermia, a special type

of therapeutic treatment, where elevated temperature (41–

45 8C) is utilized to destroy the cancer cells locally, with least

number of side effects. So, research on magnetic nanoparticles

in hyperthermia induced drug delivery is a promising field of

application. Ferromagnetic and superparamagnetic nanopar-

ticles can be used in hyperthermia as they can generate local

heating under external alternating current (ac) magnetic field.

Local heating under ac magnetic field takes place due to

hysteresis loss, and eddy current.[12,13] Use of anticancer drug is

harmful for both of cancer and normal cells. But their usage is

necessary for anticancer treatment. So, some alternative ways

are also in search from last few years. Nanomaterials are

showing well prospect in this case. However, for targeted

delivery some external stimuli like pH,[14] temperature,[15]

magnetic field[16] etc.[17] can help in better way for drug release.

These actually help for controlled and sustained drug release.

Using nontoxic nanomaterials and increasing the efficiency of

the drug, toxicity of anticancer drugs to the normal cells can be

lowered to some extent. Fe and their oxide materials are

nontoxic in nature,[18] and shows hard[19] to soft magnetism,[20]

which may be fruitful for targeted therapy. Among them

CoFe2O4 is ferromagnetic in nature. Due to its large hysteresis

loop area, more heat can be generated under ac magnetic field,

than superparamagnetic particle under same field.[21] Beside

suitable magnetic properties, proper surface modification is

also necessary for targeting the proper region, making biocom-

patible and reducing agglomeration effect of MNPs.[22] Citric

acid,[23] polyvinyl alcohol,[24] silica,[25] chitosan,[26] etc.[27] are

widely used in different kinds of biomedical applications. FA is

one of the promising biomolecules among them in this

purpose, due to presence of folate receptor, which is overex-

[a] C. Dey, M. Ahir, Dr. M. M. Goswami
Centre for Research in Nanoscience & Nanotechnology, University of Cal-
cutta, Block-JD-2, Sector-III, Salt Lake, Kolkata-700106
E-mail: chaitalidey29@gmail.com

[b] A. Ghosh
Department of Physics, National University of Singapore, 2 Science Drive 3,
Blk S12, Singapore 117551

[c] A. Ghosh
Department of Applied Optics and Photonics, University of Calcutta, Block-
JD-2, Sector-III, Salt Lake, Kolkata-700106

[d] Dr. M. M. Goswami
S.N. Bose National Centre for Basic Sciences, Block-JD, Sector-III, Salt Lake,
Kolkata-700106
E-mail: madhuri@bose.res.in

Wiley VCH Donnerstag, 15.11.2018
1821 - closed* / 120117 [S. 2872/2878] 1

http://orcid.org/0000-0001-8411-8142
http://orcid.org/0000-0001-8411-8142
http://orcid.org/0000-0002-0324-2764
http://orcid.org/0000-0002-0324-2764
http://orcid.org/0000-0002-4955-7219
http://orcid.org/0000-0002-4955-7219
http://orcid.org/0000-0002-4955-7219


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

pressed in cancer cells than normal cells.[28,29,30] So, surface

modification of MNPs with FA helps in better way for internal-

ization of particles inside the cancer cells. Doxorubicin (DOX) is

a cationic anticancer drug, that stops the rapid growth of

cancer cells.[31] But it affects the healthy cells also, so proper

delivery of anticancer drug is one of the important issues, as it

is widely used for a long range of anticancer treatment.[32,33] Our

method may show high potentiality if it can be investigated

systematically through in vivo way also.

In our previous work,[34] we have prepared CFMNPs by using

surfactants like; oleylamine and Triton X-100 (TX-100). We

obtained ~0.96 kOe of coercivity (HC) at 300 K. The ac hysteresis

loops were measured under different field frequencies. DOX

was loaded after coating with FA and the drug release study

was carried out using two different temperatures and normal

body pH. Herein, we have tried to investigate the cytotoxicity

level of the particles, temperature dependent drug release

study under different pH followed by FA conjugation and drug

loading for checking the efficiency of CFMNPs in hyperthermia

therapy.

2. Experimental Details

2.1 Synthesis of Nanoparticles

2.1.1 Chemicals

CFMNPs were prepared by following our reported work.[34] Briefly,
ferric chloride (FeCl3, 6H2O), cobalt chloride (CoCl2.6H2O), ethylene
glycol, ethanol, urea, TX-100 and oleylamine were purchased from
Sigma-Aldrich. All chemicals are of analytical grade and used
without further purification.

2.1.2 Method

In a conical flask, FeCl3, 6H2O and CoCl2, 6H2O were dissolved in
70 ml ethylene glycol by 2 : 1 molar ratio. 10 g urea dissolved in
70 ml ethanol was added to the previous solution and stirred at
100 8C temperature to get a homogenous solution. Thereafter, 2 ml
oleylamine and 2 ml TX-100 were added to the reaction mixture
after 1 h followed by stirring for 6 h with continuous heating. After
completion of 6 h, the solution was cooled to room temperature.
The volume of the solution was doubled by adding ethanol and
kept it for overnight. The solution was centrifuged on the next day.
Particles were washed several times with deionized water, ethanol,
acetone and dried in air. Finally, the particles were annealed at
300 8C for 1 h and ground in a mortar before further character-
izations and experiment.

2.2 Characterization Techniques

The crystalline phase of the as prepared CFMNPs were charac-
terized by X-ray diffraction (XRD), in Rigaku Miniflex II diffractom-
eter using Cu Ka (l= 1.5418 Å) radiation in the 2q range from 208
to 708 under 1o/min scanning rate ( at 40KV & 40 mA). Morpho-
logical analysis was done by FESEM and TEM. Field emission
scanning electron microscopy (FESEM) was carried out with JEOL
JSM-7600F at 20 kV. Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) pattern were performed in
TECHNAI G2 TF20 at 200 kV. To record the pH and temperature

dependent drug release, we have used a Shimadzu model UV-2600
spectrophotometer using 1 cm path length of quartz cuvette. The
Fourier transform infrared (FTIR) absorption spectra of the MNPs
were acquired by Jasco FTIR 6300 spectrometer, using KBr matrix
method at room temperature (potassium bromide (KBr), IR grade,
Sigma-Aldrich). Magnetic measurements were performed with
Quantum Design PPMS XL-5 SQUID (superconducting quantum
interference device) magnetometer at 2 K up to magnetic field of
7 T and vibrating sample magnetometer (VSM) Lakeshore-7144 up
to applied magnetic field of 14 kOe. Thermogravimetry-differential
thermal analysis (TG-DTA) was carried out with a differential
thermal analyzer (DTA, PerkinElmer).

2.3 FA Conjugation with CoFe2O4 MNPs

FA was attached to the CFMNPs by following an article.[35] Briefly,
12.5 mg FA was dispersed in 12.5 mL dimethyl sulfoxide (DMSO).
Then, 6 mg 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)
and 5 mg N-hydroxysuccinimide (NHS) was added to it. The whole
reaction mixture was stirred for 3 h in dark condition. After that,
25 mg CFMNPs dispersion was added drop wise to the previous
solution. The pH of the solution was adjusted to 8 by adding
pyridine drop by drop. It was now allowed to stir for overnight in
dark condition. Next day, FA conjugated CFMNPs were collected
magnetically and washed gently with DMSO and water to remove
the excess FA and other chemicals used. FA conjugated CFMNPs
were dried for application.

2.4 DOX Loading with CFMNPs

To load DOX, 20 mg FA coated CFMNPs were dispersed in 5 ml of
distilled water followed by addition of 200 mL sodium bicarbonate
solution (0.1 M). 200 mL DOX solution (~6.897 � 10�4 M) was added
to the primary solution and stirred for next 3 h. After that, the
CFMNPs were isolated by magnetic separation method, washed
gently with phosphate buffer saline (PBS) solution and dried.[34]

2.5 Cell-Culture Details

2.5.1 Chemicals

Cell Culture media Dulbecco’s Modified Eagle’s Medium (DMEM)
and DMSO were purchased from HIMEDIA (Mumbai, India). Fetal
bovine serum (FBS) was purchased from Invitrogen (Carlsbad, CA,
USA). The human mammary carcinoma cell line (MDA MB 231) was
obtained from National Centre for Cell Science (NCCS, Pune, India)
and was maintained in DMEM containing 100 ml/L of FBS in a
humidified atmosphere of 5 % CO2.

2.5.2 Peripheral Blood Mononuclear Cell (PBMC) Isolation

With prior consent, human whole blood was collected from adult
person in blood collection tubes containing heparin as an anti-
coagulant. Whole blood (10 mL) was layered in centrifuge tubes
onto 12 mL of Histopaque-1077 gradient. After centrifugation the
PBMC layer was isolated and washed twice with PBS. These cells
were further suspended in Roswell Park Memorial Institute medium
(RPMI-1640) with 10 % FBS and were cultured in CO2 incubator.
Then the cells were treated with the CFMNPs to study its effect on
cell growth.
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2.5.3 Cell Viability Assay

Cell viability was determined using the 3-(4,5-dimethylthiazolyl-2)-
2,5-diphenyl tetrazolium bromide assay (MTT, Sigma) according to
the manufacturer‘s protocol. In brief, cells were seeded onto 96-
well plates and subjected to treatments with the CFMNPs and
cultured for 24 h followed by MTT addition. After 4 h of incubation,
100ml of DMSO was added to each well and the absorbance
intensity was recorded at 570 nm with a Multiskan GO (Thermo
scientific) microplate reader. Cell viability was determined as the
percentage of live cells compared to the untreated controls.

3. Results and Discussion

3.1 Characterizations of the CFMNPs

Figure 1(a) shows the XRD pattern of the CFMNPs. It is evident
from the Figure 1(a) that our material is polycrystalline in nature.

The obtained XRD peaks are further confirmed by the JCPDS (22-
1086) data. The following parameters of Rietveld refinement
formula have been refined: scale factor, background (12 Coeffi-
cients Fourier Cosine Series), profile parameters (peak shape, width,

symmetry and preferred orientation parameters), structural param-
eters (lattice parameter, atomic coordinates, site occupancies and
isotropic temperature factor) and strain coefficients (Broadening
Model (Quartic form); Laue class: m3 m). Followings are the R
factors of Rietveld refinement: profile factor (RP) = 17.8 %, Bragg
factor (RB) = 5.64 % and crystallographic factor = 3 %. The goodness
of fit (c2) is achieved as 1.17. This ensures a good quality fitting of
the experimental data and thus the sample.[36]

The morphological pattern was investigated by FESEM and TEM
measurements. Due to magnetic in nature, in FESEM image
(Figure 1(b)) the particles are agglomerated but from TEM image
(Figure 1(c)) we can see average size is around 19�3 nm with
cubic shape in nature. Though some of the particles look like
hexagonal which are actually cubic but from different directional
view they look like hexagonal in 2D TEM image. The SAED pattern
(Figure 1(d)) matches with the XRD planes.

3.2 Magnetic Measurements and Relaxation Study

The hysteresis loop at 2 K is shown in Figure 2(a) for the

CFMNPs. The field sweeping was done as follows: 0!70 kOe!
�70 kOe!70 kOe. The sample is ferromagnetic in nature and

found to show very high coercivity of 21.129 kOe. This high

value of coercivity can be utilized under ac magnetic field to

generate heat. This heat will help to destroy the cancer cells.

Figure 2(b) shows the magnetic relaxation study for the

CFMNPs at room temperature. A 100 Oe field was applied and

switched off at t = 0 and then the remanence was recorded as a

function of time. MRN is the normalized magnetization with

respect to t = 0. We have fitted the data using the expression

for both the Ising (exp(�a � ln(t)d/(d�1))) and Heisenberg (exp

(�a � t0.5)) spins; where a and d are free parameters and t is the

time. The relaxation nature of the CFMNPs is found to follow

the Ising model. Furthermore, we have fitted the data with

stretch exponential equation (exp(�(t/t)b) where b is a free

parameter, t is time constant). We have obtained a time

constant t= 4702 s which indicates the time when the magnet-

ization falls to 36 % of its initial value. It seems that the CFMNPs

remain magnetized for a long time after the removal of applied

field. This characteristic can be utilized for delivering drugs

under low magnetic field also.[37]

Figure 1. (a) X-ray diffraction (XRD), (b) FESEM image, (c) TEM image, (d)
SAED pattern of the CFMNPs.

Figure 2. (a) Field dependent DC magnetization curve, (b) Time dependent magnetic relaxation of CFMNPs at 300 K.
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3.3 TG-DTA Measurement

Figure 3 represents the thermal behavior of the samples using

TG-DTA. The measurement has been done by the temperature

ranges from 27 and 525 8C, so that we can understand the

thermal stability of the sample. The weight loss (TG analysis

curve) takes place from 27 to 525 8C and the total weight loss is

17 %. The weight loss can be attributed for evaporation of

incorporated water, ethanol and also for transformation from

metal hydroxide to corresponding oxide to stable ferrite

phase.[38,39] There is no transition peak throughout the DTA

curve. A small endothermic hump around 60 8C indicates the

evaporation of solvents.

3.4 Calculation of Heat Generation

In our previous work, we have reported the power loss (PL~1

W/g = 1 J/s.g) of the same sample as obtained under 60 kA/m

field of 600 Hz.[34] Here, from DTA data we have the heat flow

(HF) of the CFMNPs at 30 8C~1 mW = 0.001 J/s, the heating rate

(HR)~10 8C/min = 10/60 = 1/6 8C/s and the sample’s mass (m)~
10 mg = 0.01 g. So, the heat required to increase the temper-

ature 1 8C for 1 g sample is HF/(HR � m) = 0.001 � 6/0.01 J = 0.6 J,

which is the specific heat of the sample. Finally, the change in

temperature due to ac field heating = 1/0.6 8C/s ~1.67 8C/s. So,

the temperature will increase at a rate of 1.67 8C per second if

the sample is kept under an ac magnetic field of amplitude

~60 kA/m and frequency ~600 Hz.

3.5 FTIR Measurement

Figure 4(a,b) represents the FTIR spectra obtained before and

after coating of CFMNPs with FA. It was performed to confirm

the metal-oxygen bonds within the CFMNPs and the attach-

ment of FA with the CFMNPs. In Figure 4(a) the absorbance

patterns at 598, 479 cm�1 confirms the tetrahedral and

octahedral phase of CFMNPs.[40] Remaining small peaks at

3442 cm�1 and 1646 cm�1 are due to the stretching and

bending vibration mode of O�H.[41] Peaks at 1102 cm�1 may be

attributed to FeOOH and 1400 cm�1 due to C�H symmetric

stretching vibration.[42] FA shows a specific peak nearly at

1696 cm�1,[43] which slightly shifted to 1604 cm�1 in Figure 4(b)

confirming the conjugation of FA with the CFMNPs.[35]

3.6 pH- and Temperature Dependent Drug Release Study

The pH and temperature dependent drug release study was

carried out in PBS solution, adjusting the pH around 5.5, by HCl,

as tumor cells are acidic in nature than normal cells. For this

section, we followed the method as described in our previously

reported article.[34] But, here we have used aqueous solution of

sodium bicarbonate (NaHCO3) instead of sodium hydroxide

(NaOH) for anticancer drug (DOX) loading as NaOH is a strong

base, which may harm the normal cells. The FA functionalized

CFMNPs were treated with NaHCO3 solution to convert the FA

to folate ions so that the NH3
+ group of DOX-hydrochloride

could attach with the available carboxylate group of the folate

ions on the surface of the CFMNPs. Again, DOX was detached

from the surface of the CFMNPs at lower pH, as acidic pH

helped to break the electrostatic interactions between the drug

molecules and the folate ions. This way, it helps to release more

amount of drug as compared to the same at higher pH~7. The

drug release spectra were measured under different time

interval with the help of UV-visible spectrometer at two

different pH and temperatures. It is clear from the graphs

(Figure 5(a) and 5(b)) that drug release spectra is no doubt

better at lower pH and elevated temperature.[44] At higher

temperature, due to increase of thermal agitation, the drug

molecules started to detach from the surface of the CFMNPs,

which helped to increase the drug release rate. It was observed

that ~95 % of the loaded drug was released at higher temper-

ature within 6 h, whereas, only ~45 % of drug was released

under the same condition in case of pH~7. Hence, we see a
Figure 3. TG-DTA curve of the as prepared CFMNPs.

Figure 4. FTIR spectra of (a) as prepared CFMNPs, (b) FA coated CFMNPs.
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better release of drug which might be because of the

combined effect of the pH and temperature.

3.7 In Vitro Cytotoxic Effect of the CFMNPs

We are using these CFMNPs as drug delivery agent. So, we are

interested to study the behavior of the CFMNPs within the cell

system. The evidence from MTT assay showed that there was

no effect of CFMNPs on cancer cell (MDA MB 231) survival,

depicting the fact that there was no significant cell death due

to CFMNPs within cells (around 75 % cells were alive),

represented in Figure 6(a). Further, the particles were used to

study its effect on normal cells (PBMC) and we observed that

the nanoparticles caused no such significant cell death in

normal cells also (Figure 6(b)), as the percentage of viable cells

was around 80 % even at a higher dose of 400 mg/mL.

The study altogether proves that these nanoparticles are

very much suitable to be used as drug carrier in order to

control cancer cell growth, as they are biocompatible and

nontoxic in nature in cancer as well as normal cells.

3.8 In Vitro Heating Effect of DOX-loaded CFMNPs on the
Cellular Morphology, Studied under the Microscope

To confirm its possible use in hyperthermia, we have inves-

tigated the heating effect of the drug loaded CFMNPs in cancer

cells. Around 106 cells were seeded in 6-well plates and

incubated for 24 h followed by addition of MTT by triplicate

experiment manner. Next day, these cells were exposed at two

different specified doses (100 mg/ml and 150 mg/ml respec-

tively) of drug loaded CFMNPs for 2 h under two different

thermal environments of 37 8C and 44 8C. After 2 h of

incubation at these temperatures, the plates were shifted back

to 37 8C again. After 24 h, the transmitted images were taken in

EVOS-FL microscope (Invitrogen, USA), shown in Figure 7. After

Figure 5. Time dependent anticancer drug release (DOX) spectra from CFMNPs at (a) pH = 5.5 and (b) pH = 7 as a function of time under two different
temperatures.

Figure 6. In vitro cytotoxic study of (a) CFMNPs on MDA MB 231 cells and (b) PBMC.

Figure 7. Images of MDA MB-231 cells observed under microscope, cells
were incubated with drug loaded different dosage of CFMNPs at (a) control,
(b) 100 mg/ml at 37 8C, (c) 100 mg/ml at 44 8C, (d) 150 mg/ml at 37 8C, (e)
150mg/ml at 44 8C.
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cells were treated and incubated at two different temperatures

(i.e 37 8C and 44 8C), it was observed that there was a

remarkable cell death at two respective doses with a significant

more number of cell death at 44 8C. This was quite apparent

from the images that there was a change in morphology of the

cells as compared to the control (untreated) cells. In control

sets, the cells were found to be adherent with intact

morphology, whereas, in treated sets the adherent property of

cells was not so prominent and thus started floating in the

media signifying the fact that it may be due to cell death. The

reason behind was that the nanoparticles loaded with drug was

more internalized by the cells thereby causing more number of

cell death at higher temperature. Thus, we can conclude that

the CFMNPs have been successfully used in stimuli responsive

drug delivery by in vitro pathway.

Finally, we have taken the TEM image of the CFMNPs after

the drug release experiment to check its stability whether any

change takes place in size or shape due to acid corrosion.

Figure 8 shows that no drastic morphological changes of the

CFMNPs happen for the experiment. The cubic particles are still

intact with comparable size as was before use. This confirms

the high stability of the CFMNPs because of folic acid coating

which prevent the corrosion of the particles.

4. Conclusion

In summary, we have successfully demonstrated the possible

therapeutic usage of CFMNPs, as anticancer drug carrier and

stimuli responsive drug delivery agent. The results clearly

indicate that the CFMNPs are stable, nontoxic and biocompat-

ible in nature, which is suitable for biomedical applications like

hyperthermia induced drug delivery. The higher drug release

rate at lower pH confirms its suitability as therapeutic agent in

mild acidic environment of tumor. Its better drug release

response at higher temperature is also very useful as the

particles can generate heat under ac magnetic field. Hence we

strongly believe that it will be useful in drug delivery for cancer

treatment by hyperthermia therapy application. However, detail

in vivo studies are also required for future clinical applications

but in vivo studies were not possible for us due to unavailability

of infrastructure in our Institute and ethical permission related

issues. We expect from our results researchers will be inspired

to do the in vivo studies.
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