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Magnetic nanoparticles for a new drug delivery system
to control quercetin releasing for cancer chemotherapy
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Abstract Quercetin belongs to the chemical class
of flavonoids and can be found in many common
foods, such as apples, nuts, berries, etc. It has been
demonstrated that quercetin has a wide array of
biological effects that are considered beneficial to
health treatment, mainly as anticancer. However,
therapeutic applications of quercetin have been
restricted to oral administration due to its sparing
solubility in water and instability in physiological
medium. A drug delivery methodology was proposed
in this work to study a new quercetin release system
in the form of magnetite—quercetin—copolymer
(MQC). These materials were characterized through
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XRD, TEM, IR, and Thermal analysis. In addition,
the magnetization curves and quercetin releasing
experiments were performed. It was observed a
nanoparticle average diameter of 11.5 and 32.5 nm
at Fe;O4 and MQC, respectively. The presence of
magnetic nanoparticles in this system offers the
promise of targeting specific organs within the body.
These results indicate the great potential for future
applications of the MQC to be used as a new
quercetin release system.

Keywords Drug delivery - Quercetin - Magnetic
nanoparticles - Copolymer - Nanomedicine

G. Mele
Dipartimento di Ingegneria dell’Innovazione, Universita
del Salento, 73100 Via Arnesano, LE, Italy

M. E. N. P. Ribeiro - N. M. P. S. Ricardo

Departamento de Quimica Orgénica e Inorgénica,
Universidade Federal do Ceara, CX 6.021, Fortaleza, CE
60455-760, Brazil

I. G. P. Vieira
Parque de Desenvolvimento Tecnoldgico (PADETEC),
Campus do Pici, Fortaleza, CE 60455-970, Brazil

T. Gongalves

Departamento de Farmacia, Universidade Federal do
Ceara, Fortaleza, CE, Brazil

@ Springer



6546

J Nanopart Res (2011) 13:6545-6553

Introduction

Flavanoids have been associated with a variety of
biochemical and pharmacological properties, includ-
ing antibacterial, antiallergic, antimutagenic, anti-
carcinogenic, antiviral, antineoplastic, anti-inflamma-
tory, anti-thrombotic, vasodilator, scavenger, and
antioxidant activities and are believed to be beneficial
to human health (Bukhari et al. 2008).

Quercetin, 3,3',4’,5'-7- pentahydroxy flavone
belongs to the chemical class of flavonoids and is
widely distributed in vegetables and plants (Ribeiro
et al. 2009). It is commonly found in many foods,
including apples, tea, onions, nuts, berries, cauli-
flower, and cabbage. It has been demonstrated that
quercetin possesses a wide variety of biological
effects that are considered beneficial to health,
including antioxidative, free radical scavenging,
antiviral activities, and mainly anticancer (Zheng
et al. 2005; Kumari et al. 2010). However, therapeu-
tic applications of quercetin have been restricted to
oral administration due to its sparing solubility in
water and instability in physiological medium (Zheng
et al. 2005; Kumari et al. 2010). A useful response
has been the development of colloidal magnetic
delivery systems based on amphiphilic block copoly-
mers, whose micelles can accommodate poorly
soluble guest molecules (Pinho et al. 2007; Ribeiro
et al. 2009; Wei et al. 2009).

Recently, magnetic nanoparticles, mainly Fe;O,,
have generated a lot of interest in biomedical
applications for magnetic resonance imaging, mag-
netic separation, targeted drug delivery, tissue engi-
neering, cell tracking, bioseparation, and magnetic
hyperthermia (Giri et al. 2008; Shubayev et al. 2009).
For these applications, the particles must have high
magnetic saturation, biocompatibility, and interactive
functions at the surface.

Studies in vivo have shown that Fe;O, nanopar-
ticles are relatively safe as they do not accumulate
in the vital organs and are rapidly eliminated from
the body (Boyer et al. 2010; Doraiswamy and
Finefrock 2004). The presence of a polymer coating,
such as polyethylene glycol (PEG), can also mediate
Fe;O,4 toxicity, as demonstrated for human fibro-
blasts (Gupta and Curtis 2004; Wang et al. 2008). In
this way, several approaches have been developed to
coat iron oxide nanoparticles during the synthesis
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(in situ) and post-synthesis. In the literature, the
most common coatings are PEG, polyvinyl alcohol
(PVA), dextran, alginate, and chitosan (Laurent
et al. 2008).

Magnetic drug targeting employing nanoparticles
as carriers is a promising cancer treatment avoiding
the side effects of conventional chemotherapy. Alex-
iou et al. (2006) have shown that a strong magnetic
field gradient at the tumor location induces accumu-
lation of the nanoparticles. Several reports have been
published on the use of Fe;O, nanoparticles as
nanocarriers for drug delivery. A study carried out by
Gallo et al. (1993) has shown that, after administra-
tion of magnetic microspheres containing oxantraz-
ole, the brain contained 100-400 times higher
oxantrazole levels than those obtained after the
solution dosage form, indicating the success of drug
delivery via magnetic particles. Therefore, the load
and release of bioactive materials from the polymer
coating then becomes a significant parameter dictat-
ing the efficiency of IONPs as nanocarriers.

In this article, we present the results of a new
approach to quercetin storage and release using
magnetite nanoparticles (Fe;O4). This system was
incorporated to a triblock copolymer of ethylene
oxide and oxyphenylethylene, type E;37S3E 37
(where E denotes oxyethylene, OCH,CH,, S denotes
oxyphenylethylene, OCH,CH(C¢Hs), and the sub-
scripts denote number-average block lengths in chain
units). In addition, we also focused on a quercetin
release from copolymer as a drug carrier system for
anticancer agents.

Experimental
Materials

The chemical reagents for this study are FeCl;-6H,O
(pure granulated 99%), FeSO4-7H,O (pure granulated
99%), and 30% ammonia solution. Copolymer
E137818E137 (Mn = 14200 g molfl, M,/MW = 106,
weight fraction E, wy = 0.85, cmc = 23 mg L_l)
was prepared in Manchester laboratory. Details can
be found elsewhere (Yang et al. 2003; Pinho et al.
2007). Quercetin was supplied by Flora Brasil Ltd.
Water was Milli-Q quality, chloroform and methanol
were synthesis graded.
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Table 1 The composition and concentration of materials used in nanoparticles formulations

Formulation Magnetite—quercetin (% w/w)

MQC (% wiw)

Quercetin Fes0, MQ E137S18E137
F1 1 - _
F2 1 — _
F3 1 — _
F4 - F2 3
F5 - F2 5
F6 - F2 10

Synthesis of magnetite nanoparticles

In the co-precipitation processing route, the solution
of metallic salts containing Fe**/Fe®" was dissolved
and mixed in Milli-Q water in the ratio molar of 1:2
to form the spinel phase Fe;0,4. The aqueous mixtures
were heated to 80 °C and then added into a 30 wt%
NH,4OH solution was subjected to vigorous stirring
until pH 10 to form a black precipitate. The
precipitate was washed several times with Milli-Q
water until the residual solution became neutral.
Finally, the magnetic nanoparticles were dried. The
chemical reaction of Fe;O,4 formation may be written
as Eq. 1.

Fe’t + 2Fe’" + 8OH™ — Fe;0,+ 4H,0 (1)

Preparation of new magnetic drug delivery

A new magnetic drug delivery was prepared by the
emulsion-coacervation method (Hu et al. 2006)
followed by coating with a solution composed of
polymer. In addition, it can be stabilized by physical
intermolecular or covalent cross-linking, which typ-
ically can be achieved by altering pH or temperature,
or by adding a cross-linking agent.

Several formulations were tested and the compo-
sitions are as shown in Table 1. The proportions of
the composition Quercetin:Magnetite (MQ) were 1:3
(F1), 1:5 (F2), and 1:10 (F3) (given in Table 1). FTIR
analysis was used to study the effect of drug loading
and the identification of encapsulated chemical on the
release characteristics of the drug. After FTIR
analysis, the batch F2 showed the best results. The
next step was to coat the batch F2 with copolymer.
The proportions of the composition for MQ:copoly-
mer used were 1:5:1 (F4), 1:5:5 (F5), and 1:5:10 (F6).
And after the FTIR analysis, the Batch F5 was chosen
as the best batch (given in Table 1).

Quercetin (100 mg) was dissolved in methanol.
NH,4OH solution was then added until pH >7, to
remove the hydrogen of the phenolic groups. 20 mg
of Fe;0,4 was injected into the mixture. This resulting
mixture was kept under stirring at room temperature
for 1 h. After reaction, the solvent was extracted and
the powder was kept in desiccator for 2 days to
remove water that appeared as sub-product from the
reaction. Schematic illustration of the reaction is
represented in Fig. 1. This reaction was chosen
following the study of Bukhari et al. (2008). They
proposed a quercetin linkage to a metal to form the

Fig. 1 Proposed structured of the Fe;04—quercetin complex
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metal—quercetin complex. Cheng et al. (2009) made
similar synthesis linking cisplatin in polymer.

The presence of hydroxyl groups, such as Fe—OH,
on magnetic nanoparticles surface provides a versa-
tile synthetic handle allowing attachment of different
functionalities. In aqueous solutions, the Fe atoms
coordinate with water, which readily dissociate to
leave the iron oxide surface hydroxyl functionalized.
These hydroxyl groups are amphoteric and may react
with acids or bases (Laurent et al. 2008).

It was necessary to make a coating on magnetite—
quercetin (MQ) with copolymer E;37SgE 37 to obtain
a magnetic colloidal suspension that was reasonably
stable against aggregation in both biological medium
and magnetic field. In order to prepare MQ incorpo-
rated to the copolymer (MQC), it was needed 20 mg
of MQ dissolved in chloroform and then 100 mg of
copolymer E;3;S3E 3; was added in the solution.
The mixture was kept under stirring at room temper-
ature for 2 h. After this reaction, the solvent was
extracted and the solid was characterized. The
stabilization of the system was achieved through the
method of preparation and the type of the triblock
polymer used.

Quercetin releasing from copolymer E;37S3E 37

MQC samples were resuspended in PBS (pH = 7.4)
and then transferred into a dialysis bag. The bag was
placed into the same buffered solution (25 mL). The
release study was performed at 37 &= 0.5 °C. At pre-
determined time intervals, 3 mL of the aqueous
solution were withdrawn and replenished with 3 mL
of fresh buffer solution. The amount of drug release
was measured through the absorbance using UV
spectrophotometer at 375 nm for quercetin (initial
drug concentration in dialysis bag was 40 pg/mL). In
the assessment of drug release behavior, the cumu-
lative amount of released drug was calculated and the
percentages of quercetin released from the copolymer
were plotted against time. A U-2000 Spectrophotom-
eter by Hitachi was used in the analysis.

Characterization
The X-ray diffraction (XRD) analysis was performed
in an X-ray powder diffractometer Xpert Pro MPD

(Panalytical) using Bragg—Brentano geometry in the
range of 20°-120° with a rate of 1° min~'. CoKo
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radiation (4 = 1.7889 A) was used and the tube
operated at 40 kV and 30 mA. The phase identifica-
tion analysis was made by comparing powder
diffractograms with standard patterns from Interna-
tional Centre for Diffraction Data (ICDD). For the
magnetic nanoparticles, the experimental patterns
were numerically fitted with the Rietveld algorithm in
a procedure to better identify and quantify crystallo-
graphic phases.

The infrared measurements were performed using
a Perkin Elmer 2000 spectrophotometer in the
400—4000 cm™' range. The samples were previously
dried and grounded to powder and pressed (10 pg of
sample to 100 mg of KBr) in disk format for
measurements.

The magnetization measurements were performed
at room temperature with a home-made vibrating
sample magnetometer (VSM). The VSM has previ-
ously been calibrated using a pure Ni wire, and after
measuring the mass of each sample the magnetization
was given in emu/g.

The thermal stability of the nanoparticle Fe;O,4
and magnetic drug was done by Mettler Toledo TGA/
SDTA 851° machine. The analysis was performed
under nitrogen atmospheres in constant flow of
50 cm® min~!, with heating range of 10 °C min_l,
sample mass of 10 mg, and temperature programs
from 30 to 800 °C.

Low-magnification TEM analysis was performed
on a Jeol JEM-1011 electron microscope operating at
100 kV, equipped with a CCD camera ORIUS 831
from Gatan. TEM samples were prepared by drop-
casting dilute nanocrystal solutions onto carbon
coated copper grids. Afterward, the deposited sam-
ples were allowed to dry completely, at 60 °C, for
one night, before examination.

Results and discussion

In this study, six batches of nanoparticles were
prepared using different ratios of magnetite and
copolymer. Table 1 summarizes the composition of
the batches that have been studied. This table shows
the attempt to obtain the best conditions of the drug
delivery system. However, due the limited amount of
the sample we could not do enough experiments to
allow us statistical discussions. After FTIR analysis,
the formulation F2 was selected for covering with
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Fig. 2 FTIR analysis of a Fe;O4, b quercetin, ¢ Fe;O4—
quercetin, d Triblock copolymer E¢sS19Eqs, e Fe;O4—querce-
tin—copolymer

different ratios of E;37S;gE;37. The increase in
polymer concentration is one of the factors affecting
the drug release rate from the system. The results
showed that the formulation F5 presented the highest
encapsulation efficiency.

FTIR analysis is one of the most important
techniques for the quick and efficient identification of
encapsulated chemical molecules (Kumari et al. 2010).
InFig. 2a, it was observed characteristic peaks of Fe—O
at 580 cm™' for Fe;0,4 as the main phase of spinel
ferrites and corresponds to stretching vibration in
tetrahedral site (Hrdina et al. 2010; Slavov et al.
2010). Fe3O4 has the general molecular formula
(Fe’>")[Fe**10,%>~ where the divalent and trivalent
cations occupying tetrahedral (Fe*™) and octahedral
[Fe**]interstitial positions of the fcc lattice are formed
by O”~ ions (Chinnasamy et al. 2001). The presence of

hydroxyl groups that reside at the nanoparticles surface
(Fig. 1) was observed in the broad absorption of O-H
stretching at 3411 cm™' for Fe;04 and the peak at
1637 cm ™! is due to angular vibration of O—H. Owing
to the fact that synthesis of the spinel ferrites was
performed in aqueous solution, the surface materials
were covered by hydroxyl groups from water, so that
the IR spectrum showed these bands.

Figure 2b shows characteristic vibration modes for
quercetin of C=O stretching (1654 cm™") and —OH
stretching  phenolic (3304 cm™'). The band at
641 cm™' represents phenolic ring bending of querce-
tin. This signal is enlarged with addition of magnetite
(Fig. 2c). It was observed that the absorption band in
O-H at 3304 cm™' decreases in intensity due to the
removal of phenolic hydrogen and input of Fe;O,4
nanoparticles, confirming a new linking between drug
and Fe3O,4 (see Fig. 1). Figure 2d represents IR
spectrum for copolymer with main bands at
1114 cm™" associated to the linking aliphatic ether
(R-O-R’) and 2881 cm™ ! associated to aliphatic chain.
In Fig. 2e, it was not observed the signal of the linking
Fe—O due to superposition of bands and coverage of
quercetin and copolymer on Fe;0, (MQC). However,
one can observe the absorption at 1654 cm™" assigned
C=0 of quercetin. This band is absent in copolymer
(Fig. 2d) and confirms the quercetin encapsulation.

To determine the amount of quercetin and copoly-
mer that can be associated to the magnetite surface,
thermogravimetric analysis was used to determine the
mass loss of the magnetite in comparison with
magnetite coated quercetin and copolymer—quercetin
(Fig. 3). The magnetite amounts from samples can be
estimated from the residual mass percentages. The
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Fig. 3 Weight loss by thermogravimetric analysis
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magnetite curve (Fig. 3) shows that weight loss over
the temperature range from 30 to 800 °C is about 9%.
This might be due to loss of adsorbed physical and
chemical water in the nanoparticle surface, as it was
observed in FTIR analysis (see Fig. 2a). For Fe;04
nanoparticles chelate to quercetin, the weight loss
residual range from 30 to 800 °C is about 13%. This
data reflect the decomposition of organic components
complexion to the nanoparticles surface. However,
both quercetin and copolymer (E;37S;3E37) thermo-
grams showed that weight loss over the temperature
range from 30 to 800 °C was total. Some studies
(Rohn et al. 2007; Makris and Rossiter 2000)
mentioned that quercetin glycosides where quercetin
is degraded to several products during heating using
aqueous conditions at around 100 °C. However,
quercetin is not sensitive to degradation under such
conditions and therefore has to be regarded as a stable
end product. For quercetin curve (Fig. 3), there are
two stages: The first (at about 100 °C) is the water
loss, and the second corresponds to the initial
decomposition process for the quercetin (Costa
et al. 2002). These stages were not observed in
Fe;0, chelate to quercetin, confirming that there was
change in the molecule, as shown in Fig. 3.

The TGA data demonstrated that the weight loss in
MQC occurs at about 300 °C (range 280-430 °C),
which is higher than that for the pure copolymer
(180 °C, range 160-390 °C) (Fig. 3). This shift in the
temperature could be due to chemisorption of quer-
cetin and copolymer multilayer on magnetite nano-
particle surface, requiring higher temperature for the
degradation of sample. For MQC, the weight loss
residual range from 30 to 800 °C is about 3%.

The size and morphology of Fe;O, nanoparticles
were observed by Transmission Electron Microscopy
(TEM), as shown in Fig. 4a, b. Fe;04 nanoparticles
maintain a typical spherical shape and the particle
size of magnetite ranged from 13 + 2 nm grown in a
flower-like arrangement. They are polydisperse and
some of them agglomerated due to magneto-dipole
interactions between particles. This kind of behavior
has been observed in other studies (Zhao et al.2009;
Rao et al. 2007; Wang et al. 2005).

The crystalline structure and nanoparticle size of
Fe;O,4 were investigated by XRD analysis (Fig. 5).
The diffraction patterns for magnetite showed that all
the reflection peaks at {111}, {220}, {311}, {400},
{422}, {511}, {440}, {533}, and {553} can be well
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Fig. 4 TEM images of Fe;0O, nanoparticles

indexed to the inverse cubic spinel structure of Fe;Oy4
(JCPDS card # 08-4611) with spatial group Fd3M.
These results confirm that the nanoparticles synthe-
sized in this study are the Fe;O,4. The crystal size was
calculated using the Scherrer’s equation (Braga et al.
2010). These results show that the average size of
magnetite nanoparticles was about 11 nm, which
agrees with the size determined by TEM (see Fig. 4).

VSM was performed to investigate the magnetic
properties of the Fe;0, and MQC at room temper-
ature. In Fig. 6, the hysteresis loops that are charac-
teristic of superparamagnetic behavior can be
observed for Fe;O, nanoparticles. There is no
hysteresis in the magnetization curve with both
remanence and coercivity being zero, indicating that
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Fig. 5 XRD patterns of the Fe;0,4 nanoparticles

these magnetic nanoparticles are superparamagnetic.
This feature is an important property needed for
magnetic targeting carriers, because capillary block-
age by aggregations formed by residue magnetism
after removal of the applied field will be avoided (Hu
et al. 2006). The saturation magnetization of MQC is
found to be 3 emu/g. This value is lower than that for
magnetite nanoparticles (55 emu/g) because of the
two coating layers of quercetin and copolymer. This
feature allows the nanoparticles for highly efficient
magnetic manipulation when used as drug delivery
(Cao et al. 2009). The novelty of this study resides in
the fact that it presents the possibility of the
displacement control by use of the magnetic field.
This is the first time that this type of system is
proposed and it can be important for targeted drug
delivery and for drug releasing.

The hysteresis curve (Fig. 7) M(H) at room
temperature of these samples can be well described
by a Langevin function, M /M, = coth(uH /kgT) —
kT /uH with p representing the magnetic moment, H
the external magnetic field, T the temperature, and kg
the Boltzmann constant. The particle size can be

60 |- —
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20 -

40

60 | ©

M (emu/g)

-12 -10 8 6 4 2 0 2 4 6 8 10 12
H (kOe)

Fig. 6 Magnetization curves of a pure Fe;0, and b MQC

inferred from this Langevin function adjusting the
parameter @ = p/kp which is related with the diam-
eter of the particle as a = 4n(d/2) My /3ks with d
being the diameter of the particle. Thus, using this
fitting with parameters a of 1 and 1.3 gives us an
average diameter of 11.5 and 32.5 nm at Fe;04 and
MQC, respectively. This result agrees with the size
determined for magnetite by DRX and TEM (see
Figs. 4, 5, respectively).

The quercetin release from MQC was pH-depen-
dent, as shown in Fig. 8. In the first 10 h, there was
an initial rapid burst release. This fact is normally
attributed to the fraction of quercetin which was
adsorbed in the surface of the copolymer (Kumari
et al. 2010). The cumulative release of quercetin as a
diffusion controlled process under a physiological
condition (pH 7.4) shows a gradual increase and
reaches a plateau after 48 h with release of 13.5% of
the quercetin.

The release of quercetin achieved its peak at
14.5% after 96 h. In early stage of release, an initial
burst effect was observed. This behavior was prob-
ably due to the small amount of poorly encapsulated
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quercetin bound to the nanoparticle surface. It is

believed that the small amount of drug release is due
to the strong interaction between nanoparticles of
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magnetite and quercetin that make the drug release
more difficult.

Conclusions

We prepared Fe;O,4 nanoparticles by co-precipitation
route in the range of 10-15 nm. This size was
confirmed by TEM, XRD, and hysteresis curve
(Langevin function). For MQC system, it was found
a size of 32.5 nm due to the copolymer covered.
Fe;04 was linked to quercetin with the objective of
targeted delivery and the novel approach using
quercetin was characterized by FTIR and TGA.
These results and data from literature were used to
propose a magnetite—quercetin interaction. This bio-
material was encapsulated on triblock copolymer
(E137S18E37) for drug delivery and controlled release
of the cancer chemotherapeutic. The presence of
magnetic nanoparticles presented in this system
offers the promise of being able to target specific
organs within the body. In the current form, the MQC
system showed that there is a prolonged release time
(its peak at 14.5% after 96 h) for the drug. However,
changes in the system composition could adequate to
an ideal release time. These results indicate the great
potential for future applications of the MQC to be
used as a new quercetin release system.
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