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Abstract: In this study, spherical superparamagnetic iron oxide nanoparticles
(SPION) with mean diameter of 6 nm were prepared by a reduction—preci-
pitation method. The surface of SPION were coated with poly(acrylic acid)
5000 (PAA-5000) and followed by loading with the anticancer drug doxo-
rubicin (DOX). The drug loading efficiency was (14.64+0.29). In vitro drug
release studies were realized for 8 h at two different pH values 4.2 and 7.4. The
drug release rate at pH 4.2 (100 % DOX released in 2 h) was much faster than
that at pH 7.4 (=78 % DOX released in 8 h). These results indicate that these
DOX-carrier nanoparticles have a high drug loading capacity and favourable
release property for magnetic drug targeting. The drug release kinetics fol-
lowed the Korsmeyer—Peppas model at pH 4.2, while at pH 7.4 the zero order
model was fitted the best. The drug release mechanism followed super-case 11
transport in acidic and basic medium. The samples were characterized by XRD,
SEM, TEM, FTIR, and UV—Vis.

Keywords: magnetite drug targeting; functionalization; poly(acrylic acid); anti-
cancer drug; controlled delivery; release kinetic studies.

INTRODUCTION

Recently, Fe3O4 magnetic nanoparticles (MNs) have been widely used in
biology and medicine in fields such as immunoassay, drug delivery and magnetic
resonance imaging (MRI) due to their favourable characteristics, such as chemi-
cal stability, low toxicity and ultra-fine size, efc.!:2 Bare magnetite nanoparticles
on account of their large surface area/volume ratio tend to agglomerate. To pre-
vent agglomeration, a variety of polymeric coatings have been applied to nano-
particles.3:# Of these polymers, poly(acrylic acid) (PAA) has been identified as
being highly effective.
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The PAA shell reduces the interactions of the electrostatic particles and as a
result significantly augments the stability of the diffusion colloid. Poly(acrylic
acid) is an aqueous soluble polymer with a high density of reactive functional
groups, well known for its biocompatibility and widely used in drug delivery
systems, especially as a mucoadhesive drug carrier.> Surface-modified Fe304
nanoparticles have been explored as drug carriers. Doxorubicin (DOX) is an effi-
cient anti-neoplastic agent commonly used in the treatment of a variety of can-
cers, such as leukaemia, ovarian cancer and, especially, late-stage breast cancer.6
The clinical use of DOX is limited by the resistance developed by cancer cells
and the strong side effects of DOX, namely dose-dependent cardiotoxicity.” Drug
targeting (drug delivery to the tumour site) can prevent side effects and increase
the cytotoxicity of doxorubicin. One of the possible approaches for drug targeting
is delivery using magnetic nanoparticles, which can be retained in a tumour by
application of an external magnetic field.8-?

In this research, one kind of novel nano-scale carrier for doxorubicin was
prepared using Fe3O4 nanoparticles as the core, PAA as a polymeric shell and
doxorubicin as a drug to form drug-loaded magnetic nanoparticles.

EXPERIMENTAL
Materials

All chemicals were of analytical grade and used without further purification, iron(III)
chloride hexahydrate (FeCl;-6H,0, Merck), poly(acrylic acid) 5000 (PAA-5000, Polysci-
ences), anhydrous sodium sulphite (Na2SO03, Merck), ferrous ammonium sulphate
((NHy),Fe(S804),-:6H,0, Carlo Erba), doxorubicin hydrochloride (DOX, Pharmacia Italia SpA,
Milan, Italy), tris hydroxymethyl aminomethane (Tris, Merck).

Chemical synthesis of Fe;0, nanoparticles

Fe;0,4 nanoparticles were prepared using the reduction—precipitation method.!? Briefly,
aqueous solutions of 0.3M FeCl;-6H,0 (45 ml) and 2 M HCI (0.5 ml) were placed into a 200-
ml glass beaker and subsequently aqueous solution of 0.3 M Na,SO; (15 ml) was put into the
beaker under stirring; Meanwhile, in another clean 1000-ml glass beaker, 50.8 ml of con-
centrated ammonia was diluted to a total volume of 800 ml with deionised water. In the
smaller beaker, the colour of solution could be seen to turn into red from light yellow imme-
diately upon mixing Fe*" and SO52", implying the formation of complex ions. Then, when the
colour had returned from red to yellow, the solution was quickly poured into the dilute
ammonia solution under intensive stirring. After continuation of the stirring for 30 min, the
beaker with the suspension was placed on a permanent magnet. A black powder could be
observed rapidly precipitating on the bottom of the beaker. The supernatant was discarded and
fresh water added to the beaker. This technique was performed 5 times until a great part of the
ions in the suspension had been removed. The powders were extracted by filtration and dried
at room temperature.

Preparation of PAA-functionalized magnetite nanoparticles

The as produced nanoparticles were washed 3 times in absolute ethanol, centrifuged, and
vacuum-dried overnight. Then, the dried nanoparticles were dispersed in deionised water
using ultrasound. A solution of PAA in deionised water were added into the suspension under
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stirring, and stirred for 24 h. The Fe;O04:PAA mass ratio was 1:2. The product was washed
with deionised water and freeze-dried under vacuum at —20 °C for 24 h.

Preparation of DOX-SPION

A solution of DOX—Fe?" complex of 1.5:1 drug:iron molar ratio was obtained by adding
an aqueous solution of (NHy4),Fe(SO4),-6H,0 to DOX in tris buffer pH 7.6. Then the DOX—
—Fe?* complex was incubated in the dark with the PAA-coated SPION (PS), the mass ratio of
DOX:PS was 0.31 mass %. After incubation for 30 min, the drug-loaded PS were separated by
centrifugation at 19000 rpm for 15 min (4 °C). Finally, the resulting solid product was washed
with ice-cold fresh aqueous buffer pH 7.6 and used immediately afterwards.

Drug loading determination

The DOX loading, %, was defined as the weight fraction of the drug in doxorubicin-
loaded PS (DLPS). To measure the loaded drug, particles equivalent to 5 mg were accurately
weighed and re-suspended for 20 min in acetate buffer (pH 4.0), conditions that lead to
complete dissociation of the DOX-Fe?* complex and therefore to the release of 100 % of
DOX. Then, the sample was centrifuged and the DOX concentration measured by means of
UV-Vis using the DOX absorbance at 480 nm.

The drug-loading capacity, %, was determined using the following equation:

Drug loading = 100M (N
Wi
where W is the initial weight of DOX that was incorporated into the PS and 17, is the weight
of free drug (unincorporated DOX). Each determination was performed in triplicate.

Kinetics of drug release

In order to understand the kinetics and mechanism of drug release from DLPS, the drug-
loaded nanoparticles were suspended in 50 ml of acetate buffer (pH 4.2) or phosphate buffer
(pH 7.4) at 37 °C for 8 h under constant stirring (200 rpm) by a mechanical stirrer. At given
time intervals, 2 mL of the release medium was removed for analysis and replaced with 2 mL
of same buffer solution. The concentration of drug released was determined from the absor-
bance at 480 nm (measured using a UV—Vis spectrophotometer) and previously established
calibration curves.

The results of the in vitro drug release study were fitted with zero order model (cumul-
ative drug release vs. time), first order model (In (cumulative drug remaining) vs. time),
Higuchi model (cumulative drug release vs. #'/2), Hixson—Crowell model (cube root of drug
remaining in the matrix vs. time) and the Korsmeyer—Peppas model (log (cumulative drug
released) vs. log 7). The kinetic model that best fitted the dissolution data was evaluated by
comparing the regression coefficient (#2) values of the various models. The “n” (release
exponent) value of the Korsmeyer—Peppas model used to characterize the different mecha-
nisms of drug release from polymeric systems. For nanoparticles of spherical shape, values of
n < 0.43 mean Fickian diffusion, between 0.43 to 0.85 mean anomalous (non-Fickian) diffu-
sion, n = 0.85 for case II transport and n > 0.85 for super-case II transport.!! To determine the
drug release mechanism, first 60 % of the drug release data was fitted to the Korsmeyer—Pep-
pas model.

Characterization of nanoparticles

Powder X-ray diffraction (XRD) patterns were acquired from dried nanoparticle samples
employing a Rigaku D/max rA X-ray diffractometer using CuKa radiation. A Philips-CM 120
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transmission electron microscope (TEM) at an accelerating voltage of 120 KV and a Hitachi
S-4160 field emission scanning electron microscope (FE-SEM) at an accelerating voltage of
15 kV were used to observe the morphologies of the Fe;04 MNs and PS. Fourier transform
infrared (FTIR) spectra were taken on a Bruker FTIR spectrometer (Tensor 27) and the UV—
—Vis absorption spectra were recorded using a Camspec-M350 double beam spectrophoto-
meter.

RESULTS AND DISCUSSION
XRD Analysis

The XRD patterns of the bare Fe30O4 and PS are shown in Fig. 1. These pat-
terns detect the nanocrystalline structure of the nanoparticles and the mean par-
ticle size. The seven diffraction peaks visible in both patterns are consistent with
the diffraction peaks of (220), (311), (400), (422), (511), (440) and (533), ascer-
tained by comparison with Joint Committee on Powder Diffraction Standards
(JCPDS card, File No. 79-0418). These coincidences suggests that the crystalline
structure of Fe3O4 did not change on modification of the particles with PAA
chains and shows that the PAA coating occurred only at the surface of Fe30y4
MNs and resulted in no detectable chemical/physical change in bulk of the nano-
particles.

(311)

{440)

(220) !I - (5M)
(533)

Moo
|
....J MMMMMW (6)
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Fig. 1. XRD Patterns of a) uncoated Fe;04 MNs and b) PAA-coated Fe;04 MNSs.

Particle sizes can be quantitatively evaluated from XRD data using the
Debye—Scherrer equation.
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D =KJ/(BcosO) )

where, K (=0.89) is the Scherrer constant, 1 is the X-ray wavelength, f is the
peak width at half-maximum height and @ is the Bragg diffraction angle.

The crystallite sizes of the Fe304 and PS were found to be about 6 and 11
nm, respectively.

FE-SEM and TEM analysis

The morphologies of magnetic nanoparticles were investigated by FE-SEM
and TEM, as shown in Fig. 2a—d. These images showed that the prepared nano-
particles had regular spherical shape and a core—shell structure. Due to large spe-
cific surface area and high surface energy, some bare magnetite nanoparticles
were aggregated (Fig. 2a). However, after being coated with PAA, the nanopar-
ticles were well dispersed (Fig. 2b). Therefore, PAA coating reduced the aggre-
gation and enhanced the particle dispersion. It is an important factor in drug deli-
very applications that nanoparticles are individually dispersed and are not agglo-
merated because aggregation would reduce the effective magnetization of nano-
particles and cause difficulties during drug delivery to the desired site.!2

i R
Fig. 2. FE-SEM Images of a) uncoated Fe;04 MNs, b) PAA coated Fe;04 MNs and TEM
images of c¢) uncoated Fe;O, MNs and d) doxorubicin-loaded PAA-coated Fe;O4 MNs.

FTIR Analysis

The FTIR spectra of bare Fe304 MNs (a) and PS (b) are shown in Fig. 3.
The IR peak at approximately 603 cm~! was assigned to Fe—0,!13 and the peak at
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3434 cm~! was attributed to the stretching vibrations of —OH, which resulted
from OH absorbed by Fe304 nanoparticles. Moreover, Fig. 3b shows additional
peak of the C=0O stretching band at 1710 cm!, the COO~ stretching bands at
1423 and 1554 cm™!, and -CH,— bending band at 1492 cm™!. These results sug-
gested that the Fe304 MNPs had been successfully coated by PAA-5000.

T T T T T T T
3500 3000 2500 2000 1500 1000 500
‘Wavenumber, cr!

Fig. 3. FTIR Spectra of a) bare Fe;04 MNs and b) PAA-coated Fe;0O4 MNSs.

Drug loading and in vitro release analysis

The drug loading efficiency of DLPS was (14.6440.29). The low values of
the standard deviation indicate uniformity of the drug content in the nanocarriers.
The drug-loaded nanoparticles were incubated in acetate buffer and phosphate
buffer at different pH values to examine the drug release. The chosen pH levels
replicated those found in the acidity environment of cancer cells (pH 4.2), as well
as blood (pH 7.4). As shown in Fig. 4, the drug release at pH 4.2 was much faster
than that at pH 7.4. This is likely due to protonation of the phenol group of DOX
in the acidic environment, which leads to the faster dissociation of the DOX—iron
complex.14

Kinetic modelling of release data

The regression coefficient (#2) values for DLPS are tabulated in Table I. The
model that gave higher 72 values was considered as best fit model. Based on the
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2 values, it was also observed that the release of drug from DLPS at pH 4.2
followed the Korsmeyer—Peppas kinetic model while at pH 7.4, the zero-order
kinetic model was best fitted. The ‘n’ values of the Korsmeyer—Peppas equation
for DLPS suggested that the drug release behaviour was super case Il transport at
the two pH values. These experiments were performed twice.

8

2]
o

Cumulative release, %
& 3

—4—pH7.4
20 =8—pH 4.2
0 :
0 100 200 300 400 soo 600 Fig. 4. In vitro drug release of DLPS
Time, min into pH 4.2 and 7.4 solutions

TABLE 1. In vitro release kinetics studies of DLPS

Regression coefficient, 72, values

Release exponent “n”

pH ozr(:ireor frléztr Higuchi (I;Ir 1:;(:111 Korsmeyer—Peppas values

42 09998 0.9802 0.9946 0.9919 0.9999 1.0058

0.9987 0.9871 0.9938 0.9883 0.9999 1.0193

74 09986 0.9950 0.9910 0.9973 0.9981 1.0085

0.9991  0.9906 0.9927 0.9964 0.9973 1.0047
CONCLUSIONS

Spherical magnetite particles, prepared using a reduction—precipitation method,
were successfully modified with PAA and confirmed by FTIR spectroscopy.
Based on X-ray diffraction, introduction of the PAA coating did not affect the
crystalline structure of Fe304, whereas, based on FE-SEM, it enhanced the uni-
form dispersion of the nanoparticles. Drug loading was confirmed by UV-Vis
and in vitro release behaviour was investigated. Approximately 78 % of DOX
was released into phosphate buffer, pH 7.4, within 8 h but up to 100 % of drug
was released at pH 4.2 within approximately 2 h. At pH 4.2, Korsmeyer—Peppas
kinetics of drug release were observed while at pH 7.4, drug release kinetics
followed the zero order model. The values of the release exponent “n” suggested
a super-case Il transport release mechanism in both phosphate and acetate buffer.
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U3BOJ

[MPUITPEMA Y /N VITRO UCITUTUBAILE BP3UHE OTITYIITABA JOKCOPYBMIIMHA
HWHKAIICYJIMPAHOT Y HAHOYECTUIIAMA MATHETHUTA ITPEKPUBEHUM
IMOJIMAKPUJIHOM KHUCEJIMHOM

REYHAN OMIDIRAD, FARZANEH HOSSEINPOUR RAJABI u BAHMAN VASHEGHANI FARAHANI
Department of Chemistry, Faculty of Science, Imam Khomeini International University, Qazvin, Iran

[Tpenmer oBor papja je modujame cPepryHHX, CylNepMarHeTHUX HAaHOYECTHIA OKCHIa
reoxha, cpefmer NpeyHruka 6 nm, MEeTONOM penyKlUHOoHe mpeLunuranuje. IToBpiurHa HaHO-
yecTHla je obnoxeHa MoMHU-akpWIHOM kucenruHoM 5000, HaKOH dYera je y 4ecTHlle WHKAICy-
JUpaH jek nokcopydunuH. CTeneH WHKarcyalyje eka u3Hocuo je 14,64+0,29. Ocnobahame
Jexa U3 HaHouecTula npaheHo je 7inn vitro Tokom 8 h y 1Ba cuctema ca pasnuuutum pH Bpen-
HoctuMma (4,2 u 7,4). Ornywramwe nexa npu pH spennoctu ox 4,2 (100 % nexa je ocinoboheHo
TokoM 2 h) 3HauajHO je Opke ox oTnywtawa Ha pH 7,4 (~78 % Toxom 8 h). OBH pesynraTu
yKa3yjy Ha To Ia JodHjeHe HaHOUYeCTHle MMajy MOTeHIHjal Ka0 HOCAYd INOKCOPyOHIMHA Y
CUCTEMHUMaA 33 KOHTPOJIMCAHO OTMYLITame MOoJ JIejCTBOM MarHeTHor rnosba. KnuHeTrka ocnoda-
hama nexa u3 HaHouecTUla onucaHa je Korsmeyer—Peppas monenom y pactsopy pH 4,2, nok
je mpouec y pactBopy pH 7,4 moryhe onucatv kuHeTHKOM HynaTtor pena. CBH ysopuu cy
OKapaKTEpPUCaHU KOpUIIheweM pasIuuUTUX aHaIUTHUKUX MeToda: XRD, SEM, TEM, FTIR n
UV-Vis.

(ITpummeno 25. neuembpa 2012, pesupupano 12. mapta 2013)
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