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ABSTRACT:

Objective(s): The aim of this work was to prepare and characterize magnetic nanoparticles (MNPs) as theranostic
system to act simultaneously as drug carrier and MRI contrast agent. Chitosan-coated MNPs (CMNPs) were prepared
and loaded with silymarin. Silymarin-loaded CMNPswere characterized with various techniques and their potential as
MRI contrast agent was also eval uated.

Materials and Methods. The chitosan-coated MNPs were prepared by copreci pitation method and were loaded with
silymarin. The synthesized nanoparticles were characterized by various techniques including SEM, TEM, X ray
diffraction (XRD), FTIR and vibrating sample magnetometer (V SM). In vitro drug rel ease of silymarin was eval uated
at 37 UC at pH 5.3 and 7.4. Then, their proton relaxivity was evaluated to study the potential of CMNPs as MRI
contrast agent in termsof r and ..

Results: Silymarin-loaded CMNPswere successfully prepared and characterized by FTIR and XRD techniques. VSM
analysis revealed superparamagnetic properties of CMNPs. The release study showed that the maximum drug release
accessible for CMNPsin pH=5.3 was higher than pH=7.4. Finally, ther Jr, value of CMNPswas found to be close to
20 indicating that CMNPs has a strong efficiency as T, contrast agents for MRI imaging.

Conclusion: The findings demonstrated the potential of CMNPs as efficient MRI contrast agent as well as silymarin

drug delivery.
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INTRODUCTION

Magnetic nanoparticles (MNPs) because of their
unique properties such as small size, super-
paramagnetism, low toxicity, etc, has found many
applicationsin biomedicine for disease diagnosis and
cancer therapy (e.g. MRI, drug delivery systems(DDS),
hyperthermia) [1, 2]. To get benefit of MNPs in
biomedicine, they should be stable for long term in
aqueous solution, have particle size of less than 100
nm, and possess high magnetization. In addition,

*Corresponding Author Email: rostamizadeh@zums.ac.ir
B Tel: (+98) 241-34473635
Note. This manuscript was submitted on March 26, 2015;
approved on June 15, 2015

MNPs have to be coated in order to prevent the
agglomeration and provide uniform distribution in
suspension. There aredifferent methodsfor preparation
of stable dispersion of iron oxide in organic solvents
including hexane and decane[3, 4]. Infact, for biological
applications, it isvital to have stable MNPsin agueous
solution. So, to increase the stability of MNPs in
aqueous solution, it is of great importance to use
stabilizers such as surfactants, oxide or polymer
compounds (especially bio-compatible polymer) with
some specific functional groups on the surface of
MNPs. In addition, the shell on the magnetic core
provides a lot of significant advantages. It helps to
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improve physical and chemical properties of the MNPs.
It also has important role in protecting and stabilizing
the core against the influence of acid, alkaline and
oxidizing conditions, preparation of the nanoparticle
with adesired surface charge and chemical functional
group. Among different coatings, chitosan as a
naturally drived polymer has been used extensively
for modification of the surface MNPs owing to its
biocompatibility and biodegra- dability [5]. Targeted
therapy and controlled drug delivery are the principal
aimsof novel drug delivery systems. Carrier isthe most
important component of DDS, and it should be non
toxic, should bind the drug properly, and make it
possible to release intended drug at the target site.
Currently, there are different kind of nanodrug delivery
systems consisting of polymeric nano- particle,
liposome, dan drimer and micelles[6]. Indeed, therole
of nanoparticles (NP) is to improve their solubility,
improve the therapeutic value of applied drugs by
addition of retention time, and pass the biological
barriers[7, 8, 9]. Nowadays, MNPs have attracted an
immense deal of attention for drug delivery systems
and MRI imaging [10,11]. Milk thistle (Silybum
marianum, Asteraceae) seeds have been applied for
centuries as treatment for several illnesses especially
for liver. Silibinin, silychristin, and silidianin are the
main component of milk thistle seed collectively known
assilymarin extracted frommilk thistle seeds, available
commercially as standardized extract. Silymarin and its
components (especially silibinin) have antioxidant, anti-
inflammatory, immunomodulatory, lipid and biliary
effects[12, 13]. Silibinin shows membrane protective
confidants and it may protect blood constituents from
oxidative damage [14, 15]. Silymarin shows low
absorbtion and bioavability (between 20 and 50%),
probably due to its degeneration by gastric fluid, poor
enteral absorption or poor water solubility [16,17, 18].
Several methods including using a buccal liposomal
delivery system [19], forming complexes with
phospholipids [18] and incorporation into solid
dispersions [20] have been reported to change the
bioavailability of silymarin or silybin. Short half-life,
low bioavailability and hydrophobic nature makeit an
appropriate candidate for gastrore-tentive drug
delivery system. The MNPs can be used asdrug carrier
for drugs with lipophilic nature owing the advantage
of being directed into the target tissue by its magnetic
section. PLGA-PEG-MNPsisakind of DDShave been
reported where the pharmaceutical drugs was

conjugated to the surface of PLGA-PEG-MNPs
physically and released payload drug into the target
sitedueto itsexternal localized magnetic-field gradient
[21, 22]. In the present contribution, chitosan-coated
MNPs (CMNPs) were prepared and characterized as
theranostic system to act simultaneously as drug
carrier and MRI contrast agent. CMNPswere prepared
and loaded with silymarin. Silymarin-loaded CMNPs
were characterized with various techniques and their
potential as MRI contrast agent was eval uated.

MATERIALSAND METHODS
Experimental

Silymarin was a gift from Barij Essence
Pharmaceutical Company (Iran). Ferric chloride hexa-
hydrate (FeCl,-6H,0), ferrous chloride tetra-hydrate
(FeCl,-4H.0), NH,OH (25% of ammonia), acetic acid
(75%) and all solventswerefrom Merck and purchased
locally. Chitosan was provided from Sigma. All the
materials were used without any purification.

Preparation of iron oxide nanoparticles (MNPS)

Briefly, 1.62 g of ferric chloride wasdissolved in 60
ml distilled water (0.1 M) under nitrogen gas
atomosphere [23]. Then, 0.6 g of ferrous chloride
dissolved in 30 ml of distilled water (0.1M), was added
and the solution mixed under nitrogen for 15 min. Then
diluted solution of NH, was added dropwise to the
solution of iron salts when the color of the solution
immediately changed to dark black. The precipitate was
separated with strong external magnet (1.2 T) and
washed several times with distilled water to remove
any ions.

Preparation of chitosan-coated MNPs (CMNPs)

First, 20 mg of high molecular weight chitosan
dissolvedin 1 M acetic acid solution with final volume
of 100 ml. Then 70 mg of MNPs were added to the
solution and the mixture was mixed for 18 h.During this
process, chitosan molecules were adsorbed on the
surface of the MNPs and a dark brown suspension
was obtained.

Preparation of silymarin-loaded CMNPs

Briefly, 50 mg CMNPs was added into 10 mg of
silymarin (preliminarily solubilizedin’ 5 ml ethanol) and
gtirred for 20 h. The silymarin-loaded CMNPs were
separated by centrifugation at 14000 rpm and then
washed threetimeswith deionized water. The silymarin-
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entrapped nanoparticleswere dried in vacuumed oven at
30°Cfor 12 h. The unloaded silymarin was determined by
measuring the concentration of drug in supernatant of
centrifugation by UV-Vis spectrophotometry at
wavelength of 288 nm. The entrapment efficiency was
calculated using the following equation:

Entapment Efficiency (%) =(Tota amount of drug-free
amount of drug) / Total amount of drug @

Drug release study

The drug release behavior of nanoparticles were
studied in physiological pH of 7.4 and acidic mediawith
the pH of 5.3 in phosphate-buffered saline, PBS
containing 0.5% (w/v) Tween 80. Typicaly, 10 mg of
nanoparticles were placed into adialysis bag (cut off 12
kDa) and introduced to 15 mL of PBS with desired pH
under gtirring (100 rpm) at 37 °C. At predetermined time
intervals, in order to determine the drug concentration in
dialysate and thereby time-dependent drug release profil e,
1.0 mL of dialysate was taken out and replaced with 1.0
mL of fresh buffer solution maintained at 37 °C and assayed
by UV-Vis spectroscopy at wavelength of 288 nm.

Characterization techniques

FT-IR spectraof nanoparticlesweretakenwithaBruker
FT-IR spectrophotometer in the range of 400-4000 cm™
as KBr disks. The morphology of the chitosan-coated
MNPs was studied by field-emission scanning electron
microscopy (FESEM, Mira 3-XMU). The magnetic
propertiesof MNPs and the chitosan-coated MNPswere
measured in vibrating sample magnetometer (VSM,
L akeShore 7400) with an applied field between -20to 20
kOeat 25 UC. Thepartidesizedistribution of the prepared
CMNPswasdetermined by dynamiclight scattering (DLS)
(MavernIngruments, UK, model Nano ZS). Thestructure
and crysgtal phase of the CMNPs were measured by a
Bruker D8 X -ray diffractometer with monochromated high-
intensity CuKaradiation (k =1.5418 A) operated at 40kV
and 30 mA.

Magnetic resonanceimaging (MRI) measurements
For measuring the magnetic relaxation property of the
synthesized materials, MR imaging of CMNPs solutions
with different iron concentrations of 0, 25, 50, 75, 100 and
200 uM were performed by using aclinical 1.5 T whole
body magnetic resonance (MR) scanner (Siemens
Healthcare Avanto Germany) at 25%C. T, images were
measured with applying the spin echo imaging sequence

at various repetition times of 100, 1550, 3150, 4750 and
6400 mswith an echo time of 18 ms, dicethickness: 7.5
mm, fid of view (FOV): 230, and matrix: 200x256. The T2
imageswere obtained by using in the spin echo sequence
with repetition times (TR) of 1600 ms and varying echo
time(TE) of 10,43, 75,108 and 140 ms, dicethickness 7.5
mm, field of view (FOV): 238, Turbo factor: 18, matrix:
176x384.Signal intensity with respect to each
concentrationwasextracted fromtheresulting MRl images
and Dicom Works 1.3.5 software and used to determine
signal intensities within a manually drawn region of
interest (ROI) for each sample. The signd intensity vs.
TR or TE functions was exponentially fitted to the
following equations(24, 25).

I = Mo[l—exp[—TTR J] 03]
IZMoeXp[_TI-Ej (3)

where | is the signd intensity and M, is constants.
Thelongitudinal relaxivity r, and transverserelaxivity r,,
which represent the performance of the chitosan-coated
MNPs as contrast agents, are calculated from the dope
of the linear relationships.

RESULTSAND DISCUSSION

CMNPs with high dispersion capacity in agqueous
solution provide stable ferrofluids which can be used for
varioushiomedicd applications(i.e. drug deivery systems
and diagnogtics). Moreover, the nanocarrier composed
of magnetite nanoparticles can direct the payload drug
toward the tumor sites with the support of an external
magnetic field. On the other hand, because of the drug
encapsulation via electrostatic bonding, they possess
the capability to release the drug in the low-physiologic
pH environments (pH 5-5.5), thereby targeting the lower-
than-normal pH of the tumor sites as well as the media
present in the endosomes of the cancer cells. The FT-IR
gpectraof CMNPs, slymarin and silymarin-loaded CMNPs
areshowninFig. 1. Asshown in Fig 1a, the spectrum of
CMNPsexhibited the absorption pesksat 1648, and 3274
cmt which can be attributed to N-H bending vibration
and stretching vibration of amine functional group of
chitosan, respectively. A strong absorption band at 557
cmtischaracteristic peak of Fe-O band. Considering the
chemical gtructure of chitosan and MNPs, hydroxyl and
amino groups of chitosan form strong interaction with
the surfaces of MNPs [27]. Fig 1b displays spectrum of
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silymarin, peak at 1642 cmt isrelated to stretch vibration
of -C=C- akenes and absorption band at 1462 cm? is
attributed to stretching vibration of C-C bandsof aromatic
groups. Fig 1c displays silymarin-loaded CMNPs.
Apparently, thepeak at 1642 cnr* was shifted to 1591 cny
1 and the peak at 557 cm? shifted to 569 cn! persumably
due to the association between slymarin and CMNPs.
Clearly, main absorption peaksof silymarin and chitosan-
coated MNPs were appeared in the spectrum silymarin-
loaded CMNPs indicating the successful silymarin
payload into CMNPs.Fig 2 showsthecrygaline structure
of MNPs. Sevendiffraction peaks(2q (111), (220), (3112),
(400), (422), (511) and (440)) wereidentifiedin X RD pattern
demonstrating the inverse spinel structure of MNPs.
After coating chitosan on MNPs, no significant change
was observed. Using Debye Scherer’s formula, the
average nanoparticle size was calculated for uncoated
and chitosan-coated MNPs to be 10.48 and 8.25 nm,
respectively. The results show that the aggregation
degree of the CMNPsissmaller than that of the naked
MNPs.VSM graphsof MNPsand CMNPsaredisplayed
in Fig. 3. Clearly, both of MNPs and CMNPs show
superparamagnetic behaviors. As it is clear, the
saturation magnetization of CMNPswasslightly lesser
than that of MNPs. The reason behind this observation
can be explained by the presence of chitosan on the
surface of MNPs. Generally, it can be concluded that
CMNPs has adequate superparamagnetic properties
and could respond well to magnetic fieldsasamagnetic
drug carrier for targeted delivery and MRI imaging.

Size and zeta potential measurements

The size of nanoparticles was analyzed by DLS
technique. Particle size distribution curves showed only
one peak with a relatively low polydispersity index.
DLS histograms (Fig. 4 A and B) showed the particle
size of MNPs and CMNPs to be 126 nm and 32 nm,
respectively. The shape and morphology of
nanoparticles were shownin Fig. 4 C-E. According to
theFig. 4C, the MNPsarein semi-spherical shapewith
mean size of 55 nm. Fig. 4D displays CMNPs in the
same shape of the naked MNPs (4C), except the size of
CMNPswhich decreased to 18 nm. Fig. 4E shows TEM
image of CMNPswith the average size of 12 nm. Indeed,
different size obtained with DL S technique and SEM
image can be explained by thefact that in spite of SEM
image, DL Sresultsimply to the hydrodynamic diameter

of nanoparticles, while SEM results correspond to the
particlesizein dry condition. The zetapotential s of the
naked MNPs in agueous dispersion were determined
to be-24.2 mV. Following coating MNPswith chitosan,
zeta potential increased to + 31.6 mV demonstrating
the presence of plentiful amino group of chitosan on
the surface of targeting carrier (Fig 4F and G).

Drug loading and “In vitro” drug release studies

The results revealed that the drug loading and
encapsulation efficiency for CMNPs were 10% and
95%, respectively. Fig 5 illustrates the drug release
response of the CMNPsin PBS (0.1% Tween 80) with
two different pH values of 5.3 and 7.4 at the
physiological temperature of 37 °C. Clearly, therewas
no high initial burst release probably due to
hydrophobic nature of silymarin. As it can be seen,
silymarin-loaded CMNPs exhibited a sustained drug
release over six days at pH 5.3 with the maximum
attainable drug release close to 85 %. Controlled drug
release characteristic of CMNPs verify the capability
of these nanoparticles to be used as an impressive
carrier insilymarin delivery system.

MRI contrast enhancement
Thelongitudinal (T,) and transverse (T,) relaxation
times were measured at various solutions of different
iron concentrationsusing aclinical 1.5 T whole body
magnetic resonance (MR) scanner. Fig. 6 shows T -
weighted MR images of chitosan-coated MNPs with
iron concentrationsof 0, 25, 50, 75, 100 and 200 uM in
deionized water. It illustrates a dose dependent signal
change which is due to the relaxation increase of the
water proton with increasing the dose. The magnetic
susceptibility of the iron oxide nanoparticles produce
local field gradients that accelerates the dephasing of
the spins of the surrounding water molecules and
Table 1. The longitudinal relaxivity (r,, mM™s™), transverse
relaxivity (r,, mM™s™?), r/rvalues and R? of chitosan-coated
magnetite nanoparticles was calculated by plotting the

T, relaxation rate (1/T,) and T,relaxationrate (1/T,) as a
function of Fe concentration

. r I
nanoparticles (li'ls‘l) R? (mMz'ls‘l) R? rafry
m;';'émps 4708 0799 9144 0943 1942
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raises spin-spin relaxation time (T,). Fig. 7 shows T -
weighted MR images of CMNPs with different iron
concentration and illustrates a signal drop of the
phantom images with increasing iron concentration.
Ther, and r, were calculated to be 4.708 and 91.44
mM™s™ from the slopes of the 1/T, (R) and 1/T, (R)
plots versus Fe concentration, respectively (Fig. 7 and
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Fig . 6. T,-weighted MRI images (1.5T, spin-echo sequence:
repitition time TR = 1550 ms, echo time TE = 18 ms) of
the CMNPs at various iron concentration at 25°C
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Fig. 8. T, relaxation rate plotted as a function of Fe
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Fig. 8). Thecalculatedr,, r,andr/r valuesare shownin
Table 1. It has been reported that magnetic
nanoparticles are commonly used as T, MRI contrast
agents and consequently they are able to decrease the
MR signal intensity [28]. The efficiency of a contrast
agent is determined by ratio between transverse and
longitudinal relaxivity (r,/r,). Ther/r, ratio for CMNPs
was determined to be 19.42 which is higher than that of
Resovist, commercialy available MRI contrast agent
[29]. This finding indicates that CMNPs could be
considered as promising T2 contrast agent with strong
T, shortening effect.

CONCLUSIONS

In the present study, a novel CMNPs was
synthesized by co-precipitation method. Chitosan was
sel ected to provide steric stabilization around MNPsand
provide stable aqueousdispersion. The FT-IR confirmed
the successful synthesisof CMNPs. Particlesize analysis
(DL S) and scanning e ectron microscopy (SEM) confirmed
the formation of spherical nanoparticles with the final
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average particle size about 18 nm. The VSM anadysis
demonstrated the saturati on magneti zation val ues of 29.08
emu/g for CMNPs. Entrapment efficiency and drug
loading for silymarin were calculated to be 95 and 10%,
respectively. Thefinding revealed that CMNPsprovidea
sustained rel ease pattern. It was found that the maximum
drug release accessiblefor CMNPsin pH=5.3 washigher
than pH=7.4. The ther,/r value of CMNPs was
determined to be 19.42 indicating that the developed
formulation has a strong efficiency as T contrast agents
and controlled silymarin ddlivery.
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