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ABSTRACT

Objective(s): Auraptene (AUR) is a monoterpene coumarin compound with several biological activities
specifically anti-cancer. The bioavailability of AUR in biological fluids is negligible, thus, the cytotoxicity
of this compound for the target cells is low. Herein, the synthesis of AUR-coated Fe,O, nanoparticles is
presented as a strategy to increase the cytotoxicity of AUR on PC3, DU145, and LNCaP prostate cancer cells.
Materials and Methods: Fe,O, nanoparticles were synthesized via co-precipitation method, coated with
AUR and stabilized by dextran. They were characterized by X-ray diffraction spectroscopy (XRD), Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), dynamic light scattering
(DLS) analysis, and vibrating sample magnetometry (VSM). In vitro release test for coated nanoparticles
was performed in both physiologic (pH= 7.4) and acidic (pH= 5.5) environments. Cytotoxicity for prostate
cancer cells was evaluated by AlamarBlue assay and the results were analyzed by one-way and two-way
ANOVA tests.

Results: Characterization outcomes represented the formation of magnetic nanoparticles with good
crystalline structure, relatively spherical shape and superparamagnetic properties. AUR release profile from
nanoparticles demonstrated that coated nanoparticles are able to inhibit burst release of this compound.
AUR release was remarkably higher in acidic medium that can be advantageous for treating tumor regions.
Cytotoxicity results indicated that AUR had a very low toxicity against prostate cancer cells at the tested
concentrations. In contrast, AUR-coated Fe,O, nanoparticles were significantly cytotoxic on all the cell lines.
Conclusion: The coating of AUR on the surface of Fe,O, nanoparticles was a successful approach to enhance
the efficacy and cytotoxicity of this compound.
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INTRODUCTION

Prostate cancer is the third deadliest
cancer in men [1]. Genetics [2], prostatitis and
environmental risk factors have a key role in the
prevalence of this disease [3]. Several treatment
modalities such as radiotherapy, chemotherapy,
surgery and hormonal therapy have been used
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to manage prostate cancer, however, the effect of
these treatments is still limited and the toxicity of
anti-cancer agents is high [4]. Auraptene (AUR) is a
monoterpene coumarin compound that is mostly
isolated from Citrus and Ferula species [5]. This
compound exerts various pharmacological activities
including anti-diabetic [6, 7], immunomodulatory
[8, 9], pigmentation-modulatory [10], anti-
inflammatory [11], neuroprotective [12-14], and
anti-cancer [15-17]. While the cytotoxicity of AUR
to PC3, DU145 and LNCaP prostate cancer cells
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has been significant to a certain degree [4, 18],
the poor solubility of this compound restricts
its further clinical applicability. Therefore, it is
essential to design delivery systems that can
improve AUR uptake and efficacy.
Nanotechnology has a great potential
in developing nanomaterials for medicinal,
physical, and chemical applications. Recent
nanotechnology developments in pharmaceutical
and biomedical fields have led to a revolution in
drug delivery systems [19, 20]. A nanomaterial is
considered a manufactured, natural or incidental
product containing particles where 50% or more
of the particles are between 1 to 100 nm [21].
Nanoparticles (NPs) can be classified into four
groups: carbon-based, inorganic-based, organic-
based, and composite-based [22]. Metal and
metal oxide NPs are inorganic-based NPs that
are synthesized from several metals including
silver, iron, titanium, calcium, and magnesium
[23]. Among these metal oxide NPs, iron oxide
magnetic nanoparticles (MNPs) have gained
special attention duo to their simple and low cost
production, good compatibility, eco-friendliness
and magnetic properties [24]. Therefore, they are
considered as an ideal nanosystem for biomedical
applications [25] like MRI [26], hyperthermia [27],
tissue repair, cell labeling and magnetofection [28].
Beyond these applications, drug delivery usingiron
oxide MNPs as carriers has been of great interest
in recent years. Conjugating natural products on
their surface enhances the therapeutic effects of
these potential drugs [29] since poor uptake and
nonspecific delivery of natural compounds are
overcome [30]. The most commonly used MNPs
for medical applications are Fe304 and y-Fe,O, NPs
[31]. To synthesize these NPs, different methods
have been used among which co-precipitation is
one of the most efficient and simple ways [32].
Iron oxide NPs are extremely prone
to subsequent aggregation and instability
after synthesis leading to their elimination
by endoplasmic reticulum [24]. As a result,
the surface of MNPs should be coated by
biofunctional coatings to protect against their
degradation and improve water dispersibility,
biodistribution and pharmacokinetic properties of
these nanoparticles [33]. Among various organic
and inorganic coatings, special attention is being
paid to natural surfactants such as Gum Arabic
[34] or biocompatible polymers like starch [35],
polyvinyl alcohol (PVA) [36], polyethylene glycol
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(PEG) [37, 38], chitosan [39-41], and dextran [42,
43]. Dextran is biocompatible and biodegradable
and can enhance stability leading to a longer
blood circulation time [44]. Dextran appears to
possess a favorable chain size, enabling it to have
optimum polar interactions (hydrogen bonding
and chelation) with the surface of MNPs. Single
hydrogen bonds are weak, but numerous hydroxyl
groups per dextran molecule can result in a high
total bonding energy of hydrogen bonds [45].
Therefore, dextran can be considered as an eligible
polymer for stabilizing Fe,O, MNPs.

In this study, Fe,0, nanoparticles were
synthesized by co-precipitation method and
coated with AUR and dextran. Then, the anti-
proliferative effect of the coated nanoparticles
was evaluated and compared with AUR on three
prostate cancer cell lines including PC3, DU145
and LNCaP. We assume that Fe,O, MNPs may
ameliorate the penetration of AUR into the cancer
cells, thus, increasing its cytotoxicity.

MATERIALS AND METHODS
Materials

FeCl,.4H,0, FeCl,.6H,0, HCI 37%, NH3 25%, and
dimethyl sulfoxide (DMSO) were purchased from
Merck (Germany), dextran (MW: 15000-25000),
AlamarBlue and RPMI-1640 medium from Sigma-
Aldrich (USA), penicillin-streptomycin (Pen-Strep)
and fetal bovine serum (FBS) from Gibco (USA),
doxorubicin (DOX) from EbewePharma (Austria),
AUR from Golexir Pars (Iran) and prostate cancer
cell lines (PC3, DU145, and LNCaP) from Pasteur
Institute (Iran).

Synthesis of AUR-coated magnetic nanoparticles
and their stabilization

To synthesize Fe,0, MNPs, FeCl,.6H,0 and
FeC,.4H,O were dissolved in deionized (DI) water
at a molar ratio of 2:1 under a temperature of
70°C while the argon gas was bubbling. Then a
basic solution of NH3 in DI water was added, drop
by drop, to the mixture at 265 rpm. The color
change of the dispersion from dark brown to black
is the sign of Fe,O, nanoparticles formation. The
nanoparticles were separated by a strong magnet
and washed several times with DI water.

To load AUR on the surface of MNPs, we
dispersed 100 mg of Fe,O, MNPs in 100 mL of DI
water and sonicated the whole solution for 10
min. A 60 mg/2 mL DMSO solution of AUR was
added drop by drop to the dispersion at 300 rpm
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and 45°C for 15 min. Coated MNPs were separated
by a strong magnet and washed with DI water to
eliminate uncoated AUR. 150 mg of dextran was
dissolved in 100 mL of DI water and added to AUR-
coated MNPs and the solution was sonicated for 2
min. The dispersion was stirred at a temperature
of 80-90°C and a speed of 256 rpm for 4 hr. This
was followed by another stirring process at 400
rpm for 24 hr. The resulting dispersion (dextran@
AUR-coated MNPs) was freeze-dried and used for
characterization tests, release test and cytotoxicity
evaluation on PC3, DU145 and LNCaP cell lines.
Dextran@Fe, O, MNPs (drug-free nanoparticles)
were synthesized by the same method except that
the AUR coating step was not performed.

Characterization tests

The crystalline structure of different samples was
studied by X-ray diffraction (XRD) measurements
(Bruker, D8). Surface chemistry was studied by
Fourier-transform infrared (FTIR) spectroscopy
(Perkin-Elmer, Paragon 1000). Morphology was
investigated by scanning electron microscopy
(SEM) (Hitachi, S-4160) and transmission electron
microscopy (TEM) (Philips, CM 30). Hydrodynamic
diameter, polydispersity index, zeta potential
and colloidal stability of dextran@AUR-coated
MNPs dispersion were analyzed by particle size
analyzer (Malvern, Zeta sizer-nano ZS). Magnetic
properties were determined by vibrating-sample
magnetometry (VSM) (MDK). All the experiments
were performed at 25°C.

Determination of encapsulation efficiency and
AUR loading

1 mg of dextran@AUR-coated MNPs was
dispersed in 1 mL of DMSO, sonicated for 5
min and centrifuged at 10000 rpm for 20 min.
The drug concentration in the supernatant was
evaluated according to the specific ultraviolet
(UV) absorbance of AUR at 322.7 nm in a UV-Vis
spectrometer. The encapsulation efficiency was
calculated using:

Encapsulation efficiency% = ‘;V—V =100

“ ” “oon

where, “w.” and “w” are the weights of
the coated AUR and the total added AUR to
the dispersion, respectively. AUR loading was
calculated using:
w,
w

=100

AUR loading% =

where, “w.” and “w” are the weights of the
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coated AUR and coated nanoparticles, respectively.

In vitro release studies

To study AUR release, we suspended 1 mg of
dextran@AUR-coated MNPs (containing 63.36 ug
of AUR) in 564 mL of phosphate-buffered saline
(PBS, pH= 7.4) and citrate buffer (pH= 5.5) both
containing 0.1% w/w Tween-80. Also, 63.36 pg of
AUR was suspended in the same amount of Tween-
containing PBS for investigating the dissolution
profile of free drug. The samples were placed in
a shaker-incubator at a temperature of 37°C and
a speed of 100 rpm. 300 pL of PBS and citrate
buffer media were withdrawn after 0, 0.5, 1, 3, 6,
9,12, 24, 48, 72,96 and 120 hr for evaluating AUR
release from coated nanoparticles and 300 pL of
PBS medium was withdrawn after 0, 0.5, 1 and 3
hours for evaluating the dissolution profile of AUR.
Both physiologic and acidic environments were
replenished with 300 pL of fresh medium after each
sampling. The quantity of released AUR at different
times was measured by spectrofluorometry at
329 nm as excitation wavelength and 390 nm as
emission wavelength. Each test was repeated
three times. To compare the differences in the
release profile of AUR in physiologic and acidic
pH, the results of drug release versus time were
fit to kinetic models using the KineticDS software.
Besides, mean dissolution time (MDT) parameter
was used for comparing the dissolution rate of
our extended-release dosage form in both media.
MDT was calculated using [46]:

I:(Ma — My)dt
M.,

MDT =

Where M indicates the mass of drug release in the
time of t.

In vitro cytotoxicity test

Human prostate cancer cell lines (PC3, DU145
and LNCaP) were seeded in 96-well plates (RPMI-
1640 medium containing 10% FBS and 1% Pen-
Strep) with a density of 1x10* cells/well and
incubated at 5% CO, and a temperature of 37°C
for 24 hr. A stock solution (60 mg/mL) of AUR was
prepared in DMSO and diluted with the culture
medium to ensure that the concentration of
DMSO in different AUR concentrations is less than
0.1%. The cells were treated by DOX at (0.1 pg/
mL), AUR at (0.1-10 pg/mL), dextran@AUR-coated
MNPs (with a series of 0.1-10 pg/mL of final AUR
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concentration) and dextran@Fe,O, MNPs (with the
same amount as dextran@AUR-coated MNPs). The
untreated cells served as negative control whereas
DOX-treated cells served as positive control. After
72 hr, AlamarBlue was added to each well and the
plates were incubated until the reduction reaction
was terminated. The absorbance was measured
at 600 nm with microplate reader (Biotek, Epoch)
and the viability percentage was calculated. This
experiment was repeated three times each in
triplicate for the tested cell lines.

RESULTS AND DISCUSSION
Characterization tests

XRD patterns for Fe,O, MNPs and dextran@
AUR-coated MNPs are shown in Fig 1. Both
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patterns have similar peaks to those of the “The
Joint Committee on Powder Diffraction Standards
(JCPDS)” reference pattern of Fe O, nanoparticles
(No. 85-1436). Fe304 nanoparticles (Fig 1a) have
sharp (311) and (440) peaks as a result of their high
crystalline structure [47]. The same pattern with
peaks of lower intensities can be seen for dextran@
AUR-coated MNPs (Fig 1b), demonstrating an
efficient coating with no changes in their crystalline
structure. The size of the coated and uncoated
nanoparticles was calculated according to the
Scherrer equation and determined to be 13.498
nm for Fe,O, MNPs and 16.339 nm for dextran@
AUR-coated MNPs. The FTIR spectrum of Fe,O,
MNPs (Fig. 2) indicated Fe-O vibration bands at
573 cm™. The bending vibrations at 1653 cm™ and
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Fig 1. XRD patterns for Fe O, MNPs (a) and dextran@AUR-coated MNPs (b)
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Fig 2. FTIR spectra for samples AUR, Fe,0, MNPs, dextran, dextran@Fe304 MNPs and dextran@AUR-coated MNPs
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Fig 3. SEM image of Fe,O, MNPs (a) and dextran@AUR-coat-
ed MNPs (b) and the relative size distribution graph of coated
MNPs (c)

stretching vibrations at 3432 cm™ are due to the
water molecules adsorbed on the surface of MNPs
[48]. In the spectrum of dextran@Fe, O, MNPs and
dextran@AUR-coated MNPs, the wavelength of
Fe-O band was shifted from 573 cm™ to 578 cm™,
possibly due to the surface interactions between
dextran and magnetic nanoparticles. Also, the
peaks at 1015 cm™ and 1128 cm™ are due to C°!
stretching vibrations and C-H bending vibrations,
respectively, indicating that dextran was well
placed on the surface of nanoparticles [49]. The
probable mechanism of dextran adsorption may
be the hydrogen bonds between the hydroxyl
moiety present in dextran and on the surface of
nanoparticles. In the spectrum of dextran@AUR-
coated MNPs, the stretching vibrations of phenyl
protons in the coumarin ring at 3055 cm™ [50],
carbonyl group at 1732 cm™ and double bonds at
1508 and 1615 cm™ [51] of AUR are present. This
shows the successful coating of AUR on the surface
of dextran@AUR-coated MNPs. Investigating the
morphology of Fe,O, MNPs (Fig. 3a) and dextran@
AUR-coated MNPs (Fig 3b) by SEM showed that
both particles were almost spherical with high
agglomeration tendency as a result of the small
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Fig 4. TEM image of dextran@AUR-coated MNPs; the core-shell
structure has been shown by arrows

size and high magnetism. Most of the coated
nanoparticles had a diameter in the range of 11-
16 nm with a mean diameter of 13.643+2.855
nm (Fig. 3c) which is in the typical diameter range
for biomedical applications (below 100 nm) [32].
TEM result of dextran@AUR-coated MNPs (Fig. 4)
was similar to that of SEM as most of the coated
nanoparticles were agglomerated. However, core-
shell structure of dextran@AUR-coated MNPs
could clearly be seen demonstrating successful
coating of Fe,O, nanoparticles.

Dynamic light scattering (DLS) results (Fig.
5a) demonstrated a diameter of 241.4 nm for
dextran@AUR-coated MNPs that is substantially
different from that of the XRD and SEM results.
This is due to adsorption of water molecules on
the surface of the coated nanoparticles. Dextran@
AUR-coated MNPs had good polydispersity (PDI:
0.188) and a zeta potential of -13.6 mV (Fig. 5b);
however, the colloidal ferrofluid was only stable for
10 days at room temperature and small aggregates
were seen after this time. The hydrodynamic
diameter increased to 291.6 nm (PDI: 0.229) and
zeta potential increased to -10.7 mV (Fig. 5¢c and
Fig. 5d), respectively. This can show the occurrence
of instability, aggregation and heterogeneity [52].
Low stability of dextran@AUR-coated MNPs may
result from two factors, namely the synthesis
method and nature of dextran interaction with the
surface of MNPs. Although co-precipitation is one
of the most efficient ways to synthesize magnetite
nanoparticles, it results in the formation of particles
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Fig 6. Hysteresis loops for Fe,O, MNPs (a) and dextran@AUR-coated MNPs (b)

with high saturation magnetization (Ms) values
which makes their coating and dispersion more
difficult in comparison to other synthesis methods
such as laser pyrolysis. Further, the hydrogen bonds
formed between dextran and the surface of MNPs
have a reversible nature resulting in instability and
aggregation [53]. To solve this, some researchers
have cross-linked dextran shell to make dextran-
coated MNPs colloid more stable [43].

VSM measurement was used to analyze
magnetic properties. Hysteresis loops of Fe304
MNPs and dextran@AUR-coated MNPs are
shown in Fig 6. The Ms for Fe,O, MNPs and
dextran@AUR-coated MNPs are 59.286 and
41.255 emu/g, respectively. Remanence (Mr) and
coercivity (Hc) are negligible for uncoated and
coated nanoparticles (Table 1), suggesting the
superparamagnetic properties of both samples.

The presence of dextran and AUR on the
surface of coated nanoparticles has led to a lower
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Ms of dextran@AUR-coated MNPs than that of
the Fe,O, MNPs [54].

Encapsulation efficiency,
release test

The encapsulation efficiency and drug loading
were calculated according to the standard curve
of AUR obtained by UV-Vis spectroscopy and
determinedto be 10.56% and 6.765%, respectively.
It is necessary to mention that low encapsulation
and drug loading of AUR is due to the hydrophobic
nature of this compound and not instability of

drug loading and

Table 1. Magnetic parameters for Fe,0, MNPs and dextran@
AUR-coated MNPs

M;s (emu/g) M: (emu/g) Hc (G)
Fe30s MNPs 59.286 0.25445 2.0977
dextran@AUR- 41.255 0.0571 0.51742

coated MNPs

Nanomed. J. 9(1): 77 -86, Winter 2022
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Fig 7. Drug release profile of AUR from dextran@AUR-coated
MNPs in PBS (pH= 7.4) and citrate buffer (pH=5.5)

nanoparticles. The surface of Fe,O, nanoparticles
is highly hydrophobic, however, when MNPs are
dispersed in aqueous solutions they obtain several
OH groups on their surface [55]. Also, dextran
is extremely hydrophilic. These hydrophilicities
can significantly reduce the effective interactions
between the hydrophobic AUR and nanoparticles
leading to a low encapsulation efficiency and drug
loading. The drug release profile from dextran@
AUR-coated MNPs was studied for 120 hours
in both physiologic (PBS) and acidic pH (citrate
buffer). The percentage of cumulative release
(Table S1) was calculated according to the standard
curves of AUR obtained by spectrofluorimetry
in both PBS and citrate buffer. In PBS buffer,
49.25+1.84% of the total coated AUR was released
after 5 days, however, this percentage was
67.94+1.85% in citrate buffer (Fig 7). The free drug
dissolved immediately after 30 min (Fig. S1), so it
is not a suitable anti-cancer drug candidate to be
used alone. Dextran@AUR-coated MNPs indicated
28% and 50% of AUR release in pH= 7.4 and 5.5,
respectively in 24 hr demonstrating that coated
MNPs are not prone to immediate drug release
into the plasma.

To compare the release profile of AUR in
physiologic and acidic pH, drug release model was
fit to Baker-Lonsdale kinetic model. In this model,
the best result is achieved when correlation
coefficient is close to one. Our results showed that
r2 for pH= 7.4 was 0.97 and for pH= 5.5 was 0.91.
The slopes of these models were 0.0015+0.0014
for pH= 7.4 and 0.011+0.0053 for pH= 5.5. Also,
the intercepts were 0.00048+0.0003 for pH= 7.4
and 0.001+0.0001 for pH=5.5. It can be concluded
that the release rate of AUR in acidic pH is
significantly different from physiologic pH [56].
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MDT was equal to 5188 for pH= 7.4 and 7740 for
pH= 5.5 indicating a remarkable difference in AUR
release kinetics between physiologic and acidic
media. Larger AUR release in acidic environment
can be advantageous for treating tumor regions.

In vitro cytotoxicity evaluation

AlamarBlue assay was performed to determine
the cytotoxicity of different samples and the
resulting data were analyzed by GraphPad Prism 5
software. Different groups were compared relative
to negative control and significant differences
were demonstrated as *P<0.05, **P<0.01, and
**%P<0.001.

One-way ANOVA analysis results showed that
the cytotoxicity of AUR and dextran@Fe304 MNPs
for PC3, DU145 and LNCaP cell lines was very
low at the tested concentrations. Interestingly,
dextran@AUR-coated MNPs were significantly
cytotoxic for PC3 and LNCaP cells at 5 and 10 pg/
mL and for DU145 at 1, 5 and 10 pg/mL of final
AUR concentration (Fig 8). Dextran@AUR-coated
MNPs were more cytotoxic for LNCaP cells (IC_,
value of 5.737 pg/mL) in comparison to PC3
and DU145 cell lines (IC,> 10 pg/mL). Two-way
ANOVA analysis results showed a remarkable
difference in the cytotoxicity of dextran@AUR-
coated MNPs in comparison to dextran@Fe3O4
MNPs and AUR (Table S2). This result can represent
that the combination of AUR and nanoparticles is
responsible for the significant cytotoxic effect of
dextran@AUR-coated MNPs to prostate cancer
cells. The probable mechanism for enhanced
efficacy and cytotoxicity of AUR may be improved
penetration of this compound into the cancer
cells, not the cytotoxicity of Fe O, nanoparticles,
since effective cellular uptake of MNPs into
the target cells has been shown before [57].
Previous studies have demonstrated an increased
cytotoxicity of natural compounds to cancer cells
when coated on the surface of Fe,O, MNPs. For
example, coating the surface of Fe,O, MNPs with
umbeliprenin could increase the cytotoxicity of
this compound on human fibrosarcoma cell line
[58]. Kumar et al. have conjugated quercetin to
dextran-coated Fe,O, MNPs for chemotherapy
applications. Their results indicated an improved
cytotoxicity of conjugated quercetin for MCF-7
cells in comparison to quercetin alone [49]. The
cytotoxicity of galbanic acid to prostate cancer
cells [59], curcumin to breast cancer cells [60],
quercetin to A549 cells [61], and eugenol to
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Fig 8. Cytotoxicity of auraptene (AUR), dextran@Fe,O, MNPs (NP) and dextran@AUR-coated MNPs (NPA) on PC3 (a), DU145 (b) and
LNCaP (c) cell lines. Untreated cells serve as negative control and doxorubicine (DOX)-treated cells as positive control. Values are
meanSD. Significance of difference is demonstrated as *P< 0.05, **P< 0.01, and ***P< 0.001 as compared

human glioblastoma astrocytoma [62], has been
improved remarkably when coated on the surface
of Fe,O, MNPs.

CONCLUSION

In this study, AUR-coated Fe,O, MNPs were
synthesized and their cytotoxicity was assessed on
PC3, DU145 and LNCaP prostate cancer cells using
AlamarBlue test. The nanoparticles had good
crystalline structure, relatively spherical shape
and superparamagnetic properties and could
control AUR release effectively. The cytotoxicity of
AUR and dextran@Fe304 MNPs for prostate cancer
cells was very low at the tested concentrations.
In contrast, dextran@AUR-coated MNPs could
significantly inhibit the proliferation of these cells.
We suggest that the enhanced cytotoxicity of
AUR-coated MNPs may result from an increased
penetration of AUR into the cancer cells. Enhancing
the cytotoxic effect of natural compounds with
the aid of MNPs can open new horizons in the
medicinal applications of nanoparticles. Utilizing
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Fe,O, MNPs as drug carriers for anti-cancer
natural products can improve the efficacy of these
compounds and reduce their side effects. The
cytotoxic mechanisms of AUR-coated MNPs and
their in vivo therapeutic effects are subjects of
future work.
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