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Abstract

Nowadays, iron oxide nanoparticles are among the most interesting carriers in simultaneous drug delivery
and magnetic resonance imaging applications (Theranostics). In this study, Fe;0, magnetic nanoparticles
were synthesized by co-precipitation method followed by coating with an active-bioglass layer. This
nanostructure is functionalized with hyperbranched polyglycerol through ring-opening polymerization of
glycidol. The carrier was characterized using TEM, FT-IR, XRD, TGA, and elemental analysis. The
results showed that the diameter of the carrier was between 20-30 nm. The cytotoxicity and cellular
uptake results indicated that this nanostructure did not induce any cytotoxicity while expressing a good
potential as a contrast agent for magnetic resonance imaging. Moreover, curcumin was loaded on the
carrier as a hydrophobic sample drug. The results showed a significant increase in curcumin solubility,

which revealed the potential of this nanostructure as a cancer simultancous diagnosis and therapy.
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Introduction

Magnetic particles have been used for over five decades. These particles were originally applied as a
hyperthermia treatment against cancer cells.Owing to the special features of magnetic nanoparticles
(MNPs) like their super-paramagnetic properties, a great interest has recently been developed among
researchers to carry out more studies in this field [1,2]. Among the variety of MNPs, iron oxide
nanoparticles are more interesting because of their intrinsic biocompatibility. Up to now, the fabrication
of magnetic nanoparticles has been widely studied, and different methods such as co-precipitation [3-5],
reverse micelles [6,7], thermal decomposition [8—12], sol-gel [13—15] polyol production [16—18], and

hydrothermal methods [19-21] have been reported.

Due to the high surface area of magnetic nanoparticles, they have a tendency to aggregate. Hence, their
re-dispersion is almost impossible. In addition, Fe;O4 nanoparticles are not stable in the presence of
oxygen, and they turn into Fe,O; phase [22], which could change their properties from super-
paramagnetic into paramagnetic. Therefore, many methods such as surface modification with different
layers were proposed for their stabilization. These layers provide suitable sites for conjugation of other

biological molecules such as drug-targeting and tracing agents especially in medical applications [23-25].

Generally, MNPs are coated with inorganic layers specially silica [11,7] and gold [5,12,13] or organic
layers such as different polymers, lipids, micelles and dendrimers. According to the literature, iron oxide
nanoparticles have already been coated with various layers, especially polymers. Polymeric materials
perform a remarkable role as a coating for MNPs. Polyethylene glycol, polyvinyl alcohol, dextran and
chitosan are the most common polymers for theranostics (simultaneous therapy and diagnosis)
applications [1,16,22,26-35]. Recently, scientists have applied polyglycerol (PG) as a coating of Fe;0,
nanoparticles. According to the literature, polyglycerol is a hyperbranched, biocompatible, biodegradable
and a hydrophilic polymer, consisting of ether scaffold with hydroxyl end group functionality [36-41].

Because of the biocompatibility features of chitosan, this polymer has frequently been used in drug
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delivery systems. Nevertheless, chitosan's further surface engineering is limited due to its lower surface
functional groups in comparison to hyperbranched polyglycerol. Moreover, chitosan is positively charged

[32], thus, preventing the anionic ring opening polymerization of glycidol on its surface hydroxyl groups.

Hyperbranched-PG (HPG) is synthesized through polymerization of glycidol monomer on a hydroxyl
epoxide core [42]. The most popular method for synthesizing PG is the ring-opening polymerization of
glycidol [43]. Polymerization of hyperbranched polyglycerol improves the dispersity of MNPs in aqueous
media such as phosphate buffer saline (PBS), and decreases the protein absorption compared to naked
Fe;O, MNPs [11,18]. In addition, the ether scaffold of PG creates a suitable site for loading hydrophobic

drugs such as curcumin.

Curcumin, a hydrophobic polyphenol derived from the rhizome of the herb curcuma lounge, has a wide
spectrum of biological and pharmacological activities [44]. Curcumin possesses multiple properties
including anti-inflammatory, anti-oxidant, anti-proliferative, anti-carcinogenic, anti-angiogenic [45] as
well as anti-microbial [44,46] activities in various cell culture and in vivo studies. Various in vivo studies
(animal and human) have proved that curcumin is enormously safe in a high dosage. Poor solubility of
curcumin has been a great challenge for medical applications. Thus, enhancing the bioavailability of
curcumin needs more researches. Recently, Altunbas et al. [47] designed the peptide hydrogel by self-
assembly method for localized delivery of curcumin for in vitro models. Sontosh et al. [48] used liposome
nanoparticles of 2-Hydroxypropyl-y-cyclodextrin to increase the solubility of curcumin for in vivo OS-
xenograft models. In 2012, scientists used biodegradable copolymer of mPEG-PLA for delivery of
curcumin, which significantly improved the loading efficiency of curcumin and low-potency of

intracellular delivery of curcumin [49].

In this study, Fe;O4 nanoparticles were synthesized by co-precipitation method and then they were coated
with bioactive glass. The core surface charge should be negative in order to polymerize the PG on the

core surface through anionic ring opening polymerization. Thus, bioglass interface was used as a cheap,
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available and biocompatible interface (Ligand Exchange Moiety). According to the literature, bioglass
(BG) has great biocompatibility in a biological environment [50-53]. To the best of our knowledge, this

paper is the first report on bioglass coated Fe;O,nanoparticles.

In the next step, the MNPs were coated by hyperbranched-PG by the ring-opening polymerization of
glycidol in order to enhance the surface functional groups and drug loading cavities. The reasons PG is
selected are: a) PG is one of the most biocompatible polymers [54], b) PG is an amphiphilic molecule and
is appropriate for loading hydrophobic drugs while being circulated in the aqueous media, and c¢) PG has
several exposed surface functional groups (hydroxyl groups), which make any surface modifications such
as conjugating targeting agents and tracing agents possible. This carrier was then characterized in terms of
size and size distribution, thermal behaviour, polydispersity, biocompatibility and cellular uptake in

detail. Ultimately, curcumin was loaded on the carrier as a model drug, and the loading efficiency as well

as drug release was assessed.

Experimental

Materials

Fe (1) chloride hexahydrate (99%), Fe (1) chloride tetrahydrate (99%), ammonium hydroxide (28% w/v
in water), ethanol (99.9%), oleic acid, tetracthylorthosilicate (TEOS), triethyl phosphate (TEP), calcium
nitrate tetrahydrate (CaNO3.4H,0), HCI (37%) and glycidol (96%) were purchased from Sigma Chemical
Co. (St Louis, MO, USA). The MTS assay was purchased from Invitrogen Company. All the chemicals

and reagents were used without further purification.

Synthesis of naked and carboxyl group modified Fe;O4 MNPs
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Naked Fe;0, MNPs were prepared by co-precipitation of Fe*” and Fe’™ ions in the presence of aqueous
ammonia solution under nitrogen atmosphere. Briefly, 45 ml deionized water containing 297 mg
FeCl,.4H,0 and 810 mg FeCl;.6H,0 (molar ratiol: 2) was stirred vigorously for 20 min. To this solution,
3 ml of ammonia was added slowly in order to precipitate uniform magnetic nanoparticles. The resulting
precipitate was stirred overnight to evaporate excess ammonia. After several washing cycles with
deionized water, the nanoparticles were re-suspended in 25 ml deionized water and were centrifuged at

1000 rpm for 8 min to remove large aggregates.

0.340 g FeCl,.4H,0 and 1.160 g FeCl;.6H,0O were dissolved in 35 ml deionized water to produce Fe304
nanoparticles with carboxyl functional groups. Then, 3 ml aqueous ammonia was added to the solution
dropwise under stirring conditions. After 5 min, 100-ul oleic acid was slowly added to the solution. After
20 min of stirring, 200pl oleic acid was added to the solution, and then the solution was stirred for 10
minutes until the reaction was complete. The magnetic nanoparticles were separated using a strong
Neodymium magnet and they were washed three times with deionized water and ethanol. The bilayer

MNPs were re-dispersed in 50 ml deionized water for further purposes.

MNP coating with bioglass and polyglycerol

Bioglass sol was prepared by sol-gel method. First, 233 ml of TEP was hydrolysed by deionized water
and hydrochloride acid as a catalyst for 4 h. Then, 2.5 ml TEOS was hydrolysed in 840 pl deionized water
in the presence of 665 pl ethanol and hydrochloridric acid as a catalyst. These two solutions were mixed
and were stirred for 1 h. Then, 1 g calcium nitrate was added to them. The result was a viscous solution
after 12 h of stirring. For the synthesis of magnetic nanoparticles coated with bioglass, 30 mg of
synthesized Fe;O was dispersed in 30 ml deionized water. Then, 30 ul of bioglass sol was added to this
solution dropwise and the mixture was stirred for 12 h. The pH of the Fe;O4 nanoparticles solution was

kept around 5. The coated MNPs precipitate was collected using a Neodymium magnet and it was washed
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3 times with deionized water prior to being dried at 60 °C in a vacuum oven. Ultimately, the Fe;O,@BG

nanostructure was calcined at 600 °C under nitrogen atmosphere.

Hyperbranched polyglycerol was coated on the Fe;0,@BG nanostructure with ring-opening
polymerization of glycidol. To this end, 30 mg of the Fe;O4@BG nanoparticles were mixed with 6 ml of
glycidol for 1 h using an ultrasonic bath. Then, the homogeneous mixture was stirred vigorously at 140 °C
for 20 h until a black gel was obtained. The gel was cooled to room temperature, and 6 ml of PBS
solution was added so that it would precipitate the Fe;0,@BG nanoparticles grafted with hyperbranched
polyglycerol. The nanoparticles were separated using a magnet, and dialyzed (molecular weight cut off:

1200) overnight. The black nanoparticles of Fe;O4@BG@HPG were obtained after vacuum drying.

Cytotoxicity assay

The cytotoxicity of Fe;0,@BGgrafted hyperbranched polyglycerol was evaluated by determining the
viability of HT-29 cell line of colon cancer cells after incubation in a medium containing 0.05 and 0.2
mg/ml of the nanostructure. The Fe;0,@BG@HPG nanoparticles were sterilized with 75% ethanol
solution and they were recovered after drying under vacuum before application. Control experiments were
performed by a complete growth culture medium without nanoparticles. Cell viability testing was carried
out through MTS assay, which is a colorimetric method for determining the number of viable cells in

proliferation as described in equation (1):

average absorbance of test sample

Viability percentage = x 100 )

average absorbance of control sample

Magnetic resonance imaging (MRI)

The Fe;0,@BG@HPG nanoparticles were suspended in water at different concentrations of 0.20 and

0.05 mg/ml. The imaging was conducted after cellular uptake during 7 days of treatment. The tubes were
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placed into the MRI apparatus. The pictures were captured in T2 relaxation time mode from a multi-echo

spin- echo sequence (32 echoes, repetition time (TR): 1600 ms, echo time (TE): 15-480 ms).

Cellular uptake

Colon cancer cells were utilized to evaluate the intracellular uptake of the Fe;O4@BG@HPG
nanoparticles. The colon cancer cells were routinely cultured in their medium and seeded at a density of
105 cells per well in 24-well culture plates for 48 h before the medium was replaced with media
containing MNPs at 0.20 mg/ml. In the control experiment, the cells were seeded and cultured in the same
manner without MNPs. After incubation at 37 °C for pre-determined periods, the cells were washed three
times with PBS to remove MNPs in the medium. Then, they were collected by centrifugation, and the cell
pellets were dissolved in 37% HCI (5 molar) at 80 °C for 3 h. The iron concentration was calculated by
inductively coupled plasma-mass spectrometer (ICP-MS). Each experiment was conducted three times.
The ICP results (Particle/Cell) were normalized with DNA content and the results were presented in terms

of pg/ml.

Drug loading and release

First, the stock solution of curcumin was prepared in ethanol to make the calibration curve. The
absorbance of the solutions was measured at 450 nm using UV-visible spectrophotometry. 0.5 mg of the
Fe;0,@BG@HPG nanoparticles was dissolved in 10 ml phosphate buffered saline (PBS) in order to
evaluate the drug loading. Different concentrations of drug solution, prepared in ethanol, were added to
the solution of MNPs and the mixture was stirred for 24 h at room temperature. The ethanol was removed
through 24 h stirring. To remove non-encapsulated drugs, the suspension was centrifuged at 4000 rpm for
20 min. The supernatant of this step is non-encapsulated drugs, which were dissolved in ethanol. Then,
the absorbance of this solution was measured at 450 nm. The concentration of non-encapsulated drug was

calculated according to the calibration curves of curcumin.
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0.15 mg of the Fe;04@BG@HPG nanoparticles was dissolved in 3 ml deionized water to evaluate the
drug release. Then, 1 ml of drug solution (0.90 mg/ml in ethanol) was added to the solution and the
mixture was stirred for 24 h at room temperature. In the next step, non-encapsulated drugs were removed
by centrifugation at 4000 rpm for 20 min. The remaining solution was centrifuged again at 14000 rpm for
20 min to separate the drug-loaded carriers followed by drying in a vacuum oven. Then, 5 ml of PBS
solution (pH= 7.4) was added to 1 mg of drug loaded carrier. After 1, 2, 4, 8, 12, 24, 48 and 72 h, the drug
release was measured at 37 °C. The non-released drug was separated using a strong magnet, and the
absorbance of the drug release was measured at 450 nm. The amount of drug was measured according to
the calibration curve. The drug loading efficiency and encapsulation efficiency were assessed according

to equations (2) and (3), respectively [55-57].

total mass of drug-non encapsulated drug

Drug loading efficiency = x 100 (2)

total mass of drug

mass of encapsulated drug

Encapsulation efficiency = x 100 3)

mass of carrier

Characterization methods

FT-IR spectra was obtained in a transmission mode in nitrogen atmosphere (JASC, FT-IR-6300 (400-
4000 cm™), Japan). For thermogravimetric analysis (TGA), samples weighed from5 to 15 mg. The size of
MNPs in water was determined by transmission electron microscopy (TEM, Zeiss-EM10C, 80KV) and
dynamic light scattering (DLS, Molvern, MAL1001767). The elemental analysis (Leco) was utilized for

measuring the percentage of organic components of the carrier.

Results and discussion

Nanostructure characterizations
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In this paper, bioglass layer is considered as a biocompatible ligand exchange moiety enabling the

polymerization of hyperbranched polyglycerol on the core surface. There are several other alternatives for

bioglass and hyperbranched polyglycerol, among which chitosan has gained the most attention.

The advantages of using bioglass coating over chitosan coating are as follows: a) smaller particles are
achieved when coated with bioglass [32,35,58], b) bioglass acts as an inert coating, while chitosan is
active and could interact well with hydrophobic drugs thus interfering in drug release behaviour of PG

[32,59], ¢) strong covalent bond between bioglass and Fe;O, may not be cleaved before the nanocarrier

has accomplished its mission of drug delivery, while the weak electrostatic interaction between negatively

charged Fe304 NPs surface and the positively protonated chitosan may be cleaved then [32,33].

The advantages of using hyperbranched polyglycerol over chitosan are as follows: a) hyperbranched
polyglycerol is more biocompatible than chitosan [54], b) hyperbranched polyglycerol with numerous
exposed surface functional groups is a better choice for conjugating the targeting agent and the tracing
agent rather than chitosan, c) because of its dendritic structure, a hyperbranched polymer has a higher
loading capacity for drug molecules compared to chitosan, d) hyperbranched polyglycerol coating
thickness is significantly less than chitosan coating thickness, and e) there is a significant decrease in
paramagnetic behaviour of Fe;O4 nanoparticles after coating with chitosan in comparison to PG-coated

Fe304 nanoparticles [32,34,35,60].

It is worth mentioning that using chitosan as a drug carrier does not guarantee avoiding the use of other

polymeric shells since:

1. Plasma proteins could recognize chitosan surface easily and could remove them from the circulation
within seconds to minutes through the reticuloendothelial system (RES). Thus, a stealth shielding should

be imparted on the surface of chitosan delivery systems to increase the systemic circulation time [61].
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2. High cationic charge density on the chitosan surface may lead to cell membrane disruption. This

necessitates covering the chitosan nanoparticle with some biocompatible coatings [62].

Fig. 1a shows that the average hydrodynamic size of carrier is 36.4 nm. The poly dispersity index is
0.163, confirming that the carrier has a relatively narrow size distribution around 36 nm. Fig. 1b shows
that the size of Fe;0,@BG@HPG is almost 20~30 nm. Based on these results, it is proposed that the
polymerization of glycidol has separated the aggregated nanoparticles (NPs) besides the functionalization
of MNPs with carboxyl group, which inhibited the growth of hydroxyl-functionalized nucleation. The
applied method makes the reaction follow the LaMer mechanism [22], which forms monodispersed NPs

by separating the nucleation and growth steps.

Fig. 2a shows the FT-IR spectra of physical/chemical interaction of oleic acid and Fe;O4 NPs. The
characteristic peaks at 2851 and 2922 (cm’™), attributed to the free oleic acid in physical interaction, are
symmetric and asymmetric stretches of the methylene groups, respectively. These peaks are shifted to
2852 and 2923.56 (cm™) after the chemical reaction of MNPs and oleic acid. However, these changes are
negligible and not reliable. These peaks could only prove the presence of oleic acid. However, the
symmetric (sym, 1441cm™) and asymmetric (asym, 1593cm™) vibration peaks of carboxylate groups
(C=0) could also prove the attachment of oleic acid to MNPs surfaces [53]. Fig. 2b shows the FT-IR
spectra of MNPs coated with bioglass before and after calcination, as well as Fe;O4@BG-grafted-HPG.
The peak at 2955 (cm™) is related to the carboxylic group of oleic acid on the surface of bare MNPs. The
peak exists after coating MNPs with bioactive-glass (before calcination), but after the calcination process,
the peak is completely removed because the calcination process removes a high percentage of oleic acid
carbon chain. According to Fig. 2b, the peaks at 880 and 638 (cm™) refer to Si-O and Si-H bonds, which
confirm the successful coating of bioglass on MNPs. The intense peak at 1070 (cm™) refers to the C-O-C
ether stretch, which confirms the formation of etheric scaffold of polyglycerol. The heightened peaks at
2862 and 3666 (cm™) are related to the stretches and vibration of CH, groups as well as surface

carboxylic groups, respectively. These peaks in addition to C-O-C peak confirm the formation of
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polyglycerol on the surface of Fe;0,@BG [53]. The bioglass plays the role of a ligand exchange agent
since its layer on the MNPs surfaces transforms the particle’s end functional groups from the carboxyl to

hydroxyl, which is critical in the polymerization process.

Fig. 3 shows the X-ray diffraction pattern of Fe;0,@BG. The main typical peaks appeared in (311),
(400), (511) and (440). These peaks belong to the Fe;O4magnetite phase. According to FT-IR spectra and
XRD pattern, the MNPs were coated with bioglass and polyglycerol without putting the magnetite

characteristics at risk.

Fig. 4 shows the TGA diagrams of naked Fe;0, MNPs, Fe;04@BG and Fe;0,@BG@HPG. The weight
loss of naked Fe;04 MNPs and Fe;O,@BG was found to be around 3~5%, which is attributed to the
moisture content of the nanoparticles. The TGA curve of Fe;O,@BG@HPG has a weight loss around
57%. This greater weight loss is due to the degradation of hyperbranched polyglycerol layer on the MNPs
surfaces. The result is in agreement with the previous literature. Wang et al. [53] reported a weight loss of
around 63% for HPG grafted with Fe;O,4. Elemental analysis could also prove the TGA results. As
described in Table 1, there was no organic component in naked MNPs and Fe;O0,@BG, while the organic

component of Fe;O4@BG@HPG was significantly increased.

In vitro assessments

Cytotoxicity, cellular uptake and MRI application

The MTS assay on the HT-29 cell line of colon cancer did not show any cytotoxicity for
Fe304@BG@HPG at 0.05 and 0.20 mg/ml concentrations in 24 and 48 h. The morphology of the cells
did not change in comparison to the control sample (Fig. 5). The changes in cell morphology are the first

alarm for apoptosis.
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Fig. 6a shows that for both concentrations in the desired interval, there is a remarkable correlation
between the nanoparticles concentration and the cell viabilities. In addition, in all cases, the viabilities are
above 90% and there are no significant viability changes as the concentration increases. The SPSS results

indicated that the p-value was less than 0.05 for all samples.

Since Fe304@BG@HPG demonstrated no cytotoxicity in high concentrations (0.20 mg/ml), the 7-day
uptake tests were conducted in this concentration and the results are shown in Fig. 6b. As it is anticipated,
longer incubation time caused an increase in cellular uptake during 3 days from 1.4 to 2.13 pg/ml. It is
noted that these parameters did not change much with longer incubation time from 3 days to 7 days. This
may be due to cell saturation with Fe304@BG@HPG after 3 days. The nearly high cellular uptake is
proposed to be attributed to the high amount of hydroxyl functional groups of polyglycerol, which makes
the nanoparticles highly hydrophilic and biocompatible. Wang et al. [26,53] got similar amount of cellular

uptake for Fe;0,@Si0,@HPG and MNPs@HPG.

Figs. 7a and b show the magnetic resonance images of different concentrations of Fe;0,@BG@HPG in
PBS and colon cancer cell line. According to cytotoxicity assessment, the MR images were darker for
higher concentrations of MNPs. The results showed an enhancement in contrast to both samples,
attributed to the nature of iron oxide NPs that work as a negative contrast agent [53]. This result is in

good agreement with cellular uptake results.

Drug investigations

The main aim of such studies is focused on increasing the solubility of hydrophobic drugs like curcumin
as an herbal medicine. It is clear that curcumin could be encapsulated in Fe;0,@BG@HPG because of

hydrophobic interactions between ether scaffold of polyglycerol and curcumin molecules.

According to Fig. 8a, the drug loading and encapsulation efficiencies were increased with the increase in

stirring time and the initial amount of drug. The statistical evaluations proved that the time, the ratio of
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drug to the carrier, and the correlation of these two parameters have affected the efficiency of drug
encapsulation and drug loading. These results revealed that the solubility of curcumin increased from 6
ug/ml to 187 ug/ml. A 31-fold increase in drug solubility showed that the nanostructured carrier has great

potential as a delivery system for hydrophobic drugs such as curcumin.

The results of drug release investigations are shown in Fig. 8b. It is obvious that with longer stirring time,
the drug release was gradually increased. In the early hours, this rate was slow and did not show any burst
effect. According to Fig. 8b, 50 % of the drug content was released during the first 24 h. This rate was

fixed after 132 h, and approximately 90 % of the loaded drug was released [21,29,30].

Conclusions

The Fe;04 nanoparticles were synthesized and coated with bioglass layer. This nanostructure was grafted
by hyperbranched polyglycerol through ring-opening polymerization. The carboxyl group of MNPs
transformed to the bioglass hydroxyl group to support the attachment of hyperbranched polyglycerol. This
nanostructure has a great potential as a theranostic agent. The non-toxic carrier showed a great affinity
towards the colon cancer cell. This carrier greatly increased the solubility of curcumin as a hydrophobic
and anticancer herbal drug. Moreover, drug release did not show any burst effect. Thus, the contrast
enhancement and high capacity of drug loading confirm the potential of Fe;0,@BG@HPG as theranostic

agents.
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Figure Legends

Figure 1. (a) Dynamic Light Scattering of Bioglass@Fe;04-grafted-HPG and (b) TEM image of

BioGlass@Fe;04-gafted-HPG.

Figure 2. The FT-IR spectra of a) MNPs coated with carboxyl group and b) Fe;O4@BG-grafted

HPG.

Figure 3.The XRD pattern of Fe;04@BG after calcination.

Figure 4. The TGA analysis of naked Fe304, Fe304@BG and Fe304@BG@HPG.

Figure 5. Cytotoxicity assessment of Fe;04@BG@HPG with 0.20 mg/ml concentration in terms

of cell morphology a) control sample b) after 24 h and c) after 48 h.

Figure 6. Cell viability results for Fe304@BG@HPG: a) Effect on HT-29 colon cancer cells and

b) Uptake of Fe304@BG@HPG by HT-29 colon cancer cells.

Figure 7. a) MR images of Fe304@BG@HPG at various concentrations in PBS (0.20, 0.15, 0.10
mg/ml carrier concentration and control sample, left to right respectively) and b) colon cancer
cell with 0.20 mg/ml concentration of carrier during 7 days with clockwise navigation from the

control.

Figure 8. a) Curcumin loading efficiency and b) curcumin in-vitro release curve.
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