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Highlights:

e superparamagnetic iron oxide nanoparticles labeled with cumarine were synthesized
e nanoparticels exhibit superior magnetic properties as contrast agents for MRI
e they easily penetrate cell membrans and can be tracked by fluorescencje microscopy

e they were shown to be non-toxic due to hyaluronic acid coating



Abstract:

Syntheses and characterizations of biocompatible superparamagnetic iron oxide nanoparticles
with embedded curcumin and coated with ultrathin layer of hyaluronic acid-curcumin (HA-
Cur) conjugate have been reported. Zeta potential measurements confirmed effective coating
of native iron oxide nanoparticles stabilized by cationic derivative of chitosan (SPION-CCh)
with the synthesized HA-Cur conjugate. Both SPIONs with embedded curcumin and the ones
coated with HA-Cur (SPION-CCh/HA-Cur) revealed desired magnetic characteristics while
fluorescent properties were much better for the coated nanoparticles. SPION-CCh/HA-Cur
nanoparticles were shown to be very promising candidates for T2 MRI contrast agents as they
can easily penetrate cell membrane and their relaxivity is exceptionally high (ca. 470 mM™-s’
1. They may be also tracked using confocal fluorescence microscopy due to the presence of
fluorescent curcumin in the coating. In vitro studies indicated that the obtained SPIONs-
CCh/HA-Cur were non-toxic for EA.hy926 endothelial cells.
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1. Introduction

Superparamagnetic iron oxide nanoparticles (SPION) are small, crystalline particles made
commonly of y-Fe2O3 or FesOs. Their superparamagnetic magnetization is much higher than
that for normal paramagnetic materials and it can reach approximately the magnetization
saturation of ferromagnetic iron oxide. Importantly, after elimination of the magnetic field,
SPIONSs are no longer magnetized.*~> ® This feature has made them the subject of increased
scientific interest. There are number of reports on their applications in vivo, such as T»
contrast agents in magnetic resonance imaging (MRI), detoxification of biological fluids, in
hyperthermia, tissue repair, cell separation etc.*> 789 Unfortunately, SPIONs may undergo
aggregation, which implies changes in their magnetic properties and may lead to their
unwanted fast elimination from the circulatory system. Formation of a protective coatings is
one of the methods used for their stabilization in suspension.® It has been proven, that the
formation of polymer coatings on SPIONs can prevent their aggregation and improve their

biocompatibility and stability.1*2



We have only recently shown that application of cationic derivative of chitosan (CCh*?
during the formation of nanoparticles via co-precipitation from aqueous ammonia solution of
iron salts results in coating of SPIONs with that polymer. The nanoparticles are stably
enwrapped since the polymer is introduced during formation of the nanoparticles but not in
post processing that may suffer from aggregation of naked nanoparticles prior coating. Since
CCh contains quaternary ammonium salts the charge of such formed SPIONSs is positive at
neutral and even basic pH. That coating improved stability of the nanoparticles’ aqueous
dispersion, resulted in high relaxivity value, which is an important parameter for MRI contrast
agents, 15 and provided the opportunity for further modification of their surfaces via
coating them using LbL method. !* We have already demonstrated that in our previous reports
using anionically modified chitosan what allowed us to prepare the negatively charged
SPIONs,** and bimodal contrast agents containing Gd ions shortening T1 relaxation time.!’
Such multimodal systems have attracted increasing interest in development of molecular
imaging and in theranostics.'®-1%2021 Bimodal imaging agents serving both for MRI and
fluorescence imaging are of special interest.

In the current paper we report on fabrication and characterization of novel bimodal
SPIONs coated with hyaluronic acid (HA) derivative containing curcumin as a fluorescent
dye that can serve as contrast agent for both MRI and fluorescence imaging. Hyaluronic acid
(HA), a naturally occurring polysaccharide composed of N-acetyl-D-glucosamine and D-
glucuronic acid, has a strong negative charge. Moreover, HA was shown to have affinity for
the cell-specific surface markers such as CD44 and RHAMM. 2222 Thus, the cancer cells with
high metastatic activities often exhibit enhanced binding and uptake of HA. ?* Curcumin is a
natural polyphenol obtained from the rhizomes of turmeric (Curcuma longa). This yellow
dye, in addition to fluorescent properties, shows a variety of desired pharmacological
properties, including anti-inflammatory, anti-cancer and anti-oxidant activities.?>2%2728 |n this
report we fabricated and tested SPIONs with curcumin embedded in the cores of the

nanoparticles as well as present in their thin polymeric coatings.

2. Materials and methods

2.1. Materials
Hyaluronic acid sodium salt (HA), curcumin (>94% (curcuminoid content), >80%)), N,N-

dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP), dimethylsulfoxide



(puriss p.a., 0.02% water) (DMSO), iron(Ill) chloride hexahydrate, iron(ll) chloride
tetrahydrate (all from Sigma-Aldrich, USA), tetraethoxysilane (TEOS, P98%, Fluka), ethanol
(99.8%, spectroscopic grade, Chempur, Poland) and ammonium hydroxide (25%, pure p.a.,
Chempur) were used as received. Cationic derivative of chitosan, N-[(2-hydroxy-3-
trimethylammonium) propyl] chitosan chloride (CCh), was synthesized and characterized
according to the procedures described earlier*®* using low molecular weight chitosan (Sigma-
Aldrich). Anionic derivative of chitosan (ACh) was synthesized and characterized according

to the procedures described earlier.** Deionized water was used for all the experiments.

2.2. Synthesis of hyaluronic acid—curcumin conjugate (HA-Cur)

DCC (50 mg) and DMAP (20 mg) were added to the solution of HA (400 mg) in DMSO (100
mL). The mixture was stirred for 1h under nitrogen atmosphere, to activate carboxylic groups
of HA. Then 20 mL of 0.1 mM solution of curcumin in DMSO was slowly added to that
mixture. The resulting solution was stirred for 8h at 60°C. The mixture was then dialyzed
against DMSO for 24h and then against deionized water for 9 days using a dialysis membrane
(MWCO: 12 kDa) to remove unbound residues. The resulting product, HA-Cur conjugate was
then lyophilized.

2.3. Preparation of SPION-CCh-Cur

The synthesis of SPIONs containing embedded curcumin (SPION-CCh-Cur) was carried out
in an aqueous solution. At first, iron salts, in molar ratio Fe(lll): Fe(ll) = 2:1, (0.1622 g
FeCls3-6H20 and 0.0596 g FeCl2-4H,0), were dissolved in 50 mL of aqueous solution of CCh
(c =3 g/L) that pH value of ca. 1.5. The solution was deoxygenated by purging with argon
and sonicated (Sonic-6, Polsonic, 480 W, 1s pulse per every 5s) for 10 min in a thermostatic
bath at 20°C. During the sonication, 100 puL of the curcumin solution in ethanol (1 g/L) was
added. After that, 5 mL of 5 M NHs@g) solution was added dropwise and the mixture was
further sonicated for 30 min. The obtained suspension was filtered through the cellulose
syringe filter with 0.2um pore diameter. Purification of the formed SPIONs was performed

using magnetic chromatography described elsewhere.**

2.4. Preparation of SPION-CCh-Cur coated by HA-Cur conjugate
The synthesized positively charged SPION-CCh-Cur were coated with the anionic HA-Cur

conjugate using “layer-by-layer” deposition method. Aqueous solution of HA-Cur (10 mL, ¢



=1gL?! in 0.1 M NaCl) was added to the suspension of SPION-CCh-Cur (4 mL) and
sonicated continuously for 10 min at 25°C. The obtained SPION-CCh/HA-Cur nanoparticles
were purified using magnetic chromatography.

2.5. Preparation of SPION-CCh and SPION-CCh/ACh

The positively charged SPION-CCh and negatively charged SPION-CCh/ACh were obtained
according to the procedure described earlier.!* Briefly, the aqueous solution of anionic
chitosan (ACh) (10 mL, ¢ =1 g L in 0.1 M NaCl) was added to the suspension of SPION-
CCh (4 mL) and sonicated continuously for 10 min at 25°C. The coated nanoparticles were

purified using magnetic chromatography.

2.6. Apparatus

Absorption and emission spectra measurements

Electronic absorption spectra were measured at 25°C using Hewlett-Packard 8452A diode-
array spectrophotometer, equipped with HP 89090A Peltier temperature control accessory.
Fluorescence emission spectra were measured using PerkinElmer LS55 fluorescence
spectrometer at 25°C. Quartz cuvettes of 1 cm optical path length (Hellma) were used for all

the measurements.

Dynamic light scattering (DLS) and zeta potential measurements

A Malvern Nano ZS light-scattering apparatus (Malvern Instruments Ltd., Worcestershire,
UK) was used for dynamic light scattering (DLS) and zeta potential measurements. The time-
dependent autocorrelation function of the photocurrent was acquired every 10s (15
acquisitions for each run). The sample was illuminated by a 633-nm laser and the intensity of
light scattered at an angle of 173° was measured by an avalanche photodiode. The z-average
hydrodynamic mean diameters and distribution profiles of the samples were calculated using
the software provided by Malvern. The zeta potential was measured using laser Doppler

velocimetry (LDV) method provided by Nano ZS instrument.

Magnetic properties of SPIONs

To study the magnetic properties of the obtained nanoparticles, magnetic hysteresis curves
were obtained using vibrating sample magnetometer VSM-NUVO (Molspin Ltd., Newcastle-
on-Tyne, England). Relaxivities were measured on MiniSpec mg-20 (20MHz) and MiniSpec

mg-60 (60MHz) (Bruker, Ettlingen, Germany), and nuclear magnetic relaxation dispersion



(NMRD) profiles were acquired on Spinmaster-FFC 2000 relaxometer (Stelar s.r.l., Mede,
Italy). The relaxivity measurements and calculation were performed following the procedure

previously reported by us.t*

Confocal fluorescence microscopy of SPIONs-loaded cells

Murine fibroblasts (NIH3T3) cell line was cultured in DMEM high glucose medium in a
humidified incubator under standard conditions (37°C, 5% CO2). The cells prior the
fluorescence measurements were incubated in the suspension of SPIONs (1 uM concentration
of iron) in DMEM with 10 % fetal bovine serum (FBS) for 24h. The cells were then washed
twice with phosphate buffer solution PBS (pH=7.4) and fixed with 1% paraformaldehyde in
PBS for 15 min at 4°C. Confocal fluorescence imaging of the cells was performed using a
Nikon Ti-E inverted microscope equipped with a Nikon Al confocal system. For the
excitation a 405 nm diode laser was used. The images were acquired in the emission mode
with a Plan Apo 100x/1.4 Oil DIC objective. In order to remove the fluorescence background
originating from the cells a 458 nm barrier emission filter was applied. The resolution of the

images was 2048x2048 pixels.

Other measurements

The elemental analysis (C, H, and N) was performed with a EuroEA 3000 analyzer. FT-IR
spectra were measured using a Bruker IFS 48 spectrometer. NMR spectra were measured in
DMSO-d® using a Bruker AMX 500 spectrometer. Gel permeation chromatography (GPC)
analyses were performed using a Waters GPC system equipped with a set of three columns
(PL Aquagel-OH 30, 40, and 60) and tandem PDA/RI detectors.

2.7. Cytotoxicity studies

Viability of EA.hy926 endothelial cells treated with SPIONs was evaluated by Trypan blue
method following the procedure described in Trypan blue exclusion protocol in Thermo
Fisher Scientific web page. The cells were grown in 24 well plates for 48 h in the presence of
10% FBS in the medium. Subsequently, the medium was replaced with a serum-free medium
containing appropriate SPIONs (15 pg/ml) and the cells were cultured for additional 24 h.
Then, viability assay was performed and the samples were immediately investigated using
optical microscope (Olympus 1X71). About 30 images were taken for every sample in order to
count viable and dead cells. Cell viability was presented as percentage of viable cells in the



population of cells. Each experiment was repeated three times and the data were presented as

mean + SD.

3. Results and discussion

Polymeric coating can significantly alter stability and physicochemical properties of
nanoparticles. Thus, in addition to fabrication of cationic SPIONs containing embedded
curcumin  (SPION-CCh-Cur), the nanoparticles were also coated by an anionic
polysaccharide, hyaluronic acid, that was additionally modified by conjugation with
curcumin, which serves as a fluorophore. Hyaluronic acid—curcumin conjugate (HA-Cur, see
Figure S1 in Supporting Information) was synthesized by esterification reaction, which was
carried out according to the Steglich mechanism.?® Preparation of the conjugate was possible
due to the presence of reactive carboxyl groups in hyaluronic acid and hydroxyl groups in
curcumin molecules. The formation of HA-Cur conjugate was confirmed using FT-IR and *H
NMR spectrosocpies (see Fig. S2 and S3 in SI).

3.1. The effect of curcumin and HA-Cur coating on size and zeta potential of SPION-
CCh

The size and morphology of the obtained SPIONs were determined by transmission electron
microscopy (TEM). The images showed well-separated nanoparticles within small aggregates
(Figure S4 in Sl). The core sizes of SPION-CCh were found to be very small, with an average
diameter of 11.9 + 1.7 nm. Embedding of curcumin into the nanoparticles did not cause a
significant change in their sizes. The average core size of SPION-CCh-Cur was found to be
aboutd = 10.1 £ 2.9, that is very similar to the size of SPION-CCh.

DLS measurements have shown that the nanoparticles form small aggregates in an aqueous
dispersion. The hydrodynamic diameter and zeta potential of SPIONs were found to be equal
to 112 + 2 nm and +28 £ 5 mV, respectively. Embedding curcumin to SPIONs caused slight
increase of zeta potential to +35 £ 1 mV although the hydrodynamic size remained almost
unchanged (see Table 1). The nanoparticles appeared to be stable also in PBS at pH=7.4 that
is typically used for cell culturing. The moduli of measured zeta potential values slightly
decreased (see Table 1) but it is not surprised as those values normally decrease with

increasing ionic strength of solutions.



Coating of the nanoparticles with HA-Cur polyanion changed the zeta potential of SPIONs
from +35 to -31 mV (see Table 1). It can be seen that SPION-CCh/HA-Cur form smaller
aggregates which size was about 50 nm (Figure S5 in Sl) indicating their better stabilization

in an aqueous dispersion in comparison to the uncoated SPION-CCh.

3.2. Relaxometric properties of SPIONs

The spin lattice relaxation (NMRD) profiles of the obtained SPIONs are shown in Figure 1.
NMRD profiles for all the studied systems have the shape typical for superparamagnetic
nanoparticles with decreasing trends in the high-frequency part. Generally, for colloidal
magnetic nanoparticles, the shape of the NMRD profile is determined by crystallinity and size
of magnetic cores (as they affect saturation magnetization), availability of solvent molecules
to the cores (diffusion) and interactions between the magnetic cores (anisotropy energy
effect).!! The measured profiles indicated that the overall sizes of nanoparticles increase after
covering them with the HA-Cur layer. Furthermore, increase in the size of nanoparticles
produced systematic changes in the magnetic resonance properties of the samples. The
NMRD data demonstrated that values of relaxivity, r1, increased when the diameter of the
nanoparticles increased, especially in the low-frequency region of the profiles. The values of
magnetization saturation and particle diameters obtained by fitting to the theoretical

equation® to the experimental data are listed in Table 2.

The diameters of SPIONs obtained from TEM images are smaller than those obtained
from fitting NMRD profiles. This discrepancy may be explained by the fact that the diameters
calculated from relaxometry measurements take into account also water molecules present
around the magnetic core. Chemical nature and thickness of the coating play important roles
in relaxometry and give contributions to the calculated diameter of nanoparticles while TEM
can hardly see the organic coating on the magnetic cores. Thus, the relaxometry data indicate

effective covering of magnetic cores by polymeric materials.

The efficacy of SPION as MRI contrast agents is related to their r1 and r relaxivity

values (see Table 3). Relaxivities are reported with respect to the total molarity of iron.



The high values of relaxivity obtained for the SPIONs systems could be partially explained by
the effect of aggregation of small nanoparticles®™ but the effect of high hydration of the
nanoparticle coatings as it was postulated by Haan and Paquet®! seems to be dominating.
Here, we used highly charged polymers (HA-Cur, CCh, ACh) for coating the nanoparticles.
For these coatings, one can expect high hydration, but slower diffusion of water molecules in
the presence of the SPIONs within the hydrophilic polymer layers. Such decrease in water
diffusion coefficients in polysaccharides was previously observed by Kwak and Lafleur. 32
These explanations are in line with the observation of significant increase of r> value (Table 3)
after deposition of HA-Cur on SPION-CCh without any change in the inorganic core of the
nanoparticles and with only small change in the average size of the aggregates. The similar
effect was observed by us earlier***> for SPIONs coated with ultrathin layer of anionic
derivatives of chitosan (ACh). However, the value of relaxivity r, for SPION-CCh/HA-Cur
system (ca. 470 mM st at 20 MHz) was significantly higher than that one found for SPION-
CCh/ACh. It indicates that SPION-CCh/HA-Cur may be particularly attractive as T» contrast
agent for MRI.

3.3. Fluorescent properties of SPIONs

The fluorescence characteristics of the obtained hybrid materials are shown in Figure 2.
SPION-CCh-Cur containing curcumin introduced at the stage of their synthesis show only
very weak fluorescence band with maximum near A = 550-570 nm (Aex = 405 nm). The
maximum of this band is shifted to longer wavelengths as compared to methanol-water
solution of curcumin. That shift may be explained by the formation of complexes between
curcumin and Fe** ions. *3% For SPION-CCh-Cur/HA-CUR much more intensive
fluorescence band, in the range characteristic of curcumin, was observed. As expected, the

aqueous dispersion of SPION-CCh was not fluorescent at all.

Cellular uptake and the location of nanoparticles in NIH3T3 fibroblasts cells were
investigated using scanning laser fluorescence confocal microscopy. The studies were based
on the detection of nanoparticles by observation of characteristic curcumin fluorescence
(excitation at 408 nm and emission at 480-540nm). Figure 3B shows cellular uptake and
localization of SPION-CCh-Cur in cells and Figure 3C present the respective image for

SPION-CCh/HA-Cur, both after 24h of incubation. In comparison to control system (Figure



3A) both systems show green emission characteristic of curcumin indicating that the
nanoparticles were uptaken by the cells. Figure 3C shows much more intense green emission
than Figure 3B but both significantly differ from the control cells (Figure 3A). Furthermore,
for the sample treated with SPION-CCh-Cur, already after 1 minute of exposure on light,
fluorescence intensity significantly decreased. Based on these observations it can be
concluded that both the obtained dual modality SPIONs were effectively delivered to NIH3T3
cells. However, the SPIONs coated with HA-Cur are characterized by more intense
fluorescence and higher photostability that may be explained by formation of micellar

structures by the conjugate protecting HA from contact with water. *°

3.4. Cytotoxicity studies

Considering potential biomedical applications of the obtained SPION-CCh/HA-Cur it was
essential to determine their cytotoxicity and compare with the uncoated cationic SPION-CCh.
Thus, the viabilities of the selected endothelial EA.hy926 cells treated with the mentioned
SPION systems were determined. These cells, more sensitive than fibroblasts used here in
SPION uptake studies, were chosen in order to bring more conclusive results of cytotoxicity
studies. EA.hy926 cells viability was evaluated by the Trypan blue method. The results
presented in Figure 4 indicate that the studied SPIONs exhibit significantly different levels of
cytotoxicity to the model cells. The test confirmed that SPION-CCh exhibited considerable
cytotoxicity towards EA.hy926 cells, decreasing their viability to ca. 70% of the control
system. This decrease in the cell viability is likely caused by the presence of cationic groups
on the SPION-CCh surface. It is known that cationic derivatives of chitosan (containing
quaternary ammonium groups) can be cytotoxic to various types of cells. 337 However, no
toxic effect was observed when cells were exposed to SPION-CCh/HA-Cur at the same 1 uM

concentration.

4. Conclusions

Biocompatible superparamagnetic iron oxide nanoparticles (SPIONs) coated with ultrathin
layer of cationic derivative of chitosan and hyaluronic acid - curcumin conjugate (SPION-
CCh/HA-Cur) were prepared in a simple water-based two-step procedure. The core size of the
nanocoated SPIONs was slightly above 10 nm, while hydrodynamic diameter of the hydrated
aggregates of nanoparticles in aqueous dispersion was ca. 50 nm, and the zeta potential was

about -31 mV. The electrostatic repulsion between particles ensured stability of their aqueous

10



dispersion. The magnetic properties with very high values of saturation magnetization
(43.4+0.2 emu g Fe) and transverse relaxivity (469.7+2.3 mM* s) for SPION-CCh/HA-
Cur, indicate that they could be considered for applications as MRI contrast agents. Biological
studies indicated that SPION-CCh/HA-Cur can be easily internalized into the cells and they
do not show cytotoxicity at the applied concentration. Due to the high efficiency of the
curcumin fluorescence the obtained SPION-CCh/HA-Cur can be treated as bimodal probes
useful for studies of the biological objects using both MRI and fluorescence detection.
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Figure 1. Proton NMRD profiles of SPION-CCh, SPION-CCh/ACh, SPION-CCh-Cur and
SPION-CCh/HA-Cur in water at 37 °C.
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Figure 2. Fluorescence spectra of nanoparticles (Aex = 405 nm) (SPION-CCh, SPION-CCh-
Cur, SPION-CCh-Cur/HA-Cur) in aqueous dispersions (¢ = 0.2 mM) and aqueous solution of
conjugate HA-Cur (c=0.2gL%).
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Figure 3. Confocal fluorescence images of fibroblasts cells recorded before (A) and 24h after
treatment with (B) SPION-CCh-Cur (1 uM) and (C) SPION-CCh/HA-Cur (1 uM).
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Figure 4. Effect of different SPION systems on the viability of EA.hy926 cells. Values
represent the mean £ SD of triplicate experiments (n = 3) after 24 h of exposure to various
SPIONSs (1 uM).
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Table 1 Values of the mean hydrodynamic diameter (measured by DLS) and zeta potential of

obtained SPIONs in water and PBS. Data are expressed as mean = SD (n=3).

Type of SPIONS Iali);d nr]gse%ng]rrr;]i;: Zeta(pr)ﬁ;[/e)ntial
SPION-CCh 112 +2 +28 £5 (+11+ 1)?
SPION-CCh/ACh 927 -51+2
SPION-CCh-Cur 108 + 2 +35+ 1 (+14+ 1)
SPION-CCh/HA-Cur 46 £ 5 31+ 1 (-24£2)*

8 Measured in PBS

Table 2 Values of saturation magnetization and mean diameters of magnetic cores as

determined using magnetic measurements. Data are expressed as mean = SD (n=4).

Sample Saturation magnetization Msa: [Am?/kg] ~ Diameter [nm]
SPION-CCh | 37.1+0.2 16.3+0.1
SPION-CCh/ACh | 48.8+0.2 17.4+0.1
SPION-CCh-Cur | 42.5+0.2 15.3+0.1
SPION-CCh/HA-Cur | 43.4+0.2 184 +0.1

Table 3 Relaxivity values of SPIONs at 37°C for selected frequencies: 20 MHz and 60 MHz.
Data are expressed as means £ SD (n=4).

20 MHz 60 MHz

Sample r r rary r r rafr
[st'mM?]  [sT-mMY] [st'mM?]  [st-mMY]

SPION-CCh 23.8+0.1  173.8+0.1 7.3 7.3:0.1  172.3+0.1 23.5

SPION-CCh/ACh | 41.3+0.3  361.3+0.9 8.7 12.6+0.1  386.5+0.3 30.6

SPION-CCh-Cur 30.4+0.2  182.4+0.5 6.0 12.1#0.1  196.5+3.4 16.1

SPION-CCh/HA-Cur | 33.1+0.1  469.7+2.3 14.2 9.5+0.1  497.2+0.4 52.1
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