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ABSTRACT: We proposed a flexible methodology for the preparation of monodisperse, watersoluble magnetic nanoparticles coated by heparin and loaded with 4,5-dihydroxy-9,10dioxoanthracene-2-carboxylic (Rhein), as a magnetic drug delivery system, for cancer
chemotherapy. Rhein-heparin coated magnetic nanoparticles were monitored for their
cytotoxicity action on tumor cells (human tumor hepatocyte cell line, HepG2) by in vitro
labeling. The antitumor activity of Rhein conjugates was demonstrated by the MTT cytotoxicity
assay and the viability of tumor hepatocytes is significantly reduced to approximately 10 %
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compared with those of free drug. The study of their structure and morphology by Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and angleresolved X-ray photoelectron spectroscopy (ARXPS). Also, thermogravimetric analysis (TGA),
high-resolution transmission electron microscopy (HRTEM) techniques were performed. The
surface charge and dimensions of magnetic particles dispersed in water were done by zeta
potential and DLS measurements, both of them as a function of pH variation. The concentration
of the drug into magnetic nanoparticles was determined by using fluorescence technique and the
drug release profile was studied by means of UV-vis method.



INTRODUCTION
Magnetite nanoparticles with various surfactants (synthetic and natural polymers or

functional organic compounds) can be guided and accumulated in a tissue with a strong local
magnetic field and have been used as a magnetic resonance imaging agent,1,2 in treating solid
cancerous tumors by intracellular hyperthermia or as drug delivery carriers as they were loaded
in different combinations with bioactive agents.3,4,5,6 Some important factors that ensure the
efficiency of this method, such as the nature of particles shell, nature of the drug, dimensions and
magnetic properties of particles to be stored in relatively large amount in tumor cells, etc., must
be considered.7
This being said, we have synthesized in this paper the magnetite nanoparticles coated
with heparin, as a biocompatible shell and loaded with Rhein, as an antitumor drug.
Rhein (4,5-dihydroxy-9,10-dioxoanthracene-2-carboxylic) (RH) is an anthranoid
compound8,9 and it was studied recently by in vitro and in vivo tests for its antitumor activity
showing a great interest for cancer treatment. The antitumor effect of the Rhein was observed in
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combination with different biomolecules, such as in combination with: lysine that suppresses the
proliferation of breast cancer xenografts in athymic nude mice showed by studies,10 adriamycin
that improves its therapeutic index and decreasing its general toxicity demonstrated by in vitro
studies involving human glioma cells11 or with nitrosurea carmustine that modulate its lethal
effect on the clonogenic activity of human glioma cells.12
Heparin (HP), a highly-sulfated glycosaminoglycan, has been used as a drug since 1930
and it is still widely used to prevent the coagulation of blood13 or by using heparin derivatives
with reduced anticoagulant activity can obtain an antitumor effect for the primary tumors.14
Recently, one has used a combination of heparin and nanoparticles or polymer surfaces which
can provide a better biological activity or suitable properties as biomaterials, respectively.14,15 HP
entrapped in biodegradable or nonbiodegradable polymeric nanoparticles, with diameters ranging
from 260 to 300 nm, for oral administration in rabbits, showed a better anticoagulant activity as
compared with orally administrated free heparin due to its protection by the polymeric
nanoparticle and its slowly releasing.16. These systems can also be loaded with an anticancer
drug leading to inhibition of the tumor progression and metastasis17. Some studies were reported
regarding the non-covalently conjugated heparin to the surface of magnetite nanoparticles with
PVA or lysine as a spacer between the particle and heparin for a better anticoagulation18,19 or
antitumor effects20.
In our study, positively charged magnetite nanoparticles with average diameters of 6±2 nm21
were conjugated with heparin, by the interactions with the negatively charged carboxylate and
sulfate groups of heparin sodium salt at acidic pH, and followed by the entrapping of the Rhein,
as an antitumor drug. These particles were tested for their cytotoxicity on Hepatocarcinoma cell
line, Hep G2. It should be noted that, the heparin is a molecular ligand that has a non-specific
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affinity for cancer cells.14,20 The nanoparticles were examined by using FTIR, XPS techniques,
Dynamic Light Scattering (DLS) and High-resolution transmission electron microscopy
(HRTEM). The concentration of the drug into magnetic nanoparticles was determined by using
fluorescence technique and the drug release profile was studied by means of UV-vis method.



EXPERIMENTAL SECTION

Materials
FeCl3x6H2O 97%, FeCl2x4H2O 99.99%, NaOH ≥98%, pellets (anhydrous), oleic acid (OA),
oleylamine, 3-aminopropyltriethoxysilane (APTES), toluene and triethylamine (TEA) from
Aldrich (for the pre-prepared NH2-magnetite21); heparin sodium salt from porcine intestinal
mucosa from Sigma-Aldrich; Rhein (4,5-Dihydroxyanthraquinone-2-carboxylic acid) from
Sigma; 3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide from Sigma; Triton X100 from Sigma; isopropanol from Aldrich; ethanol (VWR), HCl (Aldrich), NaOH (Aldrich).
Characterization methods
FTIR spectra were recorded with Bruker Vertex 70 FT-IR spectrometer, in transmission mode at
room temperature with a resolution of 2 cm-1 and 32 scans. The samples were incorporated in dry
KBr pellets.
X-ray photoelectron spectroscopy (XPS) was performed on a KRATOS Axis Nova (Kratos
Analytical, Manchester, United Kingdom), using AlKα radiation, with 20mA current and 15kV
voltage (300W), and base pressure of 10-8 to 10-9 Torr in the sample chamber. The incident
monochromatic X-ray beam was focused on a 0.7 mm x 0.3 mm area of the surface. XPS data
fitting were performed using the Vision Processing software (Vision2 software, Version 2.2.10)
which is comprised of a simple routine using mixed Gaussian-Lorentzian curves and a linear
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background was subtracted before the peak areas were corrected. The binding energy of the C 1s
peak was normalized to 285 eV. The take-off angles for angle-resolved X-ray photoelectron
spectroscopy (ARXPS) were at 0° and 60º of the thin film of heparin coated magnetite particles
(MP-HP), obtained by spin-coating deposition, using Laurell Technologies Corporation model
WS-400B-6NPPILITE110K (500 rpm/min, 3 min).
The thermogravimetric analysis were developed with an apparatus of simultaneous TGA/DSC
analyses STA 449F1 Jupiter model (Netzsch-Germany) at a temperature ranging from 30°C to
650°C in nitrogen atmosphere at the rate of 10°C/min.
The hydrodynamic diameter and zeta potential of the particles were examined using the
DelsaNano C Submicron Particle Size Analyzer and DelsaNano Auto Titrator (AT) (Beckman
Coulter). These analyzers determine the particle size of suspensions and zeta potential in a range
from 0.6 nm to 7 μm. The particles were analyzed after ultrasonication. The particles were
dispersed in aqueous solution (25ml) and titrated at various pH values from 3 to 9 with 0.1 M
NaOH/0.1 M HCl solutions. The dispersions were circulated during the pH adjustment. All
measurements were performed at 37°C after 30 sec of equilibrating time.
TEM images were obtained with Hitachi Transmission Electron Microscope HT7700. The
samples (heparinized magnetic particles (MP-HP) and drug-encapsulated magnetic particles
(MP-HP-RH)) were prepared by placing a drop of the nanoparticle suspension on a carboncoated copper grid and allowing the solvent to evaporate at room temperature.
Measurement of magnetization was carried out at room temperature with a Vibrating Sample
Magnetometer – MicroMag, Princeton Measurements Corporation.
Fluorescence studies were performed on a Perkin Elmer LS-55 apparatus. The optical path was
of 1 cm. The emission spectra were measured in the 440-800 nm range for identical sample
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volumes (3 cm3) with the following parameters: λexcitation=436 nm; excitation slit width 3 nm;
emission slit width-minimum 20 nm; scan speed 100 nm/min and 3 scan. The spectra of the
samples were measured at room temperature. The emission spectra recorded in presence of the
probe (Rhein) were corrected for the background signals. The concentration of the Rhein from
Rhein-heparin coated magnetic particles (MP-HP-RH) was determined by the fluorescence
measurements taken into consideration the calibration curve (Figure 1) of the free Rhein. The
emission intensity is increasing when the concentration of probe (Rhein) is increasing.
The calibration curve of Rhein (Figure 1), as Rhein concentration vs fluorescence intensity at
520 nm, was obtained by recording spectra in the range 440-900 nm emission for 10 samples
with different concentrations of Rhein (Figure 2).
Sample preparation. Stock solutions of the Rhein were prepared by dissolving in doubly distilled
and deionized water solutions of known different concentrations of Rhein, followed by shaking
for 24 hours at room temperature. Stock solutions of Rhein-heparin coated magnetic particles
were prepared by dissolution in doubly distilled and deionized water, followed by sonication 10
min.
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Figure 1. Calibration curve of Rhein obtained by fluorescence measurements (concentration vs
fluorescence intensity at λexc=520 nm).

Figure 2. Fluorescence spectra at different concentrations of Rhein in water solutions.
Drug release experiment
In vitro release studies of Rhein from the nanoparticles were carried out in an aqueous release
medium with the phosphate buffer solution (pH 7.4) at 37°C by monitoring the absorbance at 436
nm, using Perkin Elmer UV spectrophotometer. The absorbance of standard solutions of Rhein
in PBS 7.4 was measured at a wavelength of 436 nm, used as calibration curve for antitumor
drug. The Rhein release was monitored for about 48 hours, using Spectra/Por CE dialysis tubing,
500 MWCO. The dialysis bag (containing MP-HP-RH sample) was tied and dropped into 10 ml
of phosphate buffer solution. The entire system was kept at 37°C and gently shaken. At selected
time 3 ml of supernatant was withdrawn and the UV-vis spectrum was registered at room
temperature and 3 ml of fresh phosphate buffer solution was introduced in system. The
concentration of the drug released was read from the calibration curve (concentration of free
Rhein vs. absorbance at 436 nm) (Figure 3).
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Figure 3. Calibration curve of Rhein obtained by UV measurements (concentration vs
absorbance at 436 nm).
Cytotoxicity assay
Hepatocarcinoma cell line, Hep G2 was grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum, 100 U/mL penicillin, 100 mg/mL
streptomycin, 50 mg/ml neomycin at 37°C in a 5% CO2 incubator.
Synthesis of the magnetic particles coated with 3-aminopropyltriethoxysilane (MP-NH2)
The synthesis of MP-NH2 nanoparticles, with an average size of 9 nm, by grinding FeCl3 and
FeCl2 in presence of oleic acid-oleylamine adduct, followed by replacement with 3aminopropyltriethoxysilane of the oleic acid layer, was previously reported.21
Synthesis of the magnetic particles coated with heparin (MP-HP) (Scheme 1)
The coating of MP-NH2 particles with heparin was made in acidic media3,20: 150 mg MP-NH2
nanoparticles were dispersed in 50 ml bidistilled water by sonication at pH~3-4 and then 41.8 mg
heparin sodium salt was then slowly added to the nanoparticle suspension at room temperature.
The mixture was sonicated for 1.5 hour and then the dispersion was centrifuged at 4000 rot/min
for 30 min to separate the product. The particles were washed several times with bidistilled
water, followed by centrifugation, until neutral pH is reached. The unbounded heparin was
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eliminated together with resulting supernatant after centrifugation. The aqueous dispersion of the
particles was filtered through a 0.22 µm pore membrane syringe.
Preparation of Rhein-heparin-magnetite nanoparticles (MP-HP-RH) (Scheme1)
5 ml aqueous solution of MP-HP with a concentration of 0.3 g/L was sonicated for 10 min and
then was added 0.1 g of Rhein. The pH of the mixture was adjusted at 3-4 with 1 M HCl solution
and sonicated for 50 min and then Rhein-heparin-coated magnetite nanoparticles were separated
by centrifugation at 4000 rot/min for 30 min and were washed several times to neutral pH. The
lack of free RH from supernatant was monitored using UV-vis technique. The color of the final
product was yellow-orange.

Scheme 1. Schematic representation for the preparation of Rhein-heparin-magnetite
nanoparticles.
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RESULTS AND DISCUSSION

Chemical composition of MP-HP-RH particles
FTIR of magnetic nanoparticles before and after modifications are shown in Figure 4. FTIR
spectrum of magnetite nanoparticles coated with 3-aminopropyltriethoxysilane (Figure 4a)
through covalent bonds presents a characteristic band for Si-O-Fe and Si-O-Si groups at 1027–
1121 cm-1 and the absorption bands at 2929, 1313 and 924 cm-1 are attributed to vibrating bands
for –CH2, C–N and Si–CH2 bonds, respectively, from aminopropylsilane. In addition, it can be
observed Fe–O characteristic bands at 490, 529 and 696 cm-1 and two broad bands at 3430 and
1596 cm-1 which were attributed to the N–H stretching vibration and NH2 bending mode of free
NH2 terminal group, respectively. These observations are in good agreement with previously
published results.22,23
The surface modification of positively charged magnetite nanoparticles with heparin is
demonstrated by the appearance of the new bands at 1735 (COO-, C=O stretching), 1635 (amide
I, COO- assimetric streatching), 1520 (amide II), 1417 (COO- symmetric stretching), 1261-1200
(CH3-Si deformation, COOC asymmetric stretching, S=O asymmetric

stretching, C-N

stretching, N-H bending) 1095-1028 (Si-O-Si, C-O-C, S=O) and 802 cm-1 (sulfonamide band,
HN-SO3-) .19,24,25,26 After the entrapping of the RH drug it can be observed a modification in the
bands from 1635 cm-1 in FTIR spectrum of MP-HP (Figure 4b), showing two distinct peaks at
1695.4 and 1629.8 cm-1 (Figure 4c). The strong peak at 1695.4 is attributed to carbonyl and
amide group (amide I), the peak at 1629.8 cm-1 is attributed to ester group and the peak at 1608
cm-1 is assign to amide II.26 In addition, MP-HP and MP-HP-RH spectra present peak at around
1384 cm-1 (which is typical of O-CH3 stretching band), and at 1261 cm-1 (which is typical to CN and Si-CH3 groups)27. More, the spectrum of MP-HP-RH (Figure 4c) indicates a band at
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around 1400 cm-1 which is due to the presence of aromatic groups from RH. The asymmetric and
symmetric stretches of CH2 (symmetric and asymmetric stretching) at around 2800-3000 cm-1,
the bands at around 3400 and 3060 cm-1 due to different hydroxyl and amino groups and
absorption bands at around 2400-2600 cm-1 due to carboxylic group could be observed in FTIR
spectra.
Taken together, these results suggest that heparin and Rhein are immobilized at the
surface of amino-coated magnetite nanoparticles.

Figure 4. Typical FTIR spectra of: MP-NH2 (a); MP-HP (b); MP-HP-RH (c) particles; RH (d).
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Additionally to establish the chemical composition of the particles we used X-ray
photoelectron spectroscopy (XPS). The XPS survey spectra for the MP-HP and MP-HP-RH
samples were collected in the range of -10 ÷ 1200 eV with a resolution of 1 eV and a pass energy
of 160 eV. The high resolution spectra for all the elements identified from the survey spectra
were collected using pass energy of 20 eV and a step size of 0.1 eV.
XPS spectra of coated magnetite nanoparticles with aminopropyltriethoxysilane (not
shown) present all characteristic peaks of their proposed structure21: C-Si at 283.4 eV, C-C at
285.2 eV, C-N at 286.6 eV from C 1s; Si-O and Si-C at 102.3 eV and 103.0 eV, from Si 2p; CNH2 and C-NH at 399.3 and 400.8 eV from N 2p; O-Si and O-Fe at 532.4 eV and 535.0 eV
from O 1s; Fe 2p3/2 and Fe 2p1/2 at 710.6 and 723.7, from Fe 2p. An energy difference of 13.1 eV
between 2p3/2 and 2p1/2 peaks indicates that the material has Fe3O4 as a dominant phase.

Figure 5. XPS survey spectrum of MP-HP particles (powder). Insets: High-resolution spectra of
Fe 2p, N 1s, S 2p, O 1s and Si 2p.
The XPS survey spectrum for MP-HP particles showed oxygen, carbon, nitrogen, sulfur,
silicon and iron peaks (Figure 5, Table 1) which confirm that the heparin is present in material.
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The survey spectrum and high-resolution spectra of MP-HP-RH (Figure 6, Table 1) showed the
presence of all specific elements in different states of HP and RH. It should be mentioned that,
the percent of C in MP-HP-RH sample is increased, as compared with those of MP-HP (Table 2),
and C=C (specific for RH) is present. Also, decreased concentration of the other atoms was
observed (iron content was no longer detected due to the presence of shell) due to the increased
organic component (Table 2).
From high-resolution XPS spectra, even if it is difficult to quantify by XPS,15 the sulfur is
in two states, OSO3 (168.8eV), NSO3 (170.1eV) and from the peak-fitting of C 1s, O 1s and N 1s
specific peaks could be observed (Figure 5, Table 1). Evidence of magnetite was proven by the
presence of the iron 2p peak. The two oxidation states of iron (Fe2+, Fe3+) were identified in a
ratio Fe2+/ Fe3+ of ~0.5, and correspond to magnetite.28 XPS spectra (Figure 5 and 6) were used
to generate Table 1. The peak of nitrogen atoms of MP-HP sample, between 399 and 402 eV,
was resolved in four bands characteristic of N 1s electrons of N-SO3-, -NH2, N-C=O and -NH3+
(Figure 5) while MP-HP-RH showed two characteristic peaks of N-SO3-, and N-C=O groups
(Figure 6). The presence of N-SO3- groups reflects the presence of heparin in both samples
whereas the N-C=O function was generated by the coupling of heparin and Rhein drug to amino
group of MP-NH2 particles (Scheme 1). It should be mentioned that in MP-HP sample still exists
unreacted -NH2 and -NH3+ groups which disappeared in the MP-HP-RH sample. The sulfur peak
was resolved in S 2s electrons, showing N-SO3- and O-SO3- groups of heparin in both samples.
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Figure 6. XPS survey spectrum of MP-HP-RH particles (powder). Insets: High-resolution
spectra of C 1s, N 1s, S 2p, O 1s and Si 2p.
Table 1. The curve-fitted XPS C1s, O 1s, N 1s, S 2p, Si 2p, Fe 2p high resolution spectra
(powder) (*reference spectra).
Specimen
name
Element
C 1s

O 1s

N 1s

S 2p
Si 2p
Fe 2p

MP-Hp
Curve fitting
284.2
*285
285.6
286.5
287.3
288.5
530.5
531.3
532
532.6
533.7
399.2
400.1
401.4
402.1
168.5
169
102.3
103.2
709.3
710.9

MP-Hp-Rh

Kinds

Ratio Curve fitting
C-Si
4.57
284.5
C-C
40.91
*285
C-NH2
21.44
285.7
C-O-C/C-OH
17.52
286.6
O=C-N/O-C-O 10.65
287.5
O=C-O
4.91
288.7
O-Fe
6.96
N-C=O
22.29
531.5
O-Si/O-S
24.97
532
C-OH/O-C-O
37.40
532.9
O=C-O/C-O-C 8.37
533.9
N-SO3
17.81
400
NH2
25.37
C-N+H3
21.47
N-C=O
35.35
402
N-SO3
31.69
168.9
O-SO3
68.31
169.6
Si-C
33.93
102.4
Si-O
66.07
103
2+
Fe
34.06
3+
Fe
65.94
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Kinds
Ratio
C=C/C-Si
7.23
C-C
45.06
C-NH2
8.78
C-O-C/C-OH
19.28
N-C=O/O-C-O 13.42
O-C=O
6.22
N-C=O
O-Si/O-S
C-OH/ O-C-O
O=C-O/C-O-C
N-SO3

26.5
7.03
55.73
10.74
17.81

N-C=O
N-SO3
O-SO3
Si-C
Si-O

82.19
31.66
68.34
33.94
66.06

Table 2. Elemental compositions of MP-HP and MP-HP-RH according to XPS survey spectra
(atomic percent (%)).
Sample
MP-Hp
MP-Hp-Rh

Fe
0.77
-

O
29.73
27.32

N
5.88
2.19

C
53.17
66.75

S
2.62
0.7

Si
7.82
3.05

From Figure 7 and Table 3 two main weight loss steps around 230°C, attributed to
heparin decomposition, and around 360°C, due to the presence of siloxane chain, could be
observed for MP-HP. It should be noted that, the MP-HP particles present a higher content of
organic radical and lower content of residual mass to those with aminosilane shell (Figure 7,
Table 3), which demonstrate that the MP-HP particles have an increased content in organic
radical of their shells.

Figure 7. TG and DTG curves for MP-NH2 and MP-HP particles.
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Table 3. Thermogravimetric analysis data of MP-NH2 and MP-HP nanoparticles.
Probe Code
MP-NH2

MP-HP

Weight loss (%)
5.6 (water content)
4.4 (organic radical)
19.0 (siloxane chain)

Temperature (°C)
55-100
140-180
310-380

Residual mass: 71.0 %
5.33 (water content)
55-100
14.63 (heparin and organic radical)
140-270
14.71 (siloxane chain)
350-450
Residual mass: 65 %

Figures 8 and 9 shows hydrodynamic diameter and zeta potential measurements at
different pH for the colloidal water solutions of MP-NH2, MP-HP and MP-HP-RH magnetic
nanoparticles.
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Figure 8. Hydrodynamic diameter as a function of pH for MP-HP and MP-HP-RH coated
magnetic nanoparticles, measurement at 37°C.

Figure 9. Zeta potential as a function of pH for various water soluble coated magnetic
nanoparticles, measurement at 37°C.
The surface potential (ξ) of MP-NH2 is positive for 3 to 5.7 pH interval, zero for pH=5.7
and negative for 5.7 to 8.3 pH interval (positive maximum value at pH=3.2, ξ=49 mV and a
negative maximum value at pH=6.8, ξ=-58 mV).21 The dispersion of MP-HP particles in water
has a good stability, except isoelectric points near a pH of 4.5 and 7.7 and the zeta potential is
negative for 4 to 4.5 and 7.6 to 9.0 pH intervals and becomes positive for 4.5 to 7.8 pH interval.
The negative values of zeta potential are consistent with typical values for heparin3 when Osulfate or/and N-sulfate groups from HP are oriented to the surface and the positive values are
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consistent when the O-sulfate or/and N-sulfate are as internal groups which was demonstrated by
ARXPS measurements at 0 and 60º (Table 4). From Table 4 at 0º a relative concentration of
5.88% and 2.62 % for nitrogen and sulfur, respectively, were observed, while at 60° the
concentrations were reduced at 3.86% and 1.19%, respectively. It should be mentioned that at
60° the depth from which the XPS information is obtained is around 3-4 nm, while at 0° the
depth is around 10 nm.
Table 4. ARXPS results of MP-HP particles at neutral pH.
Angle (°)
0
60

Fe

O

N

C

S

Si

0.77
1.23

29.73
27.39

5.88
3.86

53.17
55.35

2.62
1.19

7.82
10.98

In addition, the effect of pH on particle size (Figure 8) shows that MP-HP particles have
an average size of less than 8 nm. TEM images of MP-HP nanoparticles, shown in Figure 10,
indicate that MP-HP coated nanoparticles were well-dispersed on the grid with a few tendency of
aggregation and the particle size is about 6.5±2 nm, with standard deviation in the
monodispersed range.3
Concerning the MP-HP-RH sample, the zeta potential is negative for 3.5 to 9.5 pH interval
(Figure 9), showing a high colloidal stability in water,20 demonstrated by low surface potential
values (-26÷-42 mV) which is consistent with the negative groups of heparin20 which are
oriented toward water. With increasing pH, from 3.5 to 6.5, leads to a progressive increase in
aggregate sizes from approximately 6 nm up to 250 nm. With increasing pH above 6.5 it can be
observed that the particle sizes decrease from 250 to approximately 6 nm. TEM image of MPHP-RH nanoparticles at pH=7.0 (Figure 10) shows that the aggregate contains more than one
coated nanoparticles. This aggregation could be reversed by lowering or increasing the pH; the
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same phenomena was observed for coated magnetic nanoparticles with poly(dimethylaminoethyl
methacrylate) coated magnetic nanoparticles.27

Figure 10. TEM images at pH=7 of: MP-HP nanoparticles – an overview (insert: TEM image of
one of the nanoparticle) and one MP-HP-RH nanoparticle.
It should be mentioned that the titration process of MP-HP-RH aqueous dispersion
revealed an interesting color behavior: when the pH is increased from acidic to basic the color of
the dispersion in water turns from orange-red to orange-yellow (Figure 11), demonstrating,
again, the presence of Rhein into nanoconjugate. This color changing was observed by Vittori et
al.9 for aloe-emodin compound, an anthranoid derivate from the same class of compounds like
Rhein.
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Figure 11. pH-color sensitive behavior for water soluble Rhein magnetic nanoconjugate (MPHP-RH).
The anthranoid solution in basic media forms the alkaline salt of anthranoid that is
responsible for the orange-red color and in acidic media the color is changed in orange-yellow
color.
Fluorescence studies
Figure 12 presents emission spectra of MP-HP-RH nanoparticles in ethanol-water solution for
two selected concentrations at neutral pH are similar with those of the free Rhein in ethanolwater solution (Figure 2), presenting the same two specific emission maxima at 520 and 571 nm
with F520/571=0.91. The emission intensity increases with increase of the MP-HP-RH
concentration. Finally, using the fluorescence intensities from 520 nm of MP-HP-RH spectra
(Figure 12) and calibration plot of the Rhein (Figure 1) could be determined the concentration of
the Rhein in nanoparticles. Finally, MP-HP-RH magnetic nanoparticles had Rhein contents in the
range 4.3 to 5.8 %, according to fluorescence results.
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Figure 12. Emission spectra of MP-HP-RH nanoparticles in ethanol-water solution for two
selected concentrations at neutral pH
The magnetic measurements showed the superparamagnetic properties for both types of covered
magnetite nanoparticles (MP-HP and MP-HP-RH) (Figure 13), confirming that the drug delivery
system obtained is suitable for biomedical application.29 Heparin-magnetite particles were
studied in solid state and Rhein conjugate in liquid state and the saturation magnetization is
found to be around 2 emu/g for both samples. This value is lower than that for magnetite
nanoparticles (around 45 emu/g) because of heparin layer when the content of magnetic phase in
the sample toward the nonmagnetic shell is too low. These results are correlated with values
obtained for the other drug delivery systems based on magnetite, as a core30,31,32 and allows the
MP-HP-RH nanoparticles for highly efficient magnetic manipulation when used as drug delivery
systems.
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Figure 13. Plot of magnetization versus magnetic field at room temperature for MP-He (solid
state) and MP-HP-RH (ferrofluid)
In vitro release of Rhein loded on heparin magnetite nanoparticles
The Rhein release from MP-HP-RH sample and the drug release profile (Figure 14) were
performed using UV spectrophotomether. For each sample the UV spectrum was recorded three
times for calculation of mean value and standard deviation. The maximum amount of the Rhein
drug released from MP-HP-RH nanoparticles, calculated according to the UV results, was of 3.7
% (wt), lower than that calculated by fluorescence data. In the first 8 hours the drug was released
at a rate of approximately 40% (wt) and after that it was followed by a sustained release for up to
35 hours.
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Figure 14. The drug release profile from magnetite dispersion loaded with Rhein

Cytotoxicity assay of nanoparticles
The cytotoxicity of the magnetic nanoparticles carrying Rhein (MP-HP-RH) and MP-HP
nanoparticles (same concentration of nanoparticles but without Rhein) was evaluated by
determining the viability of the human tumor hepatocyte cell line, HepG2 after incubation with
the media containing the nanoparticles (Figure 15). Cell viability was determined using the
reduction of tetrazolium salt, MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyltetrazolium
bromide) by the action of dehydrogenase enzymes in metabolically active cells, and generation
of intracellular purple formazan that can be solubilized and quantified spectrophotometrically.
The MTT assay was performed in 24-well plates following the standard procedure. Hepatocytes
Hep G2 were seeded at a density of 4x104 cells/well for 24 hours before the media was replaced
with one containing the nanoparticles (previously sterilized with UV irradiation for 30 min).
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After 48 hours incubation of hepatocytes at 37°C and 5% CO2 with different concentration of
MP-HP-RH, free Rhein and MP-HP, the culture media from each well was removed and the
MTT solution (0.5 mg/ml in PBS) were then added to each well. Control experiments were
carried out using the complete growth culture media only (non-toxic control) and with 0.5 %
Triton X-100 (toxic control).
After 3 hours of incubation at 37°C and 5% CO2, the media were removed and the
formazan crystals were solubilized with the lysis buffer containg 10% Triton X100 and 0.1 N
HCl in isopropanol for 2 hours at 37°C. The optical absorbance was measured at 570 nm with
the reference wavelength at 720 nm on a microplate reader (Tecan GENios). The results were
expressed as percentages relative to the results obtained by the non-toxic control. The differences
in the results obtained from different concentration of MP-HP-RH and the controls were
analyzed statistically using the two sample t-test. The differences observed between samples
were considered significant for P < 0.05.
The viability of the hepatocytes in the presence of MP-HP-RH and MP-HP was assessed
relative to cells in the control experiment (no magnetic particles present) using the MTT assay
which has been described as a very suitable method for the detection of cellular toxicity.33
For all three concentration of Rhein associated with magnetic particles tested (10 µM, 20 µM, 30
µM), the viability of tumor hepatocytes is significantly reduced to approximately 10 %. The
maximum value of cytotoxicity induced by free Rhein is observed at the concentration of 30 µM
(approximately 65% of cell viability), but the values obtained are significantly higher (p<0.005)
in comparison with the cytotoxicity induced by Rhein associated with magnetic particles (MPHP-RH). In the case of MP-HP (heparinized magnetic particles without Rhein, used at the same
concentration of magnetic nanoparticles as that investigated for MP-HP-RH), the cellular

24

viability after 48 hours of incubation with all three concentrations used remains high (> 90% as
compared to the control cells) (Figure 15). The results point out the low intrinsic toxicity of the
heparinized magnetite nanoparticles to hepatocytes and the high cytotoxicity induced by
association of Rhein with heparinized magnetic nanoparticles.

Figure 15. Cytotoxicity of MP-HP-RH compared to free Rhein and MP-HP at the same
concentration
The cytotoxicity was measured by the viability of hepatocytes HepG2 grown for 48 hours in
media containing these nanoparticles relative to the control cells. The toxic control is also shown.
Results are represented as mean ± standard error. p<0.005 (MP-HP-RH versus free Rhein) and
p<0.05 (MP-HP-RH versus MP-HP).
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CONCLUSIONS

We proposed a flexible methodology for the preparation of monodisperse, water-soluble
magnetic nanoparticles coated by heparin and loaded with Rhein for cancer chemotherapy. The
presence of the biocompatible shell was evidenced by FTIR, TGA, XPS and ARXPS analysis.
The superparamagnetic behavior of magnetic biovehicles was confirmed by VSM. The stability
of magnetic nanoparticles in water at different pH values was demonstrated by high potential
zeta values for both types of nanoparticles. The hydrodynamic diameter of 6.5±1 nm for heparin
coated magnetic nanoparticles is almost independent of pH. The positive value of potential zeta
for heparin coated nanoparticles at neutral pH was explained by ARXPS. The diameter of Rheinheparin coated magnetic nanoparticles is dependent of pH. The HRTEM images have shown that
the coated nanoparticles presents a spherical core surrounded by a uniform shell and for Rheinheparin coated nanoparticles at neutral pH aggregates, with an approximately diameter of 250
nm, are formed. These aggregates could be reversed in single coated nanoparticles, with diameter
of 6±1 nm, by increasing or lowering the pH. The entrapping and release of Rhein from coated
magnetic nanoparticles were controlled in a sustained manner. Rhein conjugates tested (10 µM,
20 µM, 30 µM) showed that the viability of tumor hepatocytes is significantly reduced to
approximately 10 % and exhibited better antitumor activity as compare with those of free Rhein.
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