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bstract

This work evaluates an experimental set-up to coat superparamagnetic particles in order to protect them from gastric dissolution. First, magnetic
articles were produced by coprecipitation of iron salts in alkaline medium. Afterwards, an emulsification/cross-linking reaction was carried out in

rder to produce magnetic polymeric particles. The sample characterization was performed by X-ray powder diffraction, laser scattering particle
ize analysis, optical microscopy, thermogravimetric analysis and vibrating sample magnetometry. In vitro dissolution tests at gastric pH were
valuated for both magnetic particles and magnetic polymeric particles. The characterization data have demonstrated the feasibility of the presented
ethod to coat, and protect magnetite particles from gastric dissolution. Such systems may be very promising for oral administration.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Magnetite particles have been proposed for oral use as mag-
etic resonance contrast agents and magnetic markers for mon-
toring gastrointestinal motility (Briggs et al., 1997; Ferreira
t al., 2004). Magnetic resonance imaging (MRI) is a non-
nvasive technique which can provide cross-sectional images
rom inside solid materials and living organisms (Richardson
t al., 2005). MRI has several inherent advantages, such as the
ack of radiation exposure, excellent soft tissue contrast, and
irect multiplanar capabilities (Kim and Ha, 2003). Advances
n MRI, including the implementation of high-performance gra-
ients and the availability of oral contrast agents, have led to

n increasing use of MRI in the evaluation of the intestine
Lauenstein et al., 2003), markedly using magnetite particles
Briggs et al., 1997). Magnetite particles were also suggested as
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racers to study the gastrointestinal motility. In fact, such mag-
etic measurement may be a promising tool in order to evaluate
he dynamics of the gastrointestinal tract by monitoring ingested

agnetic tracers. Once ingested, the magnetic tracers endow the
astrointestinal tract with a strong magnetic signal. Changes in
agnetic signal would be caused by changes in magnetic ori-

ntation or volume within the organ due to its motor activity
Ferreira et al., 2004).

Despite the promising properties, magnetite particles dis-
olve in acid media. The rate of dissolution of oxides is known to
ncrease with increasing hydrogen ion concentration (Schindler,
991). Gastric juice has an approximate pH of 1, and the normal
ransit time in the stomach is 2 h (Paulev, 1999–2000; Sinha and
umria, 2002). The gastric secretions include pepsin, mucus,

nd hydrochloric acid (HCl) (Paulev, 1999–2000). Therefore,
agnetite particle dissolution may take place during the period

n which particles pass through the stomach. Such possible par-
icle loss could reduce the signal for MRI or for monitoring

astrointestinal motility, depleting the efficiency of the system.

Regarding pharmaceutical technology, protecting com-
ounds from gastric environment is a key issue. In fact, many
pproaches have been proposed, namely coating with pH-

mailto:socrates@digi.com.br
dx.doi.org/10.1016/j.ijpharm.2006.10.019
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ensitive polymers, time-dependent delivery systems, and the
se of biodegradable polymers (Sinha and Kumria, 2001). Con-
erning pH-dependent systems, they exploit the fact that the pH
f the human gastrointestinal tract increases progressively from
he stomach (pH 1–2) to the intestine (pH 6–8). The polymers
sed to design such systems should be able to withstand the
ower pH values of the stomach in order to protect the com-
ound from the gastric fluid (Chourasia and Jain, 2003). The
ime-dependent formulations are designed to resist the release
f the drug in the stomach with an additional non-disintegration
r lag phase. Intestinal release is enabled, and protection from
astric environment is provided (Sinha and Kumria, 2001). The
ther strategy relies on the resistance of some polysaccharides to
he digestive actions of gastrointestinal enzymes. The matrices
f polysaccharides are assumed to remain intact in the physiolog-
cal environment of stomach and small intestine. Once they reach
he colon, bacterial polysaccharidases come into play, and degra-
ation of the matrices takes place. Such group of polysaccharides
s comprised of amylase, chitosan, pectin, dextran, inulin, chon-
oitrin, xylan, etc. These polymers present a large number of
erivatizable groups, a wide range of molecular weights, low
oxicity, biodegradability, and high stability (Chourasia and Jain,
003). Because of the presence of biodegradable enzymes only
n the colon, such systems seem to be more suitable with regard
o selectivity as compared to the other approaches (Sinha and
umria, 2001).
Among the colon-degradable polymer cited above, xylan is

very promising one. In fact, it is the most common hemicel-
ulose, and represents more than 60% of the polysaccharides
xisting in the cell walls of corn cobs (Ebringerova et al., 1992).
t is considered the second most abundant biopolymer in the
lant kingdom. Its chemical structure is mainly composed of
-glucuronic acid, l-arabinose and d-xylose in the approximate
atio of 2:7:19 (Ebringerova et al., 1994). The aim of this work
as to develop xylan-coated magnetic microparticles in order

o protect magnetite from gastric dissolution.

. Materials and methods

.1. Materials

Ferric chloride hexahydrate (Synth Chemical, Brazil; 97%),
errous sulphate heptahydrate (Synth Chemical, Brazil; 99%),
odium hydroxide (Vetec Chemical, Brazil; 98%), hydrochloric
cid (Vetec Chemical, Brazil; 37%), chloroform (Vetec Chemi-
al, Brazil; 99%), cyclohexane (Vetec Chemical, Brazil; 99%),
erephthaloyl chloride (Sigma Chemical, German; 99%), and
orbitan triesterate (Aldrich Chemical, USA) were used as
eceived from manufactures. Xylan was extracted from corn
obs (Garcia et al., 2001).

.2. Methods
.2.1. Synthesis of magnetic particles (MP)
The set-up used to synthesize magnetic particles was based

n coprecipitation method (Kim et al., 2001; Koneracka et al.,
002; Massart, 1981). Solutions of ferric chloride and ferrous

J
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T
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ulphate were prepared as a source of iron by dissolving the
espective chemicals in a 0.4 M HCl solution under vigorous
tirring using a mechanical stirrer (IKA RW-20, Germany) at
60 rpm at room temperature (25 ◦C). As a second step, solutions
ere combined and a homogenous mixture of FeCl3 (0.1 M) and
eSO4 (0.05 M) was formed. An aqueous dispersion of particles
as obtained just after adding 9 ml of the mixture of ferrous and

erric salts drop-wise into 450 ml of NaOH 1M under sonication
Unique USC 1800, 40 kHz, Brazil) and vigorous mechanical
tirring at 960 rpm (IKA RW-20, Germany) for 30 min at room
emperature (25 ◦C). For such synthesis, the chemical reaction
s expected as follows:

e2+ + 2Fe3+ + 8OH− → Fe3O4 + 4H2O (1)

.2.2. Production of polymeric magnetic particles (PMP)
In the following step, 0.115 g of xylan was dissolved in

.2 mL of 0.6 M NaOH under vigorous stirring at room tem-
erature. The magnetic suspension [0.025 g/mL], previously
eutralized, was sonicated for 40 min and 3 mL of this sus-
ension was added into the xylan solution. Emulsification
as then carried out in 30 mL of chloroform: cyclohex-

ne [1:4 (v/v)] containing 5% (w/v) sorbitan triesterate. By
dding 40 mL of a 5% (w/v) terephthaloyl chloride solution,
nterfacial cross-linking reaction took place under vigorous
tirring. PMP were separated by centrifugation and several
ashes.

.2.3. Size and morphology studies
The mean diameter of MP and PMP was examined using a

aser scattering particle size analyzer (Cilas, 920L, France). The
echnique is based on the principle of Fraunhofer diffraction
o determine the particle size of diluted suspensions. Samples
ere pretreated using a dispersing agent (sodium hexametaphos-
hate) to inhibit flocculation, and then dispersed and homoge-
ized.

Morphology analysis of PMP was conducted by microscopy
n a scanning electron microscope (XL 30 ESEM, Philips, The
etherlands). One drop of the MP/PMP suspension and one
rop of water were added on a lamina surface, and investigated
t 10×, 40× and 100× magnification.

.2.4. X-ray analysis
The structural properties of MP were characterized by X-ray

owder diffraction (XRPD), which was carried out in an X-ray
iffractometer (Shimadzu, XRD-6000, Japan). Representative
owder samples were analyzed in the range 10◦ < 2θ < 80◦ by
sing the K� line Cu as a radiation source with wavelength
.54056 Å.

.2.5. Thermogravimetric analysis
The magnetite content in the polymeric microparticles was

ssessed by thermogravimetric analysis (Shimadzu TGA-50H,

apan). PMP, MP and a sample produced just like PMP except for
he magnetite content (polymeric particles, PP) were analyzed.
he powder samples were obtained by drying aqueous suspen-
ions using the same method reported above. During analysis
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Fig. 1. Size distribution of magnetic parti

he sample was heated in an air stream with a heating rate of
0 ◦C min−1 from room temperature up to 1000 ◦C.

.2.6. Magnetization measurements
Magnetization measurements on powder MP and PMP sam-

les were performed using a homemade vibrating sample mag-
etometer (VSM), previously calibrated with nickel. Represen-
ative powder samples were obtained after MP and PMP suspen-
ions were dried at 100 ◦C for 3 h on Petri dishes. Magnetization
ersus applied field was measured at room temperature for all
amples. The magnetometer was calibrated with nickel. Analy-
es were carried out using a maximum applied field of 1.17 T.
he field was swept from 0 to 1.17 T, then through 0 to 1.17 T,
nd finally, through 0 to1.17 T.

.2.7. Dissolution study
As iron oxide undergoes proton-assisted dissolution, this

tudy was performed at the most acid gastrointestinal pH.
agnetite dissolution at gastric pH was determined in vitro

or MP and PMP samples, both containing 18.94 mg of mag-
etite. A dissolution apparatus (Sotax AT 7, Allschwil/Basel,
witzerland) with paddles was employed to carry out all of
he tests. The dissolution medium, experimental temperature,
nd paddle speed were 1000 ml of 0.1 M HCl, 37 ± 0.1 ◦C, and
00 rpm, respectively. At regular intervals of time, 15 ml samples
ere withdrawn. Free iron was assessed spectrophotometrically

p
r
f
t

Fig. 2. Scanning electron microscopy images of magnetic
A) and polymeric magnetic particles (B).

Cary-Varian 1 E UV–vis spectrophotometer) at 512 nm from
standard curve, according to phenanthroline method (Gary,

994).

. Results and discussion

.1. Size and morphology studies

Laser diffraction was employed to analyze the size distribu-
ion of MP and PMP (Fig. 1). The mean diameter was calcu-
ated by “The Particle Expert” software from Cilas equipment,
nd consisted of the De Brouckere mean diameter, also called
[4,3]. Concerning MP, it was found to be 4.88 ± 1.77 �m. It
as also determined that 90%, 50% and 10% of the sample
as smaller than 9.81 ± 1.78, 2.80 ± 0.69 and 0.36 ± 0.03 �m,

espectively. The size of the MP was not uniformly distributed
round the median value. Instead, it showed a tendency towards
bimodal distribution with a left sided tail. The mean diameter
f PMP was found to be 25.26 ± 0.42 �m. It was also deter-
ined that 90%, 50% and 10% of the sample was smaller

han 45.52 ± 0.66, 23.76 ± 0.54 and 6.26 ± 0.14 �m, respec-
ively. The polymeric coating process produced changes in the

article size distribution, and the MP bimodal distribution was
eplaced by a unimodal one. Additionally, PMP was nearly five-
old larger, suggesting that the polymeric coating involved more
han one particle, consisting of multi-core/shell structures. Addi-

particles (A) and polymeric magnetic particles (B).
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Fig. 3. X-Ray powder diffraction patterns of magnetic particles.

ionally, the PMP were found to be roughly spherical in shape
Fig. 2).

The span index was used to analyze the polydispersity in
he particle size distribution. It is defined as (D90 − D10)/D50,
here D10, D50, and D90 are the respective particle sizes at 10,
0, and 90% cumulative percentage undersize. The span index
f MP was 3.375, indicating high polydispersity. For PMP, the
olydispersity was decreased markedly down to 1.652.

.2. X-ray analysis

According to XRPD patterns, as shown in Fig. 3, magnetite
as the dominant phase in the analyzed sample, with a pri-
ary scattering peak at around 2θ = 35◦ (Chen and Hu, 2003).
he XRPD patterns analysis suggested the absence of ferric
ydroxide that would produce a primary peak at 2θ = 26.38◦.
dditionally, no peaks of other compounds, such as goethite

2θ = 21.22◦) and hematite (2θ = 31.15◦) were observed.

.3. Thermogravimetric analysis

Thermogravimetric analyses were carried out for PMP, MP
nd PP (Fig. 4).

Concerning MP, there was no weight loss up to 1000 ◦C,
xcept for a likely water loss in the sample. In fact, no thermal
vent is expected for magnetite particles in the temperature range

f TGA (Pan et al., 2005).

Regarding PP, weight loss took place mainly in the tempera-
ure range of 230–500 ◦C. At 450 ◦C, nearly all the sample mass
ad been already decomposed (97.4%).

t
a
p
m

Fig. 5. Magnetization curves of magnetic particle
ig. 4. Thermogravimetric analysis of polymeric magnetic particles, magnetic
articles and polymeric particles.

Concerning the PMP, TGA curve revealed that the ther-
al events occurred in two temperature ranges: 25–100 and

30–500 ◦C. In the first one, the decrease of weight was about
%, which could be attributed to desorption of water. In the sec-
nd zone, weight loss was nearly 70%. It could be attributed to
he polymeric coating, as PP weight loss was observed in the
ame temperature range. At 1000 ◦C, the remaining mass was
bout 25%, attributed to magnetite content. Therefore, polymer
oating/magnetite ratio was 14:5. Considering such data and the
nitial polymer/magnetite mass ratio, encapsulation efficiency
as about 66%.

.4. Magnetization measurements

The results shown in Fig. 5 indicated that MP readily dis-
layed magnetization when subjected to a magnetic field. It
as found that there was no remanent magnetization (M = 0 for
= 0) suggesting that MP was superparamagnetic. However,

onsidering the particle size distribution (Fig. 1), there should
e a nett magnetization in the absence of external field. One pos-
ible mechanism for this unique form of superparamagnetism
s the independent thermal fluctuation of small ferrimagnetic
omains inside the particles. The boundaries of the small crystal-
ites within the particles may contain lattice defects that impede
he propagation of the magnetic order (Silva et al., in press). The
ame magnetic properties were observed for the PMP. Although

he PMP consisted of multi-core/shell structures, as mentioned
bove, such additional agglomeration did not changed the super-
aramagnetic properties of the system. Concerning saturation
agnetization, it was found to decrease for PMP as compared

s (A) and polymeric magnetic particles (B).
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o MP. However, such decrease in the saturation magnetization
s expected to take place when the powders are polymer-coated
Ramanujan and Yeow, 2005) since the measurement unit is
ass-related.

.5. Dissolution study

Magnetic particles synthesized by coprecipitation are
acroanions. Electric charges are due to specific adsorption

f the amphoteric hydroxyl group, which leads to superfi-
ial negative charges in the alkaline medium and positive
harges in the acidic one (Bacri et al., 1990). Superficial
cid–base reactivity plays an important role in understanding
he mechanisms of magnetite dissolution. Such mechanisms
omprise protonation, reduction or complexation (Schindler,
991).

Regarding protonation mechanism, protons promote the dis-
olution process by protonating OH groups on the mineral sur-
ace. Such process contributes to a weakening of the Fe O bond
van Oorschot and Dekkers, 2001). As this bond is weakened,
ron is released into the solution according to the equation bellow
Keny et al., 2005). The rate of dissolution of oxides in known to
ncrease with increasing hydrogen ion concentration (Schindler,
991):

e3O4 + 8H+ → 2Fe3+ + Fe2+ + 4H2O (2)

Concerning the second mechanism, the reduction of Fe(III) to
e(II) brings about a large increase in the rate of dissolution. The
rigin of this increase is the greater lability of Fe(II) O bonds as
ompared to Fe(III) O bonds (Baumgartner et al., 1983). This
echanism is called reductive dissolution and depends on the

H, temperature and redox potential (Al-Mayouf and Al-Arifi,
005), according to equation (Keny et al., 2005):

e3O4 + 8H+ + 2e− → 3Fe2+ + 4H2O (3)

Concerning complexation mechanism, it comprises three dis-
inct steps (Panias et al., 1996): adsorption of organic ligands on
he iron oxide surface, non-reductive dissolution and reductive
issolution. All these mechanisms have in common that they are
urface controlled and the dissolution rate depends on the con-
entration of the dissolution-promoting species on the surface
Suter et al., 1991).

Considering the mechanism involved in the dissolution of
agnetite particles in the stomach, protonation may play an

tmost important role since gastric juice has an approximate
H of 1 (Paulev, 1999–2000). However, the presence of food
n the stomach may influence magnetite dissolution by a differ-
nt mechanism. For instance, ascorbic acid, which is a reducing
igand, act as an electron donor reducing the surface iron(III)
ites. As a consequence, soluble iron(II) is released (Suter et al.,
991).

Concerning MP sample, 28.47% of the magnetite content was

issolved by the 120 min (Fig. 6). MP presented the highest dis-
olution rate during the early beginning of the dissolution test,
.27% of dissolution during the first 15 min. Such effect may
e due to the left-sided tail in MP size distribution. As it can

A

B

ig. 6. Dissolution profile of magnetic particles and polymeric magnetic parti-
les.

e expected, iron oxide dissolution rate in acid pH is dependent
n particle size (Chastukhin et al., 2003). Therefore, the frac-
ion of small particle size probably underwent dissolution first.
issolution presented then an almost linear pattern from 15 to
20 min (R2 = 0.9991). Regarding PMP sample, only 2.3% of the
agnetite content was dissolved by 120 min. In this sample, par-

icles were more uniformly distributed around the median value.
herefore, a nearly uniform dissolution took place, presenting a

inear correlation coefficient of 0.9681.
Comparing the different dissolution profiles, a clear change

n the slope on magnetite dissolution curve is observed for PMP.
ifferences in dissolution profiles may be ascribed to a combi-
ation of factors. Firstly, as expected, xylan did not dissolve at
astric pH. Secondly, nearly all particles were polymer-coated.
ast but not least, coating was thick and imporous enough to cre-
te a quite impermeable layer to the surrounding acid solution.

. Conclusions

In this work, xylan-coated magnetic microparticles were
eveloped. At gastric pH, PMP scarcely underwent dissolution
ompared to MP. Therefore, it was shown that xylan coating did
hield magnetite from the gastric pH. Concerning the adminis-
ration of magnetic systems by the oral route, this was a striking
esult. Gastric dissolution and the consequent particle loss could
educe the signal for MRI or for monitoring gastrointestinal
otility, depleting the efficiency of the system. Altogether, it can

e considered that xylan-coated magnetic microparticles may be
ery promising for oral administration.
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