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Abstract

A gelatinized cross-linked high amylose starch matrix with magnetic properties was synthesized via in situ formation of iron oxides inside
the polymer matrix. Precipitation and multiple oxidation of ferrous ions were performed. The samples were observed using transmission and
scanning electron microscopy, showing morphological changes in the magnetic and polymer phases. The iron content analysis revealed a
decay from one oxidation cycle to the next one if no fresh ferrous solutions are added before the multiple oxidation. X-ray diffractograms,
magnetization curves and Msbauer spectra were also recorded for the characterization of the magnetic phase. The products exhibit
superparamagnetic properties due to the presence of ferrimagnetic nanoparticles, although some other iron compounds are also present
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction the particle surfaces for immuno-based separations of anti-
bodies. Some composite materials can be synthesized by

Starch is one of the most widely used carbohydrate coating finely divided magnetic iron oxides with natural

polymers and it is composed of two polysaccharides: linear or synthetic polymers, while in situ formation of the iron

amylose and branched amylopectin. Epichlorohydrin cross- nanoparticles inside the polymers is also used. A review of

linked high amylose starch, known by the commercial name these methods was published by Platsoucas (1987).

of Contramid’, has been introduced as matrix for controlled  Since the Contramitimatrix is insoluble in water, an in

drug release (Lenaerts, Dumoulin & Mateescu, 1991). situ method was selected to introduce magnetic properties

Characterization of Contramfdhas been described by into this starch excipient. Iron is introduced inside the

Dumoulin, Alex, Szabo, Cartilier and Mateescu (1998). Contramid® matrix by immersion in a ferrous chloride solu-

Studies of the swelling profiles and drug release kinetics of tion. Subsequently the iron is precipitated and finally

Contramid’ tablets under the influence of different chemical oxidized. The use of this in situ synthesis method has

and physical variables have been reported (Moussa & Carti-been described (Sourty, Ryan & Marchessault, 1998) for

lier, 1996, 1997). Recent progress in the use of this product asmagnetization of cellulosic gels which are non-ionic like

a drug excipient has been reviewed (Lenaerts et al., 1998). Contramid®. The resulting superparamagnetic material
The use of vinyl polymer particles with magnetic was characterized using five techniques: X-ray diffraction,

response in biochemistry and medicine has been describedransmission (TEM) and scanning (SEM) electron micro-

in several papers. The fields of application include not only scopy, vibrating sample magnetometry and dgloauer

drug delivery (Ugelstad, Mfutakamba, Mgrk, Ellingsen & spectroscopy.

Berge, 1985), but also diagnostics and cell separation

(Rembaun, Yen, Kempner & Ugelstad, 1982; Karlsson &

Platt, 1991). By comparison, starch brings advantageouss \aterials and methods

possibilities due to the presence of functional groups

suitable for the coupling of different biological moieties at 2.1. Materials

* Corresponding author. Contramid® powder, kindly supplied by Labopharm Inc.
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(1200 boul. Chomedey, Laval, Quebec H7V 3Z3), was contrast in the bright-field mode and also for selected area
prepared using a patented process (Mateescu, Lenaerts &lectron diffraction.

Dumoulin, 1991) based on epichlorohydrin cross-linking of

high amylose starch (Hylon VII from National Starch) 2-6. Scanning electron microscopy

followed by purification and spray-drying from water to
form a coarse powder. A solution of iron (II) chloride
tetra hydrate (Aldrich Chemical Company, Inc.) was
employed as iron source. Pellets of sodium hydroxide and
hydrogen peroxide 30% solution (both from ACP Chemi-
cals Inc.) were also used during the synthesis process.

The magnetic Contramfd powders were sprinkled on
C-tapes and subsequently coated with Au/Pd using a
Hummer VI Sputter Coater. The observations were
performed with a JEOL JSM-840A scanning electron
microscope. An acceleration voltage of 10.0 kV was applied
in all cases.

2.2. In situ synthesis of the magnetic material 2.7. Vibrating sample magnetometry
A fuspension of 0.75 g of Contranfidn 25 ml of water Approximately 20 mg of the different products at room
(2.9 % (wt) starch suspension) was slowly added to 250 ml e mperature were vibrated in a magnetic field varying from
of a degassed and constantly stired 0.5M solution of _1 551 5T, The data of magnetization as a function of the

FeCh4H;0. The system was stirred, while keeping the N - appjied field were plotted and employed for further
bubbling, for another 2 h. After this period the starch gel giculations.

with entrapped ferrous ions was separated by centrifugation

and dispersed in 250 ml of distilled water. Afterwards, 2.8. Mtssbauer spectroscopy

200ml of a 0.5M NaOH solution were added to the )

yellowish-brown starch solution, which immediately =~ Mossbauer spectra at room temperature were recorded
became greenish-brown. Finally, the mixture was placed With a conventional constant-acceleration spectrometer in
into a 65+ 5°C water bath and 10 ml of hydrogen peroxide transmission geometry and with a 1 GB#CoRh source.
(10 % (wt.)) were added dropwise. The color became The spectra for the first, third and fifth cycles were obtained
reddish-brown and, once the last drop added, the solutionand fitted using a standard Msbauer fitting program.

was removed from the heat source and stirred for 30 min. to

complete the OX|dat|on process. The final product was 3. Results and discussion

concentrated by centrifugation and the washed gel was

either employed for further oxidation cycles or freeze-  aAccording to the observed decrease of the iron content
dried to a reddish-brown powder. More than one oxidation (42 56, 39.08 and 29.92% for the first, third and fifth cycle
step implies the subsequent addition of the NaOH solution regpectively) we can state that the iron compounds are not
and the oxidation with b0, solution. Five cycles were  chemically bound to the polymer matrix. It seems that
performe(_j and the collected freeze-dried samples werephysical interactions between both components of the
characterized. composite material are not strong enough to prevent the

o . mechanical loss of magnetic phase when multiple oxidation
2.3. Determination of the iron content cycles are performed. However, the iron content can be
increased (51.30 and 52.05% for the third and fifth cycle
respectively) when the magnetic starch gel is embedded in
ferrous ions and the multiple oxidation is performed
afterwards.

The X-ray diffraction patterns were very difficult to
analyze since multiple iron compounds seem to be present
and some peaks could correspond to more than one of them.
Only the signals at = 3509° (d = 2.56A) and 2 =

A Rigaku powder diffractometer with a Cu rotating anode 6282° (d = 1.48A) are constantly present in the diffracto-
generator and a graphite monochromator was used todrams pf the dn‘ferent cycles. They can bg associated not
analyze the products. Diffractometer scans as a function ofOnly with magnetite (F€,) and maghemiteFe,0),

Guelph Chemical Laboratories Ltd. (246 Silvercreek
Parkway N., Guelph, Ontario N1H 1E7) provided the
micro-analytical determination of the iron content for the
samples obtained after the first, third and fifth cycles using a
plasma technique.

2.4. X-ray diffraction

the Bragg angle, as well asspacing were recorded. very important in the final magnetic properties due to
their high specific magnetizations, but also with other
2.5. Transmission electron microscopy forms of iron oxides, such as haematite ke,0;). Oxy-

hydroxy products such as feroxyhit&-FeOOH) and
Aqueous dilute suspensions of the samples were appliedlepidocrocite §-FeOOH), are likely in the case of the first
and allowed to dry on Cu TEM grids, which were observed cycle. Additional peaks characteristic of the completely
with a JEOL transmission electron microscope, model oxidized material appear only as a result of more than one
JEM2000X, operated at 80.0 kV for imaging by diffraction oxidation step.
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electron diffractograms corresponding to the feroxyhite

(3-FeOOH) phase, as reported by Powers (1975) under
analogous conditions. Rounded particles with diameters
close to 20 nm are prevalent with increase of the number
of oxidation cycles, as seen in Fig. 1(b) and (c). Those dots
can be associated principally with magnetite and

maghemite.

Fig. 2(a) and (b) represent the SEM micrographs of the
magnetic Contramiti after the third and fifth cycles respec-
tively. Not only the shape of the magnetic phase but also the
shape of the polymer surface changes from one cycle to
another. Flaky polymer structures with needle-shaped
protuberances and dots on the surface are clearly distin-
guished until the third cycle. The flakes could be a result
of the freeze-drying procedures performed to obtain the
powders. However, in the case of the fifth cycle a comple-
tely different composite morphology is observed. Needles
are no longer present, while dots become predominant in a
fairly clotty polymer matrix. These results agree with those
obtained by TEM if we associate the needles and dots with
the magnetic phase of the samples.

All samples showed good magnetic response under the
influence of a permanent magnet; and the magnetization
curves shown in Figs. 3 and 4 proved their superparamag-
netism. High magnetizations, above 6J%kg™!, are
present for relatively small magnetic field values, below
0.5T, while neither coercitivity nor remanence were
observed. The saturation magnetization increases slightly
from the first to the third cycle, despite the decreasing
iron content. This can be explained by the chemical trans-
formation occurring during the oxidation process, which
leads to the conversion of some weakly ferrimagnetic or
antiferromagnetic compounds (e.g. feroxyhite or lepidocro-
cite) into strongly ferrimagnetic compounds (e.g. magnetite
or maghemite). However, a decrease of the saturation
magnetization is observed from the third to the fifth cycle,
in agreement with the decrease of the iron content. This
suggests that no more than three cycles should be performed
in order to obtain a product with optimal magnetic proper-
ties, unless ferrous ions were constantly added to the system.
In such a case the increase of the saturation magnetization is
a direct result of the increase in the iron content.

The magnetization behavior allows to assume a simple
model to estimate the size of the particles from the VSM
data plotted in Fig. 4. The very small particles (smaller than
the critical size) are considered as non-interacting ferrimag-
netic domains with a certain size distribution. Their beha-
Fig. 1. TEM micrographs of the magnetic cross-linked high amylose starch yjijor resembles that of the classic paramagnetic gas and can

after: (a) one; (b) three; and (c) five oxidation cycles. Scale bars are 100 nm be described by the Langevin functiogf (Chikazumi
(a) and 200 nm (b and c). 1997). y 9 '

The above results were corroborated by the TEM micro- \; _ MY aiff( mgViH )
graphs showing nanoparticles with different shapes. After i kT

the first cycle a dark background of iron compounds with

some larger domains, predominantly acicular up to 150 nm where M is the magnetization obtained for the applied
long, are observed (Fig. 1(a)). These exhibit powder magnetic fieldH, Mg is the saturation magnetization, and



Fig. 2. SEM micrographs of the magnetic cross-linked high amylose starch
after: (a) three and (b) five oxidation cycles.

«; is the fraction of particles with volum®; and specific
spontaneous magnetization at the temperaturé.

Fig. 5 shows the size distribution curves obtained when
assumingmy =5x10° J T 1 m™3 (value for magnetite).
The three cycles have similar distributions, principally for
larger particle volumes. The chemical transformations
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Fig. 4. Initial magnetization curves at room temperature for the samples
after the first ©), third (V) and fifth (J) oxidation cycle.

occurring during the consecutive oxidation cycles cause
changes in the shapes of the patrticles, rather than changes
in their sizes.

The volumes of the particles contributing to the VSM
curves are lower than 1I6°m®, which means that their
diameters are lower than 27 nm if they are assumed as
spherical. This value is slightly higher than the sizes
observed by TEM. The initial parts of the magnetization
curves of Fig. 4 are associated with the orientation of the
largest particles at low applied fields and that is why the
magnetization increases sharply. However, the model
considered could lead to exaggerated estimates of the maxi-
mum volume since we are disregarding particle interactions
and the orientation effect of the local particle fields, which
are particularly important for small values of applied field
and for particles with large volumes.

The products of the different cycles appear superpara-
magnetic on the time scale of the VSM measurements, i.e.
about one second. Furthermore, particles are so small that
the relaxation time for the change in magnetization direction
is less than the lifetime of the nuclear excited state
(~107" s). As a consequence, the magnetic hyperfine split-
tings characteristic of the Msbauer effect for the iron
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Fig. 3. Complete magnetization curves at room temperature for the samplesFig. 5. Particle size distributions calculated from the VSM data for the first

after the first ©), third (V) and fifth (J) oxidation cycle.

(0), third (V) and fifth (0) oxidation cycle.
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the iron content, thereby contributing to higher saturation
magnetizations for each cycle.
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