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Biodegradable polymeric template and magnetic composites on its base

Summary — Modified starch and sodium polyaspartate blend was used as a polymeric template for
the preparation of a magnetic composites. Their structural and magnetic properties (by SEM, magne-
tometry, IR), as well as thermal stability and particle size distributions were characterized. The de-
pendence between the magnetite content and magnetic susceptibility values is stressed. The study
confirms the possibility to obtain magnetic composites from magnetite (Fe3O4) and the polymeric
composite template based on carboxymethyl starch and sodium polyaspartate. The importance of
these magnetic composites derives from the biodegradability of the template as well as the possibilities
given by functional groups able to couple both magnetite and further bioactive substances.

Key words: carboxymethyl starch, sodium polyaspartate, magnetite, magnetic composite, structure,
properties.

BIODEGRADOWALNA MATRYCA POLIMEROWA I MAGNETYCZNE KOMPOZYTY NA JE] POD-
STAWIE

Streszczenie — Otrzymano skrobie modyfikowana kwasem monochlorooctowym (CMS) oraz sél
sodowa poli(kwasu asparaginowego) (PSI-Na), ktérych mieszanine (1:1) uzyto w charakterze biode-
gradowalnej matrycy polimerowej w kompozytach magnetycznych. Wytworzono tez nanoczastki
magnetytu (Fe3O4) z mieszaniny FeCl3z+FeCl2. Na podstawie wspomnianej matrycy i magnetytu spo-
rzadzono kompozyty magnetyczne zawierajace 2,5 %, 5 % lub 25 % Fe304. Metoda IR scharakteryzo-
wano budowe otrzymanej matrycy i jej skladnikéw a takze magnetycznego kompozytu (rys. 1—3,
tabela 1 i 2). Zbadano strukture wytworzonych produktéw (SEM, rys. 5), ich termostabilnos¢ (TG
i DTG, rys. 4, tabela 3) i podatnos¢ magnetyczna (rys. 6); okreslono takze rozklad wymiaréw czastek
biodegradowalnej matrycy, magnetytu oraz kompozytéw magnetycznych o réznym udziale Fe304
(rys. 7). Podkreslono wzajemna zalezno$¢ pomiedzy zawartoscia czastek magnetytu a wartoscia po-
datno$ci magnetycznej kompozytéw. Wyniki przedstawionych badan potwierdzaja mozliwosé uzys-
kania kompozytéow CMS/PSI-Na/Fe304. Znaczenie takich materialéw wynika zaréwno z biodegra-
dowalnosci matrycy polimerowej, jak i ze zdolnosci obecnych w matrycy grup funkcyjnych do wiaza-
nia nie tylko magnetytu, ale i innych substancji bioaktywnych.

Stowa kluczowe: skrobia karboksymetylowana, poliasparaginian sodu, magnetyt, kompozyt magne-
tyczny, struktura, wlasciwosci.

The interest and use of the nanostructured materials
with magnetic properties in biomedical and biotech-
nological applications, including drug delivery, biosen-
sors, chemical and biochemical separation and concen-
tration of trace amounts of specific targets, such as bacte-
ria or leukocytes, enzymes encapsulation, and contrast
enhancement in magnetic resonance imaging are well
known [1—3]. In most applications, spherical nanoparti-
cles have been used. However, spherical magnetic
nanoparticles still need to be improved for better con-
trolling of particle sizes, surface functionalizations, and
their environmental compatibility, due to the structural
limitations of spherical particles when multifunctiona-
lity of their surfaces is required [4—7].

Magnetic composites can be produced by a large di-
versity of methods and starting substances. The specific
type of interactions between template and magnetic par-

ticles depend on the composition and shape of the ma-
trix as well as its surface functionality accessibility. Thus,
magnetic composites can be prepared for example by
coating of magnetic susceptible particles with synthetic
polymers with suitable functional groups for the future
supplementary attachments, or addition at the appropri-
ate templates of the magnetic ferrofluids without any
loss of subsequent binding activity. The preparation of a
ferrofluid as stable colloidal dispersion necessitates the
very good dispersion of the superparamagnetic iron
oxide nanoparticles. Thus, there is necessary the pre-
sence of suitable matrix to maintain the colloidal suspen-
sion stability. Also, for the use of the magnetic carriers in
biochemical processes it is essential that these matrices
should be biocompatible as for example natural and bio-
degradable polymers [8—11]. The literature mentions
the use of starch as cheap and “green” dispersant for
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medical and environmental applications. Thus, starch
provides dispersion of silver nanoparticles in water
without agglomeration [12—14].

In our study a mixture composed from poly(aspartic
acid) salt and modified starch was chosen as polymeric
template for the preparation of the magnetic ferrofluids.
Such template is water soluble, non toxic and biodegrad-
able and, additionally, modified starch contains func-
tional groups, which are both able to secure an increased
coupling capacity and stability of the ferrofluid.

EXPERIMENTAL
Carboxymethyl starch (CMS) preparation

Corn starch (CgH10O,, Merck) was modified with
monochloroacetic acid according to the following reac-
tion [Scheme A] and procedure.

In a three-necked flask equipped with a reflux con-
denser, 30 g of starch dissolved in 400 ml of isopropyl
alcohol was stirred very carefully with an anchor type
stirrer at ~ 400 rpm (Heidolph RZR 2020 equipment).
The process was performed at room temperature for one
hour to reach the homogeneous solution. Having stirred
for one hour (also at room temperature) 80 ml of about
30 % NaOH solution was added; than monochloroacetic
acid (36 g) was added step by step. The reaction is per-
formed for 4 hours at 55—60 °C. The reaction product —
white crystals — was decanted and mixed together with
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Scheme A. Starch modifying reaction with monochloroacetic
acid

about 70 % methanol till reaching neutral pH. Again the
liquid phase was decanted and the solid product of
modified starch was washed several times with absolute
methanol and dried under vacuum at 60 °C.

It is known that the degree of substitution (DS) of
starch during the modification reaction depends on the
composition of the reaction mixture, reaction time and
temperature [14]. For determination of DS value of CMS
obtained in the condition described, the product was ex-
tracted in methanol during 72 h and dried at 60 °C in
vacuum. After that pH of carboxymethyl starch (0.5 g)
disperion in deionized water (50 ml) was adjusted to 3.5
with 1IN HCl and the dispersion was stirred for 20 min to
convert the ionized carboxyl groups to free acid form.
Carboxymethyl groups were titrated with standardized
0.IN NaOH solution in the presence of phenolphthalein
as indicator [15]. DS of CMS was 0.6 and the yield corre-
sponding to the reaction between starch and mono-
chloroacetic acid was about 92 %.

Sodium polyaspartate (PSINa) preparation

Polysuccinimide (PSI) synthesized by the acid-cata-
lyzed thermal polycondensation of L-aspartic acid was
prepared as described previously in the literature [16]
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Scheme B. The reaction mechanism of poly(aspartic acid) syn-
thesis

and then prewashed polysuccinimide was used for the
preparation of linear form of sodium polyaspartate
[17—24] as described below. The course of this two-stage
synthesis of PSINa is presented in Scheme B.

Preparation of poly(succinimide) (PSI)

A 250 mL glass reactor equipped with a stirrer, heating
jacket, thermometer and condenser is charged with 24 mL
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of dodecane (Fluka) and 12.45 g of D,L-aspartic acid
(Sigma). The acid and alkane slurry is mixed well and
heated to about 175 °C. Than 6.3 g of 85 % ortho-
-phosphoricacid (Chemical Company) as an aqueous solu-
tion is added semi-continuously to the agitated reactor
contents while the temperature of reacting mixture was
maintained at about 175 °C via the heating jacket. Also, the
solids in the reactor are well dispersed by the agitation
throughout the organic reaction medium during the ther-
mal polycondensation reaction of aspartic acid to poly(suc-
cinimide). Water formed during the reaction is condensed
and collected continuously. The reaction is discontinued
(catalyst charge stopped) when condensing water accumu-
lation stops. Total reaction time at about 175 °C is about 6 h.
The reactor content is cooled to temp. about 20 °C. Conver-
sion based on H,O recovered is 93.6 %.

In situ hydrolysis of PSI using anhydrous NaOH

After formation of the PSI, the reactor content is fil-
tered and 14 g of PSI and 66 g of dodecane are recharged
into the reactor. 5 g of anhydrous sodium hydroxide
(Fluka) is milled into fine powder form and added to the
dodecane PSI slurry with agitation for about 7 hours at
20—24 °C. The sodium polyaspartate reaction product
present as a slurry in dodecane is centrifuged to remove
the organic reaction medium and dried in the vacuum
oven at 80 °C overnight to remove organic residuals.
Complete dissolution of the solids in water demon-
strates successful hydrolysis.

Sodium poly(aspartate) received according to the de-
scribed procedure was used for the preparation of the
magnetic composites. The salt can be further converted
to poly(aspartic acid) by reaction with a strong acid
(HCD).

Magnetic composite preparation

The magnetite nanoparticles were prepared by a con-
ventional coprecipitation from a solution containing
FeCl, (0.033 M) and FeCl3 (0.067 M) which was poured
into a base solution of NaOH (200 mM) under stirring at
60 °C. The ferrofluid suspension of Fe;O, was cooled at
room temperature. The black solid was settled over a
magnet, leaving a clear supernatant liquid that was de-
canted. The black solid of Fe;O, was washed several
times with acetone and MeOH, and the precipitates were
isolated from the solvent by magnetic decantation. This
washing-decantation procedure was repeated 3 times.

The synthesized biodegradable polymeric structures
were utilized templates for the magnetic composites
preparation. Three variants of magnetite concentration
were used, namely of 2.5 %, 5 % or 25 %.

For the magnetic composite with 2.5 % magnetite
concentration the following procedure was performed:
CMS and PSINa (ratio 1:1) were mixed together in water
at 40—45 °C till a homogeneous clear solution was ob-

tained. The prepared solution was added drop wise to
coat the prepared magnetite particles (0.05 g) well dis-
persed in distilled water (20 ml) before sonication
(30 sec). The process takes at least 1 h at 55—60 °C. Dur-
ing this time, the dispersion medium was stirred at
500—1000 rpm. For better dispersion and stabilization of
the magnetic composite 10 ml of NaOH solution (12.5 %)
was added, the mixture was stirred at 500—1000 rpm
and maintained for about 3 h at 40—45 °C. Finally, the
prepared magnetic composites were collected using a
magnet and washed consecutively with petroleum ether
and acetone. The microspheres were dried in an oven at
40 °C for 2 days.

The same procedure was used for two other variants
of composites, based on magnetite concentration equal
to 5 % and 25 %.

Methods of testing

— IR absorption spectra have been recorded using a
Perkin Elmer 577 spectrophotometer (state resolution 8
cm’}, in an air, thermoelement with vacuum as detector,
and ATR accessories) — the frequency range 400— 4000
em™ for equal quantities of ~0.1 mg films made of poly-
mers prepared.

— TG and derivative thermogravimetric (DTG)
curves were recorded using a MOM Budapest deriva-
tograph under the following operational conditions:
sample weight 50 mg, heating rate 12 °C /min, in an air
flow of 30 mL/min and with reference material o-Al,O3,

— The structure of the magnetic composite was
evaluated from the images obtained by means of a scan-
ning electron microscope BS 340 TESLA type (SEM, 20
kV accelerating voltage, 15 mm working distance, 0.5
nm spot size). The samples were covered with pure me-
tallic silver. The laying down of silver was carried out
using evaporation of the metal under a high vacuum, to
give a thickness of around 15—20 A.

— The prepared composites were characterized from
the view point of their magnetic susceptibilities; the
measurements were realized using own construction de-
vice [25].

— Particle size and particle size distributions of poly-
meric template and the prepared magnetic composites
were characterized using a Mastersizer 2000 analyzer
scheduled with a Hydro S sample dispersion unit; 0.1
mg samples and redistilled water were used for the
preparation of the dispersions.

RESULTS AND DISCUSSION

Carboxymethyl starch

The synthesized carboxymethyl starch was charac-
terized by IR spectroscopy (Fig. 1) and the bands corre-
sponding to the functional groups are mentioned in
Table 1.
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Table 1. Bands and corresponding functional groups of CMS 1
and starch [26] [
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some vibration absorption bands C=0 at 1710 cm™ cha-
racteristic to -COOH groups is noticed. Also, at 1420
cm™ and 1610 cm™ high intensity vibrations of the ab-
sorption bands C=0 characteristic to COO- groups ap-
pear.

The absorption bands at 980—1190 cm™ in starch are
specific to C-O linkages present in glicosidic rings
C-O-C and in C-OH groups. These bands are repre-
sentative for starch. The bands are discovered also in
CMS but a narrower interval 1020—1160 cm™' emphasize
the presence of the glicosidic structural unity in the
structure of the synthesized modified starch. The more
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Fig. 1. IR spectra of starch and carboxymethyl starch
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Fig. 2. IR spectra of PSI and PSI-Na

important differences in the spectra are those at
1650 cm™ which corresponds to the unmodified starch
and water adsorption and also at 1710 cm™'and 1610 cm™
related to the carboxylic groups present in modified
starch.

Sodium salt of poly(aspartic acid)

IR spectra of poly(succinimide) (PSI) and sodium salt
of poly(aspartic acid) (PSI-Na) are presented in Fig. 2.

Magnetic composite

Figure 3 presents IR spectra of the biodegradable
template (CMS/PSI-Na) and magnetic composite
(CMS/PSI-Na-magnetite) (Fig. 3a), as well as of the mag-
netite (Fig. 3b).

IR spectra of the polymeric matrices used for the
preparation of the magnetic composites present the
specific absorption bands corresponding to CMS as
well as to PSI. The IR spectrum of the prepared mag-
netic composite comprises again the particular bands
of the specific functional groups and they are men-
tioned in Table 2.

All specified groups evidenced in the IR spectra are
capable for coupling of magnetite through coordinative
links [27—29]. The polymeric composite matrix covers
the magnetic particles and holds them apart through re-
pulsive forces against attracting forces by surface ten-
sion. Moreover, the formation of a polymer layers on the
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surfaces of the magnetite nanoparticles — as can be ob-
served from SEM micrographs — maintains the stability
of the magnetic particles dispersion preventing the coa-
lescence. Thus, the stability of the dispersion against
forces due to thermal motion, repulsion, etc., which in
the ferrofluid must be stronger than the attraction forces
is assured. It is well known that the stability of ferro-
fluids composed of magnetic particles is not only af-
fected by inhomogeneous particle size distribution, but
also by the surface charge of the particles in the solution
[1, 30]. The polymeric template gives the stabilization of
the ferrofluid by the electrostatic repulsion of similarly
charged surfaces.

T able 2. Bands in the IR spectra of polymeric template and

magnetic composite corresponding to specific functional groups
[26]
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Fig. 3. IR spectra of the polymeric template CMS/PSI-Na and
magnetic composite CMS/PSI-Na-magnetite (a) and the mag-
netite prepared (b)
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Fig. 4. TG curves of the magnetic composites CMS/PSI-Na/
magnetite and polymeric template CMS/PSI-Na (as control
sample)
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Polymeric 1
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magneti.C 1610 cm™ stretch | C=0O specific for COO’
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Table 3. Dataconcerning thermal behavior of samples studied’

Magnetite, % Ty °C Wyso, % T, °C T, °C
0 120 41 200 370
25 235 48 215 375
5 240 39 210 375
25 140 44 205 340

Thermal behavior of the prepared magnetic compo-
sites is presented in Fig. 4 (as weight loss during thermal
decomposition reaction).

) Tio— temperature corresponding 10 % weight loss.
T;, Tr — initial and final temperature of the main thermal decomposi-
tion process.

Wgs0 — weight loss at 750 °C.
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Fig. 6. Evolution of the magnetic susceptibility () of magnetic

composites with different content of magnetite versus magne-

tite field intensity (H)
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There are registered 3 processes of thermal decompo-
sition — each of them having specific rate corresponding
to the particular component of the magnetic composite.
In the interval from 100 °C to 400 °C the magnetic com-
posites present higher thermal stability than the poly-
meric matrices. The weight loss values of the prepared
magnetic composites (determined from thermogravi-
metric analyses) are presented in Table 3. Thus, 10 %
weight loss of the polymeric template (control sample)
goes up to 120 °C, in contrast to the composites. For them
much higher temperatures were registered depending
on the magnetite content as for example up to 140 °C (in

Fig. 5. SEM images of the magnetic compo-
sites containing: (a) 2.5 %; (b) 5 %; (c) 25 %
of magnetite
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Fig. 7. Particle size distribution of the polymeric matrix (1),
magnetite (2), and magnetic composites with different con-
tents of magnetite (3, 4, 5) curves

case of 25 % magnetite content), 235 °C (2.5 % magnetite
content) and 240 °C (5 % magnetite content). At the same
time the higher magnetite content induces diminished
thermal stability, phenomenon attributed to the ferric
oxides that act as catalysts [31]. Up to temp. 750 °C, the
second interval of temperature, higher rate of thermal
decomposition is registered, again attributed to the mag-
netite presence. The values of weight loss at the end of
the thermal decomposition processes (750 °C) do not
surpass 39—48 % of the samples weights owing to Na
and Fe presence.

SEM images were used to evaluate the morphological
aspects of the magnetic composites prepared. Figure 5
illustrates a self-assembling of the magnetic particles.
The polymeric surface with homogeneous structure —
the macromolecular chains including functional groups
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able for coupling the magnetic material — was primarily
smooth, although some roughness could be identified in
certain areas. The magnetite performs a relatively
spherical geometry of particles deposited onto the sur-
face of the matrix and encapsulated onto the entire sur-
face of the polymeric template, being also evident with
the increase in magnetite content. Small quantities of
magnetite (2.5 %) are not able to perform a continuous
phase on the polymeric surface what reflects also in the
worse magnetic properties of the composite (see Fig. 6).
Growth of the magnetite content in the magnetic com-
posite (5 % or 25 %) do not induce congestion; the mag-
netic product remains uniform and well dispersed onto
the polymeric matrix which determines also the im-
provement in magnetic properties of the composite. The
homogeneity of the magnetic particles dispersion on the
polymeric surface in case of samples with 25 % magne-
tite content is also caused to some degree by uniformity
of the synthesized magnetic particles what was under-
lined and evidenced by the size distribution of the mag-
netic composite particles (see Fig. 7).

The magnetic susceptibility determined for the pre-
pared magnetic composites is presented in Fig. 6.
Growth of the magnetic susceptibility corresponds to the
higher magnetite content. Also, the magnetic suscepti-
bility values demonstrate the possibilities to use the
composites for example for biochemical separation.

The analysis of particle size distribution (Fig. 7)
shows the polymeric matrices capacity for coupling the
magnetite; practically, a reduction of the particle size
takes place after preparation of the magnetic composites.
The synthesized particles varied in size from the micron
and submicron range with a relatively broad size distri-
bution. This was not unexpected since it was well
known that small changes in the synthesis procedure
could result in significant changes in the resulting micro-
spheres. It is important that the size distribution of the
magnetic microspheres was less broad than for the non-
magnetic batch. This behavior is attributed to the wrap-
ping and compatibility of polymeric template and mag-
netite. This is due to sodium poly(aspartate) capacity as
dispersant, as an absorbent resin, chelating and com-
plexing agent, as well as to the functional groups of the
carboxymethyl starch able to couple the magnetite
[32—34].

CONCLUSIONS

The study confirms the possibility to use the poly-
meric composite template based on carboxymethyl
starch and sodium polyaspartate as a matrix for mag-
netic composites with different magnetite content, re-
spectively 2.5 %, 5 % or 25 %. Thermal analysis proves
the stability of the composites increase with the magne-
tite content. SEM images confirm good dispersion of
magnetic compound on the matrix surface — for a mag-
netite content till about 25 % — as well as the self-as-

semby of magnetite and the polymeric template. At the
same time, the size distribution of the magnetic compo-
sites shows the compatibility as well as the affinity be-
tween the polymeric matrix and the magnetite. Thus,
after the coupling process between polymeric template
and magnetite, reduced dimensions of the magnetic par-
ticls are registered in comparison with their precursors.

The importance of the prepared magnetic composites
derives also from the magnetic susceptibility values of
the synthesized magnetic particles as well as the biode-
gradability and biocompatibility of the polymeric matrix
and the presence of the multiple functional groups able
to couple either magnetite or further bioactive sub-
stances.
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