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a  b  s  t  r  a  c  t

Micron  size  �-carrageenan  hydrogel  particles,  p(CRN)  from  linear  �-carrageenan,  were  prepared
via  microemulsion  polymerization  using  divinyl  sulfone  (DVS)  as  chemical  crosslinker  in a  sodium
bis(2-ethylhexyl)  sulfosuccinate  (AOT)  reverse  miceller  system.  Magnetic  field  responsive  (m-p(CRN))
composite  particles  were  also synthesized  by  encapsulating  magnetic  ferrite  (Fe3O4)  nanoparticles
together  with  linear  �-carrageenan  within  the  AOT  reverse  micelle  before  the  crosslinking  reaction.  The
synthesized  bare  p(CRN)  particles  were  further  modified  to produce  positive  charges  on the  particles  (q-
eywords:
-Carrageenan microgels
agnetic particles
odifiable carrageenan particles
rug delivery system

p(CRN))  by  a quaternization  reaction  with  an  3-chloro-2-hydroxypropyl  trimethyl  ammonium  chloride
aqueous  solution.  Scanning  electron  microscopy  (SEM),  dynamic  light  scattering  (DLS),  zeta  potential
measurements  and  FT-IR  analysis  confirmed  that  particle  sizes  and  charges  were  altered  by chemical
modification.  Furthermore,  a model  drug,  phenylephrine  HCl  was  used  for  in  vitro  drug  delivery studies
to compare  the  effectiveness  of  modification  of p(CRN)  microgels  by comparing  bare  p(CRN),  m-p(CRN)
and  q-p(CRN)  particles  drug  release  capabilities  in  phosphate  buffer  solution  (PBS)  at  pH 7.4.
. Introduction

�-Carrageenan (p(CRN)) is a linear sulfated water soluble
olysaccharide extracted from different species of red seaweed
Pomin, 2009). This natural polymer is composed of repeating dis-
ccharide units of 3-linked �-d-galactose 4-sulfate and 4-linked
,6-anhydro-�-d-galactose. According to the number and position
f the ester sulfate groups, there are three main types of car-
ageenans which are lambda (�), kappa (�), and iota (�) (Belyaeva,
alle, & Poncelet, 2004; Daniel-da-Silva, Ferreira, Gil, & Trindade,
010; Grenha et al., 2010; Leong et al., 2011; Thrimawithanaa,
ounga, Dunstanb, & Alanya, 2010). Amongst them �-carrageenan
as been reported to be nontoxic, mucoadhesive, biodegradable,
nd biocompatible. A useful material, the potential applications of
-carrageenan, in numerous industries including food, cosmetics,
harmaceuticals, and biomedical devices, as drug delivery systems
nd cell encapsulation, have been widely investigated (Daniel-da-
ilva et al., 2010; Leong et al., 2011).

Over the past few decades, many successful research break-

hroughs were made in designing pharmaceutical drugs for various
iseases. A widely pursued strategy is to design a target-specific
rug delivery system that can transport an effective dosage of
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drug molecules to the targeted cells and tissues (Chertok, David,
& Yang, 2011; Pradhan et al., 2010). Therefore, there is contin-
uously growing interest in the pharmaceutical industry in drug
delivery systems that provide a controlled and sustained release
of therapeutic agents (Liu et al., 2007). There is also a great neces-
sity for dosage formulations allowing high loading, particularly
for drugs requiring high therapeutic concentrations in circulation
and/or target specific organs. For this purpose, various polymeric
systems have been investigated for pharmaceutical applications
as microparticles, nanoparticles, capsules and so on (Daniel-da-
Silva et al., 2010; Grenha et al., 2010; Satarkar & Hilt, 2008) with
high loading capacity. It has been reported that many parameters
influence the characteristics of drug release behavior such as the
loading path, the types of polymer and/or its functional groups.
Therefore, in some cases new functional groups are required. These
functional groups can be attained by chemical modification e.g.,
introduction of new functional groups, and even a guiding ability
can be obtained i.e., magnetic responsiveness and so on (Daniel-
da-Silva et al., 2010). Modified magnetic particles for the delivery
of therapeutic drugs to specific locations in the body have attracted
great attention for targeted and triggered delivery as self regu-
latory delivery devices (Mejías et al., 2008). The main goal is to
prepare particles capable of carrying the desired amount of active
agent to the required target site and to release on demand in a

controlled rate and/or fashion with or without a stimulus. Mag-
netic particles, embedded in biodegradable polymers can release
previously absorbed/conjugated drugs in a controllable fashion.
Magnetic-carrageenan composite particles could take advantage

dx.doi.org/10.1016/j.carbpol.2011.11.064
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:sahiner71@gmail.com
dx.doi.org/10.1016/j.carbpol.2011.11.064
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Fig. 1. Schematic illustration of cro

f the properties of these two components. The magnetic respon-
ive behavior could make it possible to guide the particles to the
pecific site by means of an externally applied magnetic field. The
olymeric p(CRN) particles could have the role of carrying the drug
nd releasing it upon reaching a target site.

�-Carrageenan shows characteristic ion binding for monova-
ent cations and this form is the basis for their gelling properties
Daniel-da-Silva et al., 2010). Previously, the soluble carrageenan
articles were obtained by physical crosslinking of linear car-
ageenan with potassium chloride (Thrimawithanaa et al., 2010).
n this study, �-carrageenan hydrogel particles were prepared
y chemical crosslinking using divinyl sulfone (DVS) in a water-

n-oil AOT microemulsion system. Furthermore, p(CRN) particles
mbedding ferromagnetic materials were also prepared to investi-
ate their potential for guidable biomedical applications. The main
urpose of this work is to develop a simple procedure for rapid
reparation of natural p(CRN) and m-p(CRN) microparticles for
iomedical applications. Furthermore, the synthesized p(CRN) par-
icles were quaternized using 3-chloro-2-hydroxypropyl trimethyl
mmonium chloride as a modifying agent in an aqueous solution
o increase the positive charge on the particle by the procedure
eported by Stepnova et al. (2007).  The obtained bare, magnetic
nd quaternized particles were used for encapsulation and in vitro
elease of a water-soluble model drug, phenylephrine HCl.

. Experimental

.1. Materials

�-Carrageenan (Fluka), divinyl sulfone (DVS, 98%, Merck) as

 chemical crosslinker, sodium bis(2-ethylhexyl) sulfosuccinate
AOT, 98%, Sigma–Aldrich) as a surfactant, 2,2,4-trimethylpentane
isooctane) as a solvent, and 3-chloro-2-hydroxypropyl trimethyl
mmonium chloride solution (65%, Fluka) as a quaternization
ing linear CRN polymers with DVS.

agent (QA) were used as received. Sodium hydroxide (NaOH,
Sigma–Aldrich), hydrochloric acid (HCl, 37%, Riedel-de haen), iron
(III) chloride hexahydrate (FeCl3·6H2O, Acros), and iron (II) chloride
tetrahydrate (FeCl2·4H2O, Fluka) were used for magnetic particle
preparation. All the solvents, acetone and ethanol, were highest
purity available. All aqueous solutions were freshly prepared using
ultra pure distilled water (DI) (18.2 M� cm from Millipore-Direct
Q UV3). Phenylephrine HCl was  used as a model drug and obtained
from a local vendor.

2.2. Synthesis of p(CRN) particles

Earlier, our group reported micro hydrogel particle prepara-
tion from different natural polymers employing a water-in-oil
microemulsion system (Ekici, Ilgin, Butun, & Sahiner, 2011; Ilgin
et al., 2010; Sahiner & Jia, 2008). Here a similar technique was
employed, e.g., 0.50 mL  of �-carrageenan solution (0.03 g/mL car-
rageenan in 0.2 M NaOH at 50 ◦C) was  dispersed in 15 mL  of 0.2 M
AOT solution in isooctane. Then, the mixture was vortexed until
a clear solution was  obtained. DVS (50 mol% relative to p(CRN)
repeating unit) was  subsequently added as a crosslinking agent
to the this mixture, and it was  stirred for 1 h at 1200 rpm. The
reaction mixture was  filtered and the obtained p(CRN) particles
were precipitated into acetone and kept overnight. Then the p(CRN)
carrageenan particles were purified in a water–acetone mixture
and collected by centrifugation at 10,000 rpm for 15 min  at 20 ◦C
(at least 3 times). The particles were dried at 40 ◦C and stored
in a closed container for modification, drug loading and release
studies.
2.3. Synthesis of Fe3O4 coated p(CRN) particles

The magnetic Fe3O4 particles were prepared according to the
method reported in the literature (Liu, Ma,  Xing, & Liu, 2004;
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Fig. 2. (a) Schematic illustration of the synthesis of p(CRN) and m-p(CR

assart, 1981; Yan, Li, Zhang, Liu, & Yang, 2009) with some modifi-
ations and then enclosed within p(CRN). Briefly, both FeCl2·4H2O
0.22 g) and FeCl3·6H2O (0.606 g) were dissolved in 30 mL  DI water
n an ultrasonic bath. The mixture was vigorous stirred under
itrogen gas at 50 ◦C, and 2.5 mL  of aqueous ammonia (26%) was
dded slowly into this mixture under vigorous stirring to obtain
ood dispersion of the metallic particles. As an indication of fer-
ite particle formation, the color of the bulk solution turned from
range to black immediately. Then, stirring was stopped, and a
trong magnet was used to settle the black precipitate. The mag-
etite precipitates were centrifuged at 5000 rpm for 5 min  and
ashed three times with DI water. The prepared Fe3O4 particles

verage size was reported as 6–15 nm (Yan et al., 2009). Mag-
etite nanoparticles were dispersed in 30 mL  deionized water,
nd 1 mL  oleic acid (OA) was added to this mixture as a stabiliz-

ng agent. Then 200 �L of magnetic nanoparticles were added to
he �-carrageenan precursor solution before the addition of DVS.
he same procedure was followed as for p(CRN) particle prepara-
ion.
rticles in AOT reverse micelles. (c) The SEM images of p(CRN) particles.

2.4. Quaternization of p(CRN) particles

The quaternization of p(CRN) particles was  carried out accord-
ing to the previously reported procedure with some modifications
(Butun, Ince, Erdugan, & Sahiner, 2011). A particle solution consist-
ing of 0.2 g of p(�-carrageenan) particles was prepared in 40 mL
0.2 M NaOH solution. Another mixture containing 1.5 mL  of quat-
ernization agent (QA) was prepared in 20 mL  0.2 M NaOH solution.
Then the second mixture was  added into the first particle solu-
tion and stirred at 800 rpm for 12 h. The resultant mixture was
neutralized with equal molar HCl solution. The quaternized p(�-
carrageenan) (q-p(CRN)) particles were precipitated in ethanol. The
precipitate was washed with ethanol and centrifuged at 10,000 rpm
for 10 min  (at least three times) and the q-p(CRN) particles were
dried at 40 ◦C and stored for further use.
2.5. In vitro drug loading and drug release studies

Phenylephrine HCl was used as a model drug to investigate
loading and release behavior of p(CRN)-based particles. A weighed
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Fig. 3. (a) Schematic illustration of the quarternization reaction me

mount (0.5 g) of p(CRN) particles was used in drug loading exper-
ments by soaking the particles in 100 mL  300 ppm phenylephrine
Cl aqueous solution for 24 h at ambient temperature at 500 rpm.
fter this loading period, the p(CRN) particles were purified by cen-

rifugation and dried at 35 ◦C for 24 h. To investigate the release
haracteristics, 50 mg  phenylephrine HCl loaded dry p(CRN) parti-
les were suspended in 2 mL  of phosphate buffered saline (PBS) at
H 7.4 and transferred to a dialysis membrane (molecular weight
ut off <12,000 Da, Aldrich). The release sack was  then placed into

 closed beaker containing 25 mL  of PBS under constant stirring at
50 rpm. The amount of drug released into the PBS buffer was  eval-
ated by UV–vis spectrometer (T80 + UV/Vis Spectrometer, PG Ins.
td) at 273 nm as a function of time via a previously constructed
alibration curve at the same wavelength. All experiments were
onducted in triplicate, and the results are average values with
tandard errors. The loading capacity of bare p(CRN), m-p(CRN) and
-p(CRN) particles were also determined by the same method using

 UV–vis spectrometer.

.6. Particle characterization

The average hydrodynamic diameter of the synthesized p(CRN)
articles were determined by a dynamic light scattering (DLS)
nstrument (Brookhaven Ins. and Cor. 90 plus particle size ana-
yzer). The DLS experiment was carried out employing 90◦ angle
etector, with 35 mW solid state laser detector operating at a wave-

ength of 658 nm.  The results are average values of ten consecutive
m, and (b) FT-IR spectra of bare CRN particles, and q-CRN particles.

measurements with an integration time of 2 s. Zeta potential mea-
surements were conducted with Zeta-Pals Zeta Potential Analyzer
BIC (Brookhaven Inst. Corp.) in 0.01 M KNO3 solution in water.

Scanning electron microscopy (SEM) images of p(CRN) hydrogel
particles were obtained with an SEM (Joel JSM-5600). P(CRN) parti-
cles were placed onto carbon tape-attached aluminum SEM stubs at
ambient temperature after coating with gold to a few nanometers
thickness under vacuum, with an operating voltage of 20 kV.

The Fourier transform infrared spectroscopy (FT-IR) spectra of
p(CRN)-based particles were recorded by using a Perkin-Elmer
FT-IR spectroscope in the spectral range 4000–650 cm−1 using
attenuated total reflectance (ATR) at 4 cm−1 resolution.

Thermal analyses of p(CRN)-based particles were carried out
using a thermo gravimetric analyzer (SII TG/DTA 6300, Japan) to
determine the magnetic ferrite content of m-p(CRN) particles. TGA
was  performed under nitrogen atmosphere with 100 mL/min flow
rate with heating rate of 10 ◦C/min heating up to 800 ◦C.

Elemental analysis (LecoSL-144DR) was  used to determine the
presence of sulfur coming from DVS to confirm the crosslinkage of
the polymer structure in the particle form.

Drug loading and releasing studies were done by a UV–vis spec-
trometer at 273 nm wavelength.
3. Results and discussion

P(CRN)-based hydrogel particles were synthesized in AOT
reverse micelles using a water-in-oil micro emulsion system
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Fig. 4. (a) Zeta potencial measurement of p(CRN) particles (−62.70 mV), and q-
p(CRN) particles (−47.37 mV), and (b) particle size disrubution of p(CRN) particles
722 S. Sagbas et al. / Carbohydra

eported earlier for other kinds of natural polymers (Butun et al.,
011; Sahiner & Jia, 2008). Fig. 1 illustrates the crosslinking of lin-
ar p(CRN) with DVS in the basic medium to produce hydrogel
articles. According to the elemental analysis results, the sulfur
ontent increased from 5.15 wt% to 7.013 wt% upon crosslinking
f linear p(CRN) with DVS. The sulfur coming from DVS increased
he sulfur content of the particles, confirming the crosslinking
f linear CRN. In addition to the preparation of �-carrageenan
articles, we also prepared composite p(CRN) using magnetic
e3O4 particles that were encapsulated within p(CRN) particles
y inclusion into reverse micelles containing linear p(CRN) before
rosslinking with DVS. This one step synthesis method for prepa-
ation of bare p(CRN) particles (Fig. 2a) and m-p(CRN) particles
re demonstrated in Fig. 2b. The yield of particle formation from
inear p(CRN) particles was estimated to be 70 ± 5.3%. Fig. 2c
hows the SEM images of 50 mol% DVS crosslinked p(CRN) par-
icles that are spherical in shape. The particle size as can be
een varies from 100 nm to 10 �m.  Although the obtained p(CRN)
articles have a broad size distribution, it is possible to sepa-
ate them by simple filtration and/or gradient centrifugation as
as reported earlier (Butun et al., 2011; Sahiner & Jia, 2008). To

enerate new charge (i.e., positive charge) and an amphiphilic char-
cter on p(CRN) particles, the particles were treated with QA. The
uaternization (with 3-chloro-2-hydroxypropyl trimethyl ammo-
ium chloride) reaction is depicted in Fig. 3a. Upon chemical
odification of p(CRN) particles a trimethyl ammonium chloride

roup was generated on the particles that offers many possible
iomedical applications, such as antimicrobial (Silan et al., 2012;
tepnova et al., 2007; Vallapa et al., 2011) and gene delivery
Dailey, Wittmar, & Kissel, 2005; Jintapattanakit, Mao, Kissel, &
unyaprasert, 2008), etc. To confirm that new functional groups

ere produced on the particles, the FT-IR spectra of p(CRN) par-
icles and q-p(CRN) particles were taken and are shown in Fig. 3b.
s can be clearly visualized from the FT-IR spectra of bare p(CRN)
articles shown as (1), the specific bands of p(CRN) were iden-
ified as the wide peak at about 3400 cm−1 corresponding to
OH stretching, and a peak at 1242 cm−1 belonging to the sulfate
roups, a peak at about 929 cm−1 for 3,6-anhydrogalactose, and

 peak at 845 cm−1 corresponding to galactose 4-sulfate (Volery,
esson, & Schaffer-Lequart, 2004). After the quaternization reac-
ion shown as (2) in Fig. 3b, the q-p(CRN) particles also have
he same specific bands as p(CRN) particles but additionally the
haracteristic bands of QA also appear at about 1476 cm−1, which
orresponds to +N–CH3 stretching, and at 1413 cm−1 correspond-
ng to C–N stretching. Furthermore, the broadened band between
000 and 36,000 cm−1 due to new amino groups is clearly visual-

zed.
Further confirmation of positive charge generation was  done

y zeta potential measurements. As shown in Fig. 4a, the zeta
otential of the particles changed from −62.70 mV  to −47.37 mV
pon modification. This is a drastic change, allowing the par-
icles to possess both negative and positive charges which can
e used for the absorption of different species with differ-
nt charges as will be shown later. The change in charge also
ffects the particle sizes, proven by the results of dynamic light
cattering measurements and illustrated in Fig. 4b. As can be
een the bare p(CRN) and q-p(CRN) particle sizes increased
rom 845.2 to 963.9 nm.  As the measurements were done
n salt solution the interaction of charges were suppressed
nd a size increase upon quaternization of p(CRN) particles
esulted.

To prepare composite p(CRN) particles responsive to a magnetic

eld, separately prepared magnetic ferrite particles (Fe3O4) were

ncluded in the AOT reverse micelle before crosslinking linear �-
arrageenan with DVS. As can be seen in the digital camera images
n Fig. 5a, the bare p(CRN) particles are white in color (1), and the
(845.2 nm), and q-p(CRN) particles (963.9 nm).

composite m-p(CRN) particles (2) are brown. The aqueous solution
of dispersed p(CRN) particles is shown in (3) whereas the aqueous
solution of dispersed p(CRN) particles, and their behavior under a
magnetic field are illustrated in (4) and (5), respectively in the same
figure. Therefore, it can be assumed that these magnetic compos-
ites can be guided by an externally applied magnetic field. In order
to determine the amount of ferrite nanoparticles inside compos-
ite p(CRN) particles, thermogravimetric analysis was performed
on bare p(CRN) and m-p(CRN) particles as shown in Fig. 5b. The
weight loss of bare p(CRN) and m-p(CRN) particles were recorded
by heating the samples up to 800 ◦C with a heating rate of 10 ◦C/min
under nitrogen atmosphere. As can be clearly seen from the ther-
mogram, both particles start to degrade about 200 ◦C and yielded
almost similar degradation behavior. The difference between bare
and m-p(CRN) particles can be assigned to the extent of the inor-
ganic materials at about 800 ◦C. Therefore, the TG analysis revealed
that the magnetic ferrite content of m-p(CRN) particles is about 12%
by weight.

One of the possible applications of p(CRN)-based particles is
their utilization as drug delivery systems. Therefore, we used
phenylephrine HCl as a model drug for loading and release stud-
ies from p(CRN), q-p(CRN), and m-p(CRN) particles. Phenylephrine
HCl is a decongestant, mydriatic drug in an acidic salt form and
its chemical structure is shown in Fig. 6a. Phenylephrine HCl was
loaded onto the p(CRN)-based particles for 24 h in aqueous solution

and the loading capacities were measured by UV–vis spectrome-
ter at 273 nm wavelength from a calibration curve. Drug loading
capacities of p(CRN)-based particles varied greatly. For example,
the amount m-p(CRN) particles can absorb at almost 5.54 mg/g is
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Fig. 5. (a) Digital camera images of (1) bare p(CRN) particles, (2) m-p(CRN) particles, and the aqueous suspensions of (3) p(CRN) and m-CRN particles (4). And (5) the behavior
of  m-p(CRN) particles and under a magnetic field. (b) Thermogram of bare p(CRN), and m-p(CRN) particles.
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lmost 2 times more than that of bare p(CRN) particles (3.67 mg/g).
n the other hand, the amount loaded onto q-p(CRN) particles

ncreased to 18.71 mg/g, more than fivefold loading than that of
are p(CRN). As illustrated in the release profile shown in Fig. 6b,
he particles after quaternization (q-p(CRN)) contain much more
henylephrine HCl due to the new functional groups and released
ore drug than the other two particles. As can be seen from release

rofile, bare p(CRN) and q-p(CRN) particles released almost 100%
f loaded drug whereas the m-p(CRN) particles released (about

0%) much less than the loaded amount. This can be attributed to
he interactions of drug molecules with magnetic ferrite particles
ithin m-p(CRN). All the particles showed similar release profiles

ut with quaternization the released amount increased almost 6
fold. Therefore, it was  proven here that with chemical modifica-
tion, the biocompatible particles loading and release capacity can
be drastically increased and may  have great potential for guided
and higher dosage of active agents. Owing to the natural prop-
erties of p(CRN) such as biodegradability, biocompatibility, and
nontoxic and modifiable characteristics, these types of delivery
systems can also be used for other types of therapeutic delivery
systems such as proteins, genes, DNA, peptides and other active
agents (Daniel-da-Silva et al., 2010; Leong et al., 2011; Satarkar &

Hilt, 2008). Moreover, the synthesis of p(CRN) particles are simple
with the ability of desired functionality e.g., introduction of mag-
netic sensitivity by inclusion of magnetic ferrites within the p(CRN)
network.
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ig. 6. (a) Chemical structures of the model drugs (phenylephrine HCl), and (b)
henylephrine HCl release profile from q-p(CRN) particles (1), m-p(CRN) particles
2),  and bare p(CRN) particles (3) in PBS.

. Conclusions

As demonstrated in this investigation, a simple water-in-
il micro emulsion polymerization can be employed to prepare
iodegradable/biocompatible p(CRN)-based particles even with
agnetic responsive composites such as m-p(CRN). The synthe-

ized particles can also be readily modified using a quaternization
gent, 3-chloro-2-hydroxypropyl trimethyl ammonium chloride,
o generate positive charges on the particles. It was also further
emonstrated that new functional groups (ammonium groups)
riginating from the quaternization reaction allowed increased
mounts of drug absorption and release. These kinds of particles
ay  have great potential as targeted drug delivery devices and

llow increased amounts of drugs to be delivered.
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