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Polysaccharides-based functional microspheres were fabricated under mild conditions. Firstly, magnetic
alginate microspheres were prepared by emulsification/internal gelation and acted as substrates. Then
the multilayer composite microspheres (MCM) were obtained through the layer-by-layer assembly of
the distilled water-soluble chitosan and alginate. The components, morphology, and size distribution
of the microspheres were characterized by element analysis (EA), X-ray photoelectron spectroscopy
(XPS), scanning electron microscope (SEM) and laser particle size analyzer (LPSA). Both EA and XPS

csgré:—rg;;uble chitosan analysis results indicated that alternate immersion was an effective method for preparing MCM. Vibrating
Alginate sample magnetometer, SEM and LPSA results showed that the microspheres had good dispersion, uniform
Polyelectrolyte complex particle size and were superparamagnetic. In addition, in vitro drug release behaviors of the microspheres
Microspheres were investigated by using hemoglobin (HB) and Coomassie brilliant blue G250 (CBB) as model drugs. It

was found that the release rates of both HB and CBB from the composite microspheres were slower than
those from the substrates.

Layer-by-layer

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Both chitosan and alginate are naturally occurring linear
polysaccharides. They are non-toxic, biocompatible, biodegrad-
able and renewable. They are able to form physically cross-linked
hydrogel via ionic cross-linking or self-assembly. The difference
is that alginate is an anionic polysaccharide while chitosan is
a cationic one. These unique properties make them suitable for
biomedical, pharmaceutical and other applications (Balakrishnan
& Jayakrishnan, 2005; Berger et al., 2004; Gu, Amsden, & Neufeld,
2004; Lee & Mooney, 2012; Pillai, Paul, & Sharma, 2009; Prashanth
& Tharanathan, 2007).

Polymeric microparticles are regarded as a promising candidate
to carry out the protection and controlled release of bioactive sub-
stances. Natural polymers such as alginate and chitosan are widely
adopted to prepare microspheres (Tran, Benoit, & Venier-Julienne,
2011). Polyelectrolyte complexes (PEC) that achieved from water-
soluble polymers are attractive alternates for producing nanoscale
and microscale therapeutic vehicles (Hartig, Carlesso, Davidson,
& Prokop, 2007). Chitosan and its derivatives have been applied
to form polyelectrolyte complex microspheres with alginate (Lin,
Liang, Chung, Chen, & Sung, 2005; Wong, Yuan, & Choong, 2011;
Wen et al., 2012). However, chitosan only dissolves in dilute acid
at pH below its PKa (ca. 6.3). It is not soluble in aqueous medium of
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higher pH value. As the bioactive substances may become invalid
in acidic media, PECs formed from water-soluble chitosan (WSC)
derivatives are superior to those generated directly from chitosanin
terms of biomedical or pharmaceutical applications. As it is known,
the reported chitosan-alginate PEC systems are seldom obtained
from pure water media.

Magnetic particles respond instantaneously to external mag-
netic field by non-contact trigger and have been widely
investigated for biomedical, catalysis and other applications (Deng,
Yang, Wang, & Fu, 2003; Liu, Wang, & Yang, 2009; Liu et al., 2008).
Layer-by-layer (LbL) assembly is an effective approach to design
functional materials through alternate depositing charged poly-
mer on a substrate (Hammond, 2011). In view of what have been
mentioned above, we intend to form a kind of novel functional mul-
tilayer microspheres through LbL technique by using alginate and
chitosan derivative, which is soluble in distilled water, as starting
materials. As chitosan can be dissolved in the acid-free condition,
the fabrication process of the chitosan-alginate microspheres will
be optimized and become easier to be controlled. It is anticipated
that the novel polysaccharide pair will be probably suitable for
biomedical or pharmaceutical applications and other fields as well.

2. Experimental part
2.1. Materials

Distilled water-soluble chitosan (DWSC, the percentage
of —CO—CH=CH—COOH was 36.9%) was prepared via the
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esterification reaction between chitosan (minimum 90% deacety-
lation, viscosity average molecular weight was 2.07 x 10%) and
maleic anhydride according to the literature (Zhu, Pan, Liao, Zhao,
and Chen, 2008). Ferrofferic oxide (Fe304) particles were prepared
by chemical co-precipitation (Ménager, Sandre, Mangili, & Cabuil,
2004). Sodium alginate (SA, its weight average molecular weight
was ca. 33,000), ferrous chloride (FeCl,-4H,0), ferric chloride
(FeCl3-6H,0), sodium hydroxide, hemoglobin (HB), Coomassie
brilliant blue G250 (CBB), acetic acid, Span 60, liquid paraffine,
calcium carbonate, boric acid and sodium borate were all analytical
grade reagents, purchased domestically and used directly.

2.2. Preparation of magnetic alginate microspheres

The emulsification/internal gelation technique (Chen &
Subirade, 2006) was used to prepare magnetic calcium algi-
nate microparticles. Briefly, 0.5g SA was dissolved in 30 mL
distilled water. A mixture of 0.2 g Fe304 and 0.3 g CaCO3 was added
and subjected to ultrasonic treatment for 30 min. The suspension
was well mixed with 70 mL liquid paraffine containing 1% Span
60 under stirring. Subsequently, 20 mL liquid paraffine and 0.5 mL
acetic acid were supplemented, and the mixture was agitated for
1h. The formed microspheres were washed with 200 mL boric
acid-sodium borate buffer saline (pH 5.4) and separated by the
aid of a magnet. Such a treatment cycle was repeated until no oil
residue was found on the surface of the microparticles.

2.3. Fabrication of multilayer composite microspheres

The multilayer composite microspheres (MCM) were fabricated
through alternating LbL method. Typically, 1g magnetic alginate
(0-layer) microspheres were mixed with 5mL 0.1% DWSC aque-
ous solution under stirring for 30 min. The formed alginate-DWSC
(1-layer) microspheres were separated by the aid of a magnet
and washed with distilled water. Then, 1-layer microspheres were
mixed with 5mL 1% SA aqueous solution, separated and washed
in the same way to generate alginate-DWSC-alginate (2-layer)
microspheres. The multilayer composite microspheres of three or
more layers were obtained by repeating this process.

2.4. Characterizations of multilayer composite microspheres

Magnetic alginate microspheres suspension was sprayed on
glass plate and observed with an Omec PIP9.1 particles image ana-
lyzer. The Au-coated morphology of magnetic alginate microsphere
was examined with a Hitachi JSM-6700F scanning electron micro-
scope (SEM). A predetermined amount of DWSC was dissolved in
distilled water. The solution was cast onto glass, dried, and formed
multilayer composite membranes with alginate by alternating LbL
method. Then the percentages of nitrogen element of the mem-
branes were analyzed with an EA3000CHNS element analyzer.
X-ray photoelectron spectrometer (XPS) spectra of MCM surface
were collected on a PHI Quantum 2000 scanning ESCA microprobe
with Al Ka X-ray source (1486.6 eV, operated at 15kV and 35W).
MCM was dispersed in distilled water, and its distribution was
determined by using a Matersizer laser particle size analyzer. A
Lake Shore 7410 vibrating sample magnetometer (VSM) was used
to examine the magnetic character of the dried MCM samples.

2.5. Invitro release of model drug-loaded multilayer composite
microspheres

One gram of HB or CBB was mixed with 5mL 1% SA solution
respectively, and then drug-loaded MCM was generated through
alternating LbL method as described above.

One gram of drug-loaded MCM was immersed in the boric
acid-sodium borate buffer saline (0.2M, pH 7.4) until the drug
was completely dissolved out, which was monitored with UV
spectrometry. The solution was separated from the mixture by
centrifugation. The solid particles were washed with distilled
water for three times. Two solutions were merged and supple-
mented with some distilled water till the volume reached an
exact value. The solution was analyzed with a Shimadzu UV2450
UV-visible spectrophotometer. Then, the encapsulation efficiencies
(EE) were calculated according to the formula: EE (%) = drug content
in MCM/initial feeding drug amount x 100.

In vitro release of drug from MCM was analyzed as followed.
Thirty-milligram samples were placed in vials that contained 20 mL
boric acid-sodium borate buffer saline (0.2 M, pH 7.4) and main-
tained at 37 °C. At timed intervals, 5 mL solution was removed and
analyzed with a Shimadzu UV2450 UV-visible spectrophotometer
at 406 nm (for HB) or 587 nm (for CBB), and 5 mL fresh buffer saline
was added in the meantime. The release amount of HB or CBB was
calculated according to the linear absorbency (A) and concentra-
tion (C) relationship (HB: A=8.53682C — 0.00868, R? =0.9998; CBB:
A=38.76582C — 0.01323, R2=0.99928), and its cumulative release
percentage (%) equaled to Acr/Ae x 100, where Acr and Ae were the
cumulative release amount and the encapsulated one of the model
drug.

3. Results and discussion

LbL assembly is predominantly driven by the electrostatic
interaction. Usually, it involves adsorption and deposition of oppo-
sitely charged constituents as well as washing step to remove
the unbound specimens (de Villiers, Ptto, Strydom, & Lvov, 2011).
Therefore, water-soluble polyelectrolyte is preferable. In other
words, DWSC is prior to chitosan for LbL assembling with SA. The
water-solubility of chitosan is greatly improved by functionalizing
with maleic anhydride, which is utilized to prepare DWSC in this
article. The chitosan derivative is able to be dissolved in distilled
water without adding acid. This is quite important for LbL assem-
bly of DWSC with SA, as SA will gelate in the medium of low pH
value.

LbL technique itself is an effective way to produce functional
material. Actually, both DWSC and SA are pH-sensitive. It can
be anticipated that the multilayer aggregate of DWSC-alginate
is also responsive to the change of environmental pH. Magnetic
alginate-based composites are a class of robust functional materi-
als (Srivastava et al., 2012). In view of these, we adopt LbL method
to prepare magnetic DWSC-alginate MCM so as to explore its func-
tions and applications.

In order to avoid introducing other components, magnetic
alginate microspheres are used as the substrates of LbL assem-
bly. The emulsification/internal gelation technique is chosen to
obtain Fe304 homogeneously dispersed alginate microsphere. As
expected, FesO4 are well encapsulated in the regular spheres
(Fig. 1). The slow release of calcium ions leads to slow cross-linking
of SA and efficient encapsulation of magnetic particles. As shown in
Fig. 2, the size of magnetic alginate microspheres is around 150 pwm,
which is consistent with what was observed by photomicroscope.
Actually, calcium alginate microspheres are soft hydrogel beads. No
obvious deformation of the microspheres is found, which suggests
the amount of encapsulated Fe304 particles is enough to maintain
the global shape. It is observed that the microspheres move toward
an external magnetreadily. In addition, the surface of MCM is rough.
Obviously, this is available for adsorption.

Before we fabricate MCM through LbL assembly, the ability of
alternating adsorption and combination between DWSC and algi-
nate is evaluated. DWSC film obtained by casting is used as the
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Fig. 1. Photomicrograph of magnetic alginate microspheres (magnification: 40x).

Fig.2. Scanning electron micrograph of the morphology of magnetic alginate micro-
spheres.

substrate, and is allowed to be immersed in SA and DWSC solu-
tion alternately. Nitrogen content of each layer is analyzed. It is
found that the nitrogen percentage (N%) of DWSC-SA membrane
is changed with the number of layers. N% of DWSC-SA membrane
is 5.15,5.13,5.31, 5.26, and 5.35% when the layer number is 0, 1, 2,
3, and 4 respectively. There is no nitrogen element in SA. Thus, the
total N% is reduced when the outer layer is SA. This phenomenon
indicates that it is feasible to conduct LbL assembly between DWSC
and SA.

Magnetic alginate microspheres are acted as the substrates (0-
layer) for binding DWSC to obtain 1-layer microspheres. As DWSC
is soluble in water, the excess or unbound DWSC is remained
in solution or easily to be washed away. Subsequently, 1-layer
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Fig. 3. X-ray photoelectron spectroscopy spectra of distilled water-soluble chi-
tosan/alginate multilayer microspheres (a: O-layer, b: 1-layer, c: 2-layer).

microspheres that contain amine groups capture the anionic SA
molecules in the solution via the electrostatic interaction. As a con-
sequence, 2-layer microspheres are created. Just repeat the cycles of
LbL assembly of two oppositely-charged polysaccharides, MCM of
three or more layers is obtained. The encapsulated magnetic sub-
stance makes MCM of different layers easy to be separated from
the liquid and easy to be collected. Evidently, the alternating LbL
process is facilely carried out.

The element contents on the surface of MCM are analyzed by
using XPS. Fig. 3 shows the XPS spectra of 0-, 1-, and 2-layer MCM.
Their detailed information about binding energies and peak areas
of C, O and N element is shown in Table 1. Because there is no
element in SA, no Ny peak is found on the XPS spectra of 0- and 2-
layer MCM, whereas two peaks of N element are found at 399.6 and
401.6 eV. These results indicate that MCM is obtained as expected.
The sizes of MCM of different layers also reflect the LbL assem-
bly between DWSC and SA is successfully carried out. The average
diameter of MCM increases as the layer number of microspheres
increases and the increase rates slow down as the layer number
is greater than 2 (Fig. 4). DWSC is an ampholyte. The carboxylic
groups on the chains may hinder the LbL assembly between DWSC
and SA. Consequently, the size increment of 3- and 4-layer MCM
is not high. Fig. 5 shows the magnetization profiles of 0- and 4-
layer MCM. Inset one is the low-field magnetization behavior. Both
coercivity and remanence are not found on profiles, which indicate
MCM is superparamagnetic (Zhou, He, & Zhang, 2012). The satu-
ration magnetic strengths of 0- and 1-layer MCM are 17.46 and
15.64 emu/g respectively, which means the effect of the layers on
magnetic strength of the multilayer microspheres is limited.

HB and CBB are chosen as model drugs to represent hydrophilic
macromolecule and hydrophobic low molecular weight compound
respectively. Figs. 6 and 7 show the encapsulation efficiency and

Table 1
XPS analysis results of Cq5, O15s and Ny on the surface of distilled water-soluble chitosan/alginate multilayer microspheres.
MCM samples Analysis results 1 2 3 4 5 6 7
C'—C/C—H c—0 =0 C=0"/0'—H c—0’ C—N’ N'—H
0-Layer Binding energy 284.67 285.82 288.0 532.16 533.28 - -
Peak area 4310.3 4245.2 1095.2 1646.5 24447 - -
1-Layer Binding energy 284.82 286.24 288.21 532.48 532.89 399.57 401.66
Peak area 7352.3 2770.2 1164.7 3791.2 2628.2 702.3 597.9
2-Layer Binding energy 284.78 285.56 288.82 532.16 533.0 - -
Peak area 6205.6 4191.8 461.8 1569.6 2696.4 - -
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Fig. 4. Average diameters of distilled water-soluble chitosan/alginate multilayer
microspheres.
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Fig. 5. Magnetization curves of distilled water-soluble chitosan/alginate multilayer
microspheres (a: 0-layer, b: 4-layer).

release behavior of the drug-loaded MCM. The differences in struc-
ture and molecular weight are considered as the major factors that
affect the encapsulation and release of the two model drugs. The
interaction between HB and the matrix is higher than that between
CBB and MCM. Moreover, the molecular weight of CBB is much
lower than that of HB. Therefore, the encapsulation efficiency of
MCM for CBB is much lower than that for HB, and the release rate

30 - HB, [ cBB

Encapsulation efficiency (%)

Layer

Fig. 6. Effect of layers on the encapsulation efficiencies of distilled water-soluble
chitosan/alginate multilayer microspheres for hemoglobin and Coomassie brilliant
blue G250.
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Fig. 7. Release behavior of hemoglobin-loaded (a: 1-layer, b: 0-layer) or Coomassie
brilliant blue G250-loaded (c: 1-layer, d: O-layer) distilled water-soluble chi-
tosan/alginate multilayer microspheres.

of CBB from the matrices is higher than that of HB. The structure
and size characters of CBB also result in the difference of encapsu-
lation efficiency between 0- and 1-layer MCM for the same drug.
There are evident differences of release rates between 0- and 1-
layer MCM loaded with drugs. Binding another layer decreases
the penetrating ability of drugs from MCM, which slows down the
release rate. It is noted that the encapsulation efficiencies of 0- and
1-layer MCM for HB are 27.9 and 27.1% respectively, which sug-
gests the effect of layer number on the encapsulation efficiency for
HB is neglectable. These preliminary results indicate that alternat-
ing LbL assembly of DWSC and SA is suitable for encapsulating and
release of hydrophilic macromolecule. Undoubtedly, it is meaning-
ful to well investigate the effect of layer number on the release rate
of HB from MCM. On the other hand, the encapsulation efficiency
should be improved. Ribeiro and his cooperators obtained chitosan-
coated alginate microspheres through the emulsification/internal
gelation technique and used them as carriers for encapsulating HB.
The encapsulation efficiency was as high as 89% (Ribeiro, Silva,
Ferreira, & Veiga, 2005). Indeed, MCM that obtained from LbL
assembly of DWSC and SA in absence of acid is advantageous
for encapsulating bioactive substance. The magnetic substance
embedded is propitious to LbL process. However, the presence of
the magnetic particles maybe one reason for the low encapsulation
efficiency. Thus, how to balance the advantages and disadvan-
tages of layer number and magnetic substance needs to be further
researched.

4. Conclusions

Distilled water-soluble chitosan is successfully applied to con-
duct alternating LbL assembly with alginate to fabricate functional
multilayer microspheres. Magnetic alginate microspheres that
prepared via the emulsification/internal gelation technique are uti-
lized as substrates. Such a strategy not only avoids the introduction
of other components, but also ensures the LbL assembly is easy to
be performed. The formation of multilayer microspheres is verified
with several characterization methods. Two compounds of differ-
ent structures and molecular sizes are assumed as model drugs to
evaluate the encapsulation and release behaviors. The alternating
LbL assembly of DWSC and SA is a mild and facile process, which
suggests our idea may be useful and practical for encapsulating
bioactive hydrophilic macromolecules if further improvement is
made. It might also be considered as an effective approach in other
applications.
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