
Please cite this article in press as: Leong, J. -Y., et al. Advances in fabricating spherical alginate hydrogels with controlled particle designs
by ionotropic gelationas encapsulation systems. Particuology (2015), http://dx.doi.org/10.1016/j.partic.2015.09.004

ARTICLE IN PRESSG Model
PARTIC-855; No. of Pages 17

Particuology xxx (2015) xxx–xxx

Contents lists available at ScienceDirect

Particuology

j our na l ho me  page: www.elsev ier .com/ locate /par t ic

Review

Advances  in  fabricating  spherical  alginate  hydrogels  with  controlled
particle  designs  by  ionotropic  gelationas  encapsulation  systems

Jun-Yee  Leonga, Weng-Hoong  Lama,  Kiang-Wei  Hoa, Wan-Ping  Vooa,
Micky  Fu-Xiang  Leea,  Hui-Peng  Lima,  Swee-Lu  Lima,  Beng-Ti  Teya,b,  Denis  Ponceletc,
Eng-Seng  Chana,b,∗

a Chemical Engineering Discipline, Monash University Malaysia, Jalan Lagoon Selatan, Bandar Sunway, Selangor 46150, Malaysia
b Advanced Engineering Platform, Monash University Malaysia, Jalan Lagoon Selatan, Bandar Sunway, Selangor 46150, Malaysia
c Oniris, UMR  CNRS 6144 GEPEA, rue de la Géraudière, BP82225, Nantes 44322, France

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 25 March 2015
Received in revised form 23 August 2015
Accepted 6 September 2015
Available online xxx

Keywords:
Alginate
Ionotropic gelation
Immobilization
Encapsulation
Hydrogel

a  b  s  t  r  a  c  t

Alginate  is a biopolymer  that has  exceptional  gelling  properties,  which  allow  easy  gel formation  under
safe  and  mild  conditions.  Consequently,  it is often  used  to  encapsulate  a variety  of  cargos,  such  as cells,
enzymes,  and  lipids,  and  is typically  employed  as a model  to study  hydrogel-based  encapsulation  sys-
tems. Since  the  first use  of  alginate  in  the  encapsulation  field  in  the  1970s,  many  methods  have  been
developed  to produce  alginate  hydrogel  particles  of different  sizes,  structures,  and  morphologies.  This
review  provides  an  overview  of  the  current  progress  in  the  fabrication  of alginate  hydrogels  with vari-
ous  particle  designs,  including  a discussion  of dispersion  techniques  to pre-template  alginate  particles,
gelation  mechanisms,  considerations  in  selecting  suitable  fabrication  methods,  and  future  directions.
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Introduction

Gel-forming polymers from natural sources represent an impor-
tant class of biomaterials for encapsulation applications because
of their renewability, biodegradability, biocompatibility, and non-
toxicity. Among this class of polymers, alginate has received much
attention in the literature (see Fig. 1), likely because it can form
hydrogels primarily by ionotropic gelation with divalent ions (e.g.,
Ca2+) at room temperature, thereby allowing immobilization to be
performed under mild and safe conditions. Furthermore, the most
basic particle design of alginate hydrogels (i.e., beads) can be pro-
duced using simple equipments, e.g., beakers and syringes, and the
encapsulation process can be performed in virtually any laboratory.

Aside from their advantages in the production method, algi-
nate hydrogels possess outstanding physical properties. They
are thermally stable and can form gels very rapidly, even in
the presence of high solid concentrations (e.g., up to 30% w/v).
The mechanical, mass transport, and disintegration properties of
alginate hydrogels are also tunable. Furthermore, alginate hydro-
gels have small-sized pores (5–200 nm)  (Martinsen, Storrø, &
Skjåk-Bræk, 1992) and are hydrophilic, making them suitable for
encapsulating large molecules or hydrophobic materials at high
efficiencies, generally higher than 90% (Chan, 2011; Lemoine,
Wauters, Bouchend’homme, & Préat, 1998). Depending on their
solubility in water, some small hydrophilic molecules, such as
melatonin, aspirin, cimetidine, sodium salicylate, and glucose oxi-
dase, have also been successfully encapsulated, though at lower
encapsulation efficiencies (Lee, Min, & Cui, 1999; Blandino, Macías,
& Cantero, 2001).

To date, alginate has been used for encapsulating various cargos
such as living cells, protein drugs, enzymes, food ingredients,
volatile compounds, and catalysts. The immobilized systems have
been employed in diverse applications including tissue engineer-
ing, controlled drug delivery, biocatalysis for chemicals production,
stabilization of food ingredients, adsorption of pollutants, and
energy storage. Academic interests largely motivate many of these

applications, but many industrial companies have begun to offer
encapsulation solutions and services over the last decade.

Alginate is a hydrophilic biopolymer derived from brown sea-
weeds and is composed of (1–4)-linked �-d-mannuronic (M)
and �-l-guluronic acid (G) residues (Martinsen, Skjåk-Bræk, &
Smidsrød, 1989). This review, however, does not discuss the chem-
istry or properties of alginate or its derivatives because these
topics have been covered in detail elsewhere such as in the recent
review paper by Lee and Mooney (2012). In contrast, we  provide
an overview of alginate hydrogel particle designs formed by vari-
ous ionotropic gelation process routes. Many methods have been
developed to produce alginate hydrogel particles of different sizes
and morphologies to suit the needs of various applications. The
synthesis routes to form alginate hydrogel particles generally con-
sist of two  processing steps i.e., dispersion of the alginate sol,
followed by gelation of the sol with cations. Advances in disper-
sion and gelation methods over the past 10 years have enabled
the production of particles that are both small and uniform or
complex in their particle morphology. We  systematically catego-
rize and review these methods and compare them with respect to
particle size, size distribution, and economics and efficiency of pro-
duction. The shortcomings of the existing methods are discussed,
where possible, with opportunities for further research in the
field.

Particle size and morphology

The term ‘particle’ is used broadly throughout this paper with-
out referring to any specific size or morphology. The specific terms
used to describe the particle size and morphology of alginate hydro-
gels are described in Fig. 2. The classic morphologies are ‘beads’
and ‘capsules’. Beads are defined as spheres that have diameters
larger than 1000 �m;  the immobilized cargo, either hydrophilic
or lipophilic, is typically dispersed throughout the polymer matrix
within the beads. Capsules, conversely, are spheres that comprise a
distinct membrane that engulfs a liquid core containing the cargo.

Fig. 1. Publication and citation data on alginate over the past 20 years (source: Web  of Knowledge). Note, the data were obtained using keywords in the topic and search
criteria as follows: {(Alginate) AND (Encapsulation OR Immobilization) AND (Bead OR Capsule OR Particle OR Sphere)}.
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