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a  b  s  t  r  a  c  t

Carrageenan  is  a sulphated  linear  polysaccharide  of  D-galactose  and  3, 6-anhydro-D-galactose  obtained
by  extraction  of  certain  red  seaweeds  of  the  Rhodophyceae  class.  The  objective  of  this  review  is  to
summarize  recent  applications  of carrageenan  in drug delivery  systems.  So  far,  carrageenan  has  been
investigated  as  an  excipient  in  pharmaceutical  industry,  for example,  as  polymer  matrix  in  oral  extended-
release  tablets,  as  a novel  extrusion  aid for the  production  of  pellets  and  as  a carrier/stabilizer  in
micro/nanoparticles  systems.  Moreover,  based  on  the  special  characteristics  of carrageenan  such as  the
eywords:
arrageenan
olysaccharide
ydrogel
harmaceutical excipient
rug delivery

strong  negative  charge  and  gelling,  it has  been  used  as  a gelling  agent/viscosity  enhancing  agent  for
controlled  drug  release  and  prolonged  retention.  Furthermore,  carrageenan  has  been  used  for tissue
regeneration  with  therapeutic  biomacromolecules  and  for cell  delivery.  Other  potential  applications  and
safety evaluation  of  carrageenan  are  still to be  undertaken  in  the  near  future.

© 2013 Elsevier Ltd. All rights reserved.
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. Introduction

Polysaccharides are being widely utilized for drug delivery
Coviello, Matricardi, Marianecci, & Alhaique, 2007). In recent years,

arine microorganisms such as bacteria, microalgae and seaweeds,
ave represented a largely untapped reservoir of valuable mate-
ials. Among them, seaweeds are the most abundant sources of
olysaccharides such as carrageenan, alginate and agar (De Ruiter

 Rudolph, 1997; Jiao, Yu, Zhang, & Ewart, 2011; Michel, Nyval-
ollen, Barbeyron, Czjzek, & Helbert, 2006).

Carrageenan (CG) is the generic name for a family of high molec-
lar weight sulphated polysaccharides obtained by extraction of
ertain species of red seaweeds. It is composed of galactose and
nhydrogalactose units linked by glycosidic unions (Coviello et al.,
007; Jiao et al., 2011). In food industry, CG is widely utilized due to

ts excellent physical functional properties, such as gelling, thicken-
ng, emulsifying and stabilizing abilities, and has been employed to
mprove the texture of cottage cheese, puddings and dairy desserts,
nd as binders and stabilizers in the meat processing industry
or the manufacture of sausages, patties and low-fat hamburgers
Campo, Kawano, Silva, & Carvalho, 2009; Chen, Yan, Wang, Xu,

 Zhang, 2010; Kavitha, Mohan, Satla, & Gaikwad, 2011). In addi-
ion to industrial food applications, CG is also used in toothpaste,
ir freshener gels, fire fighting foam, cosmetic creams, shampoo
nd shoe polish (Necas & Bartosikova, 2013). In recent years, it
s increasingly used in pharmaceutical formulations. At present,
G has already been included in United States Pharmacopeia 35-
ational Formulary 30 S1 (USP35-NF30 S1), British Pharmacopoeia
012 (BP2012) and European Pharmacopoeia 7.0 (EP7.0), implying
hat CG may  have a promising future as a pharmaceutical excipient.
owever, compared with commonly used pharmaceutical excipi-
nts such as hydroxypropyl methylcellulose (HPMC), chitosan (CS),
arbomer and alginate, the utilization of CG in the discipline of
harmaceutics is not frequently reported. And, only limited reviews
re available about the evaluations of CG in pharmaceutical indus-
ry (Bhardwaj, Kanwar, Lal, & Gupta, 2000; Campo et al., 2009;
e Ruiter & Rudolph, 1997; Liang, 2009; Rinaudo, 2008). Systemic

eviews about the various applications of CG in drug delivery are
till absent so far to the best of our knowledge. Therefore, the
bjective of this paper is to present a comprehensive overview
f properties of CG and its applications in various drug delivery
ystems.

. General properties of carrageenan

.1. Sources and production of carrageenan

The main species of seaweed from which CG is manufactured
re Chondrus, Eucheuma, Gigartina, and Hypnea. Specific details of
xtraction processes are regarded as trade secrets by the several
anufacturers of CG, but broadly these follow a similar pattern.

he seaweed is dried quickly to prevent degradation, and is then
aled for shipment to processing facilities. The seaweed is repeat-
dly washed to remove gross impurities such as sand, salt, and
arine life, and then undergoes a hot alkali extraction process,

eleasing the CG from the cell. Once CG is in a hot solution, it under-
oes clarification and then is converted to powder (Rowe, Sheskey,

 Quinn, 2009). Meanwhile, extraction parameters (such as tem-
erature, pH, duration) and alkaline pre-treatment duration have

mportant effects on the chemical structure and gelling properties
Hilliou et al., 2006).
In general, several methods have been used to remove CG from
olution. The first method is “freeze–thaw” technique. The solution
s gelled with various salts, then the gels are frozen. Upon thawing,

ater is removed and the resultant mass, primarily CG and its salt,
ymers 103 (2014) 1– 11

is ground to the desired particle size. The second method, referred
to as “alcohol precipitation method”, is to place the concentrated
solution of CG in 2-propanol or other alcohols, leading to CG pre-
cipitation out of solution. The solvents are then evaporated and the
precipitated CG is dried and ground to the desired particle size. The
third method is “KCl precipitation” process, where after hot extrac-
tion, the filtrate is evaporated to reduce the volume. The filtrate is
then extruded through spinnerets into a cold 1.0–1.5% solution of
KCl. The resulting gel threads are further washed with KCl solu-
tion and are pressed, dried and milled to CG powder (McHugh,
1987; Rowe et al., 2009). The economics of extraction processes
is strongly affected by the cost of the energy required to bring the
CG into solution and subsequently recover it in dry form (McHugh,
1987).

Commercial CG is usually standardized by blending different
batches of CG and adding salt or sugar to obtain the desired gelling
or thickening properties (MarcelTradingCorporation, 2013). So far,
the main commercial sources of CGs are �-CG (Gelcarin® GP-812NF,
Gelcarin® GP-911NF), �-CG (Gelcarin® GP-379NF, SeaSpen® PF),
and �-CG (Viscarin® GP-109NF, Viscarin® GP-209NF).

2.2. Chemical structure and physicochemical properties of
carrageenan

CGs are mainly obtained from different species of Rhodophyta:
Chondrus, Eucheuma, Gigartina, and Hypnea (Campo et al., 2009; Jiao
et al., 2011). They are mainly composed of D-galactose residues
linked alternately in 3-linked-�-D-galactopyranose and 4-linked-
�-D-galactopyranose units and are classified according to the
degree of substitution that occurs on their free hydroxyl groups.
Substitutions are generally either the addition of ester sulfate or the
presence of the 3, 6-anhydride on the 4-linked residue (Campo et al.,
2009; Nanaki, Karavas, Kalantzi, & Bikiaris, 2010). In addition to D-
galactose and 3,6-anhydro-D-galactose as the main sugar residues
and sulphate as the main substituent, other carbohydrate residues
may  present in CG preparations, such as glucose, xylose and uronic
acids, as well as some substituents, such as methyl ethers and pyru-
vate groups (Campo et al., 2009; De Ruiter & Rudolph, 1997). These
polysaccharides can also be traditionally split into six basic forms:
Kappa (�)-, Iota (�)-, Lambda (�)-, Mu  (�)-, Nu (�)- and Theta (	)-CG.
This nomenclature is relevant to their chemical structures and com-
mercial production, since different CG subtypes are extracted from
distinct weed sources (Campo et al., 2009; Knutsen, Myslabodski,
Larsen, & Usov, 1994). The primary differences which influence the
properties of CG type are the number and position of ester sulfate
groups as well as the content of 3,6-anhydro-galactose (3,6-AG). For
instance, it was  reported that higher levels of ester sulfate resulted
in lower solubility temperature and lower gel strength (Necas &
Bartosikova, 2013). Three most important types of CGs (impor-
tant from commercial point of view) are kappa (�), iota (�) and
lambda (�), and their structures are presented in Fig. 1 (Sankalia,
Mashru, Sankalia, & Sutariya, 2006a). As can be seen from their
chemical structures, 3, 6-anhydrobridges are present in �- and �-
CG but not in �-CG. The �-, �-, and �-CG dimers have one, two
and three sulphate ester groups, resulting in calculated sulphate
content of approximately 20%, 33% and 41% (w/w), respectively
(De Ruiter & Rudolph, 1997; Nanaki et al., 2010). Typically, com-
mercial �-CG contains approximately 25% ester sulfate and 34%
3,6-AG; �-CG contains approximately 32% ester sulfate and 30%
3,6-AG; �-CG contains approximately 35% ester sulfate and little
or no 3,6-AG (FMCBioPolymer, 2013a). In summary, three types of
CGs have similar characteristics in chemical structure. NMR  spec-

troscopy (1H NMR  or 13C NMR  spectroscopy), colorimetric and
chromatographic methods can be used for structural analysis of
CGs (Campo et al., 2009). In addition, fourier transform infrared
spectroscopy and multivariate regression can also be utilized for
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Fig. 1. Schematic representation of idealized repeating units of carrageenans.
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bility to degradation, the three types of CGs followed the order
eprinted from Ref. (Sankalia et al., 2006a), Copyright (2006), with permission from
lsevier.

uantitative determination of CGs in industrial mixtures (Prado-
ernandez, Rodriguez-Vazquez, Tojo, & Andrade, 2003; Volery,
esson, & Schaffer-Lequart, 2004).

Commercial CGs have an average molecular weight ranging
rom 100 to 1000 kDa. Table 1 shows some basic properties of com-

ercial CGs (FMCBioPolymer, 2013b). The pKa value of the anionic
ulfate groups on CGs is around 2, which determines the degree of
onization in different media (Gu, Decker, & McClements, 2004b).
- and �-CG are known to undergo a thermally-induced disordered-
rdered transition, where at elevated temperatures both chains
xist as random coils with a larger amount of conformational
ntropy. Upon cooling, entropy is reduced and chains re-orient
nto a more ordered conformation, which is believed to consist
f either a double helix, aggregated mono-helices or aggregated
elical dimers (Stone & Nickerson, 2012). �- and �-CG also exhibit
elation in the presence of mono- and di-valent cations. In con-
rast, �-CG does not gel with either mono- or di-valent cations
nd displays only viscous behavior. It has been explained that �-
nd �-CG form ordered three-dimensional networks comprising of
ouble helices resulting from “crosslinking” of the adjacent chains

n which the sulfate groups are oriented externally. On the other

and, sulfate groups at the 2-postion in �-CG face inward preclud-

ng “crosslinking” and formation of an ordered network (Campo
t al., 2009; Running, Falshaw, & Janaswamy, 2012). Nevertheless,
ymers 103 (2014) 1– 11 3

a recent research showed that gelation in �-CG indeed was possible,
but with trivalent ions. This novel finding has potential to expand
�-CG’s current utility beyond a viscosity enhancing agent (Running
et al., 2012). In addition, various types of salts have different effects
on the gelling and phase transitions of �-CG gels and �-CG gels. It
has been reported that stronger �-CG gels were formed in the pres-
ence of KCl compared to other salts such as LiCl, NaCl, MgCl2, CaCl2,
and SrCl2 (Kara, Arda, Kavzak, & Pekcan, 2006). Meanwhile, the
gel-sol transition temperatures of �-CG were strongly correlated
to NaCl, KCl and CaCl2 contents (Pekcan & Tari, 2008). For �-CG,
storage modulus increased slowly with the monovalent salt con-
centration and more quickly with the divalent salt concentration.
In contrast, for �-CG, storage modulus increased more rapidly in the
presence of KCl than that with calcium or copper. Nevertheless, for
high salt concentrations, storage modulus became independent of
the type and concentration of cations in the �-CG solution (Michel,
Mestdagh, & Axelos, 1997).

2.3. Biological and toxicological properties of carrageenan

CGs have shown several potential pharmaceutical proper-
ties including anticoagulant, anticancer, antihyperlipidemic, and
immunomodulatory activities (Campo et al., 2009; Wijesekara,
Pangestuti, & Kim, 2011). In vitro studies also indicate that CG may
also have antiviral effects, inhibiting the replication of hepatitis A
viruses (Girond, Crance, Van Cuyck-Gandre, Renaudet, & Deloince,
1991). Additionally, comparison of a variety of compounds reveals
that CG is an extremely potent infection inhibitor for a broad
range of sexually transmitted human papillomavirus (Buck et al.,
2006). There are also indications that CG-based sexual lubricant
gels may  offer protection against human papillomavirus transmis-
sion (Campo et al., 2009; Roberts et al., 2007). CG also exhibits
antioxidant activity and free radical scavenging activity. Further-
more, Rocha de Souza et al. found a positive correlation between
sulfate content and antioxidant activity (Rocha de Souza et al.,
2007).

Since CG is being employed as food additive and pharmaceutical
excipient, questions about the safety of CG have been raised. Toxi-
cological properties of CG are as follows: LD50 (rat, oral) > 5 g/kg;
LD50 (rabbit, skin) > 2 g/kg; 4 h LC50 (rat, inhalation) > 0.93 mg/L
(Weiner, 1991). CG is generally regarded as a relatively nontoxic
and nonirritating material when used in nonparenteral pharma-
ceutical formulations (Rowe et al., 2009). However, CG is known
to induce inflammatory responses in laboratory animals for the
investigation of anti-inflammatory drugs (Tobacman, 2001; van
der Kam, Vry, Schiene, & Tzschentke, 2008), and therefore, its long
term safety is a main concern. Studies in recent years showed that
long-term administration of CG in various animals caused intestine
mucous membrane damage or ulcerous colonitis, and promoted
tumor growth (Tobacman, 2001). Thus, it is necessary to perform
more epidemiological and essential studies to evaluate the safety
of CG (Liang, 2009).

2.4. Carrageenan modification

Although CG has many biological functions, their further utiliza-
tion in nonfood field is limited by their high viscosity. Therefore, it
is desirable to obtain CG oligosaccharides by depolymerization.

CG can be degraded by irradiation with various doses of gamma
rays in solid, gel or solution state at ambient temperature. The
molecular weights obtained are in the range of 10.5 × 104–0.8 × 104

with narrow distribution. By comparing the yield and suscepti-
of � > � > � in aqueous form (Relleve et al., 2005). However, due
to radiation-induced desulfation, CG oligomer has lower sulfate
content. In addition, CG can also be degraded by ultrasound or
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Table 1
Typical properties of different grades of carrageenans (FMCBioPolymer, 2013b).

Product name Carrageenan type Viscosity Gel type Water solubility

Gelcarin® GP-379 NF Iota High, thixotropic Elastic, medium strength Hot
Gelcarin® GP-812 NF Kappa Low Brittle, strong Hot
Gelcarin® GP-911 NF Kappa Low Brittle, firm Hot, partial cold
Viscarin® GP-109NF Lambda Medium Non-gelling Partial cold, full hot
Viscarin® GP-209NF Lambda High Non-gelling Partial cold, full hot
SeaSpen® PF Iota Medium Elastic, weak Cold delayed, gel formation

Table 2
Principal characteristics and potential applications of representative carrageenan graft copolymers.

Graft copolymer Principal characteristics Potential applications References

�-CG-g-N-vinyl-2-pyrrolidone Better metal ion sorption, better
flocculating properties

Super absorbent, flocculant Mishra, Sand et al. (2010)

�-CG-g-N-vinyl formamide, and
�-CG-g-vinylsulfonic acid

Resistance to biodegradability,
thermally more stable, good
swelling towards water

Super absorbent, flocculant Mishra, Yadav et al. (2010), Yadav
et al. (2012)

�-CG-g-polymethacrylamide Reversible pH-responsiveness A novel drug delivery system Pourjavadi, Sadeghi, and
Hosseinzadeh (2004)

Carboxymethyl �-CG Better moisture absorption, A wound healing material, oral Fan et al. (2011), Leong et al. (2011)
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antibacterial activity
�-CG-g-poly(acrylamide) pH-sensitive 

icrowave. The existence of a linear relationship between kn and
�]n suggests that ultrasonic degradation of CGs (�, �) follows
rst-order kinetics during sufficiently short periods. The suscep-
ibility to degradation by low-frequency, high intensity ultrasound
35 kHz, 300 W/cm2) was in the order of �-CG > �-CG (Lii, Chen,
eh, & Lai, 1999). Similarly, microwave degradation of �-CG also

ollowed first-order kinetics at lower microwave stress during
hort periods. The susceptibility to degradation was  also related to
heir molecular size. Furthermore, the stability of glycosidic link-
ges, concentration, conformation and viscosity of polysaccharides,
nd microwave stress may  have an important influence on the
egradation mechanism (Zhou, Yao, & Wang, 2006). In addition,
ther methods of degradation have also been investigated, such as
cid hydrolysis (Myslabodski, Stancioff, & Heckert, 1996), oxidative
egradation (Chen et al., 2010), enzymatic hydrolysis using car-
ageenase (Jouanneau, Boulenguer, Mazoyer, & Helbert, 2010) and
ommercial enzymes (Wu,  2012). Degradation process can change
he biological properties of CG. For example, studies reveal that

olecular weight is an important factor that influences the anti-
IV (human immunodeficiency virus) activities of depolymerized
G (Abad et al., 2010; Relleve et al., 2005; Wu,  2012). The oligosac-
harides from thickening CG product showed much higher tumor
nhibition effect (Hu, Jiang, Aubree, Boulenguer, & Critchley, 2006).

oreover, the oligomers of CG could accelerate wound healing
rocess (Abad et al., 2009). However, on the other hand, it was
ound that the degraded CG caused significant mucosal ulceration
f the colon, leading to increased safety problem (Chen et al., 2010).
herefore, when depolymerized CGs are utilized, their additional
iological functions should be considered.

Modification of natural polymers by graft copolymerization is
uite promising in order to achieve desirable polymeric proper-
ies. Aqueous �-CG gels display an undesirable large extent of
yneresis (the extraction of a liquid from a gel) when subjected
o mechanical deformation or aging, a natural process that affects
he mechanical and rheological properties of the gel (Campo et al.,
009; Meena, Lehnen, Schmitt, & Saake, 2011). Moreover, �-CG suf-
ers from drawbacks such as high susceptibility to microbial attack
Mishra, Yadav, Sand, Tripathy, & Behari, 2010). Thus, chemical
odifications have been proposed to modulate the physicochem-
cal properties of CG and the grafting mainly occurred at the
ydroxyl group of CG (Campo et al., 2009). For instance, covalent
inding of other substances to �-CG chains can produce physically
insulin delivery
Intestinal targeted drug delivery Kulkarni, Boppana, Mohan,

Mutalik, and Kalyane (2012)

more stable derivatives (Mishra, Sand, Mishra, Yadav, & Behari,
2010). Similarly, specific targeting, swelling and bioactive proper-
ties of CG can also be achieved by grafting based on the need for
drug delivery. Table 2 summarizes the physicochemical properties
and potential applications of representative CG grafted copolymers.
In addition to grafting copolymerization, the oversulphated, desul-
fated, acetylated and phosphorylated derivatives of �-CG were also
reported with various physicochemical properties and biological
activities (Xu, Yao, Wu,  Wang, & Zhang, 2012; Yuan et al., 2005).
More details can be found in a review paper (Campo et al., 2009).

3. Applications of carrageenan in various drug delivery
systems

3.1. Oral extended-release tablets

3.1.1. As the single matrix of oral extended-release tablets
Hydrophilic matrix systems are one of the most widely used

drug delivery systems to control the release of drugs. Consider-
ing the physicochemical properties of CG such as high molecular
weight, high viscosity and gelling, CG can be used as the matrix
for the preparation of extended-release tablets but with limited
drug loading capacity. For instance, a study investigated the poten-
tial of two  commercial CGs, Gelcarin® GP-379 (�-CG) and Viscarin®

GP-209 (�-CG) for the preparation of extended-release tablets with
tripelennamine HCl as the model drug. Near zero-order release pro-
files could be obtained by using mixture of equal amount of two
carrageenans (�, �) with drug loading 10%. However, increasing
drug loading to thirty percent resulted in breakup of the tablets dur-
ing dissolution and departure from zero-order release (Hariharan,
Wheatley, & Price, 1997). In addition, �-CG was  also investigated as
the matrix of controlled release tablets. Using theophylline mono-
hydrate as the model drug (20%) and microcrystalline cellulose
as the filler, influence of �-CG content on drug release was stud-
ied. It was  noted that 20% (v/v) �-CG resulted in fast drug release,
slower release was observed at �-CG content 30% (v/v). Moreover,
drug release at 70% (v/v) �-CG followed zero-order kinetics (Picker,

1999b).

More factors can affect drug release from CG-based matrix
tablets. As reported, �-CG matrix tablets containing 10% theoph-
ylline were prepared by direct compression. At 10% CG level, it
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ppeared that the type of diluents used affected drug release
reatly. Tablets with lactose as the diluent released drug faster,
ompared with that containing dibasic calcium phosphate and
icrocrystalline cellulose as the diluents. Controlled drug release

ould be achieved by increasing CG level to 30% and 40%. Mean-
hile, dissolution medium could also influence drug release, and

he release rate was in the order of pH 7.4 > 0.1N HCl > distilled
ater (Rosario & Ghaly, 2002). Also, as the rotational speed of the

pparatus increases, integrity of the gel layer decreases, leading
o increased drug release. Since mono- and di-valent cations can
nfluence the gelation properties of �- and �-CG, the added salts
potassium and calcium chloride) to matrices could alter more or
ess swelling of the matrices and therefore drug release (Picker,
999a). However, the relationship between drug release and added
alts is complicated, depending on the concentrations of cations
nd the type of drug (Picker, 1999a).

.1.2. Polymer mixture as the matrix of oral extended-release
ablets

When CG is used as the sole matrix material for controlling
rug release, sometimes desired release profiles such as zero order
elease and pH independent drug release, cannot be obtained. For-
unately, polymer mixtures have been widely used for decades in
rder to modulate drug release in a satisfactory way (Maderuelo,
arzuelo, & Lanao, 2011). For instance, erosion of �-CG based matrix
ablets can be influenced by pH of the dissolution media. However,
y adding more slowly erodible HPMC into �-CG based matrix, the
ifference of drug release in dissolution media of varied pH could
e reduced (Bonferoni et al., 1994). Furthermore, through optimi-
ing �-CG/HPMC ratio in the matrix, linear and pH-independent
elease profile of chlorpheniramine maleate was  achieved which
asting for 24 h (Bonferoni et al., 1998). A recent study was also
onducted to investigate the effect of polymer blends containing
Gs (�, �), and cellulose ethers (HPMC, sodium carboxymethyl
ellulose, methylcellulose, hydroxypropyl cellulose) on ibuprofen
elease from tablets prepared by direct compression. Most of the
ormulations showed linear release profiles (r2 ≥ 0.96–0.99) and
he release of ibuprofen was sustained over 12–16 h (Nerurkar, Jun,
rice, & Park, 2005). In addition, CG in combination with different
wollen polymers can also be used to prepare three-layered matrix
ablets. Compared with HPMC, pectin, guar gum, xanthan gum, CS,
nd ethyl cellulose, CG has been regarded as the best polymer for
he delivery of metoprolol tartrate in three-layered matrix tablets
ue to its better accordance to the target release profile, and CG
ased formulations also exhibited super case II release mechanism
Baloglu & Senyigit, 2010).

On the other hand, since CG is negatively charged above its
Ka value, it can spontaneously associate with positively charged
olyions to form polyelectrolyte complexes (Zhang, Mao, & Sun,
010). Tapia and co-workers employed polyelectrolyte complexes
f CS and �-CG as prolonged drug release matrix. However, the high
apacity of �-CG to absorb water into tablets induced premature
isintegration of tablets instead of matrix swelling (Tapia, Corbalan,
osta, Gai, & Yazdani-Pedram, 2005; Tapia et al., 2004). Recent stud-

es showed that, when CS–CGs-based tablets were transferred from
imulated gastric fluid to simulated intestinal fluid, in situ poly-
lectrolyte film could be formed on the surface of tablets, and the
olyelectrolyte film could further control drug release (Li, Wang,
hao, Ni, et al., 2013; Li, Wang, Shao, Tian et al., 2013). Moreover,
he results showed that CS–�-CG-based matrix was quite promis-
ng as controlled-release drug carrier due to its less sensitivity to pH
nd ionic strength, compared with CS–�-CG- and CS–
-CG-based

atrix (Li, Wang, Shao, Tian et al., 2013). CG allows a certain degree

f ionization maintained even at low pH due to its low pKa value
Gu et al., 2004b). This property can be used to prepare gastric
oating tablets. Bani-Jaber, Al-Aani, Alkhatib, and Al-Khalidi (2011)
ymers 103 (2014) 1– 11 5

developed metronidazole loaded floating tablets by using CG and
Eudragit® as the matrix and Na bicarbonate as effervescent agent.

3.1.3. As an excipient to extend the release of basic drugs
Due to its half-ester sulfate moieties, CG exhibits a high capac-

ity to react with positively charged substances (Moreno-Villoslada,
Oyarzun, Miranda, Hess, & Rivas, 2005). Investigations have shown
that CG may  interact with some basic drugs, leading to additional
decrease in drug release, with burst release suppressed (Kojima,
Yoshihara, Sawada, Kondo, & Sako, 2008). An early study showed
that �-CG could control the initial release of salbutamol sulphate,
a basic drug, independent of the dissolution media (distilled water,
pH 1.2 and 6.8), which was  attributed to ionic drug–polymer inter-
action (Bonferoni et al., 1993). Moreover, the capability of CG
in controlling early drug dumping suggests its potential applica-
tion when constant drug release is desired. A study showed that
percent of �-CG as high as 40% in the matrix (�-CG–HPMC) pro-
vided good early control of drug release (salbutamol sulphate and
chlorpheniramine maleate), with release profiles close to linear
(Bonferoni et al., 1994). The underlying mechanisms for decreased
burst release were elucidated by the fact that when �-CG-based
matrix tablets get contact with dissolution medium, unspecific
interaction between basic drug and �-CG at the tablet surface
contributes to reduced drug diffusion, and drug release is mainly
governed by erosion of the carriers (Bonferoni, Rossi, Ferrari, &
Caramella, 2004; Vadlapatla, Fifer, Kim, & Alexander, 2009). The
combination of all mechanisms (water-uptake, erosion and interac-
tion) may result in prolonged drug release of more than 24 h (Pavli,
Baumgartner, Kos, & Kogej, 2011; Pavli, Vrecer, & Baumgartner,
2010).

In addition to in situ polyelectrolyte complexes formation
between basic drug and CG, Bonferoni and Co-workers prepared
diltiazem/�-CG complexes in distilled water, and verified the feasi-
bility of employing �-CG–diltiazem complexes for controlled drug
release (Bonferoni, Rossi, Ferrari, Bettinetti, & Caramella, 2000;
Bonferoni, Rossi et al., 2004; Bonferoni et al., 2000; Bonferoni et al.,
2008). In both pH 1.2 and 6.8 media, tablets based on physical
mixture of diltiazem hydrochloride and �-CG with drug load-
ing 63% disintegrated quickly and the release was  very fast and
completed within 1 h. Interestingly, the release of diltiazem from
drug/CG complexes based tablets was  sustained for more than 20 h
(Bonferoni, Rossi et al., 2004). In the tested media, the complexes
were able to release the drug completely, suggesting that no dis-
solution problems would arise with its use in oral dosage forms.
Moreover, drug release mechanism from drug/�-CG complexes
based tablets prepared in their work was  quite different with that
of classical matrix systems, diffusion through hydrated gel layers
was reduced. Instead, slow dissolution/erosion of the complexes
at tablet surface was likely to be responsible for controlled drug
release, while the dissociation of drug–polymer complexes was
influenced by the ions in the medium (Bonferoni, Rossi et al., 2004).
Further studies showed characteristics of drug/CG complexes were
also affected by properties of the drug (Aguzzi et al., 2002). For
instance, for the complexes containing more soluble drug such as
metoprolol and tramadol, gelation was observed after hydration.
In contrast, complexes containing diltiazem apparently did not gel;
the behavior of bupropion-containing complexes was in between
(Aguzzi et al., 2002).

3.2. As an extrusion aid for the preparation of pellets

Wet  extrusion/spheronization are commonly used tech-

niques in pharmaceutical industry for producing pellets (Yoo &
Kleinebudde, 2009). Microcrystalline cellulose (MCC) is a standard
extrusion aid commonly used to achieve desired properties.
However, MCC-based formulations show some disadvantages such



6 ate Pol

a
d
fi

&
a
(
u
f
c
o
A
p
t
f
t
e
n
a
T
a
n
s
t
f
m
m
n
f
w

p
T
f
w
r
p
u
(
p
f
w
C
m
d
&
s
M
p
K
t
(
b
�
2
i
p
(
p
s
t
K
w
o
p
2

L. Li et al. / Carbohydr

s non-disintegration of the pellets and incompatibility with some
rugs (Basit, Newton, & Lacey, 1999). Therefore, it is desirable to
nd a substitute material for MCC  (Jain, Singh, & Amin, 2010).

At present, CG is increasingly used as an extrusion aid (Krueger
 Thommes, 2013). Bornhoft and co-workers are the first to evalu-
te the suitability of different types of CGs as novel extrusion aids
Bornhoft, Thommes, & Kleinebudde, 2005). The �-type CG, insol-
ble in cold water, presented suitable plastic and brittle properties
or the spheronization process. In contrast, depending on water
ontent, the extrudates based on �- or �-CG were either too brittle
r too elastic to achieve round pellets in the spheronization process.
nyhow, preliminary trials showed that the addition of calcium,
otassium and sodium ions to the granulation liquid could reduce
he solubility of �- and �-CG and, consequently, allowed success-
ul spheronization process (Bornhoft et al., 2005). By the virtue of
hese findings, insoluble �-CG seems to be the most suitable type for
xtrusion/spheronization. Four process parameters (screw speed,
umber of die holes, spheronizer speed and spheronizer temper-
ture) have been systematically evaluated for �-CG-based pellets.
he most spherical pellets were obtained with high yield by using

 large number of die holes and a high spheronizer speed, and
o influence of the investigated process parameters on particle
ize distribution, mechanical stability, and drug release charac-
eristics was found (Thommes & Kleinebudde, 2007). In addition,
or the various types and fractions of fillers investigated (lactose,

annitol, maize starch and dicalciumphosphate dihydrate), only
inor effects to the pelletization process and pellet properties were

oticed (Thommes & Kleinebudde, 2006a). Meanwhile, using dif-
erent drugs with high loads (80%) could affect pellet properties as
ell (Thommes & Kleinebudde, 2007).

Based on the potential of �-CG as a novel extrusion aid, com-
arative studies between �-CG and MCC  have been carried out.
o produce spherical pellets, higher water content is required
or �-CG compared to MCC. Meanwhile, the range of optimal
ater content of �-CG is much broader, which can improve the

obustness of the pelletizing process and small fluctuations in
owder and liquid feed rate will not affect quality of the prod-
ct (Bornhoft et al., 2005). Pellets containing up to 90% drug
vatalanib succinate, theophylline) have been successfully pre-
ared by extrusion–spheronization using MCC  or �-CG as matrix
ormer. It was shown that drug release from MCC-based pellets
as slow and predominantly controlled by diffusion. In contrast, �-
G-based pellets disintegrated rapidly upon contact with aqueous
edia, resulting in rapid release, even in the case of highly dosed

rugs with low/poor aqueous solubility (Kranz, Juergens, Pinier,
 Siepmann, 2009). Generally, �-CG-based pellets own  lower ten-
ile strength, faster disintegration and drug release compared to
CC-based pellets. Meanwhile, the release profile of �-CG-based

ellets is less affected by the solubility of the drugs (Thommes &
leinebudde, 2006b). Therefore, �-CG-based pellets might be able

o overcome the bioavailability problem of poorly soluble drugs
Kilor, Sapkal, Awari, & Shewale, 2010). A study showed that the
ioavailability of darunavir was substantially improved by using
-CG-pellets compared with MCC-based pellets (Thommes et al.,
009). On the other hand, due to the high water binding capac-

ty of �-CG, an expensive drying process may  be required and a
ossible stability problem for sensitive drugs should be noticed
Bornhoft et al., 2005). It was reported that increasing drying tem-
erature and duration decreased the mean dissolution time, tensile
trength and disintegration time of the pellets, attributed to a cau-
ious decomposition of �-CG above 70 ◦C (Thommes, Blaschek, &
leinebudde, 2007). In addition, since quick disintegration of �-CG

ill lead to fast drug release, a thicker coating and lower amount

f pore former are required to achieve sustained release com-
ared with that of MCC-based pellets (Ghanam & Kleinebudde,
011).
ymers 103 (2014) 1– 11

In addition, the compression behavior of �-CG-based pellets
has been investigated. Regardless of their initial components, �-
CG-based pellets exhibited minimal to absent fragmentation and
underwent compression by deformation. Compression of pellets
with high density silicified MCC  as embedding powder could pro-
tect the pellets from severe deformation and result in tablets
with sufficient tensile strength, minimal friability, negligible elas-
tic recovery and short disintegration time (Ghanam, Hassan, &
Kleinebudde, 2010).

3.3. Carrageenan-based micro/nanoparticles delivery systems

3.3.1. Microcapsules
Based on the negative charge, CG is commonly used in combi-

nation with cationic charged polymers or cationic polyelectrolyte
as the shell of microcapsules. For example, �-CG was used in com-
bination with spermine to prepare trypsin loaded microcapsules,
with functional integrity of trypsin, a hydrolytic enzyme retained
at �-CG concentration below 10.5 mM (Patil & Speaker, 1998). CG
was also used together with CS to prepare glucose oxidase loaded
microcapsules for oral controlled release (Briones & Sato, 2010).
Among the different types of CGs, the order of encapsulation effi-
ciency of CS–CG complexes decreased in the order � > � > �. The
CS–�-CG complex had the lowest release rate and was able to pre-
serve 80.2% of glucose oxidase activity in pH 1.2 solution, 73.3% in
chitosanase solution and 66.4% in pepsin solution (Briones & Sato,
2010).

3.3.2. Microspheres
Polymeric microspheres can be employed to deliver drugs in

a rate-controlled and sometimes targeted manner. Natural poly-
mers such as CS, alginate, hyaluronic acid, gelatin and starch,
are commonly used as the carriers (Mao, Guo, Shi, & Li, 2012a;
Mao, Guo, Shi, & Li, 2012b). In contrast, the application of CG in
this field is rarely reported. Nevertheless due to the good gelling
and film forming properties of some types of CGs, their appli-
cation in polymeric microspheres field is being explored (Rokka
& Rantamaki, 2010). Bonferoni and co-workers prepared timolol
maleate loaded �-CG–gelatin microspheres for ophthalmic deliv-
ery. The combination of �-CG and gelatin in different ratios proved
to be useful in modulating the drug release profiles, the rheological
properties of the hydrated formulations and their mucoadhesive
properties. In vivo study in albino rabbits showed that the micro-
sphere formulations had significantly higher drug concentration
and bioavailability in the aqueous humour compared with the
commercial formulations (Bonferoni, Chetoni et al., 2004). Using
CGs (�, �) as carriers, mucoadhesive microspheres containing local
anesthetic agents and allopurinol have been prepared for the treat-
ment of mucositis, which could form films at air/water interfaces
immediately after dropping, implying that the microspheres could
uniformly cover inner surfaces of oral cavity to prevent and treat
oral mucositis (Tomoda et al., 2009).

3.3.3. Beads
Compared with microcapsules and microspheres, CGs are more

extensively reported as the excipients to prepare beads due to
their easy gelling, thermo reversibility of the gel network and
appropriate viscoelastic properties (Hezaveh, Muhamad, Noshadi,
Shu Fen, & Ngadi, 2012). In an early study, �-CG (Gelcarin® GP-
812NF) was used to control the release of acetaminophen from
beads prepared by cross-linking technique (Garcia & Ghaly, 1996).
Sustained release mefenamic acid-beads based on �-CG were also

employed to reduce daily dose and minimize gastrointestinal dis-
turbance caused by the drug (Ozsoy & Bergisadi, 2000). Sipahigil
et al. prepared CGs (�, �) beads using ionotropic gelation method
as a controlled release system for a slightly water soluble drug
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buprofen and a freely water soluble drug verapamil hydrochlo-
ide. The results showed that about 30% of ibuprofen was  released
n 6 h, and about 70% of verapamil HCl was released in 5 h from the
G beads prepared (Sipahigil & Dortunc, 2001). The combination of
G with other polymers for the preparation of beads can have addi-
ional advantages. For instance, the surface of �-CG–alginate beads
as smoother than that of the one-polysaccharide network beads

Mohamadnia, Zohuriaan-Mehr, Kabiri, Jamshidi, & Mobedi, 2008).
dditionally, polyelectrolyte complex hydrogel beads based on CS
nd CG have been studied as a controlled release device for colon-
pecific delivery of sodium diclofenac (Piyakulawat, Praphairaksit,
hantarasiri, & Muangsin, 2007).

Moreover, CG-based beads can be used to deliver biological
edicine. Enzyme loaded �-CG beads can be prepared by drop-

ing �-CG containing enzyme solution into magnetically stirred KCl
olution. Shelf-life of alpha-amylase loaded beads was increased up
o 3.53 years compared with 0.99 year of the conventional formu-
ation (Sankalia et al., 2006a). Similarly, shelf-life of papain-loaded
eads was increased to 3.63 years compared with 1.01 years for the
onventional formulation (Sankalia, Mashru, Sankalia, & Sutariya,
006b). Besides, CG-based hydrogel beads have been used for the
ontrolled delivery of platelet derived growth factor in bone tissue
ngineering, which satisfied the requirement for a fully functional
ascular network (Santo et al., 2009). And, alginate–CG hydrogel
eads have been employed as cell delivery systems for regenerative
edicine applications (Popa, Gomes, & Reis, 2011).

.3.4. Nanoparticles
Nanoparticles based on CS–CG complex can be obtained in an

queous environment under very mild conditions based on elec-
rostatic interaction, avoiding the use of organic solvents or other
ggressive processes (Pinheiro et al., 2012). Thus, CS–CG nanoparti-
les have potential applications not only in drug delivery, but also in
issue engineering and regenerative medicine (Bulmer, Margaritis,

 Xenocostas, 2012; Pinheiro et al., 2012). It was reported that CS/�-
G nanoparticles exhibited noncytotoxic behavior in in vitro tests
sing L929 fibroblasts, and provided a controlled release for up to 3
eeks with ovalbumin as a model protein, and CS/CG ratio had a sig-
ificant effect on the properties of the nanoparticles (Grenha et al.,
010). Bulmer et al. prepared recombinant human erythropoietin

oaded CS–�-CG nanoparticles through ionotropic gelation pro-
ess, with encapsulation efficiency of 47.97 ± 4.10% and a sustained
n vitro release of ∼50% over a 2 week period. Studies on the effect of
urface charge and CS molecular weight on the encapsulation and
ontrolled release of recombinant human erythropoietin revealed
hat increasing either parameter could lead to improved encap-
ulation efficiency and reduced release rate (Bulmer et al., 2012).

 recent study showed that CS/�-CG/tripolyphosphate nanoparti-
les presented potential for mucosal delivery of macromolecules
Rodrigues, Rosa da Costa, & Grenha, 2012).

.4. As a stabilizer of micro/nanoparticles

Depending on the concentration and degree of interaction, CG
an have either positive or negative effect on protein-stabilized
mulsions (Stone & Nickerson, 2012). Stability of whey protein
solate–CG (12:1 mixing ratio) mixed emulsion system, regardless
f the CG type (�, �, �), is significantly higher than that of whey pro-
ein isolate alone emulsions (Stone & Nickerson, 2012). In another
eport, emulsions with oil droplets coated by �-lactoglobulin–�-
G were prepared at pH 6. In the presence of 150 mM NaCl, �-CG

mproved the stability of �-lactoglobulin-coated emulsion greatly

y preventing surface-denaturation-induced droplet flocculation
t temperatures below 60 ◦C, probably due to the steric stabiliza-
ion effect provided by �-CG. However, at higher temperatures the
mulsions were highly instable, leading to droplet flocculation,
ymers 103 (2014) 1– 11 7

which could be explained by the mechanism that �-CG desorbed
from the droplet surface at high temperature and could not pro-
tect them against aggregation induced by thermal denaturation
of adsorbed �-lactoglobulin (Gu, Decker, & McClements, 2004a;
Gu, Decker, & McClements, 2005). Meanwhile, since CG is anionic
polymer with pKa around 2, pH could influence the properties of
�-lactoglobulin stabilized oil-in-water emulsions, and the degree
of effect was �-CG concentration dependent (Gu et al., 2004b).
In addition, Rosas-Durazo, Lizardi, Higuera-Ciapara, Argueelles-
Monal, and Goycoolea (2011) demonstrated that a nanoemulsion
stabilized by dodecyl-trimethylammonium chloride, a commercial
cationic surfactant, could be coated with small amount of �-CG
(at molar charge ratio of Z ≤ 0.0045) by incubation. The successful
introduction of �-CG at the droplet interface offers the possibility
to exploit thermoreversible coil-to-helix transition characteristic
of �-CG or other galactan polysaccharides as a strategy to develop
temperature-sensitive nanocarriers.

At present, nanosizing techniques have been widely explored
to increase the dissolution rate, therefore oral bioavailability
of poorly soluble drugs. Using CG as a stabilizer, nanosuspen-
sion of a compound/�-CG complex with a median particle size
of about 0.3 �m was successfully developed. The particle size
of the nanosuspension did not increase significantly during the
lyophilization process and was stable for at least 39 days at room
temperature after lyophilization, indicating the potential of CG as
a stabilizer in nanosystem (Dai, Dong, & Song, 2007).

3.5. As a gelling agent/viscosity enhancing agent for controlled
release and prolonged retention

Based on the physicochemical properties of CG,  �- and �-CG
can form gel easily, especially in the presence of monovalent and
divalent ions. Gel formed by �-CG has suitable rheological and
sustained release characteristics, with potential use as vehicles
for oral delivery of drugs to dysphagic patients (Miyazaki et al.,
2011). Incorporation of magnetic nanoparticles in polysaccharide
hydrogels is currently being explored as a strategy to confer novel
functionalities to hydrogels valuable for specific bio-applications.
�-CG magnetic hydrogel nanocomposites have been prepared and
the effect of magnetic (Fe3O4) nanofillers on the release of a model
drug (methylene blue) was investigated, demonstrating that the
release rate and profile could be tailored with variable Fe3O4
nanoparticles load (Daniel-da-Silva et al., 2012). In addition, sil-
ver and magnetite nanofillers were synthesized in modified �-CG
hydrogels using in situ method. In vitro release studies revealed that
metallic nanocomposites hydrogels could improve drug release in
intestine and limit its release in the stomach (Hezaveh & Muhamad,
2012). On the other hand, CG can be used as a gelling agent when
HPMC is used to prepare capsule shell as an alternative of conven-
tional gelatin capsules for oral drug delivery (Jones, Basit, & Tuleu,
2012; Tuleu et al., 2007).

Moreover, many studies focus on adding CG to other poly-
mers in order to utilize the gelling properties of CG to achieve
good controlled-release profile. For instance, after �-CG is
added to agarose hydrogels containing micellar drug solution of
cetyltrimethylammonium bromide–camptothecin, release rate of
the drug decreased significantly (Liu & Li, 2007). Similarly, as 0.02%
(w/w) �-CG is added to agarose gels, with the increase of gel
strength and the decrease of drug diffusion rate, the release of
model drugs (lidocaine HCl, doxepin HCl, imipramine HCl) remark-
ably decreased (Caram-Lelham & Sundelof, 1996; Sjöberg, Persson,
& Caram-Lelham, 1999).
Considering the gel strength and viscosity of CG, gels based
on the combination of CG with other polymers can also be used
for different routes of administration, especially in topical drug
delivery systems with prolonged retention. In vivo drug residence
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xperiment demonstrated that �-CG significantly prolonged local
esidence of acyclovir after vaginal administration in mice and
oreover, it showed a synergistic bioadhesive effect with acrylic

cid polymer Carbopol® (Liu, Zhu, Wei, & Lu, 2009). Thus, CG-based
aginal drug delivery systems containing topical microbicides
ere suggested to treat sexually transmitted infections (Li, Zaveri

t al., 2013). Similarly, pregelatinized starch gels containing vari-
us ratios of �-CG could offer a wide range of bioadhesive strength,
eading to improved physical properties and prolonged buccal
elivery of miconazole (Lefnaoui & Moulai-Mostefa, 2011). All-
rans retinoic acid aqueous gels consisting of 
-CG and polyethylene
xide could be also used for a topical treatment of skin. Polyeth-
lene oxide has a high mucoadhesion property and spinnability,
hereas 
-CG has been used as a texture modifier and gelling

gent. This reduces the disadvantages of each individual polymer
hilst maximizing the optimum properties of each in the result-

ng combined entity (Kawata, Hanawa, Endo, Suzuki, & Oguchi,
012). In addition, polymeric system composed of methylcellulose
nd either �-CG or �-CG provided prolonged retention for transs-
leral delivery of macromolecules (Thrimawithana, Young, Bunt,
reen, & Alany, 2011). In a recent report, the permeation-enhancing
ffect of AT1002, a biologically active fragment of Zonula occlu-
ens toxin which could reversibly open intercellular tight junctions
fter binding to the Zonulin receptor, was significantly promoted
y the bioadhesive agent, �-CG. Administration of ritonavir with
T1002 and CG resulted in a 2.55-fold increase in AUC0-240min
nd 2.48-fold increase in Cmax compared with the control group
Song & Eddington, 2012), The improvement in drug absorption
s explained by the fact that �-CG increased the membrane adhe-
ion of AT1002 and therefore intimate contact with the nasal
ucosa (Heinen, Reuss, Saaler-Reinhardt, & Langguth, 2013; Song

 Eddington, 2012).

.6. Others

In addition to the aspects described above, the utilization of
G in the pharmaceutical field is being broadened. For instance,
esides as a novel pelletizing agent, CG can also be used as an
fficient drug release modifier for ethyl cellulose-coated phar-
aceutical dosage forms (Siepmann, Muschert, Leclercq, Carlin,

 Siepmann, 2008; Siepmann et al., 2007). Boateng, Pawar, and
etteh (2013) also demonstrated that polyethylene oxide and
-CG-based composite film had smooth homogeneous surface,
legant appearance and good transparency. The film dressing con-
aining anti-microbial and anti-inflammatory drugs was effective
or wound healing. Interestingly, CG is also employed as an adjuvant
o enhance peptide-based vaccine potency (Zhang, Tsai, Monie,
ung, & Wu,  2010).

. Conclusions and challenges

The application of CG in pharmaceutical field is increasing very
ast in the past decade. CG is not only employed for the delivery of
mall chemical drugs and proteins, but also for tissue regeneration
ith therapeutic biomacromolecule and cell delivery. At present,

t is mainly used as polymer matrix in oral extended-release
ablets, as a novel extrusion aid for the production of pellets and
s a carrier/stabilizer in micro/nanoparticles systems. Moreover,
ased on the special characteristics of CG such as strong nega-
ive charge, gelling and viscosity properties, it has been used as a
elling agent/viscosity enhancing agent for controlled drug release

nd prolonged retention. Other potential applications are being
xplored. The increasing knowledge of physicochemical properties
nd structural analysis of CG enables the better utilization of CG as
rug carriers. Considering the three most important types of CGs
ymers 103 (2014) 1– 11

(�, �, �) and distinction in their properties, complexity in drug
delivery system design is greatly increased. A suitable type of
CG is of great importance for optimal drug delivery. Meanwhile,
polymer–drug and polymer–polymer interactions also play a sig-
nificant role in pharmaceutical formulations development.

Although CG has already been employed as the carrier of drug
delivery systems, further analysis of drug delivery mechanisms is
still not sufficient. At present, many reports still focus on in vitro
drug release from CG-based formulations, in vivo and in vitro–in
vivo correlation studies are essential in the near future. Importantly,
although CG has been included in USP35-NF30 S1, BP2012 and
EP7.0, taking into account its biological properties such as antitu-
mor  activities, immunomodulatory effects, anticoagulant activities
and inflammatory responses, safety evaluation of CG needs to be
richened. Moreover, furthering our current understanding of fun-
damental properties of CG may  provide strong theoretical bases for
future application of CG in advanced drug delivery system.
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