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Abstract

A spray—coagulation method was developed for the preparation of large scale of porous alginate microparticles. The effect of
three variables on porosity was evaluated: (1) alginate solution concentration (2) the concentration af @&CGloagulation
medium and (3) the ratio of guluronic acid to manuronic acid of the alginate. Methylene blue (MB), a highly water-soluble
compound and a practically water-insoluble compound, 4-phenylazoaniline (PAA) were used as the model drugs to study drug
loading and release characteristics from alginate microparticles. The release of the model compounds from the microparticles
was found to depend upon the release medium. Incomplete in vitro release of both model drugs in deionized (DI) water was
observed. The release of MB in simulated gastrointestinal fluid (0.1N HCI) was fast and complete, while the release of PAA
was slow in 0.1N HCI and fast in phosphate buffer solution (pH 6.8). Interactions between the model drugs and alginate
microparticles were identified from scanning electron microscopy (SEM), differential scanning calorimetry (DSC), Fourier
transform infrared spectroscopy (FT-IR) analysis. The results indicated that (1) porous alginate microparticles can be produced
by the spray—coagulation method; (2) drugs can be loaded by the adsorption method; (3) and the obtained microparticles may
be used for delaying the release of drugs of low water solubility in acidic conditions.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Alginate; Microparticles; Spray—coagulation method; Methylene blue; 4-Phenylazoaniline

1. Introduction Multivalent cations such as calcium form gels with
alginates by reacting with carboxylic acid groups and
Alginates are linear unbranched block polymers bringing guluronate chains together stoichiometrically
consisting of two monomeric units, guluronic acid in an egg-box-like conformation leaving mannuronate
(G) and manuronic acid (M) in various configurations. intact Vauthier and Couvreur, 2000The instanta-
neous gelation of alginate caused by calcium ions
"+ Corresponding author. results in the formation of particles with different diam-
E-mail addressbjasti@pacific.edu (B. Jasti). eters and porosity based on the preparation method
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used Fundueanu et al., 199%Alginate microparticles behavior of two model drugs loaded by the adsorption
are being widely studied as carriers for immobilization method. Additionally, the effect of alginate composi-
of cells, enzymes and proteins as well as for controlled tion on porosity and the influence of media on model
release of drugsGhan et al., 2002a; Tonnesen and drug release behavior were also investigated.
Karlsen, 2002due to their unique characteristics, such
as natural origin, biocompatibility and relatively lower
costs. 2. Materials and methods

Even though sodium alginate has been widely used
asabinderand adisintegrating agentintablets, asasus2.1. Materials
pending and thickening agent in water-miscible gels,
lotions and creams and as a stabilizer for emulsion, the  Sodium alginate: Protanal LF 10/60 was obtained
other potential applications of alginate lie in the devel- from FMC BioPolymer, Norway (Batch No. S12727)
opment of controlled delivery systems. The application and Manugel were provided by ISP Ltd. All other
of alginate in oral dosage forms with systemic effectis reagents were purchased from Sigma (St. Louis, MO,
mainly based on alginate microparticles fromwhichthe USA) and used as received.
release of incorporated drug is controlled by diffusion
mechanism Tonnesen and Karlsen, 2002lginate
microparticles were shown to have excellent bioad-
hesive properties, especially in presence of chitosan,
which showed strong affinity for gastric mucosa. Algi- . . .
nate/chitosan tabletg have geen?orepared foramucgoad-. Sodlu.m alglnaFe soluthn (5%, wiv) was sprayed
hesive delivery systenMiyazaki etal., 1995 Alginate into calcium chloride solution (1 M) through a nozzle

microparticles have been widely investigated for the (3/8in.) at air pressures (40-60 ps_l). The microparti-
delivery of macromolecules such as DNA and pro- cles were stirred for an hour, then filtered and washed

teins Gometz and Wee, 1998Biomolecules can be three times with deionized (DI) water. The cross-linked
loaded into alginate microparticles under mild condi- m|cropart_|cle§ were dispersed in 10 mL Qf water_ and
tions to retain their three-dimensional structure. The frozen using I_|qU|d hitrogen. The frozen m|_cropart|cles
loading capacity is controlled by the porosity of algi- \(/jvere IBSph.OgZ;Sl at 1(c)jO|—éEI>DO3En gg r bg Ili_srlggsa f;eeze-
nate microparticles. Porous alginate microparticles will ryer (Flexi-dry *, model FD-3-85AuP, ystem

allow a higher loading content and a faster release rate Inc., USfAC)) f101r04% h4.2|gr|ed m|cropar|T|cI(tasd|rl1)thg size
than regular non-porous microparticléggndal et al., range ot ©.11L-. mm were collected by SIeving.

2003 The microparticles were also prepared with lower con-
Alginate microparticles are primarily prepared by centrations (0.05 or 0.1 M) of calcium chloride to study

either the emulsification metho®¢ncelet, 2001; You the influence of this variable on porosity.

etal., 2001; Chan et al., 200pdx the dripping method

(Fundueanu et al., 1999; Shu and Zhu, 20&2&sidual 2.3. Determination of specific surface area of

organic solvent is a shortcoming of the emulsifica- alginate microparticles

tion method, while the dripping method is unsuitable

for scale-up and subsequent applications. Recently One hundred milligrams of microparticles were

Mofidi et al. (2000)reported a large-scale prepara- weighed accurately and oven-dried for 2 h before mea-

tion method for alginate microparticles. However, the surement. The surface area of the weighed micropar-

residual organic solvent remained as a concern in this ticles was determined by a single point Brunauer—

method. An air-atomization technique was investigated Emmett—Teller (BET) method from the adsorption of

by Kwok et al. (1991)o produce alginate—polylysine  nitrogen gas at liquid nitrogen temperature using a

microcapsules of Bacillus Calmette Guerin (BCG). Flowsorb Il 2300 (Micromeritics, USA). The specific
The aims of the present studies were to pro- surface area of the microparticles was determined by

duce alginate microparticles with high porosity using dividing the surface area by the weight of microparti-

spray—coagulation method and to study the releasecles.

2.2. Preparation of alginate microparticles by
spray—coagulation method
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2.4. Drug loading nal standard curve by monitoring at 663 and 381 nm,
respectively.
Methylene blue (MB, methylthionine chloride tri-
hydrate, Sigma Chemical Co.) was selected as a water-2.7. Differential scanning calorimetry (DSC)
soluble model drug. Blank alginate microparticles studies
(572 mg) were suspended in 30 mL of MB solution
(2.5 and 25 mM). The suspension was stirred for 24h  Differential scanning calorimetry analysis of MB,
at room temperature and then lyophilized. MB-loaded PAA, blank alginate microparticles, alginate micropar-
microparticles were then dried and stored in a desicca- ticles loaded with MB and alginate microparticles
tor for further evaluation. loaded with PAA were scanned in the range of
4-Phenylazoaniline (PAA, Aldrich Chemical Co., 30-300°C using a Shimadzu DSC-50 (Shimadzu,
USA) was selected as a water-insoluble model drug. Japan) at the rate of 2&/min. Thermograms of blank
PAA (320 mg) was dissolved in 400 mL of ethanol. To alginate microparticles, PAA, alginate microparticles
this PAA solution, 4.18 g of blank alginate micropar- of PAA, MB and alginate microparticles of MB were
ticles were added and the suspension was stirred forrecorded. The endothermic peaks were measured using
24 h. Ethanol was evaporated in a rotary evapora- Shimadzu DSC-50 software.
tor (Ratavapd? R-3000, Buchi, Switzerland) at 6&
under vacuum. PAA-loaded microparticles were then 2.8. FT-IR spectra
stored in a desiccator for further evaluation.
Fourier transform infrared spectroscopy (FT-IR)
2.5. Scanning electron microscopy (SEM) studies spectra of MB, PAA, blank alginate microparticles,
alginate microparticles loaded with MB and alginate
The surface properties of blank and drug-loaded microparticles loaded with PAA were determined by
microparticles were studied by using SEM (Hitachi- the KBr pellet method using a NICOLET Impact 400
260, Japan). The samples were mounted on metal stubg=T-IR spectrophotometer (Nicolet Instrument Tech-
and sprayed with gold to a thickness of 200-5800 nologies Inc., USA).
using a gold splutter. The electron micrographs were
scanned at 150—-2000 magnification.
3. Results and discussions
2.6. In vitro release of MB or PAA from alginate
microparticles 3.1. Preparation and characterization of alginate
microparticles
Release studies of MB or PAA from alginate
microparticles were conducted in two media, deion- Currently available methods for the preparation of
ized water (for PAA 1% SLS solution) and simulated alginate microparticles are not amenable to scale-up,
Gl fluid using paddle method (USP Type Il Appara- so, a spray—coagulation method was investigated for
tus). The effect of salt concentration on the release wasthis purpose. When sodium alginate solution (5%,
evaluated by using sodium chloride at concentrations w/v) was sprayed into calcium chloride solution (1 M)
of 0.45, 0.70 and 0.90%. through a nozzle (3/8in.) at air pressures (4060 psi),
Alginate microparticles (60 mg) loaded with MB  microparticles were formed in Cagbolution. After
or PAA were added into the release medium. Releasefreeze-drying, the resultant alginate microparticles
studies were conducted at 32. Aliquots of 2 mL sam- were found to be porous and irregularly shaped as
ples were collected at predetermined time points (0, shown in SEM photographF{g. 1a). The yield of
15, 30, 45, 60, 90, 120, 150 and 180 min), filtered and porous microparticles was 68195.9% (= 5) of algi-
2 mL of fresh release medium was replenished to main- nate polymer used and the process was scaled up to
tain a constant volume. The concentrations of MB and 25 g of scale (alginate) without difficulty. A larger scale
PAA in the samples were quantified by spectroscopic can be achieved by altering the method slightly such
method (UV-1601, Shimadzu, Japan) using an exter- as employing a continuous flow system and extending
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(c): Alginate Microparticles of PAA(Left: 500%, right: 1000+%),
Fig. 1. SEM photographs of blank alginate microparticles (a), alginate microparticles of MB (b) and alginate microparticles of PAA (c).

the time of spraying. The specific surface area of the are expected to hold higher amounts of drug. Since
microparticles with non-porous structure alginate is alginates consist of guluronic acid and manuronic acid,
calculated as 0.02764ty based on the average size, the effect of guluronic acid content on specific surface
volume and density of alginate polyméndrtin et al., area of alginate microparticles was investigated. As
1993. The specific surface area of alginate microparti- shown inTable 1, the specific surface areas of alginate
cles prepared by spray—coagulation method was deter-microparticles prepared from high to low guluronic
mined to be 32 /g, about 1100 times higher than acid content alginates are comparable and the differ-
non-porous alginate particles of the same size. Becauseences are not statistically significapt0.5). In gen-

of the higher specific surface area, porous alginate eral, alginates with high guluronic acid content results
microparticles produced by spray—coagulation method in strong and brittle microparticles with good heat
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Table 1
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The effect of guluronic acid on surface area of alginate microparticles

Type of alginate used

Specific surface ared/¢nX + S.D. (n=23)

Particle size 0.149-0.212 mm

Particle size 0.110-0.149 mm

Protanal LF 10/60 (high guluronic acid polymer)
Protanal LF 10/60D (low guluronic acid polymer)

6.£651.30
7.101.50

7.02+ 2.20
5.90+ 1.70

All microparticles were prepared by spraying 2.5% alginate into 0.05 M £aCl

stability but prone to water syneresis on freeze-thaw,
whereas alginates with high manuronic acid content

resultin weaker and more elastic gels with good freeze-

thaw behaviorChan et al., 2002aTherefore, alginate
with high guluronic acid content was used in further
studies.

The influence of calcium chloride concentration on
the porosity of alginate microparticles was determined
in the range of 0.05-1.0 MT&ble 2. The microparti-
cles prepared with 0.05 M calcium chloride have signif-
icantly lower specific surface area (7 £2.20 n?/g,
n=3) than that with 0.5 and 1M calcium chloride
(p<0.01) indicating less porous microparticles were
obtained due to a lower degree of cross-linking of
alginate at a low concentration of calcium. Alginate
microparticles of all size ranges prepared under simi-
lar conditions have comparable surface apga@.5).
Alginate microparticles prepared with 0.5M CacCl

The influence of alginate concentration on the spe-
cific surface area of alginate microparticles was also
studied by spraying aqueous solution of alginate at
2.5% (w/v) and 5% (w/v) into 1 M CaGhlnd the results
are shown inTable 3 At 1M CaCb concentration,
the specific surface area of alginate microparticles pre-
pared with 5% alginates with a particle size between
0.318 and 0.423 mm was significantly higher than that
with 2.5% alginate§<0.01). Microparticles of other
size ranges also showed comparable porosjie9(5)
from both 2.5 and 5% alginate solutions. The micropar-
ticles prepared by spraying 5% alginate solution into
0.05 M CaC} solution had lower surface area, indicat-
ing lower cross-linking degree of the carboxylic acid
groups in these microparticle$gble 9.

Model drugs, MB and PAA were loaded into algi-
nate microparticles of particle size between 0.110 and
0.423 mm by the adsorption method. A polar solvent

exhibited higher surface area than those prepared withwhich solubilizes model compounds but not alginate

lower concentration of CaglThe specific surface area
of microparticles obtained with 1 M Cag£lis slightly
higher than those with 0.5 M Cag;lthe difference was
not statistically significantg>0.5). This lack of fur-
ther increase in specific area of microparticles with
an increase in Caglconcentrationf>0.5) suggests
the depletion of available carboxylic groups for cross-
linking.

Table 2
Effect of concentration of Cagbn the specific surface area

Concentration Specific surface area fity)
of CaCbh (M) X+S.D (n=3)
Particle size Particle size
0.149-0.212mm 0.110-0.149 mm
0.05 6.65+ 1.30 7.02+ 2.20
0.08 2.24+ 0.70 5.23+ 1.10
0.5 14.81+ 1.91 16.90+ 1.92
1.0 18.90+ 2.30 16.33+ 3.40

The concentration of alginate was 2.5%.
2 The concentration of alginate was 5.0%.

microparticles was chosen. Consequently, MB was dis-
solved in water and PAA in ethanol to load them into
alginate microparticles. The scanning electron micro-
scopic examination of the loaded microparticles of
MB and PAA were compared with blank alginate
microparticles. As shown irFig. 1, blank alginate
microparticles have porefig. 1a) that entrapped MB

in MB-loaded alginate microparticlesig. 1b). MB

and PAA crystals were found on the surface of loaded
alginate microparticlesHig. 1b and c). However, the
PAA-loaded microparticles did not show pores and
the micropatrticles were found to be dense and smooth
when compared to blank or MB-loaded microparticles.
The difference in the morphology of microparticles can
be traced to the solvent used in the loading process.
PAA was dissolved in ethanol and then loaded into
alginate microparticles whereas MB was dissolved in
water. The pores of alginate microparticles seem to be
sealed after PAA was entrapped resulting in smooth
surface morphology.
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Table 3
Effect of concentration of alginate on the specific surface area
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Concentration of alginate (%)

Specific surface are¥gnX + S.D. (n=23)

A(0.318-0.423 mm)

B (0.212-0.318 mm)

C(0.149-0.212mm) D (0.110-0.212 mm)

25 24.04+ 1.30 20.85+ 3.30 18.90+ 2.30 16.33+ 3.40
5.0 31.97+ 4.20 20.13+ 1.87 16.28+ 1.28 13.86+ 1.50
The concentration of Caglivas 1 M.
3.2. Release of MB from alginate microparticles 5
The release profiles of MB from alginate micropar- 4
ticles in water and simulated gastrointestinal fluid are ¥ —

shown inFig. 2 The release of MB from alginate
microparticles in water was incomplete (65%) whereas
in 0.1N HCI, near complete MB release occurred within
5min. Complete release (99%) of MB was observed
from all the NaCl media (0.45, 0.70 and 0.9%), how-
ever the release of MB was faster in 0.9% NacCl than
in 0.45% NacCl, which was faster than wat€&id. 3).
The order of MB release rate in different release media
was 0.1N HCI > NacCl solution > water. The release pro-
files of MB fitted well with the Higuchi equation:
Q=0.0695+0.17"-, r2=0.987, indicating that MB
release was controlled by diffusioxguthier and Cou-
vreur, 2000).

3.3. Release of PAA from alginate microparticles
The release profile of PAA from alginate micropar-

ticles is shown inFig. 4 The release of PAA
from alginate microparticles in water was incom-

35

3.0

Released (mg)

—@— in water
—O— in GI fluid

Cumulative Amount of Methylene Blue

T T T

100 150 200 250
Time (minutes)

0 50 300

Fig. 2. Release profiles of MB from alginate microparticles in water
and simulated gastrointestinal fluid.

—&— in 0.45% NaCl
—O— in 0.70% NaCl
—¥— 1n 0.90% NaCl

Cumulative amount of methylene blue released

10 15
Time (minutes)

20 25 30

Fig. 3. Effect of release media on the release of MB from alginate
microparticles.

plete and the release followed the Higuchi equation:
Q=0.148+0.118"5, r2=0.962, suggesting that PAA
release was also diffusion controlled, similar to MB
release Yauthier and Couvreur, 2000

—®— inwater
—O— in GI fluid

Cumulative Amount of PAA Released (mg)

100

150

200

Time (minutes)

Fig. 4. Release profiles of PAA from alginate microparticles in water
and Gl fluid.
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The incomplete dissolution of MB and PAA from

cles and complete release of the model compounds.

alginate microparticles in water may due to the ionic An increase in the concentration of NaCl can increase

interaction between alginate and MB or PAA, with

the release rate of model drug from alginate microparti-

consequent maintenance of the microparticles structurecles. When 0.9% NaCl solution was used as the release
during the release study. When exposed to NaCl solu- media, complete release occurred within 15 min along

tion, ionic exchange between Nand C&* occurred
resulting in the disintegration of alginate microparti-

with complete disintegration of the alginate micropar-
ticles.
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The release of PAA from microparticles of algi- (d) and alginate microparticles of MB (e) are shown
nate microparticles in simulated gastrointestinal fluid in Fig. 5. Melting peaks at 61.3C (a), 123.5C (b),
occurred in two phased-ig. 4). The initial phase 62.9 and 122.0C (c), 57.3, 93.2, 175.0C (exother-
lasted for 45 min where only 25% of loaded PAA was mic) (d) and 62.9C (e) were observed. The endother-
released. In this phase, the release of PAA followed the mic peak of alginate microparticles at 621G was
Higuchi equationQ=—0.0071 + 0.158"°, r2=0.978, shifted to 62.9C after loading of MB and PAA. The
suggesting that the release of PAA was controlled by endothermic peak of PAA at 1238 was shifted
diffusion (Vauthier and Couvreur, 2000After 2 h, to 122.0°C after loading to microparticles, while all
when the pH was changed to 6.80, PAA release rate peaks of MB disappeared. The lowering of PAA and
increased. This may be due to ionic exchange betweendisappearance of MB melting peaks suggested that
Na' and C&* causing the dissolution of microparticles, alginate microparticles interacted with both MB and
following exposure to Nacontaining medium. PAA.

The release profiles of PAA from alginate micropar-
ticles in simulated GI fluid were different from the 3.5 FT-IR spectrometry
release profiles of MB from alginate microparticles

in simulated Gl fluid. Water-soluble MB was com- FT-IR spectra of a|ginate micropartideS’ MB, a|gi_
pletely released within 5 min, whereas with praCtica”y nate micropartides of MB, PAA, a_|ginate micropar_
water-insoluble PAA, only 30% of loaded PAA was ticles of PAA are shown irFigs. 6 and 7 Distinct
released in 0.1N HCI during the first 2 h of the release absorption peaks of MB Corresponding to the aromatic
studies. In 0.1N HCI, MB release was near complete, amine (1600cm?) and tertiary amine (1400 cn)
whereas PAA release was slow. To identify the reason ere observed with pure sample. After loading into
for the slow release of PAA from alginate micropar- aiginate microparticles, both above-mentioned peaks
ticles, dissolution studies were conducted comparing disappearedrig. 6). These results indicated an inter-
pure PAA with a physical mixture of PAA and blank  action between MB and free carboxylic groups of algi-
alginate microparticles. PAA by itself or as a physi- nate. Similar results were observed in PAA and alginate
cal mixture in 0.1IN HCI released more than 80% in mijcroparticles of PAA, i.e., the peaks corresponding
2h. This data suggested that poor dissolution is not the to primary amine (1600 crt) and azo (1306 cmt)
cause for this slow release of PAA. Slow release of dex- disappearedFjg. 7). As shown by DSC and FTIR
tran from alginate—Cd beads was observed in 0.IN  investigation, both MB and PAA interacted with free

HCl by Kikuchi et al. (1997, 1999)where the slowest  carboxylic acid groups, which explain theirincomplete
release occurred from the beads loaded with the highestyelease in water.

molecular weight. No such delay was observed with

smaller molecular weight dextran molecules (M.W.

9400). Also, addition of sodium chloride to the release 4. Conclusion

media accelerated the release of dextran from these

alginate beads. In the current study, delayed release Spray—coagulation method was found to be suit-
of PAA could be attributed to the ionic interaction ~able for preparation of porous alginate microparticles.
between PAA and alginate in the initial release period. Cationic drugs can be loaded by ionic interaction. For
As the ion exchange between sodium and calcium poorly water-soluble drugs, release of drug can be
occurred in the later stage of release (after 2 h in sim- slowed down rendering alginate microparticles as an
ulated Gl fluids), the alginate microparticles began to attractive carrier for the development of enteric bypass
disintegrate. Therefore, the release of PAA from algi- delivery systems.

nate microparticles was accelerated.
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