Available online at www.sciencedirect.com

1 H INTERNATIONAL JOURNAL OF
ScienceDirect PHARMACEUTICS
ELSEVIER International Journal of Pharmaceutics 350 (2008) 301-311
www.elsevier.com/locate/ijpharm
Floating dosage forms to prolong gastro-retention—The
characterisation of calcium alginate beads
Frances Stops®*, John T. Fell®, John H. Collett®, Luigi G. Martini©
2 GlaxoSmithKline Pharmaceuticals, Park Road, Ware SG12 ODP, UK
b School of Pharmacy and Pharmaceutical Sciences, University of Manchester, Manchester M13 9PL, UK
¢ GlaxoSmithKline Pharmaceuticals, New Frontiers Science Park, Third Avenue, Harlow CM19 5AW, UK
Received 16 January 2007; received in revised form 4 September 2007; accepted 8 September 2007
Available online 14 September 2007
Abstract

Floating calcium alginate beads, designed to improve drug bioavailability from oral preparations compared with that from many commercially
available and modified release products, have been investigated as a possible gastro-retentive dosage form. A model drug, riboflavin, was also
incorporated into the formula.

The aims of the current work were (a) to obtain information regarding the structure, floating ability and changes that occurred when the dosage
form was placed in aqueous media, (b) to investigate riboflavin release from the calcium alginate beads in physiologically relevant media prior to
in vivo investigations.

Physical properties of the calcium alginate beads were investigated. Using SEM and ESEM, externally the calcium alginate beads were spherical
in shape, and internally, air filled cavities were present thereby enabling floatation of the beads. The calcium alginate beads remained buoyant
for times in excess of 13 h, and the density of the calcium alginate beads was <1.000 g cm ™. Riboflavin release from the calcium alginate beads
showed that riboflavin release was slow in acidic media, whilst in more alkali media, riboflavin release was more rapid.

The characterisation studies showed that the calcium alginate beads could be considered as a potential gastro-retentive dosage form.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Floating dosage forms that are designed to be retained in the
stomach for extended periods of time have been developed as a
drug delivery system. Floating dosage forms have the advantage
of allowing local delivery of a drug to the stomach, for example
in the treatment of Helicobacter pylori (H. Pylori), and reducing
the variability in bioavailability that occurs with some currently
available immediate and modified release systems. For the cur-
rent work, the calcium alginate beads are prepared by extruding
sodium alginate solution dropwise into a calcium chloride solu-
tion. The precipitated gel beads are then separated by filtration
and freeze dried. Since, the density of the calcium alginate beads
is less than that of gastrointestinal fluids, they therefore float.
Formulae were modified to allow for the inclusion of a model
drug, riboflavin and, citric acid, an agent shown to retard gastric
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emptying in vivo (Stops et al., 2006a,b). The presence of citric
acid allowed for an extended amount of time for riboflavin to be
released from the beads.

Since the dosage form is expected to remain buoyant on the
stomach contents for the duration of the dosing period, a full
characterisation of the calcium alginate beads was necessary.

2. Materials and experimental
2.1. Materials

Sodium alginate (M/G ratio 1.56; Kelco International, 1987,
ISP, Surrey, England), anhydrous citric acid (Thornton &
Ross, Huddersfield, England), calcium chloride (BDH Chemi-
cals, Poole, England), riboflavin (Merck, Darmstadt, Germany),
riboflavin-5’-phosphate (Sigma-Aldrich, UK), ethanol 96%
GPR grade (BDH Chemicals, Poole, England), and liquid nitro-
gen (BOC, Manchester, England) were used as received.
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2.2. Experimental

2.2.1. Preparation of the floating calcium alginate beads

Placebo calcium alginate beads were prepared as follows.
Sodium alginate was dissolved in water to give a final concen-
tration of 2% (w/v) sodium alginate. The solution was passed
through a 21G needle at a height of 21cm and a rate of
0.54mlmin~! into a stirred solution of 0.02M calcium chlo-
ride. Following curing for 30 min, the calcium alginate beads
were recovered and ‘snap frozen’ with liquid nitrogen. The
calcium alginate beads were then freeze-dried overnight using
an Edwards Modulyo 4 freeze-dryer (West Sussex, England),
that maintained a temperature of —40°C and a pressure of
8ONm™2.

Calcium alginate beads containing riboflavin were prepared
as follows. The required amount of riboflavin was dispersed in
0.25 ml ethanol 96% GPR grade. An amount of sodium algi-
nate (sufficient to make a 2% (w/v) final solution), was weighed
and incorporated into approximately three-quarters of the final
volume of glass distilled water. The suspension of riboflavin
in ethanol was then added to the sodium alginate solution and
mixed for 2 min before making up to volume. Calcium alginate
beads were prepared as described above.

Citric acid was incorporated into the calcium alginate beads
in the following way. The citric acid was weighed and dis-
solved into three quarters of the final volume of water. Riboflavin
and sodium alginate were then incorporated into the solution as
described above.

The final formulae of the calcium alginate beads used for the
current work were:

A: 0.06% (w/v) riboflavin, 0% (w/v) citric acid;
B: 0.06% (w/v) riboflavin, 0.5% (w/w) citric acid;
C: 0.06% (w/v) riboflavin, 0.75% (w/v) citric acid.

Throughout the current work, the letters A, B and C have
been used to denote the different formulae.

2.2.2. Determination of diameter

The diameter of a sample of calcium alginate beads was
determined. Measurements for each sample were repeated twice.
Values obtained were measured to 0.001 g. Mean diameters and
standard deviations were recorded.

2.2.3. Determination of weight

The weight of a sample of calcium alginate beads was deter-
mined. Measurements for each sample were repeated twice.
Values obtained were measured to 0.001 g. Mean weights and
standard deviations were recorded.

2.2.4. Determination of density

The densities of the calcium alginate beads were derived
mathematically and experimentally.

Mathematically, the densities of the calcium alginate beads
were calculated using the weight and diameter of the beads. It
was assumed that the beads were spherical.

Experimental determinations of density were determined
using the AccuPyc® 1330 helium pycnometer (Norcross, USA),
with a 1 cm? sample cup.

2.2.5. Determination of buoyancy properties of calcium
alginate beads using resultant weight apparatus

The buoyancy properties of the placebo and riboflavin loaded
calcium alginate beads were determined using the method of
resultant weight. A full description of the method and theoretical
background is given by Timmermans and Moés (1989, 1990a,b)
and Timmermans (1991).

On the day of the experiment a volume of 1200 ml of media
was allowed to equilibrate to room temperature and added to
the test vessel. The media used to assess the resultant weight of
the calcium alginate beads was freshly prepared and consisted
of 0.1 M HC1/0.05% (w/w) Tween 80 adjusted to pH 1.2. A
mass of calcium alginate beads (approximately 100 mg) was
taken from the bulk sample to be analysed and placed in a mesh
cage. Both the cage and calcium alginate bead sample were
weighed and the measurement recorded. Following immersion
in the media, successive resultant weight measurements were
taken at 1-min intervals throughout the test period and subtracted
from the initial resultant value. Values were then normalised to
give resultant weight results as g 100 mg~! of the test material.
Measurements were repeated twice.

2.2.6. Scanning electron microscopy (SEM)

The external and internal morphology of the freeze-dried
calcium alginate beads were studied by scanning electron
microscopy, using a Cambridge 360 SEM (Cambridge, Eng-
land).

2.2.7. Environmental scanning electron microscopy
(ESEM)

Dry and wet calcium alginate beads were visualised using a
Philips XL30 ESEM-FEG (Eindhoven, The Netherlands). Dry
calcium alginate beads were prepared as follows. Calcium algi-
nate beads were attached to a platform with Tissue tac®. The
sample was frozen by dipping it into liquid nitrogen slush under
vacuum and drawn into the microscope chamber to prevent any
condensation of the water vapour. The bead was sliced in situ
and the sample heated to —60 °C. The sliced surface was then
re-frozen in the cryo-transfer stage and sputter coated with gold
to a thickness of 50 A.

Calcium alginate beads prepared in the wet state were sub-
ject to the following additional preparation prior to attachment
to the platform with Tissue tac®. A Caleva USP XXII dissolu-
tion apparatus (Heusenstamm, Germany) was used to circulate
a sample of placebo calcium alginate beads in Sgrensen’s citrate
buffer (pH 3.0), for 45 min. Samples for imaging by ESEM were
then prepared as described above.

2.2.8. Digital photography

A Caleva USP XXII dissolution apparatus, was used to cir-
culate a sample (n=10), of placebo calcium alginate beads in
singly distilled lab water prior to observation by digital photog-
raphy. Paddles were rotated at 50 rpm, the volume of the media
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was 900 ml and the temperature was maintained at 37 + 1 °C. A
Fuji S1 digital camera (Tokyo, Japan), with Meiji light micro-
scope (Tokyo, Japan), attachment and 10x focus, was then used
to view and photograph the calcium alginate beads.

2.2.9. Confocal laser scanning microscopy-flourescence
recovery after photobleaching (CLSM-FRAP)

The translational diffusion of riboflavin from the riboflavin
loaded calcium alginate beads has been measured using CLSM-
FRAP from methods derived by Axelrod et al. and Kubitscheck
et al. The apparatus used was a confocal laser microscope
(MRC-1000, Bio-Rad, Hemel Hempstead, Herts, UK) with an
upright epifluorescence microscope (Optiphot 2, Nikon, Tokyo,
Japan).

A calcium alginate bead loaded with riboflavin (excitation
480 nm, emission 565 nm) was placed in a cavity microscope
slide and 2-3 drops of singly distilled lab water was added to
the well. The slide was then placed under a confocal microscope
and diffusion images taken at 5 s intervals until 25 images were
acquired. The data were than analysed by calculating the transla-
tional diffusion from the calcium alginate beads using methods
previously determined (Axelrod et al., 1976; Kubitscheck et al.,
1994).

2.2.10. In vitro drug release

The in vitro release of riboflavin from the calcium alginate
beads was assessed using a standard Erweka Caleva USP XXII
device (Heusenstamm, Germany), that had been modified by
placing a ring and mesh assembly in the apparatus. The only
purpose of the mesh was to ensure that the beads were totally
immersed in the dissolution media.

In vitro release studies were performed for each sample of
beads. The paddles were rotated at 50 rpm, the volume of the
media used was 900 ml and the temperature was maintained
at 37°C £ 1°C. The studies used media of different pH in an
attempt to simulate the various pH values found throughout the
gastro-intestinal tract.

A Cecil 1020 UV spectrophotometer (Cambridge, England),
operating at 267 nm and using 10 mm quartz cells was used to
assay the dissolution media.

2.2.11. Analysis of the in vitro release of riboflavin from the
calcium alginate beads

The release of riboflavin from the calcium alginate beads was
assessed graphically and mathematically. Mathematically, the
release profiles were compared using the f> metric; a method
approved by the FDA (US Department of Health and Human

Sciences, 1997) that can be used where major changes in disso-
lution profile may be expected.

The f> metric is limited in that only two release profiles may
be compared at any one time. Therefore, each release profile was
compared in the following way:

e Dissolution profile (A) was compared with dissolution profile
(B).

e Dissolution profile (B) was compared with dissolution profile
(©).

e Dissolution profile (A) was compared with dissolution profile
©).

(A=0.06%, w/v, riboflavin, 0%, w/v, citric acid; B =0.06%,
w/v, riboflavin, 0.5%, w/v, citric acid; C =0.06%, w/v, riboflavin,
0.75%, wlv, citric acid).

3. Results and discussion
3.1. Diameter, weight and density

The mean diameter, weight and density values for the calcium
alginate beads of the different formulations are shown in Table 1.

3.1.1. Diameter

The diameters varied according to the formulation. The
results show that calcium alginate beads containing riboflavin
were 16.3% larger than placebo calcium alginate beads.

Several authors have observed that process parameters can
influence the size of the calcium alginate beads (Whitehead,
1998; Klokk and Melvik, 2002; @stberg and Graffner, 1992). As
the process parameters were kept constant, the added material
was responsible for the change in size of the calcium alginate
beads. Within the studies, the standard deviations indicate that
individual variability is low.

3.1.2. Weight

The weight of the calcium alginate beads depended on the
formulation. Calcium alginate beads containing riboflavin had
a mass 3.2% greater than the placebo calcium alginate beads.
Since the process parameters can affect diameter, the weights
of the calcium alginate beads may also be affected for the same
reasons.

3.1.3. Density
The densities of the calcium alginate beads were determined
by calculation and experimentally.

Mean bead diameters (rn = 10), mean weights of a sample of beads (n=30), and mean experimentally determined densities of beads containing riboflavin and placebo

Mean weight (n=30) (g)
(x1072)

Mean density (using 1 cm?
sample cup) (gcm ™)

Table 1

beads

Calcium alginate bead sample Mean diameter (n=10)
(mm)

Placebo 0.250 (S.D. 0.01)

Riboflvain loaded 0.258 (S.D. 0.06)

0.0135 (S.D. 0.000351)
0.0157 (S.D. 0.000153)

0.2305 (S.D. 0.026)
0.1915 (S.D. 0.0059)

n=number of beads sampled, S.D. = standard deviation.
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3.1.3.1. Mathematical determination. The results obtained for
the diameter and weight of the calcium alginate beads were used
to calculate their density. The mathematically calculated densi-
ties of the samples of calcium alginate beads were similar and
less than 1 gcm™3. The results therefore suggest that the cal-
cium alginate beads should float when placed in aqueous media
(Singh and Kim, 2000). Experimentally, the resultant weight
results confirmed the mathematical calculation and theory since
the calcium alginate beads floated.

3.1.3.2. Experimental determination. Table 1 shows the den-
sity measurements for three samples of calcium alginate beads
as measured by the pycnometer.

Density results obtained using the pycnometer for the placebo
calcium alginate beads are approximately 0.2 gcm™>. As cal-
cium alginate beads have not been previously prepared with
riboflavin no comparable figures are available. However, sim-
ilar dosage forms such as hollow microspheres that are also
designed to float on stomach contents have showed compara-
ble density values (EI-Gibaly, 2002). Table 1 also shows that
variability occurs between and within samples of calcium algi-
nate beads when measuring the density using the pycnometer.
However, various points, noted as follows, should be considered
when using a pycnometer to measure the densities of the calcium
alginate beads.

e When the calcium alginate beads are placed in the sample cup,
as aresult of the spherical shape and relatively large size of the
calcium alginate beads compared to the diameter of the 1 cm?
sample cup, void volumes presented within the sample cup.
Such volumes will have a direct effect on the results obtained
as the equipment calculates the density measurements based
on pressure changes in a standard volume.

e When passing a gas under pressure into a closed chamber con-
taining fragile calcium alginate beads, the calcium alginate
beads have the potential to become damaged easily. Hence
damage to the outer surfaces of the calcium alginate beads
will affect the pressure changes within the standard volume,
thereby making results inaccurate.

e Since the calcium alginate beads are porous, it is it is possible
that the helium used to make the measurements penetrates
into the calcium alginate beads, thereby affecting the mea-
surement.

Considering the results obtained and possible sources of error,
the method of measuring densities of calcium alginate beads
using a pycnometer has demonstrated that the results may only
be considered as approximate values.

3.2. Resultant weight

Initial buoyancy tests were performed by placing 20 beads in
a flask to which 25 ml of media was added. The flasks were then
stoppered and shaken for 5 min using a bottle shaker. Observa-
tions of the number of beads that remained floating were made
at specific time intervals, and overall they were left for 24 h.
Although the method verifies that the calcium alginate beads

—— Placebo calcium alginate beads

1.6 —— Riboflavin loaded calcium alginate beads

Resultant weight (g))

0.24

0.0 T T T T d
0 200 400 600 800 1000

Time (minutes)

Fig. 1. Mean resultant weight values for placebo and riboflavin loaded calcium
alginate beads.

are buoyant, the test is inadequate as such a system provides no
information about the kinetics of the floating dosage form, or,
how the behaviour of the dosage form changes once immersed
in different media.

Using the resultant weight technique developed by Timmer-
mans and Moes, Fig. 1 shows the mean resultant weight values
for both the placebo and riboflavin loaded calcium alginate
beads.

The results for placebo and riboflavin loaded calcium alginate
beads were similar and showed a positive resultant weight value
over the study period and indicated that the calcium alginate
beads continued to float for the specified time period. Statisti-
cally (Standard deviation, p =<0.05), there was no inter or intra
variation between the sets of measurements taken demonstrating
that consistency has been achieved throughout the experiment.
Hence the buoyancy or floating ability of the beads has not been
affected by the addition of riboflavin.

3.3. Scanning electron microscopy (SEM)

The SEM’s of a whole and half calcium alginate beads are
shown in Fig. 2a and b.

Overall, the shape of the calcium alginate beads that were
produced was spherical, regardless of formulation. The outer
surface of the beads are textured and contoured whilst the inter-
nal morphology of the calcium alginate beads clearly shows
numerous cavities that form as a result of the freeze-drying pro-
cess. The cavities are unique to the floating calcium alginate
beads and enable flotation. The calcium alginate beads also had a
spongy texture that was expected from the freeze-drying process.

3.4. Environmental scanning electron microscopy (ESEM)

Fig. 3a shows a cross section of a dry calcium alginate placebo
bead as viewed by ESEM.

The comparison of images obtained by ESEM and SEM is
sometimes difficult, since the sample preparation and equipment
used to view the samples for both techniques are different. For
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b

Fig. 2. (a) SEM of whole calcium alginate bead containing riboflavin showing external morphology (32.0x). (b) SEM of cross section of calcium alginate bead

containing riboflavin showing internal morphology (30.0x).
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Fig. 3. (a) Cross section of a dry placebo calcium alginate bead as viewed
by ESEM (200x), (b) ESEM image of placebo calcium alginate bead after
immersion in aqueous media (400x ), (c) ESEM cross-section image of placebo
calcium alginate bead after immersion in aqueous media (1600x).

the current work, the ESEM image clearly shows the cavities
within the calcium alginate beads, and, such cavities compare
well to those viewed by SEM. Fig. 3b and ¢ shows ESEM
images detailing the morphology of a calcium alginate bead
after immersion in Sgrensen’s Citrate Buffer (pH 3.0).

The outer surface of the calcium alginate bead is detailed on
the right of the image in Fig. 3b. However, in contrast to the
outer surfaces viewed by SEM, the surface is not contoured,
but has a textured appearance. The textured appearance may
occur as a result of immersion in aqueous media and subse-
quent swelling or erosion of the surface of the calcium alginate
bead. Conversely, the appearance may be an artefact of ice crys-
tals and occurs as a result of the cryo or freezing process used
during preparation of the calcium alginate beads for ESEM
imaging.

Fig. 3b may also provide some detail as to the processes that
occur when the calcium alginate beads are immersed in aqueous
media. Adjacent to the outer surface of the calcium alginate
bead, two cavities are visible, both of which appear to be air
filled. Moving towards the centre of the calcium alginate bead,
the cavities appear to contain some aqueous media. Fig. 3¢ also
confirms such a finding.

Fig. 3c shows at a higher magnification the cavities within the
calcium alginate beads, and confirms that a change has occurred
to the internal morphology on immersion of the calcium alginate
beads in aqueous media. Although Fig. 3c shows the cavities
to be partially filled with fluid, further evaluation by ESEM
of calcium alginate beads after circulation in selected media is
required. Additional assessment would confirm whether the cal-
cium alginate beads fill with media and the subsequent changes
that occur in the physico-chemical properties of the calcium
alginate beads.

3.5. Digital photography

Fig. 4 shows a digital camera image of a placebo calcium
alginate bead after circulation in aqueous media.

Freeze-dried calcium alginate beads consist of many air filled
cavities that are formed as part of the freeze-drying process. Such
cavities are shown in Fig. 4 as dark areas. The image shows the
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Fig. 4. Digital camera image of placebo calcium alginate bead after immersion
in aqueous media.

change in the outer surface of the calcium alginate bead and
may be attributed to the development of a gel barrier around
the calcium alginate bead, the formation of which is due to the
hydration of the calcium alginate bead following immersion in
glass distilled water. The hydration process was confirmed by
the resultant weight results that showed an immediate decrease
in resultant weight due to the uptake of liquid when the samples
are initially placed in the media.

When considering the average diameter of calcium alginate
beads in the dry state, a subsequent increase in the size of the
calcium alginate bead by approximately 80% is evident when
the calcium alginate beads were placed in aqueous media.

Evaluation of the swelling or erosion characteristics of
calcium alginate beads as not been previously investigated.
However, the hydration (Bussemer et al., 2003), swelling
(Colombo, 1993), and formation of gas bubbles (Melia et
al., 1993), within polymer matrices such as hydroxypropyl-
methylcellulose (HPMC) have been well documented. HPMC,
therefore, serves as an ideal model polymer for which to initially
consider the assessment and resultant method of drug release
from the calcium alginate beads.

As confirmed by the resultant weight results, hydration of
the calcium alginate beads occurs when the calcium alginate
beads are placed in aqueous media. Digital camera images have
also showed the formation of a gel barrier following immersion
in aqueous media. Both aforementioned processes will have a
direct effect on the rate of drug release from the calcium algi-
nate beads. The calcium alginate beads are essentially hydrogel
matrices throughout which the rate of drug release is complex
and it is likely that any drug release will occur by more than one
method.

The following mechanisms of drug release can be identified
from a hydrogel matrix. The eroding or matrix—solvent front
allows direct release of drug into the solvent. The diffusion front
allows the drug to diffuse through the matrix for subsequent
release into the solvent and the swelling front forms a glassy-
rubbery region at the centre of the matrix. One or more of the
mechanisms may occur at any one time, but a combination of all
three mechanisms result in the linear release of drug from the

25 1 I T
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Diffusion coefficient (/10

0 T |

Riboflavin in sodim alginate solution Riboflavin in calcium alginate matrix

Solution or bead containing riboflavin

Fig. 5. Diffusion coefficients of riboflavin through a sodium alginate solution
or through a calcium alginate bead matrix.

matrix. However, the thickness of the gel layer that varies over
time as a result of the aforementioned mechanisms must also be
considered.

Additional studies surrounding the gel barrier with specific
regard to formation, degradation over time and drug passage
across diffusion, swelling and eroding fronts are required to pro-
vide more information regarding the physico-chemical aspects
of the calcium alginate beads.

3.6. Confocal laser scanning microscopy-FRAP
(CLSM-FRAP)

CLSM-FRAP was used to measure the diffusion of riboflavin
from the calcium alginate bead to the aqueous media and also
within the calcium alginate matrix. The results are shown in
Fig. 5.

From Fig. 5, the diffusion coefficients of riboflavin from
the calcium alginate bead into the aqueous media was
23.416+3.84/10"8 cm?s~! and the diffusion of riboflavin
molecules within the matrix 24.47142.50/1078 cm?s™!.
Hence the results were similar and indicate that when whole
calcium alginate beads are placed in aqueous media the move-
ment of riboflavin molecules out of the matrix occurs rapidly.
The rapid movement of molecules from the dosage form means
that the drug is unlikely to remain in the dosage form for long
enough to demonstrate prolonged gastro-retention.

Although further evaluation of the diffusion of riboflavin
from calcium alginate beads was beyond the scope of this work,
additional investigations are required to determine the reason
for the rapid movement of riboflavin from the calcium alginate
beads. Initial investigations may centre on the respective molec-
ular sizes of riboflavin and calcium alginate, based on the results
from the CLSM-FRAP. If riboflavin presents with a molecular
size that is much smaller than that of pores of the calcium algi-
nate beads, then rapid diffusion of the riboflavin through the
matrix into solution occurs. In order to prevent the rapid diffu-
sion of riboflavin into solution, it may be necessary to consider
the incorporation of a polymer to retard riboflavin release from
the matrix.
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The technique of CLSM-FRAP has confirmed the rapid
release of the model drug from the calcium alginate matrix,
but further investigations are required to determine if the same
occurs in other aqueous media.

3.7. Invitro release of riboflavin from selected media

Dissolution testing is a frequently used quality control
method for assessing drug release from oral dosage forms and
is essential to assess how the release of the model drug would
occur in vivo.

The dissolution of a drug from a dosage form is affected
by agitation intensity, pH, the type of medium, amount of
aeration of the medium and the area of exposure of the
drug delivery system to the medium. Traditionally baskets
have been used to enclose multi-particulate formulations, but
using such a method to assess drug release from the dosage
from results in a reduced exposure of some of the calcium
alginate beads to the medium, due to the volume of the

—_
&
—

basket being taken up by a comparatively large volume of
beads.

Performing dissolution studies using the paddle method only
is equally unacceptable for floating dosage forms because only
a proportion of the dosage form is exposed to the media. In
addition, the placement of the beads is not consistent and hence
results are not reproducible (Fassihi, 1995).

The presence of the mesh, as used for the current work,
ensured that the full surface area of the beads was exposed
to the dissolution medium (Pillay and Fassihi, 1998) and the
paddle ensured sufficient agitation of the medium for drug dis-
persion. Previous studies have shown that the mesh and paddle
method provides more reproducible and reliable dissolution pro-
files compared to other conventional methods (Fassihi, 1995).

The in vitro release profiles (Fig. 6a—d,f) show the amount
of riboflavin remaining in the calcium alginate beads at specific
time-points.

The in vitro release of riboflavin from the calcium alginate
beads in media of pH 1.2 (Fig. 6a) showed a steady release
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Fig. 6. Percentage of riboflavin remaining as a function of time for calcium alginate bead samples A-C in (a) 0.1 M HCI, pH 1.2 (British Pharmacopoeia, 2004);
(b) citrate buffer, pH 3.0 (British Pharmacopoeia, 2004); (c) acetate buffer, pH 5.0 (Chambers and Rickwood, 1993); (d) glass distilled water, pH 6.7; (f) phosphate
buffer, pH 7.4 (British Pharmacopoeia, 2004). (e) First order plot of riboflavin release from calcium alginate beads samples A—C in glass distilled water, pH 6.7
(A =0.06%, wlv, riboflavin, 0%, w/v, citric acid; B =0.06%, w/v, riboflavin, 0.5%, w/v, citric acid; C =0.06%, w/v, riboflavin, 0.75%, w/v, citric acid).
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of riboflavin over the time period of the experiment. In addi-
tion the calcium alginate bead samples prepared with citric acid
showed an increased release of riboflavin from the calcium algi-
nate beads when compared with calcium alginate beads that did
not contain citric acid.

The reason for the increased release of riboflavin in the pres-
ence of citric acid may be attributed to the properties of citric
acid. Citric acid is water-soluble and may dissolve from the
calcium alginate beads (Nykinen et al., 2001) leaving pores.
Therefore, a change in the structure of the calcium alginate beads
can occur, and riboflavin is able to diffuse through the pores to
the solution.

The steady release rate of riboflavin from calcium alginate
beads in media of pH 1.2 over the study period may be as a result
of the formation of alginic acid from the reaction of alginate with
acid. Alginic acid is insoluble in media of pH 1.2 and swelling
of the calcium alginate beads does not occur (Skaugrud et al.,
1999). The release of riboflavin can therefore occur by erosion
only, compared with a combination of erosion and swelling.
Evidence for the insolubility of calcium alginate in acidic media
was confirmed when, at the end of the dissolution tests, it was
observed that only calcium alginate beads that had been placed
in acidic media remained as individual calcium alginate beads in
the dissolution vessel. For the in vitro tests of calcium alginate
beads in acidic media, the ends of the tests were of times not
exceeding 350 min.

The release of riboflavin from the calcium alginate beads in
a media of pH 3.0 (Fig. 6b) and pH 5.0 (Fig. 6¢) was complete
in the initial 200 min of the experiment for all formulations.

The release of riboflavin from calcium alginate beads in
media of pH 5.0 is in contrast to the release of riboflavin from
calcium alginate beads in 0.1 M HCI. The results also showed
that the release of riboflavin from the riboflavin loaded beads
containing citric acid was slower when compared to riboflavin
loaded calcium alginate beads containing no citric acid.

The in vitro dissolution tests of calcium alginate beads in
media of pH 5.0 (Fig. 6¢) also showed the calcium alginate
beads to form a single mass unit, and, calcium alginate beads
studied in media of higher pH were noted to have all dissolved
within 350 min.

During the dissolution tests in media of pH 6.7 (Fig. 6d) in
common with observations made when calcium alginate beads
were placed in media of pH 5.0, it was noted that a swelling of
the calcium alginate beads occurred.

In media of pH 5.0, it was noted that the riboflavin loaded
beads appeared to swell. The swelling is due to the solubility of
calcium alginate in media of pH 5.0 and above and its subsequent
hydration. The swelling of the alginate is characterised by the
formation of a gel layer on the outer surface of the calcium
alginate bead that is in contact with the media. The release of
riboflavin occurs by diffusion through the swelling/gel layer.

In glass distilled water, pH 6.7, all riboflavin was released
from the calcium alginate beads within 350 min. Over the period
of the experiment, riboflavin showed a release rate from the
calcium alginate beads typical of first order kinetics. The first
order kinetic release profile was confirmed when the data was
presented as shown in Fig. 6e.

Although the formulae of the calcium alginate beads was
modified to allow for the inclusion of citric acid, the results of
the in vitro tests in media of pH 6.7 showed that the effect of
citric acid neither enhanced nor retarded the release of riboflavin
from the calcium alginate beads.

In phosphate buffer, pH 7.4 (Fig. 6f), all of the riboflavin was
released in less than 200 min.

The presence of citric acid increased the rate of release of
riboflavin from the beads in media of pH 7.4. In common with
the studies performed at pH 5.0 and 6.7, swelling of the calcium
alginate beads occurred.

Overall, riboflavin release from the calcium alginate beads
was slowest in acidic media (pH 1.2) and quickest in more
alkaline media (pH 3.0-7.4). The in vitro release times can
be considered with subsequent in vivo gastric emptying times
of the calcium alginate beads. In the fasted and fed state, cal-
cium alginate beads demonstrated maximum gastric residence
times of approximately 82 and 300 min respectively (Stops et
al., 2006a,b). Therefore, considering the in vitro results for the
current work and riboflavin release in acidic media, it is likely
that in vivo the calcium alginate beads will have emptied from
the stomach before all the riboflavin can be released. Conversely,
in the fed state, considering in vivo and in vitro results, all the
riboflavin will have diffused from the calcium alginate beads
before they are emptied from the stomach or dissolved in the
alkaline contents.

Ideally, when considering a gastro-retentive dosage form,
it would be advantageous for the calcium alginate beads to
be administered under fasting conditions when the environ-
mental conditions of the stomach are acidic. It would also
be an advantage for the calcium alginate beads to be resi-
dent in the stomach for an extended period of time. Under
such conditions, the dosage form would be required to release
the drug slowly over a period of time, thereby demonstrating
zero order release kinetics. Calcium alginate beads of the cur-
rent formulation do not show zero order kinetics in all media
tested. If the dosage form is to be used for local therapy,
such as H. pylori, an initial burst of drug from the dosage
form is advantageous in order to reach therapeutic concentra-
tions. However, the continued fast release rate of the drug in
media of pH 5.0 and above, typical of the pH of the stom-
ach contents under fed conditions is not desirable as complete
release of the drug from the dosage form before the end of the
dosing period may result. It would therefore be necessary to
administer another dose in order to maintain effective plasma
concentrations of the drug.

When considering the in vitro results, the release of riboflavin
from the calcium alginate beads tests may be affected by parame-
ters such as day to day variations in equipment set up, laboratory
differences, water bath differences and the routine production
of the riboflavin loaded calcium alginate beads. Such variations
may make for incorrect conclusions to be drawn regarding the
similarity or dissimilarity of the dissolution profiles. Therefore,
it is necessary to account for the variations using analytical or
statistical methods. The f, metric is not a statistical method,
but is based on experimental design that allows for variation in
analytical testing and production variations.
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Table 2

Table of f, values for in vitro dissolution profiles for calcium alginate beads of different formulae

Media 0.1M HCI (pH 1.2) Citrate buffer (pH 3.0) Acetate buffer (pH 5.0) Glass distilled water (pH 6.7) Phosphate buffer (pH 7.4)
In vitro dissolution profiles

A-B 85.2 54.4 83.1 60.6 58.5

B-C 81.6 56.8 68.4 70.4 74.9

A-C 98.0 71.2 66.4 57.1 60.9

A =0.06%, w/v, riboflavin, 0%, w/v, citric acid; B =0.06%, w/v, riboflavin, 0.5%, w/v, citric acid; C =0.06%, w/v, riboflavin, 0.75%, w/v, citric acid.

All calculated f> figures were in excess of 50%, Table 2,
thereby demonstrating similarity with regard to the average per-
centage of drug dissolved.

When modifying the calcium alginate bead formula to
include citric acid, it would be reasonable to conclude that the
presence of citric acid would reduce the pH of the dissolution
media. The release of riboflavin from the calcium alginate beads
would be retarded due to the insolubility of alginate in acidic
media. However, citric acid is a weak acid, and the quantities of
calcium alginate beads used in the in vitro dissolution studies
contained insufficient amounts of citric acid to affect the pH of
the media.

3.7.1. Assigning release kinetics or riboflavin from
riboflavin loaded calcium alginate beads

Consideration has been given to applying a kinetic model to
the release of the riboflavin from the calcium alginate beads.
Ideally, for a once daily orally administered dosage form, zero
order kinetics are usually required in order to produce a con-
stant plasma concentration profile and reduce the possibility of
the occurrence of side effects. However, when considering a
multi-particulate dosage form such as calcium alginate beads,
the release rate of the drug may not display strict zero order
kinetics and it may not be possible to define an exact model or
mechanism for the drug release from the calcium alginate beads.
Instead, it may be possible to consider that drug release occurs
as a combination of mechanisms. The reason for this is as fol-
lows. Calcium alginate beads are essentially a polymeric drug
delivery system. In common with most polymeric drug delivery
systems, drug release occurs by the process of diffusion. How-
ever, diffusion of the drug in media of pH 1.2 (reflective of the
stomach in the fasted state), as shown by the dissolution results,
is slow; the release of the drug being determined by the alginate
matrix. On contact with acidic media, the outer surfaces of the
calcium alginate beads form insoluble alginic acid. However,
when the calcium alginate beads were placed in media of pH
5.0-7.0, reflective of the stomach environment in the fed state
or of the small intestine, the drug release rate from the calcium
alginate beads increased when compared to the drug release into
media of pH 1.2. First order kinetics are then observed. Overall,
the calcium alginate beads do not display zero order kinetics that
are essential for a gastro-retentive dosage form. The absence of
additional information regarding the movement of drug into the
media did not allow for further determination of the kinetic pro-
file. The inclusion of a pH independent polymer may result in
drug release profiles that demonstrate near zero order kinetics.
Central to achieving such a profile is a thorough understanding

of the gel barrier. The formation, thickness and subsequent ero-
sion will all affect the drug release from the calcium alginate
bead. Therefore, further investigations to determine the proper-
ties of the gel barrier are required. Such knowledge will also
allow for the calcium alginate bead formula to be modified in
order that zero order kinetics can be achieved.

Most models of drug delivery, whether swelling or membrane
systems, rely on the fact that the model drug is contained in a
matrix within the dosage form. For example, swellable tablets
are usually produced with the drug enclosed in a pH independent
polymer such as HPMC. Calcium alginate beads do not contain
a separate matrix, rather that the drug is dispersed throughout the
calcium alginate bead. Nor are they simply a swelling system,
since erosion and swelling of the calcium alginate beads gives
rise to the release of the drug. Therefore, none of the traditional
mechanisms can be applied to the calcium alginate beads when
considering drug release rate and mechanism.

Latter studies have attempted to determine the mechanism
of drug release from swelling systems where both swelling and
eroding fronts occur. Puttipipatkhachorn et al. (2001) reported
that Hofenberg studied the erosion of a dosage form as the mech-
anism of drug release, but did not consider the combination of
erosion and diffusion as a method of drug release. Other findings
suggest that the drug release is affected by the type of polymer
(Streubel et al., 2003), additional excipients and drug substances
(Efentakis et al., 1997) used in the diffusing front, as well as the
position of the swelling and eroding fronts. The release of drug
from such a system has demonstrated that initially the erod-
ing front follows non-linear kinetics but subsequent dissolution
follows linear kinetics (Conte et al., 1998). Therefore, apply-
ing the findings to the current work, in order to apply an exact
mechanism of drug release to the calcium alginate beads, fur-
ther knowledge is required regarding the specific polymer, i.e.
calcium alginate. A model of drug release from calcium alginate
beads can only be suggested when investigations of the swelling
and relaxation of the polymer in different media are completed.
A study of the gel layer, formed when the calcium alginate beads
are placed in media, is critical to such investigations since the
thickness of the layer and the drug concentration within it will
determine drug release rates and mechanisms.

Most models of drug delivery, whether swelling or membrane
systems, rely on the fact that the model drug is contained in a
matrix within the dosage form. For example, swellable tablets
are usually produced with the drug enclosed in a pH independent
polymer such as HPMC. Calcium alginate beads do not contain
a separate matrix, rather that the drug is dispersed throughout the
calcium alginate bead. Nor are they simply a swelling system,



310 F. Stops et al. / International Journal of Pharmaceutics 350 (2008) 301-311

since erosion and swelling of the calcium alginate beads gives
rise to the release of the drug. Therefore, none of the traditional
mechanisms can be applied to the calcium alginate beads when
considering drug release rate and mechanism.

Latter studies have attempted to determine the mechanism
of drug release from swelling systems where both swelling and
eroding fronts occur. Puttipipatkhachorn et al. (2001) reported
that Hofenberg studied the erosion of a dosage form as the
mechanism of drug release, but did not consider the combi-
nation of erosion and diffusion as a method of drug release.
Other findings suggest that the drug release is affected by the
type of polymer (Streubel et al., 2003) additional excipients and
drug substances (Efentakis et al., 1997) used in the diffusing
front, as well as the position of the swelling and eroding fronts.
The release of drug from such a system has demonstrated that
initially the eroding front follows non-linear kinetics but sub-
sequent dissolution follows linear kinetics (Conte et al., 1998).
Therefore, applying the findings to the current work, in order to
apply an exact mechanism of drug release to the calcium algi-
nate beads, further knowledge is required regarding the specific
polymer, i.e. calcium alginate. A model of drug release from
calcium alginate beads can only be suggested when investiga-
tions of the swelling and relaxation of the polymer in different
media are completed. A study of the gel layer, formed when
the calcium alginate beads are placed in media, is critical to
such investigations since the thickness of the layer and the drug
concentration within it will determine drug release rates and
mechanisms.

4. Conclusion

A thorough characterisation of calcium alginate beads with
different formulations has been investigated and has resulted
in obtaining an understanding of the physical properties of the
dosage form. Additionally, initial in vitro assessments of the
calcium alginate beads in different media designed to reflect
changes that occur along the gastrointestinal tract have been
completed. In summary, the release of riboflavin from the
calcium alginate beads was complete within 350 min, despite
extending most studies to 24-h. Therefore, although the physical
property results suggest that the dosage form may be considered
as a floating controlled drug delivery system, the in vitro studies
indicate the current formula is not suitable for once daily admin-
istration and further formula modifications are required to alter
the rate of drug release from the calcium alginate beads.
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