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Starches of different sources and compositions were investigated to determine the effect of structure and
chemical modification on the sustained release properties of the resultant modified starches. Starches
were cross-linked with epichlorohydrin and substituted with carboxymethyl or aminoethyl groups at dif-
ferent levels. Substitution efficiency was overall higher for waxy corn and potato starches than for Hylon
VII, and was higher for starches at low cross-linking levels than those at high cross-linking ones. Waxy
corn starch displayed better sustained release properties when cross-linked to a lower level, whereas
Hylon VII showed better performances when cross-linked to a higher level. Matrices substituted with car-
boxymethyl and aminoethyl groups at the high level showed better sustained release properties than
those substituted at the low level. The proportion and structure of amylose and amylopectin in starches
from different botanical sources strongly influenced the level of modification required to produce a sat-
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isfactory sustained release matrix.
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1. Introduction

Conventional drug delivery formulations promote a fluctuation of
drug plasma concentration over time due to a burst drug release from
the pharmaceutical form, which is not ideal in a proper pharmaco-
therapy. Sustained delivery systems offer a better approach to drug
therapy because they provide a more constant drug plasma concen-
tration within the therapeutic window (Chien, 1992; Lordi, 1986).

Polymers are often used in sustained release formulations to
provide diverse functionality to the formulation in which they
are employed (Langer, 1993). Hydrogels are hydrophilic polymers
commonly used as sustained release agents in pharmaceutical for-
mulations because of their ability to form a gel network upon
swelling, which entraps the drug and acts as a barrier to its release
to the surrounding medium. Derivatives of cellulose such as
hydroxypropylmethyl cellulose (HPMC), ethylcellulose, and their
combinations with other polymers have been extensively studied
in sustained release formulations (Levina & Rajabi-Siahboomi,
2004; Vlachou, Naseef, & Efentakis, 2004). More recently, starch
and its derivatives have received greater attention for different
pharmaceutical applications due to their biodegradability and bio-
compatibility. Starch-based capsules (Vilivalam, Illum, & Igbal,
2000), film coatings (Cummings et al., 1996; Milojevic et al.,
1996; Siew, Basit, & Newton, 2000), microspheres (Mundargi,
Shelke, Rokhade, Patil, & Aminabhavi, 2008), and subcutaneous im-
plants (Désévaux, Dubreuil, Lenaerts, & Girard, 2002) have been

* Corresponding author. Tel.: +1 479 5753871; fax: +1 479 5756936.
E-mail address: yjwang@uark.edu (Y.-J. Wang).

0144-8617/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbpol.2008.11.016

studied, and tablet is the most common pharmaceutical form
explored.

Starch can be obtained from a variety of sources. Among various
commercially available starches, 70% high amylose corn, com-
monly referred to as high amylose starch, has been extensively
studied for its sustained release applications. Mateescu, Lenaerts,
and Dumoulin (1995) prepared cross-linked high amylose starch
with epichlorohydrin after gelatinization as a sustained-release
excipient, and found that matrices cross-linked at lower levels
showed better sustained release ability. Lenaerts et al. (2003) pre-
pared a modified high amylose starch by cross-linking with phos-
phorous oxychloride and substitution with hydroxypropyl groups
prior to gelatinization (Contramid®). This modified starch has been
extensively characterized for its structural and physicochemical
properties, such as amylose polymorphism, substitution degree,
swelling, and permeability (Baille, Malveau, Zhu, & Marchessault,
2002; Dumoulin, Alex, Szabo, Cartilier, & Mateescu, 1998; Ispas-
Szabo, Ravenelle, Hassan, Preda, & Mateescu, 2000; Le Bail, Morin,
& Marchessault, 1999; Lenaerts et al., 1998; Mulhbacher, Ispas-
Szabo, & Mateescu, 2004; Mulhbacher & Mateescu, 2005; Rahmo-
uni, Chouinard, Nekka, Lenaerts, & Leroux, 2001; Rahmouni, Lena-
erts, & Leroux, 2003; Ravenelle, Marchessault, Légaré, &
Buschmann, 2002; Thérien-Aubin, Baille, Zhu, & Marchessault,
2005). Carboxymethyl-substituted high amylose starch also exhib-
ited effective sustained delivery properties (Calinescu, Mulhbach-
er, Nadeau, Fairbrother, & Mateescu, 2005; Chebli, Cartilier, &
Hartman, 2001; Nabais et al., 2007). Nevertheless, starches of dif-
ferent compositions and sources have been limitedly evaluated
for their sustained release applications (Michailova, Titeva, Kotsilk-
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ova, Krusteva, & Minkov, 2001; Pringels, Ameye, Vervaet, Foreman,
& Remon, 2005; Te Wierik, Eissens, Bergsma, Arends-Scholte, &
Lerk, 1997; Te Wierik et al., 1996).

Starch is primarily composed of amylose, an essentially linear
polymer, and amylopectin, a highly branched molecule. In addition
to the difference in amylose/amylopectin ratio, starches from dif-
ferent sources also vary in their structural characteristics, and con-
sequently their physicochemical properties. In this study, effects of
starch composition and source, and modification type on the sus-
tained release ability of the resultant modified starches were
investigated.

2. Experimental
2.1. Materials

Waxy corn and 70% high amylose corn (Hylon VII) were gifts
from National Starch and Chemical Company (Bridgewater, NJ). Po-
tato starch was obtained from Tate & Lyle (Decatur, IL). Sodium
benzoate and propranolol hydrochloride were purchased from
Mallinckrodt Baker Inc. (Phillipsburg, NJ) and TCI America (Port-
land, OR), respectively. Magnesium stearate was obtained from
Riedel-de Haén (Seelze, Germany). Epichlorohydrin (ECH) was ob-
tained from Acros Organics (Morris Plains, NJ), 2-chloroethylamine
hydrochloride was purchased from Alfa Aesar (Ward Hill, MA), and
chloroacetic acid was purchased from Fisher Scientific (Fair Lawn,
N]J). All other chemicals were of ACS grade.

2.2. Experimental and treatment design

Six factors with two or three levels each were tested and listed
in Table 1. The combinations of levels to be tested were deter-
mined using a fractional factorial design in a completely random-
ized fashion. Forty-eight treatment combinations were generated
and tested.

2.3. Preparation of cross-linked and carboxymethyl (CM)-substituted
starches

Starches were modified according to the procedure described
by Mulhbacher, Ispas-Szabo, Lenaerts, and Mateescu (2001) with
slight modifications. The amount of starches used in this study
was half of the amount of Hylon VII used in the original procedure
by Mulhbacher et al. (2001) because of high viscosity encountered
upon gelatinization. Starch (7 g Hylon VII, 7 g waxy corn, or 6 g po-
tato) was mixed with 34 mL of deionized water and stirred at 50 °C
for 20 min in a water bath. Thereafter, 47 mL of 1.5 M NaOH were
introduced into the medium, followed by epichlorohydrin (ECH)
(3gor 16 g ECH per 100 g starch for low and high level of cross-
linking, respectively). The mixture was stirred at 50°C for
40 min, and then an appropriate amount of monochloroacetic acid
was added (1:1 w/w acid:starch for the high-level, and 1:2 wjw
acid:starch for the low-level substitution), while maintaining the
pH at 10-11 with 15% (w/w) NaOH at 50 °C for 1 h. Then, the pH
was neutralized to 6 with 3 M acetic acid, and the starch was pre-
cipitated with 1x vol. 85% acetone, followed by washing twice

Table 1
Factors and levels of each factor studied.

with %2 vol. 70% acetone, 1x vol. 85% acetone, and finally 1x vol.
pure acetone. The precipitate was dried at 40 °C overnight, ground
using a Cyclone Sample Mill (UDY Corporation, Fort Collins, CO),
and passed through a 75-pum-sieve. The carboxyl content of CM-
substituted starches was determined according to the procedure
described by Kuakpetoon and Wang (2001).

2.4. Preparation of cross-linked and aminoethyl (AE)-substituted
starches

The procedure to prepare AE-starches was similar to that of CM-
starches (Mulhbacher et al., 2001) with modifications. The starch
was first cross-linked as described above, and an amount of chloro-
ethylamine equivalent to 1.2x the starch weight was dissolved in
water and added to the medium. The reaction was carried out at
70 °C for the high-level substitution and at 50 °C for the low-level
substitution for 1 h while maintaining the pH at 9-10 with 10%
NaOH solution. The mixture was neutralized, precipitated and
washed with acetone solutions, ground and sieved as previously
described. The nitrogen content of the AE-substituted starches
was determined by the Micro-Kjeldahl method (AACC, 1997).

2.5. Dissolution studies

Modified starch and drug (20% or 50% of tablet weight of so-
dium benzoate or propranolol hydrochloride) were mixed in a
mini-manual mixer (Inversina, Bioengineering AG, Wald, Switzer-
land) for 10 min. Then, magnesium stearate (1% weight of tablet)
was added as a lubricant to the mixture and mixed for an addi-
tional min. Tablets were prepared by compressing 500 mg of the
mixture at 2.5 MT for 5s using a 13-mm die (Carver, Wabash,
IN) with a hydraulic press (Carver, Wabash, IN).

Drug release was evaluated using an Apparatus II (USP, 2005)
dissolution instrument (Varian Inc., Cary, NC). Tablets were im-
mersed in 900 mL of deionized water at 37.0 °C for 24 h at a paddle
rotation speed of 50 rpm. Samples were taken without replace-
ments, and drug release was measured using a spectrophotometer
(Beckman Coulter, Fullerton, CA) at 290 nm for propranolol hydro-
chloride and 225 nm for sodium benzoate.

2.6. Statistical analyses

A repeated measures analysis of drug release over 24 h was con-
ducted (time points were free of alias to each other), and the main
effects of the factors and their two-way interactions were deter-
mined. All the analyses were conducted using JMP 7.0.2 (SAS,
2007). Significance is reported using an o level of 0.05.

3. Results and discussion
3.1. Substitution efficiency

Table 2 lists the substitution levels of CM and AE in different
treatments. For CM substitution, efficiency was overall higher in
waxy corn (0% amylose), followed by potato (~20% amylose), and
Hylon VII (~70% amylose), which followed the order of increasing

Factors Levels Number of levels
Drug type Sodium benzoate Propranolol hydrochloride 2
Starch type Waxy corn Hylon VII Potato 3
Cross-linking degree (g ECH/100 g starch) 3 16 3
Substitution type Carboxymethyl (CM) Aminoethyl (AE) 2
Substitution level High Low 2
2

Drug loading (w/w) 20%

50%
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Table 2

Efficiency of carboxymethyl (CM)- and aminoethyl (AE)-substitution”.

Starch Cross-linking Substitution Carboxyl Nitrogen
level (g ECH/100 g level content content
starch) (% as is) (% as is)

Waxy corn 3 High 0.68 £ 0.03 1.28 £0.03

Waxy corn 3 Low 0.22 +0.01 1.25 +£0.02

Waxy corn 16 High 0.21 £ 0.01 1.25 +£0.01

Waxy corn 16 Low 0.20 £ 0.01 1.07 £ 0.04

Hylon VII 3 High 0.22 +0.01 1.32+£0.03

Hylon VII 3 Low 0.19£0.01 0.76 £ 0.00

Hylon VII 16 High 0.12+0.01 1.15+£0.03

Hylon VII 16 Low 0.10 £0.02 1.03 £0.00

Potato 3 High 0.37 £0.01 1.44 £ 0.06

Potato 3 Low 0.20£0.01 1.20 £0.06

Potato 16 High 0.26 +£0.01 1.28 +0.04

Potato 16 Low 0.15+0.01 0.99 +0.04

" Mean # standard error of two measurements.

amylose content, and was generally higher in starches cross-linked
at degree 3 (3 g ECH/100 g starch) than at degree 16 (16 g ECH/
100 g starch) at the same level of substitution. The efficiency of
CM-substitution in the present study was lower than those re-
ported by Mulhbacher et al. (2001, 2004) and Mulhbacher and
Mateescu (2005), which was attributed to dilution of the reaction
medium. As previously mentioned, the amount of starch was re-
duced to half in order to decrease the viscosity for effective mixing,
particularly for waxy corn, potato, and starches cross-linked to the
high level. It has been demonstrated that a decrease in starch con-
centration led to a decrease in substitution efficiency, which was
attributed to a decrease in the chance of starch molecules to come
in contact with the reagent from the addition of large amounts of
water (Jeon, Viswanathan, & Gross, 1999; Khalil, Hashem, & Hebe-
ish, 1990; Khalil, Hashem, & Hebeish, 1995; Song, He, Ruan, &
Chen, 2006). The presence of a large amount of water may also pro-
mote hydrolysis instead of esterification of monochloroacetic acid.
Hebeish and Khalil (1988), Bhattacharyya, Singhal, and Kulkarni
(1995), and Rakhmatullin, Emelyushin, and Gavrilov (1999) re-
ported that aqueous alkaline media favored the hydrolysis of
monochloroacetic acid into its glycolate form, reducing the substi-
tution efficiency.

For AE substitution, the overall substitution efficiency was sim-
ilar in waxy corn and potato starches, but slightly lower in Hylon
VII. As in CM substitution, AE-substituted starches with the high
cross-linking degree had a lower substitution efficiency. The for-
mation of cross-links might interfere with the subsequent substi-
tution reaction by reducing the availability and/or accessibility of
hydroxyl groups, consequently decreasing the substitution
efficiency.

The effect of starch composition on reaction efficiency has been
reported (Kuakpetoon & Wang, 2008; Landerito & Wang, 2005). A
decrease in reaction efficiency was associated with increasing
amylose content in various starches. Hylon VII had the lowest effi-
ciency when compared with waxy corn, common corn, 50% high
amylose corn, and potato starches for phosphorylation and oxida-
tion. The low reaction efficiency for high amylose starches was
speculated to be related to the linear nature of amylose, which is
not capable of entrapping the reagent as well as the branched
structure of amylopectin. This branched structure of amylopectin
may retain more reagents for reaction. It is important to note that
these findings were based on granular reaction. In this study,
starch was pregelatinized prior to chemical modification, thus
the conformation and interaction of starch molecules may also
contribute to their differences in reaction efficiency.

Gelatinization of starch leads to the formation of a molecular
dispersion of amylose and amylopectin in the medium. When

packed in the granule, these macromolecules are interdispersed
and associated with each other into semi-crystalline structure.
However, upon gelatinization and release of the macromolecules
to the solution, they become incompatible and immiscible due to
their distinct natures (Kalichevsky & Ring, 1987). Jane, Xu, Rado-
savljevic, and Seib (1992) reported that cross-linking of granular
starch resulted in cross-linking of amylose and amylopectin mole-
cules, whereas cross-linking of pregelatinized starch resulted in
cross-linking of only amylose or only amylopectin but not between
them. Amylose and amylopectin possess different properties that
lead to their immiscibility, such as differences in molecular size
and branching structure (Tolstoguzov, 2003). Amylose exists in
an amorphous state in starch granule but becomes crystalline from
self-association after dissolved in solution because of its linear
structure. In comparison, amylopectin is present in a semi-crystal-
line state in granules but becomes less organized when dissolved
in solution and then undergoes slower self-association than does
amylose (Tolstoguzov, 2003). The strong self-association of amy-
lose molecules might reduce their accessibility to reagents, while
the less ordered amylopectin molecules were more receptive to
modification, leading to higher reaction efficiency.

3.2. Effect of drug type on drug release

Overall drug release profiles for sodium benzoate and propran-
olol hydrochloride were significantly different (P < 0.05), regard-
less of starch type, modification, or drug loading (Fig. 1). The
release of sodium benzoate was fast, and the profiles were similar
for all starches (data not shown). The release of propranolol hydro-
chloride, on the other hand, varied considerably with starch
matrices.

Drug release from a matrix is affected by many factors, such as
diffusivity of the drug from the matrix to the solvent, porosity and
tortuosity of the matrix, and swelling ability and erosion suscepti-
bility of the matrix (Lidner, Moeckel, & Lippold, 1996). The size of
the drug molecule also plays a role in its transport through a ma-
trix. Zhao, Wang, and Zhang (2007) described that drugs can be
transported out of a matrix via (1) movement through the free vol-
ume of the cavities of the matrix, or (2) jumping between the cav-
ities due to the wriggling or movement of the matrix polymer
chains. On the other hand, the diffusion mechanism for larger drug
molecules is mainly governed by the polymer wriggling phenome-
non of the matrix. Sodium benzoate is considerably smaller than
propranolol hydrochloride, therefore its diffusion from starch
matrices might be less influenced by the matrix and more domi-
nated by its transport through cavities. In contrast, the properties
of the matrices might have more influence on propranolol hydro-
chloride release, therefore matrices showed different release
behaviors.

Because of the significant differences in release profiles be-
tween sodium benzoate and propranolol hydrochloride, all statisti-
cal analyses were conducted according to drug type.

3.3. Starch type and cross-linking effect on drug release

Fig. 2 presents the averaged propranolol release profiles ob-
served for different starches, regardless of the modifications per-
formed. Starch type was found to play a major role in controlling
drug release. Potato starch displayed better sustained release of
propranolol hydrochloride, whereas Hylon VII released propranolol
rapidly, and waxy corn starch showed an intermediate release. The
potential of potato starch as a sustained release agent has been re-
ported by Te Wierik et al. (1996, 1997), in which potato starch that
was enzymatically degraded by pullulanase and o-amylase and
subsequently retrograded showed good sustained release ability
in simulated gastrointestinal conditions. The sustained release
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Fig. 1. Overall release profiles of sodium benzoate and propranolol hydrochloride
from starch matrices.

property of pregelatinized waxy starch has been demonstrated by
Herman, Remon, and De Vilder (1989) and Herman and Remon
(1989), in which corn starches with varying amounts of amylose
(0%, 25%, and 70%) were evaluated. These starches were thermally
treated by spray drying, extrusion, or drum drying, resulting in
partial or complete gelatinization, without prior chemical modifi-
cation. They observed that fully gelatinized starches, particularly
waxy corn starch, exhibited good sustained release properties.

A significant interaction between starch type and cross-linking
degree (P<0.001) was noted (Table 3). The amylose content in
corn starch predominantly determined the cross-linking level re-
quired to produce a satisfactory matrix for achieving sustained re-
lease of drugs. A higher level of cross-linking was required for
Hylon VII, whereas a low cross-linking level was favored for waxy
corn starch in order to slow the release of propranolol (Fig. 3). Be-
cause waxy corn starch consists of nearly 100% amylopectin, the
highly branched structure of amylopectin may promote extensive
interaction among amylopectin molecules and form a strong and
viscous matrix capable of sustaining drug release. In contrast, the
essentially linear nature of amylose could not support the forma-
tion of a network structure unless amylose molecules were linked
together through extensive cross-linking as in Hylon VII in the
present reaction conditions. On the other hand, there was no
remarkable difference in sustained release properties of potato
starch when cross-linked at different levels. It is suspected that
the large molecular weight of amylose and amylopectin in potato

100 7
90
80 A
70
60 A
50 -

40 1 —&— \Waxy

drug release (%)

30 —&— Hylon VII
20 —&— Potato
10

0 T T T T T T T T T )

Time (h)

Fig. 2. Overall propranolol hydrochloride release by different starch matrices.

(Takeda, Hizukuri, Takeda, & Suzuki, 1987; Takeda, Shirasaka, &
Hizukuri, 1984) may help the formation and stabilization of matrix
structure and at the same time better adapt its conformation to the
presence of cross-links.

The results suggest that the formation of a satisfactory sus-
tained-release matrix is strongly influenced by both the proportion
and the structural characteristics of amylose and amylopectin,
which determine the nature of the resultant matrix structure, gel
strength, and viscoelastic properties from their interactions after
hydration. The structural characteristics of starch pastes and gels
are also affected by starch concentration, amylose/amylopectin
proportion, gelatinization degree, and gelatinization method and
conditions (Bagley & Christianson, 1982; Michailova et al., 2001).
Michailova et al. (2001) demonstrated that the addition of pregel-
atinized waxy corn starch to HPMC suppressed the polymer mobil-
ity of the mixture, decreasing hydration and subsequent gel
diffusivity and drug release. The highly branched structure of amy-
lopectin led to the formation of extensive intra- and inter-molecu-
lar hydrogen bonding, causing molecular constraints that
decreased polymer mobility and hydration capacity. Ispas-Szabo
et al. (2000) demonstrated the influence of crystallinity of high
amylose starch matrix in drug release in a tablet formulation. They
reported that moderate crystallinity or a more balanced ratio be-
tween order/disorder of starch chains led to better sustained re-
lease because both crystalline and amorphous structures were
involved in network formation upon swelling.

3.4. Effects of substitution type and level on drug release

Substitution type and level showed a significant interaction
over time (P=0.0061) (Table 3). Fig. 4A displays the drug release
of AE-and CM-starches at low and high levels of substitution. The
overall release profiles of both substitutions at the high level were
similar, with AE-starches substituted at the low level showing fas-
ter release. The substituents may contribute to stabilization of the
matrix through the formation of hydrogen bonding with starch hy-
droxyl groups. Most of the carboxylic groups in CM-starches were
in the non-ionized form at pH ~4 of the dissolution medium,
which would favor hydrogen bonding between CM and hydroxyl
groups. In the case of AE-starches, although the amino groups are
fully protonated and positively charged at pH ~4, the strong
hydrogen bonding between amine and hydroxyl groups might play
a more dominant role in stabilizing the resultant matrix than the
charge effect. Hydrogen bonding was suspected to be a major con-
tributor to the stabilization from both substituents; therefore, an
increase in the level of substitution was associated with a slower
release rate. Dumoulin et al. (1998) and Ispas-Szabo et al. (2000)
also reported hydrogen bonding as being important in molecular
interactions in starch tablets. Mulhbacher et al. (2001) also re-
ported a better performance of starch matrices substituted at a
higher level than those substituted at a lower level.

Table 3

Main effects and interactions among factors".

Effect P-value (Univar H-F Epsilon)
Starch type <0.0001
Cross-linking degree <0.0001
Substitution type <0.0001
Substitution level <0.0001
Drug loading <0.0001
Starch type x cross-linking degree <0.0001
Substitution type x substitution level 0.0061
Starch type x substitution type 0.0029
Starch type x drug loading 0.0033

" Data for propranolol hydrochloride release.
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Fig. 3. Propranolol release profiles of different starch matrices cross-linked in
different degrees. Low, cld 3; High, cld 16.

The charge effect of the substituents might have been more pro-
nounced if the level of substitution was higher because the concen-
tration of ionized groups in the polymer would be of a larger
magnitude. More charged groups in the polymer might contribute
to a decrease in hydrogen bonding and an increase in ionic interac-
tions among starch chains and between starch and drug molecules.
In addition, the charge effect could be more evident if different pH
were used, such as slightly alkaline phosphate buffer as the disso-
lution medium. Such condition would likely promote ionization of
carboxylic groups as well as protonation of amino groups, and the
charge effect, if existent, may have been better detected. The pH ef-
fect on the behavior of starch matrices and drug release has been
reported by Mulhbacher et al. (2004) and Mulhbacher and Matee-

--&-- AElow

70

60 —— AEhigh

50 --m--CM low
40 —&— CM high

drug release (%)

--@--Wx AE
—e— Wx CM
--ll-- Hylon AE
—&— Hylon CM
--k--Pot AE
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Time (h)
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Fig. 4. Overall propranolol release profiles of modified starches. (A) Effect of
substitution type and level. (B) Effect of starch type and substitution type. AE,
aminoethyl-substituted starches; CM, carboxymethyl-substituted starches; Low,
low-level substitution; High, high-level substitution; Wx, waxy corn starch; Hylon,
Hylon VII starch; Pot, potato starch.

scu (2005). In these studies, the swelling of CM-cross-linked Hylon
VII matrices increased with increasing pH and decreased with
increasing ionic strength of the medium, while drug diffusion de-
creased with increasing swelling. In contrast, the diffusion of drugs
and swelling power of cross-linked-only Hylon VII, acetylated-
cross-linked Hylon VII, and AE-cross-linked Hylon VII matrices
were not affected by different ionic strength and pH conditions,
indicating that these matrices were stable regardless of the sur-
rounding environment, and the charge effect was not a major fac-
tor for their behavior.

Another significant interaction was found between substitution
type and starch type (P =0.0029) (Table 3). CM-substituted waxy
corn and potato starches had clearly better sustained release trend
than their AE-substituted counterparts (Fig. 4B). However, this
trend was not observed in Hylon VII. The type of substitution
had little influence on drug release profile of Hylon VII.

3.5. Effect of drug loading on drug release

Drug loading showed a significant interaction with starch type
(P=0.0033) (Table 3). Matrices with low drug loading (20%) re-
leased the drug at a slower rate than matrices with high drug load-
ing (50%) for the same starch type (Fig. 5). Drug loading had a great
impact on release profile of waxy corn and potato matrices, but
limited impact on Hylon VII. Hylon VII matrices were capable of
holding higher drug loadings better than waxy corn and potato
matrices, although the average propranolol release profile of Hylon
VII was faster than those of waxy corn and potato. The potential of
cross-linked high amylose starch to be used in high drug loading
formulations has also been reported by Mulhbacher et al. (2001).
The presence of drug among starch molecules likely disturbed
the entanglement of chains, thus resulting in weaker network
structure and subsequently increased susceptibility to erosion
(Bettini et al., 2001) in waxy and potato matrices. Because the net-
work structure in Hylon VII was mostly formed by the cross-links
instead of hydrogen bonds only the stronger bonding of cross-links
may allow for higher drug loadings. Lenaerts et al. (1998) reported
that high amylose starch matrices were little affected by formula-
tion variables such as tabletting pressure and geometry, and
showed little variability and consistent performance between sub-
jects and no influence from food in an in vivo study.

4. Conclusions

Cross-linked and substituted starches displayed different sus-
tained release profiles of propranolol hydrochloride in the formu-

100 - ——1
o{ e o2
80 gm0 e

< 70

s --@--Wx 20

@ 60

§ 5 —e— Wx 50

° --&-- Hylon 20

g % —=— Hylon 50

£ 30 ylon 5
20 --A--Pot 20
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Time (h)

Fig. 5. Overall propranolol release profiles of starch matrices with different drug
loadings. WX, waxy corn starch; Hylon, Hylon VII starch; Pot, potato starch; 20, 20%
drug loading (w/w of tablet); 50, 50% drug loading (w/w of tablet).
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lations evaluated. Substitution efficiency was overall higher in
waxy corn and potato starches, but lower in Hylon VII. Potato
starch exhibited an overall better sustained release, followed by
waxy and Hylon VII. Drug release was strongly influenced by the
degree of cross-linking and starch type. Hylon VII performed better
at a higher degree of cross-linking, while waxy starch performed
better at a low degree of cross-linking. A significant interaction be-
tween substitution type and level was found, but substitution type
and level were not the determining factors for the sustained re-
lease properties of these starch matrices. This study demonstrates
that modified starches from different sources showed different
sustained release properties. The type of modification required to
produce good sustained release matrices was strongly affected by
starch composition and structural characteristics as well as the
type of drug used.
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