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Porous starch and its application in drug delivery systems
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Abstract

In recent years, starch has become a new potential biomaterial for pharmaceutical applications. This bio-
polymer has unique physicochemical and functional characteristics, as well as various advantages such
as low price, relative ease of isolation in pure form from the plant source, non-toxicity, biodegradability,
good biocompatibility, and interaction with living cells. Starch is currently used in pharmacy as a binder,
disintegrating agent, film-forming material, raw material for production of microspheres and nanoparticles,
and a component of drug delivery systems. Porous starch, which can be obtained with physical, chemical
and enzymatic methods of modification, has a large specific surface area thanks to the presence of pores
and channels. It has excellent adsorption capacity and can be used to enhance the dissolution rate of poorly
soluble drugs or as shell material to improve the stability and water-solubility of compounds. As a compo-
nent of drug delivery systems, porous starch has another advantage: it is biodegradable, so there is no need
to remove it from the body after the release of the active agent.
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Starch and its properties

Starch is a natural storage polysaccharide in higher
plants and the most common carbohydrate in human
and animal diets. It is found in leaves, stems, seeds, fruits,
roots, and tubers. The main sources of starch for industrial
applications are maize (82%), wheat (8%), potatoes (5%),
and cassava (5%).! Structurally, starch is composed of lin-
ear amylose and highly branched amylopectin, both made
up of D-glucose units joined together via glycosidic linkag-
es: a (1—4) and a (1—6) (only in branch points). It is laid
down in the form of semi-crystalline granules of different
sizes (from 1 pm to over 100 um in diameter) and shapes.?
The shape of a granule can vary from oval/round to poly-
hedral, and can be characteristic of a genus and species.

One of the most characteristic properties of starch is
its ability to gelatinize and form thick pastes. This pro-
cess takes place when starch is heated in excess water and
results in irreversible disruption of the molecular order
within a granule. Gelatinization is associated with dif-
fusion of water into granules and their radial swelling,
loss of starch crystallinity and amylose leaching into the
solution. Granule swelling and disruption produce a vis-
cous paste consisting of a continuous phase of solubilized
amylose and/or amylopectin, and a discontinuous phase
of granule fragments. On cooling, amylose and linear seg-
ments of amylopectin reassociate and form an ordered
gel network. The formation of the junction zones of a gel
can be considered to be the first stage of starch molecule
crystallization. As starch pastes are cooled and stored, the
starch becomes progressively less soluble. This process is
called retrogradation.? In the food industry, starch retro-
gradation is a highly undesirable phenomenon, especially
when a product requires freeze—thaw stability, but on the
other hand retrograded starch is classified as one of the
types of resistant starch considered a dietary fiber.*

Starch — in particular the linear component amylose —
is able to form inclusion complexes with small molecules
(e.g., lipids, alcohols, lactones, or iodine) and act as an
encapsulating agent. The amylose wraps itself around the
guest molecule and forms a single left-handed helix struc-
ture (so-called V amylose).> The number of glucose units in
each turn of the helical coil (6, 7 or 8) is dependent on the
size of the guest molecule, and the host molecule is able
to expand or contract around the guest. These inclusion
complexes can be used in the food and pharmaceutical in-
dustries for the controlled and targeted delivery of nutra-
ceuticals and/or drugs to the lower gastrointestinal tract.>®

Porous starch

The definition of porosity states that it is the ratio
of pore volume to the volume of the solid phase. Solid
materials can contain closed pores, as well as a network
of both one- or two-side opened pores, combined with
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each other or not. The classification of pores based on
the size of their diameter is as follows: macropores (di-
ameter >50 nm), mesopores (diameter between 2 nm and
50 nm) and micropores (diameter <2 nm).” The occur-
rence of pores on the granule surface of sorghum, maize,
millet, wheat, rye, and barley (along the equatorial groove
of large granules) has been confirmed by microscopic
observations. Granules of tapioca, rice, oat, canna, and
arrowroot appear to be smooth, but there is no consen-
sus among researchers about the presence of pores on
the surface of potato starch granules.®° Fannon et al. re-
vealed that, apart from surface pores, there are also spe-
cific channels and cavities in maize starch granules.!® The
researchers suggested that surface pores are openings to
serpentine channels penetrating the granule interior.!
According to Huber and BeMiller, most channels pen-
etrate granules from the external surface towards a cav-
ity at the hilum, but the depth of penetration can vary.!!
Channels appeared to be open, whereas cavities tended
to be closed. Huber and BeMiller reported the presence
of such cavities in maize, waxy maize and sorghum starch
granules.!! It has been proven that the porosity of starch
granules significantly influences its chemical reactivity.
The presence of pores, channels and cavities increases the
size of the surface area that can potentially be available for
chemical or enzymatic reactions.!! Pore size is an impor-
tant factor in determining the loading capacity of starch
granules for water and oil.'? Porous starch can also be
a good carrier for bacteria, enzymes, flavors, or bioactive
compounds such as drugs.!>!*

The applicability of starch in a native form is limited be-
cause of its sensitivity to processing conditions such as ex-
treme temperature, low pH, high shear rate, and freeze—
thaw variation. In the pharmaceutical industry, native
starch has traditionally been used for the production
of granules, capsules and tablets. Builders and Arhewoh
recently published an excellent review of pharmaceutical
applications of unmodified starch.!®> For many purposes,
however, a modification of starch by chemical, physical
or enzymatic methods, or combinations of these meth-
ods, is required. Among them, chemical methods are the
most commonly used. The 3 available hydroxyl groups
at position C2, C3 and C6 can be modified through es-
terification, etherification and oxidation.'® The starch
preparations obtained as a result of modification have
different properties depending on the reagent used and
the reaction.!” As a result of starch modification, the fol-
lowing properties may be changed: granularity, water
binding capacity and solubility, paste viscosity, gelatiniza-
tion temperature, the rheological stability of pastes, paste
transparency, retrogradation, adhesion, emulsifiability,
texturizing properties, thickening, film formation, and/or
chemical reactivity.!®

Porous starch, which has received significant attention in
recent years, can be obtained by physical, chemical or enzy-
matic methods, but ultrasonic and enzyme treatments have
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been most frequently reported.!*-2* Other proposed meth-
ods are the solvent exchange technique,?* extrusion,?>2¢ mi-
crowave foaming,? grinding,?® or enzymatic hydrolysis fol-
lowed by oven-, spray- or vacuum freeze-drying.? Table 1
presents an overview of the methods applied for obtaining
porous starch, as well as the specific surface area and aver-
age pore size of the products. Porous starch can be used
for dissolution enhancement of poorly soluble drugs, has
excellent adsorption capability because of its large specific
surface area, or can be used as shell material to improve the
stability and water-solubility of compounds.3

Porous starch
in drug delivery systems

Drug delivery systems usually include particulate car-
riers (composed primarily of lipids and/or polymers) and
associated therapeutics. They are designed to alter the
pharmacokinetics and biodistribution of the associated
drugs, or to function as drug reservoirs, or both.3! The
ideal drug delivery system should be comfortable for the
patient, inert, biocompatible, bioadhesive, and capable
of high drug loading. Porous starch meets all these condi-
tions. Starch is officially accepted by all major regulatory
agencies for use in various oral drug delivery systems.??
Starch polymer chains are hydrolyzed into smaller bio-
logically acceptable compounds, so there is no need to
remove the drug delivery system from the body after the
release of the active agent.

The formation of inclusion complexes, micro- or
nanoparticles, is one method of improving the oral de-
livery of poorly water-soluble drugs and drug stabil-
ity. It has been found that biodegradable porous starch
foam (BPSF) with a nanoporous structure, low density,
and high specific surface area and pore volume has bet-
ter characteristics than an inorganic carrier® In in vitro
and in vivo drug release studies, Wu et al. showed that the
use of BPSF enhanced the release and oral bioavailabil-

ity of lovastatin in comparison with crude lovastatin and
commercial capsules.?* The drug absorbed by the BPSF
was partially present as microcrystals, partially in amor-
phous form distributed in the pores of the BPSF and par-
tially in crystalline form distributed on the surface of the
BPSE.3° Starch macrocellular foam (SMF) has been used
to improve the dissolution rate and oral bioavailability
of nitrendipine (NDP); the results demonstrated that SMF
can be a promising carrier for the oral delivery of poorly
water-soluble drugs.®® The use of porous starch as a car-
rier for carbamazepine also enhanced its solubility.!®
Garcia-Gonzélez et al. reported that starch aerogel mi-
crospheres can be used as carriers for ketoprofen, as
they showed high loading capacities.® The researchers
produced aerogel microspheres from starch and loaded
them with poorly water-soluble drugs, ketoprofen and
benzoic acid via supercritical CO,-assisted adsorption.
The starch aerogel microspheres presented a higher spe-
cific loading capacity for ketoprofen than for benzoic acid,
but they released the latter drug faster than the former
one.! Starch-based microparticles have been used for
the entrapment and release of 3 corticosteroids: dexa-
methasone (DEX), 16a-methylprednisolone (MP) and
16a-methylprednisolone acetate (MPA).>” The loading
efficiencies of DEX and MPA were 82% and 84%, respec-
tively, followed by MP (51%). The study showed that these
starch-based systems were capable of sustained release
of the entrapped steroids for up to 30 days.*’

Jadhav and Vavia obtained supercritical processed starch
nanosponge (SSNS) and used it as a carrier for poorly wa-
ter-soluble fenofibrate. They reported significan dissolu-
tion enhancement of the SSNS formulation as compared
to the plain drug, while an in vivo pharmacodynamic study
showed that the SNSS-based formulation significantly im-
proved the bioavailability of the drug.? In a study by Pawar
et al,, porous starch was used to improve the dissolution
and oral bioavailability of itraconazole; the results showed
a significant increase in the release and oral bioavailability
of the drug compared to the marketed product.*

Table 1. Overview of the methods used to obtain porous starch, its specific surface area and mean pore size

Starch source Method of modification Specific S‘j’face area | Mean pore size Reference
[m?/g] [nm]

solvent exchange method 109.73 ~200
Corn hydrolysis with glucoamylase at 50°C for 1-8 h 0.76-1.86 200-1,150 19
Rice, corn, wheat, potato ultrasounds (20 kHz, 170 W, 30 min, in water or ethanol) 0.16-1.27 6.38-10.16 22
NDA solvent exchange method 127.75 20-80 34
Corn emulsion—gelation method followed by supercritical drying 127 NDA 44
Potato, corn hydrolysis with a-amylase at 50°C for 60 min 0.40-1.09 11.63-23.85 45
Wheat, rice hydrolysis with a-amylase at 50°C for 60 min 0.83-1.66 8.06-17.87 46
NDA cross-linking followed by drying and milling 39.80-49.80 NDA 47
Waxy rice enzymatic hydrolysis (a-amylase, amyloglucosidase and their mixture) 1.15-2.34 1.29-7.23 48
Maize sol-gel method and effective supercritical drying technique 185.75 20-150 38

*NDA - no data available.
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Balmayor et al. applied an emulsion solvent extraction/
evaporation technique to develop starch poly-g-capro-
lactone (SPCL) microparticles (size between 5 pm and
900 pm) for use in drug delivery and tissue engineering
(TE) applications. The experiments with dexamethasone
(DEX) as the model drug showed that up to 93% of DEX
was entrapped in SPCL microparticles, depending on the
polymer concentration and the drug-to-polymer ratio.
The authors suggested that the DEX release was initially
governed mainly by diffusion, and then by degradation
of the polymeric matrix.** Ali et al. demonstrated that the
use of porous starch as a carrier for carbamazepine (CBZ)
enhanced the solubility of the drug, showing an improved
in vivo performance compared to neat CBZ.!?

Porous starch as a wall material can enhance the adsorb-
abilityandadhesive propertiesof microcapsules. Wangetal.
used a spray-drying method of encapsulating lutein by
using gelatin mixed with porous starch as wall materials.
They obtained a high yield of product (92.6 +1.7%) and
good encapsulation efficiency (94.4 +0.4%). The solubil-
ity and stability of the microcapsules were much higher
than in the case of free lutein.*! Malafaya et al. produced
starch-based porous material by the microwave baking
method and used it as a carrier for a non-steroid anti-
inflammatory agent.*? A porous starch-based self-assem-
bled nanodelivery system was developed by Zhang et al.
to improve the oral absorption of insoluble probucol. The
study showed that the oral bioavailability of the drug from
the nanocarrier was improved about 10-fold compared to
that of a free drug suspension.®

All the published results of experiments indicate that
porous starch is a very promising material for pharmaco-
logical applications. However, more attention should be
focused on investigating the relationship between pore
size and the properties of a carrier (e.g., loading capac-
ity and drug release behavior). Other significant problems
are how to scale up the production and application of po-
rous starch, and how to obtain a carrier with strictly de-
fined parameters. It should also be noted that although
starch is generally regarded as safe, its derivatives, espe-
cially in form of nano- and microparticles, may pose some
safety challenges as components of drug delivery systems.
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