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The application of aerogels as drug delivery system was successfully demonstrated for the
starch. Biodegradable materials are beneficial as drug carrier as they possess the property of
biodegradability. The biodegradability and biocompatibility of these biopolymers make them
promising carriers for drug delivery systems. Structural properties of the polysaccharide
aerogels depend on the preparation method and chemical nature of the gel phase. In this work
starch was used to produce aerogels. Aerogels are a special class of nanoporous materials
with growing interest in biomedical and pharmaceutical applications due to their open pore
structure and high surface area. Polysaccharide-based aerogels result in highly porous,
lightweight drug carriers with high surface area, able to provide enhanced drug bioavailability
and drug loading capacity. This review focuses on the of the production of starch based
aerogels with emphasis on the influence of processing parameters on the resulting end
material properties.
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INTRODUCTION

Presently, there is considerable interest in improving the oral delivery of poorly water-soluble drugs. Improving the solubility
of the low soluble drug is key to increasing the bioavailability. In the Biopharmaceutics Classification System [BCS], low solubility
and high permeability are the characteristics of BCS Class Il poorly water soluble drugs. The low solubility markedly affects the oral
bioavailability of such drugs, resulting in a non-ideal therapeutic effect. Therefore, for BCS class Il drugs, improving the solubility is
the key to increasing the bioavailability..General methods for improving aqueous solubility of poorly water soluble drugs include
the formation of inclusion complexes®” , solid dispersionst® ** nanoparticlest* * or b?/ controlling their polymorphic form [5]. At
present, several inorganic materials, such as mesoporous silical® " & % 1! clay particles® and lipid—inorganic hybrids ™, have also
been employed.

In this context, BPSF, as a biodegradable starch-based porous biomaterial, has great potential as a solid dispersion carrier for
oral poorly water soluble drugs, which is to date unexplored. Starch is the most common carbohydrate polymer in

Foods BPSF presents excellent characteristics compared with inorganic carriers, and has a Nanoporous structure, low density,
high specific surface area and pore volume; its distinctive advantages are as follows:

1. Nontoxicity, biocompatibility, biodegradability ™ *°!;

2. New functional groups can be readily introduced to the main backbone of the starch foam because of the high number of hydroxyl
groups on the surface of the starch;

3. Soluble amylum as the raw material of BPSF is partially soluble in water, which facilitates the release of drug dispersed in the
BPSF channels. These are particularly desirable properties for the design of carriers for the oral delivery systems of poorly water
soluble drugs.

One major challenge in the preparation of aerogels is to eliminate the liquid solvent from the gel without collapsing the
already existing nanoporous structure and thereby avoiding the subsequent shrinkage and cracking of the dried gel.

Generally, it is possible to differentiate three drying techniques.

1. Traditional drying procedures, e.g. ambient air drying, which is not able to preserve the gel structure leading to xerogel
These types of drying methods form liquid—vapor menisci in the pores of the gel which recedes during emptying of the pores of
the wet gels. Upon solvent removal, the surface tension of the liquid contained in the gel Nano pores will infer a capillary
pressure gradient in the pore walls reaching pressures of up to 100—200 Mpa, able to collapse the pores ™.

2. Freeze drying technique consists in lowering the temperature of the gel below the crystallization temperature of the solvent. The
solvent is then removed as a vapor by reducing the pressure [i.e., sublimation]. The end product of this process is usually called a
cryogel %1 However, many obstacles are associated with freeze-drying ®: the slow rate of sublimation needed, solvent
exchange may be required and, especially, the increase of the solvent volume upon crystallization. This volume expansion of the
solvent induces stresses in the gel directed from the crust toward the inside, resulting in shrinkages and breakage of the crust
layers as small particles. This phenomenon explains the fact that most of the freeze drying products are powders and production
of monoliths is extremely difficult.

3. The supercritical drying process is an alternative drying technique assisted by the use of supercritical fluids, usually scCO2 that
overcomes the problems encountered with conventional drying methods to preserve the high open porosity and superior textural
properties of the wet gel in a dry form. Supercritical drying process leads to the presence of supercritical fluid mixtures in the gel
pores without remnants of any liquid phase. This drying procedure thus avoids the presence of any intermediate vapor-liquid
transition and surface tensions in the gel pores, preventing the gel structure from the pore collapse phenomenon [i.e., changes in
the macroscopic level] during solvent elimination. Supercritical drying can be classified in two types depending on the contact
regime between the gel and the supercritical fluid: drying of the gel with a continuous flow of scCO2 throughout the process
[dynamic or continuous supercritical drying] " %! and in batches [static or batch supercritical drying] ?° .
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Fig.1.Effect of drying techniques on the alcogels.
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Processing pathway-

Briefly, aerogel processing starts with the formation of a gel from an aqueous solution, i.e., a hydrogel .Gel formation from a
solution [sol] is induced by a cross-linking promoter that can be of chemical [e.g., crosslinker compound] or physical [e.g., pH,
temperature] nature. The next step is the replacement of the water present in the gel structure by a solvent [alcohol] to lead to an
alcogels. Finally, the alcohol [usually ethanol] is extracted from the gel

Preparation of Aqua gels-

Hydrogel formation, i.e., gel swollen by water or by an aqueous solution, from polysaccharide precursors is the most
common starting point. Alternatively, polysaccharide-based gels in organic solvents [lyogels] have also been reported in literature as
starting gels for the production of aerogels [e.g., cellulose gel in N methyl morpholine -N-oxide — NMMO - solvent]. The proper
selection of the hydrogel formulation, e.g., precursor content, functional groups of the precursor, pH and cross-linker content, is
crucial to obtain high performance bio-based aerogels. The three-dimensional structure of the gel is mainly governed by the degree of
crosslinking between the polysaccharide chains. The resulting gel can be denoted as a chemical or physical hydrogel depending on the
nature of the chain cross-linking. A physical hydrogel refers to a reversible crosslink formed between polymeric chains under
appropriate conditions through weak forces, e.g., hydrogen bonding or ionic interactions. Inorganic salts [e.g., Ca[SCN]2-4H20,
CaCl2, CaCO3, CaS04, NaCl, and KCI] can also be added to promote ionic bondings. In chemical hydrogels, the crosslinking of
polysaccharides chains is strengthened by covalent bond formation assisted by coupling agents or cross-linker promoters.
Ethyleneglycol diglycidylether, glutaric acid, sucrose and glutaraldehyde are among the biocompatible chemical cross linkers reported
in literature. The surface area and total pore volume of the resulting aerogel usually increase with the cross-linker content up to a
threshold value where this trend can be reversed. On the other hand, fast cross-linking kinetics could lead to non-homogeneous gel
structures for hydrogels. Therefore, the choice of the cross-linker and its concentration should be a compromise between aerogel
stability and the required open porosity and homogeneity. In general, chemical gels allow a processing with better control of the
porous structure and swelling behaviour than with physical gels, but at expense of higher raw materials [chemical crosslinker vs.
precursor cost] and processing [complex steps for the removal of traces of unreacted crosslinker may be required] costs [Omidian &
Park, 2008] and more complex chemical characterization. Moreover, for certain biomedical applications, the bondings in chemical
gels are often irreversible at human body temperatures and may also prevent the degradation of the entire hydrogel.

Cylindrical samples-

Starch dispersions are made with uniform stirring and the temperature is maintained throughout the mixing. The temperature
is elevated to desired range so as to initiate the gelatinization process while keeping the stirring constant until the peak viscosity is
reached. The gelatinized starches are then poured into the cylindrical molds.Then they are covered with aluminium foil and
refrigerated overnight. The gelatinized starches set into semi rigid aqua gels that syneresed sufficiently to facilitate removal of the
aqua gels within 24 hours. The solvent water in the aqua gels is gradually displaced with ethanol by batch equilibration with a
succession of ethanol baths. The number of baths and the ethanol concentration of each bath differs for samples of different
thicknesses. The equilibration time for each bath is 24 hr. The sequence of bath is one time in 70 %[ w/w] ethanol and three times in
100% ethanol.

Slab samples-

Starch dispersions are made with uniform stirring and the temperature is maintained throughout the mixing. The temperature
is elevated to desired range so as to initiate the gelatinization process while keeping the stirring constant until the peak viscosity is
reached. Viscosity measurements are taken during the process to check whether the gelatinization is complete. Starch solutions are
mixed and heated until viscosity had peaked and begun to decrease The gelatinized starches are then poured into the slab molds.Then
they are covered with aluminium foil and refrigerated[5°]Jovernight. The aqua gels then are removed from the molds and soaked for 48
hours in successive baths of ethanol.

Aerogel production strategies
Monolith aerogel processing

The size and morphology of aerogels can be customized by means of shaping of the gel by molding, extrusion or any other
suitable physical technique. In the case of molding, the polysaccharide solution is poured into a mold of a defined form and then
gelation occurs. In general, gels take the shape of the mold where gelation takes place and this shape is preserved in the monolithic
aerogel after supercritical drying. Polysaccharide-based aerogels are commonly obtained in the form of cylindrical monoliths,
although many other shapes can be found in literature [spheres, tubes, membranes, etc.]
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Particle aerogel processing

A large contact surface of the drug with the body fluids favors a fast dissolution rate and its absorption in the body. This
contact surface may be increased by particle micronization and/or by increasing the surface area available for adsorption of the drug
using a porous substrate. Therefore, drug carriers are preferred in a micro particulate aerogel form for certain pharmaceutical
applications so that both approaches can be accomplished together to get a fast drug release. The speed of drug dissolution for
drugloaded aerogel micro particles could be of three orders of magnitude faster than drug-loaded solid particles. Silica and carbon
aerogels in the form of microparticles are traditionally obtained from monoliths by milling.However, a lack of particle sphericity and
the absence of particle size uniformity, required for many drug delivery applications, are expected to be obtained when using
conventional milling techniques. &

Another manufacturing option is to process the aerogels in the form of beads [millimeter—centimeter range]. The usual
processing approach is to drop a solution containing the polysaccharide aerogel precursor by means of a syringe/nozzle into a solution
containing the gelling promoter agent. Gelation takes place just after the droplets of the solution come into contact with the gelling
promoter [e.g., pH- and/or temperature-controlled solution, presence of cations]. The subsequent supercriticaling of the gel leads to the
aerogel formation. The size of the beads obtained by this method is mainly controlled by the orifice diameter of the syringe/nozzle
used during the gel formation. Finally, a modification of the process using pulsed electric fields for the atomization of the aqueous
precursor solution through the nozzle was reported for the preparation of microsized alginate gel particles®®!!

Methods for alcogels preparation-
1] Air-Drying of alcogels-

Air dried slabs and cylinders are made by placing samples equilibrated in 100% ethanol on perforated trays covered with
sheets of whatman filter paper. The trays are then enclosed in a polyethylene chamber that is continuously flushed with stream of air
that has been dried by filtering through anhydrous CaSO,.The samples are kept in the chamber for one day beyond the time that
ethanol odour could be detected in either the effluent or the sample.

The air drying process is less costly because it does not require expensive high pressure equipment. The processing times are
limited by diffusion rate during the ethanol equilibration step and during drying.

2] Critical point drying of alcogels-

In the critical point drying of alcogels, the slabs and cylinder equilibrated in 100% ethanol are placed in autoclave designed to
withstand pressures in excess of 12 Mpa.The autoclave is first filled with 100% ethanol and then loaded with the slabs and cylinders.
The autoclave is then quickly drained of ethanol and filled with liquid co2.several changes of co2 are made each day to displace
ethanol that is diffused out of the sample. The process is completed over a period of five day after which the autoclave is drained to
approximately half full so that the liquid co2 level just covers the samples. The autoclave is then heated and further pressurised above
the critical temperature[30.92°] and pressure[7.375 MPa] of co2.After reaching the critical point of co2,the chamber was slowly
depressurized and the dried foam samples is recovered.

3] Freeze-Drying of aqua gels-
The aqua gels samples are placed on the trays in a freeze drier equipped with heating trays. Typically the sample freeze-dried
within three days. The mechanical tests are performed on freeze dried slabs cut in 1-in.squares.

4] Liquid CO, extraction of alcogels-

Alcogels are placed in an autoclave and equilibrated with liquid CO, as described for the CPD process. After 5™ day of co2
equilibration, the autoclave was slowly depressurized without reaching the critical temperature and pressure of CO,.the samples are
then tested.
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Fig.2. Process flow diagram for the equipment used for the supercritical drying of starch aerogel with carbon dioxide.
Tags:v1-v7, valves; P1,pump;E1, autoclave;pl-10x, pressure gauge; T120x, thermocouples; F1-203, flow meters.™®!
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Drug loading into the alcogels-
The choice of the proper medium for the drug loading step is a key processing parameter to be taken into account

1] Loading during the sol-gel process [before gelation or during solvent exchange]-

The active compound can be loaded either in the sol before the formation of the gel [co-gelation], or during solvent exchange
by adsorption in the wet gel structure of the active compound previously dissolved in the new fresh solvent. This method is regarded
as the simplest and most versatile method of loading of active compounds. However the drug should comply with a certain set of
requirements to be loaded using this approach, among them:

-solubility and/or dispersibility in the sol phase [in case of co-gelation]
-stability under the co-gelation conditions [pH, temperature, etc.]
-stability and low affinity [solubility] to the solvent used in the solvent exchange step.

Mixing
°.'" Gelation
+ * ¢ ¢ o T
Sol Active
compounds Aerogel-drug

Fig 3-Loading of drug into the aerogel™,

2] Loading in the dried aerogel matrix-

This approach implies an additional post processing step to load the target compound within the aerogel host matrix. On one
hand the drug loading of the aerogel from a liquid phase is hindered by diffusional limitations of the drug passing through the pores
and can also lead to capillary forces. On the other hand, the drug loading from a gaseous phase improves the drug diffusion through
the pore structure but it is often limited by the low solubility of the drug in the gas phase.

3] Adsorption from supercritical solutions:

Supercritical fluid assisted drug loading of aerogels overcomes the limitations of the liquid and gas phase methods. The drug
loading of an aerogel from a supercritical phase encompasses both the good mass transfer [infusibility] properties of the gaseous
phases and the good solvation power [drug solubility] of the liquid phases. The aerogel sample is packed in filter paper to avoid direct
contact with the drug. The weighed amount of drug is placed in an open aluminium vessel and added to the preheated autoclave, being
separated from the aerogels additionally by a metal grid. After closing the autoclave preheated CO2 is added until the designated
pressure is reached. Under mild agitating the drug is dissolved in CO2 and adsorbed on the aerogel matrix. After approx. 70 h the
pressure is reduced continuously, the autoclave is opened and the samples are removed. The resulting drug loading is calculated from
the increase in weight of the aerogels samples.

As a rule-of-thumb, the loading capacity of a given drug increases with a higher surface area and pore volume of the aerogel.
The high surface area and network structure of aerogels also influence the drug release profile of the loaded drug resulting in faster
dissolution rates than that of drugs in the crystalline form. The reason for this enhanced dissolution profile for the drug loaded in
aerogels relies on the fact that the drug adsorption in the amorphous form as a thin layer on the aerogel surface, as well as the quick
collapse of the aerogel structure when put in contact with water. Burst release [hydrophilic aerogels] or sustained release [hydrophobic
aerogels] profiles can be thus “tailor-made” for the drug loaded within the aerogel matrix depending on the surface functionalization
method used. The combination of the drug loading capacity [e.g., up to 70% in weight of loaded ibuprofen for silica aerogel] coupled
with its free-flowing capacity opens up the possibility of the use of aerogels for innovative drug delivery formulations .

Polysaccharide-based aerogels accomplish the biodegradability that silica aerogel lacks and represent a drug carrier in a dry
form susceptible to be charged with high Ioadings of active compound. The specific loading of the drug within the polysaccharide
based matrices [1-4 x 10-3 g/m2 for ibuprofen™ are in the range of the values obtained for silica aerogels. However, the release
profile of the drug-loaded organic aerogels was observed to be influenced by the degree of crystallinity of the drug within the matrix.
The drug loading of the gels during the solvent exchange step leads to drug deposition in the crystalline form. As a result the release
profiles of hydrophilic drugs [paracetamol] from starch aerogels [starch from potato and corn origin] loaded during solvent exchange
were similar to that of crystalline paracetamol B! On the contrary, drug [ibuprofen] on the amorphous form was obtained by means of
supercritical fluid-assisted drug loading on organic aerogels. For some amorphous drug-loaded organic aerogels, faster dissolution
rates than for the crystalline drug were obtained [corn starch and alginate]. Finally, other important parameters to be taken into
account in the release behaviour of drugs adsorbed on aerogels are the nature of the matrix and the textural properties of the aerogel.
The tuning of these variables dramatically changes the mechanical properties and porous structure of the aerogel matrix and, thus,
influence the rate of backbone collapse and the mass transport profile of the drug, respectively B,
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The performance of the polysaccharide based aerogel as a carrier can be improved by using the hybrid aerogel composed of
the inorganic and organic [polysaccharide] components. The use of this dissimilar components in a single aerogel matrix will result in
a novel and outstanding physicochemical properties of the aerogel™.These materials can encompass the intrinsic properties of
aerogels[high porosity and surface area]with the mechanical properties of inorganic components and the functionalities and
biodegradability of biopolymers.

Loading
scCO,

Aerogel Active compounds Aerogel-drug

Fig 4-Loading of drug into the aerogel by sc-CO,..

Future prospects and outlook-

The main cost of silica aerogel production comes from the purchase of the silica precursor. Production of polysaccharides
aerogels can meet the criteria of the development of high-performance materials from low-cost plus virtually unlimited precursors.
The target technology is the production of materials with tailored properties from these biocompatible and biodegradable precursors in
a sustainable way, following the waste valorization and responsible care guidelines.In this sense, the use of non-food polysaccharides
is an especially attracting strategy as it would infer no virtual impact on food supply and prices. Also in accordance to these criteria,
the minimization of the consumption of the intermediate solvent to be used to replace water [hydrogel] with carbon dioxide [aerogel],
as well as the optimization of the supercritical drying time of gels are regarded as the key steps to be studied to get an economical plus
environmental efficient aerogel production process. Inhalation route is known to provide a means of rapid access of the drug to the
lungs and to the general blood circulation.

The subsequent quick therapeutic effect in the human body. The marketplace has currently focused its interest on this
administration route .However, the search for innovative inhalation formulation strategies must be intensified in order to improve the
efficiency in the delivery of drugs to the. Polysaccharide-based aerogel powder can be regarded as a promising drug matrix for the
inhalation route. The low density [0.05-0.3 g/cm3] and high porosity [>90%] of the aerogel dried particles may result in a superior air
flow ability to efficiently reach the lungs, reverting in fewer drug doses as well as lower dosing frequency. On the other hand, the
matrix—drug chemical interaction plays an important role in the design of products for drug delivery systems with controlled release
behaviour. This variable will not only influence the drug adsorption yield in the aerogel but also the drug release profile. Natural
polysaccharides already bear an intrinsic broad portfolio of different functional groups [e.g., carboxylic— pectin, sulfonic —
carrageenan, and hydroxyl — agar groups] and ionic forms [anionic — alginate, cationic — chitosan, non-ionic — starch] and are a
promising starting point for the development of aerogel matrices with controlled properties. Alternatively, derivatization treatments
can confer further functionalities to polysaccharides that will either compatibilize or enhance the matrix surface-loaded drug
interaction. Finally, the sensitivity of aerogel texture to the presence of liquid solvents hinders the conditions for manufacturing,
applicability and storage of this type of materials. The engineering of the drug release profile by coating of aerogel-based particles for
targeted drug delivery systems will confer added value to the product.

Individual coating of aerogel particles with biodegradable polymers using spout-fluidized bed technology was reported as a
technological solution to overcome the premature release of the drug from the matrix prior to the target site. However, the
development of drug delivery technology systems consisting of the coating of aerogels with a precise control over layer thickness
whilst avoiding aerogel structure collapse still remains a challenge.[*']
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Table: Properties of Aerogel®.

Aerogel properties
Lowest dielectric Elastic Lowspeedofsound | Lowrefracveindex | Openpore structure Bestinsulaing material
constant Lightweight Multiple composiion | High surface area Low density
Transparent Low density Themnalstability
Compositematerial Transparency
Aerogel applications
+ Spacerforvacuum |+ Explosion proofwall [+ Ultrasonicsensors |+ Cherenkovdetectors | * Filters * Metal melts moulds
electrodes * Hypervelocity particles |+ Sound proofrooms |+ Lightquides + Sensors + Cryogenicinsulation
+ Dielectrics for frap * Acousticimpedance |+ Lightweightoptics | + Templates + Building construction
integrated circuits |+ Energy absorer * Fuelstorage and insulation
+ Capacitors * Pigments carriers + Hydrogen storage
* Targets for ICF (inerta media
confinementfusion) + Solar devices
* lon exchange + Space vehicles
+ Catalysts & catalyst
carriers
+ Carrier materials
* Supercritical fluid
chromatography
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