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Abbreviations
aq Aqueous

CD Circular dichroism

CMC Carboxymethylcellulose

CSPHs Conventional superporous hydrogels

DDS Drug delivery system

DSC Differential scanning calorimetry

EDX Energy-dispersive X-ray spectroscopy

FDA Food and Drug Administration

FTIR Fourier transform infrared

HEMA Hydroxyethyl methacrylate

HPMC Hydroxypropyl methylcellulose
NIPAM N-isopropyl acrylamide

NMR Nuclear magnetic resonance

PEG Polyethylene glycol

PVP Poly(vinyl pyrrolidone)

s Solid

SEM Scanning electron microscope

SPH Superporous hydrogel

SPHCs Superporous hydrogel composites

SPHHs Superporous hydrogel hybrids

TGA Thermogravimetric analysis

UV/VIS Ultraviolet/visible
1.131.1. Introduction

Regardless of the payload (drug, solvent, fertilizer, pesticide,

etc.), a delivery system should possess two major tools to

function. It should accommodate the payload and release

it later on at a controlled rate. Novel delivery systems possess
an extra tool to deliver the load to a desirable site, and are

intended for targeting delivery. Hydrogels have long been

known for their ability to house drugs and to prevent drug

release by a simple diffusion process. Due to their long poly-

meric chains, they provide a physical barrier to drug transport,

as a result of which a drug needs to take a longer path to
563
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Figure 1 A typical superporous hydrogel with an average pore
size of 50mm.
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diffuse out of the delivery system. The barrier properties of the

polymer chains become more significant when the chains are

hydrated in an aqueous medium. Although these features are

attractive in controlled drug delivery, some applications

require a faster transport kinetic. The presence of pores within

a hydrogel structure, through which the drug can be released at

a faster rate, adds another dimension to the transport process.

Pores inside a hydrogel structure are generally closed,

although populated. Porous hydrogels in general have a closed

pore structure, with no well-tailored size or distribution. Super-

porous hydrogels (SPHs), on the other hand, are hydrogels

with an interconnected structure with a relatively narrow pore

size and distribution. The predecessor of SPHs, that is, super-

absorbent polymers, are for instance found in ultrathin or

ultra-absorbent baby diapers and feminine incontinence pro-

ducts due to their outstanding urine or blood absorption capa-

bility. These are made of a very hydrophilic but cross-linked

structure (mostly based on acrylic acid and its sodium salt)

with the ability to absorb 500–1000 g g�1 of distilled water and

40–70 g g�1 of saline (an aqueous solution containing 0.9wt%

sodium chloride). These structures are very sensitive to pH,

nonsolvents, and ionic strength of the swelling medium.

Since this product is supplied in granule and particle form, its

swelling rate can be adjusted by the particle size, which signifi-

cantly affects the particle surface area and hence its absorption

ability. In other words, the larger particles absorb aqueous fluids

at a slower rate than their smaller counterparts. Superporous

hydrogels with the same swelling capacity, on the other hand,

absorb aqueous fluids at almost the same rate, irrespective of

their size in a dry state. Increased surface area in superporous

hydrogels is provided by pores inside their structure. With an

increase in their pore content and decrease in pore size, more

hydrogel surface would be exposed to the swelling environment,

which makes the swelling kinetic faster.
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Figure 2 A three-dimensional porous structure of a typical
superporous hydrogel.
1.131.2. Hydrogels in Drug Delivery

There are more than 100 prescription drugs in the US market,

in which one excipient is commonly used, that is, hydroxypro-

pyl methylcellulose (HPMC). Although this polymer is water

soluble, it provides gelling properties when exposed to an

aqueous environment. HPMC with different degrees of substi-

tutions is used in tablet form to control the release of the drug

over a longer period of time. Apparently, there are two features

that enable the HPMC to function as a controlled delivery

system. First, it is very hydrophilic due to its hydroxypropyl

contents. Second, the HPMC chains are in a very compressed

form in a tablet, which prevents them from a fast dissolution in

the aqueous environment. These two features provide gelling

properties such as those found in a chemically cross-linked

hydrogel. Although there is no chemical cross-linker in the

HPMC structure, the applied pressure during tablet prepara-

tion supplies enough entanglement and barrier for the retarded

dissolution of the polymer.
1.131.3. Superporous Hydrogels

A superporous hydrogel is a composite polymer made of a

solid hydrogel and air. The SPH is a unique class of porous
hydrogels with an average pore size of 50–100 mm (Figure 1)

and an interconnected pore structure (Figure 2).1 As its pores

are open, the fluid can travel in a three-dimensional path,

as a result of which the swelling rate of a typical SPH

becomes independent of the SPH size in its dry state.2 While

in nonporous hydrogels the solid part is responsible for the

swelling and mechanical property, the air portion of the SPH

structure plays a vital role in determining the final SPH prop-

erties. Generally speaking, properties such as density, swelling

capacity, and mechanical strength are improved by solid

content, while the swelling rate increases as the SPH air con-

tent increases. The pore content, size, morphology, and iso-

tropicity are all pore features of the SPH, which could

potentially affect SPH stability and function to a lesser or

greater extent.
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1.131.4. SPH Synthesis

In the preparation of SPHs, a bicarbonate foaming agent is

used, which is water soluble and becomes active in an acidic

aqueous medium. So a solution polymerization is a preferred

method of SPH synthesis. Aqueous solutions of monomer,

cross-linker, foam stabilizer, and foaming aid are added in

turn to the reacting mixture under very mild mixing. Following

a complete homogenization, the reductant and oxidant are

added consecutively and are mixed quickly with the reacting

mixture. In a very short period of time, the solid foaming agent

(e.g., bicarbonate) is effectively dispersed and mixed through-

out the reacting solution. The bicarbonate reacts with the

foaming aid (e.g., an organic acid) to generate carbon dioxide

gases; this reaction in turn increases the pH of the reacting

solution, which favors the decomposition of the initiator.

Due to the retarding effect of the oxygen, there is an induction,

or lag period, which is followed by a fast exothermic polymeri-

zation reaction.3 The foaming and gelling reactions occur

almost simultaneously and proceed to their maximum extent

at the polymerization temperature, which is determined by the

type of monomer, its concentration in the solution, and initia-

tor concentration. A successful SPH is synthesized if the chem-

ical gelation and physical foaming happen in a synchronized

way.4,5 The formation of the SPH foam requires the CO2 gases

to be entrapped within the hydrogel matrix, and this would be

possible if the reacting hydrogel mass reaches a certain viscos-

ity, mf. The foaming viscosity is determined by the rate at which

the gelling reaction happens. At viscosities well below and

beyond the mf, the efficiency of the foaming process would be

decreased significantly and no SPH would actually be formed.
With no increase in the foam height and no increase in the

reaction temperature, both gelling and foaming reactions are

slowed down and the SPH foam is then relaxed for further

treatment, purification, and drying. The overall procedure of

SPH synthesis is shown in Figures 3 and 4 (see Chapter 1.121,

Polymer Fundamentals: Polymer Synthesis).
1.131.5. SPH Properties

1.131.5.1. Swelling Capacity

Swelling capacity in hydrogels and SPH polymers in particular

is defined by the structural hunger for an aqueous fluid. Appar-

ently, the more hydrophilic the structure of the hydrogel, the

stronger the intermolecular interactions that can be built by

the hydrogel with its surrounding aqueous medium. A stronger

polymer–water interaction would be established if the hydro-

gel structure contains ionizable groups such as carboxyl or its

salt derivatives such as potassium or sodium carboxylate. These

hydrophilic and ionic functional groups are responsible for the

polymer–water interaction, electrostatic forces, and osmotic

forces, which are the driving forces for the swelling process to

occur. By far the most important consideration in hydrogel
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swelling is the status of water with respect to the hydrogel core.

Like the electronic layers surrounding the nucleus of an atom,

several layers of water are built up around the hydrophilic and

ionic groups. An electron is separated with more ease in the

presence of electron-loving atoms if it is located in the outer-

most electronic layers. Likewise, water molecules within the

hydrogel located at the outermost layers, far from the hydro-

philic or ionic groups, can be separated with ease. As a result,

the status of water in hydrogels is generally defined as free and

bound water, which reflects the extent of polymer and water

interaction within a hydrogel.

Swelling capacity in hydrogels is generally measured under

free and loaded conditions. A hydrogel is simply placed

in water or an aqueous solution with a little or no pressure

applied on the hydrogel. The hydrogel begins the process of

water absorption via its functional groups and continues to

absorb water until all the functional groups receive the same

amount of water. The amount of water absorbed can simply be

calculated by measuring the hydrogel weight before and after

the swelling.

1.131.5.2. Swelling Rate

The rate at which water or an aqueous medium is absorbed

into the hydrogel structure depends on the hydrogel’s chemical

and physical structure. As far as the chemistry is concerned, the

hydrogels containing more hydrophilic and ionic groups offer

a faster swelling process. At the same chemical composition,

hydrogels small in size or thin (film), and having a porous

structure, can swell faster in an aqueous medium than nonpo-

rous, large in size, and thick (sheet) hydrogels. A nonporous

hydrogel structure absorbs water at its surface layer by layer.

In other words, the water is absorbed into the structure of such

hydrogels following a two-dimensional path. Then, the first

partially swollen layer acts as a water reservoir for the lower

layers. With a porous structure, on the other hand, the whole

hydrogel mass could have the same access to the water, and

hence water can penetrate into the hydrogel structure follow-

ing a three-dimensional path. To measure the swelling rate or

the swelling kinetic, the amount of water absorbed into the

hydrogel structure is measured versus time. While the amount

of water absorbed at times zero and infinite reflect the weight

of the hydrogel in its dry and fully swollen states, respectively,

the hydrogel behavior within this time period reflects the

mechanism of the swelling kinetic. For instance, the swelling

kinetic would be zero order if the absorption is linear. On the

other hand, the absorption occurs as a first-order kinetic if the

behavior is exponential. Generally, the absorption mechanism

changes with the cross-link content of the hydrogel. A zero-

order kinetic is favored at higher cross-link content.
1.131.5.3. Mechanical Strength

A hydrogel in its swollen state is a composite material com-

posed of solid, liquid, and air. Apparently, the extent of inter-

molecular forces within a solid is more extensive than in

the other two. Therefore, a hydrogel with more solid proper-

ties (less water and air content) is considered stronger in its

swollen state. To measure the mechanical properties, a hydro-

gel is stressed under static or dynamic loads until it fails.6,7
The testing force should be selected on the basis of actual

service conditions. For example, if the SPH is required to resist

the compressive forces, a compression test should be designed

accordingly. Similarly, if the SPH is expected to resist a dynamic

compression (compression–decompression cycles) force, an

appropriate dynamic test should be designed to evaluate the

SPH for such an application.7 For gastric retention studies,

the SPH for instance is required to not only resist the combined

forces of compression, tension, and bending altogether, but also

serve in a very harsh acidic condition. A gastric simulator, which

examines the mechanical strength of the SPH by mimicking the

real gastric conditions, has been reported.8–10 The SPHs for such

application should quickly swell up in the acidic medium of

the stomach juice to a size larger than the pyloric sphincter. The

SPH is assumed to resist the mechanical pressures inside the

stomach while it is saturated with the stomach fluid. Evaluating

and screening hydrogels that resist the real stomach pressures

have always been challenging. A texture analyzer and compres-

sive or tensile mechanical tester are normally used to evaluate

the mechanical properties of hydrogels. Although such equip-

ment can predict the comparative properties of hydrogels,

they fail to predict real mechanical properties. The simulator

generates mixed forces of compression, tension, bending, and

twisting, based on a water-hammer effect. The sample under

test will receive almost the same amount of forces throughout

its body. Finally, the stress concentrated on the weakest part of

the SPH body would result in the formation of craze, crack,

and finally disintegration of the whole platform. The simulator

can practically measure the amount of work needed to break

the hydrogel apart under real service conditions.

The swelling capacity, swelling rate, and hydrogel strength

are all ultimately dependent on the bound water and free water

within the hydrogel. Due to the lack of accuracy in measuring

the amount of water in each status, all measurements would

face a larger standard deviation. Therefore, any measuring

procedure or instrument needs to be validated to obtain

more accurate and reliable data.
1.131.6. SPH Generations

Hydrogels with fast swelling and superabsorbent properties,

different from conventional superabsorbent polymers, were

first reported by Chen et al.11 Fundamental structural and prop-

erty differences between the superabsorbent hydrogels and

superporous hydrogels have been reviewed, with an emphasis

on the evolution of SPHs and different generations of SPHs.12

Superporous hydrogels were evolved about a decade ago, and

their introduction was triggered by a need strongly felt in the

pharmaceutical area.13 There are dozens of drugs with a limited

absorption across the gastrointestinal tract, which are exten-

sively absorbed at certain areas of the GI tract such as the

upper intestine. These are called drugs with a narrow absorption

window. To increase their absorption and hence their bioavail-

ability, these drugs need to be retained in the stomach (gastric)

area for an extended period of time. There are currently a few

technologies available to increase the retention of such drugs

in the gastric medium; among them the floatable, mucoadhe-

sive, and swellable delivery systems have been studied exten-

sively. With the swellable delivery system, the drug would be
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accommodated in the swellable hydrogel structure and take a

very rough path to release itself from the platform by diffusion.

In this way, the drug can stay longer in the area of interest and

release itself in a more controlled manner. The early superpor-

ous hydrogels, like their superabsorbent predecessor, possessed

a very high absorption capacity and a very fast swelling rate.

These features were attractive enough for their development in

this area of application. Figure 5 shows a typical SPH, in which

its dimensions are increased to about four times the original

length in about a minute after complete swelling in water.
1.131.6.1. The First SPH Generation

A variety of monomers and polymers, as well as approaches,

have been exploited to make SPHs with different struc-

tures and properties.11,14 Among monomers, those with very

hydrophilic (e.g., carboxyl or amide in acrylic acid and acryl-

amide respectively) or ionic (e.g., carboxylate in sodium or

potassium acrylate) functions could offer superior swelling

properties. These hydrogels are generally prepared in solution

by incorporating monomers, initiators, and cross-linkers, as

well as foaming agents, into the reaction. The final product is

a superporous hydrogel with an interconnected pore structure,

which could absorb great amounts of water in a few minutes.

However, these hydrogels do not possess any mechanical

strength due to the vast number of water layers around their

hydrophilic cores. In other words, such hydrogels contain a

high proportion of free or semibound water in their swollen

state, which make them weak under mechanical pressures.

As there is no provision to increase their mechanical strength,

these hydrogels are called conventional superporous hydro-

gels. Figure 6 shows a typical synthetic procedure and structure

of the first SPH generation.
1.131.6.2. The Second SPH Generation

The need for better mechanical property triggered the develop-

ment of the second generation of SPHs or the SPH compo-

sites.15–17 These SPHs are prepared by adding a swellable filler

to the original formulation of the conventional SPHs. The swel-

lable filler is selected among pharmaceutically acceptable cross-

linked and hydrophilic polymers, including cross-linked sodium

carboxymethylcellulose (CMC), cross-linked poly(vinyl pyrro-

lidone), and cross-linked sodium starch glycolate. These are
commonly used as a superdisintegrant in the preparation of

tablets and other solid doses. The use of these in hydrogel

formulation could positively affect the SPH strength, presum-

ably due to the strengthnodsor the physical cross-links built into

the hydrogel structure (see Chapter 4.423, Polymeric Drug

Conjugates by Controlled Radical Polymerization).
1.131.6.3. The Third SPH Generation

Although the SPHs of the second generation could provide

a hydrogel with a better strength, much higher strength was

felt to be needed, for the gastric retention application in partic-

ular. This triggered the development of the third SPH genera-

tion, also called superporous hydrogel hybrids (SPHHs), with

superior mechanical properties. The primary, secondary, and

tertiary approaches have so far been disclosed. The SPH is

prepared in a conventional way, but an active material is added

during SPH synthesis, which is then treated in the ion solutions.

While the primary approach is particularly useful in making

SPHs with rubbery properties, SPHs with good mechanical

strength can be obtained by adopting the secondary approach.3

Although the mechanical properties of SPHs can be significantly

enhanced after an ion treatment, the ion compositionwas found

tobe a useful tool for better controlling the swelling andmechan-

ical properties. Depending on the activity of the ion (sodium,

calcium, aluminum, and iron in particular), any ion composition

can be used to modify and modulate SPH properties.4 Figure 7

displays the fundamental structural differences between the

second, the third, and the modified SPH generations.

SPH hybrids are prepared according to conventional SPH

formulations but a water soluble and ionogelling polymer

(synthetic or natural) is added during hydrogel preparation.

After preparation, the SPH is treated in an ion solution to

become strong and elastic.3,18 A dried SPH hybrid possesses a

folded surface morphology as shown in Figure 8. Utilizing an

ionogelling monomer in the basic monomer solution has also

been practiced to obtain improved SPH structures. For example,

a hydroxyethyl methacrylate (HEMA)-based SPH with modu-

lated swelling and mechanical property has been prepared by
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adding acrylic acid into the HEMA formulation containing a

cross-linker. After formation, the SPH foam is treated in calcium

or aluminum ions to improve the SPH strength and swelling.

It then displays stable swelling and mechanical properties in a

very harsh service environment such as gastric medium.5
1.131.6.4. Research on SPHs

By far the most common monomers used in the preparation of

SPHs are acrylic acid and acrylamide. The swelling response of

SPHs based on acrylamide and acrylic acid has been studied with

the change in the pH of the swelling medium and pressure.19,20

Solid-state NMR, swelling, density, and scanning electron

microscopy were utilized to characterize the SPH composites

of acrylamide and acrylic acid polymers cross-linked with

N,N0-methylenebisacrylamide. Apparent density and SEM

measurements showed that the SPH composites are more

porous than conventional SPHs, which results in hydrogels

with superior swelling but weaker mechanical properties.21

Due to their ionic structures, the swelling property of the
poly(acrylamide-co-acrylic acid) copolymeric SPHs are depen-

dent on the pH and ionic strength of the solution. These SPH

structures display a fast ‘on–off ’ shrinking–swelling cycle in

the pH range of 1.2 and 7.5, respectively.19 Floatable SPHs

loaded with vitamin B12 were prepared via copolymerization

of acrylamide and acrylic acid in the presence of a porogen and

a catalyst.22 The increased surface area of SPHs has been

utilized for grafting purposes. Acrylic acid could be grafted at

a high grafting efficiency on polyacrylamide gels using potas-

sium diperiodatocuprate. This feature also helps with the puri-

fication process by facilitating the mass transfer process as well

as the adsorption of ligands.23 The PEG-grafted superporous

hydrogels based on acrylic acid and acrylamide are prepared

in the presence of PEG acrylate and a foaming agent.

This modification has caused about sixfold increase in the

swelling rate.24 An amphiphilic coating based on poly(ethylene

glycol–tetramethyleneoxide) has been used to improve

the swelling kinetics of SPHs.25 The effect of acidification has

been examined on the swelling and mechanical properties of

poly(acrylamide-co-acrylic acid) SPHs. SPH swells much less in

acidic water than in distilled water. Acidification reduces

the swelling ratio but improves the mechanical properties.26

The interpenetrating network of cross-linked poly(acrylamide-

co-acrylic acid) with polyethyleneimine has also been exam-

ined.27 The effect of synthetic factors on the swelling of

superabsorbent hydrogels based on neutralized acrylic acid

and methylenebisacrylamide has been studied. The swelling

was interpreted by a Voigt-based viscoelastic model, and the

hydrogel kinetic and thermodynamic parameters were found

accordingly.28 A partially neutralized acrylic based superabsor-

bent hydrogel has been studied using different water-soluble

and oil-soluble cross-linkers and a combined porogen systemof

bicarbonate/acetone system. Highly porous gels were obtained

under conditions where the gelation period was short. Highly

cross-linked hydrogels showed almost no swelling dependence

on salt.29 SEMmorphological studies and swelling studies show

the synergistic effect of the combinedporogen systemcompared

to the use of individual gas blowing systems.30 Porous poly-

acrylamide has been synthesized using calcium carbonate

microparticles, followed by an acid treatment. The hydrogel
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swelling is adversely affected by the calciummicroparticles and

the chemical cross-linker.31 In another study, a Taguchi experi-

mental design was used to evaluate the effect of the synthetic

variables on the gel strength of the acrylamide-based hydrogels

and superporous hydrogels.32 Poly(vinyl alcohol) has been

used to improve the strength of the SPHs based on potassium

salt of sulfopropyl acrylate, acrylic acid, and PEGdiacrylate. The

SPH is intended for gastric retention application.33 An SPH

hybrid of acrylamide and sodium alginate has been prepared

via a two-step polymerization and treatment. The process

involves polymerization and cross-linking of acrylamide in the

presence of alginate, followed by treating the prepared SPH in an

ion solution. The SPH prepared via this approach possesses

superior mechanical and elastic properties.18 The mechanical

property of the conventional SPH polymers has been improved

via network-in-network formationby including polyacrylonitrile

in the reaction.34 In another study, the gel strength of the super-

absorbent hydrogel was increased via addition of kaolin during

the hydrogel synthesis. FT-IR study confirmed the existence of

acrylic grafts on the kaolin surface. Despite an increase in gel

strength, the swelling property of the hydrogel was reduced to

a great extent. The thermal propertyof thepreparedhydrogels has

been characterized using thermal analysis including DSC and

TGA.35 Interpenetrated SPH network of poly(acrylamide-

co-acrylic acid) with chitosan and glycol chitosan was prepared.

In distilled water, both systems behave similarly but swelling

increases in acidic medium with increase in chitosan concentra-

tion. Since glycol chitosan is more hydrophilic than chitosan,

a significant increase in swelling ratewasobserved36 (seeChapter

2.213, Chitosan).

N-isopropyl acrylamide (NIPAM) and acrylamide have

been used to prepare thermosensitive SPHs with pore size of

about 100 mm. An on–off swelling–shrinking cycle is obtained

if a certain composition of the thermosensitive superabsorbent

SPH is heated up from a low (e.g., 10 �C) to a high (e.g., 65 �C)
temperature.14 A higher temperature favors the hydrophobic

interactions and the polymer loses its water affinity due to a

weaker hydrophilic interaction. A temperature-sensitive poly

(NIPAM) hydrogel was prepared in an aqueous sodium chlo-

ride solution. This technique resulted in a hydrogel with sig-

nificantly higher swelling and swelling response due to the

effect of salt, which was claimed to be responsible for phase

separation and heterogeneity of the structure. These porous

hydrogels are characterized by a larger pore and smaller pore

at low and high temperature respectively, which result in com-

plete and no release of the bovine serum albumin, respec-

tively.37 Superporous hydrogel of CMC–NIPAM hydrogel was

attained via simultaneous irradiation cross-linking and addi-

tion of a foaming agent.38 Sucrose-based hydrogels and their

SPH counterparts were prepared by reacting sucrose with gly-

cidyl acrylate, followed by its polymerization. The superporous

sucrogels showed faster swelling and degradation in both

acidic and basic media.39

A combined gas-foaming and freeze-drying technique has

been used to prepare interpenetrated SPHs based on glycol

chitosan and poly(vinyl alcohol). It was shown that the num-

ber of freezing–thawing cycles has a more significant effect on

the hydrogel strength than the freezing time. A differential

scanning calorimetry was used to evaluate the thermal behavior

associated with the hydrogen bond-induced crystalline
structure of the hydrogel.40 Highly porous poly(2-hydroxyethyl

methacrylate) slabs were prepared by a simultaneous polymer-

ization and cross-linking of the HEMA monomer and ethylene

dimethacrylate. Porosity was achieved using porogens such

as cyclohexanol, dodecan-1-ol, and saccharose. Low density

values for these hydrogels indicate a closed cell rather than an

interconnected structure. Mercury porosimetry was used to eval-

uate the superporosity and microporosity status of the gels.41

Hydrofluoric acid (HF) treatment was also used to extract nano-

sized silica particles from a hydrogel matrix to make a porous

hydrogel.42

Superporous hydrogels interpenetrated with sodium

alginate have displayed pH- and salt-responsive swelling prop-

erties. Moreover, the alginate-modified SPH shows no signifi-

cant cell or mucosal damage based on thiazolyl blue, lactate

dehydrogenase assays, as well as rat’s intestine morphology.43

A fully interpenetrated superporous hydrogel with superior

mechanical and elastic properties is obtained when a synthetic

monomer is polymerized and cross-linked in the presence of a

hydrocolloid with ionogelling ability. A fully interpenetrated

network is obtained when the hydrogel is treated in an ion

solution containing calcium, iron, or aluminum.18 Figure 9

shows a typical acrylamide–alginate-based SPH hybrid in its

fully swollen state, which resists compression, bending and

tensile forces for a long period of time before it breaks apart.

Pectin has been used as a base for an intelligent superabsorbent

polymer with pH and thermosensitive swelling properties,

which can potentially be used for controlled delivery of non-

steroidal anti-flammatory drugs. Results have shown that

the drug could be delivered to the intestine without being

lost in the stomach.44
1.131.7. SPH Scale Up

Scale up is the process of preparing the SPH on a large scale.

A larger scale means an increase in the starting materials, an

increase in the container size, and dealing with a very exo-

thermic reaction on a large scale. If the synthesis of an SPH

is successful in a container with a certain geometry, it does

not necessarily mean a successful synthesis on a larger scale.

During the SPH polymerization, heat is released, which is

entrapped in the reacting mix due to the insulation property

of the pores inside the forming SPH structure. The heat buildup

can increase the rate at which normal polymerization happens,

the rate of gas formation, and also the chance of popcorn

polymerization by which cross-link density of the SPH increases

to a great extent. To release the heat from the reacting mixture,

an adequate surface should be provided, which is determined by

the aspect ratio of the container (diameter/height ratio).
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Dispersion of the foaming agent into the SPH formulation

during the synthesis is a typical active suspension process.

There are generally three types of suspension processes: disper-

sion of a nonreactive filler into a nonreactive medium (e.g.,

paint formulation), dispersion of a nonreactive filler into a

reacting medium (e.g., kaolin in hydrogel synthesis), and

finally, dispersion of a reactive filler into a reactive medium

(e.g., bicarbonate in SPH synthesis). Once dispersed, the bicar-

bonate particles can increase the pH by consuming the acid

component of the formulation, which in turn increases the rate

at which the redox couple would react. This in turn increases

the magnitude of the polymerization reaction and its exother-

micity. In other words, the extent of the gelling reaction would

critically depend on the amount of the bicarbonate in the

system. If not well-dispersed, a so-called ‘local hot spot’ is

produced around which a polymerization to a very high extent

is expected. This causes an undesirable heterogeneity in the

SPH structure. By far the most challenging aspect of the manu-

facture of SPHs on a large scale is the dispersion of bicarbonate

into an ongoing reaction. An SPH with a uniform pore size and

distribution is achieved if the bicarbonate is evenly dispersed

into the gelling mass. In general, the bicarbonate dispersion

within the reactingmass should be completed in a few seconds.

If not, the gelling and foaming reactions would become closely

dependent on each other and would affect progress to a great

extent. The bicarbonate can effectively be dispersed if a high-

pressure gun powder is used.45 Moreover, the mixing agitator

should have a very specific function, to be able to sweep the

bottom part of the reaction very effectively to avoid the forma-

tion of a nonporous hydrogel at the bottom of the container.

Heat buildup, and hence a faster hydrogel formation, may be

observed in areas where mixing is not effective. Another impor-

tant operational factor is the size of the bicarbonate particles.

As these particles are reactive, their reactivity would be depen-

dent on their size. As bicarbonate size decreases, its surface area

increases. This in turn increases the rate at which pH increases,

the rate at which CO2 gases are formed, and the rate of both

chemical gelling and physical foaming reactions. The corres-

ponding rates of these two critical reactions can be controlled

by selecting appropriate bicarbonate or mixing bicarbonates of

different sizes.
1.131.8. SPH Stability

In determining the stability of a given drug, adequate documen-

tation is provided to the FDA or similar organizations to prove

the identity, purity, and potency of the drug. For a superporous

hydrogel product, the same procedure should be followed.

1.131.8.1. SPH Identity

There are certain instances in which the identity of an SPH

product may change. Moisture, oxygen, ultraviolet light, and

heat are potentially the most important factors. The moisture

originates from two sources, the moisture retained in the prod-

uct, and environmental moisture. The product moisture can

be minimized by freeze drying, while the environmental mois-

ture is minimized by storing the SPH product under a dry

condition using silica gel. Although the SPH itself is also
hygroscopic, a silica gel is more effective and faster in moisture

absorption. As far as the chemical structure is concerned,

an SPH containing, for example, ester (–COO), amide

(–NHCO), and anhydride (–COOC) groups would be more

susceptible to hydrolysis.

If the SPH contains groups such as ethers (ROR0), and

aldehyde (–RCHO), it needs to be protected from oxidative

reactions. The most common way to protect the SPH from

oxygen invasion is to use different primary, secondary, and

tertiary antioxidants. Primary antioxidants such as butylated

hydroxyl anisol (BHA), butylated hydroxyl toluene (BHT),

tocopherol (vitamin E), and propyl gallate can provide electrons

to free radicals and act as free radical scavengers. Compounds

such as ascorbic acid and sodium bisulfite are secondary anti-

oxidants and can consume oxygen through autooxidation. The

last group of antioxidants, that is, tertiary antioxidants, can

react with the ions responsible for initiating the oxidation

reactions. The ion scavengers include citric acid, tartaric acid,

and ethylenediamine tetraacetic acid.

Functional groups including carbonyl (–CO–) and the

C¼C bond make a superporous hydrogel sensitive to ultravio-

let light. Theoretically, these groups may absorb light at or

greater than 280 nm. Photolysis can be prevented by storing

the SPHs in an opaque or a dark-colored container. Heat can

also change the SPH identity by expediting the hydrolytic,

oxidative, and photolytic reactions.
1.131.8.2. SPH Purity

The SPH impurities can be classified as primary, secondary, and

tertiary. Primary impurities are residual monomer, initiator,

and cross-linker left from the polymerization and cross-linking

reaction. Due to incomplete conversion of the monomer to

polymer, and incomplete inclusion of the cross-linker into the

polymer structure, unreactedmonomers and cross-linkers need

to be removed after SPH synthesis. Many researchers attempt to

find ways to reduce residual monomers, but reducing the resid-

ual initiators is also a very important consideration. Following

monomer removal, the SPH is generally washed with water and

alcohol solutions for complete purification. These two are con-

sidered secondary impurities. More water will be removed by

adding more alcohol and alcohol itself is removed by low

pressure drying. One of the very major challenges regarding

SPHs for pharmaceutical applications is that they must be

reasonably pure. Different methods have been proposed to

make a pure SPH. These include the use of low and high

glass transition monomers during the SPH synthesis and the

use of physically induced expansion and contraction in a

solvent–nonsolvent system, as well as the use of mechanical

processes such as filtration, rubbing, and centrifugation.45

The last type of impurities originate from two sources, that is,

during SPH storage and SPH service. Since water exists in the

SPH even at a very low concentration, this may result in a long-

term hydrolysis. Oxidative reactions may also proceed in a

given SPH as moisture can act as a plasticizer and facilitate the

inclusion of oxygen into the SPH structure. Generally speaking,

these reactions are associated with a change in the SPH appear-

ance and color, from snow-white to off-white or pale yellow.

During service, the SPH may face a harsh environment such as
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very low acidic conditions, and so on, so its structure may be

changed or degraded, which is associatedwith the generation of

impurities. Appropriate analytical tests and methods should be

developed for a complete characterization of all types of impu-

rities within the SPH product.
1.131.8.3. SPH Potency

The SPH potency can be defined as its swelling power, which

depends on the exact amounts of the SPH and its chemical

structure. For instance, the SPH potency for a typical gastric

retention application may be defined as the amount of HCl

solution that one gram of the SPH can absorb over a certain

period of time, that is, g g�1 s�1 or ml g�1 s�1. The cross-link

density and the pore structure of the SPH can affect this factor

significantly. Although complete care needs to be taken to

purify the SPH product, increased cross-link density (physical

or chemical) may arise from other sources including polymer

crystallization, polymorph formation, entanglement, and

complexation. Polymer chains can adopt different con-

formations during long-term storage, which might affect their

swelling ability. Since the SPH is required to be compressed for

proper encapsulation, this partial pressure would increase

the intermolecular forces between the chains, by which the

swelling rate would be affected. The most common sources of

increased cross-link density are the SPH interaction with the

oppositely charged species such as calcium, aluminum, iron,

sulfate, and phosphate ions. The SPH as a final product when

it is encapsulated in an orally administrable capsule may

face another instability due to the SPH–capsule interaction

either directly or indirectly. For instance, this may happen

due to a charge difference between the SPH structure and the

structure of the capsule or due to the interaction between

the ions within the SPH structure and the capsule material,

which results in polymer–polymer interchain complexation

and ion–polymer complexation, respectively.

Although the SPH potency should not theoretically be cor-

related to the amount of pore, the pore can affect both the SPH

swelling capacity and its rate. Since the SPH product is soft in

general, and the pores are embedded into a soft SPH matrix,

their shape and size can be changed upon application of minor

pressures. Pores not only provide capillary action to the water

diffusion process, but they also increase the contact surface

area with the aqueous medium. Any change in the shape

and size of the pores would imbalance the swelling–pore

correlation. As SPHs for oral delivery are required to be

encapsulated, the original size of the SPH needs to be reduced

in order to fit the capsule size. This compression effect appar-

ently affects the SPH pore structure, which might affect the

ultimate swelling property of the SPH. A swelling–compression

correlation has been found, whose magnitude depends on the

orientation of the SPH during compression. In other words,

the original noncompressed SPH swelling is preserved if the

SPH is compressed along the gas movement line which is from

the bottom to the top. Compression force applied in the oppo-

site direction severely affects the swelling kinetic of an SPH.20

The SEM and swelling studies displayed that the swelling

kinetics of the SPH is not affected by the surface morphology

and surface porosity measured via mercury porositometry.
Studies show that SPH swelling is predominantly determined

by the internal SPH structure.1

From the biopharmaceutics perspective, the SPH may lose

its potency due to interaction with foods or beverages. Fatty

foods, oils, and materials of such nature may reduce the SPH

potency by making the swelling environment more lypophilic.

On the other hand, more basic or more acidic juices as well as

salts may also affect the SPH potency to a lesser or greater

extent. If the SPH is ionic in nature, its potency would dramati-

cally be reduced by increasing the ionic strength of the swelling

medium. The effect of different beverages on the swelling behav-

ior of multiple SPH formulations has been studied for gastric

retention applications.46
1.131.9. SPH Safety

The SPHmay be considered safe if it does not affect the human

body either chemically or physically. To be considered chemi-

cally safe, the SPH should contain less than tolerated amounts

of residual materials. This requires developing a very effective

purification process and very accurate analytical methods. The

SPH is considered physically safe if its administration does not

pose any threat to the human body. One of the most serious

concerns in administrating a swellable material is esophagus

obstruction. Due to its rapid water absorption, a naked SPH

may absorb water in the esophagus area, become expanded

and hence obstruct the area. This can be avoided by using

proper encapsulation materials and methods. Multiple SPH

doses may be administered to ensure that esophagus obstruc-

tion does not occur under severe and aggressive conditions.

Another aspect of an SPH dosage form is its chemical inter-

action with the stomach acids. For instance, an ester-based

superporous hydrogel is susceptible to ester hydrolysis under

severe acidic conditions in the stomach, in particular under

long-fasting gastric conditions. An adequate number of studies

should be conducted to ensure that there are no, or only safe,

by products of such a reaction. In the preparation of SPHs and

their dosage form for human clinical studies, care must be

taken to use materials with nonanimal origin, which require

a TSE (transmissible spongiform encephalopathy) certificate

for every starting material.
1.131.10. SPH Platform Design for Drug Delivery

To deliver a drug via a swellable platform, the drug needs to be

incorporated into the SPH platform. The drug is first formu-

lated into a drug delivery system (DDS) and the DDS is then

incorporated into the SPH platform. Although many designs

are possible, two designs have been practiced for gastric reten-

tion and peroral intestinal delivery of different drugs. Depend-

ing on the position of the DDS with respect to the SPH

platform, these may be called internal DDS and external DDS

designs as shown in Figure 10. In the former, the DDS is placed

in the center of the SPH platform and is held in place using

an SPH plug. The SPH plug is also held in place by gluing

it onto the SPH body from the top. The whole platform

is then encapsulated inside an orally administrable capsule.
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Figure 10 Different platform designs for the superporous-
hydrogel-based drug delivery.
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Upon administration and the exposure of the capsule to

the stomach acid (for gastric retention), the capsule is dis-

solved and the SPH platform would be exposed to the gastric

contents. This results in an immediate expansion of the SPH to

its full extent, which is followed by drug release by diffu-

sion.47–50 In the external DDS approach, the SPH is attached

externally to the SPH body using biocompatible glue, and the

platform is then encapsulated in an oral capsule. For peroral

intestinal delivery, the capsule itself is enterically coated to

prevent the capsule and the SPH from premature dissolution

or swelling in the gastric medium. Upon entering the intestine

area, the higher pH favors capsule dissolution, which is fol-

lowed by SPH expansion. The SPHwould expand to a size large

enough to dock itself into the intestinal wall. The drug is then

released directly through the intestinal cells.51–53
1.131.11. SPH in Drug Delivery and Other Areas

SPHs were originally intended for prolonging retention

of drugs with a narrow window of absorption. In designing

a superporous hydrogel for such applications, one needs to

consider the drug–SPH interaction, which is caused by interac-

tion of their functional groups. Drugs such as acetohydroxamic

acid (AHA),54 repaglinide,56 metoclopramide,57,58 and amoxi-

cillin59,60 contain amide groups. Amine groups can be found

in drugs such as acyclovir,61 amoxicillin, cefuroxime axetil,62

furosemide,63 gabapentin,64 levodopa,65–67 metformin HCl,68

metoclopramide, ranitidine HCl,69 and famotidine.70 The

carboxyl groups are part of amoxicillin, ciprofloxacin,71 furo-

semide, gabapentin, ibuprofen,57 levodopa, and repaglinide-

can structures. All these drugs have been examined for gastric

retention applications via different methods. From a compati-

bility perspective, SPHs containing ion may not be a good

choice to prolong the gastric retention of levodopa or gabapen-

tine, which contain carboxyl groups. SPHs containing carboxyl

groups may interact via hydrogen bonding with the drugs con-

taining carboxyl and amine groups. SPHs, due to their moisture

content, may expedite the hydrolysis of amide-containing drugs

during storage. SPH compatibility with other excipients used to

make the DDS also requires careful evaluation.
1.131.11.1. Gastric Retention

A holy grail in oral drug delivery is to develop a dosage form

with the ability to control drug release for a relatively long

period of time. Besides floating and mucoadhesion concepts, a

swelling concept has also been exploited to extend the residence

time of the drugs with a narrow absorption window.47,49,72–75

Following the discovery of Helicobacter pylori, a need for an

efficient dosage form with the ability to remain in the gastric

medium was also felt. A gastroretentive platform needs to be

designed based on a good knowledge of physiological factors

and biopharmaceutical aspects of the gastric medium.76 The

SPH design for gastric retention applications has been the sub-

ject of several articles.15,77,78

Gastric retention requires the swellable platform to stay in

the gastric medium for a reasonable period of time, that is, a

few hours after dose administration. The mechanism by which

a platform would stay in the gastric medium is by swelling, and

this requires the SPH to swell to a size larger than the pylorus

diameter. Assuming an average pylorus diameter of 1.5–2 cm,

at least two out of three dimensions of the hydrogel should be

larger than 2 cm. On the other hand, the platform needs to be

administered orally using a conventional capsule for human

administration. Generally, a 00 gelatin or HPMC capsule with

an outer diameter of 8.53mm, height of 23.30mm, and vol-

ume of 0.95ml is used. A simple calculation shows that a

swellable hydrogel for such an application should expand in

the gastric medium to at least 2.3 times its original dimension,

or to at least 12 times its original volume. The required rate at

which a swellable hydrogel should expand is dependent on

many factors, which affect gastric emptying. For example, if the

stomach contains only water, it takes about 25min to have half

of the consumed water depleted from the stomach. This is

a good assumption to design a platform with a desirable swell-

ability. The hydrogel would face a premature depletion from

the stomach if it cannot swell to its maximum size in less than

25min. In order to stay integrated in the gastric medium for a

desirable period of time, the SPH should resist gastric contrac-

tion and expansion forces, which are maximized during the

housekeeping period of the phase III stomach motility. By far,

this is the most challenging part in designing SPHs for such

applications. The maximum volume that the SPH can acquire

in its dry state is about 0.95ml for encapsulation into, for

example, a 00 gelatin capsule. Depending on the drug loading

capacity, a certain volume of the SPH is occupied by the drug or

the DDS. In other words, the effective capsule volume occu-

pied by the SPH would be around 0.6ml. With the SPH having

a density of 1 gml�1, the maximum feasible weight of the SPH

inside the capsule would be around 0.6 g. The calculation

shows that the SPH in its fully swollen state would contain

about 95wt% of water. Ironically, a hydrogel which contains

5% of solid and 95% of water should resist the very aggressive

stomach forces, which requires significant intermolecular

forces within the swollen SPH structure to preserve the SPH

integrity in such conditions. Moreover, the SPH needs to pos-

sess all these required properties under a very low pH condi-

tion of the stomach. The SPH screened for such application

also requires to be very safe chemically and physically, and this

needs to be proved first in animals. As far as its efficacy is

concerned, the proof of gastric retention can be first conducted



Superporous Hydrogels for Drug Delivery Systems 573
in animal models, but for many reasons the results would not

necessarily prove the concept in humans. Since no animal has

proved to be a reliable model for such studies, the proof of

gastric retention would at best be confirmed by conducting a

small-scale study in humans.

One of the most important considerations in using swella-

ble platforms for gastric retention is the SPH–DDS interaction.

Two studies have been conducted in which the drug model

was formulated into a wax and a solid based delivery system.

In both studies, the dissolution was performed in a USPII

paddle type apparatus using 900ml of 0.01N HCl (pH 2.0)

at 37� 0.2 �C and 100 rpm. An HP8453 UV/VIS was used to

measure the absorbance of the drug model at 280nm. Differ-

ent formulations were prepared by including amodel drug into

a low (Gelucire) and high (Compritol) molecular weight

wax.50,79 The amount of drug loaded into the wax system was

about 20wt%. An HPMC capsule was used to encapsulate both

the wax and the wax-loaded SPH. The study showed that the

same amount of drug is released from the wax system and

the SPH–wax system when a low melting wax was used as the

delivery system. On the other hand, a prolonged release was

observed over a much longer period of time for the higher

melting wax system. Apparently, as shown in Figure 11, the

low melting wax is removed from the SPH system at the disso-

lution temperature of 37 �C, while the majority of the high

melting wax still remains over the same retention time (i.e.,

48 h) in the dissolution medium. With the latter, the SPH

pores are presumably blocked by the wax, which results in a

much slower drug release.

In another study, a delivery system with a drug loading of

75wt% was designed using the combination of a fast dissol-

ving polymer (polyvinyl pyrrolidone) and a slow dissolving

polymer (hydroxypropyl methylcellulose) at different ratios.80

While the pure drug model was released from the SPH in less

than 30min, the delivery system containing higher HPMC

contents showed an extended release over a much longer
Gelucire Campritol

Wax residue

Figure 11 Superporous hydrogel with wax-based delivery systems.
period of time resembling a zero-order kinetic at the highest

HPMC/PVP ratio as shown in Figure 12. These observations

may be accounted for in terms of the solubility behavior of the

two polymers. As the PVP is very water soluble, it can be

dissolved in water even when only a small amount of water is

available. On the other hand, a complete dissolution of HPMC

requires muchmore water to be freely available to the polymer.

When a tablet containing HPMC is enclosed within the SPH

platform, the HPMC, due to the lack of water availability,

produces a very thick gelatinous mass inside the SPH. This

causes the drug to experience a much longer path for its com-

plete release from the platform.

The proof of the gastric retention principle for various SPH

hybrids has been studied in swine. The study showed that an

acrylate–chitosan hybrid could provide a minimum of 24h

retention in the swine stomach under different fed and fasted

conditions.81,82 The safety and toxicity of different hydrogel

formulations have been studied for gastric retention applica-

tions.83 SPH retention in man has been studied using scintig-

raphy. SPHs radiolabeled with 99Tc were encapsulated in an

enteric-coated gelatin capsule and administered orally.84 In a

study on SPHs based on chitosan and glycol chitosan for

gastric retention application, it was found that the swelling

property of the glycol chitosan is superior to that of chitosan

alone.85 Superporous hydrogel of (acrylic acid-co-acrylamide)/

O-carboxymethyl chitosan has been evaluated for oral insulin

delivery. Followed by insulin loading and release, the circular

dichroism (CD) spectra indicated a stable insulin conforma-

tion as well as its bioactivity according to hypoglycemic effect

in mice. The hydrogel could bind to Ca2þ and entrap enzymes,

which resulted in inactivation of trypsin and a-chymotrypsin.

Results of this study showed a significant hypoglycemic effect

for insulin loaded into the SPH and better bioavailability

compared to subcutaneous insulin injection.86 Another study

with the same polymer indicated a physical interaction between

the polymer and insulin.87 The polymer was also examined for

its cytotoxicity and genotoxicity. The study showed that the SPH

caused minimal damage to cell viability, lysosomal activity, and

metabolic activity. A study on mice showed that the SPH

which contains minute amounts of monomer and cross-linker,

is truly biocompatible and can be considered a safe carrier for

protein delivery.88 Glycol chitosan SPHs were prepared and

loaded with dispersed and conjugated amoxicillin to treat the
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H. pylori. A prolonged drug delivery effect was observed for the

conjugated system whose release mechanism was due to hydro-

lysis as opposed to diffusion for the dispersed drug.89
SPH particlesGrinderSPH slab

Molding Single SPH dose

Figure 13 Manufacturing superporous hydrogels for various
applications.
1.131.11.2. Peroral Intestinal Delivery

Conventional and composite generations of SPHs have been

widely studied for peroral peptide and protein administra-

tion.90 The CSPHs and SPHCs were evaluated for enhancing

the drug transport (different molecular weights) across the

porcine intestine (in vitro study).51 Among the factors studied

were the possible damage to intestinal cells, the ability of SPH

for mechanical fixation, the SPH effect on paracellular drug

permeability, and cytotoxicity in Caco-2 monolayers.91 The

release behavior of peptides such as buserelin, octreotide, and

insulin,92 the intestinal in vitro absorption of desmopressin,93

and the mechanism of paracellular tight junction opening in

the Caco-2 cells94 have also been studied. Due to improved

mechanical properties, in vitro mucoadhesion forces and load-

ing capability, hydrogels based on acrylic acid-co-acrylamide

andO-carboxymethyl chitosan have been proposed as a poten-

tial mucoadhesive system for peroral delivery of proteins and

peptides.95
1.131.11.3. SPHs as Diet Aid

A highly swelling SPH with gastric retention ability can be

designed to occupy a large portion of the stomach volume to

induce fullness in humans. To achieve a sense of fullness, a

minimum of 400ml of the stomach volume should presumably

be occupied by the SPH. If a pure SPH with no drug or DDS is

used for this application, around 0.6 g of the SPH can be housed

in a 00 capsule as mentioned before. To be effective in such

application, a single 0.6 g dose of SPH should have a potency of

at least 650ml g�1. Using conventional materials and techni-

ques, this potency can hardly be achieved under very low acidic

conditions of the stomach. Therefore, the application requires

the use of multiple doses of SPH to achieve adequate volume,

which brings more safety risks as related to the impurities and

physical esophagus obstruction. Moreover, water itself due to

the high concentration (minimum of 650ml) should also be

studied as a control to see if it can induce any fullness effect at

such concentration. Potentially, an SPH platform as a diet aid

may be formulated with other excipients to achieve its maxi-

mum potency. These may include excipients to adjust stomach

pH or relax stomach motility.
1.131.11.4. SPHs as Superdisintegrant

Superdisintegrants are pharmaceutically acceptable polymers

based on cellulose, poly(vinyl pyrrolidone), and starch deriva-

tives, which have a tailor-made swelling property. These are

supplied in particle form and mixed into a solid dosage formu-

lation to offer a desirable disintegration. The SPHs are also

cross-linked hydrophilic polymers, whose swelling capacity

and rate can be tailored for such applications. Nonetheless,

there are issues that need to be addressed before the use of SPH

particles can be justified. For gastric retention, intestinal reten-

tion, and diet application, the SPH is produced and used as a

single platform, generally in a cylindrical shape as shown in
Figure 13. The SPH particulates on the other hand can be

produced in powder form by grinding the SPH slabs using

appropriate equipment or can be produced directly in particle

form by an inverse dispersion technique. With the grinding

technique, which is cost effective and commercially more

attractive, the most challenging issue would be to keep the

production environment as dry as possible. The SPH dust can

sit and make a gel coat on almost any piece of equipment

during processing. A major difference between the SPH super-

disintegrant and conventional superdisintegrants is that the

former can provide a much larger surface due to its size and

its pore content. In one study, the SPH particles, in particular

those based on poly(acrylic acid) were used as a wicking agent

in the formulation of fast-disintegrating tablets.96
1.131.11.5. Other Applications

Sodium CMC and hydroxyethyl cellulose cross-linked with

divinyl sulphone have been used to remove body fluids during

surgery and to collect body fluids in the treatment of edema.

The polymer biocompatibility is also promising in diuretic

therapy.97,98 Sodium CMC and hydroxyethyl cellulose as well

as poly(ethylene glycols) of different molecular weights have

been used in developing orally administrable hydrogels for

water absorption.98 High capacity super water absorbents were

injected intracerebrally for studying hypothalamic areas in

controlling the female production cycle.99 The SPH micro-

spheres were used in the clinical evaluation of transcatheter

arterial embolization for hypervascular metastatic bone

tumor.100 In another biomedical application, freeze-dried

water absorbents were used to design plugs and haemostatic

and other medical devices.101 These were also used in compact

and light-weight bags102 and in surgical drapes103 to manage

body fluids. As the core for wound dressing, the polyacrylate

water absorbents could retain microorganisms and reduce the

number of viable germs.104 Hydrogels based on sodium acry-

late, N-vinyl pyrrolidone, and silver were also studied for their

antibacterial activity105 (see Chapter 1.122, Structural Biomed-

ical Polymers (Nondegradable)).

In cell scaffolding, PEG diacrylate has been studied for cell

infiltration and vascularization.106 To be used as a support for
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cell cultivation, an SPH based onHEMA and ethylene dimetha-

crylate has been prepared. The porosity of the structure was

achieved via a salt-leaching technique using sodium chloride

and ammonium persulfate. Different techniques including

SEM, mercury porositometry, and dynamic desorption of nitro-

gen were used to characterize the hydrogels.107 A hydrogel with

goodmechanical properties to function with a healthy cartilage,

yet porous to allow tissue integration, is very much needed for

articular cartilage repair. Such a potential material has been

prepared using poly(vinyl alcohol) and poly(vinyl pyrrolidone)

through a double emulsion process followed by a freezing–

thawing process.108 Superporous hydrogels have the potential

to be used as scaffold for cell transplantation. A highly

interconnected poly(ethylene glycol) diacrylate with macro-

pores in the range of 100–600 mmhas shown a rapid cell uptake

and cell seeding.109 The SPH formulation containing hydroxy-

apatite as filler can potentially be used as scaffold in bone tissue

engineering due to improved mechanical strength.110 Different

techniques including FTIR, SEM/EDX, and cytocompatibility

using L929 fibroblasts were utilized to characterize the prepared

SPHs. A photo-cross-linking reaction and a foaming process

have been utilized in developing a PEG-based superporous

hydrogel with high pore interconnectivity. This feature is essen-

tial for applications such as tissue engineering where tissue

invasion and nutrient transport are basic requirements.111

Kroupova et al. have shown that SPHs have the potential to

initiate the differentiation of embryonic stein (ES) cells112 (see

Chapter 1.132, Dynamic Hydrogels).
1.131.12. Conclusions

Due to their hydrophilic, cross-linked, and porous structure,

SPH polymers display a swelling behavior different from that

of conventional water swelling hydrogels. This feature has been

utilized in developing swellable platforms for drug delivery

applications. SPHs have been studied for prolonging the reten-

tion of drugs with a narrow window of absorption, and for

peroral intestinal absorption of peptide and protein drugs.

The feasibility of SPHs in pharmaceutical applications relies

on many factors, including its scale up, safety, and stability.

This chapter discusses the basic concepts in developing a syn-

thetic swellable platform for certain pharmaceutical and bio-

medical applications.
References

1. Gemeinhart, R. A.; Park, H.; Park, K. Polym. Adv. Technol. 2000, 11, 617–625.
2. Chaterjia, S.; Kwon, K.; Park, K. Prog. Polym. Sci. 2007, 32, 1083–1122.
3. Omidian, H.; Qiu, Y.; Yang, S. C.; Kim, D.; Park, H.; Park, K. U.S. Pat. 6,960,617,

2005.
4. Omidian, H.; Rocca, J. G. U.S. Pat. 7,056,957, 2006.
5. Omidian, H.; Rocca, J. G. U.S. Pat. Applic. 20080089940, 2008.
6. Omidian, H.; Park, K.; Rocca, J. G. J. Pharm. Pharmacol. 2007, 59, 317–327.
7. Han, W.; Omidian, H.; Rocca, J. G. Dynamic Swelling of Superporous Hydrogels

Under Compression; American Association of Pharmaceutical Scientists (AAPS):
Tennessee, USA, 2005.

8. Gavrilas, C.; Omidian, H.; Rocca, J. G. Dynamic mechanical properties of
superporous hydrogels. In 8th US–Japan Symposium on Drug Delivery Systems,
HI, 2005.

9. Gavrilas, C.; Omidian, H.; Rocca, J. G. A novel gastric simulator. In The 32nd
Annual Meeting of the Controlled Release Society (CRS), Miami, FL, 2005.
10. Gavrilas, C.; Omidian, H.; Rocca, J. G. A novel simulator to evaluate fatigue
properties of superporous hydrogels. In 8th US–Japan Symposium on Drug
Delivery Systems, HI, 2005.

11. Chen, J.; Park, H.; Park, K. J. Biomed. Mater. Res. 1999, 44, 53–62.
12. Omidian, H.; Rocca, J. G.; Park, K. J. Control. Release 2005, 102, 3–12.
13. Park, K.; Park, H. U.S. Pat. 5,750,585, 1998.
14. Chen, J.; Park, K. J. Macromol. Sci. Pure Appl. Chem. 1999, A36, 917–930.
15. Chen, J.; Park, K. J. Control. Release 2000, 65, 73–82.
16. Park, K.; Chen, J.; Park, H. U.S. Pat. 6,271,278, 2001.
17. Park, K.; Chen, J.; Park, H. Superporous hydrogel composites: A new generation

of hydrogels with fast swelling kinetics, high swelling ratio and high mechanical
strength. In Polymeric Drugs and Drug Delivery systems; Ottenbrite, R.,
Kim, S. W., Eds.; CRC Press: Boca Raton, FL, 2001.

18. Omidian, H.; Rocca, J. G.; Park, K. Macromol. Biosci. 2006, 6, 703–710.
19. Gemeinhart, R. A.; Chen, J.; Park, H.; Park, K. J. Biomater. Sci. Polym. Ed. 2000,

11, 1371–1380.
20. Gemeinhart, R. A.; Park, H.; Park, K. J. Biomed. Mater. Res. 2001,

55, 54–62.
21. Dorkoosh, F. A.; Brussee, J.; Verhoef, J. C.; Borchard, G.; Rafiee-Tehrani, M.;

Junginger, H. E. Polymer 2000, 41, 8213–8220.
22. Bajpai, S. K.; Bajpai, M.; Sharma, L. Iran. Polym. J. 2007, 16, 521–527.
23. Savina, I. N.; Mattiasson, B.; Galaev, I. Y. Polymer 2005, 46, 9596–9603.
24. Huh, K. M.; Baek, N.; Park, K. J. Bioact. Compat. Polym. 2005, 20, 231–243.
25. Baek, N.; Park, K.; Park, J. H.; Bae, Y. H. J. Bioact. Compat. Polym. 2001,

16, 47–57.
26. Kim, D.; Seo, K.; Park, K. J. Biomater. Sci. Polym. Ed. 2004, 15, 189–199.
27. Kim, D.; Park, K. Polymer 2004, 45, 189–196.
28. Kabiri, K.; Omidian, H.; Hashemi, S. A.; Zohuriaan-Mehr, M. J. J. Polym. Mater.

2003, 20, 17–22.
29. Kabiri, K.; Omidian, H.; Hashemi, S. A.; Zohuriaan-Mehr, M. J. Eur. Polym. J.

2003, 39, 1341–1348.
30. Kabiri, K.; Omidian, H.; Zohuriaan-Mehr, M. J. Polym. Int. 2003, 52,

1158–1164.
31. Mahdavinia, G. R.; Mousavi, S. B.; Karimi, F.; Marandi, G. B.; Garabaghi, H.;

Shahabvand, S. Express Polym. Lett. 2009, 3, 279–285.
32. Omidian, H.; Park, K. J. Bioact. Compat. Polym. 2002, 17(6), 433–450.
33. Yang, S.; Park, K.; Rocca, J. G. J. Bioact. Compat. Polym. 2004, 19, 81–100.
34. Qiu, Y.; Park, K. AAPS Pharm. Sci. Tech. 2003, 4, E51.
35. Kabiri, K.; Zohuriaan-Mehr, M. J. Polym. Adv. Technol. 2003, 14, 438–444.
36. Seo, K. W.; Kim, D. J.; Park, K. N. J. Ind. Eng. Chem. 2004, 10, 794–800.
37. Cheng, S. X.; Zhang, J. T.; Zhuo, R. X. J. Biomed. Mater. Res. A 2003, 67A,

96–103.
38. Abd El-Rehim, H. A.; Hegazy, E. S. A.; Diaa, D. A. J. Macromol. Sci. Pure Appl.

Chem. 2006, A43, 101–113.
39. Chen, J.; Park, K. Carbohydr. Polym. 2000, 41, 259–268.
40. Park, H.; Kim, D. J. Biomed. Mater. Res. A 2006, 78A, 662–667.
41. Hradil, J.; Horak, D. React. Funct. Polym. 2005, 62, 1–9.
42. Kaneko, T.; Asoh, T. A.; Akashi, M. Macromol. Chem. Phys. 2005, 206,

566–574.
43. Yin, L. C.; Fei, L. K.; Tang, C.; Yin, C. H. Polym. Int. 2007, 56, 1563–1571.
44. Pourjavadi, A.; Barzegar, S. Starch-Starke 2009, 61, 161–172.
45. Omidian, H.; Gavrilas, C.; Han, W.; Li, G.; Rocca, J. G. U.S. Pat. Applic.

20080206339, 2008.
46. Li, G.; Omidian, H.; Rocca, J. G. Solvent Effects on the Swelling Properties of

Superporous Hydrogels; American Association of Pharmaceutical Scientists
(AAPS): Tennessee, USA, 2005.

47. Rocca, J. G.; Omidian, H.; Shah, K. Controlled release of compounds mediated by
retention in the upper part of the GI tract. In The 30th Annual Meeting and
Exposition of the Controlled Release Society (CRS), Glasgow, Scotland, 2003.

48. Rocca, J. G.; Omidian, H.; Shah, K. Business Briefing Pharmatech. 2003,
152–156.

49. Rocca, J. G.; Omidian, H.; Shah, K. Drug Deliv. Technol. 2005, 5, 40–46.
50. Rocca, J. G.; Shah, K.; Omidian, H. Gattefosse Tech. Bull. 2004, 97, 73–84.
51. Dorkoosh, F. A.; Borchard, G.; Refiee-Tehrani, M.; Verhoef, J. C.; Junginger, H. E.

Eur. J. Pharm. Biopharm. 2002, 53, 161–166.
52. Dorkoosh, F. A.; Verhoef, J. C.; Borchard, G.; Rafiee-Tehrani, M.; Junginger, H. E.

J. Control. Release 2001, 71, 307–318.
53. Dorkoosh, F. A.; Verhoef, J. C.; Verheijden, J. H. M.; Refiee-Tehrani, M.;

Borchard, G.; Junginger, H. E. Pharm. Res. 2002, 19, 1532.
54. Umamaheswari, R. B.; Jain, S.; Tripathi, P. K.; Agrawal, G. P.; Jain, N. K. Drug

Deliv. 2002, 9, 223–231.
55. Fukuda, M.; Peppas, N. A.; Mcginity, J. W. J. Control. Release 2006, 115,

121–129.



576 Polymers
56. Rokhade, A. P.; Patil, S. A.; Belhekar, A. A.; Halligudi, S. B.; Aminabhavi, T. M.
J. Appl. Polym. Sci. 2007, 105, 2764–2771.

57. Tang, Y. D.; Venkatraman, S. S.; Boey, F. Y. C.; Wang, L. W. Int. J. Pharm. 2007,
336, 159–165.

58. Singh, S.; Singh, J.; Muthu, M. S.; Balasubramaniam, J.; Mishra, B. Curr. Drug.
Deliv. 2007, 4, 269–275.

59. Torrado, S.; Prada, P.; de la Torre, P. M.; Torrado, S. Biomaterials 2004, 25,
917–923.

60. Rajinikanth, P. S.; Balasubramaniam, J.; Mishra, B. Int. J. Pharm. 2007, 335,
114–122.

61. Groning, R.; Berntgen, M.; Georgarakis, M. Eur. J. Pharm. Biopharm. 1998, 46,
285–291.

62. Dhumal, R. S.; Rajmane, S. T.; Dhumal, S. T.; Pawar, A. P. J. Sci. Ind. Res. 2006,
65, 812–816.

63. Sakkinen, M.; Tuononen, T.; Jurjenson, H.; Veski, P.; Marvola, M. Eur. J. Pharm.
Sci. 2003, 19, 345–353.

64. Gabapentin extended-release – Depomed: Gabapentin ER, gabapentin gastric
retention, gapapentin GR. Drugs R D 2007, 8(5), 317–320.

65. Goole, J.; Deleuze, P.; Vanderbist, F.; Amighi, K. Eur. J. Pharm. Biopharm. 2008,
68, 310–318.

66. Klausner, E. A.; Eyal, S.; Lavy, E.; Friedman, M.; Hoffman, A. J. Control. Release
2003, 88, 117–126.

67. Hoffman, A.; Stepensky, D.; Lavy, E.; Eyal, S.; Klausner, E.; Friedman, M.
Int. J. Pharm. 2004, 277, 141–153.

68. Metformin extended release – DepoMed: Metformin, metformin gastric retention,
metformin GR. Drugs R D 2004, 5(4), 231–233.

69. Hassan, M. A. J. Drug Deliv. Sci. Technol. 2007, 17, 125–128.
70. Jaimini, M.; Rana, A. C.; Tanwar, Y. S. Curr. Drug Deliv. 2007,

4, 51–55.
71. Varshosaz, J.; Tavakoli, N.; Roozbahani, F. Drug Deliv. 2006, 13, 277–285.
72. Davis, S. S. Drug Discov. Today 2005, 10, 249–257.
73. Davis, S. S.; Wilding, E. A.; Wilding, I. R. Int. J. Pharm. 1993, 94, 235–238.
74. Hwang, S. J.; Park, H.; Park, K. Crit. Rev. Ther. Drug Carrier Syst. 1998, 15,

243–284.
75. Streubel, A.; Siepmann, J.; Bodmeier, R. Curr. Opin. Pharmacol. 2006, 6,

501–508.
76. Bardonnet, P. L.; Faivre, V.; Pugh, W. J.; Piffaretti, J. C.; Falson, F. J. Control.

Release 2006, 111, 1–18.
77. Chen, J.; Blevins, W. E.; Park, H.; Park, K. J. Control. Release 2000,

64, 39–51.
78. Bajpai, S. K.; Bajpai, M.; Sharma, L. J. Macromol. Sci. Pure Appl. Chem.

2006, A43, 507–524.
79. Li, G.; Omidian, H.; Rocca, J. G. Wax-loaded superporous hydrogel platforms.

In The 32nd Annual Meeting of the Controlled Release Society (CRS), Miami, FL,
2005.

80. Han, W.; Omidian, H.; Rocca, J. G. A novel acrylate ester-based superporous
hydrogel. In The 32nd Annual Meeting of the Controlled Release Society (CRS),
Miami, FL, 2005.

81. Han, W.; Omidian, H.; Rocca, J. G. In Vivo and In Vitro Studies on Novel
Gastroretentive Superporous Hydrogel (SPH) Platforms; American Association of
Pharmaceutical Scientists (AAPS): Salt Lake City, Utah, USA, 2003.

82. Han, W.; Omidian, H.; Rocca, J. G. Evaluation of gastroretentive superporous
hydrogel platforms using swine model. In The 31st Annual Meeting of the
Controlled Release Society (CRS), Honolulu, HI, 2004.
83. Townsend, R.; Rocca, J. G.; Omidian, H. Safety and toxicity studies of a novel
gastroretentive platform administered orally in a swine emesis model. In
The 32nd Annual Meeting of the Controlled Release Society (CRS),
Miami, FL, 2005.

84. Dorkoosh, F. A.; Stokkel, M. P. M.; Blok, D.; et al. J. Control. Release 2004, 99,
199–206.

85. Park, H.; Park, K.; Kim, D. J. Biomed. Mater. Res. 2006, 76A, 144–150.
86. Yin, L. C.; Ding, J. Y.; Fei, L. K.; et al. Int. J. Pharm. 2008,

350, 220–229.
87. Yin, L. C.; Zhao, Z. M.; Hu, Y. Z.; et al. J. Appl. Polym. Sci. 2008, 108,

1238–1248.
88. Yin, L.; Zhao, X.; Cui, L.; et al. Food Chem. Toxicol. 2009, 47, 1139–1145.
89. Park, J.; Kim, D. J. Biomater. Sci. Polym. Ed. 2009, 20, 853–862.
90. Dorkoosh, F. A.; Verhoef, J. C.; Borchard, G.; Refiee-Tehrani, M.; Junginger, H. E.

J. Control. Release 2001, 71, 307–318.
91. Dorkoosh, F. A.; Setyaningsih, D.; Borchard, G.; Refiee-Tehrani, M.;

Verhoef, J. C.; Junginger, H. E. Int. J. Pharm. 2002, 241, 35–45.
92. Dorkoosh, F. A.; Verhoef, J. C.; Ambagts, M. H. C.; Refiee-Tehrani, M.;

Borchard, G.; Junginger, H. E. Eur. J. Pharm. Sci. 2002, 15, 433–439.
93. Polnok, A.; Verhoef, J. C.; Borchard, G.; Sarisuta, N.; Junginger, H. E. Int.

J. Pharm. 2004, 269, 303–310.
94. Dorkoosh, F. A.; Broekhuizen, C. A. N.; Borchard, G.; Rafiee-Tehrani, M.;

Verhoef, J. C.; Junginger, H. E. J. Pharm. Sci. 2004, 93, 743–752.
95. Yin, L. C.; Fei, L. K.; Cui, F. Y.; Tang, C.; Yin, C. H. Biomaterials 2007, 28,

1258–1266.
96. Yang, S. C.; Fu, Y. R.; Hoon, S.; Park, J. K.; Park, K. J. Pharm. Pharmacol. 2004,

56, 429–436.
97. Sannino, A.; Esposito, A.; de Rosa, A.; Cozzolino, A.; Ambrosio, L.; Nicolais, L.

J. Biomed. Mater. Res. A 2003, 67A, 1016–1024.
98. Esposito, A.; Sannino, A.; Cozzolino, A.; et al. Biomaterials 2005, 26,

4101–4110.
99. Ohta, M.; Homma, K. Gen. Comp. Endocrinol. 1988, 72, 424–430.
100. Ken’ichiro, H.; Katsuyuki, N.; Munehito, S.; et al. Clin. Orthop. Surg. 2004,

39(10), 1307–1314.
101. Sawhney, A. S.; Bennett, S. L.; Pai, S. S.; Sershen, S. R.; Co, F. H.

U.S. Pat. Applic. 2007/0231366, 2007.
102. Ohta, T.; Kuroiwa, T. Surg. Neurol. 1999, 51, 464–465.
103. Tankerseley, T. N. U.S. Pat. 2007/0135784, 2007.
104. Bruggisser, R. J. Wound Care 2005, 14, 438–442.
105. Lee, W. F.; Huang, Y. C. J. Appl. Polym. Sci. 2007, 106, 1992–1999.
106. Keskar, V.; Gandhi, M.; Gemeinhart, E. J.; Gemeinhart, R. A.; Keskar, V. J. Tissue

Eng. Regen. Med. 2009, 3, 486–490.
107. Horak, D.; Hlidkova, H.; Hradil, J.; Lapcikova, M.; Slouf, M. Polymer 2008, 49,

2046–2054.
108. Spiller, K. L.; Laurencin, S. J.; Charlton, D.; Maher, S. A.; Lowman, A. M. Acta

Biomater. 2008, 4, 17–25.
109. Keskar, V.; Marion, N. W.; Mao, J. J.; Gemeinhart, R. A. Tissue Eng. Part A 2009,

15, 1695–1707.
110. Tolga Demirtas, T.; Karakecili, A. G.; Gumusderelioglu, M. J. Mater. Sci. Mater.

Med. 2008, 19, 729–735.
111. Sannino, A.; Netti, P. A.; Madaghiele, M.; et al. J. Biomed. Mater. Res. A 2006,

79A, 229–236.
112. Kroupova, J.; Horak, D.; Pachernik, J.; Dvorak, P.; Slouf, M. J. Biomed. Mater.

Res. B Appl. Biomater. 2006, 76B, 315–325.


	Superporous Hydrogels for Drug Delivery Systems
	Abbreviations
	Introduction
	Hydrogels in Drug Delivery
	Superporous Hydrogels
	SPH Synthesis
	SPH Properties
	Swelling Capacity
	Swelling Rate
	Mechanical Strength

	SPH Generations
	The First SPH Generation
	The Second SPH Generation
	The Third SPH Generation
	Research on SPHs

	SPH Scale Up
	SPH Stability
	SPH Identity
	SPH Purity
	SPH Potency

	SPH Safety
	SPH Platform Design for Drug Delivery
	SPH in Drug Delivery and Other Areas
	Gastric Retention
	Peroral Intestinal Delivery
	SPHs as Diet Aid
	SPHs as Superdisintegrant
	Other Applications

	Conclusions
	References


