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SUPER-ABSORBENT HYDROGEL FOAMS 

FIELD OF THE INVENTION 

[0001] The present invention relates to sWellable hydrogel 
compositions, and more particularly to porous compositions. 

BACKGROUND OF THE INVENTION 

[0002] A “hydrogel” is a crosslinked polymer netWork 
Which is insoluble in Water but sWells to an equilibrium siZe 
in the presence of excess Water. Research on hydrogels 
started in the 1960s With a landmark paper on poly(hydroxy 
ethyl methacrylate) [Wichterle, O., et al., 1960]. Due to the 
unique properties of hydrogels and their potential applica 
tions in such areas as controlled drug delivery, various types 
of hydrogels have been synthesiZed and characteriZed. Most 
of this Work has focused on lightly cross-linked, homoge 
neous homopolymers and copolymers. 

[0003] The bulk polymeriZation, i.e., polymeriZation in 
the absence of added solvent, of monomers to make a 
homogeneous hydrogel produces a glassy, transparent poly 
mer matrix Which is very hard. When immersed in Water, the 
glassy matrix sWells to become soft and ?exible. Although 
it permits the transfer of Water and some loW molecular 
Weight solutes, such a sWollen polymer matrix (hydrogel) is 
considered non-porous. The pores betWeen polymer chains 
are in fact the only spaces available for the mass transfer, 
and the pore siZe is Within the range of molecular dimen 
sions (a feW nanometers or less) [Chirila, T., et al., 1993]. In 
this case, the transfer of Water or other solutes is achieved by 
a pure diffusional mechanism, Which restricts the rate of 
absorption and to some extent the siZe of species that are 
absorbed [Skelly, P. J ., 1979]. Homogeneous hydrogels have 
been used Widely in various applications, especially in the 
controlled drug delivery area Where limited diffusional char 
acteristics are required [Oxley, H. R., 1993]. 

[0004] Porous hydrogels are usually prepared by a solu 
tion polymeriZation technique, Which entails polymeriZing 
monomers in a suitable solvent. The nature of a synthesiZed 
hydrogel, Whether a compact gel or a loose polymer net 
Work, depends on the type of monomer, the amount of 
diluent in the monomer mixture, and the amount of 
crosslinking agent [Barvic, M. et al., 1967]. As the amount 
of diluent (usually Water) in the monomer mixture increases, 
the pore siZe also increases up to the micron range [Chirila, 
T. et al., 1993]. Hydrogels With effective pore siZes in the 
10-100 nm range and in the 100 nm-10 pm range are termed 
“microporous” and “macroporous” hydrogels, respectively. 
In practice, the terms “microporous” and “macroporous” are 
used interchangeably simply due to the fact that there is no 
uni?ed de?nition of micro- and macro-pores in hydrogels. 
Accordingly, hydrogels having pores up to about 10 pm can 
be called either microporous or macroporous. 

[0005] Porous hydrogels can be made by preparing hydro 
gels (usually from polymeriZable monomers) in the presence 
of dispersed Water-soluble porosigens, Which can be 
removed later by Washing With Water to leave an intercon 
nected meshWork (i.e., porous hydrogels) [Oxley, H. R. et 
al., 1993; Krauch, C. H. et al., 1968]. Examples of effective 
porosigens are microniZed sucrose, lactose, and dextrin 
[Oxley, H. et al., 1993], sodium chloride [Kon, M. et al., 
1981], and poly(ethylene oxides) (PEGs) [Badiger, M. et al., 
1993]. 
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[0006] Water itself can be used as a porosigen if a polymer 
netWork is formed in the froZen state. Monomers can be 
polymeriZed in the froZen state around aqueous crystals, and 
then Water can be subsequently removed by thaWing to 
result in a macroporous hydrogel [Oxley, H. R. et al., 1993; 
Haldon, R. A. et al., 1972]. In this approach, Which is 
appropriately called a “freeZe-thaW” technique, ice crystals 
function as the porosigen. When a polymer netWork is 
formed in an aqueous solution, the Whole system can be 
freeZe dried to sublimate ice crystals and leave a porous 
matrix [Loree, H. M. et al., 1989]. This “freeze-drying” 
technique is useful in the preparation of porous hydrogels 
from Water-soluble polymers such as polysaccharides (e.g., 
sodium alginate) [Cole, S. M. et al., 1992]. To prepare 
porous hydrogels more effectively using the freeZe-drying 
technique, salt can be added as another porosigen, and this 
increases the reproducibility of preparing porous materials 
[de Groot, J. H. et al., 1990]. 

[0007] Non-aqueous solutions can also be used as porosi 
gens in polymeriZation of an oil-in-Water emulsion system 
[Gross, J. R., 1995]. In this case, the Water phase contains 
Water-soluble monomers and a crosslinker and the oil phase 
is a volatile organic solvent. The continuous Water phase is 
polymeriZed and this is folloWed by evaporation of the oil 
phase, Which results in the porous structure. 

[0008] The pore siZe of hydrogels prepared by the porosi 
gen technique depends on the siZe of the porosigens. The 
introduction of a porosigen reduces mechanical strength 
signi?cantly, although a negative effect on the mechanical 
properties can be minimiZed if the siZe of the porosigen is 
maintained beloW about 40 pm. In many cases Where larger 
pores are necessary, microparticulate particles (e.g., sucrose 
crystals) in the range of 100-300 gm can be used [de Groot, 
J. H. et al., 1990]. The presence of such large siZed pores Will 
obviously make the porous hydrogels extremely Weak. 

[0009] In a solution polymeriZation, the monomers are 
usually mixed in a diluent Which is good for both monomers 
and polymers. If, hoWever, the diluent is a non-solvent for 
the polymer formed (e.g., PHEMA in Water), the solubility 
of polymers dramatically decreases as the polymeriZation 
proceeds. This results in phase separation of the polymer 
rich monomer phase into droplets, Which then join together 
to form a netWork ?lled With large spaces (i.e., heteroge 
neous, porous hydrogels) by the end of the polymeriZation 
process. This process is called heterogeneous solution poly 
meriZation [Chirila, T. et al., 1993; Barvic, M. et al., 1967; 
Dusek, K. et al., 1969]. 

[0010] Phase separation can also be induced from the 
initially homogeneous polymer solution by altering the 
solvent quality. The solvent quality can be decreased by 
removing good solvent or adding non-solvent to a polymer 
solution or by changing the temperature. Many polymer 
solutions form a reversible gel upon changes in temperature. 
For example, gelatin in Water becomes a gel When cooled 
beloW the critical miscibility temperature [Young, A. T., 
1985]. In general, aqueous polymer solutions can be rapidly 
froZen to result in spinodal decomposition, and subsequent 
removal of Water by freeZe-dry sublimation yields porous 
hydrogels. 

[0011] For polymers With a loWer critical solution tem 
perature (LCST), Water becomes a non-solvent to the poly 
mer and phase separation occurs as the temperature is 
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increased above the LCST. This technique has been used to 
prepare porous hydrogels made of poly(N-isopropylpoly 
acrylamide) [Kabra, B. G. et al., 1991; Yan, Q. et al., 1995; 
Wu, X. S. et al., 1995], and crosslinked hydroxypropylcel 
lulose [Kabra, B. G. et al., 1994]. The pore siZes of 
macroporous hydrogels prepared by phase separation are 
typically only a feW micrometers. In addition, the overall 
porosity is very loW and this implies that the pores are not 
Well interconnected. The major limitation of the phase 
separation method is that only very limited types of porous 
hydrogels can be prepared. In addition, there is not much 
control over the porosity of the gels When prepared by phase 
separation. 

[0012] Additionally, individual hydrogel particles can be 
surface crosslinked to form crosslinked aggregates of par 
ticles, thereby forming pores betWeen the hydrogel particles. 
Such aggregate macrostructures are prepared by initially 
mixing the hydrogel particles (in the range of a feW hundred 
micrometers) With a solution of a crosslinking agent, Water, 
and hydrophilic organic solvent such as isopropanol [ReZai, 
E. et al., 1994]. Pores in such structures are present betWeen 
hydrogel particles and the siZe of the pores is much smaller 
than the siZe of the particles. This approach is limited to 
absorbent particles having chemically active functional 
groups on the surface. 

[0013] It is important to distinguish the microporous and 
macroporous structures of hydrogels With those of non 
hydrogel porous materials, such as porous polyurethane 
foams. In the plastic foam area, micro- and macro-pores are 
indicated as having pores less than 50 pm and pores in the 
100-300 pm range, respectively [de Groot, J. H. et al., 1990]. 
One of the reasons for this difference is that hydrogels With 
pores larger than 10 pm Were rarely made, While porous 
plastics having pores in the 100-300 pm range are very 
common. Porous hydrogels With a pore siZe larger than 100 
pm Were made only recently [Park, H. et al., 1994A; Park, 
H. et al., 1994B], and that is probably Why these de?nitions 
for porous hydrogels differ from those for porous plastics. 

[0014] Microporous and macroporous hydrogels are 
sometimes called polymer “sponges”[Chirila, T. et al., 
1993]. When a monomer, e.g., hydroxyethyl methacrylate 
(HEMA), is polymeriZed at an initial monomer concentra 
tion of 45 (W/W)% or higher in Water, a hydrogel is produced 
With a porosity higher than the homogeneous hydrogels. 
These heterogeneous hydrogels are sometimes called 
“sponges” in the biomedical literature [Chirila, T. et al., 
1993; Kon, M. et al., 1981]. The term “sponge” is not 
recommended, hoWever, since it is better knoWn as “rubber 
sponge” Which is not a hydrogel in any sense. Moreover, the 
properties of rubber sponges are totally different from 
porous hydrogels. For example, rubber sponges release 
imbibed Water upon squeeZing, but porous hydrogels may 
not be squeeZable—they may break into pieces With Water 
entrapped in the polymer netWorks because of their hydro 
philic nature. 

[0015] US. Pat. No. 5,451,613 (issued to Smith et al.), and 
related patents, proposes making superabsorbent polymers 
by polymeriZing a monomer solution containing carboxylic 
acid monomers and an effective amount of a crosslinking 
agent, in the presence of a carbonate bloWing agent, to 
thereby form a microcellular hydrogel. The microcellular 
hydrogel is then chopped or ground and the pieces are used 
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to form a core polymer. The core polymer is then surface 
crosslinked to provide superabsorbent particles. 

[0016] US. Pat. No. 5,338,766 (issued to Phan et al.) 
proposes making a superabsorbent polymer foam from an 
unsaturated monomer having neutraliZed carboxyl groups 
reacted With an internal crosslinking agent. The monomer 
and crosslinking agent are expanded in the presence of a 
bloWing agent and a solvent so as to form an expanded 
structure. The expansion and reaction are controlled to form 
the superabsorbent polymer material. 

[0017] US. Pat. No. 5,154,713 (issued to Lind) proposes 
forming a superabsorbent polymer by forming a microcel 
lular hydrogel from a (meth)acrylic acid monomer in the 
presence of a carbonate bloWing agent. This material is then 
chopped into pieces and dried to produce a superabsorbent 
particulate polymer. 

[0018] US. Pat. No. 4,525,527 (issued to Takeda et al.) 
proposes making a crosslinked acrylic resin having 
improved Water absorbing properties. The acrylic resin is 
prepared by aqueous polymeriZation of acrylic acid, acry 
lamide, and a Water soluble polyvinyl monomer. 

[0019] One of the limiting factors of hydrogels has been 
the rather sloW sWelling property of dried hydrogels. For the 
dried hydrogels to sWell, Water has to be absorbed into the 
glassy matrix of the dried hydrogels. The sWelling kinetics 
of the dried hydrogels thus depend on the absorption of 
Water occurring by a diffusional process and the relaxation 
of the polymer chains in the rubbery region. Equilibrium 
sWelling of dried hydrogels in an ordinary tablet siZe (e.g., 
1 cm in diameter><0.5 cm height) usually takes at least 
several hours, and this may be too sloW for many applica 
tions Where fast sWelling is essential. For example, hydro 
gels have been successfully used as a gastric retention 
device that can stay in the stomach of a dog for up to 60 
hours [Shalaby, W. S. W. et al., 1992A; Shalaby, W. S. W. et 
al., 1992B]. In those studies, hoWever, hydrogels had to be 
presWollen for a feW hours before administering to the dog 
to avoid premature emptying into the intestine. 

[0020] In an effort to overcome the sloW sWelling property 
of dried hydrogels, the present inventors have synthesiZed a 
superporous hydrogel that can sWell Within minutes regard 
less of the siZe of the matrix [Chen, J ., 1997]. While these 
superporous hydrogels provided signi?cantly fast sWelling 
kinetics and high sWelling extent, the mechanical strength of 
the fully sWollen superporous hydrogels Was too poor to be 
useful. In some cases, the fully sWollen superporous hydro 
gels could not be picked up and broke easily due to their very 
poor mechanical properties. Usually, mechanically strong 
superporous hydrogels can be made by increasing the 
crosslinking density, but this Would result in a very small 
extent of sWelling With a loss of the superabsorbent property. 
Thus, it is desired to make superporous hydrogels having 
fast sWelling and high absorbency characteristics as Well as 
high mechanical strength. 

SUMMARY OF THE INVENTION 

[0021] The present invention is for a superporous hydrogel 
(SPH) composite, and related hydrogel composite, formed 
of an interpenetrating netWork of a polymer and particles of 
a fast Water-absorbing material (a disintegrant), as de?ned 
hereinbeloW. The polymer is formed of at least one ethyl 
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enically-unsaturated monomer and a multiole?nic crosslink 
ing agent, and the polymer is further crosslinked to the 
disintegrant particles. A superporous hydrogel composite of 
the invention is characterized by having superabsorbence 
properties and mechanical strength, as exempli?ed by its 
swelling ratio and compression modulus, respectively. The 
SPH composite also has a very short sWelling time. 

[0022] A superporous hydrogel composite of the present 
invention has an average pore siZe in the range of 10 
pm-3,000 pm, more preferably 50 pm-LOOO pm, and most 
preferably 100 pm-600 pm. 

[0023] A superporous hydrogel composite of the present 
invention is formed in part from at least one ethylenically 
unsaturated monomer. The monomer is preferably selected 
from (meth)acrylic acid, salts of (meth)acrylic acid, esters of 
(meth)acrylic acid, salts and acids of esters of (meth)acrylic 
acid, amides of (meth)acrylic acid, N-alkyl amides of (meth 
)acrylic acid, salts and acids of N-alkyl amides of (meth 
)acrylic acid, N-vinyl pyrrolidinone, acrylamide, acrylamide 
derivatives (e.g., N-n-propylacrylamide, N-isopropylacryla 
mide), methacrylamide, methacrylamide derivatives (e.g., 
N-cyclopropylmethacrylamide), and the like, and mixtures 
thereof. 

[0024] The superporous hydrogel composite is also 
formed from a crosslinking agent, Which is preferably 
selected from BIS (N,N‘-methylene-bisacrylamide), ethyl 
ene glycol di(meth)acrylate, piperaZine diacrylamide, glut 
araldehyde, epichlorohydrin, and degradable crosslinking 
agents including crosslinkers containing 1,2-diol structures 
(e. g., N,N‘-diallyltartardiamide), and functionaliZed peptides 
and proteins (e.g., albumin modi?ed With vinyl groups). 

[0025] Asuperporous hydrogel composite of the invention 
further is formed of particles of a disintegrant, as de?ned 
hereinbeloW. Preferred disintegrants are crosslinked natural 
and synthetic positively and negatively charged polymers 
(polyelectrolytes). Exemplary disintegrants include 
crosslinked sodium carboxymethylcellulose, crosslinked 
sodium starch glycolate, and crosslinked polyvinylpyrroli 
done. 

[0026] Asuperporous hydrogel composite of the invention 
is suitably formed by combining at least one ethylenically 
unsaturated monomer, a multiole?nic crosslinking agent, 
particles of a disintegrant, and a bloWing agent. This admix 
ture is then subjected to polymeriZation and foaming con 
ditions to polymeriZe and crosslink the monomer, crosslink 
ing agent, and disintegrant, and to generate the superporous 
structure of the hydrogel composite. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] FIG. 1 illustrates the relative kinetics of gel for 
mation by crosslinking polymeriZation (solid line) and foam 
formation (dotted line). 

[0028] FIG. 2 depicts the effect of Ac-Di-Sol® on the 
mechanical properties of superporous hydrogel composites 
as represented by the ultimate compression pressure (UCP). 

[0029] FIG. 3 is an SEM photograph of a freeZe-dried 
hygrogel composite containing Ac-Di-Sol® ?bers, Wherein 
the Ac-Di-Sol® ?bers are bonded to the polymer matrix of 
the hydrogel via locally interpenetrating netWorks (IPNs). 
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The holloW lumen structure of the superporous hydrogel 
composite, Which facilitates capillary action, is clearly 
exhibited. 

[0030] FIG. 4 depicts the effect of Ac-Di-Sol® on the 
compression modulus (A) and sWelling ratio (B) of poly 
acrylamide hydrogel composite With the amount of Ac-Di 
Sol® expressed as a percent of the total Weight of dried 
hydrogel. 

[0031] FIG. 5 illustrates time-lapse gastric retention of a 
superporous hydrogel or composite. Small dried super 
porous hydrogel (A) quickly sWells in the stomach It is 
sloWly degraded in the stomach by mechanical or enZymatic 
degradation or both (C), and eventually emptied from the 
stomach A sWollen superporous hydrogel or super 
porous hydrogel composite remains in the stomach due to its 
large siZe. Gastric contraction (B-1QB-3) cannot empty the 
gel and it is bounced back into the body of the stomach (B-4 
and B-5) and this sequence is repeated. 

[0032] FIGS. 6A and 6B shoW X-ray photographs of a 
superporous hydrogel taken 27 hours (A) and 32 hours (B) 
after administration to a dog. The dog Was in the fed state for 
the ?rst six hours and in the fasted state thereafter. The 
superporous hydrogel remained intact in the stomach at least 
for 27 hours as shoWn by the three hydrogel pellet markers 
(#1-3). After 32 hours, one marker (#1) emptied into the 
intestine While the other tWo markers (#2-3) Were still in the 
stomach. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0033] A method of forming an instant hydrogel compos 
ite comprises combining at least one ethylenically-unsatur 
ated monomer, a multiole?nic crosslinking agent, and par 
ticles of a fast Water-absorbing material (a disintegrant) to 
form an admixture thereof. The admixture is then subjected 
to polymeriZation conditions to produce the hydrogel com 
posite. 

[0034] Amethod of forming an instant superporous hydro 
gel (SPH) composite comprises combining the aforemen 
tioned components of a hydrogel composite, as Well as a 
bloWing agent, in an admixture. Whenever an SPH com 
posite is desired, polymeriZation and foaming of the admix 
ture preferably are performed simultaneously. 

[0035] Preferably, the at least one ethylenically-unsatur 
ated monomer, a multiole?nic crosslinking agent, and par 
ticles of a disintegrant are combined to form a ?rst admix 
ture, prior to combining this admixture With the bloWing 
agent. 

[0036] Preferred ethylenically-unsaturated monomers for 
use in the invention are selected from (meth)acrylic acid, 
salts of (meth)acrylic acid, esters of (meth)acrylic acid, salts 
and acids of esters of (meth)acrylic acid, amides of (meth 
)acrylic acid, N-alkyl amides of (meth)acrylic acid, salts and 
acids of N-alkyl amides of (meth)acrylic acid, N-vinyl 
pyrrolidinone, acrylamide, acrylamide derivatives (e.g., 
N-n-propylacrylamide, N-isopropylacrylamide), methacry 
lamide, methacrylamide derivatives (e.g., N-cyclopropyl 
methacrylamide), and the like, and mixtures thereof. 

[0037] Particularly preferred monomers include acryla 
mide (AM), N-isopropylacrylamide (NIPAM), 2-hydroxy 
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ethyl methacrylate (HEMA), 2-hydroxypropyl methacrylate 
(HPMA), N-vinyl pyrrolidinone (VP), acrylic acid (AA), 
2-acrylamido-2-methyl-l-propanesulfonic acid (AMPS), 
3-sulfopropyl acrylate, potassium salt (SPAK), 2-(acryloy 
loxy)ethyltrimethyl-ammonium methyl sulfate (ATMS), 
inorganic salts thereof, and mixtures thereof. 

[0038] A multiole?nic crosslinking agent employed in the 
invention is a monomer or a polymer containing at least tWo 
vinyl groups. Preferred crosslinking agents include BIS, 
ethylene glycol di(meth)acrylate, piperaZine diacrylamide, 
glutaraldehyde, epichlorohydrin, and degradable crosslink 
ing agents including crosslinkers containing 1,2-diol struc 
tures (e.g., N,N‘-diallyltartardiamide), and functionaliZed 
peptides and proteins (e.g., albumin modi?ed With vinyl 
groups). 
[0039] Particles of a disintegrant used in the present 
invention are selected from crosslinked natural and synthetic 
polyelectrolytes, such as crosslinked sodium carboxymeth 
ylcellulose, crosslinked sodium starch glycolate, crosslinked 
sodium carboxymethyl starch, crosslinked dextran sulfate, 
crosslinked chitosan, crosslinked hyaluronic acid, 
crosslinked sodium alginate, crosslinked pectinic acid, 
crosslinked deoxyribonucleic acids, crosslinked ribonucleic 
acid, crosslinked gelatin, crosslinked albumin, polyacrolein 
potassium, sodium glycine carbonate, crosslinked poly 
(acrylic acid), crosslinked poly(styrene sulfonate), 
crosslinked poly(aspartic acid), crosslinked polylysine. 
Also, crosslinked neutral, hydrophilic polymer, such as 
crosslinked polyvinylpyrrolidone, crosslinked ultramy 
lopectin, crosslinked poly(ethylene glycol), crosslinked neu 
tral cellulose derivatives, microcrystalline cellulose, poW 
dered cellulose, cellulose ?ber, and crosslinked starch can be 
used. Non-crosslinked forms of the above-mentioned poly 
mers in particulate shapes, and porous, inorganic materials 
that provide Wicking by capillary forces can also be used. 

[0040] The ratio of crosslinking agent to monomer is 
preferably in the range of 0011100 to 10:100. The ratio of 
disintegrant to polymer is preferably in the range of 1:100 to 
1001100. 

[0041] Polymerization can be initiated photochemically, 
e.g., With a UV lamp, or chemically by combining the 
chemical initiator With the admixture prior to subjecting it to 
the polymeriZation and foaming conditions. 

[0042] It is generally preferred that a foam stabiliZing 
agent is combined With the admixture of monomer, 
crosslinking agent, and disintegrant, prior to subjecting the 
same to the polymeriZation and foaming conditions. 

[0043] Various foaming techniques can be employed, such 
as by introducing gas bubbles from an external gas source, 
and as discussed herein. HoWever, it is preferred to conduct 
the foaming by means of a bloWing agent dissolved or 
dispersed in the admixture of monomer, crosslinking agent, 
and disintegrant. A particularly preferred bloWing agent is 
sodium bicarbonate, NaHCO3, admixed With an acid, such 
as acrylic acid, to initiate decomposition of the NaHCO3 and 
produce gaseous bubbles of CO2. 

[0044] Suitable polymeriZation and foaming conditions as 
referred to herein include ambient pressure, and a tempera 
ture in the range of 5-90° C., more preferably ambient 
temperature. The time alloWed for suitable polymeriZation 
and foaming is conveniently in the range of 20 seconds to 60 
minutes. 
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[0045] Asuperporous hydrogel composite of the invention 
typically has an average pore siZe in the range of 10 pm to 
3,000 pm, more preferably, in the range of 50 pm to 1,000 
pm, and most preferably, in the range of 100 pm to 600 pm. 

[0046] Superporous hydrogels and composites thereof 
represent a neW kind of hydrogel having numerous large siZe 
pores inside them. Superporous hydrogels have numerous 
pores While conventional hydrogels shoW no pores through 
out the matrix even When inspected With scanning electron 
microscopy (SEM). The typical siZe of pores in superporous 
hydrogels is larger than 100 pm, usually in the range of 
several hundreds micrometers, and can be up to the milli 
meter range. Most of the pores inside the superporous 
hydrogel are connected to form an open channel system. The 
siZe and number of the pores can be controlled by adjusting 
the type and amount of surfactant and gas forming agent 
during crosslinking polymeriZation. Even after drying, the 
pores of the superporous hydrogels remain connected to 
each other to form capillary channels. Because of this, dried 
superporous hydrogels can sWell extremely fast upon con 
tact With Water and they can sWell to a very large siZe. 

[0047] It should be noted that superporous hydrogels have 
distinctly different properties compared to microporous and 
macroporous hydrogels. First, the siZe of pores in the 
superporous hydrogels can be made to range from as small 
as 10 pm to more than one millimeter, Which is much larger 
than the pores in the microporous or macroporous hydro 
gels. Second, in contrast to conventional microporous or 
macroporous hydrogels, Which contain a relatively small 
fraction of empty spaces, the superporous hydrogels can 
easily accommodate gas cells more than several hundred 
percent of the volume of the starting monomer mixtures. 
Third, pores in the superporous hydrogels remain connected 
even after drying, Which enables the dried hydrogels to sWell 
extremely fast. 

[0048] The porous hydrogels can be prepared in the pres 
ence of gas bubbles. For instance, the monomers can be 
polymeriZed or Water-soluble polymer chains can be 
crosslinked around gas bubbles generated by a bloWing 
agent. Gas bloWing technology has been Widely used in the 
preparation of plastic foams using materials such as poly 
urethanes, rubber, and polyvinylchloride (PVC). The key 
ingredient in the foaming process is a “bloWing agent” (or 
foaming agent) Which is de?ned as any substance or com 
bination of substances capable of producing a cellular struc 
ture Within a polymer matrix. Foaming agents are classi?ed 
as physical agents, Which expand When pressure is released, 
such as nitrogen and carbon dioxide, and chemical agents, 
Which decompose or react to form a gas, e.g., NaHCO3, 
Na2CO3, and CaCO3. 

I. Preparation of Superporous Hydrogels 

[0049] Recently, the gas bloWing technique Was used to 
prepare “superporous hydrogels”[Park, H. et al., 1994A; 
Park, H. et al., 1994B]. Because of the foaming technique 
used in the preparation of superporous hydrogels, they may 
also be called “hydrogel foams.” In the synthesis of super 
porous hydrogels by the gas bloWing technique, foaming 
and polymeriZation have to occur simultaneously, Which 
makes it important to control the timing for foaming and 
polymeriZation. In the study mentioned above, inorganic 
carbonates, such as sodium carbonate and sodium bicarbon 
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ate, Were used as a foaming agent. 3The present inventors 
have successfully used the gas blowing technique to make 
superporous hydrogels of polyacrylamide, poly(sodium 
acrylate), poly(2-hydroxyethyl methacrylate), poly(hydrox 
ypropyl methacrylate), poly(3-sulfopropyl acrylate, potas 
sium salt), poly(2-acrylamido-2-methyl-1-propanesulfonic 
acid), poly({2-(acryloyloxy)ethyl}trimethylammonium 
methyl sulfate), poly(N-isopropyl acrylamide), poly(N-vi 
nyl pyrrolidinone) (PVP), modi?ed sucrose, and gelatin. Of 
course, many other superporous hydrogels can be made by 
this method. The pore siZe of the superporous hydrogels 
prepared by the foaming technique is usually larger than 100 
pm, and it can easily reach the millimeter range. Usually, the 
pores are so large that they are visible With the unaided eye. 

[0050] As mentioned above, superporous hydrogels are 
prepared by crosslinking polymeriZation of monomers in the 
presence of gas bubbles. Thus, synthesis of superporous 
hydrogels requires bloWing agents and surfactants, in addi 
tion to the usual components for making hydrogels such as 
monomer, crosslinker, and chemical initiator. BloWing 
agents generate the gas bubbles and surfactants stabiliZe the 
generated foams by loWering the ?lm-air interfacial tension 
and increasing the ?lm viscosity [Hartley, F. D. et al., 1968]. 

[0051] There are tWo processes involved in the preparation 
of superporous hydrogels: polymeriZation and foaming. In 
order to make homogeneous superporous hydrogels, these 
tWo processes should occur about the same time. Thus, 
control of timing of the tWo processes is critical. To perma 
nently capture the gas bubbles in the polymer netWork, the 
gelling must occur When the foam is stabiliZed. Since the 
foaming process is relatively short and it is dif?cult to 
stabiliZe a foam longer than a feW minutes, gelling has to 
start Within a feW minutes after the beginning of foaming, 
e.g., the addition of NaHCO3 to the monomer mixture. 

[0052] Fast gelling can be achieved by careful choice of 
monomers (type and concentration), initiators (type and 
concentration), temperature, and solvent. Typically, Water 
soluble acrylates, methacrylates, and acrylamides gel very 
fast. Accordingly, it is preferred that superporous hydrogels 
are made from these monomers. In addition, high monomer 
concentration, proper type of initiator, high initiator concen 
tration, high temperature, and good solvent can all increase 
the polymeriZation rate. 

[0053] Gas bubbles can be formed by any gas bloWing 
method, either chemical or mechanical. In the present study, 
NaHCO3 is selected as a bloWing agent because of its unique 
advantages (as described beloW) that may not be provided 
by other techniques, such as thermal decomposition of 
chemical agent, mechanical Whipping, volatiliZation of loW 
boiling liquid, chemical reaction, expansion of dissolved gas 
upon pressure release, incorporation of microspheres into a 
polymer mass, and expansion of gas-?lled -beads by heating 
[Klempner, D. et al., 1991]. The amount of bloWing agent 
used controls the pore siZe and the porosity of superporous 
hydrogels. 

[0054] For large-scale production of superporous hydro 
gels, mechanical bloWing through one or more atomiZers 
may be a better choice than the chemical bloWing method. 
This is because it may not be desirable to complete a 
polymeriZation in a feW minutes since the heat generated 
during polymeriZation may not be dissipated quickly. Thus, 
a smaller amount of initiator may be used to delay the 
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gelling time (e.g., more than 10 minutes). Since mechanical 
bloWing can start at any time for any duration, the foaming 
process may begin at the desired time and foam height can 
be maintained as necessary. Accurate timing control is 
possible by mechanical bloWing in the large-scale produc 
tion of superporous hydrogels. 

[0055] A. Preparation of Superporous Hydrogels in Aque 
ous Solution 

[0056] All monomers and chemicals, unless otherWise 
speci?ed, Were obtained from Aldrich Chemical Company, 
Inc. (MilWaukee, WI). Superporous hydrogels are synthe 
siZed from various monomers, such as acrylic acid (AA), 
acrylamide (AM), hydroxypropyl methacrylate (HPMA) 
(Eastman Kodak Chemical Co.), N-isopropyl acrylamide 
(NIPAM), vinylpyrrolidone (VP), hydroxyethyl methacry 
late (HEMA), 3-sulfopropyl acrylate (potassium salt, 
SPAK), 2-acrylamido-2-methyl-1-propanesulfonic acid 
(AMPS), and {2-(acryloyloxy)ethyl}-trimethylammonium 
methyl sulfate (ATMS). To ensure fast gelling, the concen 
tration of monomers in aqueous solution Was above 10% in 
most cases. The molecular structures of selected monomers 
used in this study are shoWn in Table 1. 

TABLE 1 

Vinyl monomers used for making superporous hydrogels. 

Chemical name 

(and abbreviation) Monomer structure 

Acrylamide (AM) 0 

ug 
Z-hydroxyethyl O 
methacrylate (HEMA) 

\ /\/OH O 

2-hydroxypropyl 
methacrylate (HPMA) 

N-isopropylacrylamide 
(NIPAM) 

O 

\JLQ/Y 
OH 

N-vinyl pyrrolidinone (VP) & 
N O 

cH=cH2 

Acrylic acid O 

QLOH 
Sodium acrylate O 

a 
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TABLE l-continued 

Vinyl monomers used for making superporous hydrogels. 

Chemical name 

(and abbreviation) Monomer structure 

2-acrylamido-2-methyl-1- O 
propanesulfonic acid 

SO3H 
N 

(AMPS) \ 
H 

3-sulfopropyl acrylate, O 

potassium salt (SPAK) \JVL 
\ O/\/\SO3K 

2-(acryloyloxy)ethyl O 

trimethylammonium methyl \Jk \ / 
sulfate (ATMS) N+ 050 -CH 3 3 \ O/\/ \ 

[0057] The redox pair of ammonium persulfate (APS) and 
N,N,N‘,N‘-tetramethylethylenediamine (TEMED) (Bio-Rad; 
Richmond, CA) are preferably used as initiators, while 
N,N‘-methylene-bisacrylamide (BIS) is used as a cross 
linker. The amount of crosslinker is equivalent to 0.01% 
(w/w) to 10% (w/w) of the monomer. In most of the 
superporous hydrogel preparations, the cross-linker concen 
tration is equivalent to about 1% (w/w) of monomer. Too 
high cross-linker concentrations caused the swollen super 
porous hydrogels to become more brittle and to result in 
reduced swelling ratio. On the other hand, too low cross 
linker concentrations caused the superporous hydrogels to 
become more soft and fragile. The initiator concentration 
can signi?cantly affect the polymerization rate. Typically, 
the concentrations of APS and TEMED are about 2% (w/w) 
of monomer. Gelling usually starts within a few minutes 
after the addition of NaHCO3. 

[0058] Preferably, NaHCO3 (Mallinckrodt; Paris, KY) is 
used as a blowing agent in the presence of an acid (acrylic 
acid, HCl, citric acid, or acetic acid) for the preparation of 
superporous hydrogels because the NaHCO3-acid system 
exhibits advantages over other gas blowing techniques. It is 
safe, cheap, and easy to use. More importantly, it allows one 
to control the timing of bubble formation and the amount of 
gas introduced during the polymerization step. First, the 
monomer, crosslinker, acid, surfactant, and initiators are 
mixed. Then, NaHCO3 is added to generate the gas bubbles. 
The foam size is determined by the amount of released gas 
bubbles which, in turn, is determined by the amount of acid 
and NaHCO3. 

[0059] As shown in FIG. 1, two processes are involved in 
the superporous hydrogel preparation. The solid line A-B-C 
represents the polymerization process, and the dotted line 
D-E-F represents the foaming process. When APS/TEMED 
are used as initiators, the polymerization rate is pH-depen 
dent. The optimal pH for the initiators is 7-8. Under this pH 
range, the polymerization proceeds rapidly after the addition 
of initiator, and gelling can start usually after 1-2 minutes. 
If foaming starts too late, the solution can become too 
viscous for good mixing, and it results in a non-homoge 
neous porous hydrogel. 
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[0060] To make a homogeneous superporous hydrogel, the 
time for the addition of the foaming agent must be carefully 
controlled over a very narrow viscosity range. Usually, this 
timing control is dif?cult. However, when acid and NaHCO3 
are used as the foaming agents, they provide a special trigger 
system that makes the timing control very easy. 

[0061] In the beginning of polymerization (point A), all 
the ingredients for polymerization, except NaHCO3, are 
mixed. The presence of acid lowers the pH to an acidic level 
(pH 5-6). Therefore, the TEMED-catalyzed free radical 
generation is inhibited because TEMED is protonated under 
this pH. This results in a very slow polymerization (AQB). 
At point D, NaHCO3 is added, which reacts with the acid 
and starts the foaming process (DQE). In the meantime, the 
pH of the solution rises to a pH above the neutral level (i.e., 
pH 7-8) due to the neutralizing effect of NaHCO3. At this 
pH, TEMED (in the free base form) can catalyze free radical 
generation from ammonium persulfate and start the accel 
erated polymerization [Gordon, A. H., 1971]. 

[0062] The gelation proceeds rapidly (B—>C) and is com 
pleted at point C. Here, NaHCO3 acts as a trigger for 
polymerization so that the foaming and polymerization can 
proceed in parallel. Therefore, no special timing control is 
needed. From E to F, the foam stays at its maximum size in 
the presence of foam stabilizers. After point F, the foam 
subsides (if gelling does not occur). To make a good 
superporous hydrogel, the gelling should start when the 
foam is maintained in its maximum size. In other words, 
point C should be between points E and F. Accordingly, in 
the present method, gelling typically occurs 1-2 minutes 
after the addition of NaHCO3 so that the foam is stabilized 
until gelling is started. An excess amount of NaHCO3 should 
be used to ensure that the ?nal pH is above neutral, and to 
control the foam volume by the amount of acid. 

[0063] In general, the polymerization process is slow and 
the duration of maximum foaming (E—>F) is short. Preferred 
monomers used in the synthesis of superporous hydrogels 
are acrylates and their derivatives, because they have a 
relatively fast polymerization rate. The APS/TEMED sys 
tem used in this study initiated the gelling of these mono 
mers within a few minutes. To prolong maximum foaming 
during the gelling process, various foam stabilizers are 
preferably used. 

[0064] A good foam stabilizer should be able to stabilize 
the foam until the beginning of the gelling process. More 
than thirty different kinds of surfactants have been exam 
ined, such as Triton® surfactants, Tween and Span surfac 
tants, Pluronic® surfactants (poly(ethylene oxide)-poly(pro 
pylene oxide)-poly(ethylene oxide) tri-block copolymers) 
(BASF), Silwet® surfactants (OSi Specialties Inc.), sodium 
dodecyl sulfate (Bio-Rad Laboratories), albumin (Sigma 
Chemical Company), and gelatin. Of these, Pluronic® F127 
(PF127) showed the best foam stabilizing j0o property for 
most of the hydrophilic monomers used in the superporous 
hydrogel preparation. PF127 sustained the foam for the 
longest period of time. For relatively hydrophobic mono 
mers, such as NIPAM or HPMA, PF127 alone did not 
provide good foam stabilizing effect. However, a combina 
tion of PF127, Pluronic® P105 (PP105), and Silwet® 7605 
(SL7605) provided a satisfactory foam stabilizing effect. 
SL7605 is a polyalkyleneoxide-modi?ed polydimethylsilox 
ane surfactant. It was observed that too little surfactant could 
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not provide enough foam stabilizing effect, but excess 
surfactant above a certain level did not result in better foam 
stabilizing effect. Surfactant concentrations at 0.5% (W/v) of 
the total solution Were found to be adequate. 

[0065] Proteins do not have a vinyl group, so their poly 
meriZation cannot be catalyZed by a chemical initiator. 
HoWever, proteins have free amine groups Which can be 
crosslinked by glutaraldehyde. Therefore, superporous pro 
tein hydrogels can still be made by the gas bloWing method. 
Superporous gelatin hydrogels Were made as an example 
(Example 14). 
[0066] B. Preparation of Superporous Hydrogels in 
Organic Solvents 

[0067] Relatively hydrophobic monomers such as 2-hy 
droxypropyl methacrylate (HPMA) and some of the modi 
?ed sucrose monomers [Chen, J., 1997] do not dissolve in 
aqueous solution. Therefore, organic solvents need to be 
used to make their superporous hydrogels. Dimethyl sulfox 
ide (DMSO) (Fisher Scienti?c) can be used to make super 
porous hydrogels from modi?ed sucrose monomers, and 
isopropanol can be used for making PHPMA superporous 
hydrogel. A proper solvent should accommodate the solu 
bility of monomer, crosslinker, foaming agent, foam stabi 
liZer, and initiator. BIS crosslinker is soluble in both iso 
propanol and DMSO. In DMSO, NaHCO3 does not generate 
gas bubbles When mixed With acrylic acid, acetic acid, HCl, 
or citric acid. HoWever, NaHCO3 becomes a good gas 
foaming agent in DMSO or isopropanol When mixed With 
p-tolunenesulfonic acid, a strong organic acid. 

[0068] As mentioned above, PF127 is an excellent foam 
stabiliZer for most of the hydrophilic monomers in aqueous 
solution. For relatively hydrophobic monomers or in organic 
solvent, PF127 alone did not provide a good foam stabiliZing 
effect. HoWever, a proper combination of PF127, PP105, and 
SL7605 provides a satisfactory foam stabiliZing effect. As 
discussed in Example 15, the APS/TEMED system Was used 
as the initiators. HoWever, a series of am initiators (Wako 
Chemical Co.) having different decomposition rates and 
different solubilities in organic solvent Were found to be 
better candidates than APS/TEMED for the preparation of 
hydrophobic superporous hydrogels in organic solvent. 

[0069] Not all of the hydrophobic superporous hydrogels 
shoWed signi?cant sWelling in Water as expected. They are 
most suitable for improving the mechanical strength of the 
hydrophilic superporous hydrogels by making interpenetrat 
ing netWorks. Hydrophobic monomers can also be mixed 
With hydrophilic monomers before synthesiZing the super 
porous hydrogels to make copolymers. 

[0070] The folloWing examples illustrate, but do not limit, 
the present invention. 

EXAMPLES 

Example 1 

[0071] Polyacrylamide (PAM) Superoprous Hydrogel 
[0072] The folloWing components Were added sequen 
tially to a test tube (20 mm outer diameter><150 mm in 
length): 1000 pl of 50% AM; 200 pl of 2.5% BIS; 460 pl of 
distilled deioniZed Water (DDW); 100 pl of 10% Pluronic® 
F127; 25 pl of AA; 40 pl of 20% APS; and 40 pl of 20% 
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TEMED. The test tube Was shaken to mix the solution after 
each ingredient Was added. Finally, 90 mg of NaHCO3 
poWder Was added and vigorously stirred using a spatula for 
5-10 seconds to accelerate foaming and to evenly distribute 
the gas bubbles. The gelling started Within 1-2 minutes of 
adding NaHCO3. 

Example 2 

[0073] Poly(sodium acrylate-co-acrylic acid) Superporous 
Hydrogel 
[0074] The monomer solution Was prepared by partially 
neutraliZing acrylic acid With NaOH solution to make a ?nal 
pH of 6 and the ?nal monomer solution equivalent to 6 M 
of total acrylic acid and acrylate. 

[0075] The folloWing components Were added sequen 
tially to a test tube (20 mm outer diameter><150 mm in 
length): 1000 pl of monomer solution; 200 pl of 2.5% BIS; 
460 pl of distilled Water; 100 pl of 10% Pluronic® F127; 25 
pl ofAA; 40 pl of 20% APS; and 40 pl of 20% TEMED. The 
test tube Was shaken to mix the solution after each ingredient 
Was added. Finally 90 mg of NaHCO3 Was added, and the 
Whole solution Was stirred vigorously using a spatula for 
5-10 seconds to accelerate foaming and to evenly distribute 
the gas bubbles. The gelling started Within 1-2 minutes. 

Example 3 

[0076] Poly(2-hydroxyethyl methacrylate) (PHEMA) 
Superporous Hydrogel 
[0077] Because hydroxyethyl methacrylate (HEMA) has a 
sloWer polymeriZation rate than those acrylate monomers 
used in Examples 1 and 2, a higher temperature (63° C.) Was 
used to promote the polymeriZation rate. 700 pl of HEMA, 
100 pl of 2.5% BIS, and 100 pl of 10% Pluronic® F127 Were 
added to a test tube (13 mm diameter><100 mm length), and 
the Whole solution Was Warmed to 63° C. To this solution 
Were added 50 pl of 20% APS and 50 pl of 20% TEMED. 
After maintaining the temperature at 63° C. for 80 sec, 80 
mg of NaHCO3 Was added and vigorously stirred using a 
spatula for 5 -10 seconds to accelerate foaming and to evenly 
distribute the gas bubbles. Gelling started Within 1-2 min 
utes of adding NaHCO3. 

[0078] In this formulation, no acid Was added. Gas 
bubbles Were generated When NaHCO3 Was added after the 
monomer mixture had reacted for 80 seconds at 63° C. Early 
addition of NaHCO3 did not generate gas bubbles. The 
reason for this is not clear. One possible reason is that gas 
bubbles Were generated by the decomposition of NaHCO3 
from the heat of polymeriZation. If the addition of NaHCO3 
Was too late, the viscosity of the solution became too high 
for a good mixing. The result Was a non-uniform super 
porous hydrogel With loW porosity. When NaHCO3 Was 
added after the start of gelling, no foam Was generated at all. 

Example 4 

[0079] Poly(3-sulfopropyl acrylate, 
(PSPAK) Superporous Hydrogel 

potassium salt) 

[0080] The folloWing components Were added sequen 
tially to a test tube (13 mm outer diameter><100 mm length): 
1000 pl of 30% SPAK; 40 pl of 2.5% BIS; 50 pl of 10% 
Pluronic® F127; 25 pl of AA; 20 pl of 20% APS; and 20 pl 
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of 20% TEMED. The test tube Was shaken to mix the 
solution after each ingredient Was added. Finally 90 mg of 
NaHCO3 Was added, and the Whole solution Was stirred 
vigorously using a spatula for 5-10 seconds to accelerate 
foaming and evenly distribute the gas bubbles. PSPAK is a 
strong anionic polymer (polyelectrolyte), and is charged 
even under acidic pH. 

Example 5 

[0081] Poly{2-(acryloyloxy)ethyl trimethylammonium 
methyl sulfate} (PATMS) Superporous Hydrogel 
[0082] The folloWing components Were added sequen 
tially to a test tube (13 mm outer diameter><100 mm length): 
1000 pl of 30% ATMS; 40 pl of 2.5% BIS; 50 pl of 10% 
Pluronic® F127; 25 pl of AA; 20 pl of 20% APS; and 20 pl 
of 20% TEMED. The test tube Was shaken to mix the 
solution after each ingredient Was added. Finally 90 mg of 
NaHCO3 Was added, and the Whole solution Was stirred 
vigorously using a spatula for 5-10 seconds to accelerate 
foaming and to evenly distribute the gas bubbles. 

Example 6 

[0083] Poly(2-acrylamido-2-methyl-1-propanesulfonic 
acid) (PAMPS) Superporous Hydrogel 
[0084] The monomer solution Was prepared by partially 
neutraliZing AMPS With NaOH solution to make a ?nal pH 
of 5 and the ?nal monomer solution at 30% (W/W). 

[0085] The following components Were added sequen 
tially to a test tube (13 mm outer diameter><100 mm length): 
1000 pl of partially neutraliZed monomer solution; 40 pl of 
2.5% BIS; 50 pl of 10% Pluronic® F127; 25 pl of AA; 20 
pl of 20% APS; and 20 pl of 20% TEMED. The test tube Was 
shaken to mix the solution after each ingredient Was added. 
Finally 90 mg of NaHCO3 Was added, and the solution Was 
stirred vigorously using a spatula for 5-10 seconds to 
accelerate foaming and to evenly distribute the gas bubbles. 

Example 7 

[0086] Poly(N-vinyl pyrrolidinone) (PVP) Superporous 
Hydrogel 
[0087] The polymeriZation rate of 1-vinyl-2-pyrrolidinone 
(VP) is sloWer than that of acrylate or methacrylate mono 
mer. The APS/TEMED initiators Were not effective in ini 
tiating polymeriZation of VP monomer even at 60° C. for 
several hours. It Was observed, hoWever, that V545 (a 
Water-soluble aZo-initiator from Wako Pure Chemical Indus 
tries, LTD, Japan.) initiated polymeriZation of VP monomer 
in less than a minute at 60° C. in aqueous solution. Since fast 
gelling Was required for the superporous hydrogel prepara 
tion, V545 Was used as the initiator in the PVP superporous 
hydrogel preparation. 
[0088] The folloWing components Were added sequen 
tially to a test tube (13 mm outer diameter><100 mm length): 
500 pl of VP; 200 pl of 2.5% BIS; 100 pl of Water; 50 pl of 
10% Pluronic® F127; and 20 pl of AA. The test tube Was 
shaken to mix the solution after each ingredient Was added. 
After Warming in a 85° C. Water bath for 2 min, 50 pl of 
freshly made 10% aqueous V545 solution Was added and 
mixed again. Immediately, 20 mg of NaHCO3 Was added 
and the Whole solution Was stirred vigorously using a spatula 

Nov. 8, 2001 

for 5-10 seconds to evenly distribute the gas bubbles. The 
solution Was kept at 85° C. for 5 minutes. 

[0089] At 85° C., the polymeriZation of VP proceeded 
very fast, and the gelling started Within 1 minute after the 
addition of V545. Unlike the redox APS/TEMED initiators 
used in Examples 1-6, the radical generation in this formu 
lation Was based on the thermo-decomposition of V545. 
Thus, the polymeriZation Was not a pH dependent process. 
Since the trigger system provided by acid/NaHCO3 did not 
exist in this formula, more accurate timing control Was 
required to make PVP superporous hydrogels. NaHCO3 
should be added right after the addition of V545. Since the 
polymeriZation initiated by V545 is not pH dependent, it can 
be used to make superporous hydrogels directly from acidic 
monomers (Without neutraliZation). 

Example 8 

[0090] Poly(acrylic acid) (PAA) Superporous Hydrogel 
[0091] In Example 2, to make superporous hydrogels from 
acrylic acid, the acidic monomer, acrylic acid, had to be 
neutraliZed ?rst. OtherWise, the pH of the monomer solution 
Would be too loW, and thus the polymeriZation rate Would be 
too sloW When APS/TEMED Were used as initiators. HoW 
ever, since V545 can initiate the polymeriZation even at an 
acidic condition, PAA superporous hydrogels can be made 
Without the neutraliZation step. 

[0092] The folloWing components Were added sequen 
tially to a test tube (13 mm outer diameter><100 mm length): 
500 pl of AA; 200 pl of 2.5% BIS; 500 pl of Water; 100 pl 
of 10% Pluronic® F127. The test tube Was shaken to mix the 
solution after each ingredient Was added. After Warming in 
a 85° C. Water bath for 2 min, 100 pl of 10% V545 Was 
added and mixed again. Within 15 seconds after the addition 
of V545, 15 mg of NaHCO3 Was added and the Whole 
solution Was stirred vigorously using a spatula for 5-10 
seconds to evenly distribute the gas bubbles. The solution 
Was kept at room temperature for 5 minutes. 

Example 9 

[0093] Poly(acrylic acid-co-acrylamide) poly(AA-co 
Superporous Hydrogel 

[0094] The monomer mixture Was prepared by adding 13 
ml ofAA, 9.6 g of AM, 5.81 ml of 2.5% BIS, approximately 
6 g of NaOH (to adjust the ?nal pH to about 5.1) and Water 
to make the ?nal volume of 100 ml. 

[0095] The superporous hydrogels Were prepared in a 
plastic test tube (17 mm in diameter><100 mm in length) by 
mixing 1.5 ml of monomers, 100 pl of 10% PF127, 50 pl of 
20% APS, 50 pl of 20% TEMED, and Water (to make the 
?nal volume of 2 ml). The test tube Was shaken to mix the 
solution after each ingredient Was added. Finally 120 mg of 
NaHCO3 Was added, and the Whole solution Was vigorously 
stirred using a spatula for 10 seconds to accelerate foaming 
and to evenly distribute the gas bubbles. The superporous 
hydrogel Was then cured at room temperature for 10 min. 
The ?nal monomer concentration in this preparation Was 
about 17.4% (W/v) and the BIS concentration Was 0.3 mol % 
of the total monomers. The foam heights in the test tubes (17 
mm outer diameter) right after gelling ranged from 6.5 cm 
to 7 cm. 
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Example 10 

[0096] Poly(AM-co-SPAK)-(Ac-Di-Sol®) Superporous 
Hydrogel Composites 
[0097] Poly(AM-co-SPAK) superporous hydrogel Was 
prepared in a glass test tube (outer diameter of 22 mm, inner 
diameter of 19 mm, and height of 175 The following 
components Were added sequentially to the test tube: 1,200 
pl of 50% acrylamide 900 pl of 50% 3-sulfopropyl 
acrylate potassium salt (SPAK); 450 pl of 2.5% BIS; 90 pl 
of 10% Pluronic® F127; 30 pl of 50% (v/v) acrylic acid; 45 
pl of 20% ammonium persulfate. The test tube Was shaken 
to mix the solution after each ingredient Was added. Then 
270 mg Ac-Di-Sol® poWder Was added to the mixture and 
stirred using a spatula to mix them. After this, 45 pl of 20% 
TEMED Was added to the mixture and the test tube Was 
shaken again -T to mix it. Finally, 100 mg of NaHCO3 
poWder Was added and the mixture Was immediately stirred 
vigorously using a spatula for 10 sec. The superporous 
hydrogel Was-cured at room temperature for 10 min. Then 
the superporous hydrogel Was retrieved (pinched) from the 
test tube using tWo spatulas, and Washed in 1 liter beaker 
containing 400 ml simulated gastric ?uid (SGF, pH 1.2 
based on USP) for 24 h. This step Was called acidi?cation. 
After this, the superporous hydrogel Was dried at room 
temperature for 5 days. 

[0098] The total amount of acid used in Example 10 is 
very small compared With that used in other examples, and 
thus the total amount of gas bubbles generated Were also 
small. Since it is desirable to have superporous hydrogels 
With a Well-connected and uniformly-distributed intercellu 
lar capillary channel system (Which is essential for fast 
sWelling), the limited amount of gas bubbles needs to be 
Well preserved during the preparation. To examine the foam 
stabiliZing effect of Ac-Di-Sol®, four types of superporous 
hydrogels Were prepared based on Example 10: (A) in the 
absence of Pluronic® F127; (B) in the absence of Ac-Di 
Sol®; (C) in the presence of both PluronicO F127 and 
Ac-Di-Sol®; (d) in the absence of Ac-Di-Sol® but With tWo 
times more acrylic acid (i.e., 60 pl instead of 30 pl of 
50% Only sample (C) had a high sWelling rate and 
good mechanical strength, indicating the presence of the 
interconnected pores. SEM pictures shoWed interconnected 
pores in Sample This study clearly shoWs that Ac-Di 
Sol® is important in making interconnected channels in 
superporous hydrogels Whenever a small amount of bloWing 
agent is employed. 

Example 11 

[0099] Poly(N-isopropyl acrylamide-co-acrylamide) 
(poly(NIPAM-co-AM)) Superporous Hydrogels 

[0100] Three types of poly(NIPAM-co-AM) superporous 
hydrogels Were synthesiZed. The molar ratios of NIPAM to 
AM in these superporous hydrogels Were 9:1, 8:2, and 7:3, 
and the superporous hydrogels Were labeled for convenience 
as N90, N80, and N70, respectively. The superporous hydro 
gels Were prepared in a glass test tube (20 mm in diameter>< 
150 mm in length). The total monomer concentration Was 
1.34 M, and the total solution Was 1.66 ml. The ratio of BIS 
crosslinker to total monomer Was 1 mol %. 

[0101] Monomers, crosslinker (3.43 mg of BIS), foam 
stabiliZers, 6 N HC1 (50 pl), and initiators (10 mg each of 
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APS and TEMED) Were added and mixed sequentially in a 
test tube. NaHCO3 (60 mg) Was added last, and the mixture 
Was vigorously stirred using a spatula to accelerate foaming 
and to evenly distribute the gas bubbles. 

[0102] In one sample, both PF127 (10 mg) and Sil 
Wet®7605 (SL7605) (3 mg) Were used as foam stabiliZers. 
SL7605 Was ?rst dissolved in dimethyl sulfoxide to make a 
10% solution. When only one surfactant, either PF127 or 
SL7605, Was used for the sample, the foam did not last long 
enough to make a uniform hydrogel foam. In other samples, 
hoWever, only 10 mg of PF127 Was used as the foam 
stabiliZer, since PF127 alone stabiliZed the foam quite Well 
due to the increased hydrophilicity of the higher amount of 
AM. 

Example 12 

[0103] Poly(AA-co-AM)-(Ac-Di-Sol®) 
Hydrogel Composites 

Superporous 

[0104] Superporous hydrogels containing Ac-Di-Sole 
Were made by adding Ac-Di-Sol® to the formulation in 
Example 9. Before the addition of TEMED, 50-200 mg of 
Ac-Di-SolO poWder Was added to the solution and the 
mixture Was stirred using a spatula to evenly distribute 
Ac-Di-Sol®. The Ac-Di-Sol® sWelled in the solution and 
made the solution viscous. After TEMED and NaHCO3 Were 
added, the mixture Was stirred vigorously using a spatula for 
10 seconds to accelerate foaming and to evenly distribute 
Ac-Di-Sol® and the gas bubbles. 

Example 13 

[0105] PAM—Primolel® Superporous Hydrogel Com 
posite 

[0106] To make superporous hydrogels containing Pri 
mojel®, the folloWing components Were added sequentially 
to a glass test tube (20 mm outer diameter><150 mm length): 
600 pl of 50% AM; 120 pl of 2.5% BIS; 100 mg Primojel®; 
240 pl of 10% Pluronic® F127; 700 pl of DDW; 100 pl of 
6N HCl; 70 pl of 20% APS; and 70 pl of 20% TEMED. The 
test tube Was stirred using a spatula to mix the solution after 
each ingredient Was added. Finally 100 mg of NaHCO3 Was 
added, and the Whole solution Was stirred vigorously using 
a spatula for 5-10 seconds to accelerate foaming and to 
evenly distribute the gas bubbles. 

Example 14 

[0107] Gelatin Superporous Hydrogel 

[0108] The folloWing components Were added to a test 
tube (13 mm outer diameter><100 mm length): 1 ml of 10% 
gelatin; 50 pl of 15% MgCl2; 20 pl of 50% (v/v) AA. After 
the mixture Was Warmed to 85° C., 40 pl of 6% glutaralde 
hyde and a suspension containing 15 mg of NaHCO3 Were 
added, and the Whole solution Was stirred vigorously using 
a spatula for 5-10 seconds and left at 85° C. for 10 min. 

[0109] For the preparation of gelatin superporous hydro 
gels, glutaraldehyde Was used as a cross-linker. MgCl2 Was 
the catalyst for polymeriZation. Gelatin concentration higher 
than 10% is not recommended because the viscosity 
becomes too high for good mixing. Since the crosslinking 
reaction Was too sloW at room temperature, 85° C. Was used 
to accelerate the crosslinking reaction. No-surfactant Was 
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needed because the gelatin itself acted as a surfactant in this 
formulation. NaHCO3 (15 mg) Was ?rst mixed With 15 pl of 
Water to make a suspension before it Was added to the 
solution. This Was because NaHCO3 in the suspension state 
could be mixed faster in the solution than NaHCO3 in the dry 
state. Unlike the superporous hydrogels made from the 
acrylate monomers, the gelatin foam collapsed after it Was 
cured. 

Example 15 

[0110] Poly(2-hydroxypropyl methacrylate) (PHPMA) 
Superporous Hydrogel 

[0111] The folloWing components Were added sequentially 
to a test tube (13 mm outer diameter><100 mm in length): 500 
pl of HPMA; 200 pl of 10% BIS (in DMSO); 90 pl of 10% 
SilWet® L7605 (in DMSO); and 30 pl of 5% Pluronic® 
P105 (in DMSO). The test tube Was shaken to mix the 
solution after each ingredient Was added. After Warming in 
a 80° C. Water bath, 180 pl of 10% APS (in Water) and 90 
pl of 10% TEMED (in Water) Were added and mixed again. 
After 30 seconds at 80° C., 30 mg of NaHCO3 Was added 
and the Whole solution Was stirred vigorously using a spatula 
for 5-10 sec. In the above formulation, 500 pl of HPMA can 
be replaced With 500 pl of 50% HPMA in isopropanol. 

[0112] In the above experiments, no acid Was added. Gas 
bubbles Were generated When NaHCO3 Was added after the 
monomer mixture had reacted for 30 seconds at 80° C. 
Addition of NaHCO3 prior to 30 seconds did not generate 
gas bubbles. The reason for this is not clear, but one possible 
reason is that the gas bubbles Were generated With the 
decomposition of NaHCO3 by the heat of the polymeriZa 
tion. The combination of the tWo foam stabiliZers Was 
important, since any one of them alone did not provide a 
good foam stabiliZing effect. 

Example 16 

[0113] Superporous Hydrogels With Mucin Coating on the 
Surface 

[0114] Another important property of the superporous 
hydrogels useful in many applications is slipperiness of the 
surface. The surface of superporous hydrogels Was modi?ed 
With mucin (Sigma Chemical Company, type II, crude, from 
porcine stomach) to increase the surface slipperiness. 

[0115] The superporous hydrogels prepared in Example 
10 (poly(AM-co-SPAK) superporous hydrogels) Were acidi 
?ed and dried. The rough side (i.e., the side that did not face 
the glass test tube during synthesis) Was trimmed using a 
raZor blade to remove the rough surface. The superporous 
hydrogels Were then coated With 10% mucin solution 
(Sigma Chemical Company, type II, crude) using a cotton 
sWab. The coated superporous hydrogels Were heated in a 
130° C. oven for 40 min. The coating and heating processes 
Were repeated tWice more. Heating albumin emulsion at 
100-160° C. has been used to make crosslinked albumin 
microspheres [Arshady, R., 1990]. At high temperature, 
protein forms crosslinked netWorks. Mucin crosslinked on 
the surface of the superporous hydrogels at 130° C. to 
provide a slippery surface property. The slipperiness Was 
retained even after the coated superporous hydrogels Were 
Washed in simulated gastric ?uid (SGF) for more than tWo 
days. On the other hand, if the mucin-coated superporous 
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hydrogels Were not heated but dried at room temperature, the 
slipperiness Was maintained for only one hour because the 
surface mucin Was not crosslinked and Was dissolved in 
SGF. 

II. SWelling Properties of Superporous Hydrogels 

[0116] A. Fast SWelling of Superporous Hydrogels 

[0117] According to the kinetics of the sWelling of a gel 
[Tanaka, T. et al., 1979], the characteristic time of sWelling 
(T) is proportional to the square of the characteristic length 
of the gel (L) and is inversely proportional to the diffusion 
coef?cient of the gel netWork in the solvent (D) as folloWs: 

[0118] The characteristic length for a spherical hydrogel is 
the radius, and for a hydrogel sheet is the thickness. The 
diffusion coef?cient of hydrogel netWorks is on the order of 
10-7 cm2/sec [Kabra, B. G. et al., 1994; Tanaka, T. et al., 
1979]. A 1 mm-thick gel slab With a diffusion coef?cient of 
10-7 cm2/sec Will take over an hour to reach 50% of the 
equilibrium sWelling and more than six hours to reach 90% 
of equilibrium [Gehrke, S. H. et al., 1993]. This is far too 
sloW for the gels to be used in practical applications, such as 
superabsorbents in baby diapers. To make fast sWelling 
superabsorbent polymers (SAPs), submillimeter siZe gels in 
a poWder form are commonly used in industry. The restric 
tion on the siZe of the gels limits useful application of the 
SAP, and certainly SAP With a larger dimension Would be 
highly desirable [Knack, I. et al., 1991]. 

[0119] The total sWelling time for a dried superporous 
hydrogel in aqueous solution is determined by tWo factors: 
t1 and t2. t1 is the time for Water to reach all the surface of 
the pores in the superporous hydrogels. It is determined by 
the effectiveness of the capillary action in a superporous 
hydrogel. t2 is the actual sWelling time of the polymer matrix 
Which is determined by the thicknesses of the cell Walls and 
struts. Because the thicknesses of the cell Wall and strut of 
superporous hydrogels are very thin, ranging from less than 
a micrometer to tens of micrometers, they have a very short 
characteristic sWelling time. For superporous hydrogels, t2 is 
comparable to that of an ultra-thin hydrogel ?lm. The 
capillary action is mainly determined by the availability of 
capillary channels and the Wettability of the channels. Vari 
ous approaches have been attempted to maintain good 
capillary action (i.e., to decrease t1) by maintaining open 
intercellular channels and good surface Wettability. 

[0120] B. Density and SWelling Ratio Measurement 

[0121] As described in Example 9, partially neutraliZed 
acrylic acid and acrylamide Were used as 
monomers. The degree of neutraliZation of AA by NaOH 
Was 70% to 100%. The molar ratio of AA to AM Was 5:4. 
BIS Was used as a crosslinker and its concentration Was 0.3 
molo of the total monomer. These numbers Were chosen 
according to one formula used in the diaper industry 
[Takeda, H. et al., 1985]. The ?nal monomer concentration 
in this preparation Was about 17.4% (W/v) and the BIS 
concentration Was 0.3 mol % of the total monomers. 

[0122] After the superporous hydrogels Were prepared, 
they Were treated by different processes. The effects of these 
processes on the density, sWelling ratio, and sWelling time of 
superporous hydrogels Were studied. In addition, effects of 
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different additives on the swelling properties of superporous 
hydrogels Were examined. These data are given in Table 2. 

[0123] The density (d) of the dried superporous hydrogels 
Was calculated by: d=Wd/Vd, Where Wd is the Weight of a 
dried superporous hydrogel and Vd is the volume of the dried 
superporous hydrogel. Since some of the dried superporous 
hydrogels lost their cylindrical shape after drying, direct 
measurement of their volumes was difficult. Vd Was deter 
mined by a solvent displacing method. Brie?y, a dried 
superporous hydrogel Was forced to submerge underneath 
the surface of heXane in a graduate cylinder using tWeeZers 
and then Was quickly removed from heXane. The volume 
change read from the graduate cylinder before and after the 
removal Was the volume of the dried superporous hydrogel. 
The accuracy of this method is about the same as using a 
ruler to measure the diameter and length of a regularly 
shaped superporous hydrogel. HeXane Was used because it 
Was very hydrophobic so that the superporous hydrogels did 
not sWell and absorb the solvent. 

[0124] For the sWelling study, deioniZed distilled Water 
(DDW) Was used as the sWelling medium. Each superporous 
hydrogel Was cut into a disk shape With the diameter about 
tWice as much as the height (for instance, Sample #4 in Table 
2 had a diameter of 0.8 cm and height of 0.4 cm and Weight 
ranging from 50 mg to 65 mg). Since superporous hydrogels 
became too fragile to handle after being sWollen, the sWell 
ing ratio Q Was determined by the sieve method. 

[0125] The sWelling ratio, Q, is de?ned as: 

Q=(Ws_ Wd)/Wd 

[0126] Where WS is the Weight of the sWollen superporous 
hydrogel and Wd is the Weight of the dried superporous 
hydrogel. A superporous hydrogel Was placed on a sieve 
Weighing boat. The sieve Weighing boat containing the 
superporous hydrogel Was immersed in distilled, deioniZing 
Water (DDW) to let the superporous hydrogel sWell to 
equilibrium. To measure Q, the boat Was taken out to drain 
the free Water from the sieve and a paper toWel Was used to 
remove eXcess Water from underneath the sieve. Then the 
Weight of the sWollen superporous hydrogel Was measured 
by subtracting the boat Weight from the Whole Weight. This 
method avoided direct handling of the fragile superporous 
hydrogels. 

[0127] The sWelling time is the time for a superporous 
hydrogel to reach the equilibrium sWollen state When placed 
in the sWelling medium, DDW. 

[0128] C. Comparison of Non-porous Hydrogels and 
Superporous Hydrogels 

[0129] Non-porous hydrogels (Sample #1 in Table 2) Were 
prepared by the same formula used for superporous hydrogel 
preparation eXcept no PF127 and NaHCO3 Were added. 
Sample #2 Was prepared based on the formula described in 
Example 9. After polymeriZation, superporous hydrogels 
Were retrieved using a spatula from the test tube and dried 
in a 55° C. oven for a day. In Sample #3, the retrieved 
superporous hydrogels Were alloWed to sWell in DDW to 
equilibrium and Washed several times in DDW. Then the 
Washed superporous hydrogels Were dried in a 55° C. oven 
for a day. This step removed the Water-soluble components 
remaining in the superporous hydrogels such as foam sta 
biliZer PF127. The absence of such Water-soluble compo 
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nents is eXpected to affect the eXtent of collapse of the 
superporous hydrogels during drying due to the increased 
surface tension to that of pure Water. 

[0130] Due to the porous structures, Samples #2 and #3 
had density of 0.76 and 0.80 g/cm3, respectively, Which Were 
smaller than that of the non-porous gels (1.30 g/cm3). 
Samples #2 and #3 also had higher sWelling ratios (Q=328 
and 307, respectively) than that of the non-porous hydrogel 
(Q=173). Again, this Was due to the porous structures of 
superporous hydrogels. Water could be held in the open 
pores so that the overall Water absorbency Was higher for the 
superporous hydrogels. Samples #2 and #3 sWelled much 
faster (31 min and 51 min, respectively) than the non-porous 
hydrogels (720 min). Sample #3 had a longer sWelling time 
than Sample #2, possibly because of Wettability differences 
in Samples #2 and #3. Since Sample #2 Was not Washed, 
there Were Water soluble ingredients, such as PF127, left on 
the surface of the superporous hydrogels. These ingredients 
might have changed the Wettaiility so that Sample #2 
sWelled faster than Sample #3. 

[0131] Although the superporous hydrogels in Samples #2 
and #3 sWelled much faster than conventional, non-porous 
hydrogels, their sWelling time Was still far sloWer than 
eXpected. The time-limiting step for the sWelling of these 
superporous hydrogels Was found to be the Water penetrating 
step (i.e., t1). It took almost all the sWelling time for Water 
to reach the center of a superporous hydrogel. After the 
Water reached the center of the superporous hydrogels, they 
quickly sWelled to their equilibrium siZes. This meant t2 Was 
very short in the to superporous hydrogel, but t1 Was very 
long. To decrease the total sWelling time, tlmust be 
deceased. Therefore, subsequent efforts Were focused on the 
Ways to accelerate Water penetration by improving capillary 
action. 

[0132] D. Effect of Ethanol Dehydration or Freeze-drying 
on SWelling and Elastic Properties of Superporous Hydro 
gels 

[0133] Sample #2 took more than 30 minutes for equilib 
rium sWelling. This rather sloW sWelling originated from the 
drying process. The synthesiZed superporous hydrogel con 
tained Water Which Was present in the monomer miXture (the 
concentration of monomer Was 17.4% (W/v)). During the 
drying process, the individual polymer chains Were brought 
together due to the high surface tension of Water (72 dyn/cm 
at room temperature), and this action closed some of the 
pores. As a result, the foam shrank to a smaller and more 
condensed piece (density of 0.76 g/cm3). Many of the 
capillary channels Were closed or partially blocked to form 
“dead end” structures. Thus, no capillary action is eXpected 
even in contact With Water. It Was found that ethanol 
dehydration Was a good approach to solve the problem 
associated With the air drying process. 

[0134] In Sample #4, in Table 2, the synthesiZed super 
porous hydrogels Were dehydrated using absolute ethanol. 
After a superporous hydrogel Was synthesiZed in a test tube, 
5-10 ml of absolute ethanol Was added to the test tube to 
dehydrate the superporous hydrogel. After the initial dehy 
dration step (during Which some Water Was replaced by 
ethanol), the superporous hydrogel Was retrieved and further 
dehydrated in a plate containing 50 ml of absolute ethanol 
several times to ensure replacement of all the Water by 
ethanol.) During the dehydration process, the soft and ?ex 
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ible superporous hydrogels became hard and brittle. After 
the dehydration Was completed, the excess ethanol in dehy 
drated superporous hydrogels Was removed by draining 
using a paper toWel. Then the superporous hydrogels Were 
dried in a 55° C. oven for a day. For Sample #5, the 
synthesiZed superporous hydrogels Were ?rst alloWed to 
sWell to equilibrium in DDW before being dehydrated using 
absolute ethanol. 

[0135] The ethanol-dried superporous hydrogels Without 
presvyelling in DDW (Sample #4) had a density of 0.26 
g/cm Which is much loWer than that of Sample #2 (0.76 
g/cm3). This means that the ethanol dehydrated superporous 
hydrogels had much higher porosity. The sWelling ratio of 
Sample #4 Was similar to that of Sample #2, indicating that 
dehydration did not change the Water absorbency. The 
sWelling time, hoWever, Was greatly decreased in Sample #4 
(4.8 min in Sample #4 vs. 31 min in Sample #2). 

[0136] The major factor that contributes to the fast sWell 
ing of ethanol dehydrated superporous hydrogel is the 
preserved capillary channels. Because ethanol is a non 
solvent to the polymer, during the dehydration process, 
Water Was replaced by ethanol, and consequently the poly 
mer chains Were precipitated from the ethanol and lost their 
?exibility. This is Why the superporous hydrogels became 
hardened after the dehydration. When the dehydrated super 
porous hydrogels Were dried in 55° C. oven, because the 
polymer chains could not move freely, they could not be 
brought together by the loW surface tension of ethanol. 
Therefore, the superporous hydrogels did not collapse and 
thus the capillary channels Were preserved after the drying 
process. Ethanol has a loW surface tension (22 dyn/cm 
compared With 72 dyn/cm of Water at room temperature), 
Which means the driving force for the collapse of the 
polymer netWork is smaller. For the dehydration process, not 
only ethanol, but other conventional organic solvents such as 
acetone, methanol, and isopropanol, etc., can also be used. 

[0137] Superporous hydrogels dehydrated by ethanol had 
a larger pore siZe and loWer density than those Without 
ethanol dehydration. SEM pictures shoWed that the number 
and the siZe of pores of Sample #4 Were much greater than 
those of Sample #2. Also the pores in Sample #4 Were 
interconnected to form capillary channels so that Water 
could easily penetrate to the center of the superporous 
hydrogels. Similar structural differences can also be found in 
sucrose superporous hydrogels prepared With and Without 
ethanol dehydration. 

[0138] In Sample #5, the superporous hydrogels Were 
sWollen in DDW before dehydration With ethanol. Super 
porous hydrogels of Sample #5 had a density of 0.13 g/cm3, 
Which is even loWer than 0.26 g/cm3of Sample #4. This is 
because in Sample #5, the superporous hydrogels Were fully 
sWollen before the dehydration, i.e., polymer chains Were 
fully relaxed. Dehydration under this state resulted in a 
superporous hydrogel With larger volume. Lower density in 
Sample #5 suggested that they had an even better capillary 
system. This contributed to the slightly faster sWelling time 
in Sample #5 (4.1 min) than Sample #4 (4.8 min). 

[0139] In plastic foams, such as a phenolic foam, the most 
common type of pores are several hundred micrometers in 
diameter. In addition to those large pores (Which Were called 
macrocells), there are secondary pores With diameters about 
1 pm (Which Were called microcells) in the Wall of the 
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macrocells [Shutov, F. A., 1991]. Microcells Were also found 
in the present superporous hydrogels. The microcells Were 
0.1 to 5 microns in siZe as measured by SEM. The microcells 
Were 2-3 orders of magnitude smaller than the main pores of 
the superporous hydrogels. 

[0140] All of the superporous hydrogel samples Were also 
freeZe-dried. The freeZe-dried superporous hydrogels exhib 
ited unique properties that have not been observed before. 
The sWelling properties (i.e., sWelling ratio and sWelling 
time) of the freeZe-dried superporous hydrogels Were 
improved (i.e., they sWell faster to a larger siZe) compared 
to the ethanol-dehydrated superporous hydrogel samples. 
The most unique property of the freeZe-dried superporous 
hydrogels Was their elasticity. Unlike air-drying or ethanol 
drying, the freeZe-drying resulted in solid matrices Which 
Were highly ?exible. Thus, the freeZe-dried superporous 
hydrogels Were compressed, elongated, or changed to any 
shape Without breaking. This elastic property of dried super 
porous hydrogels is of paramount importance in handling of 
the dried samples for further manipulation. For example, 
compressing the dried superporous hydrogels to ?t into 
gelatin capsules for oral administration can easily be done 
Without breaking due to their high ?exibility. 

[0141] E. Effect of Wetting Agent on the SWelling Kinetics 
of Superporous Hydrogels 

[0142] The mere presence of interconnected capillary 
channels is not enough for a good capillary action. The 
surface of the superporous hydrogens must also have good 
Wettability. Both samples #4 and #5 in Table 2 had good 
capillary channels, but the Water penetration still took more 
than 4 minutes. The major reason for this Was that the 
surface of superporous hydrogels did not have good Wetta 
bility. The surface Wettability is mainly determined by the 
type and properties of polymers, the surface roughness, and 
the sWelling medium. Since the surface roughness at the 
microscopic level is not easy to control, and the most useful 
medium is Water, the surface properties of the superporous 
hydrogel Were changed using different Wetting agents. 

[0143] Wetting agents change the surface Wettability. As 
described in US. Pat. No. 5,149,335, Voranol® (a polyol 
made by DoW Chemical Company) can be used as a Wetting 
agent to increase the sWelling rate of polyacrylate hydrogel 
particles. Sample #6 Was made by dehydrating the super 
porous hydrogels With ethanol containing 1% 
Voranol240-8OO0 (the numbers indicated for Voranol are 
related to the hydroxy number and the molecular Weight). As 
shoWn in Table 2, Sample #6 treated With Voranol had the 
similar density and sWelling ratio to those of Sample #4. 
HoWever, Sample #6 had a faster sWelling time (t=2.8 min) 
than Sample #4 (t=4.8 min). This shoWed that the Wetting 
agent could decrease the sWelling time by providing better 
surface Wettability. It is possible that other Wetting agents 
can decrease the sWelling time even more. 

[0144] F. Effect of Moisture Content on the SWelling 
Kinetics of Superporous Hydrogels 

[0145] Samples #7 and #8 in Table 2 Were prepared by 
moistening Sample #2 and 4, respectively. A dried super 
porous hydrogel Was placed on a support Which Was placed 
in a covered container With a small amount of Water at the 
bottom. This device constituted a moisture chamber. Sample 
#7 Was made by placing Sample #2 in the moisture chamber 
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for 24 h at room temperature. The superporous hydrogel 
absorbed 126:11% of its original Weight moisture. Sample 
#8 Was made by placing Sample #4 in the moisture chamber 
for 12 h at room temperature. It absorbed 81:4% of its 
original Weight moisture. The amount of moisture absorbed 
Was controlled by the length and the temperature of moist 
emng. 

[0146] The sWelling ratio did not change after moisturiZa 
tion. All four samples (Sample #2, 4, 7, 8) had similar 
sWelling ratios in DDW (Table 2). HoWever, moistening 
signi?cantly decreased the sWelling time. After this treat 
ment, the sWelling time of Sample #7 decreased from 31 
minutes (Sample #2) to only 7 minutes, While the sWelling 
time of Sample #8 decreased from 4.8 minutes (Sample #4) 
to only 37 seconds. As previously mentioned, Water pen 
etration is the time-limiting step for the sWelling of super 
porous hydrogels. The decreased sWelling time after moist 
ening is thought to be due to improved surface Wettability of 
the superporous hydrogels. 

[0147] The change of surface Wettability after moistening 
is caused by the amphiphilic property of the hydrogels. The 
polymer chains in the hydrated state had high mobility. 
When a superporous hydrogel Was dried, the polymer chains 
at the air-polymer interface changed their orientation and/or 
conformation to decrease the free energy so that the rela 
tively hydrophobic side chains or backbones faced the air. 
This led to the change of surface character from relatively 
hydrophilic to relatively hydrophobic. During the moisten 
ing treatment, this process reversed. The polymer chains 
changed their orientation and/or conformation again and the 
surface character became relatively hydrophilic [Holly, F. J. 
et al, 1976; Ratner, B. D. et al., 1986]. This change caused 
the improved Wettability in Sample #7 and 8. 

[0148] G. Effect of Superdisintegrants on the SWelling 
Kinetics of Superporous Hydrogels 

[0149] Ethanol dehydration of superporous hydrogels sig 
ni?cantly decreases the sWelling time. This process, hoW 
ever, requires repetitive use of ethanol to complete dehy 
dration. In an attempt to ?nd a simpler approach, it Was 
attempted to incorporate a “superdisintegrant” into the 
superporous hydrogels. 

[0150] Superdisintegrants, such as Ac-Di-Sol®, Pri 
mojel®, Explotab®, and Crospovidone® have been used 
extensively in tablets and capsules to promote their fast 
disintegration. The mechanism of disintegration is based on 
sWelling, Wicking, and deformation of the disintegrants 
[Kanig, J. L. et al., 1984]. When a compressed tablet is 
placed in aqueous solution, Water can be quickly absorbed, 
and the sWelling of the disintegrant breaks apart tablets 
quickly. 
[0151] As mentioned above, air-dried superporous hydro 
gels lost the interconnected capillary channels (Sample #2 in 
Table 2). In the presence of incorporated superdisintegrants, 
hoWever, “dead-ended” structures in the collapsed super 
porous hydrogels can be expanded by the sWelling of the 
incorporated superdisintegrant and the collapsed channels 
can be opened up to recover capillary action. 

[0152] 1. Effect of Crosslinked Sodium Carboxymethyl 
cellulose (Ac-Di-Sol®) 
[0153] Ac-Di-Sol® (FMC Corporation) is a crosslinked 
sodium carboxymethylcellulose. In the dry state, it exists as 
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stiff ?bers With diameter of 10-20 pm and length of 100-200 
pm. To be incorporated in Samples #9-12 in Table 2, various 
amounts (50 mg -200 mg) of Ac-Di-Sol® Were added to the 
monomer solution before the addition of TEMED. The 
solution Was stirred using a spatula to evenly distribute 
Ac-Di-Sol® so that a viscous mixture Was formed. The 

stirring after the addition of NaHCO3 further mixed Ac-Di 
Sol®, and after the beginning of polymeriZation by addition 
of NaHCO31 the viscosity increased quickly and the sedi 
mentation of Ac-Di-Sol® to the bottom of the tube Was 
negligible. After the polymeriZation Was complete, the 
superporous hydrogels Were dried in a 55° C. oven for a day. 

[0154] Samples #9, #10, #11, and #12 in Table 2 had 
densities of 0.48, 0.39, 0.33, and 0.28 g/cm3, respectively. 
The increase in the Ac-Di-Sol® content decreased the den 
sity of the synthesiZed superporous hydrogels. When Ac-Di 
Sol® Was mixed With the monomer solution, it sWelled so 
that monomers (AM and AA) and crosslinker (BIS) Were 
absorbed into the cellulose netWork. After polymeriZation is 
complete, the cellulose netWork of Ac-Di-Sol® particulates 
and the crosslinked poly(AA-co-AM) netWork formed an 
interpenetrating polymer netWork (IPN). This IPN formation 
is limited to the Ac-Di-Sol® particulate, and thus the local 
iZed IPNs (or Ac-Di-Sol® particulate) basically function as 
a crosslinker of the synthesiZed superporous hydrogels. 
During the drying process, the rigid Ac-Di-Sol® ?bers 
maintained the netWork structure so that the superporous 
hydrogels shrank less. The superporous hydrogels With 
higher Ac-Di-Sol® content had higher porosity and better 
capillary channels. 

[0155] The addition of Ac-Di-Sol®, hoWever, decreased 
the sWelling ratio of the superporous hydrogels. The sWell 
ing ratios of Sample #2, 9, 10, 11, and 12 Were 328, 294, 
192, 120, and 91, respectively. The decrease Was due to the 
increase in crosslinking by the localiZed IPNs. On the other 
hand, the addition of Ac-Di-Sol® dramatically decreased the 
sWelling time. The sWelling times of Sample #2, 9, 10, 11, 
and 12 Were 31 min, 8.5 min, 1.2 min, 35 sec, and 22 sec. 
respectively. 
[0156] The function of Ac-Di-Sol® in promoting the 
sWelling speed Was tWo-fold. First, it helped retain the 
capillary channels. This is evident from the loWer density of 
superporous hydrogels incorporated With Ac-Di-Sol®. 
HoWever, When compared With Samples #4, #5, and #6, 
Sample #12 had higher density but shorter sWelling time. 
This suggested that retained capillary channels Were not the 
only reason for its fast sWelling. It is thought that another 
contribution of Ac-Di-Sol® is its hydrophilicity. Ac-Di 
Sol® has high Wettability With a contact angle of 0°[Giss 
inger, D. et al., 1980]. Thus, incorporation of Ac-Di-Sol® 
made the surface of superporous hydrogels more hydrophilic 
and With better Wettability. 

[0157] Compared With the ethanol dehydration process, 
the addition of superdisintegrants is simpler and less expen 
sive. In addition, it has another advantage. After the addition 
of Ac-Di-Sol®, the monomer solution became viscous. This 
is good for foam preparation because at higher viscosities, 
foams can be stabiliZed longer. 

[0158] 2. Effect of Crosslinked Sodium Starch Glycolate 
(Primojel®) 
[0159] The effect of Primojel® on the sWelling time of 
superporous hydrogels Was also studied. Primojel® is a 
cross-linked sodium starch glycolate. 
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[0160] Superporous hydrogel containing Primojel® Was 
prepared based on Example 13. The superporous hydrogel 
Was dried in a 55° C. oven after the synthesis. For compari 
son, control superporous hydrogels containing no Primoj el® 
Were also prepared. They Were either dried in a 55° C. oven 
after synthesis or Were dehydrated by ethanol followed by 
oven drying. The sWelling time of these three groups of 
superporous hydrogels Were tested in DDW. The sWelling 
time of the superporous hydrogel containing no Primojel® 
and Without ethanol dehydration Was 8.5 min. The sWelling 
time of superporous hydrogel containing no Primojel® but 
With ethanol dehydration Was 1.4 min. The sWelling time of 
superporous hydrogel containing 100 mg Primojel® but 
Without ethanol dehydration Was only 0.6 min. This study 
shoWs that Primojel® can also signi?cantly decrease the 
sWelling time of a superporous hydrogel. 

[0161] In addition to Ac-Di-Sol® and Primojel®, other 
tablet disintegrants such as EXplotab® and Crospovidone® 
have a similar mechanism in tablet disintegration. As With 
Ac-Di-Sol®, Primojel® and EXplotab® are very hydrophilic 
With a contact angle of 0°[Gissinger, D. et al., 1980]. They 
are also expected to have the ability to promote the sWelling 
of superporous hydrogels. 

[0162] H. Effect of Crosslinking Density on the SWelling 
Kinetics of Superporous Hydrogels 
[0163] To study the effect of crosslinking density on the 
sWelling properties, superporous hydrogels containing dif 
ferent amount of crosslinker Were prepared. The crosslinker 
(BIS) contents in Sample #2, #13, and #14 in Table 2 Were 
0.3 mol %, 0.6 mol %, and 0.9 mol % of the monomer 
content, respectively. 
[0164] Table 2 shoWs that the increase in the crosslinker 
concentration decreased the density of the superporous 
hydrogels (0.76, 0.45, and 0.38 g/cm3 for Sample #2, #13, 
and #14, respectively). It is not surprising that the sWelling 
ratio also decreased When more crosslinker Was incorpo 
rated. It is interesting to note that When more crosslinker Was 
used, the sWelling time also decreased signi?cantly (31 min, 
13.4 min, and 3.1 minutes for Sample #2, #13, and #14, 
respectively). The faster sWelling of Sample #13 and #14 is 
eXplained based on their structure observed by SEM. At 
higher cross-linking density, the polymer netWorks became 
more rigid. Therefore, during the drying process, the super 
porous hydrogels shrank less and the capillary channels 
Were less likely blocked. The interconnected capillary chan 
nels Were observed in Sample #14 While many of these 
channels Were blocked in Sample #2. 

[0165] I. Other Factors Affecting the SWelling Kinetics of 
Superporous Hydrogels 
[0166] The type of polymer can have great impact on the 
sWelling kinetics of superporous hydrogels. For superporous 
hydrogels having the same porous structures, ones With 
better Wettability sWell faster. It is believed that the main 
factor determining Water Wettability of a hydrogel is the 
chemical structure of the polymer netWork at the interface 
[Holly, F. J. et al., 1976]. Superporous hydrogels synthesiZed 
from glycidyl acrylate modi?ed sucrose monomer sWelled to 
equilibrium in less than 0.3 minute after being treated by 
ethanol dehydration [Cehn, J., 1997] While similar siZe 
superporous hydrogels prepared by the same method 
(Sample #4) took 4.8 minutes to reach equilibrium. This 
difference is partially attributed to the different Wettability of 
the polymers. 
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[0167] The porosity can also affect the sWelling kinetics of 
superporous hydrogels. The porosity of superporous hydro 
gel is mainly determined by the amount of bloWing agent 
added. Superporous hydrogels With higher porosity are less 
likely to have blocked channels. In addition, When more 
bloWing agent is used, the superporous hydrogels have 
thinner cell Walls Which results in a shorter characteristic 
time t2. Superporous hydrogels prepared With more acid had 
faster sWelling time than those prepared With less acid. 

[0168] It has been suggested that the Wettability of poly 
meric foams can be improved by Washing With Span® 20 
solution or CaCl2 solution [DesMarais, T. A. et al., 1994]. In 
this study, superporous hydrogels Were treated by the same 
processes. Such treatments, hoWever, did not result in any 
improvement on the sWelling kinetics of the superporous 
hydrogels. 

[0169] III. Mechanical Properties of Superporous Hydro 
gels and Superporous Hydrogel Composites 

[0170] The high mechanical strength of superporous 
hydrogels is important for many applications. Quite often 
the mechanical strength of superporous hydrogels, as Well as 
conventional hydrogels, is loW to compromise the useful 
ness of other functional properties of hydrogels and super 
porous hydrogels. One of the important applications of 
hydrogels and superporous hydrogels is in the development 
of oral controlled drug delivery systems. Hydrogels have 
been used as a platform for long-term (more than 24 h) oral 
drug delivery. Due to the large siZe and slippery surface of 
fully sWollen hydrogels, they have been successfully used as 
a gastric retentive device for long-term oral drug delivery 
[Shalaby, W. S. W., et al., 1992A; Shalaby, W. S. W., et al., 
1992B]. One of the limitations of using a hydrogel-based 
gastric retentive device is that the dried hydrogels sWelled 
too sloW so that all the dried hydrogels administered to dogs 
Were emptied into the stomach before fully sWelling to a 
desired siZe. To avoid the sloW sWelling problem With 
conventional hydrogels, superporous hydrogels Were syn 
thesiZed as mentioned above. While the superporous hydro 
gels sWelled very quickly regardless of siZe, the mechanical 
strength of fully sWollen superporous hydrogels Was poor. 
Therefore, various superporous hydrogel composites Were 
made to enhance the mechanical strength of the fully sWol 
len superporous hydrogels. 

[0171] During the study on the sWelling kinetics of various 
superporous hydrogels described above, it Was observed that 
some samples of superporous hydrogels containing Ac-Di 
Sol® or Primojel® maintained high mechanical strength 
even after equilibrium sWelling. This led us to investigate 
further the mechanical properties of superporous hydrogel 
“composites”, i.e., superporous hydrogels prepared With a 
disintegrant. Formulation variables, such as the amount of 
crosslinker, amount of disintegrant, type and amount of 
plasticiZer, type of monomer, amount of bloWing agent, as 
Well as process variables such as acidi?cation, all affect the 
mechanical properties of the superporous hydrogels. 

[0172] A. Testing Method of Mechanical Properties 

[0173] A bench comparator (B.C. Ames Company, 
Waltham, Mass.) Was used to test the mechanical properties 
of the superporous hydrogels. A superporous hydrogel that 
Was sWollen in simulated gastric ?uid (SGF) Was placed 
longitudinally under the loWer touch of the bench compara 
























