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Research on hydrogels has been geared toward biomedical
applications from the beginning due to their relatively high
biocompatibility. Initially only the hydrophilic nature and the large
swelling properties of hydrogels was explored. Continued research
on hydrogels has resulted in the development of new types of
hydrogels, such as environment-sensitive hydrogels, thermoplastic
hydrogels, hydrogel foams, and sol-gel phase-reversible hydrogels.
Application of hydrogels ranges from biomedical devices to solute
separation. Examples of hydrogel applications in pharmaceutics,
biomaterials, and biotechnology are briefly described.
Hydrogel is a three-dimensional network of hydrophilic polymers in which a large
amount of water is present. In general, the amount of water is at least 20% of the total
weight. If water is composed of more than 95% of the total weight, then the hydrogel
is called superabsorbent. The most characteristic property of hydrogel is that it swells
in the presence of water and shrink in the absence of water. The extent of swelling is
determined by the nature (mainly hydrophilicity) of polymer chains and the
crosslinking density. If hydrogel is dried, the swollen network of the hydrogel is
collapsed during drying due to the high surface tension of water. Thus, the dried
hydrogel (or xerogel) becomes much smaller in size than the hydrogel swollen in
water. During swelling and shrinking process, hydrogels can preserve its overall
shape.
To maintain the three-dimensional structures, polymer chains of hydrogels are
usually crosslinked either chemically or physically. In chemical gels polymer chains
are connected by covalent bonds, and thus it is difficult to change the shape of
chemical gels. On the other hand, polymer chains of physical gels are connected
through non-covalent bonds, such as van der Waals interactions, ionic interactions,
hydrogen bonding, or hydrophobic interactions (1). Since the bonding between
polymer chains are reversible, physical gels possess sol-gel reversibility. For
example, sodium alginate becomes a gel in the presence of calcium ions, but the gel
becomes sol if the divalent cations are removed.
Strong interest in biomedical applications of hydrogels was caused by the
landmark paper by Wichterle and Lim on poly(2-hydroxyethyl methacrylate) or
p(HEMA)(2). Since then the research on hydrogel has been steadily increased. It is
1

Corresponding author
0097-6156/96/0627-0002$15.00/0
© 1996 American Chemical Society

1.

Hydrogels in Bioapplications

PARK & PARK

3

not until the end of 1970's, however, when the research on hydrogels began to take
off. Fig. 1 shows the number of articles on gels published each year from 1907 to
1994. As shown in Fig. 1, the number of publications on gel started to increase in the
late 70's and continued to increase during 80's and early 90's. The number increased
dramatically in 1994. The involvement of a large number of scientists resulted in
more understanding on the physicochemical properties of hydrogels and development
of new types of hydrogels (3,4).
New Types of Hydrogels
Environment-Sensitive Hydrogels
One of the inherent properties of hydrogels is their ability to swell in the presence of
water and to shrink in the absence of water. This property is common to all
hydrogels. Thus, by merely having the swelling-shrinking properties does not make
any particular hydrogel of great interest. Recently, many investigators have prepared
hydrogels with additional functions, such as the ability to swell or shrink in response
to a signal. These hydrogels with additional functions are called "smart (or intelligent)
hydrogels" (5).
The most widely known smart hydrogels are those which respond (i.e., either
swell, shrink, bend, or degrade) to changes in environmental conditions. For this
reason, they are usually known as environment-sensitive hydrogels. One of the
unique properties of environment-sensitive hydrogels is that they change their
swelling ratio (which is the volume of the swollen hydrogel divided by the volume of
the dried hydrogel) rather abruptly upon small changes in environmental factors.
Table 1 lists the environmental factors which are known to cause such an abrupt
volume change. Fig. 2 shows dramatic volume changes as a result of only a minute
change in the environmental condition. Volume change is so dramatic it is often called
volume collapse (or volume phase transition) (6). The volume collapse phenomena
have been applied in a variety of areas ranging from pharmaceutics to biotechnology
(see below).
Table 1. Factors which cause volume collapse of hydrogels
1.
2.
3.
4.
5.
6.
7.
8.
9.

pH
Temperature
Electric field
Ionic strength
Salt type
Solvent
Stress
Light
Pressure

(7,8)
(9-11)
(12-15)
(16)
(17,18)
(19,20)
(21,22)
(23,24)
(25)

Thermoplastic Hydrogels
One of the physical gels is thermoplastic hydrogels (26). Thermoplastic hydrogels are
based on linear copolymers of hydrophilic and hydrophobic monomers. Physical gel
is formed by hydrophobic interactions between hydrophobic chains of the copolymer.
They dissolve in organic solvents, while only swell without dissolving in water, and
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Figure 1. The number of articles on gels published between 1907 and 1994. The
articles appeared on Chemical Abstract were counted. For the years earlier than
1982, keywords of "gels/hydrophilic" and "hydrogels" were searched under the
subject heading of "colloid". For later years articles under the heading of
"gels/hydrophilic & hydrogels" were counted.
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Figure 2. Volume collapse (or volume phase transition) of smart hydrogels in
response to a small change in environmental factors. Hydrogels may undergo
dramatic increase (dotted line) or decrease (solid line) in the swelling ratio.
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this property provides an advantage of easy processibility. Copolymers of N-vinyl-2pyrrolidone and methyl methacrylate are known to form thermoplastic hydrogels
which have useful properties such as film-forming capacity and melt-processibility
(27).
Hydrogel Foams
While hydrogels swell to a large extent in water, the equilibrium swelling usually
takes a long time from hours to days depending on the size and shape of hydrogels.
To overcome this slow swelling of hydrogels, hydrogel foam was recendy developed
(28,29). Hydrogel foams were made by synthesizing hydrogels in the presence of
gas bubbles. The hydrogel foams prepared with macroscopic gas cells are different
from hydrogel sponges (30) or macroporous hydrogels (31). The size of pores in the
hydrogel foams is orders of magnitude larger than the pore size (which is typically a
few micrometers) in hydrogel sponges or macroporous hydrogels. In addition, the
kinetics and the extent of swelling of hydrogel foams are much faster and larger than
others.
The kinetics of hydrogel swelling is limited by the diffusion of water through the
glassy layer of dried hydrogels. Thus, the swelling is actually quite slow for many
applications. On the other hand, hydrogel foams swell much faster since water is
absorbed into hydrogel foams by capillary reaction by the pores in dried hydrogels
rather than the diffusion of water through the glassy layer. Recently developed combtype grafted hydrogels (11) showed faster deswelling but the swelling was still quite
slow. The hydrogel foams made of poly(acrylic acid) can swell more than thousand
times its original size. The property of fast swelling with a very large swelling ratio
of hydrogel foams should be useful in many bioapplications.
Ligand-Specific Sol-Gel Phase-Reversible Hydrogels
Physical gels are capable of undergoing sol-gel phase transition due to non-covalent
crosslinking of polymer chains. There are only a few hydrogels which undergo such
a phase change in response to interaction with specific molecules. For example,
hydrogels which become sol in the presence of glucose were developed. Hydrogels
made of boronic acid-containing polymers and polyvinyl alcohol) are known to
degrade in the presence of glucose in the environment (32-34). Recently, glucosecontaining copolymer and concanavalin-A molecules were used to prepare hydrogels
which are more specific to glucose than boronic acid gels (35,36). The hydrogels
become sol in the presence of glucose in the medium, and the sol becomes gel again if
the free glucose molecules are removed by dialysis. Since there are many ligand
specific interactions, such as antigen-antibody, avidin-biotin, and carbohydrate-lectin,
various types of ligand-specific phase-reversible hydrogels can be made for different
applications.
Hydrogels in Bioapplications
Pharmaceutical applications
Much of the research on hydrogels have been focused on the application in controlled
drug delivery (37,38). While zero-order drug release is important for most drugs,
there are many drugs that need to be delivered in a pulsatile fashion (39). The most
widely used example is the delivery of insulin. Temporal control of insulin delivery
can be achieved by utilization of smart hydrogels which release more insulin in
response to increase in glucose level. Most glucose-responsive hydrogel systems are
made of pH-sensitive polymers such as poly(diethylaminoethyl methacrylate)
(PDEAEMA) (40-42) and glucose oxidase, which transforms glucose into gluconic
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acid. In addition to the pH-responsive hydrogels, the glucose-sensitive dissolvable
hydrogels have been used to control the insulin release (34,43). Microspherical
hydrogels such as alginate microparticles have been used to encapsulate insulinproducing cells for the delivery of insulin (44).
Pulsatile delivery of drugs can also be achieved by temperature-responsive
hydrogels. Thermo-sensitive hydrogels are usually made of polyacrylamide
derivatives with hydrophobic groups which promote hydrophobic interactions
necessary for shrinking at elevated temperatures. The volume collapse temperature
can be adjusted by varying the hydrophobic groups. By altering the temperature
around the thermosensitive hydrogels, the release of drugfromthe gel can be turned
on and off at will (10,45).
Biomedical Applications
The applications of hydrogels in biomedical fields are diverse rangingfromdiagnostic
device (46) to artificial muscle (47). Application of hydrogels as contact lenses and
intraocular lenses has a rather long history compared with other applications. Soft
contact lenses made of hydrogels possess desirable properties such as high oxygen
permeability, although they have problems of protein deposits and lens spoliation
(48). Soft intraocular lenses have advantages over rigid types. Their ability to be
folded allows surgeon to use a much smaller surgical incision (49). The hydrogel
contact and intraocular lenses can be sterilized by autoclaving, which is more
convenient than the sterilization by ethylene oxide needed for rigid lenses made of
poly(methyl methacrylate).
Hydrogels are commonly used as wound dressing materials, since they are
flexible, durable, non-antigenic, and permeable to water vapor and metabolites, while
securely covering the wound to prevent bacterial infection (50). Methylcellulose
hydrogel has been used to deliver allergens in skin testing. When test allergens are
delivered in the hydrogel vehicle, less skin irritation was observed (51). Hydrogels
are also often coated on the urinary catheter surface to improve its biocompatibility
(52). The hydrogel layer not only provide smooth, slippery surface, but also it can
prevent bacterial colonization on the surface (53).
Hydrogel layers formed on the inner surface of injured arteries are known to
reduce thrombosis and intimai thickening in animal models (54). Intimai thickening
was prevented by inhibiting contact between blood and subendothelial tissue with a
hydrogel layer. The swelling pressure of p(HEMA) hydrogel was used to stabilize
the bone implants (55). With improved design of the implant, such hydrogels are
expected to be effectively used as a stabilizing interface.
The potential applications of hydrogels in sterilization and cervical dilatation have
been explored (56). When a hydrogel which forms an in situ plug was placed into
fallopian tubes of rabbits by transcervical catheterization, conception was prevented.
With more structurally rigid and biocompatible hydrogels the tubular sterilization
system can be developed (57). Hydrogel rods were developed to deliver hormones
such as prostaglandin analogs as well as to mechanically dilate the cervix. Dilatation
of the cervical canal is necessary for the first trimester-induced abortion by suction
curettage (56).
One of the advanced applications of hydrogels is in the development of artificial
muscles. Smart hydrogels which can transform electrochemical stimuli into
mechanical work (i.e., contraction) can function like the human muscle tissue (58).
Polymeric gels capable of reversible contraction and expansion under physicochemical
stimuli are essential in the development of advanced robotics with electrically driven
muscle-like actuators (12) Smart materials that emulate the contractions and secretions
of human organs in response to changes in environmental conditions such as
temperature, pH, or electric field may soon find a use in medical implants, prosthetic
muscles or organs, and robotic grippers (59).
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Applications in Biotechnology
Hydrogels have been used as reactive matrix membranes in sensors. Hydrogels
possess many advantageous properties, such as rapid and selective diffusion of the
analyte, necessary for effective sensing. Hydrogels can also be made tough and
flexible with desirable refractive indices (60).
Hydrogels made of p(HEMA) in an electrolyte solution were used as a salt bridge
which separate the metallic electrodes from the biological system to prevent
contamination by electrolysis products (61). The p(HEMA) salt bridges are
inexpensive, easy to make, easy to sterilize, very durable, and nontoxic to cell
systems. They provides a viable and effective alternative to the widely used agar salt
bridge.
The ability of smart hydrogels in solutions to reversibly swell and shrink with
small changes in the environmental conditions can be used to prepare purification
devices (62). Smart hydrogels, especially thermo- and pH-sensitive hydrogels, have
been used to concentrate dilute aqueous solutions of macromolecular solutes including
proteins and enzymes, with no adverse effect on the activity of the enzyme (63).
Water is absorbed into the hydrogel while macromolecules are excluded from the
hydrogel network primarily by size and net charge (64). The absorbed water can be
releasedfromthe hydrogel by altering temperature or pH of the environment, and thus
the hydrogels can be reused repeatedly.
Separation of bioactive proteins
produced by recombinant DNA technology in a cost effective manner remains as one
of the major huddles for the wide use of the technology. Separation of products by
direct adsorption to adsorbents is attractive, but the adsorbents become fouled by
colloidal contaminants and large macromolecules. This problem can be overcome by
immobilizing adsorbents into hydrogels such as agarose and calcium alginate gel (52).
Since the immobilized adsorbents do not contact with contaminants, separation
becomes easier and more effective.
The smart hydrogels can also be used to control the reactions of substrates with
immobilized enzymes by controlling the substrate diffusivity via swelling changes
(65). Park and Hoffman immobilized Arthrobacter simplex in a thermally reversible
hydrogel and examined the effect of temperature cycling on steroid conversion (66).
The steroid conversion was higher in more hydrophobic gels due to the high
partitioning of water-insoluble steroids into the hydrophobic regions and the reduced
product inhibition within the hydrophobic gel matrices (66).
Future of Hydrogels
In the age of nanofabrication (67), the size of hydrogels in various applications is also
expected to shrink. Gel electrophoresis is widely used for the separation of proteins
and DNA. Recent report showed that miniaturized electrophoresis gel instrument in
the size of 25 mm long and 50 μπι wide was constructed (68). The gels that can be
used in the instrument is orders of magnitude smaller than the gels used in
conventional instruments. Miniaturization of hydrogels is also important in all the
areas mentioned above. For example, the ability to reproducibly prepare hydrogels in
microscale is essential in the preparation of glucose microsensors (69).
Hydrogels are generally biocompatible, but they are not perfect biomaterials, i.e.,
they still cause undesirable body reactions. Further improvement in biocompatibility
will be critical in the wider applications of hydrogels in biomedical and pharmaceutical
areas. Hydrogels have rather poor mechanical strength and durability for some
applications. Enhancing these properties will make hydrogels more acceptable for
many applications to come.
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