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1. Introduction

Since the pioneering work of Wichterle and Lim in 1960 on
crosslinked HEMA hydrogels [1], and because of their hydrophilic
character and potential to be biocompatible, hydrogels have been of

Abbreviations: CD, cyclodextrin; DX, p-dioxanone; EG, ethylene glycol; EGDMA,
ethylene glycol dimethacrylate; HA, hyaluronic acid; HEMA, hydroxyethyl methacry-
late; IPN, inter-penetrating network; MBAAm, methylene-bis-acrylamide; P(...),
poly(...); PAAc, poly(acrylic acid); PAAm, polyacrylamide; PAGE, polyacrylamide gel elec-
trophoresis; PAN, polyacrylonitrile; PBO, poly(butylene oxide); PCL, polycaprolactone;
PEG, poly(ethylene glycol); PEI, poly(ethylene imine); PEO, poly(ethylene oxide);
PEMA, poly(ethyl methacrylate); PF, propylene fumarate; PGEMA, poly(glucosylethyl
methacrylate); PHB, poly(hydroxy butyrate); PHEMA, poly(hydroxyethyl methacrylate);
PHPMA, poly(hydroxypropyl methacrylamide); PLA, poly(lactic acid); PLGA, poly(lactic-
co-glycolic acid); PMMA, poly(methyl methacrylate); PNIPAAm, poly(N-isopropyl
acrylamide); PNVP, poly(N-vinyl pyrrolidone); PPO, poly(propylene oxide); PVA,
poly(vinyl alcohol); PVAc, poly(vinyl acetate); PVamine, poly(vinyl amine).
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great interest to biomaterial scientists for many years [2-9]. The
important and influential work of Lim and Sun in 1980 [10] demon-
strated the successful application of calcium alginate microcapsules
for cell encapsulation. Later in the 1980s, Yannas and coworkers
[11] incorporated natural polymers such as collagen and shark carti-
lage into hydrogels for use as artificial burn dressings. Hydrogels
based on both natural and synthetic polymers have continued to be
of interest for encapsulation of cells [12-15] and most recently such
hydrogels have become especially attractive to the new field of ‘tissue
engineering’ as matrices for repairing and regenerating a wide variety
of tissues and organs [16-41].

Hydrogels are hydrophilic polymer networks which may absorb
from 10-20% (an arbitrary lower limit) up to thousands of times
their dry weight in water. Hydrogels may be chemically stable or
they may degrade and eventually disintegrate and dissolve. They
are called ‘reversible’, or ‘physical’ gels when the networks are held
together by molecular entanglements, and/or secondary forces
including ionic, H-bonding or hydrophobic forces [42,43]. Physical
hydrogels are not homogeneous, since clusters of molecular entangle-
ments, or hydrophobically- or ionically-associated domains, can
create inhomogeneities. Free chain ends or chain loops also represent
transient network defects in physical gels.
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When a polyelectrolyte is combined with a multivalent ion of the op-
posite charge, it may form a physical hydrogel known as an ‘ionotropic’
hydrogel. Calcium alginate is an example of this type of hydrogel. Fur-
ther, when polyelectrolytes of opposite charges are mixed, they may
gel or precipitate depending on their concentrations, the ionic strength,
and pH of the solution. The products of such ion-crosslinked systems are
known as complex coacervates, polyion complexes, or polyelectrolyte
complexes. For example, the calcium alginate capsules of Lim and Sun
[10] were coated with a complex coacervate of alginate—poly(L-lysine)
(PLL) in order to stabilize the capsule. Complex coacervates and polyion
complex hydrogels have become attractive as tissue engineering matri-
ces. Sometimes, physical gels can form from biospecific recognitions,
such as Conconavalin A with a polymeric sugar [44], or avidin with a
polymeric biotin [45]. All of these interactions are reversible, and can
be disrupted by changes in physical conditions such as ionic strength,
pH, temperature, application of stress, or addition of specific solutes
that compete with the polymeric ligand for the affinity site on the
protein.

Hydrogels are called ‘permanent’ or ‘chemical’ gels when they are
covalently-crosslinked networks. The synthetic hydrogels of Wichterle
and Lim [1] were based on copolymerization of HEMA with the
crosslinker EGDMA (see Abbreviations for definitions of acronyms).
Chemical hydrogels may also be generated by crosslinking of water-
soluble polymers, or by conversion of hydrophobic polymers to hydro-
philic polymers plus crosslinking to form a network. Sometimes in the
latter case crosslinking is not necessary. For example, in the hydrolysis
of PAN to form amide and acid groups from the nitrile groups, if the
nitrile groups remain in sufficient concentration and association, they
can stabilize the hydrogel by hydrophobic interactions, thus forming
a physical hydrogel. In the crosslinked state, crosslinked hydrogels
reach an equilibrium swelling level in aqueous solutions which depends
mainly on the crosslink density (estimated by the MW between
crosslinks, M.). Like physical hydrogels, chemical hydrogels are not
homogeneous. They usually contain regions of low water swelling and
high crosslink density, called ‘clusters’, that are dispersed within regions
of high swelling, and low crosslink density. This may be due to hydro-
phobic aggregation of crosslinking agents, leading to high crosslink
density clusters [46]. In some cases, depending on the solvent composi-
tion, temperature and solids concentration during gel formation, phase
separation can occur, and water-filled ‘voids’ or ‘macropores’ can form.
In chemical gels, free chain ends represent gel network ‘defects’ which
do not contribute to the elasticity of the network. Other network defects
are chain ‘loops’ and entanglements, which also do not contribute to the
permanent network elasticity.

There are many different macromolecular structures that are pos-
sible for physical and chemical hydrogels. They include the following:
crosslinked or entangled networks of linear homopolymers, linear co-
polymers, and block or graft copolymers; polyion-multivalent ion,
polyion-polyion or H-bonded complexes; hydrophilic networks
stabilized by hydrophobic domains; and IPNs or physical blends.
Hydrogels may also have many different physical forms, including
(a) solid molded forms (e.g., soft contact lenses), (b) pressed powder
matrices (e.g., pills or capsules for oral ingestion), (¢) microparticles
(e.g., as bioadhesive carriers or wound treatments), (d) coatings
(e.g., on implants or catheters; on pills or capsules; or coatings on
the inside capillary wall in capillary electrophoresis), (e) membranes
or sheets (e.g., as a reservoir in a transdermal drug delivery patch; or
for 2D electrophoresis gels), (f) encapsulated solids (e.g., in osmotic
pumps), and (g) liquids (e.g., that form gels on heating or cooling).

A wide and diverse range of polymer compositions have been used
to fabricate hydrogels, and Table 1 summarizes the many varied com-
positions. The compositions can be divided into natural polymer
hydrogels, synthetic polymer hydrogels and combinations of the
two classes. Many different routes have been used to synthesize
hydrogels, and they are summarized in Table 2 and shown schemati-
cally in Figs. 1-4.

Table 1
Hydrophilic polymers used to synthesize hydrogel matrices.*

Natural polymers and their derivatives (+crosslinkers)

Anionic polymers: HA, alginic acid, pectin, carrageenan, chondroitin sulfate, dextran
sulfate

Cationic polymers: chitosan, polylysine

Amphipathic polymers: collagen (and gelatin), carboxymethy! chitin, fibrin

Neutral polymers: dextran, agarose, pullulan

Synthetic polymers (crosslinkers)

Polyesters: PEG-PLA-PEG, PEG-PLGA-PEG, PEG-PCL-PEG, PLA-PEG-PLA, PHB,
P(PF-co-EG)+acrylate end groups,
P(PEG/PBO terephthalate)

Other polymers: PEG-bis-(PLA-acrylate), PEG4+CDs, PEG-g-P(AAm-co-Vamine),
PAAm, P(NIPAAm-co-AAc),
P(NIPAAm-co-EMA), PVAc/PVA, PNVP, P(MMA-co-HEMA), P(AN-co-allyl sulfo-
nate), P(biscarboxy-phenoxy-phosphazene),
P(GEMA-sulfate)

Combinations of natural and synthetic polymers

P(PEG-co-peptides), alginate-g-(PEO-PPO-PEO), P(PLGA-co-serine), collagen-acrylate,
alginate-acrylate, P(HPMA-g-peptide),
P(HEMA/Matrigel®), HA-g-NIPAAm

¢ See Abbreviations for definitions of terms used.

2. Water in hydrogels

The character of the water in a hydrogel can determine the overall
permeation of nutrients into and cellular products out of the gel.
When a dry hydrogel begins to absorb water, the first water molecules
entering the matrix will hydrate the most polar, hydrophilic groups,
leading to ‘primary bound water’. As the polar groups are hydrated,
the network swells, and exposes hydrophobic groups, which also inter-
act with water molecules, leading to hydrophobically-bound water, or
‘secondary bound water’. Primary and secondary bound water are often
combined and simply called the ‘total bound water’. After the polar and
hydrophobic sites have interacted with and bound water molecules,
the network will imbibe additional water, due to the osmotic driving
force of the network chains towards infinite dilution. This additional
swelling is opposed by the covalent or physical crosslinks, leading to
an elastic network retraction force. Thus, the hydrogel will reach an
equilibrium swelling level. The additional swelling water that is im-
bibed after the ionic, polar and hydrophobic groups become saturated
with bound water is called ‘free water’ or ‘bulk water’, and is assumed
to fill the space between the network chains, and/or the center of larger
pores, macropores or voids. As the network swells, if the network
chains or crosslinks are degradable, the gel will begin to disintegrate
and dissolve, at a rate depending on its composition. It should be
noted that a gel used as a tissue engineering matrix may never be
dried, but the total water in the gel is still comprised of ‘bound’ and
‘free’ water.

There are a number of methods used by researchers to estimate the
relative amounts of free and bound water, as fractions of the total water
content. All of them are controversial, since there is proton NMR
evidence that the interchange of water molecules between the
so-called bound and free states is extremely rapid, perhaps as fast as
one H,0 molecule every 10~2 s. The three major methods used to char-
acterize water in hydrogels are based on the use of small molecular
probes, DSC and NMR. When probe molecules are used, the labeled
probe solution is equilibrated with the hydrogel, and the concentration
of the probe molecule in the gel at equilibrium is measured. Assuming
that only the free water in the gel can dissolve the probe solute, one
can calculate the free water content from the amount of the imbibed
probe molecule and the known (measured) probe molecule concentra-
tion in the external solution. Then the bound water is obtained by
difference of the measured total water content of the hydrogel and
the calculated free water content. Additional assumptions for use of
this technique are that: (a) the solute does not affect the free and
bound water distribution in the gel, (b) all of the free water in the gel
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Table 2
Methods for synthesizing physical and chemical hydrogels.*

Physical gels

Warm a polymer solution to form a gel (e.g., PEO-PPO-PEO block copolymers in H,0)

Cool a polymer solution to form a gel (e.g., agarose or gelatin in H,0)

‘Crosslink’ a polymer in aqueous solution, using freeze-thaw cycles to form polymer
microcrystals
(e.g., freeze-thaw PVA in aqueous solution)

Lower pH to form an H-bonded gel between two different polymers in the same
aqueous solution (e.g., PEO and PAAc)

Mix solutions of a polyanion and a polycation to form a complex coacervate gel
(e.g., sodium alginate plus polylysine)

Gel a polyelectrolyte solution with a multivalent ion of opposite charge (e.g.,
Na"alginate™+Ca?"+2Cl™)

Chemical gels

Crosslink polymers in the solid state or in solution with:
Radiation (e.g., irradiate PEO in H,0)
Chemical crosslinkers (e.g., treat collagen with glutaraldehyde or a bis-epoxide)
Multi-functional reactive compounds (e.g., PEG + diisocyanate = PU hydrogel)

Copolymerize a monomer + crosslinker in solution (e.g., HEMA + EGDMA)

Copolymerize a monomer+a multifunctional macromer (e.g., bis-methacrylate
terminated PLA-PEO-PLA+photosensitizer+visible light radiation)

Polymerize a monomer within a different solid polymer to form an IPN gel
(e.g., AN +starch)

Chemically convert a hydrophobic polymer to a hydrogel (e.g., partially hydrolyse
PVAc to PVA or PAN to PAN/PAAmM/PAAC)

2 See Abbreviations for definitions of terms used.

is accessible to the solute, (c) the solute concentration in the hydrogel’s
free water is equal to the solute concentration in the external solution,
and (d) the solute does not interact with the gel matrix chains.

The use of DSC is based on the assumption that only the free water
may be frozen, so it is assumed that the endotherm measured when
warming the frozen gel represents the melting of the free water,
and that value will yield the amount of free water in the HG sample
being tested. Then the bound water is obtained by difference of the
measured total water content of the HG test specimen, and the calcu-
lated free water content, similar to the above.

3. Pores and permeation in hydrogels
The amount of water in a hydrogel, i.e. the volume fraction of water,

and its free vs. bound water ‘character’ will determine the absorption
(or partitioning) and diffusion of solutes through the hydrogel. Pores
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Fig. 1. Schematic of methods for formation of two types of ionic hydrogels. An example
of an ‘ionotropic’ hydrogel is calcium alginate, and an example of a polyionic hydrogel
is a complex of alginic acid and polylysine.
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sulfonation, etc.
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crosslink hydrophobic
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Chemical Hydrogel
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Fig. 2. Schematic of methods for formation of hydrogels by chemical modification of
hydrophobic polymers. Examples of these types of hydrogels include (a) the partial
hydrolysis of the acetate groups to —~OH groups in conversion of PVAc to PVA, and
(b) the partial hydrolysis of PAN to a polymer containing varying concentrations of
acrylonitrile, amide and carboxyl pendant groups. In either case the resulting gel may be
subsequently covalently crosslinked.

may be formed in hydrogels by phase separation during synthesis, or
they may exist as smaller pores within the network. The average pore
size, the pore size distribution, and the pore interconnections are im-
portant factors of a hydrogel matrix that are often difficult to quantitate,
and are usually included together in the parameter called ‘tortuosity’.
The effective diffusion path length across a HG film barrier is estimated
by the film thickness times the ratio of the pore volume fraction divided
by the tortuosity. These factors, in turn, are most influenced by the com-
position and crosslink density of the hydrogel polymer network.
Labeled molecular probes of a range of molecular weights (MWs)
or molecular sizes are used to probe pore sizes in hydrogels [47].
Fluorescein-labeled dextrans are usually used. The same assumptions
and restrictions apply to these probes as those for small molecular
probes used to characterize free and bound water in a hydrogel.
Probe solute permeation is a useful method for characterizing
pores and their interconnections in hydrogels. The probe solute size
and shape, its relative hydrophilic and hydrophobic character, and
the availability of ‘free’ water molecules to hydrate and dissolve the
solute molecules are important factors governing solute permeation
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Fig. 3. Schematic of methods for formation of crosslinked hydrogels by free radical
reactions, including a variety of polymerizations and crosslinking of water-soluble
polymers. Examples include crosslinked PHEMA and PEG hydrogels.
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Fig. 4. Schematic of methods for formation of crosslinked hydrogels by condensation
reactions of multifunctional reactants. Examples of the reactant groups include reac-
tions of (a) isocyanates and amines or alcohols to form urea or urethane bonds,
(b) amines or thiols and vinyl groups to form amines or sulfides by Michael additions,
(c) amines and active esters such as N-hydroxy succinimide to form amides, (d) acids
or acid chlorides and alcohols to form esters, (e) aldehydes and amines to form Schiff
bases, etc. Typical examples of natural and synthetic polymers that are used to form
hydrogels by such condensation reactions include many different types of polysaccha-
rides, collagen, PAAc, PVA and PEG.

Hydrogel Network

through any particular hydrogel. The permeation coefficient, P, is the
product of the partition coefficient, K, and the apparent diffusion
coefficient, D,pp,

The partition coefficient, K, and uniformity of a protein/peptide
drug loaded within a hydrogel will depend on the protein/peptide
size, shape and net charge; the ionic, polar, apolar groups of the poly-
mer, total available ‘free’ water within the hydrogel; the addition of
partition enhancers to the solution; temperature, pH and ionic
strength, and the drying method, if the hydrogel has been dried,
since that often leaves a higher concentration of the drug at the
outer regions of the hydrogel. If a protein drug is being loaded into
a hydrogel, and if the protein has a net charge opposite to that of
the hydrogel, then it may plug the pores at the surface during loading
into the gel. On the other hand, if it has a net charge that is the same
as that of the gel, then it may be excluded from the gel by Donnan
exclusion. When loading a protein into a gel, the ionic strength, pH
and buffer used in the protein solution may individually or together
control the amount and distribution of the protein loaded into the gel.

The ‘effective’ or ‘apparent’ diffusion coefficient of the probe mole-
cule, Dypp, is equal to Do times the ratio of the pore volume fraction
divided by the tortuosity, where Dy is the diffusion coefficient in free
water and the ratio of the pore volume fraction divided by the tortuosity
is always <1. Diffusion in alginate hydrogels has been studied recently
[48]. There will always be a portion of the imbibed water in a hydrogel
that is not available for drug permeation due to pore ‘dead ends’, small
pores that are less than the diameter of the drug molecule, H-bonded or
hydrophobically ‘bound’ water, and drug-matrix polymer interactions.

Release of a macromolecular drug from a hydrogel will be controlled
by the pore volume fraction, the pore sizes and their interconnections,
the size of the drug molecule, and the type and strength of interactions
of the drug with the polymer chains that make up the hydrogel net-
work. In turn, the key factors that control the pore volume fraction,
the pore sizes and their interconnections are the composition of the
network polymer chains and the crosslink density. The interactions of
the drug molecules with the network chains will be determined by
their respective compositions. Thus, in designing a hydrogel network
for controlled release of a drug, it will be necessary to ‘match’ the poly-
mer composition and crosslink density with the particular size and
composition of the drug molecule to be delivered.

4. Hydrogels as tissue engineering matrices

When parts or the whole of certain tissues or organs fail, there are
several options for treatment, including repair, replacement with a

Evolution of Tissue Engineering

Tissue injury,
disease or failure

Organ injury,
disease or failure

Extracorporeal

Synthetic implant
treatment (+/- cells)

(if available)

Transplantation

implantation of (if organ available)

biocompatible
scaffold + cells
(“tissue-engineered”
tissue or organ)

v\ Implantation of
cells encapsulated
in polymer
¥ (“bioartificial organ”)

New tissue or organ

Fig. 5. Schematic showing the evolution of various therapeutic methods for treating
injured or diseased tissues and organs, to tissue engineering for the repair, regeneration,
or replacement of such tissues or organs.

synthetic or natural substitute, or regeneration. Fig. 5 shows how
tissue or organ injury, disease or failure has evolved to reach the
field of tissue engineering. Tissue repair or replacement with a syn-
thetic substitute is limited to those situations where surgical methods
and implants have achieved success. Although implants have been a
reasonably successful option, tissue engineering holds out great
promise for regeneration of the failed tissue. The first option for dis-
eased or injured organs is extracorporeal treatment, in which blood
is circulated through polymeric membrane exchange devices. These
devices are usually passive exchange systems, but more recently
experimental systems may contain entrapped or encapsulated cells
from other human or animal sources. Those latter systems are called
‘bioartificial’ or ‘biohybrid’ organs. Total replacement of the diseased

Table 3
Important physico-chemical parameters and properties of hydrogels relevant to their
use as matrices for tissue engineering.

Type of HG
Physical gel
Chemical gel

Molecular structures

Linear polymers

Block copolymers

Graft copolymers
Interpenetrating networks (IPNs)
Polyblends

Composition of HG

Natural polymers and their derivatives
Synthetic polymers

Combinations of natural and synthetic polymers

Important properties

Degradable or non-degradable

Injectable or pre-fabricated

Mechanical strength

Ease of handling

Shape and surface/volume ratio (sheets, cylinders, spheres)
Closed vs. open pores

Water content and character

Chemical modification (e.g., having attached cell adhesion ligands)
Added bioactive components (cells, drugs)

Sterilizability
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Table 4
Advantages and disadvantages of hydrogels as tissue engineering matrices.

Advantages

Aqueous environment can protect cells and fragile drugs
(peptides, proteins, oligonucleotides, DNA)

Good transport of nutrient to cells and products from cells

May be easily modified with cell adhesion ligands

Can be injected in vivo as a liquid that gels at body temperature

Usually biocompatible

Disadvantages

Can be hard to handle

Usually mechanically weak

May be difficult to load drugs and cells and then crosslink
in vitro as a prefabricated matrix

May be difficult to sterilize

or malfunctioning organ or tissue with a natural substitute requires
transplantation of an acceptable, healthy substitute, and there is a
limited supply of such organs and tissues. Thus, tissue engineering
holds out great promise for regeneration of organs.

Hydrogels have become increasingly studied as matrices for tissue
engineering [49]. Hydrogels designed for use as tissue engineering
scaffolds may contain pores large enough to accommodate living
cells, or they may be designed to dissolve or degrade away, releasing
growth factors and creating pores into which living cells may penetrate
and proliferate. Table 3 lists the important parameters and properties of
hydrogels for this application. Table 4 identifies the important advan-
tages and disadvantages of hydrogels as matrices for tissue engineering.
One significant advantage of hydrogels as tissue engineering matrices
vs. more hydrophobic alternatives such as PLGA is the ease with
which one may covalently incorporate cell membrane receptor peptide
ligands, in order to stimulate adhesion, spreading and growth of cells
within the hydrogel matrix. However, a significant disadvantage of
hydrogels is their low mechanical strength, posing significant difficul-
ties in handling [50]. Sterilization issues are also very challenging. It is
clear that there are both significant advantages and disadvantages to
the use of hydrogels in tissue engineering, and the latter will need to
be overcome before hydrogels will become practical and useful in this
exciting field.

References

[1] O. Wichterle, D. Lim, Hydrophilic gels in biologic use, Nature 185 (1960) 117.

[2] AS. Hoffman, G. Schmer, C. Harris, W.G. Kraft, Covalent binding of biomolecules

to radiation-grafted hydrogels on inert polymer surfaces, Trans. Am. Soc. Artif. In-

tern. Organs 18 (1972) 10-18.

B.D. Ratner, A.S. Hoffman, Synthetic hydrogels for biomedical applications, in:

Hydrogels for Medical and Related Applications, ACS Symposium Series, Vol. 31,

American Chemical Society, Washington, DC, 1976, pp. 1-36.

N.A. Peppas (Ed.), Hydrogels in Medicine and Pharmacy, Vols. I-1II, CRC Press,

Boca Raton, FL, 1987.

K. Park, W.S.W. Shalaby, H. Park (Eds.), Biodegradable Hydrogels for Drug

Delivery, Technomic, Lancaster, PA, 1993.

RS. Harland, RK. Prud’homme (Eds.), Polyelectrolyte Gels: Properties, Prepara-

tion, and Applications, American Chemical Society, Washington, DC, 1992.

K. Ulbrich, V. Subr, P. Podperova, M. Buresova, Synthesis of novel hydrolytically

degradable hydrogels for controlled drug release, J. Controlled Release 34 (1995)

155-165.

AS. Hoffman, Intelligent polymers, in: K. Park (Ed.), Controlled Drug Delivery,

American Chemical Society, Washington, DC, 1997.

J.M. Harris, S. Zalipsky (Eds.), Poly(ethylene glycol) Chemistry and Biological Ap-

plications, ACS Symposium Series, American Chemical Society, Washington, DC,

1997.

[10] F. Lim, A.M. Sun, Microencapsulated islets as bioartificial pancreas, Science 210
(1980) 908-910.

[11] LV.Yannas, E. Lee, D.P. Orgill, Synthesis and characterization of a model extracel-
lular matrix that induces partial regeneration of adult mammalian skin, Proc.
Natl. Acad. Sci. USA 86 (1989) 933-937.

[12] H. Gin, B. Dupuy, A. Baquey, C. Baquey, D. Ducassou, Lack of responsiveness to
glucose of microencapsulated Islets of Langerhans after three weeks implantation
in the rat — Influence of complement, J. Microencapsul. 7 (1990) 341-346.

3

[4

(5

(6

[7

8

[9

[13] H.W. Matthew, S.O. Salley, W.D. Peterson, M.D. Klein, Complex coacervate micro-
capsules for mammalian cell culture and artificial organ development, Biotechnol.
Prog. 9 (1993) 510-519.

[14] EY. Hsu, SW. Tsai, FF. Wang, Y. Wang, The collagen-containing alginate/
poly(L-lysine)/alginate microcapsules, Artif. Cells Blood Substit. Immobil. Biotechnol.
28 (2000) 147-154.

[15] M.V. Sefton, M.H. May, S. Lahooti, ].E. Babensee, Making microencapsulation work:
conformal coating immobilization gels and in vivo performance, J. Controlled
Release 65 (2000) 173-186.

[16] S. Woerly, Porous hydrogels for neural tissue engineering, Porous Mater. Tiss.
Eng. 250 (1997) 53-68.

[17] J.A. Hubbell, Synthetic biodegradable polymers for tissue engineering and drug
delivery, Curr. Opin. Solid State Mater. Sci. 3 (1998) 246-251.

[18] J.P. Dillon, XJ. Yu, A. Sridharan, J.P. Ranieri, R.V. Bellamkonda, The influence of
physical structure and charge on neurite extension in a 3D hydrogel scaffold,
J. Biomater. Sci. Polym. Ed. 9 (1998) 1049-1069.

[19] Y.L Cao, A. Rodriguez, M. Vacanti, C. Ibarra, C. Arevalo, C.A. Vacanti, Comparative
study of the use of PGA, calcium alginate and pluronics in the engineering of au-
tologous porcine cartilage, J. Biomater. Sci. Polym. Ed. 9 (1998) 475-487.

[20] M. Borkenhagen, J.F. Clemence, H. Sigrist, P. Aebischer, Three-dimensional extra-
cellular matrix engineering in the nervous system, J. Biomed. Mater. Res. 40
(1998) 392-400.

[21] B.S. Kim, J. Nikolovski, J. Bonadio, D.]. Mooney, Cyclic mechanical strain regulates
the development of engineered smooth muscle tissue, Nat. Biotechnol. 17 (1999)
979-983.

[22] J. Elisseeff, K. Anseth, D. Sims, W. McIntosh, M. Randolf, R. Langer, Transdermal
photopolymerization for minimally invasive implantation, Proc. Natl. Acad. Sci.
USA 96 (1999) 3104-3107.

[23] LJ.Suggs, A.G. Mikos, Development of poly(propylene fumarate-co-ethylene glycol)
as an injectable carrier for endothelial cells, Cell Transplant. 8 (1999) 345-350.

[24] G.M. Cruise, O.D. Hegre, In vitro and in vivo performance of porcine islets encapsu-
lated in interfacially photopolymerized pEG diacrylate membranes, Cell Transplant.
8 (1999) 293-306.

[25] V.E. Sechriest, Y.J. Miao, C. Niyibizi, A. Westerhausen-Larson, H.W. Matthew, C.H.
Evans, F.H. Fu, J.K. Suh, GAG-augmented polysaccharide hydrogel: a novel bio-
compatible and biodegradable material to support chondrogenesis, J. Biomed.
Mater. Res. 49 (1999) 534-541.

[26] M. Yamamoto, Y. Tabata, Y. Ikada, Growth factor release from gelatin hydrogel for
tissue engineering, J. Bioact. Compat. Polym. 14 (1999) 474-489.

[27] RA. Stile, W.R. Burghardt, K.E. Healy, Synthesis and characterization of injectable
PNIPAAm-based hydrogels that support tissue formation in vitro, Macromole-
cules 32 (1999) 7370-7379.

[28] T.De Chalain, J.H. Phillips, A. Hinek, Bioengineering of elastic cartilage with aggre-
gated porcine and human auricular chondrocytes and hydrogels containing algi-
nate, collagen, and kappa-elastin, J. Biomed. Mater. Res. 44 (1999) 280-288.

[29] L.G. Griffith, Polymeric biomaterials, Acta Mater. 48 (2000) 263-277.

[30] CJ. Hunter, A.C. Shieh, R.M. Nerem, M.E. Levenston, Effects of collagens I and II
and chitosan on chondrocyte behavior in fibrin gel cultures, Trans. Soc. Biomater.
(2000) 306.

[31] A. Chenite, D. Wang, C. Chaput, Novel in-situ autogelling chitosan solutions for
injectable implants, Trans. Soc. Biomater. (2000) 549.

[32] B.L. Atkinson, J.P. Elton, M.A. Renaud, ].J. Benedict, F. Binette, A comparative
analysis of unique injectable gels for BMP delivery, Trans. Soc. Biomater. (2000)
492.

[33] H.D. Kim, D.A. D’Augusta, RH. Li, Formulation of hyaluronic acid ester-based
injectable carriers for the delivery of rhBMP-2, Trans. Soc. Biomater. (2000) 626.

[34] D.L. Clapper, M.J. Burkstrand, SJ. Chudzik, ].J. Benedict, A photo-crosslinked
collagen/BMP matrix promotes bone formation in vivo, Trans. Soc. Biomater.
(2000) 115.

[35] K.S.Chow, E. Khor, Novel fabrication of open-pore chitin matrices, Biomacromolecules
1 (2000) 61-67.

[36] ]J. Marler, A. Guha, J. Rowley, R. Koka, D. Mooney, ].P. Vacanti, Soft tissue augmen-
tation with injectable alginate and syngeneic fibroblasts, Plast. Reconstr. Surg.
105 (2000) 2049-2058.

[37] B.Jeong, Y.H. Bae, S.W. Kim, Biodegradable thermosensitive hydrogels for injectable
drug delivery systems, Trans. Soc. Biomater. (2000) 1491.

[38] T.Ichi,]. Watanabe, T. Ooya, N. Yui, Design of hydrogels crosslinked by biodegradable
polyrotaxanes, Trans. Soc. Biomater. (2000) 1438.

[39] M. Marcolongo, K. Tsang, J. Thomas, D. Guy, A. Lowman, Novel hydrogel copolymers
for intervertebral disc replacement, Trans. Soc. Biomater. (2000) 191.

[40] M. Lutolf, A.B. Pratt, B. Vernon, D.L. Elbert, N. Tirelli, ].A. Hubbell, Collagenase-sensitive
PEG hydrogels for controlled tissue regeneration, Trans. Soc. Biomater. (2000) 651.

[41] S. Ohya, Y. Nakayama, T. Matsuda, Molecular design of artificial extracellular
matrix: preparation of thermoresponsive hyaluronic acid, Trans. Soc. Biomater.
(2000) 1297.

[42] D. Campoccia, P. Doherty, M. Radice, P. Brun, G. Abatangelo, D.F. Williams, Semi-
synthetic resorbable materials from hyaluronan esterification, Biomaterials 19
(1998) 2101-2127.

[43] G.D. Prestwich, D.M. Marecak, J.F. Marecak, K.P. Vercruysse, M.R. Ziebell, Con-
trolled chemical modification of hyaluronic acid, . Controlled Release 53 (1998)
93-103.

[44] K.Nakamae, T. Miyata, A. Jikihara, A.S. Hoffman, Formation of poly(glucosyloxyethyl
methacrylate)-concanavalin A complex and its glucose sensitivity, ]. Biomater. Sci.
Polym. Ed. 6 (1994) 79-90.

[45] J.E. Morris, R. Fischer, A.S. Hoffman, Affinity precipitation of proteins with
polyligands, Anal. Biochem. 41 (1993) 991-997.



A.S. Hoffman / Advanced Drug Delivery Reviews 64 (2012) 18-23 23

[46] P. Drumbheller, J.A. Hubbell, Densely crosslinked polymer networks of PEG in [49] K.Y. Lee, D.J. Mooney, Hydrogels for tissue engineering, Chem. Revs. 101 (2001)

trimethylolpropane triacrylate for cell adhesion-resistant surfaces, J. Biomed. 1869-1879.

Mater. Res. 29 (1995) 201-215. [50] D.W. Hutmacher, Scaffold design and fabrication technologies for engineering
[47] L.C. Dong, A.S. Hoffman, Q. Yan, Macromolecular penetration through hydrogels, tissues - state of the art and future perspectives, J. Biomater. Sci. Polymer Ed.

J. Biomater. Sci. Polym. Ed. 5 (1994) 473-484. 12 (2001) 107-124.

[48] CK. Kuo, P.X. Ma, Diffusivity of three-dimensional ionically-crosslinked alginate
hydrogels, Polym. Prepr. 41 (2000) 1661.



	Hydrogels for biomedical applications
	1. Introduction
	2. Water in hydrogels
	3. Pores and permeation in hydrogels
	4. Hydrogels as tissue engineering matrices
	References


