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Preface

Substances that absorb significant quantities of water are called gels or hydrogels. Naturally 
occurring materials with these properties play a very important role in all forms of life. In this 
Handbook, the biomedical applications of hydrogels are addressed by experts in the field from 
around the world. The phenomenal properties of hydrogels continue to stimulate scientists to 
seek new insights into the development of novel biomaterials and bioapplications.

Composed of three-dimensional polymer networks, hydrogels can absorb large quantities 
of water. Consequently, they are soft, pliable, wet materials with a wide range of potential 
biomedical applications. Hydrogels are currently widely used in bioapplications and play a 
crucial role in modern strategies to remedy malfunctions in and injuries to living systems.

The high water content of hydrogels renders them compatible with most living tissue and 
their viscoelastic nature minimizes damage to the surrounding tissue when implanted in the 
host. In addition, their mechanical properties parallel those of soft tissue, which makes them 
particularly appealing to tissue engineers. These novel, bioactive materials are capable of 
interacting with the host tissues, assisting and improving the healing process, and mimicking 
functional and morphological characteristics of organ tissue.

Biomaterials play a crucial role in modern strategies of tissue replacement and restoration 
because they provide the biophysical and biochemical surroundings that are able to direct 
cellular behavior and functions. The concept of designing hydrogels as temporary or 
permanent devices for regeneration and restoration of tissues is being vigorously pursued 
in many laboratories, that often involve international cooperative endeavors. Both natural 
and synthetic hydrogels are used for repairing and regenerating a wide variety of tissues 
and organs. The ability to engineer composite hydrogels has generated new opportunities in 
addressing challenges in tissue engineering as well as in tissue function restoration.

Most hydrogels have biological traits, such as high tissue-like water content and 
permeability for influx of nutrients and excretion of metabolites. Cells encapsulated in a 3-D 
hydrogels environment are surrounded by a gels matrix that does not promote attachment 
or potential phenotype differentiation, thus making hydrogels especially suitable for 
engineered scaffolds. These hydrophilic composite structures are being designed to mimic 
the transport and mechanical properties of natural soft tissue. Hydrogels can homogeneously 
incorporate and suspend cells as well as growth factors and other bioactive reagents while 
allowing rapid diffusion of hydrophilic nutrients and metabolites to the incorporated cells or 
surrounding tissue.

One of the essentials for an effective tissue scaffold is that it degrades in a controlled 
manner so that when the bioreplacement is complete and functional in vivo none of the 
scaffolding materials remain. Biodegradable hydrogels are derived from fibrin, hyaluronic 
acid, collagen, chitosan, and poly(lactic acid) components to create hybrid hydrogels that 
are biocompatible and can provide appropriate signals to regulate cell behavior. Degradation 
of hydrogels leads to a loss in mechanical strength and finally disintegration. Therefore, the 
degradation rate of the gels needs to be carefully controlled to match the rate of new tissue 
formation.

There are a number of hydrogels that behave as smart materials and offer natural 
adaptations, such as sensing devices, actuating and regulating functions, and feedback control 
systems. These stimuli-responsive polymer gels react to changes in their surroundings, such 
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as surrounding composition, temperature, and pH. They are of interest as intelligent, or smart, 
biomimetic materials that can function as biosensors, processors, and activators of an electrical 
response. The applications of electroconductive hydrogels as biorecognition membranes for 
implantable biosensors, as electro-stimulated drug-eluting devices and as a low interfacial 
impedance layer on neuronal prostheses present new horizons for biodetection devices. Both 
biomolecular recognition and responsive functions that perceive a biomolecule target and 
induce structural changes can be introduced into the hydrogels network.

Hydrogels-based drug delivery systems with integrated smart systems and biomolecular 
imaging capability open many opportunities for effective therapeutic delivery and monitoring 
as well as molecular imaging probes in noninvasive procedures for early detection and 
treatment of disease. This multifunctionality makes it possible to self-regulate and control 
hydrogels-based devices to maintain physiological variables for applications such as drug 
delivery and cell cultures.

Hydrogels implants for drug delivery can be preformed or injected. The preformed hydro-
gels are processed with the active reagent in vitro prior to in vivo implantation. Injectable 
hydrogels are implanted as a liquid that gels in situ with the reagent incorporated and sus-
pended in the gels precursor prior to gelation, enabling homogenous and facile implantation. 
In situ gelling of stimuli-sensitive block copolymer hydrogels has many advantages, such 
as simple drug formulation, site-specificity, sustained drug release behavior, less systemic 
toxicity, and the ability to deliver both hydrophilic and hydrophobic drugs. For example, PEG-
based amphiphilic copolymers are extensively used for biomedical applications due to their 
unique self-assembly and biocompatibility properties. The PEG-based amphiphilic copoly-
mers exhibit unique changes in micellar architecture and aggregation number in response to 
changes near physiological temperature and/or pH. Therefore, in situ gelling systems made 
with PEG-based amphiphilic copolymers are being investigated worldwide.

These topics as well as several other biomedical applications of hydrogels are covered in 
the ensuing chapters by the most highly qualified experts in the field. I wish to thank them and 
the many others who have contributed to this publication.

Richmond, VA  Raphael M. Ottenbrite
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Hossein Omidian and Kinam Park 

Abstract Hydrogels are a class of crosslinked polymers that, due to their hydrophilic nature, 
can absorb large quantities of water. These materials uniquely offer moderate-to-high physical, 
chemical, and mechanical stability in their swollen state. The structure of a hydrogels can 
be designed for a specific application by selecting proper starting materials and processing 
techniques. Since the equilibrium swelling capacity of a hydrogels is a balance between 
swelling and elastic forces, hydrogels with different swelling capacities can be designed by 
modulating the contribution of individual forces. Certain hydrogels respond to the changes in 
environmental factors by altering their swelling behavior. This chapter explains the evolution 
of hydrogels as a new class of the crosslinked polymers, the hydrogels structures, swelling 
forces, swelling kinetics, types of water in a swollen hydrogels, and composite properties of 
hydrogels materials.

Crosslinked Polymers

Compared with metals, glass, and ceramic, polymers are unique as their molecular 
weight can be regulated from low to ultra high to provide different properties. For example, 
polyethylene is supplied as wax and also as a very durable packaging material; these are 
made based on low and high molecular weight polyethylene, respectively. Poly(ethylene 
oxide) can be made as low and very high molecular weight materials with applications 
such as plasticizer and flocculent, respectively. Usually, high molecular weights promote 
intermolecular interactions between the polymer chains and have better chemical, physical, 
and mechanical properties. For example, increased melting temperature, stability, and 
mechanical resistance are generally provided by high molecular weight polymers. Polymers 
have enormous applications as general commodities where environmental factors, such as 
temperature and mechanical forces, exist at low-to-moderate levels. However, such polymers 
fail when the magnitude of these factors increases substantially. For instance, extreme pHs, 
high temperatures, high mechanical forces, or strong solvents can either degrade the polymers 
or weaken the intermolecular forces. For these applications, the magnitude of intermolecular 
forces needs to be supplemented with other auxiliary forces. Crosslinked rubbers are the first 
generation of such polymers which benefited from this concept. Without crosslinking, the 
rubber in tires could not fulfill their task. The idea of crosslinking as a tool to form permanent 
intermolecular bonds quickly spread into other areas, such as the contact lens industry where 
poly(methyl methacrylate) and poly(hydroxyethyl methacrylate) are crosslinked with ethylene 
glycol dimethacrylate (see Chap. 16).



2 Hossein Omidian and Kinam Park 

Hydrogels Synthesis

By definition, a hydrogels is a crosslinked polymer network having hydrophilic properties.  
While hydrogels are generally prepared based on hydrophilic monomers, hydrophobic 
monomers are sometimes used in hydrogels preparation in order to regulate the properties for 
specific applications. In general, the three integral parts of the hydrogels synthesis are mono-
mer, initiator, and crosslinker. To control the heat of polymerization and the final hydrogels 
properties, diluents can be used, such as water or other aqueous solutions. After the synthesis, 
the hydrogels mass needs to be washed to remove impurities left from the synthesis process. 
These include non-reacted monomers, initiators, crosslinkers, as well as unwanted products 
produced via side reactions (Fig. 1). The hydrogels properties can be modulated by varying 
the synthetic factors, such as reaction vessel, reaction time, reaction temperature, monomer 
type, type of crosslinker, crosslinker-to-monomer ratio, monomer concentration, and type and 
amount of initiator.

Synthetic hydrogels are generally produced via bulk, solution, and inverse dispersion 
techniques. While the first two reactions are homogeneous, the inverse dispersion method  
is conducted in the dispersed and continuous phases. Among the homogeneous polymeriza-
tions, the solution reaction is preferred due to better control of the heat of polymerization, 
and hence the polymer properties. Most of the high-swelling hydrogels are produced in this 
way. Generally, monomer(s), initiator, and crosslinker(s) are freely soluble in water, or 
have good solubility in water. The product of this reaction can be dried out and pulverized 
for various applications. Particles of various sizes are used for different applications. For 
example, particles in the size range of 150–300 mm are preferred for hygiene products. In 
agriculture, very small particles are used for seed germination, while larger particles are 
used to moisten the soil. Hydrogels can also be prepared in micron sizes via an inverse 
dispersion technique based on the dispersed and continuous phases. The former is aqueous 
and the latter is organic. The monomer is usually dissolved in the dispersed phase, and a 
surfactant is dissolved in the organic phase to help the monomer and other aqueous reagents 
to be effectively dispersed throughout the continuous phase. Although particles with desir-
able sizes can be obtained by this technique, removal of the organic solvents, such as 

Monomer InitiatorCrosslinker

Synthesis PurificationHydrogels

Fig. 1. Hydrogels synthesis.
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n-hexane and toluene, is a very challenging problem. A typical inverse suspension polym-
erization to produce hydrogels with high swelling capacity is shown in Fig. 2. The tech-
nique is appropriate for highly hydrophilic monomers, such as salts of acrylic and methacrylic 
acids, as well as acrylamide.

Expansion of a Hydrogels Structure

The hydrophilic polymers without crosslinking are called hydrosol (soluble in water) 
when they are dissolved in aqueous solution. Hydrosols display liquid behavior and hydrogels 
display solid behavior, respectively. A hydrosol cannot retain a shape; the hydrogels coun-
terpart does because of the restricted movement of polymer chains due to the intermolecular 
crosslinks. The method of crosslinking polymer chains depends on the type of monomer and 
the final application. Hydrophilic monomers containing double bonds, such as acrylic acid, 
acrylamide, and hydroxyethyl methacrylate, can be polymerized and can form chemical bonds 
with crosslinkers that have double bonds. A chemical-bonded hydrogels has permanent prop-
erties due to the covalent nature of the crosslink entity.

Less common, hydrophilic monomers that contain interactive functional groups, such as 
–OH, –COOH or –COO–, are used to crosslink hydrogels, for example, via hydroxyl–carboxyl 
interactions. In addition, crosslinking can be performed by physical means. Monomers, such 
as N-isopropylacrylamide, that contain hydrophobic groups, in aqueous solutions, aggregate 
at certain temperatures, displaying a hydrosol/hydrogels transition. Hydrogen bonding can 
also function as a crosslinking tool in polymers containing a multitude of hydroxyl groups, 
such as in poly(vinyl alcohol). Hydrogen bonding provides crosslinks to polymers that contain 
the same or different functional groups. For example, poly(acrylic acid) and polyacrylamide 
are both highly soluble in water, but their blend display partial insolubility as a result of 
hydrogen bonding between the respective carboxyl and amide groups. Solid–liquid behavior 
of hydrosol and hydrogels polymers as well as approaches to convert a hydrosol to a hydrogels 
are shown in Fig. 3.

Monomer
Initiator

Crosslinker 
Water

Surfactant
Co-surfactant

Solvent

Jacketed reactor at 
constant temperature 
under nitrogen blanket 

Fig. 2. Inverse dispersion polymerization.
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Hydrosol polymers, such as poly(acrylic acid) or its derivatives, can also be crosslinked 
with metal ions. The magnitude of the crosslink depends on the metal ion type and its valence. 
Natural hydrosol polymers, such as alginic acid and chitosan, readily form hydrogels in the 
presence of calcium and phosphate ion, respectively. Similarly, electrolytic crosslinking inter-
actions occur between macromolecules with cations and anions. For example, alginic acid, 
with –COO− groups, and chitosan, with –NH2 groups, interact in aqueous solutions to form an 
insoluble hydrogels complex. Furthermore, hydrogels can also be formed by polymer chain 
aggregation. Hydrocolloids, such as agar and gelatin display hydrosol/hydrogels transition in 
the aqueous solution with changes in temperature. Crosslinks are formed via chain aggrega-
tion, which results in stronger chain–chain interactions than chain–water interactions.

Swelling Forces in Hydrogels

Hydrogels are usually defined by their degree of swelling. The swelling capacity of a 
hydrogels can be determined by the amount of space inside the hydrogels network available to 
accommodate water. However, the underlying foundation that determines hydrogels swelling 
starts with the polymer–water interactive forces. Basically, the more hydrophilic the polymer 
structure is, the stronger the polymer–water interaction becomes. Hydrogels with hydrophilic 
functional groups swell in water exclusively as a result of polymer–water interaction forces. If 
the hydrogels structure contains ionic groups, osmosis is generated by the counter ions due 
to the difference in ion concentration within the gels and the outside solution. The greater 
the difference in the ion concentration is, the larger the osmotic pressure becomes. The source 
of ions in hydrogels is the ionization of the concomitant pendant ionic groups; whereby, the 
polymer backbone assumes either a negative or a positive charge and the hydrogels is defined as 
an anionic or cationic, respectively. The ionic charges in the polymer backbone repel each other 
in an aqueous solution and generate significant expansions in space for water absorption.

Overall, the three forces; polymer–water interactions, electrostatic, and osmosis expand 
the hydrogels network. Hydrogels swelling, by definition, is the restricted solubility. In other 
words, infinite solubility of a hydrogels is prevented by elastic forces, which originate from 
the network crosslinking. The balance of these two different forces determines the equilib-
rium hydrogels swelling, as shown in Fig. 4.

θ

Chemical crosslinking 

Physical crosslinking

Hydrophobic association 
Hydrogen bonding 
Metal complexation 
Polymer-polymer
complexation

Hydrosol Hydroge
Crosslinking

Olefinic crosslinkers
Functional groups 

Liquid Solid

Fig. 3. Chemical and physical gels.
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Hydrogels are classified as non-ionic, ionic (anionic, cationic, and ampholytic) as well 
as those with hydrophilic backbones that contain hydrophobic groups. Non-ionic hydrogels, 
such as poly(N-vinyl pyrrolidone) and poly(ethylene oxide), swell in aqueous medium solely 
due to water–polymer interactions. The cationic hydrogels swelling is dependent on the pH 
of the aqueous medium, which determines the degree of dissociation of the ionic chains. 
Cationic hydrogels display superior swelling at acidic media since their chain dissociation 
is favored at low pHs. Similarly, anionic hydrogels dissociate more in higher pH media, and 
hence, display superior swelling in neutral to basic solutions.

Ampholytic hydrogels possess both positive and negative charges that are balanced at 
a certain pH (their iso-electric point). A change in pH can change the overall ionic (cationic 
or anionic) properties. For example, ampholytic gelatin dissolves in water at low pHs due 
to its cationic nature in an acidic medium. The hydrophobic modified hydrogels contain a 
hydrophilic backbone with pendant hydrophobic groups. In an aqueous solution, the balance 
between the hydrophilic and hydrophobic interactions changes with temperature. Therefore, 
depending on the nature of these groups, hydrophobic association occurs at a specific tem-
perature, which results in gelation as depicted in Fig. 5.

Coil conformation

Extended conformation

Crosslinks

Swelling forces:
polymer dissolution,
electrostatic, osmotic

Elastic
forces

Fig. 4. Swelling forces in hydrogels.
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0 14pH
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nature
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No pH 
dependency

Temperature
change favors 
aggregation of 

hydrophobic
groups

Fig. 5. Different hydrogels structures.
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For certain applications, a hydrogels based on a single polymer system may not meet the 
requirements of the intended applications. For example, a very high-swelling hydrogels can 
offer greater swelling but may have inferior mechanical properties. In these circumstances, a 
multiple hydrogels process, as shown in Fig. 6, can be used. These systems can be prepared by 
performing a second polymerization or a second crosslinking process on the original hydrogels 
platform.

Swelling Mechanism

The water absorption in hydrogels is dependent on many factors, such as; network 
parameters, nature of the solution, hydrogels structure (porous or poreless), and drying tech-
niques. The most important factor is the crosslink density, which is determined by the effective 
concentration of the crosslinker used in the crosslinking process. This, in turn, determines 
the distance (molecular weight) between the two crosslinks on the same polymer chain. The 
shorter the distance, the higher the crosslink density. Nevertheless, the magnitude of the cross-
link density determines the swelling feature of a given hydrogels. At the lower extreme, the 
swelling process can be seen as a diffusion process followed by a relaxation process. In other 
words, the rate at which water itself can diffuse into the network structure is rate-determining at 
the beginning of the swelling process. This mostly depends on the molecular weight of the sol-
vent, solution temperature and the extent of porosity within the hydrogels structure. The second 
step in the hydrogels swelling is determined by how fast polymer chains can relax which is a 
slower absorption process. As shown in Fig. 7, the absorption mechanism in highly crosslinked 
hydrogels potentially changes toward a single diffusion process as polymer chain movement is 
limited by the high crosslink density. In other words, a highly crosslinked hydrogels behaves 
like a metal mesh which allows a constant amount of water to continuously pass.

Water in Hydrogels

The water accommodated by a hydrogels structure can be classified into four types as 
shown in Fig. 8. The water in the outermost layer is called free and can be easily removed 
from the hydrogels under mild conditions. The interstitial water is the type of water which is 
not attached to the hydrogels network, but physically trapped in between the hydrated poly-
mer chains. The bound water is directly attached to the polymer chain through hydration 

Second
polymerization

Second
crosslinking

Fully-interpenetrated
network

Semi-interpenetrated
network

Fig. 6. Multiple hydrogels systems.
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of functional groups or ions. The bound water remains as an integral part of the hydrogels 
structure and can only be separated at very high temperatures. Semi-bound water is a type of 
water with intermediate properties of a bound water and free water. Although other layers 
of water can be accommodated into the hydrogels structure, these have much weaker interac-
tions with functional groups and ions as they are farther away from the functional cores. The 
free and interstitial water can potentially be removed from the hydrogels by centrifugation and 
mechanical compression. All water types in a hydrogels can be identified and characterized in 
a simple differential scanning calorimeter thermogram.
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Fig. 7. Swelling kinetics.

Bound water 
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Fig. 8. Different types of water in hydrogels.



8 Hossein Omidian and Kinam Park 

Hydrogels Properties

A hydrogels is a composite of a solid (a polymer) and a liquid (water). The final properties 
of a hydrogels are also determined by the composition of the composite (the polymer-to-water 
ratio). As shown in Fig. 9, a low- or a high-swelling hydrogels is characterized by a high- 
or low-polymer/water ratio, respectively. Hydrogels, with superior stability in their swollen 
state (hydrogels for contact lens), require a high solid content; while a low-solid-content 
hydrogels (superabsorbent in baby diapers) is desirable when superior swelling capacity is a 
major requirement. The solid/liquid content of a hydrogels is determined by the crosslinker/
monomer ratio during the hydrogels synthesis or post-synthesis.

Hydrogels Characterization

Structural characterization: A hydrogels has chemical and physical structures; for 
example, when two or more monomers are used in the reaction, or when a monomer is grafted 
onto a polymer backbone, analytical techniques, such as FTIR and NMR, are used to monitor 
the degree of copolymerization or grafting processes. On the other hand, the physical struc-
ture of a hydrogels is related to its composite nature. A non-porous hydrogels is a two-phase 
composite of solid polymer and water while a porous hydrogels is a three-phase composite 
of a solid polymer, water, and air. Each of these phases affects the physical properties of a 
hydrogels, such as density, refractive index, mechanical property, and porosity. Since air has 
no mechanical properties, its presence in hydrogels severely affects the mechanical proper-
ties. However, due to its gaseous properties, air can provide a very effective path for water 
absorption, if pores are interconnected. The unique swelling properties of superporous hydro-
gels are due to the great proportion of air (~30%) in the composite structure. The extent of 

High swellingLow swelling

Water content Solid content 

Fig. 9. Composite properties of hydrogels.
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the porosity, pore size, and size distribution can significantly affect swelling and mechanical 
properties of a hydrogels. Scanning electron microscopy, mercury porositometry, liquid intru-
sion, and image analysis are used for pore characterization within a porous hydrogels.

In liquid extrusion technique, a liquid is used to fill the pores of the hydrogels in its 
dry state. The liquid–hydrogels system should have a lower surface free energy than that 
of air–hydrogels system. Pores are occupied spontaneously as the free energy of the system 
decreases. A non-reactive gas is then used to extrude the liquid out of the hydrogels. To deter-
mine the displaced volume “dV” of liquid in a porous system, the (1) is used:
 

( ) ,γ γ= −p V Ssg sld d  
(1)

where “p” is the differential pressure, gsg is the free energy of the hydrogels–gas interface, gsl 
is the free energy of the hydrogels–liquid interface, and “dS” is the increase in hydrogels–gas 
surface area. Assuming that surface energies are equilibrated and pores are circular, the diam-
eter of the hydrogels pores, D, can be calculated by (2)
 

γ= 4 cos / ,p Dq
 

(2)

where “q” is the contact angle of the wetting liquid [1, 2].
Swelling: Since the weight, volume, and dimension values of a hydrogels change dur-

ing the swelling process (Fig. 10), any of these factors can be used to characterize swelling 
behavior of a hydrogels. The most commonly used method is the weight-swelling ratio, which 
can be expressed in weight unit or in percentage as shown in (3)

 = − = − ×Q m m m g Q m m mt st d d t st d d( ) / (as g ) or [( ) / ] 100(as%),  (3)

where Qt is the swelling at time “t”, mst is the weight of the swollen hydrogels at time “t”, and 
md is the weight of the dry hydrogels. When mst >> md, the weight-swelling ratio can simply 
be expressed as in (4)
 =Q m mt st d/

 
(4)

For superabsorbent hydrogels with very high swelling capacities, the above equation is 
acceptable. When t → ∞, the Qt becomes Q∞, the equilibrium swelling capacity, or swelling 
at equilibrium. The Q∞, is also called a “power factor” in hydrogels, which can be used to 

Dry
Hydrogel

Swollen
Hydrogel

Wd Ws

Dd

Ds

Fig. 10. Swelling measurement.
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compare the equilibrium swelling capacity of hydrogels. The higher the power factor is, the 
greater the swelling capacity becomes.

To measure the swelling kinetics in hydrogels, several values of Qt are measured at 
their corresponding swelling time. For comparative purposes, hydrogels can be character-
ized by their “rate factor,” which is the time for the hydrogels swelling to reach certain 
percentage of the equilibrium swelling capacity. The lower the “rate factor”, the faster the 
swelling kinetics.

Swelling in hydrogels can also be expressed in other ways. The volume-swelling ratio 
is one when the ultimate volume of the swollen gels is the goal for a given application. For 
example, if the hydrogels is intended to occupy the largest space possible, the volume ratio is 
more meaningful than the weight ratio. On the other hand, if the absorption of ions from a cor-
responding solution is intended, the weight ratio is more applicable. The dimensional swelling 
ratio is straightforward and very useful for the fast comparative purposes. Since the opacity of a 
hydrogels also changes during the swelling process, the turbidity measurements may be used.

In addition, since the swelling in hydrogels is driven by swelling pressure, pressure sensors 
can be utilized to characterize swelling in hydrogels. However, for many applications, the swelling 
pressure in a hydrogels is not the only source of stress on the hydrogels mass. Any external 
pressure tends to reduce the swelling pressure of hydrogels and has to be taken into account in 
swelling measurements. For example, an effective diaper absorbent must be able to swell under 
the external pressure of baby’s weight. For an agricultural absorbent hydrogels, the swelling 
pressure depends on the depth and the density of the soil, as different pressures are experienced 
due to the soil weight. For these applications, a loaded swelling measurement is more meaningful 
than a free swelling determination, in which no external pressure is present (Fig. 11).

Free
swelling

Loaded
swelling

External
pressure

Fig. 11. Free and loaded swelling.
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Mechanical strength: For most applications, the most important requirement is how well 
a hydrogels can maintain its shape in the swollen or wet state; this is called the wet-state stability. 
Crosslinking the polymer chains is usually necessary to improve the hydrogels mechanical 
properties. With increases in the crosslinking density, the mechanical properties are increased 
at the expense of swelling. Crosslinking in hydrogels can be homogeneous (bulk crosslinking) 
or heterogeneous (surface crosslinking). The former occurs when the crosslinker is soluble 
in the monomer. Surface crosslinking is generally incorporated either after the hydrogels is 
formed or during the hydrogels synthesis using a water-insoluble crosslinker. A hydrophobic 
crosslinker can provide surface crosslinking if it is dissolved in the continuous phase of an 
inverse dispersion system. Generally, in the swollen state, a bulk-crosslinked hydrogels with 
a high crosslinking density is brittle, while a surface-crosslinked hydrogels is tough. Either 
method, improves the stability of a hydrogels in wet state.

Deswelling in hydrogels is also related to the mechanical properties. Water absorbed 
into a weak hydrogels is desorbed to a greater extent. For example, an important requirement 
for a diaper absorbent is a dry feeling in the swollen state. If a mechanically weak hydrogels 
is used in diaper, then the fluid absorbed into the hydrogels can partially leak from the hydro-
gels, which is not desirable in this application. A weak hydrogels in its fully swollen state 
under mild stress can also break apart into smaller swollen particles. These smaller particles 
increase the contact area of the swollen hydrogels with the surrounding dry environment and 
causing faster desorption.

The desorption in hydrogels is dependent on many factors. Desorption similar to the 
absorption process is a diffusion process. Therefore, depending on how wet the surrounding 
environment is, the desorption process takes place at a slow or fast rate. The wetter the sur-
rounding environment are, the slower the desorption process. Desorption processes generally 
happen at a liquid–air, liquid–liquid, and liquid–solid interface depending on the application. 
For each given application, a proper desorption or deswelling measurement can be devised. 
There are a number of ways that the hydrogels desorption can be evaluated. A fully swollen 
hydrogels is placed in an oven at a certain temperature, and its weight reduction is monitored 
over time. Alternatively, the fully swollen hydrogels is placed in contact with a dry solid 
and the weight loss is monitored over time. Depending on the environment temperature, the 
dryness, the porosity, the texture of the dry environment and the environment pressure, the 
desorption process may range from a linear to an exponential trend as shown in Fig. 12.
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Fig. 12. Hydrogels deswelling.
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To measure the mechanical properties, a hydrogels is deformed under a static compressive 
loading using a simple mechanical tester, such as a texture analyzer. The hydrogels in its swollen 
state is placed under the probe of the instrument, and then a specific is applied at a constant rate. 
The hydrogels resists the continuous load by deforming itself up to a point where the applied 
load becomes stronger than the resistance of the hydrogels. At this point, or so-called breaking 
point, the hydrogels reaches its maximum deformation and then fails. Depending on the hydro-
gels structure, the hydrogels deforms itself at a slow or fast rate, followed by the breaking point. 
On the load-deformation graph, as shown in Fig. 13, hydrogels resistance to the applied load is 
shown by the slope of the load-deformation curve (I). The sharper the slope, the higher the hydro-
gels resistance is, and hence, the higher the hydrogels modulus. At point II, the hydrogels starts 
to break, which is expressed as hydrogels maximum strength. The slope of the load-deformation 
at the region III indicates the rate at which the hydrogels breaks apart, fast or slow. If the slope is 
mild, the breaking or failing process occurs slowly and the hydrogels breaks in a ductile mode. On 
the other hand, a hydrogels breaks apart quickly in a brittle fracture mode if the slope is sharp.

Hydrogels like polymers are viscoelastic materials. Therefore, they have elastic and vis-
cous components. These two are characterized by storage modulus and loss modulus, respec-
tively. Viscoelastic properties of swollen hydrogels can be measured by a rheometer, as shown 
in Fig. 14. The hydrogels structure can be correlated to its elastic modulus, as shown in the 
graph [3, 4] using the following equation

 ,cG R' T Mr=  (5)

where G¢ is the elastic modulus, r is density, R is gas constant, T is absolute temperature, and 
Mc is the molecular weight between two crosslinks. As Mc decreases, the elastic modulus, or 
elastic nature of the swollen hydrogels increases. This can be accounted for by an increase in 
crosslink density of the hydrogels.

Hydrogels Applications

As shown in Fig. 15, hydrogels can be used as a swelling agent or as a delivery platform 
for active compounds. Hydrogels with higher swelling capacity are mostly used in hygiene 
and agriculture fields where retention of water and aqueous solutions, of say urine and tap 

I
II

III

Lo
ad

Deformation

Fig. 13. Hydrogels strength.
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water, is expected, respectively. For the delivery of drugs, pesticides, proteins, colorants, for 
example, hydrogels with lower swelling capacity are generally used. Nevertheless, for each 
application, the hydrogels is usually specifically designed and manufactured to meet that par-
ticular need.

Hydrogels for hygiene products, such as baby diapers, are disposable short-term prod-
ucts; therefore, they are required to offer high and fast swelling properties as well as moderate 
stability. These should be safe, non-toxic and be able to function in solutions containing urine 
and salts while loaded. As far as the purity is concerned, hygiene hydrogels must have very 
limited amounts of residual monomers and other reagents. In agriculture, while high swell-
ing capacity is very desirable, the fast swelling rate is not needed in most applications. 
Agricultural hydrogels should absorb ion-containing aqueous solutions, while being stable to 
UV irradiation, oxygen, ozone, acidic rains, temperature variation, microorganisms, and soil 
composition. Crosslinked hydrophilic polymers are used in the pharmaceutical industry as 
superdisintegrant and as controlled delivery platforms. For these applications, the hydrogels 
has to meet specific requirements, such as; medium swelling capacity, fast swelling rate, drug 
compatibility, safety, non-toxicity, shelf stability, and high purity. They also must function in 
the stomach under variable pH values, forces, and food contents.
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Fig. 14. Hydrogels viscoelasticity.
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For hygiene products, the goal is to make thinner hydrogels pads with higher absorbency 
under load, increased swelling pressure and increased suction power [5]. The absorbency limit 
for the hydrogels used in baby diapers under load is 35–40 mL/g [6]. Although the hydrogels 
absorbent can keep the skin area dry, there is a serious concern that these synthetic materi-
als can increase the incidence of diaper dermatitis. Their non-biodegradability, toxicity, and 
environmental pollution are also of concern [7–9].

In the agriculture and horticulture fields, a major challenge is to maintain the hydrogels 
stability under harsh and long-term environmental conditions. Ions and ultraviolet irradiation 
can degrade the hydrogels swelling properties via complexation or breaking the crosslinks. 
For example, an acrylic-based super water-absorbent hydrogels will be dissolved in the swelling 
medium in a few days when directly exposed to UV irradiation. An agricultural concern is 
the variable quality of the water used for irrigation. Hydrogels display significantly different 
swelling behavior from one location to another due to the changes in water quality and envi-
ronmental factors.

There are numerous studies that show the advantages and disadvantages of hydrogels in 
agricultural field. Superabsorbent hydrogels for use in soil to promote plant growth has been 
reviewed by Kazanskii et al. [10]. Crosslinked poly(acrylamide-co-sodium acrylate) microgels 
as well as polyacrylamide, poly(acrylic acid), poly(vinyl alcohol), and potassium polyacrylate 
have been produced via electron beam irradiation [11]. The average plant height, leaf width, 
total dry weight and wilting time increased when these hydrogels were added to the soil [12]. 
The germination of seeds and the growth of young plants were also better with hydrogels based 
on starch grafted with acrylic acid and acrylamide [13]. Hydrogels with better resistance against 
salts were prepared by incorporating potassium humate into acrylic acid/acrylamide hydrogels. 
The hydrogels swelling was found to be highest in saline containing monovalent cations and also 
independent of the cation type, (ammonium, potassium, or sodium) [14]. Corn growth is pro-
moted when hydrogels based on acrylic acid and sodium humate are added into the soil [15].

The effects of water quality, type of fertilizer, soil pH, and the surrounding tempera-
ture have been evaluated for acrylamide-co-potassium acrylate hydrogels in [16]. The growth 
of rice is enhanced in soils containing superabsorbent hydrogels based on crosslinked car-
boxymethylcellulose and acrylamide [17]. Hydrogels have also been used to reduce the envi-
ronmental problem of polyphenols and organic contents in olive mill wastewater. Hydrogels 
help the wastewater to be immobilized, so that it can be used as plant fertilizer [18]. Meth-
acrylated cashew gum copolymerized with acrylamide has been claimed as soil conditioner. 
The swelling capacity of the hydrogels was significantly enhanced via alkaline hydrolysis of 
the hydrogels [19]. Semi-interpenetrated hydrogels network of sodium acrylate and poly(vinyl 
alcohol) are used in soils containing high salt content [20]. A starch-based hydrogels of acryl-
amide and acrylic acid has improved water retention capacity of the soil [21].

Agricultural hydrogels have also been used for controlled delivery applications. Gener-
ally, hydrogels for this application are biodegradable. Starch-grafted lactide has been studied as 
a biodegradable carrier to release urea fertilizer at a slow pace. The urea release can be adjusted 
by the grafting level as hydrophobic lactide can reduce the starch swellability in water [22]. 
Crosslinked poly(acrylic acid)/organo-attapulgite clay has been prepared and used to release 
urea fertilizer in a controlled manner. In this study, the effect of the urea concentration, the 
amounts of crosslinker and kaolin, the neutralization degree of the acrylic acid, the tempera-
ture, pH and ionic strength of the solutions were evaluated [23]. In a similar study using acrylic 
acid and maleic anhydride hydrogels, the slow release and improved water retention properties 
claimed by crosslinking the hydrogels surface [24]. Slow release nitrogen fertilizers have also 
been prepared using crosslinked poly(acrylic acid) [25] and its clay composite [26].

Hydrogels in biomedical applications are generally non-thrombogenic, so they can be 
used in blood contact, for example, in wound dressing products. Hydrogels can be designed to 
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be responsive to specific molecules, such as glucose, so they can be used as biosensors or in 
drug delivery applications. Biodegradable hydrogels based on lightly crosslinked high molec-
ular weight polyaspartate were prepared for personal care and biomedical applications as an 
alternative to synthetic poly(acrylic acid) hydrogels [27]. The semi-interpenetrated hydrogels 
based on poly(aspartic acid) and poly(acrylic acid) are sensitive to salts, pH, and temperature; 
therefore, they have potential applications in many biomedical areas [28]. Hydrogels based on 
sodium carboxymethylcellulose and hydroxyethylcellulose crosslinked with divinyl sulfone 
have been suggested as an alternative for diuretic therapy in cases of edema [29]. Chitosan 
crosslinked with periodate-oxidized sucrose is being used as a delivery platform of bioactive 
agents for wound dressing application [30].

For pharmaceutical applications, superdisintegrants are used to help with proper disin-
tegration of tablet and capsule dosage forms. These are crosslinked carboxymethylcellulose, 
poly(N-vinylpyrrolidone), and starch glycolate. In drug delivery area, hydrogels with inter-
connected pore structure and unique swelling and mechanical properties are suggested as 
drug delivery platform for drugs with narrow absorption window [31–33]. Gelatin crosslinked 
with genipin has been introduced as a controlled release carrier of bioactive compounds [34]. 
Drug release rates are decreased with increase in drug molecular weight [35]. The release 
kinetics of antimicrobial agents, such as lysozyme, nisin, and sodium benzoate, have been 
studied with crosslinked poly(vinyl alcohol) hydrogels [36].

Biocompatible and an environmentally safe hydrogels products are prepared from aque-
ous solutions of hydroxyethyl cellulose, sodium carboxymethylcellulose and hyaluronic acid 
crosslinked by carbodiimide [37]. Similar eco-friendly water management materials based on 
guar gum-g-polyacrylic acid and attapulgite clay are used for agricultural and horticultural 
applications [38]. There are several new high performance superabsorbent hydrogels, which 
have potential applications in different fields [39].

Summary

Crosslinked hydrophilic polymers provide superior physical, chemical, and environ-
mental properties in their wet state. These features has made hydrogels invaluable in numerous 
disciplines including; hygiene, agriculture, biomedical, and pharmaceutical. Successful design 
of a hydrogels for a specific application requires careful understanding of the application and 
environment that the hydrogels is intended to serve. Although challenging, a hydrogels can 
be tailored to address some special need in almost any discipline due to the wide spectrum of 
synthetic and natural hydrogels structures and processing technologies available.
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Stimuli-Responsive Hydrogels  
and Their Application  
to Functional Materials

Ryo Yoshida and Teruo Okano 

Abstract Many kinds of stimuli-responsive polymer gels that respond to the change in their 
surroundings such as solvent composition, temperature, pH, and supply of electric field have 
been developed. They are of interest as intelligent (or smart, biomimetic) materials which have 
sensor, processor, and actuator functions. This article is related to stimuli- responsive gels and 
their application for bio- or biomimetic materials designed as self-oscillating gels.

Introduction

With the discovery of “volume phase transition” phenomena by Tanaka in 1978 [1], 
research using gels as functional materials was activated. Many stimuli-responsive polymer 
gels, that change volume abruptly in response to a change in their surroundings, such as solvent 
composition, temperature, pH, and supply of electric field, light, have been developed. Their 
ability to swell and deswell according to conditions makes them interesting for use as new 
intelligent materials. Applications for biomedical fields have three functions; (a) sensing an 
external signal (sensor function), (b) evaluation (processor function), and (c) action (actuator 
function) which were developed as “intelligent gels” or “smart gels.”

Stimuli-responsive gels and their application to functional materials, mainly to 
biomaterials and biomimetic materials are very important. Particularly, intelligent material 
systems that use temperature-responsive poly(N-isopropylacrylamide) (poly(NIPAAm) 
or PNIPAAm). Several intelligent systems have been created using the bulk properties 
and the surface properties of PNIPAAm gels, such as intelligent drug delivery systems 
(DDS), temperature-responsive chromatography and cell-sheet engineering. In addition, 
biomimetic materials exhibiting self-oscillating behavior have been developed based on 
the PNIPAAm gels.

Stimuli-Responsive Gels as Functional Materials

The functions of stimuli-responsive gels can be roughly classified into three 
categories; (a) mechanical motion, (b) mass transport, and (c) conversion and transmission 
of information.
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Function of Mechanical Motion

In the 1980s and 1990s, several mechanical devices using gels were devised and 
developed. These devices were controlled by changing temperature or an electric field 
(artificial muscles, robot hands to lift or grasp objects, and as artificial fish that swim by 
a repeating flexing motion) [2]. In addition, several chemo-mechanical gels (biochemo-
mechanical gels) that can connect when glucose was added to an external solution were 
demonstrated [3]. Recently, more interest is shown in electrically stimulated systems using 
polyelectrolyte gels, organogels [4], gels consisting of carbon nanotube, and ionic liquid 
[5]. For example, an ion conductive polymer actuator obtained by plating gold to both sides 
of a perfluoro carboxylic acid film causes a bending motion and biomimetic motion in an 
electric field [6]. Another actuating system, driven by a magnetic field using a PVA gels-
containing film magnetite (Fe3O4) particles (ferrogel) provides dynamic motion in response 
to magnetic field [7].

Function of Information Transmission and Transformation

The function to memorize or convert information is key for stimuli devices. The mole-
cular designs to memorize structure at the molecular level in a polymer network have the 
following important characteristics:

Shape Memory

Osada et al. [8] pioneered the “shape memory gels” that consisted of acrylic acid and 
stearyl acrylate with long hydrophobic side chains. The gels return to thier original shape by 
heating. Several potential applications including artificial valves, artificial anus and medical 
implements, sporting goods, are being pursued.

Optical Function

Materials that change color reversibly are important for displays, recorders and sensors 
that lead to gels with optical conversion functions have been prepared [9–11]. New sensor 
materials that determine analyte concentrations by wavelength changes of diffracted light and 
“gels opals” that exhibit color changes with temperature by covalently bonding self-assembled 
PNIPAAm gels particles using divinyl sulfone [12] and porous PNIPAAm gels with “struc-
tural color” with reversible opal structure [13, 14]. The periodically ordered interconnecting 
porous structures were created in these gels by using a closest-packing silica colloidal crys-
tal as a template. The porous gels changes “structural color” corresponding to temperature, 
which can be tuned by changing the amount of the crosslinker. Porous glucose-responsive 
gels that change the structural color in response to glucose concentration were prepared using 
glucose-responsive gels with phenyl boronic acid groups to be applied as a sensor for blood 
sugar levels [15].

Dimmer materials using PNIPAAm gels with high pigment concentrations were 
made by arranging the gels particulates containing carbon black on a glass substrate. 
The glass transmitted light changes reversibly with temperature [16]. To diffuse and 
condense pigment by volume change is similar to the function of pigments in cells of 
living organisms.
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Molecular Recognition

Gels that recognize specific chemical substances, like a catalyst or an enzyme, have 
been prepared by molecular imprinting [17]. Target molecules are mixed into the solution 
containing the monomer with a recognition site, then polymerized so that a complex is formed 
by the interaction between the target molecule and the monomer. After polymerization, the 
target molecules are removed since the information for the target molecules is memorized in 
the polymer network. For example, to target theophylline, it was crosslinked in a methacrylic 
acid polymer network using a high concentration of crosslinker (>70%) to produce a rigid 
network [18].

Several hydrogels were developed to recognize environmental stimuli, such as gels 
that captured metal ions at different temperatures [19]. Biomolecule-responsive gels were 
developed that are glucose-responsive and antigen-responsive by utilizing biomolecular inter-
actions to establish reversible crosslinking [20, 21].

Function of Mass Transport

Pulsatile Drug Release Control Using Hydrogels

Several gels that function to capture or release a chemical or biological substance and 
to separate or purify substances are used for biomedical applications [22, 23]. A major use is 
drug delivery (DDS) by stimuli-responsive gels, intelligent DDS with auto-feedback mecha-
nism that release the drug only when it is needed and stops the release at normal state. An 
example is the release of antipyretics only when the body temperature rises; another senses 
an increase in glucose in the blood and releases insulin automatically. The on–off control 
for drug release by small temperature changes in the body can be realized using temperature-
responsive NIPAAm copolymer gels (Fig. 1) [24].

Several regulating systems for insulin release have been developed [25–29]. An on–off reg-
ulation for insulin release is effective in response to external glucose concentration by utilizing 
the reversible complex formation between glucose and the phenylboronic acid group (Fig. 2). 

Fig. 1. Indomethacin release from poly(NIPAAm-co-dimethylacrylamide-co-butyl methacrylate) gels in response 
to stepwise temperature changes between 36 and 38°C in PBS (pH 7.4).
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The gels operate at physiological pH bearing phenylborate derivatives as a glucose-sensing 
moiety [30]. There are many other self-regulated DDS that response to pH, electrical, mag-
netic changes [31–33].

Intelligent Surfaces for Bioseparation

These self-regulated DDS utilize changes in permeability or diffusivity of the gels by 
structural changes that accompany swelling and deswelling changes. New modulation sys-
tems, to control the surface properties or solubility of materials in response to an external sig-
nal, are designed with the stimuli-responsive polymers on a material surface, or by modifying 
the surface with bioactive substances, such as enzyme. This technology is used in biomedical 
field for separation, purification, diagnosis, and analysis.

PIPAAm (PNIPAAm) exhibits temperature-responsive and soluble/insoluble changes in 
aqueous solution. Temperature-responsive surfaces that demonstrate controlled hydrophilic/
hydrophobic alterations, such as PIPAAm-grafted surfaces, as “intelligent surfaces” controlled 
by external modulation of temperature have been developed [34, 35]. Typically, water contact 
angles on surfaces change reversibly with temperature as shown in Fig. 3. At temperatures  
below 32°C, PIPAAm molecules are highly hydrated, and the PIPAAm-grafted surfaces 
are hydrophilic. Above 32°C, extensive PIPAAm dehydration occurs, with an abrupt 
transition to hydrophobic surfaces. This change is completely reversible with temperature. 

Fig. 2. Equilibria of (alkylamio) phenyl bronic acid in an aqueous solution in the presence of glucose (top) and 
repeated on–off release of FITC-insulin from the hydrogels at 28°C, pH 9.0, in response to external glucose concen-
tration (bottom).
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These surface characteristic changes are used for aqueous separations of bioactive compounds, 
including; steroid hormones [36, 37], polypeptides and proteins [38–41], and nucleic acids [42].

NIPAAm copolymer on the surface of silica gels can act as a temperature-responsive 
chromatograph enabling high-speed separation of mixtures by controlling the interaction 
between the carrier surface and substance by the temperature (Fig. 4) [36, 37]. By applying 
stepwise temperature changes from higher temperature to lower temperature, the retention time 

Fig. 3. Temperature-dependent wettability changes for PIPAAm-grafted surfaces at 10 and 37°C.

Fig. 4. Chromatograms of a mixture of four steroids and benzene with step gradient by changing column tem-
perature. Peaks: 1, benzene; 2, cortisone; 3, prednisolone; 4, hydrocortisone acetate; and 5, testosterone. Column, 
NIPAAm-BMA copolymer-modified silica; eluent, water; flow rate, 1.0 ml/min; detection, UV 254 nm.
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for hydrophobic component is controllable. Since the mobile phase is water, an organic solvent 
is not used for the separation and analysis of physiologically active substances or cells.

Cell-Sheet Engineering Using an Intelligent Surface

The development of tissue engineering has progressed significantly from the original 
concepts [43, 44]. The current paradigm involves constructing scaffolds from biodegradable 
polymers with seeded cells that proliferate and deposit extracellular matrix (ECM) molecules, 
such as collagen and fibronectin, eventually regaining their native structure and tissue mor-
phology as the scaffold degrades [45].

Some success was achieved for cell-sparse tissues (using large amounts of ECM and 
relatively few cells) such as heart valves [46], bone [47], and cartilage [48], as well as the 
reconstruct of human ears on the backs of mice [49]. However, these polymer scaffolds have 
undesirable consequences; inflammatory reactions due to the implantation of nonnatural 
materials with scaffold degradation, the space formerly occupied by the polymer is usu-
ally filled by cells and deposits of ECM, that can lead to pathological fibrosis which poorly 
resembles the native tissue structure. It is also commonly seen that cells on the periphery of 
the scaffolds are maintained and closely resemble native tissues, whereas there is significant 
cell necrosis at the interior due to restricted passive diffusion to delivery of nutrients and 
the removal of metabolic wastes. Therefore, current technologies are still severely lacking in 
terms of achieving successful tissue reconstruction.

Cell-Sheet Engineering

The architecture of many tissues, such as the heart or liver, mainly consist of associated 
and with comparatively little associated ECM. To recreate these tissues, cell-dense structures 
that mimic normal structure and function need to be to engineered. To meet this purpose, a 
new approach using cell-sheet engineering with temperature-responsive culture dishes (Fig. 5) 

Fig. 5. Temperature-responsive culture dishes. The temperature-responsive polymer poly(N-isopropylacryl-
amide) (PIPAAm) exhibits a transition from hydrophobic to hydrophilic across its lower critical solution tempera-
ture (LCST) of 32°C. After electron-beam polymerization and grafting to normal tissue-culture polystyrene (TCPS) 
dishes, temperature-responsive culture surfaces can be produced. The noninvasive harvest of various cell types as 
intact sheets, along with deposited extracellular matrix, can be achieved by reducing the culture temperature.
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[50, 51] must be followed. To create these surfaces, the temperature-responsive polymer,  
poly(N-isopropylacrylamide) (PIPAAm), is covalently grafted onto normal tissue-culture 
polystyrene (TCPS) dishes with radical polymerization. The PIPAAm-grafted culture 
surfaces provide controlled cell adhesion with simple temperature changes by exploiting the 
property changes of the polymer at the lower critical solution temperature (LCST) of 32°C. 
In culture conditions at 37°C, the surface is slightly hydrophobic, allowing cells to adhere and 
grow similarly to normal TCPS dishes. After the necessary culture period, the temperature 
is lowered to 20°C, causing the polymer to become hydrophilic. Under these conditions, the 
polymer swells and a hydration layer is created at the surface-cell interface and the cells are 
detached spontaneously, enabling them to be harvested as intact sheets [52] (Fig. 6). During cell 
harvesting, PIPAAm remains on the culture dish surface because the temperature-responsive 
polymer is covalently bonded to the dish. Normally in cell-based therapies, including tissue 
engineering, cells are grown in TCPS dishes and harvested using proteolytic enzymes, such as 
trypsin or dispase to degrade the adhesive molecules and ECM that the cells are attached to. 
However, treatment with these enzymes also degrades the surface-cell molecules, including 
growth factor receptors, ion channels, and cell-to-cell junction proteins that are vital for the 
differentiated functions of the cells. Using temperature-responsive surfaces, the need for 
proteolytic enzymes is avoided and crucial cell-to-cell and cell-to-ECM interactions are 
preserved [52].

Using this noninvasive cell-harvesting method, intact cell sheets can be recovered along 
with their deposited ECM on the basal surface. Cells harvested in this fashion can also be 
transferred to other surfaces, such as new cultural dishes [53, 54], other cell sheets [55] and 
even directly to host tissue [56–59]. The deposited ECM acts as a “molecular glue,” providing 
direct contact and adhesion to these surfaces without the need for additional mediators, such 
as carrier substrates or sutures.

Tissue reconstruction in the body can be accomplished in many ways using cell-sheet 
engineering. It can be transplanted as single cell sheets, for use as corneal surfaces [57, 58] 
(Fig. 7) and periodontal ligament tissue [60], as well as in the reconstruction of the bladder 
[59] and skin [61], using two-dimensional manipulation. It can be used to recreate 
three-dimensional structures by homotypic layering of cell sheets, as in the case of cardiac 

Fig. 6. Cell-sheet engineering using PIPAAm-grafted surfaces. (a) Schematic illustration for temperature-induced 
recovery of intact monolayer cultures. (b) Confluent culture of endothelial cells on PIPAAm-grafted dishes at 37°C. 
(c) Detaching endothelial cell sheet by lowering culture temperature to 20°C.
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Fig. 7. Corneal surface reconstruction. Small biopsies from the limbus (the border between the cornea and neigh-
boring conjunctiva) or from oral mucosa provide for the isolation of epithelial stem cells. Cell sheets fabricated on 
temperature-responsive culture dishes are harvested and transplanted directly to the ocular surface without the need 
for carrier substrates or sutures.

muscle [56] (Fig. 8), and it can be formed into laminar structures to recreate liver lobules [55] 
or kidney glomeruli by using heterotypic stratification of different cell sheets.

Using cell sheets, various cell-dense tissues that demonstrate differentiated functions 
while avoiding the need for biodegradable scaffolds, whose applicability is strictly limited 
can be engineered.

Intelligent Surfaces

Based on the intelligent surface properties of temperature-responsive culture dishes, cell-
sheet engineering has been used to reconstruct various tissues without the need for biodegradable 
scaffolds. These temperature-responsive surfaces can be expanded for other applications.

Immobilization of Cell-Adhesive Peptides

Currently, cell culturing methods generally use animal-derived products, such as fetal bovine 
serum or mouse 3T3 feeder cells, to enhance cell attachment and growth. However, due to safety 
issues attributed to the risk of pathogen transmission, the use of these products is best avoided. 
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Additionally, the US Food and Drug Administration classifies tissue-engineered constructs 
cocultured with animal cells, such as mouse 3T3 cells as xenografts, thus delaying their 
clinical application.

To overcome the need for serum, we immobilized the synthetic adhesive peptide 
Arg-Gly-Asp-Ser (RGDS) onto temperature-responsive dishes. The temperature-responsive 
PIPAAm surfaces were functionalized by copolymerization with a reactive comonomer con-
taining a free carboxyl group, after which the synthetic RGDS peptide is immobilized on 
the temperature-responsive surface [62, 63]. Cells attach, spread, and grow to confluency at 
37°C, even in serum-free conditions supplemented with recombinant growth factors. After 
reaching confluency, cells can be harvested as intact sheets by simple temperature changes, 
in the same manner as normal PIPAAm dishes. Cells cultured on these dishes in serum-free 
conditions resemble cells cultured in a medium containing 10% fetal bovine serum. In addi-
tion, cell harvest from these surfaces is achieved by controlling the binding affinity between 
the RGDS ligand and cell-surface integrin proteins, with the RGDS ligand remaining on the 
culture surface after cell sheet removal (Fig. 9).

Fig. 9. Immobilization of Arg-Gly-Asp-Ser (RGDS) peptides to temperature-responsive surfaces. Cells can be cul-
tured in serum-free conditions by immobilizing the synthetic cell-adhesive RGDS peptide to temperature-responsive 
culture dishes. By decreasing the culture temperature, the cells can still be noninvasively harvested, while the RGDS 
peptides remain attached to the temperature-responsive polymer surface.

Fig. 8. Myocardial cell-sheet engineering. Cardiomyocyte sheets harvested from temperature-responsive culture 
surfaces and layered to form three-dimensional tissues that beat synchronously and simultaneously. The layered 
cardiomyocyte sheets can act as a “heart bandage” for the recovery of ischemic cardiac tissue.
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Currently, work is under way on immobilizing other growth factors onto temperature-
responsive surfaces. The copolymerization with other functionalized comonomers containing 
amino or hydroxyl groups enable the attachment of various ligands (Fig. 10). This eliminates 
the need for other animal-derived products, such as feeder cells to increase cell growth, such 
that, the length of culture can be dramatically decreased.

Micropatterned Surfaces

To mimic normal function, it is necessary to recreate a 3D tissue architecture with the 
integration of multiple cell types. As shown with liver reconstruction, interactions between 
various cell types are needed to preserve differentiated cell functions. Layering of various 
patterned cell sheets is thought to be able to create structures that resemble normal tissues. 
However, the creation of micropatterned surfaces is generally very complex and must exploit 
differences in cell adhesion for coculture, thus significantly limiting applicability. Therefore, 
a novel method was created for micropatterned cell seeding [64, 65].

Using metal micropatterned masks, PIPAAm was selectively grafted onto TCPS dishes 
to create surfaces controlled by localized temperature-responsive regions. Hepatocytes 
seeded at 20°C, a temperature at which PIPAAm-grafted portions are hydrophilic, attached 
only to ungrafted TCPS portions and conform to the pattern. After 5 h, the culture tempera-
ture is raised to 37°C, and fibroblasts seeded at this time are only attached to the PIPAAm-
grafted regions, creating and maintaining a micropatterned coculture system. This technique 
conceivably enables the facile design and creation of micropatterned cell sheets that can be 
manipulated to create 3D structures that mimic normal tissues, if the surfaces are grafted with 
different temperature-responsive polymers (Fig. 11).

It was shown that by incorporating a hydrophobic monomer, n-butyl methacrylate, into 
the PIPAAm feed, the LCST of the copolymers can be systematically lowered [66]. Using 
this technique, it is possible to create micropatterned surfaces with different temperature-
responsive domains across the entire culture surface to provide the intact harvest of cell sheets 
with various cell types. This approach can be used to create cell sheets consisting of cardio-
myocytes or hepatocytes cocultured with endothelial cells that mimic microvascular networks 
within the tissues.

Fig. 10. Synthesis of functionalized temperature-responsive copolymers with various functionalized comono-
mers, such as 2-carboxyisopropyl acrylamide, 2-aminoisopropyl acrylamide, and 2-hydroxyisopropyl acrylamide. 
These comonomers contain the isopropylacrylamide backbone chain of poly(N-isopropylacrylamide) (PIPAAm) and 
reactive pendant groups. These functionalized PIPAAm derivatives show sensitive phase transitions in response to 
temperature change similar to PIPAAm, enabling the immobilization of various ligands to the temperature-respon-
sive surfaces.
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Although the field of tissue engineering has made significant advances during the 
past 20 years, there still remains considerable difficulty in recreating tissues and organs 
because of the limitations of traditional scaffold-based methods. Cell-sheet engineering, 
which utilizes temperature-responsive intelligent surfaces, should overcome many of the 
problems that have limited conventional approaches in the past and establish a new basis 
for regenerative medicine.

Design of Network Structure for Functional Gels

To design gels with unique property and function, several attempts to create unique network 
structure in nanoorder scale by molecular and supramolecular design have been done.

Topological Gels, Double Network Structure Gels, Nanocomposite Gels

Polyrotaxane has a supramolecular structure in which many cyclic molecules, a-cyclo-
dextrin (a-CD), are threaded on a single polymer chain, poly(ethylene glycol) (PEG), and 
are trapped by capping the chain with bulky end group. Ito et al. [67] chemically crosslinked 
a-CDs contained in a polyrotaxane and developed a gels with the polymer topologically 
interlocked by figure-of-eight crosslinks. The figure-of-eight crosslinks can pass the poly-
mer chains freely to equalize the tension of the threading polymer chains just like pulleys. 
Therefore, stress may be automatically relaxed in the gels. As a result, transparent gels with 
good tensility, low viscosity, and large swelling ability in water are obtained. Considering 
these properties, application to biomaterials, such as a soft contact lens and an artificial joint, 
should be possible.

Since gels are generally weak and fragile, the application area is restricted. To solve 
this disadvantage, Osada et al. [68] developed gels with extremely high mechanical strength 

Fig. 11. Patterned co-culture of hepatocytes and fibroblasts. (a) Metal patterned mask having circular holes (1 mm 
in diameter). (b) Hepatocytes are seeded and cultured on PIPAAm-pattern-grafted dishes for 5 h at 20°C, then spread 
at 37°C only on nongrafted TCPS domains. (c) The second cell type, fibroblasts, are seeded at 37°C, and cocultured 
in an organized pattern. (d) Magnified image of the border of two domains after a 7-day culture at 37°C. Note the 
fibroblast orientation around the circumferences of nongrafted domains. Bar 1 mm in (a)–(c), 100 mm in (d). (e) 
Macroscopic view of pattern-seeded hepatocytes before the second cell seeding. Circular domains spread all over 
the 60-mm dish surfaces.
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by preparing interpenetrating polymer network (IPN, or double network (DN)) structures.  
The DN gels consisting of PAMPS and PAAm showed very high mechanical strength to 
compression or cutting. Haraguchi et al. [69] have found out that physical properties are 
improvable by constructing an organic-inorganic network at nanolevels. Nanocomposite 
hydrogels (NC gels) composed of PNIPAAm in which inorganic clay (Na-hectrite) forms physical 
crosslinking points was synthesized. In the NC gels, the distance between crosslinking points 
are long and uniform, as a result that the polymer behaves like a linear polymer and the gels 
has extraordinary mechanical, optical, and swelling/deswelling properties.

Graft Gels

Several potential applications of stimuli-responsive gels, such as smart actuators, when 
a fast response is needed. The kinetics of swelling and deswelling in these gels are typically 
governed by diffusion-limited transport of the polymeric components of the network in water, 
the rate of which is inversely proportional to the square of the smallest dimension of the gels. 
Several strategies have been explored to increase the response dynamics, such as controlling 
the size and shape of gels or introducing porosity to control macroscopic structure.

On the other hand, molecular designs for rapid response by tailoring the gels architec-
ture at the molecular level attract is attracting attention. We prepared a thermosensitive gels 
with a comb structure by grafting PNIPAAm chains onto the crosslinked networks of the 
same PNIPAAm (Fig. 12) [70, 71]. Within the gels, terminally grafted chains have freely 
mobile ends, distinct from the typical network structure in which both ends of the PNIPAAm 
chains are crosslinked and relatively immobile. With increasing temperature, grafted PNI-
PAAm chains begin to collapse from their expanded (hydrated) form to compact (dehydrated) 
forms. This collapse occurs before the PNIPAAm network begins to shrink, because of the 
mobility of the grafted chains. The grafted polymer chains dehydrate to create hydrophobic 
nuclei which enhance aggregation of the crosslinked chains. Whereas similar gels lacking the 
grafted side chains take more than a month to undergo full deswelling; the graft gels collapse 
in about 20 min (Fig. 12). As the grafted chians are lengthened the deswelling rate becomes 
faster. To control the response, the introduction of other grafted polymer chains, such as PEG 
or the copolymer of NIPAAm and dimethylacrylamide, to change the hydrophilicity and the 
phase transition temperature of grafted chains [72].

Microfabrication of Gels

Application to micromachines, m-TAS: Microfabrication technology, such as photoli-
thography or X-ray lithography, can be employed in the preparation of microgels. Since any 
shape of gels can be created by these methods, applications to micromachines and m-TAS such 
as soft microactuator, microgel valve, and gels displays [73], can be made. Ito et al. synthe-
sized thermosensitive polymer with photo-reactive groups by introducing azidoaniline into 
the -COOH site in the copolymer of NIPAAm and acrylic acid (AAc) [74]. After coating the 
polymer on a glass plate, it was irradiated with UV Light through a photo-mask. By removing 
the unreacted polymer, a micropatterned microgel was obtained. By this method, the lattice-
shaped PNIPAAm gels with a quick response was prepared with a specific surface area. Beebe 
et al. [75, 76] coated the pH-sensitive gels (AAc/HEMA copolymer gels) around a post in 
microchannel by photolithography, and designed the microgel valve to change the direction of 
flow in the microchannel in response to the pH of the fluid. At higher pH, the gels swells and 
stops the flow to the right direction, but allows the flow by deswelling at lower pH.

The structures made by photolithography are two-dimensional, using microfabrica-
tions of gels with three-dimensional structure are being attempted. Two-photon initiated 
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polymerization was applied to prepare micromachines and integrated circuits for chemical 
operation with 3D-structure. This method was used to fabrication of microgels and microcan-
tilevers made of photo-responsive gels to deflect under illumination [77].

Self-Oscillating Gels as Novel Biomimetic Materials

Autonomous oscillation is one of the characteristic behaviors in living systems that 
spontaneously changes with temporal periodicity (called “temporal structure”) such as 
heartbeat, brain waves, pulsatile secreton of hormone, cell cycle, biorhythm, and so forth, are 
examples. From the standpoint of biomimetics, several stimuli-responsive polymer systems 
have been studied, but the polymer systems undergoing self-oscillation under constant condi-
tion without any on–off switching of external stimuli are not available. If such autonomous 

Fig. 12. (Top) Structure and shrinking mechanisms for conventional homopolymer and comb-type grafted PNI-
PAAm gels undergoing temperature-induced collapse in aqueous media (bottom). The time course of deswelling of 
the hydrogels undergoing shrinking, at 40°C, in response to stepwise temperature changes from 10°C.
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polymer systems like a living organism could be realized, by using completely synthetic 
 polymers, then unprecedented biomimetic materials will be created.

In order to realize the autonomous polymer system by tailor made molecular design, 
we focused on the Belousov–Zhabotinsky (BZ) reaction [78–80], which is well-known for 
exhibiting temporal and spatiotemporal oscillating phenomena. The BZ reaction is often  
analogically compared with the TCA cycle (Krebs cycle), which is a key metabolic process 
taking place in the living body. The overall process of the BZ reaction is the oxidation of an 
organic substrate, such as malonic acid (MA) or citric acid, by an oxidizing agent (bromate 
ion) in the presence of a strong acid and a metal catalyst. In the course of the reaction, 
the catalyst undergoes spontaneous redox oscillation. When the solution is homogeneously 
stirred, the color of the solution periodically changes, like a neon sign, based on the redox 
changes of the metal catalyst. When the solution is cast as a thin film in stationary conditions, 
concentric or spiral wave patterns develop. The oxidation wave propagates in the medium at 
a constant speed and is called a “chemical wave.”

Design of Self-Oscillating Gels

We attempted to convert the chemical oscillation of the BZ reaction to the mechanical 
changes of gels and generate an autonomic swelling–deswelling oscillation under nonoscilla-
tory outer conditions. A copolymer gels which consists of NIPAAm and ruthenium tris(2,2¢-
bipyridine) (Ru(bpy)3

2+) was prepared. Ru(bpy)3
2+, acting as a catalyst for the BZ reaction, was 

appended to the polymer chains of NIPAAm (Fig. 13). The poly(NIPAAm-co-Ru(bpy)3
2+) 

Fig. 13. Mechanism of self-oscillation for poly(NIPAAm-co-Ru(bpy)3
2+) gels coupled with the Belousov–

Zhabotinsky reaction.
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gels has a phase transition temperature due to the themosensitive constituent NIPAAm. 
The oxidation of the Ru(bpy)3

2+ moiety caused not only an increase in the swelling degree of 
the gels, but also a rise in the transition temperature. These characteristics may be interpreted 
by considering an increase in hydrophilicity of the polymer chains due to the oxidation of 
Ru(II) to Ru(III) in the Ru(bpy)3 moiety. As a result, it is expected that the gels undergoes 
a cyclic swelling–deswelling alteration when the Ru(bpy)3 moiety is periodically oxidized 
and reduced under constant temperature. When the gels is immersed in an aqueous solution 
containing the substrates of the BZ reaction (MA, acid, and oxidant) except for the catalyst, 
the substrates penetrates into the polymer network and the BZ reaction occurs in the gels.  
Consequently, periodical redox changes induced by the BZ reaction produce periodical 
swelling–deswelling changes of the gels (Fig. 13). Since first being reported in 1996 as a 
“self-oscillating gels” [81, 82], we have been systematically studying the self-oscillating 
polymer and gels as well as their applications to novel biomimetic materials [83].

Self-Oscillating Behavior of the Gels

Self-Oscillation of the Miniature Bulk Gels

Shown in Fig. 14 is the observed oscillating behavior under a microscope for the 
miniature cubic poly(NIPAAm-co-Ru(bpy)3

2+) gels (each length of about 0.5 mm). In min-
iature gels sufficiently smaller than the wavelength of the chemical wave (typically several 
millimeter), the redox change of ruthenium catalyst can be regarded to occur homogeneously 
without pattern formation [84]. Due to the redox oscillation of the immobilized Ru(bpy)3

2+, 
mechanical swelling–deswelling oscillation of the gels autonomously occurs with the same 
period as for the redox oscillation. The volume change is isotropic and the gels beats as a 
whole, like a heart muscle cell. The chemical and mechanical oscillations are synchronized 
without a phase difference (the gels exhibits swelling during the oxidized state and deswell-
ing during the reduced state).

Fig. 14. Periodic redox changes of the miniature cubic poly(NIPAAm-co-Ru(bpy)32+) gels (lower) and the swelling–
deswelling oscillation (upper) at 20°C. Color changes of the gels accompanied by redox oscillations (orange: reduced 
state, light green: the oxidized state) were converted to 8-bit grayscale changes (dark: reduced, light: oxidized) by image 
processing. Transmitted light intensity is expressed as an 8-bit grayscale value. Outer solution: [MA] = 62.5 mM; 
[NaBrO3] = 84 mM; [HNO3] = 0.6 M.
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Control of Oscillation Period and Amplitude

Typically, the oscillation period increases with a decrease in the initial concentration of 
substrates. The swelling–deswelling amplitude of the gels increases with an increase in the 
period and amplitude of the redox changes. Therefore, the swelling–deswelling amplitude of 
the gels is controllable by changing the initial concentration of substrates.

On–Off Regulation of Self-Beating Motion

Inherently, in a BZ reaction there is an abrupt transition from steady state (nonoscil-
lating state) to oscillating state with a change in any controlling parameter, such as chemical 
composition or light. Utilizing this characteristic, reversible on–off regulation of self-beat-
ing triggered by the addition and removal of MA was successfully achieved [85]. Also, since 
the NIPAAm gels is thermosensitive and so the beating rhythm can be also controlled by 
temperature [86].

Peristaltic Motion of Gels with Propagation of Chemical Wave

When the gels size is larger than chemical wavelength, the chemical wave propagates 
in the gels by coupling with diffusion of intermediates. Then peristaltic motion of the gels is 
created. Shown in Fig. 15 is a cylindrical gels immersed in an aqueous solution containing the 
BZ reactants. The chemical waves propagate in the gels at a constant speed in the direction 
of the gels length [87]. Considering the orange (Ru(II)) and green (Ru(III)) zones represent 
the shrunken and swollen parts, respectively, the locally swollen and shrunken parts move 
with the chemical wave, like the peristaltic motion of living worms. The tensile force of the 
cylindrical gels with oscillation was also measured [88].

It is well known that the period of oscillation is affected by light illumination for the 
Ru(bpy)3

2+-catalyzed BZ reaction [89]. Therefore, we make a pacemaker with a desired period 
(or wavelength) by local illumination of laser beam to the gels. The period (or wavelength) 
can be changed by local illumination to a pacemaker that already exists in the gels. Chemical 
and optical control of the self-sustaining peristaltic motion of the porous structural gels are 
possible [90–93].

Design of Biomimetic Micro-/Nanoactuator  
Using Self-Oscillating  Polymers and Gels

Self-Walking Gels

Further, we successfully developed a novel biomimetic walking-gels actuator made 
of self-oscillating gels [94]. To produce directional movement gels, asymmetrical swelling–
deswelling is desired. For these purposes, as a third component, hydrophilic 2-acrylamido-
2-methyl-propanesulfonic acid (AMPS) was copolymerized into the polymer to lubricate the 
gels and to cause anisotropic contraction. During polymerization, the monomer solution faces 
two different hydrophilic glass surface and a hydrophobic Teflon surface; since Ru(bpy)3

2+ 
monomer is hydrophobic, it easily migrates to the Teflon surface. As a result, a nonuniform 
distribution along the height is formed by the components, and the resulting gels gradient 
distribution component in the polymer network.

To convert the bending and stretching changes in one-directional, we fabricated a 
ratchet with an asymmetrical surface structure. The gels was repeatedly bent and stretch 
autonomously on the ratchet base, resulting in the forward motion of the gels, while backward 
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movement was prevented by the teeth of the ratchet. Successive profiles of the “self-walking” 
motion of the gels is shown in Fig. 16. The walking velocity of the gels actuator was approxi-
mately 170 mm/min. Since the oscillating period and the propagating velocity of the chemical 
wave changes with substrate concentration in the outer solution, the walking velocity of the 
gels can be controlled. By using the gels with a gradient structure, another type of actuator 
that generates a pendulum motion was also developed [95].

Design of mass transport surface utilizing peristaltic motion of gels: An attempt was 
made to transport an object by utilizing the peristaltic motion of poly(NIPAAm-co-Ru(bpy)3-
co-AMPS) gels. As a model object, a cylindrical poly(acrylamide) (PAAm) gels was put on 
the gels surface. It was observed that the PAAm gels was transported on the gels surface 
with the propagation of the chemical wave as it rolled (Fig. 17) [96]. A model was proposed 
to describe the mass transport phenomena based on the Hertz contact theory, based on the 
relation between the transportability and the peristaltic motion. The functional gels surface 

Fig. 15. Time course of peristaltic motion of poly(NIPAAm-co-Ru(bpy)3
2+-co-AMPS) gels in a solution of the BZ 

substrates (MA, sodium bromate, and nitric acid, 18°C). The green and orange colors correspond to the oxidized and 
reduced states of the Ru moiety in the gels, respectively.



Fig. 17. Schematic illustration of mass transport on the peristaltic surface (left) and observed transport of cylindrical 
PAAm gels on the poly(NIPAAm-co-Ru(bpy)3

2+-co-AMPS) gels sheet.

Fig. 16. Time course of self-walking motion of the gels actuator. During stretching, the front edge can slide forward 
on the base, but the rear edge is prevented from sliding backwards. Oppositely, during bending, the front edge is 
prevented from sliding backwards while the rear edge can slide forward. This action is repeated, and as a result, the 
gels walks forward. Outer solution: [MA] = 62.5 mM, [NaBrO3] = 84 mM, [HNO3] = 0.894 M, 18°C.
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generating autonomous and periodic peristaltic motion has potential for several applications 
such as to transport soft materials, formation of ordered structures of micro- and/or nanoma-
terials and a self-cleaning surface.

Microfabrication of the Gels by Lithography

Microfabrication of self-oscillating gels by lithography for application to ciliary motion 
actuator (artificial cilia) [97]. The gels membrane with micro projection array on the surface 
was fabricated by utilizing X-ray lithography (LIGA) method. With the propagation of chemi-
cal wave, the micro projection array exhibits dynamic rhythmic motion like cilia. The actuator 
may also serve as a microconveyer.

Control of Chemical Wave Propagation in Self-Oscillating Gels Array

A chemo-mechanical actuator utilizing a reaction-diffusion wave across the gap junction 
was constructed to make a new mircoconveyer by micropatterned self-oscillating gels array [98]. 
Unidirectional propagation of the chemical wave the BZ reaction was induced on gels arrays. 
Using a triangle-shaped gels as an element of the array, the chemical wave is propagated from 
the corner side of the triangle gels to the plane side of the other gels (C-to-P) across the gap 
junction, whereas, it propagated from the plane side to the corner side (P-to-C) in the case of 
the pentagonal gels array (Fig. 18). By fabricating different shapes of gels arrays, control of the 
direction is possible. The swelling and deswelling changes of the gels follow a unidirectional 
propagation of the chemical wave.

Fig. 18. Propagating behavior of the chemical wave on the (a) triangle gels array and (b) pentagonal gels array.
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Self-Oscillating Polymer Chains as a “Nano-oscillator”

The periodic changes of linear and uncrosslinked polymer chains can be easily observed 
as cyclic transparent and opaque changes for the polymer solution with color changes due to 
the redox oscillation of the catalyst [99]. Synchronized with the periodical changes between 
Ru(II) and Ru(III) states of the Ru(bpy)3

2+ site, the polymer becomes hydrophobic and hydro-
philic, and exhibits cyclic soluble–insoluble changes. Further, by grafting the polymers or 
arraying the gels beads on the surface of substrates, self-oscillating surfaces as nanocon-
veyers were designed. The self-oscillating polymer was covalently immobilized on a glass 
surface and self-oscillation was directly observed at a molecular level by AFM [100]. The 
self-oscillating polymer with N-succinimidyl group was immobilized on an aminosilane-
coupled glass plate. While no oscillation was observed in pure water, nanoscale oscillation 
was observed in an aqueous solution containing the BZ substrates (Fig. 19). The amplitude 
was about 10–15 nm and the period was about 70 s, although some irregular behavior was 
observed due to no stirring. The amplitude was less than that in solution, as observed by DLS 
(23.9 and 59.6 nm). This smaller amplitude may be due to the structure of the immobilized 
polymer that was a loop-train-tail: the moving regions were shorter than the soluble polymer, 
as illustrated in Fig. 19. The amplitude and frequency were controlled by the concentration 
of reactant in the solution. The oscillation polymer chain may be used as a component for 
nanoclocks or nanomachines.

Self-Flocculating/Dispersing Oscillation of Microgels

A submicron-sized poly(NIPAAm-co-Ru(bpy)3
2+) gels beads were prepared by 

surfactant-free aqueous precipitation polymerization, and the oscillating behavior ana-
lyzed [100–104]. Shown in Fig. 20, the oscillation profiles of transmittance for the 
microgel dispersions. At low temperatures (20–26.5°C), on raising the temperature, the 
amplitude of the oscillation became larger. The increase in amplitude is due to increased 
deviation of the hydrodynamic diameter between the Ru(II) and Ru(III) states. Furthermore, 
a remarkable change in waveform was observed between 26.5 and 27°C. The amplitude of 
the oscillations dramatically decreased at 27.5°C, and the periodic transmittance changes 

Fig. 19. Self-oscillating behavior of immobilized polymer in the BZ substrate solution ([MA] = 0.1 M, [NaBrO3] 
 = 0.3 M, [HNO3] = 0.3 M) measured by AFM.
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Fig. 20. Self-oscillating profiles of optical transmittance for microgel dispersions. The microgels were dispersed 
in aqueous solutions containing MA (62.5 mM), NaBrO3 (84 mM), and HNO3 (0.3 M). Microgel concentration was 
0.25 wt%. (a) Profiles measured at different temperatures. (b) Profiles measured at different microgel dispersion 
concentrations at 27°C.

Fig. 21. Preparation of self-oscilating gels beads monolayer by two-step template polymerization and schematic 
illustration of functional surface (nanoconveyer) using self-oscillating gels beads array. The operating conditions 
of self-oscillating polymer systems are limited to the nonphysiological environment where the strong acid and the 
oxidant coexist.
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could no longer be observed at 28°C. The sudden change in oscillation waveform should 
be related to the difference in colloidal stability between the Ru(II) and Ru(III) states. 
The microgels should fluctuate due to the lack of electrostatic repulsion when the micro-
gels were deswollen. The remarkable change in waveform was only observed at higher 
dispersion concentrations (greater than 0.225 wt%). The self-oscillating property makes 
microgels more attractive for future developments such as microgel assembly, optical and 
rheological applications.

Fabrication of Microgel Beads Monolayer

The construction of micro/nanoconveyers by grafting or arraying self-oscillating 
polymer or gels beads by fabrication method for organized monolayers of microgel beads 
was investigated (Fig. 21) [105]. A 2D close-packed array of thermosensitive microgel beads 
was prepared by double template polymerization. A 2D colloidal crystal of silica beads with 
10 mm diameter was obtained by solvent evaporation. This monolayer of colloidal crystal 
serves as the first template for preparation of macroporous polystyrene. The macroporous 
polystyrene trapping the crystalline order can be used as a negative template for fabricating 
a gels bead array. By this double template polymerization method, functional surfaces 
using thermosensitive PNIPAAm gels beads were fabricated. It was observed that topography 

Fig. 22. Chemical structure of poly(NIPAAm-co-Ru(bpy)3
2+-co-AMPS-co-MAPTAC) (upper) and the oscillating 

profiles of the optical transmittance for the polymer solution at 12°C when only MA (0.7 M) is added to the solution 
(lower).
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of the surface changed with temperature. The fabrication method demonstrated here was 
so versatile that many kinds of gels beads could be obtained. This method may be a key 
technology to create new functional surface.

Self-Oscillation Under Physiological Conditions

To extend the application field to biomaterials, more sophisticated molecular designs 
for self-oscillation under physiological condition are needed. The integrated polymer system 
was constructed so that all of the BZ substrates, other than biorelated organic substrate, were 
incorporated into the polymer chain [106–109]. The quarternary copolymer was synthesized 
that includes both of the pH-control and oxidant-supplying sites in the poly(NIPAAm-co-
Ru(bpy)3) chain at the same time. As a pH-control site, 2-acrylamido-2-methyl-propanesulfonic 
acid (AMPS) was incorporated for pH-control; methacrylamidopropyltrimethylammonium 
chloride (MAPTAC) with a positively charged group was incorporated as a capture site for the 
anionic oxidizing agent (bromate ion). By using this polymer, self-oscillation under biological 
conditions where only the organic acid (malonic acid) exists was achieved (Fig. 22).
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Abstract A large number of hydrogels can be classified as smart materials that offer a 
natural integration of sensing, actuating, and regulating functions applicable to feedback 
control systems. This multifunctionality added to biocompatibility and enzyme-based selec-
tivity characteristics enables self-regulation or implicit control in hydrogels-based devices 
to maintain physiological variables at a desired level or range by appropriate drug release. 
Therefore, hydrogels can enhance the performance of individual actuator and sensing units. 
Applications of hydrogels in explicit and implicit controller systems are presented based on 
recent experimental and theoretical research studies. Integration of cascade and feedforward 
control types of functionalities in hydrogels systems is suggested from their capability to 
respond to more than one stimulus. Enzymatic glucose sensing and insulin delivery are often 
used as references for the discussion of hydrogels in the development of sensor, actuator, and 
control technology due to the relevance of the diabetes disease.

Hydrogels as Basic Functional Elements of a Control System

Hydrogels material properties enable the necessary functions for an automatic system: 
sensing a key environmental variable whose value must be maintained at a desired level or 
range, providing a means for a corrective action to eliminate a deviation in such variable, and 
correlating appropriately the sensed environmental condition with the active interference in 
the environment. These functions may be implemented individually in separate devices or 
integrated in a single device. Hydrogels can be applied in both cases. Their responsive nature 
makes them suitable to design effective sensors and actuators as well as to perform as self-
regulated systems.

When the hydrogels volume change is stimulated by a signal external to the pro-
cess or the close environment, the hydrogels system constitutes an actuator. The volume 
change of the hydrogels may cause an event by itself or by activating and allowing the 
intervention of additional elements frequently of different material and structure. The 
aforementioned event will lead to a change in an environmental condition that may be 
detected by another device or component of the external source that manipulates or trig-
gers the hydrogels swelling behavior. In this case, the hydrogels system is an actuator that 
can be part of a regulation system.
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Hydrogels may be used as components of sensor devices. A sensor is composed of a 
sensing element and a transducing element or transducer. The sensing element is exposed to 
the process and changes with a particular variable. The transducer converts the response of the 
sensing element into an output signal, which can be used in a monitoring system to report the 
measurement or in a control system as a feedback signal. Electrochemical action is a typical 
transduction principle for analytical measurements. Electrodes covered with an enzyme con-
taining hydrogels layer are manufactured for substrate concentration measurements. In such 
sensors, nonswelling hydrogels are used. Hydrogels with swelling behavior have been widely 
characterized showing an effective primary sensing function. However, transducing systems 
for their swelling response have not been investigated to the same extent.

Feedback is essential for an automatic system, since it allows a reactive response to a 
change in the environment or process to be controlled regardless of the cause of such variation. 
Environmentally responsive hydrogels may function as feedback systems for the delivery of 
therapeutic or other beneficial agents either contained in the hydrogels material or in a reservoir 
with a hydrogels cap. The interaction of hydrogels with the environment is based on a recipro-
cal effect: (a) a particular condition of the environment can produce a volume change of the 
hydrogels; (b) its inter- and intramolecular spaces change in size, thus modulating the resistance 
for the outward diffusion of the contained drug; and (c) the released drug changes the environ-
mental condition in question, which is detected again by the same hydrogels, closing a loop. The 
controller element of the system is implicit in this interaction. Since all the basic control func-
tions are assumed by the hydrogels, the resulting systems are called self-regulated (Fig. 1).

Specific body analytes reflect different physiological conditions which need to be con-
trolled for the effective treatment of a disease. Hydrogels can be pH and the ionic strength. 
Concentrations of acids and bases are reflected by the pH, while those of salts by the ionic 
strength of the medium. Hydrogels responsiveness to other species can be achieved by the 
incorporation of enzymes that allow their transformation into any of the previously men-
tioned compounds. A typical example is the oxidation of glucose upon interaction with 
glucose oxidase that produces gluconolactone and hydrogen peroxide; the first product 
hydrolyses immediately giving gluconic acid. Hydrogels can also exhibit temperature sen-
sitivity. Moreover, hydrogels are viable for the preservation of biological components and 
for in vivo implantations. Therefore, they can act as feedback systems for a wide variety of 
medical purposes.

It should be noted that all the basic functional elements for process control could be 
implemented by either on/off or continuous devices. Both categories include hydro-
gels-based sensors and actuators as well as self-regulated hydrogels systems. When the 
hydrogels response shows a sharp transition with respect to time and stimulation or input-
environmental variable, an on/off behavior can be obtained. A balance between the width 
of the transition range and the time response is necessary for continuous operation of the 
hydrogels systems.

Process variable

Manipulated 
variableController Actuator

Sensor

Process

Fig. 1. Configuration of a feedback control system. Elements of control systems (continuous rectangles) and integration 
of sensor, controller and actuator in a self-regulated or implicit controller system (dashed rectangle).
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Hydrogels in Sensors

The sensor implements the essential feedback for automatic regulation. Feedback con-
trol systems have been applied to different medical systems. Some of them are based on the 
sensing of physical variables (like in the case of an automatic defibrillator that responds to an 
abnormal heart beat with an electrical discharge to the heart) while others on the sensing of 
chemical variables (like the adjustment of the frequency of a pace maker according to the oxy-
gen consumption rate) [1]. Further applications of feedback systems depend on their ability to 
sense different chemical and biochemical variables continuously in the body. Miniaturization 
and proper communication are necessary for their integration with the controller and actua-
tor components for implantable and high compliance applications. Hydrogels are suitable 
materials for implicit control of diverse variables since enzymes, antibodies or mimics can be 
incorporated to provide selectivity for different species. However, the application of hydrogels 
for monitoring purposes and implementing feedback signals to external controllers requires 
a transduction system. Transduction methods for hydrogels-based sensors, besides methods 
to improve their sensitivity and stability, are the subject of current investigations. Frequently, 
enzymatic glucose sensing is a context for proof-of-concept and development of sensor tech-
nology due to the relevance of the diabetes disease.

Optical Transduction

Fluorescence and refraction are common transduction principles adapted to hydrogels 
systems [2]. Hydrogels color variations resulting from their volume changes allow the use of 
optical transduction principles for sensor applications such as contact lenses or intraocular lenses 
for glucose sensing from tears. Polystyrene nanospheres with attached glucose oxidase are 
imbedded in a hydrogels membrane by carrying out the polymerization process from a reac-
tion solution containing the nanoparticles. The glucose-dependant swelling of the hydrogels 
causes the wavelength of the diffracted light to shift as the distance between the nanoparticles 
change, producing an observable color variation (Fig. 2a) [3]. Similarly, glucose binding to 
boronic acid derivatives in a polyacrylamide gels [4] and binding of avidin or antibiotin to a 
biotinylated poly(N-isopropyl acrylamide-co-acrylic acid) hydrogels [5] produce crosslink-
ing and volume reduction leading to a change in the refractive index and the observed color. 
Fluorescence detection of calcium levels in T-cells has been used to monitor the activity 
triggered by an antigen in a poly(ethylene glycol) hydrogels platform for clinical diagnostics 
or biodefense [6].

Fig. 2. Transduction mechanisms for hydrogels-based sensors. (a) wavelength shift of diffracted light from hydro-
gels with polystyrene particles (b) microcantilever deflection and (c) enzyme wiring through tethers of redox centers 
for electron, e−, transfer. Adapted from [2], [7], and [1], respectively.
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Mechanical Transduction

Cantilevers have been proposed as transduction systems for hydrogels volume transi-
tions. A hydrogels deposited on the surface of a cantilever may cause a displacement of the 
free end of this structure or a decrement in the natural frequency of vibration upon swelling 
(Fig. 2b). A pH microsensor has been developed, achieving high sensitivity and repeat-
ability [7]. A poly(methacrylic acid-g-ethylene glycol) was covalently attached to a silicon 
surface. Synthesis and patterning of the hydrogels was carried out by UV lithography, a com-
mon procedure in planar technologies in the integrated circuit industry. The deflection of the 
hydrogels covered microcantilever showed a pH sensitivity two orders of magnitude greater 
than those of pH microsensors based on electrochemical principles (ion selective field-effect 
transistors (ISFET), metal oxide electrodes). The incorporation of an enzyme in the hydrogels 
can enhance the sensitivity of cantilever sensors for the quantification of a substrate or analyte 
in comparison with other enzyme immobilization techniques. The mass increment due to the 
enzyme–substrate coupling is accompanied by the absorption of water onto the hydrogels 
patterned surface. In the case of glucose oxidase, the conversion of glucose into gluconic acid 
causes a pH drop and the cationic hydrogels to swell, and produces a deflection which can be 
correlated with the environmental glucose concentration. The combination of hydrogels and 
silicon microstructures can also be used for the development of ultrasensitive immunosensors.

Electric Transduction

Electron transport from a selective electrochemical reaction suggests the use of electrode 
transducers. The glucose oxidase enzyme, GOx, catalyzes the redox reaction of glucose with 
oxygen producing an electron exchange. The active site of the enzyme is surrounded by elec-
trically insulating protein, which hinders the charge transfer on the surface of an electrode-
based transducer. To overcome this difficulty, the enzyme is “wired” or connected through an 
electron conductive hydrogels to the electrode [1]. The wiring of the enzyme GOx consists in 
its immobilization in a hydrogels with fast redox centers at the ends of tethers of the polymer 
structure (Fig. 2c). Electrons are transferred when the pendant redox centers approximate to 
each other. In this way, the flavin adenine dinucleotide (FAD) centers of the active site of the 
enzyme are reduced (to FADH2) by the glucose substrate, and reoxidized on the surface of 
the electrode. The hydrogels layer on the electrode allows for a high density of wired enzymes 
per unit area favoring electrode kinetics and limiting glucose diffusion. The high current 
density achieved makes this electrode configuration suitable for miniaturization [1] and its 
integration in a closed loop system.

Limitation of Enzyme Secondary Substrate

The specificity and the reversibility of enzymatic reactions impart desirable charac-
teristics for hydrogels-based sensors. Therefore, proper conditions for these reactions must 
be controlled, such as the presence of a secondary substrate. The glucose sensitivity of a 
hydrogels-based system through the incorporation of GOx depends on oxygen availability. 
The catalase enzyme is often added to the system to regenerate oxygen from the hydrogen 
peroxide produced by the enzymatic glucose oxidation. The catalase reaction serves the double 
purpose of replenishing a reactant (oxygen) and eliminating a toxic inhibiting substance 
(hydrogen peroxide). In spite of the use of catalase, oxygen may still limit the response of 
the glucose-sensitive hydrogels system due to the low solubility of oxygen in aqueous solu-
tions and blood. In order to enhance oxygen transport to the system, the use of macroporous 
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hydrogels and silicone rubber components has been proposed. The latter are intended to 
create exclusive pathways for oxygen penetration into a hydrogels material that may contain 
insulin or cap an insulin reservoir [8].

Different configurations favor oxygen diffusion over glucose diffusion to solve oxygen  
limitation for the GOx reaction inside the hydrogels (Fig. 3), as discussed in [8]. Silicone rubber-
covered surfaces impede glucose diffusion but are permeable to oxygen. Those devices based 
on a hydrogels membrane cap and a reservoir encased by silicone rubber allow glucose and 
oxygen to transport through the membrane and only oxygen to diffuse through the reservoir 
walls. In this work, a silicone rubber “tube” with hydrogels-filled sections and a hydrogels 
material sandwiched by silicone rubber disks offer adjustable two-dimensional diffusion 
systems. In the tube design, glucose and oxygen diffuse in the axial direction and only 
oxygen diffuses also in the radial direction. In the “sandwich” configuration, glucose 
and oxygen diffuse radially and only oxygen permeates through the silicone rubber disks.  
The oxygen concentration within the hydrogels can be increased by changing the length of the 
tube or the radius of the sandwich.

Studies on oxygen limitations in the GOx reaction within the hydrogels membrane, tube 
and sandwich delivery systems have been reported disregarding the swelling of the hydrogels, 
which would be less restricted in the sandwich design [8]. The authors developed mathematical 
models that produced the same qualitative results as the experimental systems. Their analysis was 
based on the square of the Thiele modulus, φ2, the Biot number, Bi, and the relative consumption 
rates of oxygen and glucose, O/G. The square of the Thiele modulus is the ratio of the internal 
diffusion time ( 2

iL /aiDi, where Li is the diffusional distance inside the gels, ai is the equilibrium 
partition coefficient or ratio of the concentration inside the gels over the concentration in the solu-
tion, and Di is the diffusivity in the membrane for the species i) to the reaction time (ci/n, where ci 
is the concentration in solution and n is the velocity of the enzymatic reaction). The Biot number 
expresses the ratio of the internal diffusion time over the external diffusion time or characteristic 
time for the diffusion through the hydrogels-medium interface (Li/ki, where ki is the mass transfer 
coefficient). The analysis of the consumption ratio O/G revealed an optimal value for glucose 
response indicated by the pH of the hydrogels.

The following trends were observed in a hydrogels membrane system [8]. A consider-
able increase in oxygen availability, without a corresponding noticeable decrease in glucose 
concentration or in the hydrogels pH, indicated either an excess of glucose or a process lim-
ited by glucose oxidation kinetics. When the same area was available for both oxygen and 
glucose transport through the membrane, a pH plateau was reached near 50 mg/dL. Excess of 
oxygen, attained with a gas reservoir, produced lower pH values in the gels, high O/G values 
and a wider range of response, from 0 to 500 mg/dL.

reservoir

silicone rubber

oxygen

glucose
and
oxygen

oxygen

hydrogel
reservoirba

c

Fig. 3. Membrane (a), tube (b), and sandwich (c) configuration of enzymatic hydrogels devices with silicone rubber-
covered surfaces for oxygen transport. Glucose oxidase is contained in the hydrogels. Reservoirs may contain an insulin 
solution or a gas (air or tissue gases). Adapted from [8].
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The two-dimensional designs outperformed the membrane system. Changes in pH were 
greater than those with the membrane. The sandwich system reached a plateau at 200 mg/dL. 
The tube design filled with hydrogels was sensitive to glucose concentrations up to 350 mg/
dL. The pH for the case of the tube design with a gas reservoir could still be reduced at glu-
cose concentrations beyond 500 mg/dL. The tube designs, compared to the sandwich design, 
were more effective to enhance oxygen delivery to the hydrogels because of the higher oxygen 
transfer area. The tube with central gas reservoir achieved O/G ratios 33% greater than those 
for the tube completely filled with hydrogels due to the high diffusivity of oxygen through a 
gas. Under similar conditions of glucose limited diffusion, Biot number and gels volume but 
different geometric proportions, membrane systems only achieved two-thirds of the maxi-
mum response (total conversion of glucose in the hydrogels), while the tube and sandwich 
designs approximated much closer to the maximum response.

Regarding the dynamic behavior, the tube and sandwich systems showed greater 
response times than the membrane system. Settling times for the response before glucose 
concentration step changes were greater at higher concentration values. The larger sizes and 
geometric factors resulted also in increased response times.

Both the Biot and Thiele numbers determine the system dynamics. When the Biot num-
ber of the system is high, as in the tube and sandwich designs, internal diffusion is expected to 
dominate over external transport conditions such as the convective transport of glucose from the 
body. Enzyme loading directly affects the Thiele modulus. A high enzyme loading will not sig-
nificantly reduce the response time since the system would be diffusion limited. However, when 
the Thiele modulus is low, the time response of the system will depend on enzyme loading.

Preservation of Enzyme Activity

The duration of the activity of the enzymes is an important determining factor for the 
useful life of enzymatic sensors. The hydrophilicity of hydrogels produces a proper environ-
ment for the preservation of enzyme activity and the diffusion of the analyte or substrate. 
Therefore, enzyme immobilization in hydrogels improves the performance of diverse com-
posite sensors. Silicon sensor platforms can be used taking advantage of the compatibility of 
photopolymerization procedures with microfabrication techniques. For example, ISFET have 
been used as transduction systems for urea measurements based on the basic nature of prod-
ucts from urease interactions and the pH sensitivity of silicon semiconductors [9].

Immobilization procedures often include the difunctional component of glutaraldehyde, 
which acts as a crosslinking agent between enzymes. Glutaraldehyde can provide better retention 
of enzymes within a system as well as longer preservation of their activity [9]. Incorporation of 
poly(ethylene glycol) in the enzyme containing material helps to preserve enzyme activity and 
prevent immunoreactions to implanted systems [10, 11]. However, pegylation and glutaraldehyde 
crosslinking increase the density of the system and the diffusion limitations for the detection of 
substrate concentrations.

The limited activity of natural enzymes can be overcome by the use of mimics. Hydrogels 
have been used as a support polymer for imprinting cavities with catalytic activity. A chymotrypsin 
mimetic has been produced with a hydrogels (the volume changes switch the enzymatic activity on 
and off by altering the diffusivity of the substrate) with enhanced activity and stability [12].

Hydrogels as Actuators

Actuators respond to an external signal intended to cause a change in the process. The 
external signal comes from a device or controller that may be operated either in an open loop 
or in a closed loop. The controller of an automatic drug delivery system, for instance, uses 
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the information of the state of the patient (fed back through a sensor device) and an algo-
rithm to determine the control signal to be sent to the actuator to deliver the proper amount 
of drug. In the manual mode, the application time and magnitude of the dose is decided 
by the patient who directly determines the control signal or manipulation of the actuator  
(on-demand function of the actuator). Hydrogels-based actuators can be manipulated 
through a continuous or an on/off control signal. This signal or manipulation can be of dif-
ferent nature [13, 14]: magnetic, ultrasonic, electric, optic, thermal, chemical, or biochemical.

Magnetically Controlled Systems

The responsiveness to a magnetic field can be achieved through the incorporation of mag-
netic beads into the hydrogels material. Copolymer matrices of ethylene with vinyl acetate 
and crosslinked alginate matrices with imbedded magnets have achieved enhanced drug release 
rates with increasing frequency of the oscillating magnetic field [15]. Repeated magnetic pulsa-
tile or on/off stimulations required a higher frequency to compensate gradual drug depletion.

Ultrasonically Controlled Systems

Ultrasound increases diffusion and erosion controlled drug delivery rates [14]. The 
res ponse to ultrasound does not require any modification in the synthesis of the polymeric 
material. Poly(ethylene-co-vinyl acetate) matrices have also been studied under ultrasound 
excitation. Solid drug particles in the dry material absorb ultrasound energy impeding stimu-
lation for drug release. In the swollen state, the drug particles dissolve and ultrasound energy 
produces a higher increment in release rates than in the nonswollen state. Reversible incre-
ments in drug release were observed at low ultrasound frequencies from swollen systems [16]. 
Self-assembled monolayers responsive to ultrasound energy were used as coatings for drug-
containing polymeric systems. The ultrasound energy disassembles the coating, which is 
rebuilt when ultrasound applications ceases [17]. This system has been used to deliver an 
anti-biofilm formation agent [18].

Electronically Controlled Systems

Electric fields can be applied on a membrane or in the solution to control the solute 
transport. A switching electrical field has been used to direct the binding of charged sur-
factant molecules to one or other side of an ionic hydrogels strip producing a controlled 
“worm-like motion” [19], illustrating an actuation mechanism with possible application for 
an artificial muscle or a drug delivery system. Hydrogels volume changes controlled by pulse 
width modulation have been experimented for the electric manipulation of hydrogels-based 
valves or pumps [20, 21]. The electric stimulated swelling dynamics was improved due to the 
added electrostatic effects by using the hydrogels as an electrolyte material in an electrolysis 
cell where protons are produced at one electrode and attracted to the other.

Photo-Controlled Systems

Photo-sensitive gels experience volume transition or chemical degradation when 
exposed to light [14]. These changes can be produced by the isomerization of chromophores 
in the excited photoreceptors in some materials [22, 23]. Azobenzene transition from the trans 
to the cis form by exposure to UV radiation causes dipole interactions that strip water from 
hydrogels materials [12]. Ophthalmic drug delivery systems have been designed using azoben-
zene copolymers whose molecular openings are regulated by changing the polarization of 



52 Irma Y. Sanchez and Nicholas A. Peppas

laser irradiation [24]. Visible light has also been investigated as a safe and available stimulus 
source for rapid hydrogels phase transition based on light heating [25]. Other compounds 
such as cinnamic acid derivatives and fumaric amide have also been used in the fabrication of 
photo-sensitive hydrogels [26, 27].

Fumaric amide can give photosensitivity to biomaterials shown through gels–sol phase 
transitions [27]. The motion of F1-ATPase (enzyme-based molecular motor) tethered with 
beads has been manipulated by the trans–cis isomerization of fumaric amide inside a self-
assembled supramolecular hydrogels. Supramolecular hydrogels, in contrast to polymeric 
hydrogels, are built from supramolecular units or gelating agents which bond noncovalently 
(through hydrogen bonds, π–π stacking and van der Waals interactions) to produce fibers and 
crosslinking among fibers [27, 43]. The gelating agents consist of a hydrophilic sugar head, a 
hydrophobic lipid tail, and a hydrogen bonding spacer (Fig. 4). Fumaric amide was inserted 
in the spacer. Upon UV radiation, the entangled fibers in the gels state turned into spherical 
aggregates in the sol state. The recovery of the gels state was possible under visible light and in 
the presence of bromine. The phase transition was effective for the release of preloaded vitamin B12, 
concanavalin A and 100-nm beads. Moreover, Brownian motion of beads could be stopped at 
a specific bead size and gelating agents concentration. These materials were designed for on/
off control of the Brownian motion of bacteria and enzymes whose activity depend on their 
mobility. The same motion control was achieved with hydrogels without fumaric amide or any 
covalent insertion of a “switching” unit by changing the environment temperature around the 
gels–sol transition temperature [28]. Localized stimulation allowed the gels–sol transition in 
specific parts in contrast with a bulk response of the material.

Gold nanoshells covered with a temperature-sensitive poly(N-isopropyl acrylamide-
co-acrylic acid) hydrogels have been studied for potential drug delivery application [29]. 
Silicon dioxide particles with a seed-grown gold layer can be fabricated with the proper 
dimensions to absorb light in the near-infrared range from 800 to 1,200 nm. Radiation 
within this range can penetrate through skin, tissue, and water. Light absorption in these sys-
tems causes an increase in temperature and subsequent shrinking of the hydrogels (Fig. 5). 
Changes in the composition of acrylic acid adjust the lower critical solution temperature 

Fig. 4. Supramolecular hydrogels with fumaric amide photo isomerizable unit for a photo-actuated system. The mate-
rial experiences a reversible phase transition in response to light stimuli. Adapted from [27].
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Fig. 5. Gold nanoshells with silica cores covered by a poly(N-isopropyl acrylamide-co-acrylic acid) hydrogels 
(photothermically controlled actuator system). Heating by NIR excitation of gold plasmon resonance results in 
hydrogels shrinking. Adapted from [29].
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and enhance the reversibility of volume changes. Drug loaded hydrogels can also release 
the drug by collapsing the gels upon external photo-excitation.

Thermally Controlled Systems

Thermal energy can produce hydrogels swelling or contraction. Polymer networks of acrylic 
acid (AA) and acrylamide (AAm) show a direct swelling response with respect to an increment 
in temperature. The formation of hydrogen bonds between carboxylic and amide groups at low 
temperature causes the collapse of the polymeric structure. On the other hand, the disruption of 
hydrogen bonds at a high environmental temperature allows the expansion of the material. Inter-
penetrating networks with an equimolar composition of AA and AAm and low crosslinking agent 
content (0.1 mol%) to produce more abrupt volume transition and higher temperature sensitivity 
than the corresponding homopolymers and random copolymers [30], both traits are convenient 
for drug delivery applications. Temperature responsiveness of interpenetrating networks has been 
employed as the actuation mechanism of gold composite systems for drug delivery [31].

A temperature change can provoke not only a volume variation but an optical response 
of a hydrogels system. The volume of poly(acrylic acid-co-acrylamide) hydrogels determines 
the level of optical transparency. Dal et al. found that changes in hydrogels optical properties 
were more reversible when the temperature range for the transmittance transition narrows and 
the temperature in the inflection point is lower for smaller monomer concentrations [32]. A 
monomer ratio (AA/AAm) of 0.5 maximizes the number of bonds, widens the optical transition 
range and shifts this range to higher temperature values. High crosslinking agent concentra-
tion and high initiator concentrations lead to denser materials and wide transition ranges at 
higher temperature values. Release kinetics studies showed consistent higher decay rates of 
exponential profiles at higher temperature and less diffusion resistance. If the temperature 
forcing input is produced within the hydrogels system, for example, by the heat from an enzy-
matic reaction, an optical transducer could be used to produce an analyte measurement and, 
simultaneously, the volume transitions would allow self-regulated drug delivery.

Thermally actuated enzymatic hydrogels systems have been used in bioreactors. The swol-
len state of the hydrogels promotes absorption of the substrate while the collapse of the hydrogels 
may help to expulse enzymatic products, both effects can be achieved by cycling the hydrogels 
stimulation in order to favor the conversion of the substrate. The conversion in a packed-bed reac-
tor and in a continuous stirred-tank reactor was investigated using poly(N-isopropyl acrylamide-
co-acrylamide) hydrogels beads with immobilized b-galactosidase enzyme [33]. Temperature 
oscillation just below the hydrogels transition temperature (lowest critical solution temperature, 
LCST) outperformed isothermal conversion of the enzymatic reaction. Fast heating and cool-
ing rates could lead to higher conversions as long as reversible volume changes were produced. 
However, several factors provoked the restricted reversibility of the swelling of the beads and 
affected the conversion in the reactors. Heating and cooling rates were limited by the viscoelas-
tic dynamics of the hydrogels systems. In addition, the expansion at a temperature above the 
LCST was slower than below the LCST, and thermal heating from the exterior of the hydrogels 
beads approaching the LCST may have caused the formation of a “skin” that reduced the squeez-
ing effect of the hydrogels syneresis. Optimization of temperature cycles was recommended for 
packed columns to reduce or avoid reactant tunneling among collapsing beads.

Chemically Controlled Systems

Chemical species can also stimulate actuator systems. The response of enzymatic 
materials can be triggered by the availability of an activating agent. For example, calcium 
addition can be used as a control signal to produce the conformational changes of calmodulin 
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protein molecules contained in a hydrogels drug delivery system [34]. Fibrous hydrogels materi-
als used for the regeneration of dental tissues are crosslinked at high calcium concentrations 
and can be deformed by the action of a collagenase enzyme [35]. A chemically controlled 
system has been made of a micellar dithiol crosslinked N-isopropyl acrylamide gels [36]. The 
presence of glutathione degrades the material by breaking the disulfide bonds. A preloaded 
drug release could therefore be controlled by the induced degradation.

Microfluidic devices can be controlled chemically. Hydrogels have been used to manipulate 
microflows in response to pH changes (Fig. 6) [20]. A poly(2-hydroxyethyl methacrylate-co-acrylic 
acid) hydrogels on the walls of a microchannel was observed to regulate the flow resistance by 
varying the cross section area for the flow according to the pH with diffusion limitations along 
the channel [37]. Faster regulation was achieved by the application of a hydrogels coating on posts 
at the entrance of a channel [38]. Nonresponsive materials have been used for different supporting 
structures, such as two close nonparallel flexible walls for a check valve. Strips made out of a 
pH-sensitive hydrogels attached to these walls reduced the space allowing opening or complete 
closure with a positive or negative pressure differential, respectively. The check valve was pH acti-
vated, since it required a swollen hydrogels to close [39].

Protein Responsive and Controlled Systems

Specific ligands can be incorporated in the hydrogels to affect the cell behavior [2]. Arg-
Gly-Asp (RGD) peptides in a hydrogels system for tissue regeneration allow cell adhesion by the 
interaction with integrin proteins on the cell surface [40, 41]. Hydrogels with Ile-Lys-Val-Ala-Val 
(IKVAV) peptides have been applied to direct stem cell differentiation into neuronal cells [42].

Drug delivery systems activated by the presence of enzymes in the environment have 
been proposed [43]. This activation mechanism allows targeted drug delivery as in the case of 
tumors where specific proteases are found. For example, polyacrylamide hydrogels have been 
synthesized with enzyme cleavable peptides [44]; the enzymes in the medium degrade the 
material and can produce gradual release of the drug content.

An esterase sensitive system consisting of a self-assembled supramolecular hydrogels 
has been studied. The gelating agent can incorporate a prodrug (inactive drug precursor) 
with an ester bond susceptible of cleavage by the hydrolysis reaction catalyzed by esterases.  
A second drug can be encapsulated in the material for simultaneous release of two possibly 
complementary drugs upon degradation of the material (Fig. 7). Gelating agents of an acet-
aminophen (analgesic)-based prodrug were used to fabricate these materials to encapsulate 
curcumin (antioxidant). The amphiphilic properties of gelating agents effectively incorporated 
the hydrophobic curcumin and provided the necessary hydration for lipase-induced degradation. 
The release rates increased with enzyme concentration and temperature. The acetaminophen-
based gelating agents were not cytotoxic. Gel–sol reversible transition was not intended to 
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Fig. 6. Chemically controlled actuators based on an anionic hydrogels. The check valve (a) is activated at high pH 
and flow is allowed when pressure P1 is greater than pressure P2; channel covered with hydrogels strips (b) and hydro-
gels jackets on rigid posts (c) restrict flow area as pH increases. Adapted from [39], [38] and [37], respectively.
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control drug delivery in the described lipase responsive system. Nevertheless, the effect of 
temperature on phase transition and the effect of enzymes on degradation can be combined. 
A temperature range may ease enzyme diffusion toward cleavable links in a two step mechanism 
[45–47] for drug release.

Self-Regulated Hydrogels-Based Systems

In self-regulated systems, the controller function is implicit in the hydrogels material 
structure as well as on the device design. The static and dynamic characteristics of a self-
regulated system correlate the input feedback variable with an output variable [48]. The input 
variable drives the hydrogels response or the output variable change. These variables repre-
sent the main interactions with the surroundings. The autonomous systems presented here are 
based on feedback variables that allow hydrogels actuation by the environment for controlling 
a particular condition.

Miniaturized systems offer the possibility of painless, economic, continuous, and 
optimal drug infusion since they allow the management of small quantities of samples, 
reactants, and drugs. Low costs and easier operation are also possible for diagnostics sys-
tems when scaled down. The reduction of response times of small systems facilitates taking 
advantage of the integration of multiple functions in a hydrogels material. Some charac-
teristics may be lost by miniaturization, such as the drug storage capacity within a hydro-
gels, but can be compensated by combining elements of different structures and materials. 
However, the complexity of such hybrid systems is reduced by the elimination of processing 
circuits (transducers, control algorithms), energy sources, wires and separate sensors and 
actuators due to hydrogels multifunctionality. In situ photopolymerization of hydrogels is 
easily incorporated in the manufacturing procedure of microfluidic platforms [20]. This 
technique is also convenient as part of an implantation procedure of monolithic drug deliv-
ery devices or tissue engineering applications.

pH Feedback Systems

The pH sensitivity of anionic hydrogels provides temporal release control in systems 
proposed for oral drug administration [49]. The hydrogels-based system prevents drug delivery in 
the stomach where the acidic pH causes the polymeric matrix to contract. When the hydrogels 
reaches the upper small intestine, where the pH is higher, the polymeric structure swells and 
eases drug diffusion. This on/off self-regulated system is active during its digestion process.

amphiphilic prodrug
gelator

packed gelators
and imbibed drug 

release of two drugs

drug 1

drug 2

a b c

Fig. 7. Supramolecular hydrogels from prodrug gelators as a protein-controlled actuator system. Amphiphilic 
prodrug gelator from a well known therapeutic (a), packing of prodrug gelator and encapsulation of a second therapeutic 
(b), release of therapeutics upon esterase degradation (c). Adapted from [43].
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The incorporation of enzymes in ionic hydrogels can transform the pH sensitivity into 
responsiveness to the concentration of the enzyme substrate in the environment. The enzymatic 
reactions that produce acid or basic compounds modify the pH of the system leading to a 
volume change and inherent diffusivity variations. Since the pH changes are a function of 
the substrate concentration, continuous (as opposed to on/off) drug release regulation can 
be achieved for periods of time that are limited by enzyme activity, drug depletion, polymer 
degradation or body elimination [10, 50]. Urease-containing anionic hydrogels deliver drug 
in response to high concentrations of urea because of the swelling driven by the increment 
in the pH from the production of ammonium hydroxide (NH4OH). While a cationic hydrogel 
with glucose oxidase can open its mesh structure for insulin delivery as glucose concentration 
increases due to its transformation into gluconic acid and the consequent pH decrement.

Autonomous pH regulation in a microfluidic system has been designed based on the 
sensing and actuating functions of a hydrogels component [51]. The objective was to achieve 
a neutral pH in the output flow from a T-junction where an acid input was mixed with a 
compensating basic input. A poly(acrylic acid-co-2-hydroxyethyl methacrylate) hydrogels 
postpressing on a poly(dimethyl siloxane) membrane (PDMS) on top of the orifice influenced 
the input of the basic solution. The orifice sealing increased at high pH of the output by tens-
ing the PDMS membrane upon radial swelling of the post. The occluded area of the orifice 
decreased when the output pH was very acidic due to the radial shrinking of the anionic 
hydrogels post and the raising of the PDMS membrane (Fig. 8). The geometry of the orifice 
determined the type of regulation for the basic input: a circular orifice caused an on/off action 
and an oscillatory pH of the output flow, while a star geometry provided a stable output pH 
by gradual adjustments of the compensating basic flow. The pH regulation was limited by 
saturation effects due to pressure conditions in the channels. The proposed valve mechanism 
responsive to the environmental pH could be applied to drug delivery systems.

Anionic and cationic hydrogels (with opposite responses to pH) have been combined 
in a microfluidic sorter system by placing valves on each side of the T-junction of two micro-
channels. At the T-connection, the course of an input flow could be directed to one or another 
side depending on which valve was opened at the pH of the flow [38]. This type of combina-
tion allows the manipulation of flows according to their chemical characteristics.

Fig. 8. Self-regulated system for pH control of the output flow. If the input flow has lower pH (pH2 < pH1), the hydrogels 
contracts radially allowing more free area for the pass of the compensating basic flow. A star orifice is obstructed by the 
hydrogels post. Adapted from [51].
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Temperature Feedback Systems

A temperature-sensitive hydrogels has been used for an autonomous cooling system in a 
lab-on-a-chip device (Fig. 9) [52]. The hydrogels formed around the axis of a nickel propeller for 
cooling water recirculation exerted on/off control of the rotation. The propeller was driven by an 
external magnetic stirrer, whose rotation speed determined the cooling flow rate. The hydrogels 
was a crosslinked copolymer of N-isopropyl acrylamide (NIPAAm) and 3-methacrylamido-
propyltrimethylammonium chloride (MAPTAC), the latter was included to raise the LCST or 
onset operation temperature for the propeller. The hydrogels ring around the propeller was fab-
ricated by the liquid-phase photopolymerization technique. When the temperature reached the 
LCST, the hydrogels collapsed allowing free movement of the propeller. At lower tempera-
tures, the swollen hydrogels clutched the propeller. Temperature responsive systems may be also 
applied for closed loop drug delivery for the management of fever or infections.

Protein Concentration Feedback Systems

Proteins attached to hydrogels materials increase the possibilities for self-regulated 
systems. Hydrogels have been grafted with antigen and antibodies to create crosslinks that 
can be undone by the competitive binding with free antigen in the environment. The number 
of undone noncovalent crosslinks depends on the exogeneous antigen concentration which 
determines the degree of hydrogels swelling that enables controlled drug delivery [53, 54]. 
Hydrogels may also be designed as enzyme-sensitive systems, for example, biodegradable 
hydrogels for delivery of anti-inflammatory drugs. The gels degradation is promoted by 
enzymes as well as hydroxyl radicals that are produced at inflamed sites. This system could 
provide osteoarthritis treatment in a closed loop mode [14].

Enzyme Cofactor Feedback System

Enzymatic reactions offer different possibilities for drug delivery control by an immo-
bilized oxidase enzyme that depends on the availability of an oxidizing cofactor or secondary 
substrate [2]. The concentration of the latter mediates the regulation of drug release.  
The constant presence of glucose in blood and the oxygen limitations do not favor reversible 
changes in ionic hydrogels for insulin delivery in diabetes treatment. However, the glucose 
composition of the blood as well as the possibility of other oxidizing agents make the glucose 
oxidase enzyme useful for the delivery of other drugs in the context of different pathologies. 
Oxidizing agents concentrate in inflammation sites and tumors and can induce drug release 
from the swelling of hydrogels through gluconic acid enzymatic production [2]. As a secondary 
substrate for glucose oxidase, polysulfide nanoparticle systems with glucose oxidase oxidize 
sulfides in the presence of glucose to produce swelling and drug release [55].

Ni impeller

poly(isobornyl acrylate) 

 hydrogel 

Fig. 9. Self-regulated system for temperature control. A hydrogels with negative swelling sensitivity with respect 
to temperature on the surface of the shaft of a magnetically impulsed propeller allows cooling flow above the LCST. 
Adapted from [52].
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Glucose Concentration Feedback Systems

Research on closed loop control of glucose levels in a diabetic patient highlights important 
aspects for the application of autonomous systems. The feasibility of an insulin self-regulated 
delivery system based on injectable hydrogels microparticles with glucose sensitivity has been 
evaluated for the purpose of blood glucose regulation [56]. Synthesis parameters determine the 
capacity of hydrogels microparticles to: (a) respond to glucose concentration, (b) store enough 
insulin to reduce frequency of injections (3 days sparse at least), (c) circulate in blood capil-
laries, and (d) degrade at a rate that allows diffusion-controlled insulin depletion. Particles of 
30 mm in size exhibit instantaneous response to pH changes [10]. This observation was used 
to simplify the analysis by neglecting the viscoelastic behavior of the hydrogels. The analysis 
considered the kinetics of the glucose oxidation and constant diffusivities for glucose, gluconic 
acid and insulin. Results showed the direct effect of the crosslinking ratio (number of moles of 
crosslinking agent per mol of monomer) on the maximum swelling and the degradation rate. 
The number of injected particles as well as the insulin loading determined the release rate but 
did not affect the release duration. The size of the collapsed hydrogels particles was directly 
correlated to the duration of the release. However, the swelling of hydrogels particles before 
high glucose concentrations produced an incremental change in the mesh size that increased the 
diffusion path for insulin delivery. A low crosslinking ratio produced higher delivery rates and 
shorter release durations. For higher transition pH values, the cationic particles tended to have 
higher volume and lower internal pH values making hydrogels contraction improbable. Higher 
content of basic functional groups led to an increase in the initial pH value of the microparticles 
and lower rates of gluconic acid production or decreased sensitivity of the system. The large size 
of the hydrogels particles to achieve acceptable release duration would inhibit them to circulate 
through capillaries. The simulation with a physiological model at a basal state produced wide 
oscillations in glucose levels.

Some disadvantages of hydrogels microparticles for injectable systems could be avoided 
by using implantable membranes. Limitations of size for release duration and for stable glucose 
control are clearly solved in macrosystems because of their longer response times. However, the 
effects of the buffer physiological medium, the continuous presence of glucose and the Donnan 
equilibrium suggest restricted volume changes for the hydrogels system regardless of its size.  
A simulation study of glucose responsive hydrogels membranes for insulin delivery in a dia-
betic patient with a diet of three meals per day showed they could be useful for days, but insu-
lin release profiles decreased monotonically in spite of the elevated glucose levels during the 
meals (Fig. 10) [50]. Specific viscoelastic effects of the hydrogels membrane and GOx–catalase 
reaction kinetics in the hydrogels medium were based on experiments with poly(methacrylic 
acid-g-ethylene glycol). The Sorensen model was used for the simulation of the glucose–insulin 
physiologic process for an adult male of 70 kg. The initial interaction of the implanted hydrogels 
membrane with the glucose containing physiological fluids dominated the volume response of 
the membrane over the pH changes caused by the meals. The small variations in the pH of the 
membrane during the meals were due to a combination of the glucose composition and the buf-
fer effect of the blood. Even at fasting glucose levels, glucose would tend to diffuse into the gels 
causing a sustained production of gluconic acid that would oppose the recovery of the higher 
physiological pH. Furthermore, the Donnan equilibrium inside the gels would determine the 
conservation of a local pH different from the pH of the physiological environment.

Apart from the particular diabetes application characteristics, those of the hydrogels in a 
self-regulated system can be improved in order to produce flexible delivery profiles similar to 
those that can be obtained with an explicit controller [57–59]. A hydrogels-based insulin delivery 
system should achieve mesh size variations around the size of insulin at a physiological pH. 
Mesh size and transition pH can be adjusted by modifying the number, the type and the 
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concentration of monomers. Even if the critical pH of an ionic hydrogels was adjusted closer 
to a neutral value, the buffer characteristic of physiological fluids would offer a resistance to 
the volume changes of the membrane. Hydrogels materials with temperature and glucose sen-
sitivity can be suggested from the possibility to couple the energy produced by the enzymatic 
reaction of glucose to the modulation of molecular openings and drug delivery. Hydrogels 
without pH sensitivity would eliminate the limitations due to the buffer environment and 
the Donnan equilibrium effect. However, they would also be subjected to the saturation of the 
glucose oxidase enzyme due to the constant presence of glucose in the physiological environ-
ment. Limitations of hydrogels monolithic systems for continuous blood glucose regulation 
may be overcome by hydrogels-based devices. Hydrogels may be used in hybrid systems for 
a more effective insulin delivery.

Alternative insulin delivery systems have been suggested by combining membrane 
and particle structures and using non-covalent enzyme immobilization. Covalent attachment 
requires exposure to fabrication steps involving high temperatures and violent mixing that 
may diminish the activity of the enzyme. Physical attachment may be less aggressive to the 
enzyme although the possibility for enzyme leakage is higher. Researchers have proposed 
a self-regulatory system consisting of poly(N-isopropyl acrylamide-co-methacrylic acid) 
hydrogels nanoparticles supported in a hydrophobic enzymatic membrane (Fig. 11) [60].  
Glucose oxidase and catalase were mixed with dissolved ethyl cellulose and hydrogels nano-
particles. The membrane was formed after evaporation of the solvent. The analysis of washing 
water showed no loss of enzymes in spite of their physical immobilization. The activity of 
the physically immobilized enzymes was 80% of the enzymes in solution. Optimal values for the 
ratio of glucose oxidase units to catalase units (1:11) and the amounts of each enzyme in the 
system were determined by comparing the pH behavior at different glucose concentrations. 
The permeability values, obtained through diffusion cell experiments, were not higher for the 
maximum enzyme content but only the determined optimal quantities. Insulin transport was 
dependent on glucose concentration as shown by varying the glucose concentration in the 

Fig. 10. Hydrogels membrane as a self-regulated control system of blood glucose levels in a diabetic patient. Simula-
tion results are shown using a hydrogels membrane insulin delivery system and an explicit controller during 3 days 
with three meals per day. Reprinted with authorization from [50], © AIChE Journal.
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receptor cell. The small thickness of the membrane and diameter of the hydrogels particles 
favored fast and reversible responses compared to hydrogels membranes [50]. The membrane 
structure would ease implantation in specific parts of the body (avoiding problems of an 
injectable system) and the microparticles would contribute to the fast response necessary for 
appropriate action before glucose levels.

Drug availability can limit the use of self-regulated systems. The drug is usually imbed-
ded in the responsive material or contained in an attached reservoir. In order to overcome the 
disadvantage of drug depletion from these systems, the production of the drug may be added. 
Insulin-secreting cells, for instance, can be sustained in a proper reservoir or compartment 
that allows flux of cell metabolites through the reservoir walls and controlled insulin release 
through the responsive material cap. Fibroblasts, myoblasts, and hepatocytes from the same 
patient have been genetically engineered to express insulin and used as an insulin source for a 
self-regulated delivery system [61]. These non-b cells have better immunological acceptance 
than transplanted human corpse b cells, but show a slow reaction to physiological conditions. 
Insulin accumulated in a compartment can be dosed through the dynamic diffusion barrier 
provided by the responsive material. A possible insulin feedback inhibition effect on the cells 
might be useful to prevent excessive insulin accumulation.

A cell-material hybrid device for controlled insulin release that incorporates the insulin-
secreting autologous non-b cells mentioned and a concanavalin A-glycogen hydrogels has been 
proposed [61]. This material changes from a gels to a sol state when exposed to high glucose 
concentrations. The concanavalin A acts as a crosslinking agent in a material with glycogen pen-
dant groups. At high concentrations, glucose from the environment competitively binds to con-
canavalin A destroying the crosslinks of the material. If the exterior glucose concentration is low, 
internal crosslinks are reestablished. The device was constructed as a 6 cm in diameter disk, 1 cm 
thick. Silicon sheets and polycarbonate plates were used as structural materials to support the cell 
layer and the hydrogels layer separated by a 0.02 mm AnodiscTM membrane. In vitro tests showed 
induced insulin release at glucose concentrations above physiological levels. Oxygen limitation 
diminished cell viability. Accumulated death cells also caused less cell viability. Toxicity and 
leakage of concavalin A toward the cell layer affected cell viability and glucose sensitivity. The 
responsive material can be redesigned to show sol–gel transitions in the physiological range.

Hydrogels-Based Feedforward and Cascade Systems

In many processes, feedback control is not enough to keep the process variable within 
the control limits, especially in presence of disturbances. When an external variable to the 
control system changes, the time and difficulty to correct the deviation caused in the process 

Fig. 11. Hydrophobic membrane with hydrogels nanoparticles for a self-regulated system. Nanoparticles contain 
glucose oxidase and catalase. The composite membrane increases insulin permeability before high glucose concen-
trations. Adapted from [60].
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variable increases. To improve the performance of the feedback systems, the control system 
is modified to attenuate or compensate for effects. The variety of environmental stimuli on 
hydrogels systems as well as possible combinations of materials and physical structures could 
be used to take advantage of control schemes, such as feedforward and cascade.

In a feedforward system, the detection of a disturbance before it affects the process 
variable or controlled variable is used to apply an additional manipulation in order to com-
pensate the disturbance effect. This strategy could be applied, for example, in an enzymatic 
hydrogels-based insulin delivery system to adjust release based on the heart frequency. The 
heart frequency reflects the level of physical activity of the patient. If the heart rate increases, 
as detected by an extensiometric gauge or pulsoxymeter, a transduction system could gener-
ate a radiation signal that would decrease hydrogels swelling [29] and insulin release before 
glucose levels decreased to avoid a hypoglycemic episode (Fig. 12). The glucose–oxidase 
reaction that determines the pH of the microenvironment of the hydrogels would implement 
the glucose concentration feedback, the pH responsiveness of the hydrogels would implement 
a basic control function, and the responsiveness to near-infrared radiation determined from 
the external variable would produce the feedforward control function. The resultant hydrogels 
action would come from the net effect of the driving inputs: pH and irradiated energy.

The cascade control strategy consists in the attenuation of the effect of a disturbance 
by controlling an auxiliary variable that manifests the presence of the disturbance before it 
causes a variation of the main variable. If the secondary variable is returned to its normal 
value quickly enough, then the effect on the main variable will be reduced or even eliminated. 
This scheme tries to interfere in the cascade or domino sequence of effects from a disturbance 
source to the main controlled variable through nested control loops. In the sense of a cascade 
propagation of effects and corrective actions, a cascade arrangement could correspond to 
concentric hydrogels systems imbedded with different drugs. When the physiological condi-
tion that activates the response of the external hydrogels allows extreme swelling such that 
the interior hydrogels gets exposed to another physiological condition, the response of the 
inner system may deliver drug before a complex symptom. For example, an external glucose 
oxidase containing hydrogels may be kept swollen at persistent high glucose levels. This situ-
ation leads to malfunction of kidneys, which can be manifested by high urea concentrations 

Hydrogel Process

blood glucose concentration

insulin delivery

Physical
activity

Sensor and
transducer

photo-signal

Fig. 12. Feedforward scheme applied by double responsiveness to the environment. The system is based on a single 
hydrogels component. If physical activity increases, the increment of the heart rate can be detected and used to 
produce a photo-signal to cause the hydrogels to decrease insulin delivery before blood glucose level drops. Heart 
rate external detection would help to prevent a hypoglycemic event due to the increment in physical activity by anticipat-
ing its effect. The basic glucose sensitivity of the hydrogels-based insulin delivery systems allows a reactive response 
before other disturbances like meals.
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detected by an internal  urease-containing hydrogels that may allow the release of a drug to 
decrease urea levels (Fig. 13). In this case, the nested systems produce independent actions on 
the environment instead of reinforcing actions for the control of a single variable.

Summary

Monolithic hydrogels systems have several limitations regarding drug-loading capacity, 
velocity, and reversibility of response and mechanical strength. Hybrid systems compensate 
for these limitations and take advantage of the responsiveness of hydrogels to varied environ-
mental conditions. The hydrogels materials used for sensors and actuators in a multicompo-
nent control system require special transduction means for continuous feedback systems.

Physical and biochemical hydrogels stimuli may not exclusively correspond to one type 
of feedback system, but can be related mainly to explicit controller and implicit controller 
biomedical feedback systems, respectively. Ultrasound, magnetic, light, electrical and thermal 
signals with high energy content are not appropriate for biological environments; typically, 
they require an external source or controller. The flexibility of explicit controllers encour-
ages the use of hydrogels in the development of separate sensor and actuator units. External 
physical stimulation by ultrasound, magnetism, electric fields, or temperature can enhance 
drug diffusion delivery by increasing the mobility of the drug molecules. Therefore, physical 
external stimulation may also augment drug delivery rates from hydrogels, even if there 
is no interference with the swelling behavior. Ultrasound provides a mechanical actuation 
mechanism for drug delivery systems that do not require special hydrogels synthesis proce-
dures and are expected to have less impact on the integrity of the drug. Continuous external 
stimulation and hydrogels reversible response may mediate the regulation of variable drug 
release profiles in a continuous closed loop treatment with an explicit controller. A system 
chemically stimulated may act irreversibly and, therefore, not be suitable for continuous 
control. The same applies for any kind of stimulated degradation based drug delivery system. 
However, a scheme of on/off activation of multiple drug hydrogels compartments may allow 
modifications in the release profile for temporal closed loop control in these cases. Even 
when research on hydrogels systems aim to achieve implantable applications, the concepts 
related to their operation may be a reference for the development of diverse advanced prod-
ucts for health care.

Glucose sensitive
hydrogel for 

insulin delivery *

Process 2

Process 1

Process

drug 2 delivery

 * environment variables (physiological fluids)

Urea sensitive
hydrogel for

delivery of drug 2

insulin deliverya

b

Fig. 13. Cascade scheme applied by concentric hydrogels materials. Conceptual diagram (a) and possible physi-
cal structures (b) are shown for sequential activation from the external hydrogels component in direct contact with 
physiological environment.
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Biomolecule-Responsive Hydrogels

Takashi Miyata 

Abstract Biomolecule-responsive hydrogels that exhibit volume changes in response to target 
biomolecules have become increasingly important because of their potential applications as 
smart biomaterials. Researchers are developing novel biomedical systems using glucose, pro-
teins and other biomolecule-responsive hydrogels as biosensing systems for applications such 
as drug delivery and cell culture systems. In the synthesis of biomolecule-responsive hydrogels, 
both biomolecular recognition and responsive functions that perceive a target biomolecule and 
induce structural changes must be introduced into the hydrogels network. Many biomolecule-
responsive hydrogels are prepared by combining structural designs of hydrogels networks with 
molecular recognition events of biomolecules, such as enzymes, lectins and antibodies. Most 
important is the need to synthesize and develop more biomolecule-responsive hydrogels in 
tandem with their biomedical applications so that the field continues to evolve.

Introduction

Hydrogels are attractive soft materials consisting of physically or chemically cross-
linked polymer networks and large amounts of aqueous solutions. Since hydrogels have a 
variety of fascinating properties; swelling properties, mechanical properties, permeation 
properties, surface properties, and optical properties. They have been already utilized as 
adsorbents, chromatography columns, contact lenses, foods, and industrial materials [1–3]. In 
addition, some hydrogels have a unique property in that they undergo abrupt changes in their 
volume in response to environmental changes, such as pH and temperature [4–7]. Such unique 
hydrogels are named stimuli-responsive hydrogels, intelligent hydrogels or smart hydrogels. 
Stimuli-responsive hydrogels are fascinating materials for mimicking natural feedback sys-
tems because they can sense a stimulus as a signal and induce volume changes. Therefore, 
stimuli-responsive hydrogels are very suitable materials for designing smart systems in the 
biochemical and biomedical fields; they can be utilized as switches, sensors, actuators, bio- 
reactors, separation systems, drug delivery systems, and cell culture systems.

Many researchers have prepared various types of stimuli-responsive hydrogels that 
undergo volume changes in response to environmental changes such as pH [8, 9], temperature 
[10–14], electric field [15, 16], and light [17, 18]. The pH-responsive hydrogels are usually 
formed from polymers with carboxyl or amino groups that can carry charge in response to 
pH changes [19–24]. Some polymers have lower critical solution temperature (LCST), such 
as poly(N-alkylacrylamide), poly(vinyl methyl ether), poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide); they are unique polymers whose solubility in water changes 
drastically at their LCST. Hydrogels with these polymers as main chains exhibit abrupt volume 
changes in response to temperature [25–29]. These pH- and temperature-responsive hydrogels 

R.M. Ottenbrite et al. (eds.), Biomedical Applications of Hydrogels Handbook, 
DOI 10.1007/978-1-4419-5919-5_4, © Springer Science + Business Media, LLC 2010 
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are effective biomaterials for constructing self-regulating drug delivery systems, cell culture 
systems, and diagnosic signals for monitoring physiological changes.

Most biosystems are closely associated with a natural feedback system, such as homeo-
stasis. These natural feedback systems perceive specific ions or biological molecules like 
enzymes and hormones, and induce conformational changes that rearrange their constitu-
tional biomolecules to elicit biological responses. For example, they respond to the presence 
of specific molecules as well as physicochemical and environmental changes like pH and 
temperature. Therefore, stimuli-responsive hydrogels that respond to specific biomolecules 
(biomolecule-responsive hydrogels) are required to develop self-regulating systems by mim-
icking natural feedback signals. Specific biomolecules, such as a tumor marker, give impor-
tant signals for monitoring living biological systems and stimuli-responsive hydrogels that can 
recognize these target biomolecules are very useful for fabricating molecular diagnostics systems 
and self-regulating drug delivery systems. For example, the stimuli-responsive hydrogels that 
undergo volume changes in response to blood glucose concentrations can self-regulate 
insulin delivery in the amount of insulin necessary. There are several biomolecule-responsive 
hydrogels that exhibit swelling/shrinking changes in response to target biomolecules and so 
provide the potential for many bioapplications, such as smart devices in sensing systems and 
molecular diagnostics [30, 31].

Glucose-Responsive Hydrogels

Insulin, which is secreted from the Islets of Langerhans of the pancreas, controls glu-
cose metabolism. The inability of the pancreas to control blood glucose concentrations is 
the cause of diabetes. To treat diabetes, specific amounts of insulin are administered along 
with close monitoring of the blood glucose concentration. Consequently, glucose-responsive 
hydrogels are attractive candidates as an artificial pancreas to control the administration of 
insulin in response to the blood glucose levels. A typical glucose-responsive insulin release 
system is illustrated in Fig. 1. Currently, there are three different types of strategies used for 
glucose-responsive hydrogels to self-regulate insulin release.

Glucose-Responsive Hydrogels Using Glucose Oxidase

The combination of an enzymatic reaction of glucose oxidase with the pH-responsive swelling/
shrinking behavior of polyelectrolyte hydrogels is the most common approach. The glucose-
responsive hydrogels regulate insulin release by changing the pH environment in response to the 

Fig. 1. Schematic representation of the glucose-responsive hydrogels consisting of pH-responsive networks and 
glucose oxidase.
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glucose levels in the blood; the pH-responsive hydrogels respond to the environmental changes, 
followed by swelling or shrinking accordingly to control the rate of insulin release.

Basically, the glucose oxidase-loaded hydrogels convert glucose to gluconic acid which 
lowers the pH within the hydrogel. The lower pH causes the pH-responsive hydrogels net-
works to be expanded and allow insulin to permeate into the blood through the networks; thus 
enabling self-regulated insulin release in response to the glucose concentration.

A glucose-responsive insulin release system using a copolymer of N,N-diethylaminoethyl 
methacrylate (DEA) and 2-hydroxypropyl methacrylate (HPMA) as the pH-responsive polymer 
was reported, in which glucose oxidase was loaded in a DEA–HPMA composite membrane to 
sense glucose [32]. The presence of glucose enhanced the insulin permeability through the glu-
cose oxidase-loaded DEA–HPMA copolymer membranes (Fig. 2). As the glucose diffuses into 
the copolymer membranes, it is converted to gluconic acid by the glucose oxidase; the gluconic 
acid decreases the pH and induces the copolymer membranes to swell and to release insulin. 
In addition, glucose-responsive polymer capsules containing insulin were prepared by a conven-
tional interfacial precipitation [33]. The steady-state behavior of the glucose-responsive hydrogels 
membrane prepared by entrapping the glucose oxidase within the DEA-hydroxyethyl methacrylate 
copolymer matrix was investigated from both theoretical and experimental view points [34–36].

The complex formed between methacrylic acid (MAAc) and ethylene glycol (EG) was 
utilized to form a pH-responsive hydrogels network to prepare glucose-responsive hydro-
gels [37, 38]. The poly(MAAc-EG) hydrogel’s pH-responsive swelling/shrinking behavior 
responded to the pH changes elicited by the gluconic acid generated based on the amount 
of glucose converted by the glucose oxidase. The swelling of the glucose oxidase-loaded 
hydrogels at high glucose (hyperglycemic conditions) was greater than at low glucose con-
centrations.

Glucose-Responsive Hydrogels Using Phenylboronic Acid

Phenylboronic acid and its derivatives recognize glucose as they form complexes with 
polyol compounds. These complexes are dissociated in the presence of competing polyol 
compounds that have a stronger affinity for phenylboronic acid. Totally synthetic hydrogels 

Fig. 2. Permeation profile of insulin through a glucose-responsive polymer membrane consisting of a 
poly(amine) and glucose oxidase-immobilized hydrogels. Glucose concentration: (filled triangle) 0 M; (filled circle) 
0.1 M; (open circle) 0.2 M; (open triangle) 0.2M without glucose oxidase [32].
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with glucose-responsivity were prepared based on the complex that forms between phenylbo-
ronic acid and a polyol compound. For example, a complex readily forms between poly(vinyl 
alcohol) (PVA) and a copolymer of N-vinyl-2-pyrrolidone (NVP) and 3-(acrylamide) 
phenylboronic acid (PBA). A glucose-responsive insulin delivery system was derived by 
using the complex formation between PVA and poly(NVP-co-PBA), which dissociates in the 
presence of free glucose [39, 40].

The strategy involved combining the glucose recognition function of phenylboronic 
acid with temperature-responsive PNIPAAm to form glucose-responsive hydrogels. The dis-
sociation of phenylboronic acid moiety is in equilibrium between the uncharged (nonionic) 
and the charged (ionic) form (Fig. 3); since glucose forms a complex with the charged phe-
nylboronic acid more readily than with the uncharged form, the presence of glucose leads to 
an increase in charged form and a decrease in uncharged form due to a shift in the dissocia-
tion equilibrium of the phenylboronic acid. Therefore, the solubility of PNIPAAm copoly-
mers with phenylboronic acid groups is greatly enhanced by the presence of glucose due to a 
shift in the LCST by increasing number of charges. For example, LCST of the copolymer of 
NIPAAm and 3-(acrylamido)phenylboronic acid (APBA) is shifted to a higher temperature in the 
presence of free glucose, based on the shift in the dissociation equilibrium of phenylboronic acid 
due to complex formations with glucose [41].

Fig. 3. Temperature dependence of swelling curves for PNIPAAm copolymer hydrogels with phenylboronic acid 
moieties at different glucose concentrations [42].
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Some glucose-responsive insulin release systems focus on glucose-responsive LCST 
changes of PNIPAAm copolymer with phenylboronic acid. Totally synthetic hydrogels 
showing glucose-responsive volume changes were prepared by copolymerization of NIPAAm 
and monomeric phenylboronic acid [42, 43]. The LCST of these NIPAAm–APBA hydro-
gels in the presence of free glucose was higher than that in its absence (Fig. 3). Therefore, 
the NIPAAm–APBA hydrogels swell in response to free glucose at a constant temperature 
between LCSTs in the presence and absence of glucose. Insulin was not released from the 
hydrogels in a buffer solution without glucose but a remarkable insulin release took place for  
the hydrogels immersed in a solution with glucose. Repeated on–off release of insulin on 
changing the concentration of external glucose was achieved by using the NIPAAm–APBA 
hydrogels (Fig. 4). In addition, the hydrogels that exhibit glucose-responsive swelling/
shrinking changes under physiological conditions (pH and temperature) were prepared by 
copolymerizing an APBA derivative with a low pKa and a monomer with a higher LCST 
than that of PNIPAAm [44]. These results indicate that glucose-responsive hydrogels can be 
developed by combining the glucose recognition features of phenylboronic acid with the 
temperature-responsive behavior of PNIPAAm derivatives without any biological components, 
such as glucose oxidase.

Glucose-Responsive Hydrogels Using Lectin

Lectins are carbohydrate-binding proteins that form complexes with carbohydrate chains 
of glycoproteins and glycolipids on the cell surface. Lectins are used to fabricate sensing systems 
based on this unique property of carbohydrate recognition. For example, glucose-responsive 
insulin systems control the release of glycosylated insulin by lectin-binding in response to free 
 glucose using the competitive and complementary binding properties of glycosylated 
insulin and glucose to lectins [45–48].

Saccharide-responsive hydrogels are prepared by combining the carbohydrate-binding 
ability of concanavalin A (Con.A), which is a lectin that recognizes glucose and mannose, 
with temperature-responsive PNIPAAm [49]. The LCST of the Con.A-loaded PNIPAAm 
hydrogels is shifted by complex formation between Con.A and the ionic saccharide, dextran 
sulfate. The Con.A-loaded PNIPAAm hydrogels swells dramatically in the presence of the 
ionic saccharide dextran sulfate because the LCST is increased by incorporating ionized 

Fig. 4. Repeated on–off release of FITC-insulin from the glucose-responsive hydrogels at 28°C, pH 9.0, in response 
to external glucose concentration [42].
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saccharide in the hydrogels. The hydrogels collapses to its native volume by replacing the 
ionic saccharide dextran sulfate with the nonionic saccharide. Thus, the Con.A-loaded PNI-
PAAm hydrogels can undergo abrupt volume changes in response to ionized saccharide based 
on the combination of carbohydrate-binding property of Con.A with the temperature-respon-
sive property of PNIPAAm.

Some polymers modified with pendant saccharides have been synthesized as potential 
biomaterials for biochemical and biomedical applications [50]. These pendant-saccharide 
polymers form complexes with lectins but the complexes are inhibited by the presence of 
saccharide which has a stronger affinity for lectin. For example, the competitive and comple-
mentary binding properties of poly(2-glucosyloxyethyl methacrylate) (PGEMA) as a pendant 
glucose polymer was investigated using Con.A as a lectin [51]. PGEMA formed a complex 
with Con.A but the resulting PGEMA–Con.A complex dissociated in the presence of free 
glucose and mannose. Since Con.A forms a complex with glucose and mannose but not with 
galactose, the PGEMA–Con.A complex does not dissociate in the presence of free galactose. 
This monosaccharide-responsive behavior of the PGEMA–Con.A complex is useful in fabri-
cating glucose-responsive hydrogels.

Researchers have developed glucose-responsive hydrogels that undergo volume changes 
in response to glucose concentration by using complexes between lectins and polymer with 
pendant glucose as reversible crosslinks in their networks. For example, glucose-responsive 
hydrogels were prepared by copolymerization of a monomer with a pendant glucose (GEMA) 
and N,N¢-methylenebisacrylamide (MBAA) after the formation of GEMA–Con.A complex 
that acted as reversible crosslinks in the networks [52]. The Con.A-entrapped PGEMA hydro-
gels swelled immediately in a buffer solution containing free glucose and mannose, but did 
not change volume in a solution containing galactose (Fig. 5). The compressive modulus mea-
surements demonstrated that crosslinking density of the Con.A-entrapped PGEMA hydrogels 
decreased with increasing glucose concentration in a buffer solution. Therefore, the glucose-
responsive swelling behavior of the Con.A-entrapped PGEMA hydrogels is attributed to the 
dissociation of the complex between Con.A and pendant glucose on GEMA that played an 
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important role as reversible crosslinks (Fig. 6). Con.A has a stronger affinity for mannose 
than glucose and does not have any for galactose. Therefore, the presence of free mannose 
and glucose induced the dissociation of PGEMA–Con.A complex by competitive complex 
exchange, while free galactose does not. As a result, the Con.A-entrapped PGEMA hydrogels 
swell remarkably more in the presence of mannose and glucose as they decrease the crosslink-
ing density, but do not change in the presence of galactose.

To obtain reversible glucose-responsive hydrogels that swell in the presence of free 
glucose and shrink in its absence, Con.A-copolymerized PGEMA hydrogels were prepared by 
copolymerizing GEMA with chemically vinyl-modified Con.A [53]. The Con.A-copolymerized 
PGEMA hydrogels exhibited reversible volume changes in response to stepwise changes in glu-
cose concentration but the Con.A-entrapment hydrogels did not change. The Con.A-entrapment 
hydrogels did not shrink in the absence of free glucose because the Con.A had leaked out of the 
hydrogels during the swelling in the presence of free glucose. However, since Con.A in the Con.A-
copolymerized PGEMA hydrogels was covalently immobilized in the hydrogels networks, the 
hydrogels shrank in the absence of glucose due to repeated complex formation between Con.A 
and pendant glucose on PGEMA.

Sol–gel phase transitions responding to changes in the environmental glucose concen-
trations were also achieved based on the complex formation between a polymer with pendant 
glucose and Con.A [54, 55]. The addition of Con.A induced the gelation of aqueous solu-
tions containing a polymer with pendant glucose, such as vinylpyrrolidinone-allylglucose or 
acrylamide-allylglucose copolymers, and the sol–gel phase transition obtained was strongly 
dependent upon glucose concentration in the solution. The releases of lysozyme and insulin 
as model protein drugs were controlled by sol–gel phase transition based on the complex 
formation between the polymer with pendant glucose and Con.A [56]. The glucose-respon-
sive hydrogels regulated the release of model drugs in response to the glucose concentration. 
Thus, smart systems, such as self-regulated drug release systems that regulate insulin release 
in response to environmental glucose concentration, can be fabricated by using the complex 
formation and dissociation between Con.A and polymers with pendant glucose groups.

Fig. 6. Schematic representation of glucose-responsive swelling changes of the PGEMA–Con.A hydrogels [52].
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Protein-Responsive Hydrogels

Enzyme-Responsive Hydrogels

Some enzymes give important diagnostic signals for several physiological changes. 
Enzymes located in specific areas of the body can also provide signals for site-specific drug 
delivery. Therefore, enzyme-responsive hydrogels that undergo changes triggered by selective 
enzyme catalysis can be utilized as smart materials to monitor physiological changes or direct 
drugs to a specific site. In order to develop enzyme-responsive hydrogels, some researchers 
have focused on enzymatic activity followed by structural changes of hydrogels networks [57]. 
Biodegradable polymers are promising candidates for preparing enzyme-responsive hydro-
gels since they are degraded by specific enzymes.

The microbial enzymes localized predominantly in the colon have been used as promis-
ing markers for drug delivery to the colon. Colon-specific drug is conjugated via azoaromatic 
bonds to construct the delivery systems since these bonds are degraded by azoreductase, an 
enzyme produced by the microbial flora of the colon, to release the drug [58–63]. The  copolymer 
hydrogels, prepared with acrylamide derivatives, acrylic acid and crosslinker with azoaro-
matic bonds, swell at high pH and shrink at low pH; protein drugs loaded in this hydrogels 
are protected against digestion by proteolytic enzymes in the stomach (low pH). In the colon, 
azoreductase is accessible to the azoaromatic crosslinks due to swelling of the hydrogels and 
to degrade the hydrogels networks to release drug release.

Dextranases are microbial enzymes that exist in the colon; as smart biomaterials for 
achieving colon-specific drug delivery, dextranase-responsive hydrogels were prepared by 
crosslinking of dextran with diisocyanate [64]. These dextran hydrogels were degraded 
in vitro (in a human colonic fermentation model) and in vivo (in rats).

Tetrapeptide sequence, Cys-Tyr-Lys-Cys, as a crosslinker was used to create 
poly(acrylamide) hydrogels that degrade when subjected to a-chymotrypsin [65]. The 
chemoselective conjugations of methacrylamide containing peptides were made for more 
advanced protease-responsive hydrogels applications. A new type of disulfide-based thermo-
responsive triblock copolymer was also synthesized by atom transfer radical polymerization 
(ATRP) of 2-(methacryloyloxy)ethyl phosphorylcholine (MPC) and NIPAAm using the dis-
ulfide-based initiator [66]. The cleavage of the central disulfide bond induced irreversible 
dissolution of the micellar gels.

Monitoring two or more enzymes simultaneously to sense physiological changes 
would allow clinical screening for several diseases at the same time. Dual-stimuli-responsive 
hydrogels, which degrade in the presence of two enzymes, papain and dextranase, were pre-
pared as an interpenetrating polymer network (IPN) hydrogels of oligopeptide-terminated 
poly(ethylene glycol) (PEG) and dextran that can be degraded by papain and dextranase, 
respectively [67, 68]. The presence of both papain and dextranase induced the degradation 
of the PEG/dextran IPN hydrogels, but the presence of one of the two enzymes did not result 
in degradation (Fig. 7). Furthermore, the gelatin/dextran IPN hydrogels released lipid micro-
spheres in the presence of both a-chymotrypsin and dextranase but did not in the presence 
of either enzyme alone (Fig. 8). Dual-stimuli-responsive hydrogels that degrade in the pres-
ence of a specific enzyme within a certain temperature range were also prepared by com-
bining PNIPAAm temperature responsiveness with enzymatic biodegradation [69, 70]. The 
temperature-responsive biodegradation of the hydrogels was based on the effect of network 
structural changes, caused by PNIPAAm temperature responsiveness, on the formation of the 
enzyme-substrate complex.

A enzyme-responsive hydrogels formation was achieved by crosslinking functionalized 
PEG and a lysine-containing polypeptide through the action of transglutaminase (TGase) that 
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catalyzes an acyl-transfer reaction between the g-carboxamide of protein-bound glutaminyl 
residues and the e-amino group of Lys residues [71, 72]. Short peptide substrates of TGase 
provide enzyme-responsive gelation of polymer-peptide conjugates within the few minutes, 
which is for many medical applications.

Chemically crosslinked polyethylene glycol acrylamide hydrogels that are enzyme-
responsive and swell/collapse in response to specific proteases are very interesting [73]. These 
enzyme-responsive hydrogels are programmable to respond uniquely to target enzymes by 
selection of appropriate enzyme cleavable linkers. Enzyme-responsive hydrogels that exhib-
ited selective, enzyme-triggered, charge-induced polymer swelling were prepared to release 
dextran and protein from the hydrogels [74] (Fig. 9). The enzyme-responsive hydrogels, with 
the zwitterionic peptide linkers that are hydrolyzed by specific enzyme, swelled due to doubly 
charged peptide fragments produced by the enzymatic hydrolysis. These enzyme-responsive 
hydrogels have applications in selective therapeutic release at specifically targeted enzyme 
locations.

Fig. 8. Lipid microsphere release from gelatin/dextran IPN hydrogels in phosphate buffer at 37°C. Open circle, 5 U/ml 
a-chymotrypsin + 0.5 U/ml dextranase; open triangle, 5 U/ml a-chymotrypsin; open square, 0.5 U/ml dextranase [68].

drug release:OFF

drug release: ONdual stimuli

single stimulus

Fig. 7. Concept of dual-stimuli-responsive drug release by IPN-structured hydrogels [68].
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Antigen-Responsive Hydrogels

An antibody recognizes a specific antigen and forms an antigen–antibody binding 
through multiple noncovalent bonds, such as electrostatic, hydrogen, hydrophobic, and van 
der Waals interactions. The specificity and versatility of antibodies provide the basis for 
immunological assays to detect and signal physiological changes to specific biomolecules 
[75]. Antigen-responsive hydrogels were prepared to recognize a target antigen and induce the 
volume changes of the hydrogels.

The first antigen-responsive hydrogels were designed to swell in response to a target 
antigen. Using rabbit IgG as the antigen and goat anti-rabbit IgG (GAR IgG) as the antibody, 
an antigen–antibody binding hydrogels network was constructed with reversible crosslinks. 
The antigen–antibody entrapped hydrogels were prepared by copolymerizing rabbit IgG with 
polymerizable groups, acrylamide (AAm) and N,N¢-methylenebisacrylamide (MBAA) in the 
presence of GAR IgG, whose antigen–antibody binding form crosslinks [76]. The antigen–
antibody entrapped hydrogels swell in a buffer solution containing rabbit IgG as a target 
antigen and the swelling ratio is directly dependent upon the antigen concentration of the 
buffer solution.
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The application of stimuli-responsive hydrogels requires reversible behavior in response 
to environmental stimuli changes. Therefore, reversibly antigen-responsive hydrogels that 
undergo reversible swelling/shrinking changes in response to a target antigen were developed 
by forming a semi-interpenetrating polymer network (semi-IPN) composed of linear PAAm 
grafted with antibodies (GAR IgG) and PAAm networks grafted with antigen (rabbit IgG). 
The complexes that form between the grafted antibodies and grafted antigens act as revers-
ible crosslinks (Fig. 10) [77]. The antigen–antibody semi-IPN hydrogels, in the presence of 
rabbit IgG as a target antigen in a buffer solution, drastically increase their swelling ratio but 
do not change their swelling ratio in the presence of goat IgG. Furthermore, the antigen–
antibody semi-IPN hydrogels swell immediately in the presence of rabbit IgG and shrank 
in its absence, when their hydrogels were immersed in a buffer solution with and without 

Fig. 10. Schematic representation of the preparation (a) and responsive behavior (b) of an antigen-responsive hydro-
gels with a semi-IPN structure [77].
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rabbit IgG (Fig. 11). These reversible antigen-responsive volume changes are due to reversible 
changes in the crosslinking density caused by the formation and dissociation of the binding 
between grafted antigen and grafted antibody in the absence and presence of a free antigen, 
respectively (Fig. 10b). These results suggest that the antigen–antibody semi-IPN hydrogels 
can recognize only rabbit IgG and induce reversibly responsive volume change.

Biomolecule-responsive hydrogels are used for self-regulated drug delivery systems in 
which drugs are administered in response to specific physiological changes. Antigen-responsive 
drug release systems were constructed using antigen–antibody semi-IPN hydrogels as smart 
devices for self-regulated drug delivery [77]. The drug permeates through the antigen–anti-
body semi-IPN hydrogels in the presence of a target antigen but not in its absence (Fig. 11). 
The antigen–antibody semi-IPN hydrogels controls drug permeation in response to changes in 
the target antigen concentration. Thus, reversibly antigen-responsive hydrogels are effective 
as smart devices to modulate drug release in response to a specific antigen and physiological 
changes.

Antigen-responsive hydrogels were prepared by the copolymerization of functionalized 
antibody Fab’ fragments with NIPAAm and MBAA [78]. The PNIPAAm hydrogels with Fab’ 
fragments undergo reversible volume changes in alternative incubations with hydrophobic fluores-
cein and hydrophilic dendrimer-modified fluorescein as target antigens in a buffer solution. 
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The antigen-responsive swelling/shrinking behavior of the PNIPAAm hydrogels with Fab’ 
fragments was attributed to drastic changes in hydrophilicity of PNIPAAm-based networks by 
the exchange of Fab’ fragment binding between hydrophobic and hydrophilic antigen.

Stimuli-responsive hydrogels microparticles were fabricated as dynamically tunable 
microlens array using antigen-responsive microlenses, prepared from antigen–antibody 
bonded microparticles [79–82]. A coulombic assembly of the NIPAAm-AAc hydrogels 
microparticles was fabricated on a glass substrate after being conjugated with biotin to bind 
antigen and aminobenzophenone. The antigen-responsive hydrogels microlenses, constructed 
by using a simple bright field optical microscopic technique, exhibit a difference in appear-
ance in the differential interference contrast (DIC) images in response to a target antigen. 
These antigen-responsive hydrogels microlens constructs may have applications as a label-
free biosensing/bioassay of protein and small molecules.

Other Biomolecule-Responsive Hydrogels

Molecularly Imprinted Hydrogels

Enzymes and antibodies can recognize specific substrate based on fitting guest molecules 
into molecular cavity. Molecular imprinting is a technique to make biomimetic polymers with 
molecular cavity as recognition sites [83–89]. After monomers are prearranged around a print 
molecule by noncovalent interactions and then polymerized, the print molecule is removed 
from the resulting polymer for leaving a molecular cavity as a recognition site (Fig. 12). The 
molecularly imprinted polymer can recognize the guest molecule (print molecule) on the basis 
of a combination of reversible binding and shape complementarity of the cavity. Molecular 
imprinting is also used to create molecular recognition sites in stimuli-responsive hydrogels.

Temperature-responsive hydrogels consisting of NIPAAm and AAc were prepared 
in the presence of norephedrine as the print molecule by molecular imprinting [90]. These 
norephedrine-imprinted hydrogels do not change in the presence of norephedrine when the 
hydrogels are in the swollen state at a low temperature. However, in the collapsed state at a 
high temperature, the hydrogels swell gradually with increasing norephedrine concentration 
but do not with increasing adrenaline concentration (Fig. 13). The norephedrine-responsive 
swelling behavior of the norephedrine-imprinted hydrogels is due to a shift of LCST by the 
binding of norephedrine with its recognition site created by molecular imprinting. Other 
studies revealed that temperature-responsive hydrogels prepared by molecular imprinting can 
memorize the print molecule in their collapsed states and that undergo their specific volume 
change in response to the guest molecule [91, 92].

In molecular imprinting, low-molecular-weight monomers with a functional group, 
such as acrylic acid, are used as ligand monomers for the print molecule. Most molecular 
imprinting requires a large amount of crosslinkers to fix the structure of the molecular cavity 
for the print molecule. However, biomolecules such as lectin and antibody can be utilized as 

Fig. 12. Schematic illustration of molecular imprinting in a hydrogels.
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ligands for a print biomolecule with minute amounts of crosslinkers that enable structural 
changes in response to a target biomolecule.

a-Fetoprotein (AFP) is a tumor-specific marker glycoprotein widely used for the serum 
diagnosis of primary hepatoma. To prepare tumor marker-responsive hydrogels in biomolecu-
lar imprinting, lectins and antibodies were used as ligands for saccharide and peptide chains 
of AFP as a print biomolecule, respectively (Fig. 14) [93]. After synthesis of poly(acrylamide) 
(PAAm)-grafted lectins and acryloyl-antibody, AAm as a main monomer was copolymer-
ized with MBAA as a chemical crosslinker and acryloyl-antibody in the presence of print 
AFP and PAAm-grafted lectins to form lectin–AFP–antibody complexes. The AFP-imprinted 
hydrogels were then prepared by removing the print AFP from the resultant networks having 
lectin–AFP–antibody complexes. The AFP-imprinted hydrogels began to shrink as soon as they were 

Fig. 13. Equilibrium swelling ratios at 50°C as a function of concentration of either norephedrine (filled circle) 
or adrenaline (open circle) in water for molecular recognition hydrogels prepared in the presence of norephedrine 
(a) and adrenaline (b) [90].
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immersed in a phosphate buffer solution containing AFP, but nonimprinted hydrogels prepared 
without using molecular imprinting experienced slight swelling and PAAm hydrogels 
exhibited no volume change. The fact that the swelling ratio of AFP-imprinted hydrogels 
depended on the AFP concentration in a buffer solution means that the hydrogels were tumor 
marker-responsive hydrogels. The compressive modulus measurements demonstrated that 
crosslinking density of the AFP-imprinted hydrogels increased gradually with increasing 
AFP concentration in a buffer solution, but those of the nonimprinted and PAAm hydrogels 
did not change at all. Biomolecular imprinting enabled the lectins and antibodies as ligands 
to be organized at optimal positions for the simultaneous recognition of AFP saccharide and 
peptide chains. Therefore, AFP-responsive shrinking of the AFP-imprinted hydrogels is due 
to the formation of the sandwich-like lectin–AFP–antibody complexes that played an impor-
tant role as crosslinks.

Glycoprotein recognition behavior by AFP-imprinted and nonimprinted hydrogels 
were investigated by measuring their swelling ratios in the presence of AFP or oval-
bumin (Fig. 15). Ovalbumin has a saccharide chain similar to AFP, but has a peptide 
chain different from AFP. The swelling ratio of the nonimprinted hydrogels increased 
slightly in the presence of AFP and ovalbumin, but immediately shrank in the presence 
of AFP while swelling slightly in the presence of ovalbumin. These demonstrate that 
AFP-imprinted hydrogels only shrink when both lectins and antibodies in the hydrogels 
simultaneously recognize the saccharide and peptide chains of the target glycoprotein. 
Therefore, swelling or shrinking behaviors of AFP-imprinted hydrogels in the presence 
of glycoproteins enable the accurate detection and recognition of glycoproteins with a 
double-lock function. This fascinating behavior of biomolecule-imprinted hydrogels with 
the accurate detection and recognition of a tumor-specific marker glycoprotein indicates 
many future opportunities as smart biomaterials for fabricating novel sensor systems and 
molecular diagnostics.

Fig. 14. Synthesis of tumor marker-responsive hydrogels using lectins and antibodies as ligands for print glycopro-
tein molecules (tumor-specific marker AFP) in biomolecular imprinting [93].
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Other Biomolecule-Responsive Hydrogels

In addition to glucose-responsive hydrogels and protein-responsive hydrogels, 
biomolecule-responsive hydrogels undergo structural changes in response to biomolecules 
such as cell surface receptors and antibiotic drugs as well as DNA. Assembly and erosion pro-
files of noncovalently associated hydrogels were produced by the interaction of a low-molecu-
lar-weight heparin-modified polyethylene glycol star polymer (PEG-LMWH) and a dimeric 
heparin-binding growth factor (VEGF) (Fig. 16) [94]. The addition of VEGF, which played a 
key role as a crosslinker, into a phosphate-buffered saline (PBS) of PEG-LMWH immediately 
formed hydrogels by the complex formation of PEG-LMWH and VEGF. However, selective 
removal of VEGF crosslinks in the presence of VEGF receptors induced receptor-mediated ero-
sion of the PEG-LMWH/VEGF hydrogels. The VEGF release in response to cell surface receptors 
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was achieved by the receptor-mediated erosion of the PEG-LMWH/VEGF hydrogels. Selective 
release of such growth factors from cell receptor-responsive hydrogels showed potential for 
use in vascular therapy.

Cell-responsive sol–gel transition systems, made by gelation of multiarmed PEG with 
an adhesion receptor-binding motif (an adhesion ligand based on the RGD peptide) by the 
addition of the bis-cysteine peptide crosslinker, are sequence sensitive to matrix metallopro-
teinases (MMPs), a protease family extensively involved in tissue development and remodel-
ing (Fig. 17) [95, 96]. A Michael-type addition reaction between vinyl sulfone-functionalized 
multiarmed PEGs and mono-cysteine adhesion peptides or bis-cysteine MMP substrate pep-
tides was used to form the cell-responsive hydrogels that were designed to locally respond 
to local protease activity such as MMP at the cell surface. The MMP-responsive hydrogels 
were proteolytically invaded by primary human fibroblasts and the invasion process depended 
on MMP substrate activity, adhesion ligand concentration, and network crosslinking den-
sity. When the MMP-responsive hydrogels were used to deliver recombinant human bone 
morphogenetic protein-2 to the site of critical defects in rat cranium, bone regeneration was 
dependent on the proteolytic responsive behavior of the hydrogels. These results indicate 
potential applications of the cell-responsive hydrogels in tissue engineering and regenerative 
medicine.

Some proteins undergo a substantial conformational change in response to a given 
stimulus. This conformational change of proteins has provided useful tools in engineer-
ing smart hydrogels with specified responses to particular stimuli. For example, smart 
hydrogels that undergo volume changes or sol–gel transition in response to pH and tem-
perature were prepared by bioconjugation of well-defined folding motifs of proteins 
and synthetic polymers [97, 98]. Similarly, hybrid hydrogels are capable of producing a 
stimuli-responsive action mechanism caused by an induced conformational change and 
binding affinities of genetically engineered proteins in response to a stimulus [99]. As a 
biological recognition element to prepare the stimuli-responsive hydrogels, calmodulin 
(CaM), which is a calcium-binding protein exhibiting two conformational changes; one 
in the presence of Ca2+ and the other in the presence of phenothiazines, was used. The 
hybrid hydrogels demonstrated three-stage active swelling characteristics achieved by 
coupling ligand sensing with the conformational change of the site-specifically immobi-
lized CaM. The hybrid hydrogels controlled transport of small molecules in response to 
Ca2+ by their reversible swelling/shrinking cycles. They act as a gate controlling the flow 
from a reservoir in microfluidics.

SolGels
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VEGF
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Fig. 16. Schematic representation of hydrogels formation by the crosslinking of heparin-modified star polymer by 
dimeric, heparin-binding growth factors, followed by receptor-mediated erosion [94].
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Drug-responsive hydrogels can be designed for trigger-inducible release of 
human vascular endothelial growth factor [100]. Polyacrylamide conjugated with geneti-
cally engineered bacterial gyrase subunit B (GyrB) forms a hydrogels by the addition of 
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the aminocoumarin antibiotic coumermycin because of the dimerization of GyrB through 
coumermycin. The addition of increasing concentrations of clinically validated novobio-
cin (albamycin) resulted in dissociation of the hydrogels by the dissociation of the GyrB 
subunits, followed by the release of the human vascular endothelial growth factors 121 
(VEGF121) entrapped within the hydrogels networks. Such antibiotic-inducible release 
using drug-responsive hydrogels enables optimal administration of the rapidly growing 
number of protein-based biopharmaceuticals.

Most of the biomolecule-responsive hydrogels made to exploit molecular recogni-
tion events of proteins, such as enzyme, lectin, and antibody. Since DNAs form duplexes 
with complementary DNAs or DNA aptamers, the mutated sequence and the folded 
structure bind to specific targets, their molecular recognition functions can provide the 
useful tools for creating biomolecule-responsive hydrogels with a wide variety of uses. 
The concept of reversibly DNA-responsive sol–gel transition systems using DNA-strand 
displacement by base pairing provided the possibility of cyclically manipulating sol–gel 
transitions by the addition of DNA strands that acted as crosslinkers at constant tempera-
ture and under unchanged buffer conditions [101]. Controllable macroscopic rheological 
properties of DNA-responsive sol–gel transition, trapping, and DNA-triggered release 
from DNA-responsive hydrogels were visualized using fluorescent semi-conductor quan-
tum dots (QDs) [102]. The DNA-responsive sol–gel transition system was combined with 
a specific thrombin-binding aptamer, which was able to form a double-stacked G qua-
druplex with a high affinity to a-thrombin, in order to capture and release the thrombin 
[103]. These results point to the potential of the DNA-responsive sol–gel transition as a 
controlled release system.

DNA-responsive hydrogels that are capable of shrinking or swelling in response to 
DNA were prepared with a stem-loop structured DNA on the basis of the binding with its 
complementary target DNA [104, 105]. Highly selective target-responsive hydrogels were 
engineered with DNA aptamers as the crosslinks that selectively recognize a variety of target 
molecules (Fig. 18) [106]. The hydrogels formed by hybridization of the DNA aptamer and 
two kinds of single-stranded DNAs conjugated with polyacrylamide was dissolved by the 
addition of adenosine, which was the target molecule to competitively bind the DNA aptamer. 
Thus, biomolecule-responsive hydrogels conjugated with DNA have many advantages in 
sensing systems and the selective release of therapeutic agents in response to the target mol-
ecule demonstrating physiological changes.
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Fig. 18. Schematic representation of target molecule-responsive sol–gel transition by hybridization of the DNA 
aptamer and DNA-polyacrylamide conjugates [106].
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Summary

Biomolecule-responsive hydrogels that undergo volume changes in response to 
a variety of target biomolecules are useful in many bioapplications. The properties of the 
biomolecule-responsive hydrogels can provide the useful tools for creating intelligent bio-
materials with a wide variety of uses. The design of the biomolecule-responsive hydrogels 
requires detailed understanding of the structural factors that control their molecular recogni-
tion and responsive behavior. The knowledge gained from successful designs provides the 
basis for the development of smart biomaterials as well as more insight into the biologi-
cal functions of biomolecules, cells and other biosystems. Bioconjugation of polymers with 
biomolecular recognition is directing research to better strategies for developing biomolecule-
responsive biomaterials that have the high potential as smart biomaterials for spatiotempo-
rally controlled drug delivery, cell culture, and tissue engineering.
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Abstract PEGylated nanogels are composed of cross-linked polyamine gels core with 
tethered PEG chains. The stimuli-responsive PEGylated nanogels have significant volume 
phase transitions in response to the extracellular pH (7–6.5) of a tumor environment as 
well as endosomal/lysosomal pH (6.5–5.5). The pH-responsive PEGylated nanogels  
containing 19F compounds in the polyamine gels core have remarkable on–off 19FMR sig-
nals (T2 values of 19F) and signal-to-noise (S/N) ratio in response to the extracellular of tumor 
environment, making these nanogels effective as tumor-specific smart 19F MRI (magnetic 
resonance imaging) nanoprobes. The doxorubicin (DOX)-loaded pH-responsive PEGylated 
nanogels release DOX intracellular in response to endosomal/lysosomal pH, thereby confer-
ring more antitumor activity than free DOX against naturally drug-resistant human hepatoma 
cells. The PEGylated nanogel with gold nanoparticles as the fluorescence quencher in the 
core and fluorescence dye-labeled DEVD (Asp-Glu-Val-Asp) peptide at the tethered PEG  
chain end provide pronounced fluorescence signals in response to apoptotic cells. Thus, 
stimuli-responsive PEGylated nanogels can be utilized as smart nanomedicines for cancer 
diagnosis and therapy.

Introduction

Nanochemistry and biomimetic chemistry are concerned with the creation of nanosized 
gels (“nanogels”) with well-defined shapes and functions [1–3]. Nanogels that contain  
poly(ethylene glycol) (PEG) tethered chains (PEGylated nanogels) have attracted considerable 
attention in the fields of biotechnological, pharmaceutical, and medical applications, including 
biological analysis, cosmetics, diagnostics, and drug delivery systems (DDS) due to their 
excellent biocompatible and nontoxic characteristics of PEG [4–7]. Thus, the PEG corona 
of the PEGylated nanogels is believed to prevent recognition by a group of scavenger cells 
in the reticuloendothelial system that mainly involves the liver, spleen, and lungs, resulting 
in prolonged blood circulation. A variety of drug and/or probe-loaded PEGylated nanogels 
(nanomedicines) have been developed to precisely and safely deliver the appropriate concen-
trations of anticancer drugs and/or probes to tumor tissue that preferentially accumulate in the 
tumor by the enhanced permeability and retention (EPR) effect [8].

Recently, stimuli-responsive and PEGylated nanogels have been intensively studied for 
nanomedicine applications, such as bioinspired mechanisms to create artificial virus. A key 
factor in the development of the stimuli-responsive PEGylated nanogels has been the 
incorporation of a smart polymeric gels that can be triggered to induce a significant change  
in the characteristics of the nanoparticles in response to stimulus. The PEGylated nanogels  

R.M. Ottenbrite et al. (eds.), Biomedical Applications of Hydrogels Handbook, 
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exhibit extremely high dispersion stability as well as reversible volume phase transition  
(swelling) in response to pH, temperature, and ionic strength due to the protonation 
of the polyamine gels core surrounded by the tethered PEG chains [9–12]. For example,  
pH-responsive PEGylated nanogels are being used to address biomedical applications, such 
as the extracellular environment of tumor tissues (pH = 6.5–7.0) [13, 14] and endosomes/
lysomes (pH = 5.0–6.5) [15–17] that are known to be slightly more acidic than normal 
tissues (pH = 7.4).

A new class of nanosized (<100 nm), stimuli-responsive, PEGylated nanogels that are 
constructed from a cross-linked core of stimuli-responsive poly[2-(N,N-diethylamino)ethyl 
methacrylate] (PEAMA) gels and tethered PEG chains, which have a carboxylic acid group or 
acetal group as a platform moiety for the installation of a tumor-specific ligand. For instance, 
the pH-responsive PEGylated nanogels containing 19F compounds in the PEAMA gels core 
showed remarkable on–off regulation of 19F MR (magnetic resonance) signals in response 
to extracellular pH of tumor environments, demonstrating the utility of these nanogels as 
tumor-specific smart 19F MRI (magnetic resonance imaging) nanoprobes [18]. Additionally, 
antitumor activity of doxorubicin (DOX)-loaded pH-responsive PEGylated nanogels against 
the human hepatoma cell line HuH-7, which is a natural drug-resistance tumor cell line, is 
superior to that of free DOX due to the subsequent release of DOX in response to endosomal/ 
lysosomal pH [19]. Furthermore, PEGylated nanogels containing gold nanoparticles (GNPs) 
(fluorescence quencher) in the PEAMA gels core and fluorescence dye-labeled DEVD pep-
tide at the tethered PEG chain end have pronounced fluorescence signals in apoptotic cells, 
due to the release of fluorescence dyes through the cleavage of the DEVD peptide by the 
activated caspase-3 [20]. Thus, PEGylated nanogels represent a promising strategy as smart 
nanomedicines for cancer diagnosis and therapy.

Synthesis and Characterization of Stimuli-Responsive  
PEGylated Nanogels

The synthesis of stimuli-responsive PEGylated nanogels via an emulsion polymerization  
technique is a well-established and widely utilized technique in industrial fields [21]. PEG 
macromonomers are often used to stabilize the monomer droplets during polymerization  
[22, 23]. In this case, heterobifunctional PEG macromonomer bearing a 4-vinylbenzyl  
group and carboxylic acid group at the chain end (CH2=CH–Ph–PEG–COOK) functions as 
a stabilizer for the monomer droplets as well as comonomers that are incorporated into the  
particle. The 2-(N,N-diethylamino) ethyl methacrylate (EAMA) was chosen as the comonomer  
because it is hyrophhobic at basic pH’s and becomes hydrophilic as the pH is lowered.  
The copolymerization of CH2=CH–Ph–PEG–COOK (Mn 8,000) and EAMA was conducted 
with potassium persulfate (KPS) as the initiator and ethylene glycol dimethacrylate (EGDMA) 
as the crosslinker (1.0 mol%), as shown in Scheme 1. Since PEAMA undergoes a volume 
phase transition as a function of pH [24], the effects of the environmental pH on the sizes of 
the PEGylated nanogels were assessed (Fig. 1). A sharp pH sensitivity was observed between 
pH 7.0 and 7.5 with a unimodal size distribution (m2/G

2 < 0.15); the PEGylated nanogels  
in acid pH’s have a 6.6-fold larger hydrodynamic volume than the PEGylated nanogels in 
basic conditons. This behavior is similar to the a/pH curve for the PEGylated nanogels. This 
finding indicates that protonation of the amino groups in the PEAMA gels core triggers swell-
ing of the PEAMA gels core due to an increase in the ion osmotic pressure coupled with 
polymer solvation. The zeta (x)-potentials of the PEGylated nanogels, obtained by changing 
the environmental pH, are shown in Fig. 2. The x-potential in the acidic region was positively 
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Fig. 1. Effects of pH on the size of the stimuli-responsive PEGylated nanogels.

charged due to existence of the amino groups in the PEAMA gels core. There was a significant 
decrease in the x-potential around pH 7, reflecting the pKa of PEAMA (pKa = 7.5) [25]. Neither 
coagulation nor precipitation of the PEGylated nanogels was observed over the entire pH 
range, indicating high dispersion stability due to the PEG tethered chains.

Scheme 1. Synthesis of stimuli-responsive PEGylated nanogels via emulsion polymerization.
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Tumor-Specific Smart 19F MRI Nanoprobes Based on pH-Responsive 
PEGylated Nanogels

MRI based on 1H has been recognized as a powerful and noninvasive method for  
cancer diagnosis [26, 27]. However, the intense proton background causes insufficient  
discrimination of tumor tissue from normal tissue. An important advancement in this  
field is the 19F MRI technique [28], which is capable of producing high-contrast in vivo  
images, since there is no endogenous 19F in the body as a source of background noise.  
19F is 100% naturally abundant and has an MR sensitivity nearly as high as protons. 
Since long circulating nanosized (<100 nm) and PEGylated species have been reported to  
accumulate in solid tumors through the EPR effect [8], an important goal in tumor  
imaging is to develop PEGylated 19F-nanoprobes. The extracellular pH of tumor environment 
is usually 0.4–1.0 pH units lower than the physiological pH 7.4 [13, 14]; therefore, the MRI 
of tumors can be improved by designing pH-responsive 19F-nanoprobes that attenuate the  
19F MR signal outside of the tumor and switch on the signal inside the tumor. In this regard, 
the synthesis of smart 19F MRI nanoprobes based on pH-responsive PEGylated nano-
gels consisting of a cross-linked poly[2-(N,N-diethylamino)ethyl methacrylate]-co-poly 
(2,2,2-trifluoroethyl methacrylate) (PEAMA-co-PTFEMA) gels core and tethered PEG chains 
that bear an acetal group as a platform for installation of tumor-specific ligand molecules was 
reported (Fig. 3) [18].

The pH-responsive PEGylated nanogels as smart 19F MRI nanoprobes were synthesized 
by emulsion copolymerization of EAMA and 2,2,2-trifluoroethyl methacrylate (TFEMA) at 
various molar ratios in the presence of heterobifunctional PEG macromonomer bearing an 
acetal group at the a-end and a 4-vinylbenzyl group at the w-end (acetal–PEG–Ph–CH=CH2), 
KPS, and 1.0 mol% of EGDMA. The pH dependency of the diameters of the PEGylated 
nanogels containing various amounts of TFEMA is shown in Fig. 4. As the TFEMA mol% 
increased in the nanogel, the size of the PEGylated nanogels decreased due to the increase 
in hydrophobic and nonionizable PTFEMA segment, leading to decrease in the ion osmotic  
pressure of the PEAMA-co-PTFEMA gels core. PEGylated nanogels, containing TFEMA, 
show volume phase transition points in the pH range of 6.8–7.3, strongly indicating that 

2 3 4 5 6 7 8 9 10 11

pH

Z
et

a-
po

te
nt

ia
l 
(m

V
)

−5

0

5

10

15

20

−20

−15

−10
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91Stimuli-Responsive PEGylated Nanogels for Smart Nanomedicine

the swelling of PEGylated nanogels only occurs at the extracellular pH of tumor tissue 
(pH 6.5–7.0). In addition, there was a negligible change in the diameter (~58 nm) of the 
PEGylated nanogels due to the highly hydrophobic core that contains >50 mol% TFEMA. 
The Vswelling/Vshrinking ratio denotes the extent of hydrodynamic volume change at the volume 
phase transition point. For PEGylated nanogels containing the TFEMA the Vswelling/Vshrinking  
ratio in the gels core was smaller than that of PEGylated nanogels without the TFEMA 
(Vswelling/Vshrinking = 3.9), as shown in Fig. 5.

The intensity of the 19F NMR signal (−73 ppm) for the PEGylated nanogels (450 mg/mL)  
was measured by 19F NMR spectroscopy at both the physiological pH (= 7.4) and the extra-
cellular pH (= 6.5) of tumor environments (Fig. 6). Almost no 19F NMR signal background  
was observed at physiological pH (= 7.4), where the PEAMA-co-PTFEMA gels core is 
hydrophobic due to the deprotonation of the amino groups; the absence of any 19F NMR 
 signals is likely due to the broadening effect caused by the limited molecular motion of the 
19F compounds in the hydrophobic (solid-state) gels core [29]. In sharp contrast, the PEGy-
lated nanogels in the TFEMA range of 5–40 mol% showed clear 19F NMR signals at the extra-
cellular pH (= 6.5) of tumor environments. The signal intensity of the PEGylated nanogels in 
the TFEMA range of 10–50 mol% is consistent with the Vswelling/Vshrinking ratio of the PEGylated 
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nanogels shown in Fig. 5. The intensity of the 19F NMR signals of the PEGylated nanogels 
increased with decreasing TFEMA; the highest intensity of the 19F NMR signal was observed 
at 10 mol% TFEMA. These findings indicate that the PEGylated nanogels with a high 
Vswelling/Vshrinking ratio have a more hydrophilic core and higher mobility than those with a low 
Vswelling/Vshrinking ratio. However, the intensity of the 19F NMR signal of the PEGylated nanogels 
containing less than 5 mol% TFEMA significantly decreased even though the Vswelling/Vshrinking 
ratio was almost similar to that of PEGylated nanogels containing 10 mol% TFEMA. This is  
likely due to lower 19F concentration ([19F] = 250 mM) than that of PEGylated nanogel con-
taining 10 mol% TFEMA ([19F] = 500 mM), because the amount of all PEGylated nanogels was 
constant (450 mg/mL). The pH-responsive PEGylated nanogel containing 10 mol% TFEMA 
showed an increase in the intensity of the 19F NMR signal in synchronization with the decrea sing  
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Fig. 8. 19F NMR spectra of the pH-responsive PEGylated nanogels containing 10 mol% of TFEMA in the presence 
of 90% fetal bovine serum (FBS) at (a) pH 6.5 and (b) pH 7.4.

pH as shown in Fig. 7. This behavior is consistent with both the pH-dependent volume  
phase transition (Fig. 4) and the a/pH curve of the PEGylated nanogels. Additionally, the pH-
responsive PEGylated nanogel containing 10 mol% TFEMA retained the on–off regulation of 
the 19F NMR signal even in the presence of 90% fetal bovine serum (FBS) (Fig. 8a, b), which 
means that it can be used for in vivo applications. The T1 and T2 relaxation times for 19F for 
the PEGylated nanogels containing 10 mol% TFEMA, as measured by 19F MRI (7.0 T) at the 
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physiological pH = 7.4 and extracellular pH = 6.5 of tumor environment, are listed in Table 1. 
The T2 value at pH = 7.4 was found to be too small (T2 was estimated to be 100 ms based  
on signal line width); the absence of 19F MRI signals is due to the broadening effect caused 
by the limited molecular motion of the 19F compounds in the hydrophobic (solid-state) core. 
In sharp contrast, the T2 values for the PEGylated nanogels at pH 6.5 were significantly larger 
than at pH 7.4. This is in accordance with the size variation of the PEGylated nanogels as 
function of pH. This complete on–off regulation of the T2 values (19F MRI signal intensity) 
by the pH-responsive PEGylated nanogels is a remarkable characteristic for tumor-specific 
19F MRI nanoprobes. The phantom image of 19F MRI for the PEGylated nanogels at pH 6.5 
using the surface coil receive system is shown in Fig. 9. Since the signal at the top sur-
face is stronger than that at the bottom for the 19F phantom image arising from the reception  
profile of the surface coil, the signal-to-noise (S/N) ratios at the top surface of the images for 
the PEGylated nanogels at pH = 7.4 and 6.5 were measured to be ~0 and 7.63, respectively 
(Table 1). The increases in the S/N ratios, in response to extracellular pH (= 6.5) of tumor 
environment, are so remarkable that the PEGylated nanogels can be used as a tumor-specific 
smart 19F MRI nanoprobe.

pH-Responsive PEGylated Nanogels for Intracellular  
Drug Delivery Systems

Anticancer drugs have been widely approved for clinical use against many malignancies. 
Nevertheless, the therapeutic effects of many anticancer drugs are limited due to their low 
water solubility and serious side effects. Therefore, selective augmentation of anticancer drug 

Fig. 9. 19F MRI of the phantom containing the pH-responsive PEGylated nanogels at pH = 6.5 ([19F] = 500 mM).

Table 1. T1 and T2 relaxation times of 19F for the pH-respon-
sive PEGylated nanogels at pH = 7.4 and 6.5

pH T1 (ms) T2 (ms) S/N ratioa

7.4 <30 <1 ~0
6.5 280 56.8 7.63

a Calculated from phantom images
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Fig. 10. Schematic illustration of endosomal/lysosomal release of DOX using pH-responsive PEGylated nanogel.

concentrations within tumor tissues is a major challenge not only in reducing the severity 
of side-effects but also in improving therapeutic efficacy [30–32]. Consequently, several  
nanosized drug carriers, including water-soluble polymer–drug conjugate [33, 34], 
long-circulating liposomes [35–37], and polymeric micelles [38, 39], have been developed 
to deliver precise and safe concentrations of anticancer drugs to the tumor tissues. Since they  
show extended bioavailability with reduced nonspecific accumulation in normal tissues and 
preferential accumulation in tumor tissues due to the EPR effect [8], some of these carri-
ers have been approved for clinical use [40] or are currently in clinical trials [41]. However, 
even though these carriers reach the tumor tissue, the concentrations of the active anticancer  
drugs within the cancer cells are often insufficient due to inefficient release of the drugs  
from the carriers into the cytoplasm, thus, higher dosages of the anticancer drugs are  
required. A promising approach to improving the efficacy of cancer chemotherapy is the 
development of carrier systems that can be triggered to release the anticancer drug in 
response to intracellular chemical stimuli, such as pH, glutathione, and enzymes. 
Recently, the achievement of remarkably enhanced antitumor activity in cultured cancer 
cells through the use of DOX-loaded pH-responsive PEGylated nanogels was reported that 
have pH-triggered release (Fig. 10) [19]. Thus, pH-responsive PEGylated nanogels represent 
a promising strategy for the intracellular delivery of anticancer drug in vivo.

The pH-responsive PEGylated nanogel was synthesized by emulsion copolymerization  
of EAMA with heterobifunctional PEG macromonomer with a 4-vinylbenzyl group at the 
a-end and a carboxylic acid group at the w-end (CH2=CH–Ph–PEG–COOK; Mn 8,000), and 
1.0 mol% EGDMA, as described earlier [15–17]. As a control, a non-pH-responsive PEGylated 
nanogel with a polystyrene-co-PEAMA gels core was also synthesized by emulsion poly 
me rization with styrene (St) and EAMA (1.8:1 ratio). By decreasing the pH from 8.0 to 
6.0, the diameter of the pH-responsive PEGylated nanogel increased proportionally with a 
unimodal distribution (m2/G

2 = 0.08–0.13), reaching a 6.6-fold larger hydrodynamic volume 
(d = 156 nm) at the endosomal pH compared with that at the physiological pH (d = 83 nm) as 
stated above. In contrast, there was a negligible change in the diameter (82 nm) of the non-
pH-responsive PEGylated nanogel as the pH decreased from 8.0 to 6.0, probably due to the 
fact that its highly hydrophobic core was 50% PSt.

The loading of DOX, as both an anticancer drug and a fluorescence probe, into the 
PEAMA gels core of the PEGylated nanogel was achieved using solvent evaporation [42].  
The diameter of the DOX-loaded PEGylated nanogels was found to be slightly increased, with 
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unimodal distribution (m2/G
2 < 0.11). The loading efficiency and loading capacity of DOX into 

the PEGylated nanogel was 80%, based on the initial amount of DOX and 26 wt%, respec-
tively, as determined by the UV absorption at 485 nm. Compared with the same amount of 
free DOX, the fluorescence intensity of the DOX-loaded PEGylated nanogel was very weak 
(Fig. 11), indicates that a high amount of DOX was trapped in the PEAMA gels core of the 
PEGylated nanogel, leading to fluorescence quenching [43, 44].

The release of DOX from the DOX-loaded PEGylated nanogel was evaluated with 
time and pH-dependent profiles (pH 7.4–5.3), as shown in Fig. 12. Only 13% release of  
the DOX was observed for the DOX-loaded PEGylated nanogel under physiological con-
ditions (pH 7.4). On the other hand, the release of the DOX from the DOX-loaded PEGy-
lated nanogel gradually increased and reached a plateau after 24 h as the pH decreased. A 
significant DOX release (39%) was observed at pH 5.3. The observed DOX release profile 
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Fig. 12. Time-dependent and pH-dependent DOX release profiles of the DOX-loaded pH-responsive PEGylated 
nanogels.

100

200

300

400

F
lu

or
es

ce
nc

e 
in

te
ns

it
y 

(a
.u

.)

500 550 600 650 700

0

Wavelength (nm)

Fig. 11. Fluorescence spectra of the DOX-loaded pH-responsive PEGylated nanogel (blue line) and free DOX (red 
line) ([DOX] = 10 µg/mL, Excitation = 485 nm).



97Stimuli-Responsive PEGylated Nanogels for Smart Nanomedicine

at lower pH values is noteworthy considering that the pH values in the endosome and lysosome 
are in the range of 5–6, where cellular compartments of the PEAMA gels core of the DOX-
loaded PEGylated nanogel swell the most and effectively activate the pH-triggered release of 
the loaded DOX.

To estimate the antitumor activity of the DOX-loaded PEGylated nanogels, the MTT 
assay was used with HuH-7 cells that belong to the group of naturally drug-resistant tumors 
[45]. The DOX-loaded non-pH-responsive PEGylated nanogel (82 nm) was evaluated as a 
control. As shown in Fig. 13, the DOX-loaded pH-responsive PEGylated nanogel displayed 
higher antitumor activity than either free DOX or the DOX-loaded non-pH-responsive 
PEGylated nanogel. The IC50 of the DOX-loaded pH-responsive PEGylated nanogel was 
0.14 µM, whereas the IC50 values of free DOX and the DOX-loaded non-pH-responsive  
PEGylated nanogel could not be determined even at DOX concentrations of up to  
34 µM. This indicates that loaded DOX is released from the pH-responsive PEGylated 
nanogel in response to the endosomal and lysosomal pH levels, whereas the DOX-loaded 
non-pH-responsive PEGylated nanogel does not, presumably due to the absence of swelling 
of the PSt-co-PEAMA gels core in the endosomal/lysosomal compartments. Furthermore, 
the lower antitumor activity of the free DOX compared with the pH-responsive DOX-loaded 
PEGylated nanogel against HuH-7 cells may be due to efflux mediated by the P-glycoprotein 
pump, which would decrease the intracellular drug concentration [46]. In contrast, the DOX 
released from the PEGylated nanogel may reach the nuclei before it can be pumped out, 
since the DOX-loaded pH-responsive PEGylated nanogel traveling the endocytic pathway 
may release the DOX at a distance from the P-glycoprotein pump [47].

Fluorescence microscopy was used to examine the internalization of the DOX-loaded 
PEGylated nanogels, the release of DOX from the nanogel in the endosome and/or lysosome, 
and the subsequent transport of DOX through the cytoplasm into the nucleus. As shown in 
Fig. 14, an increase in nuclear fluorescence intensity was observed for the free DOX after 
only 1 h (Fig. 14a) due to the binding of DOX to the nuclear DNA. Both DOX-loaded  
non-pH-responsive PEGylated nanogel and the DOX-loaded pH-responsive PEGylated  
nanogel showed fluorescence exclusively in the cytoplasm after 1 and 12 h (no nuclear  
fluorescence), which confirms the intracellular distribution of the nanogels and/or the 
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released DOX. After 36 h of exposure, an increase in nuclear fluorescence intensity 
was observed for the DOX-loaded pH-responsive PEGylated nanogel (Fig. 14e), whereas 
the DOX-loaded non-pH-responsive PEGylated nanogel still showed fluorescence only in the 
cytoplasm (Fig. 14c).

These results indicate that both the DOX-loaded non-pH-responsive PEGylated 
nanogel and the DOX-loaded pH-responsive PEGylated nanogel are taken up by cells via 
the endocytic pathway and are transported into the endosomal/lysosomal compartments.  
In these acidic compartments, protonation of the amino groups causes swelling and solvation of 
the PEAMA gels core, with consequent release of DOX from the pH-responsive PEGylated  
nanogel. Ultimately, the released DOX diffuses via the cytoplasm into the cell nucleus.  
On the other hand, efficient release of DOX from the non-pH-responsive PEGylated nanogel 
did not occur. Therefore, the pH-responsive PEGylated nanogel described here appears to be 
an effective chemotherapy with enhanced therapeutic efficacy.

Smart Apoptosis Nanoprobe Based on the PEGylated Nanogels  
Containing GNPs for Monitoring the Cancer Response to Therapy

Monitoring cancer responses to therapy is one of the important issues to minimize the 
duration of treatment with ineffective regimens in cancer patients. One of the current efforts 
for monitoring cancer responses is to measure the tumor volume changes using MRI [48]. 
Nevertheless, the MRI technique cannot detect early cancer response because the change in 
tumor volume is typically delayed for about a month after initiation of the therapy.

An important advance in this field is apoptosis imaging techniques, since most anticancer  
drugs generally kill cells by activating apoptosis within several days. One of the most frequently 
activated cysteine proteases during the apoptosis process is caspase-3 [49, 50], which cleaves  
specific proteins that contain the Asp-Glu-Val-Asp (DEVD) peptide sequence [51]. A promi-
sing approach to monitoring the cancer response in vivo is the development of nanosized 
(<100 nm) and nonfouling probes with complete on–off regulation of the signal in response 

Fig. 14. Fluorescence microscope images of the HuH-7 cells incubated with free DOX, DOX-loaded non-pH-
responsive PEGylated nanogel, and DOX-loaded pH-responsive PEGylated nanogel (12.5 µg/mL). (a) free DOX 
after 1 h of exposure; (b) DOX-loaded non-pH-responsive PEGylated nanogel after 1 h exposure and (c) 36 h 
exposure; (d) DOX-loaded pH-responsive PEGylated nanogel after 1 h exposure and (e) 36 h exposure.
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Fig. 15. Schematic illustration of the smart fluorescence-quenching apoptosis nanoprobe based on the PEGylated 
nanogel containing GNPs and FITC-labeled DEVD peptide at the tethered PEG chain end.

to activated caspase-3 after preferential accumulation in the solid tumor by the EPR effect [8]. 
Recently, a biocompatible, caspase-3-responsive, and fluorescence-quenching smart apoptosis  
nanoprobe, based on PEGylated nanogel containing GNPs as the fluorescence quencher in 
the PEAMA gels core and fluorescein isothiocyanate (FITC)-labeled DEVD peptide at the 
tethered PEG chain end (Fig. 15), was reported [20]. The fluorescence signal is quenched in 
the absence of activated caspase-3 in normal cells, due to the fluorescence resonance energy 
transfer (FRET) process [52, 53] between GNPs and FITC molecules, whereas recovery of 
the pronounced fluorescence signal arises from release of FITC molecules by the activated 
caspase-3 cleavage of the DEVD peptide, allowing high fluorescence imaging resolution.

A synthetic route to caspase-3-responsive PEGylated nanogel containing GNPs  
and FITC-labeled DEVD peptide is shown in Scheme 2. Low molecular weight of PEG 
(Mn 2,360) was used in this study, because FRET efficiency depends on the distance between 
the acceptor and donor molecules. Since the PEG chains immobilized on nanoparticles 
(micelles and liposomes) adopt a conformation of a slightly stretched random coil [54, 55], 
the end-to-end distance of PEG [Mw 2,360 g/mol and a degree of polymerization of 54] based 
on random coil models [56] was calculated to be ~2.3 nm, the distance between FTIC  
molecules located at the PEG chain end and the core of nanogel is sufficient to effect the 
FRET [57]. Conversion of the acetal group to an aldehyde was carried out by acidic treat-
ment of the PEGylated nanogel. The introduction of the FITC-labeled DEVD peptide to the 
aldehyde group was performed using 0.5 equivalents of H-Cys-Gly-Gly-DEVED-Gly-Gly-
Lys(FITC) by the formation of a thiazolidine ring between the aldehyde group and N-terminal 
Cys moiety [58]; this was followed by the addition of NaBH4 to reduce the unreacted aldehyde 
groups to hydroxyl groups. The degree of functionality of the FITC-labeled DEVD peptide 
(FITC–DEVD–PEGylated nanogel) was determined to be 53% based on the standard curve 
corresponding to the fluorescence intensity of the FITC. The synthesis of the FITC–DEVD–
PEGylated nanogel containing GNPs (FITC–DEVD–GNP–PEGylated nanogel) was carried 
out at N/Au ratio of 1.5 (molar ratio of amino groups in the nanogel to HAuCl4 of 1.5) by the 
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Scheme 2. A synthetic route to the caspase-3-responsive PEGylated nanogel containing GNPs and FITC-
labeled DEVD peptide.

self-reduction of HAuCl4 (III) with FITC–DEVD–PEGylated nanogel at pH 6.0 without any 
additional reducing agents [59]. The resulting FITC–DEVD–GNP–PEGylated nanogel was 
well-dispersed under physiological conditions in PBS at 37°C, although a slight increase in 
the size (78.8 nm) with unimodal size distribution (m2/G

2 = 0.072) was observed probably due 
to the formation of the GNPs in the PEAMA gels core. A transmission electron microscopy 
(TEM) image of the FITC–DEVD–GNP–PEGylated nanogel showed GNP clusters and the 
average number of GNPs in a single nanogel (cluster) and the average diameter of the GNPs 
were about 6.7 ± 3.2 particles/nanogel and 8.5 ± 2.2 nm, respectively (Fig. 16).

The fluorescence spectra of the FITC–DEVD–PEGylated nanogel and FITC– 
DEVD–GNP–PEGylated nanogel are shown in Fig. 17. The FITC–DEVD–PEGylated 
nanogel showed pronounced fluorescence at 525 nm which was attributed to FITC mole-
cules, whereas almost no fluorescence was observed for the FITC–DEVD–GNP–PEGylated  
nanogel. The fluorescence spectrum of the FITC–DEVD–GNP–PEGylated nanogel, after 
the addition of sodium cyanide to etch the GNPs [60–62], was almost the same as that  
of the FITC–DEVD–PEGylated nanogel, which indicated that fluorescence-quenching of 
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the FITC–DEVD–GNP–PEGylated nanogel occurred due to the FRET between the GNPs 
and FITC molecules. The quenching efficiency of the FITC–DEVD–GNP–PEGylated 
nanogel was found to be 98% as determined from the fluorescence intensity between the  
FITC–DEVD–GNP–PEGylated nanogel and the FITC–DEVD–GNP–PEGylated nanogel 
treated with cyanide etching ratio.

The relative fluorescence intensity of the FITC–DEVD–GNP–PEGylated nanogel in 
the presence of activated caspase-3 as a function of time is shown in Fig. 18. Approximately a 
4.8-fold increase in fluorescence intensity of the FITC–DEVD–GNP–PEGylated nanogel was 
immediately observed. The fluorescence intensity plateaus in 90 min, thus 23.5 ± 0.33 (%) 
of the fluorescence intensity (FL intensity of 368) was recovered by the activated caspase-3 
cleavage of the DEVD peptide as determined from the fluorescence intensity (FL intensity 
of 1,565) of the FITC–DEVD–GNP–PEGylated nanogel after cyanide etching treatment.  
In contrast, the fluorescence intensity did not recover in the presence of activated caspase-9. 
Note that no change in fluorescence intensity of the FITC–DEVD–GNP–PEGylated nanogel 
was observed in the presence of both activated caspase-3 and caspase-3 inhibitor, indicating 
that the increase in fluorescence intensity of the FITC–DEVD–GNP–PEGylated nanogel is in 
fact a caspase-3-specific event.

Fig. 16. TEM image of the FITC–DEVD–GNP–PEGylated nanogels.
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Fig. 17. Fluorescence spectra of the FITC–DEVD–PEGylated nanogel (blue line), FITC–DEVD–GNP–PEGylated 
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To determine whether the FITC–DEVD–GNP–PEGylated nanogel acts as an apoptosis  
nanoprobe for monitoring the cancer response, monolayer-cultured HuH-7 cells were visua-
lized under a confocal fluorescence microscope after 4 h incubation in the presence and in the 
absence of staurosporine as an apoptosis inducer [63]. Before the treatment of the staurosporine 
for 4 h, HuH-7 cells were incubated with the FITC–DEVD–GNP–PEGylated nanogel (20 mg/
mL) for 24 h. As seen in Fig. 19, almost no fluorescence signal was observed for the HuH-7 
cells incubated with the FITC–DEVD–GNP–PEGylated nanogel alone (Fig. 19a), yielding 
<5% of the fluorescence positive cells. In sharp contrast, pronounced fluorescence signals 
were observed for all apoptotic HuH-7 cells induced by staurosporine in the presence of  
the FITC–DEVD–GNP–PEGylated nanogel (Fig. 19b). Approximately 95% of fluorescence 
positive cells were observed, indicating the high specificity of the FITC–DEVD–GNP–PEGy-
lated nanogel nanoprobe for apoptotic cells.

Monolayer-cultured tumor cells have been successfully used to determine antitumor 
activity of the drugs in vitro during short culture period. However, to date, the in vivo results 

Fig. 19. Confocal fluorescence images of HuH-7 cells incubated with the FITC–DEVD–GNP–PEGylated nanogel 
in the (a) absence and (b) presence of staurosporine after 4 h incubation.
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have not met the high expectations. One plausible reason for this discrepancy may be that the 
monolayer assay only reflects the acute efficacy for the first several days, possibly overlooking  
the delayed or sustained drug action appearing at later stages. In this regard, multicellular  
tumor spheroids (MCTSs) have attracted interest to evaluate drug-mediated antitumor activity 
during long-term in vitro tests [64–66]. Accordingly, MCTSs are used as the 3D in vitro tumor 
models for monitoring the cancer response to therapy. Thus, monitoring the cancer response 
(apoptosis) and staurosporine-induced growth inhibition of HuH-7 MCTSs were simultane-
ously assessed under prolonged culturing (up to 14 days). HuH-7 MCTSs (~200 mm) were 
used as the in vitro tumor model, since the maximum distance between the capillary blood 
vessels with inavascular solid tumors is believed to be 200 mm or less [67]. As seen in Fig. 20, 
the growth inhibition of the HuH-7 MCTSs was not observed for the FITC–DEVD–GNP–
PEGylated nanogel alone or for the FITC–DEVD–GNP–PEGylated nanogel even in the  
presence of staurosporine on day 2. In addition, apoptotic cells (green fluorescence signal) 
were not observed for the FITC–DEVD–GNP–PEGylated nanogel alone. In contrast, apoptotic 
cells (green fluorescence signal) were observed as early as day 1, and the number of 

day 0 day 1 day 2 day 4 day 7 day 14

FITC-DEVD-GNP-PEGylated nanogel (+), Staurosporine (+)

FITC-DEVD-GNP-PEGylated nanogel (+), Staurosporine (-)

200 µm

mock

Confocal fluorescence images

Confocal fluorescence images

Fig. 20. Phase and confocal fluorescence images of the HuH-7 MCTSs incubated with PBS (mock), the FITC–
DEVD–GNP–PEGylated nanogel alone, and the FITC–DEVD–GNP–PEGylated nanogel with staurosporine.
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apop totic cells (fluorescence intensity) increased with prolonged incubation time. The growth 
inhibition of the HuH-7 MCTSs, treated with staurosporine, was observed after a delay of  
3 days. Thus, the FITC–DEVD–GNP–PEGylated nanogel acts as a nanoprobe for monitoring 
apoptosis that is applicable to rapid assessment of cancer response to therapy compared with 
the simple direct observation of MCTS size.

Summary

Novel approaches to the synthesis, characterization, and biomedical applications of the 
smart stimuli-responsive PEGylated nanogels are ongoing. In particular, the pH-responsive 
PEGylated nanogels composed of a PEAMA-co-PTFEMA gels core and tethered PEG chains 
have remarkable on–off regulation of 19F MR signals (T2 values of 19F) as well as S/N ratio 
in response to extracellular pH = 6.5 of tumor environment, which potentially makes them 
excellent candidates as smart tumor-specific19F-MRI nanoprobes. Additionally, the DOX-
loaded pH-responsive PEGylated nanogels exhibit intracellular release of DOX in response 
to ensosoma/lysosomal pH, thereby conferring a higher level of bioavailability than free 
DOX and far more effective antitumor activity than free DOX against naturally drug-resistant  
human hepataoma cells. The caspase-3-responsive and fluorescence-quenched smart  
apoptosis nanoprobe based on the PEGylated nanogel containing GNPs in the PEAMA gels 
core and FITC-labeled DEVD peptide at the tethered PEG chain end results are very exciting. 
The FITC–DEVD–GNP–PEGylated nanogel showed quenching/dequenching of the fluores-
cence signal synchronizing with the apoptosis in living cells, allowing real-time monitoring 
of early cancer response to staurosporine against monolayer-cultured HuH-7 cells as well as 
HuH-7 MCTSs. The apoptotic cells in HuH-7 MCTSs were detected as early as day 1 after 
treatment with staurosporine, whereas the growth inhibition (change in size) of the HuH-7 
MCTSs was only observed on day 4. It is anticipated that the stimuli-responsive PEGylated 
nanogel has great promise to be used for cancer diagnosis and therapy in vivo as well as 
 provide another approach to the creation of smart nanomedicines [68, 69].
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Stimuli-Sensitive Microhydrogels

Haruma Kawaguchi 

Abstract Microhydrogels have become a very interesting and important material in hydro-
gels  bioapplications. New techniques for the design, synthesis, characterization, function, 
and application of microhydrogels are providing exciting new possibilities in the micronized 
 science. Hydrogels are a soft material with sizes and shapes that are subject to change depend-
ing on environmental conditions such as temperature, pH, coexisting materials, and light. 
Hydrogels that respond to these environmental stimuli and cause swelling changes in aqueous 
media are known as “stimuli-sensitive hydrogels.”

Introduction

Hydrogels are classified according to their size: bulk gels, macrogel, microgel, and nano-
gel. The microgels range from submicron to millimeter, whereas the size of nanogel is less than 
100 nm. The size of materials is a crucial factor that determines their properties. The depen-
dence of physical properties (x) on diameter (D) of spherical materials is presented in (1):

 = nx kD  (1)

The specific surface area of a spherical particle is inversely proportional to the diameter. The 
diffusion rate is also inversely proportional to the diameter. The time needed for the gels to 
transfer stimuli to its center was proportional to the square of the diameter of the gels (Table 1) 
[1]. Therefore, smaller gels provide much quicker and more efficient performance. If the par-
ticles are too small then they can cause problems; this makes microgels, in some cases, pref-
erable to nanogels. Microgels have an additional merit, in that their size is in the same range 
as the wavelength of visible light. This unique feature enables the microgels to be applied for 
optically functionalized devices.

Stimuli-Sensitive Microgels

There are many kinds of thermosensitive hydrogels that include synthetic polymers, 
such as poly(acrylamide) derivatives, poly(methacrylamide) derivatives, poly(butyl vinyl 
ether), poly(e-caprolactam), and derivatives of naturally occurring polymers, such as hydroxy-
propylcellulose and methylcellulose [2, 3].

Preparation of Microhydrogels

Polymerizations, such as inverse emulsion polymerization, precipitation polymerization, 
and dispersion polymerization, are the main methods for preparing polymer particles. Other 
routes include polymer molecule assembling in water, spray drying of polymer solutions, 
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evaporation or extraction of solvent from oil-in-water (O/W) emulsions in which polymer is 
added in the oil phase.

Microgel Preparation by Particle-Forming Polymerization

In an aqueous polymerization of N-isopropylacrylamide (NIPAM) at 70°C, the reaction sys-
tem is homogeneous. Once polymerization is initiated, the polymer molecules are phase separated 
to give a condensed poly(N-isopropylacrylamide) (PNIPAM) phase of PNIPAM nanoaggregates 
[4]. The nanoaggregates grow with increasing conversion and finally become microhydrogels. 
Precipitation polymerization of acrylamide in aqueous alcohol forms monodispersed microgels [5, 
6]. In this system, the number of nanoaggregates or nanogels is fixed at an early stage of polym-
erization; as a result, the size distribution of final microgels is quite narrow. The size of microgels 
is controlled by the composition of polymerization medium and the addition of surfactant to the 
aqueous polymerization of NIPAM in order to form smaller microgels. The addition of a hydro-
philic comonomer, such as acrylic acid (AAc), makes smaller microgel particles.

Copolymerization of NIPAM and other monomers causes not only a change in microgel 
size, but also a change in thermosensitivity. For these microgels, depending on the crosslink-
ing density of the shell, compression or shrink-wrapping of the core was observed [7]. The 
significance of the crosslinker used was shown in the study of N-vinylcaprolactam (VCL)-
based microgels using two kinds of crosslinkers [8]. The compatibility between VCL and the 
crosslinker is the most important factor for well-structured temperature-sensitive microgels.

Microgel Preparation by Surface Modification of Core Particle

Core-shell microspheres, with the shell being composed of a hydrogel, are regarded as 
microgels. The core-shell particles are made by seeded polymerization and graft polymeriza-
tion, although some core-shell particles are prepared by molecular assembly of amphiphilic 
block copolymers. When grafting reactions are carried out without using a crosslinker, “hairy-
like” particles are obtained. Hairy PNIPAM particles are prepared using core particles with 
iniferters on the surface. The polymerization is carried out by UV irradiation at a temperature 
lower than the LCST of PNIPAM [9–11]. This controlled radical polymerization produces 
hairy-like PNIPAM particles with controlled chain lengths. When the dispersion is dried on a 
substrate, these PNIPAM particles form two-dimensional colloidal arrays. The inter particle 
distance of the colloidal array usually corresponds to twice the thickness of hairy layers.

Table 1. Parameters determing the gels size

x n

Volume 3
Specific surface area −1
Period for stimuli to reach the center 2
Diffusion rate −1
Sedimentation rate 2
Interparticle distancea 1
aAt a constant volume fraction
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Microgel Preparation by Assembling Polymer Molecules in Solution

Some polymer molecules dissolved in aqueous medium can be assembled by using 
stimuli. For example, PNIPAM microgels are obtained from an aqueous solution of  PNIPAM 
by increasing the temperature which causes phase separation. The suitable temperature, for 
PNIPAM microgels to form from a solution, is well above the LCST of PNIPAM, and is usually, 
around 70°C [12]. Hydroxypropyl cellulose (HPC) is an amphiphilic cellulose derivative and its 
amphiphilicity depends on temperature with an LCST of ~41°C [13]. Thus, the HPC in aqueous 
solution can be converted to microaggregates by warming the solution above 41°C [14].

Amphiphilic block copolymers, for example, block copolymer of polyethyleneoxide (PEO) 
and PNIPAM, form micelles when the aqueous solution is warmed above the LCST of PNIPAM. 
On cooling, the micelles disappear and polymers dissolve to avoid this break down, the core (PNI-
PAM) or shell (PEO) must be crosslinked. Poly(glycerol methacrylate) (PGLM)-block-PNIPAM 
can actually form two types of micelles [15]; one is with a PNIPAM core and a PGLM micellar 
shell and the other is a PGLM core with a PNIPAM micellar shell. The first one is formed by 
warming the polymer as described earlier. Another technique is as follows: a methanol solution of 
the two polymer systems is made and then tetrahydrofuran (THF) is slowly added to the solution 
under stirring. This method is based on the principle that methanol is a common solvent for both 
of PGLM and PNIPAM blocks but THF is a nonsolvent of PGLM.

Polyelectrolytes in aqueous solution assemble as microaggregates by adding molecules 
with opposite charges; the electrostatic interactions between them facilitate particle forma-
tion. For example, carboxymethylcellulose (CMC) molecules dissolved in water assemble 
when a cationic surfactant, polycation or multivalent metal ion are added [16]. Similarly, 
CMC is converted to a microgel by assembling with chitosan.

Stimuli Responsiveness of Microhydrogels

Temperature Responsiveness of Microhydrogels

Acrylamide derivative polymers (LCSTs in Table 2, poly(vinyl methylether) (LCST: 
36°C), poly(N-vinylcaprolactam) (LCST: 26°C), PEO-block-polypropyreneoxide-block-REO, 
Pluronics, and hydroxypropyl cellulose (LCST: 41°C) are well known thermo-sensitive polymers. 
The LCST can be changed by copolymerizing hydrophilic and hydrophobic comonomers that 
made the LCST of copolymers higher or lower, respectively. For example, microgels com-
posed of poly(NIPAM-co-butyl acrylate) has a lower LCST and poly(NIPAM-co-AAc) has a 
higher LCST than 32°C. The combination of two acrylamide derivatives, N-acryloylpyrroli-
dine (LCST: 5°C) and N-acryloyl piperidine (LCST: 55°C), forms microgels with predictable 
LCST based on the molar fraction of two components [17].

Microgel Volume Phase Transition Temperature

Temperature responsiveness of microhydrogels is usually discussed by the microgel 
size change at their LCST at which the polymer molecule dehydrates and the gels collapses 
with a drastic decrease in volume. The temperature responsiveness of a microgel can also be 
volume phase transition temperature (VPTT) responsive instead of LCST [18]. The size of 
interest is not that of the dried microgel but that of the hydrodynamic form which is the effec-
tive size of the swollen hydrogels in an aqueous medium. The hydrodynamic size is commonly 
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measured by dynamic light scattering (Fig. 1). Careful use of this data must be taken since 
the correlation function obtained by the dynamic light scattering measurements gives the 
diffusion constant of the particles, from which, the hydrodynamic diameter of particles is 
calculated; however, the swollen particles have an unclear interface. The real amount of water 
held in PNIPAM microgel is determined by DSC or other analyses.

Fig. 1. Hydrodynamic size and electrophoretic mobility of poly(N-isopropylacrylamide) (PNIPAM) microgels as 
functions of temperature.

Table 2. LCST of poly(acrylamide) derivatives

61 47

45 31

27 23

55

05
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Volume phase transitions cause changes in the electrophoretic mobility of the microgels 
because the charges, which remain buried in the gels at low temperatures, are concentrated at 
the surface layer of the shrunken gels at temperatures >LCST. However, the electrophoretic 
mobility does not serve for z potential determination because the z potential is not related to 
microgels that have no clear interface [19]. Measurements by force microscopy and incoherent 
elastic  scattering reveal the elastic modulus of microgel. A difference of two orders in the 
elastic modulus has been seen between the temperatures above and below VPTT [20].

Temperature Dependent Hydrophilicity–Hydrophobicity of Microgel

The reversible swelling–deswelling of PNIPAM microgel reflects the reversible change in 
hydrophilicity–hydrophobicity of the gels. PNIPAM molecule dissolved in water is amphiphilic 
based on surface tension measurements. The surface tension of an aqueous solution of PNIPAM 
decreases with increasing temperature; this also occurs for dispersions of PNIPAM microgel. 
This property is utilized in the preparation of thermoreversible Pickering emulsions. PNIPAM 
microgels form micelle-like assemblies in organic solvent/water systems to give an O/W or 
W/O emulsion. Several aliphatic and aromatic solvents are mixed with aqueous dispersion of 
PNIPAM microgel. The mixture is stirred for 5 minutes at room temperature. Pickering emul-
sions form when the organic solvent has a low “work of adhesion” value whereas 1-undecanol 
which has a high “work of adhesion” does not form a Pickering emulsion. The Pickering emul-
sion is deformed when it is warmed above the VPTT of PNIPAM. The emulsion collapses at 
40°C, and a stable emulsion is regenerated by agitation at 25°C [21].

PNIPAM-co-methacrylic acid (MAc) microgels, which are prepared under different 
pHs, are used as stimuli-responsive Pickering emulsion stabilizers [22]. The stability of the 
microgels depends on the pH during synthesis; the microgels with high charges appreciably 
stabilize the emulsion. PNIPAM microgel-based Pickering emulsion was utilized for the prep-
aration of Janus microgels [23].

pH Responsiveness of Microhydrogels

Weak acid or base containing microgels are pH and ionic strength sensitive. They are 
prepared by combining a small amount of an ionizable component with a hydrophilic mono-
mer, and if necessary, a crosslinker [24, 25]. For example, ethyl acrylate, MAc, and butanediol 
diacrylate are copolymerized in water to form microgels used to repair damaged load-bearing 
soft tissue [26]. When used for biomedical purposes, the sensitivity of the microgel to diva-
lent ions, such as Ca2+ and Mg2+, must be taken into account [27]. Addition of Ca2+ causes 
significant decreases in the critical coagulation concentration (CCC), the degree of swelling 
and the electrophoretic mobility due to the ionic crosslinking of neighboring COO− groups by 
the Ca2+. However, the extent of ionic crosslinking is limited because the covalent crosslinks 
suppress the large-scale conformational rearrangement of polymer chains and decrease the 
chances for ionic crosslinking. Thus, the change in properties of a microgel caused by Ca2+ is 
controlled by the degree of covalent crosslinking.

Tertiary amine-carrying pH responsive microgels are prepared by copolymerizing 
diethylamino- or diisopropylaminoethyl methacrylate (DEAEMA and DPAEMA, respec-
tively) with poly(propyleneglycol) diacrylate in the presence of macromonomer stabilizer. 
The transition between the swollen and shrunken states of the particle occur in the arpKs of 
DEAEMA and DPAEMA [28].
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Responsiveness of Microhydrogels to Other Stimuli

Other stimuli-sensitive microgels include UV-, light-, and biomolecule-sensitive micro-
gels. Photosenstive microhydrogels are created  by the insertion of azobenzene as a pendant 
group to the hydrophilic polymer chain or in the main chain.

Multistimuli-Sensitive Microhydrogels

In addition to NIPAM homopolymeric microgel, copolymerization of NIPAM with 
carboxylic acid-containing monomers, such as AAc, MAc, and allylacetic acid [29], or amine-
containing monomers, such as vinyl pyridine [30], form multistimuli-sensitive microgels that 
are temperature, pH, and ionic strength-sensitive. The incorporation of NIPAM and AAc 
to copolymerize with acrylamido-2-deoxyglucose (AADG) at different ratios of AADG to 
AAc forms temperature, pH, and ionic strength-sensitive microgels with different VPTTs and 
greater biocompatibility [29].

PMAc-poly(2-dimethylamino)ethyl methacrylate (DMAEMA) microgels, prepared 
by inverse microemulsion polymerization and stabilized with grafted poly(ethylene glycol), 
show not only pH responsiveness but also temperature responsiveness due to the LCST of 
PDMAEMA [31]. Generally, only small amounts of comonomers are added relative to the 
amount of NIPAM. Simple copolymerization using larger amounts of comonomer causes 
shifts in the VPTT as well as broadening or loss of transition. Microgels, with two compo-
nents in the block structure, form core-shell microgels under more suitable conditions [32]. 
An alternative method to maintain the individual stimuli-sensitivity of each component is 
to make a division between different stimuli-sensitive components. Multistimuli-sensitive 
microgels made of microgel-polyelectrolyte complexes that are composed of poly(NIPAM-
co-MAc) and poly(diallyldimethyl ammonium chloride) are stable irrespective of the com-
plex composition [33]. The size, zeta-potential and pH and temperature-sensitivity of the 
microgel-polyelectrolyte complexes are influenced by the adsorbed polyelectrolytes.

Preparation of Inorganic Nanoparticles/Polymer Composite Microgel

Inorganic nanoparticles have several interesting functions. For example, Au and Ag 
exhibit surface plasmon resonance that emit specific colors depending on the particle size, 
refractive index of the medium, and inter particle interactions. Magnetic nanoparticles made 
from iron oxide are used as MRI contrast enhancer and hyperthermia materials and titanium 
nanoparticles have photocatalytic properties. These versatile inorganic nanoparticles pres-
ent novel functions when they are incorporated with polymeric particles. Several inorganic/ 
polymer composite microgels have been prepared that have unique features [34–36].

Preparation of Inorganic Microgel Composites

The preparation methods for inorganic microgel composites are categorized into six patterns; 
these patterns are illustrated in Fig. 2 except for methods 2 and 4. The steps are as follows:

1. Particles formed by polymerization in the presence of inorganic nanoparticles
2. Simultaneous reactions of particle-forming polymerization with inorganic nanopar-

ticle precursors
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3. Polymer molecular assembly involving inorganic nanoparticle as composites
4. Polymer molecule assembly involving inorganic nanoparticle precursors followed by 

in situ formation of nanoparticles
5. Introduction of inorganic nanoparticles onto/into polymeric microgels
6. Introduction of precursor of inorganic nanoparticles into polymeric microgel fol-

lowed by in situ formation of inorganic nanoparticles

In method 1, an inverse mini-emulsion polymerization of a hydrophilic monomer in 
which inorganic nanoparticles are stably dispersed is used. The second method is not very 
practical because it is too difficult to carry two reactions at a comparable rate. Method 3 
involves the formation of magnetite/CMC composite microgels; an affinity of magnetite for 
the COOH and OH groups causes the composite formation. A modified method of 3 entails 
successive deposition of polymer molecules onto magnetite particles. Negatively charged 
PNIPAM and positively charged PNIPAM are alternatively deposited layer-by-layer to prevent 
the deposited polymers from detaching from the magnetic particles [37].

The fourth method is not as common. It uses ferric and ferrous ions instead of magnetic 
nanoparticles. The ions have an affinity for –COOH and –OH groups of CMC. Therefore, 
combinations of ferric and ferrous ions and CMC form composite microgels by the conver-
sion of ferric and ferrous ions to magnetite nanoparticles in the CMC matrix. In method 5, 
the network structure of the microgels allows inorganic nanoparticles to penetrate into the 
microgels that have an affinity with inorganic nanoparticles. The electro-attractive interac-
tion is very strong between the inorganic nanoparticles, and the microgels enable composite 
microgel formation. Method 6 is the most promising in which the location of the inorganic 
nanoparticles inside of the microgel can be controlled.

Fig. 2. Synthesis routes for nanoparticle (NP) containing composite microgel (MG).
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Precipitation polymerization of NIPAM with a small amount of glycidyl methacrylate 
(GMA) forms PNIPAM microgels with the GMA evenly distributed. The GMA glycidyl 
groups react with the alkyl diamine to form ammonium sites in the microgel; when AuCl4

− is 
added to the dispersion, it is electrostatically attracted to the amino groups in the core of the 
microgel. After reaching equilibrium, the Au ions are reduced with NaBH4 in situ to Au, to 
provide microgels that contain evenly distributed Au0 nanoparticles [38–40].

Polymer Composite Microgel Functions

Noble Metal Nanoparticles/PNIPAM Composite Microgel

The Au0 nanoparticles, prepared above, can be grown by successive reduction of addi-
tional Au and Ag ions in the microgel. The size of the metal nanoparticles/PNIPAM compos-
ite microgel significantly affects the VPTT of PNIPAM. A change in the Au nanoparticles 
distribution in the microgel occurs that changes the spectrum of the surface plasmon reso-
nance and consequently, and the color emitted [41]. To expand the application of Au0 nano-
particle-containing PNIPAM microgel, more sophisticated microgels with layered structures 
were prepared [42]. Another efficient method to entrap Au nanoparticles in PNIPAM micro-
gel involves a two-step protocol. In the first step, Au nanoparticles are coated with cetyltrim-
ethyl ammonium bromide (CTAB) and a thin polystyrene shell; in the second step, the coated 
Au nanoparticles are emulsion polymerized. The resulting Au nanoparticle core/PNIPAM 
shell microgels exhibit changes in UV-visible light in response to the VPTT of PNIPAM 
with changes in temperature [26]. Thermosensitive PNIPAM hairy nanoparaticles that have 
temperature-responsive catalytic activity can also be made [43].

Metal Oxide Nanoparticles/Thermosensitive Polymer Composite Microgels

Magnetite Nanoparticles/PNIPAM Composite Microgels

Composite microgels, composed of magnetic nanoparticles and PNIPAM, are used for 
heat-triggered release of drugs. The heat generated by the magnetic nanoparticles is transferred 
to thermosensitive matrix which leads to the collapse of the gels when the temperature of 
matrix exceeds the VPTT. The morphology ranges from a magnetic island/PNIPAM to a mag-
netic core/PNIPAM shell [44]. Control of location and the amount of magnetic nanoparticles 
in the thermosensitive microgel are very important [45]. A series of microgels composed of 

Fig. 3. Magnetite nanoparticles in poly(NIPAM-co-glycidyl methacrylate) microgel.
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poly(NIPAM-co-GMA) with different monomer ratio are formed using radial gradient mono-
mer compositions (Fig. 3). The core of microgel is rich in GMA and the shell is rich in NIPAM. 
This gradient is attributed to the difference in reactivity and solubility-in-water between GMA 
and NIPAM. The glycidyl groups of GMA react with 3-mercapto-1-propane sulfonic acid 
sodium salt (MPSA) and then ferrous ions (Fe2

+) are added which are attracted to the nega-
tive sulfonic groups in the core of microgel. After reaching equilibrium, the ferrous ions are 
reduced to magnetite (Fe3O4) to form microgels containing magnetite nanoparticles in the core. 
As shown in Fig. 4, more magnetite nanoparticles are in the microgels that contained more 
GMA. However, if the amount of GMA in the core is too high, they pack so densely that the 
diffusion of ferrous ions in the gels is prevented limiting the magnetite nanoparticles content.

Zinc Oxide Nanoparticles/Thermosensitive Composite Microgels

A precursor of ZnO, Zn(CH3COO)2⋅2H2O, was introduced into poly(VCL-co-acetoace-
toxyethyl methacrylate (AEM)), a thermosensitive microgel, and then hydrolyzed in situ. The 
composite microgel formed retained thermosensitivity similar to that of P(VCL-co-AEM) 
even with ZnO nanoparticles as high as 16 wt%. A dispersion of these composite microgels 
cast on a glass substrate forms a transparent film that is used for UV-shielding. These composite 
microgels are also used in optoelectronic and photonic fields. As optoelectronic microdevices, 
UV-detectors, and photocatalysts [46].

Fig. 4. Composite microgels with designed inner structures and their colloid crystal.
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Titania Nanoparticles/Thermosensitive Composite Microgels

The incorporation of titanium dioxide into poly(NIPAM-co-AAc) microgel was car-
ried out by reacting ammonia with the AAc carboxyl groups in the copolymer microgel 
[47, 48]. The microgels are added into an ethanolic solution of poly(vinylpyrrolidone) and 
then titanium tetraisopropoxide is added under stirring for 24 hours. The composite micro-
gels exhibit high catalytic activity in the decomposition reaction of methylene blue under 
UV irradiation at room temperature, but loose their catalytic activity at high temperatures. 
It seems that the titania is shielded in the shrunken, opaque PNIPAM matrix at temperatures 
above the VPTT.

Interpenetrating PNIPAM-PAAc microgels (average diameters at swollen and shrunken 
states: 750 and 350 nm, respectively), prepared by precipitation polymerization of NIPAM 
in the presence of PAAc, are used to absorb titania nanoparticles (71 nm). The absorption  
is carried out at pH 6, near the isoelectric point of titania (6.2). The titania/PNIPAM/PAAc 
composite microgels thus obtained contain 10–75 wt% titania. The composite microgels 
exhibit rapid sedimentation which is useful for gravity separation of composite microgels from 
dispersions after photocatalytic application of microgels, while the sedimentation behavior 
is temperature controlled [49].

Photoluminescent Nanocrystals/Thermosensitive Composite Microgels

Fluorescent thermosensitive composite microgels are prepared by covering PNIPAM 
microgels with CdTs nanocrystals [44]. The nanocrystals are covalently immobilized on the 
microgel surface to form composite microgels that respond to the changes of environmental 
conditions reversibly and reproducibly. The nanocrystal photoluminescence of microgel is 
quenched under the VPTT of PNIPAM and restored above the VPTT.

CdSe quantum dots, stabilized with trioctylphosphine oxide, can be incorporated into 
PNIPAM microgels via ligand exchange, and those stabilized with oleic acid are incorporated 
into microgels with pendant COOH groups. This method is also used to prepare thermo-
sensitive microgels composed of poly(AEM-co-N-vinylcaprolactam) [50]. Photoluminescent 
nanocrystal/thermosensitive polymer composite microgels were prepared by incorporating 
PbS quantum dots in the interior of PNIPAM microgel [51]. The composite microgels exhibit 
room temperature quantum efficiency and strong luminescence.

Miscellaneous Nanoparticles/Thermosensitive Composite Microgels

Poly(3,4-ethylenedioxythiophene) (PEDOT) nanorods were incorporated into the shell 
of PVCL core/poly(AEM) shell microgels [52]. The responses of these composite micro-
gels to environmental temperature and to the repulsion/attraction due to reversible oxidation/
reduction by addition of acid and base are very interesting. PEDOT nanorods in microgel are 
oxidized when the pH is decreased and the Cl− ions are transformed from the aqueous phase 
into microgels interior, causing the microgels to shrink. Reduction of the PEDOT causes a 
reversion; consequently, shrinking/swelling can be controlled reversibly by oxidation/reduction. 
Microgels, which contain rutherium complexes, catalyze the Belousov–Zhabotinsky self-
oscillation reaction [53]. Clay can serve as a crosslinker in PNIPAM microgels; the amount of 
clay affects the size of microgels [37].
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Assemblies and Colloid Crystals of Thermosensitive Microgels

PNIPAM-based microgels self-assemble to form colloid crystals. For example, a dis-
persion of layered PNIPAM composite microgels was condensed and then a heating–cooling 
cycle was applied to complete the crystallization [42]. PNIPAM colloid crystal was fixed by 
self-crosslinking using N-hydroxymethylacrylamide [54]. The thermosensitive properties of 
PNIPAM microgels embedded in the hydrogels remain unperturbed in the volume transi-
tion of microgels [55].

Summary

Stimuli-sensitive microgels, also called smart microgels, have significant potential as 
sensors, energy transferring devices, photonic devices, and bio-separators. Among the many 
stimuli-sensitive microgels available, PNIPAM microgels have been extensively studied and 
used for variety of bioapplications. The inorganic nanoparticles, included into PNIPAM 
microgels, and provide the potential for many new bioapplications without affecting the ther-
mosensitive properties of PNIPAM.
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Abstract In-situ gelling stimuli-sensitive block copolymer hydrogels exhibit sol–gel 
phase-transitions in response to external stimuli, due to the formation of reversible polymer 
networks caused by physical interactions. In-situ gelling stimuli-sensitive block copolymer 
hydrogels show many advantages, such as simple drug formulation and administration 
procedures, no organic solvent, site-specificity, a sustained drug release behavior, less 
systemic toxicity, and ability to delivery both hydrophilic and hydrophobic drugs. Poly(ethylene 
glycol)s with relatively low molecular weight are hydrophilic, nontoxic, absent of antigenicity 
and immunogenicity, and can be directly excreted by the kidneys. PEG-based amphiphilic 
copolymers have attracted extensive interest for their unique self-assembly and biocompatibility. 
The PEG-based amphiphilic copolymers exhibit unique changes in micellar architecture 
and aggregation number in response to changes near physiological temperature; therefore, in-situ 
gelling systems made of the PEG-based amphiphilic copolymers have received worldwide 
investigation. This article stresses the recent development and biomedical evaluation of the 
in-situ gelling stimuli-sensitive PEG-based amphiphilic copolymers that are capable of 
responding to changes in temperature and/or pH.

Introduction

The hydrogels systems are three-dimension hydrophilic polymer networks that can 
absorb considerable water and exhibit considerable flexibility [1, 2]. Many polymer networks 
can undergo reversible volume phase transitions or sol–gel phase transitions in response to 
the external physical or chemical stimuli, such as temperature, pH, ionic strength, light, elec-
tromagnetic radiation, and biomolecules, are called stimuli-sensitive or intelligent hydrogels, 
which have received increasing attention for their great potential in industrial applications, 
such as drug delivery systems (DDS), tissue engineering, and separation. Under the influ-
ence of external stimuli, hydrogels based on covalently crosslinked networks can undergo 
drastic volume phase transitions, while some physical networks show reversible sol–gel phase 
transitions without marked volume changes. Reversible hydrogels formed by stimuli-induced 
sol–gel phase transitions are called in-situ forming hydrogels and exist as flowable aqueous 
solutions (or sol state) before administration but immediately turn into standing gels after 
administration. These are of considerable interest for their applications in drug delivery and 
tissue engineering [3, 4].
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Thermo-sensitive hydrogels exhibit volume phase transitions or sol–gel phase-transitions 
at critical temperatures, i.e., lower critical solution temperatures (LCST) or upper critical 
solution temperatures (UCST). The LCST polymers exhibit swelling-to-shrinking (or sol-to-gels) 
transition with increasing temperature, whereas the UCST systems undergo the opposite tran-
sitions. Typical LCST polymers include poly(N-isopropylacrylamide) (PNIPAM) [5], 
poly(N,N-diethylacrylamide) (PDEAM) [6], poly(vinyl ether)s (PVE) [7, 8], poly(N-vinylal-
kylamide) [9], poly(N-vinylcaprolactam) (PVNCa) [10], polyphosphazene derivatives [11], 
and poly(N-(2-hydroxypropyl) methacrylamide mono/di lactate) (PHPMAM-mono/di lactate) 
[12, 13]. The LCSTs of several typical thermosensitive polymers are listed in Table 1.

In contrast to the permanent networks formed by chemical crosslinking, the in-situ 
forming hydrogels are transient (or reversible) physical networks and can be reversibly 
transformed into sol state by varying the environmental conditions [14]. Typical in-situ 
forming thermosensitive hydrogels based on natural polymers include methylcellulose [15] 
and chitosan/glycerophosphate blends [16]. Examples of in-situ forming hydrogels based 
on synthetic polymers are poly(N-isopropylacrylamide-co-acrylic acid) (P(NIPAM-co-AA)) 
[17], poly(N-isopropylacrylamide)-block-poly(ethylene glycol) (PNIPAM-b-PEG) [18], and 
poly(ethylene oxide)–b-poly(propylene oxide)–b-poly(ethylene oxide) (PEO–PPO–PEO) 
[19]. Poly(ethylene glycol) (PEG) with lower molecular weight (MW < 10,000) is known as 
a kind of polymer that is hydrophilic, nontoxic, absent of antigenicity and immunogenicity, 
and can be excreted by kidney [20, 21]. PEG-based amphiphilic copolymers exhibit unique 
changes in micellar architecture and aggregation number in response to a temperature change 
at physiological temperatures [22, 23]. The in-situ gelling systems based on the PEG-based 
amphiphilic copolymers have also attracted increasing attention.

This article is focused on the development and biomedical evaluation of the in-situ 
gelling stimuli-sensitive PEG-based amphiphilic copolymers and Pluronic-based amphiphilic 
copolymers.

Thermogelling PEG–PNIPAM Block Copolymers

Poly(N-isopropylacrylamide) (PNIPAM), shown in Scheme 1, is one of the most 
popular thermosensitive polymers. The linear PNIPAM chain undergoes a rapid coil-to-
globule transition in aqueous solution at ~32°C, its LCST, while the crosslinked  PNIPAM 

Table 2. LCSTs of several typical thermosensitive polymers

Polymer LCST (°C) References

Poly(N-isopropylacrylamide) (PNIPAM) 32 [5]
Poly(N,N-diethylacrylamide) (DEAM) 25 [6]
Poly(N-ethylmethacrylamide) (PNEMAM) 58 [6]
Poly(methyl vinyl ether) (PMVE) 34 [7]
Poly(2-ethoxyethyl vinyl ether) (PEOVE) 20 [8]
Poly(N-vinylisobutyramide) (PNVIBAM) 39 [9]
Poly(N-vinylcaprolactam) (PNVCa) 30~50 [10]
Poly(organophosphazenes) 25.0~98.5 [11]
Poly(N-(2-hydroxypropyl) methacrylamide mono/di lactate) 

(PHPMAM-mono/di lactate)
13~65 [12]
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network shows an abrupt swelling–deswelling transition at LCST [5]. This unique hydration-
to-dehydration transition is attributed to the isopropyl side groups, as the associated water 
separation in the gels (syneresis) due to the entropic increase when the temperature is increased 
above LCST [24]. The LCST of PNIPAM can be elevated or reduced by incorporating 
N-isopropylacrylamide (NIPAM) with a more hydrophilic monomer or a more hydrophobic 
monomer [25]. Homo- and co-polymers of PNIPAM have been synthesized by different 
methods, including conventional radical polymerization [5] and controlled radical polymer-
ization, such as reversible addition fragmentation chain transfer (RAFT) [26], atom transfer 
radical polymerization (ATRP) [27], and Cerium (IV) redox-initiation polymerization [28]. 
The NIPAM monomer is cytotoxic, but PNIPAM is nontoxic and PNIPAM with limited 
molecular weight is excreted by glomerular filtration without long-term accumulation in vivo 
[29]. PNIPAM and its copolymers have been extensively developed because of their potential 
industrial applications such as in separation [30], conductivity control [31], controlled drug 
delivery [32], and tissue engineering [33].

Compared with the volume phase transitions of the chemically crosslinked PNIPAM 
homopolymer systems, the in-situ forming PNIPAM-based hydrogels exhibit simple sol–gel 
phase transitions. These hydrogels contain a certain hydrophilic component that can retain the 
water above the LCST. For example, monomethoxy PEG–PNIPAM diblock copolymers (MPEG–
PNIPAM), prepared by quasi-living polymerization using cerium (IV) redox [28], exhibit sol-to-
gel-to-syneresis transitions with increasing temperature and the gels window is markedly 
influenced by the composition of the copolymer [18, 34]. The gelation of the AB diblock copoly-
mer is driven by micellar ordered-packing and entanglement. A series of AB, BAB, A(B)4, and 
A(B)8 linear and star-shaped block copolymers with poly(ethylene glycol) (PEG) as the A block 
and PNIPAM as the B block was synthesized by cerium (IV) redox initiated free radical polym-
erization [18]. A 20 wt% copolymer aqueous solutions exist as a sol state at a lower temperature 
(5°C), whereas gelation occurred rapidly when the temperature was increased to 37°C. In contrast 
to the micellar packing and entanglement mechanism for the diblock copolymers, the BAB, 
A(B)4, and A(B)8 type copolymers form a strong associative network due to the hydrophobic 
aggregation of the PNIPAM segments at temperatures above LCST. The PEG/PNIPAM block 
copolymer hydrogels show no significant syneresis (water separation in the gels) after 2 months 
at 37°C, as compared with a high degree of syneresis for the hydrogels based on the PNIPAM 
homopolymer or the systems composed of PNIPAM and hydrophobic blocks, such as the 
poly(methyl methacrylate)–PNIPAM diblock (PMMA–PNIPAM) [35] and polystyrene–PNI-
PAM–polystyrene triblock copolymers (PS–PNIPAM–PS) [36]. Similar block copolymers com-
posed of PEG and PNIPAM are used for immobilization and culturing rabbit chondrocytes [37]. 
Higher PNIPAM contents and polymer concentration lead to higher cell viability after a 7-day 
culture, probably due to a more appropriate mechanical strength and higher porosity.
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Scheme 1. Chemical structure of PNIPAM.
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Pluronic-Based In-Situ Forming Hydrogels

Widely used in pharmaceutical systems, Pluronics (BASF) and Poloxamers (ICI) are 
PEO–PPO–PEO triblock copolymers (Scheme 2). The PEO block is predominantly hydrophilic 
from 0 to 100°C, whereas the PPO block undergoes a hydrophilic-to-hydrophobic transition 
as temperature is increased about 15°C [38]. With increasing temperature, some concentrated 
Pluronic aqueous solutions exhibit a sol-to-gels phase transition at the lower critical gelation 
temperature (LCGT) and a gels-to-sol transition at the upper phase transition temperature. As 
the temperature increases, a unimers-to-micelles transition first occurs in the Pluronic solu-
tion and the micelle number increases with further temperature increases (Fig. 1). When the 
micellar volume fraction is increased to a critical value (~0.53), the micelles are packed into 
a crystallization-like structure of hard-spheres and gelation occurs [38]. As the temperature 
increases further, the aggregation conformation of some Pluronic hydrogels changes from the 
spherical micelles closely packed in a cubic lattice into rod-like micelles packed in a hexago-
nal system; this results in a decrease in the intermicellar interactions and the upper gels-to-sol 
transition to occur at a higher temperature.

The Pluronic hydrogels exhibit high viscosity, partial rigidity, and time persistence, due 
to the ordered micellar packing structure and micellar interactions. Some concentrated Pluronic 
aqueous solutions exist in the sol state at room temperature but form a gels at physiological 
temperatures. Consequently, Pluronics are used as injectable in-situ forming matrices for 
drug and cell deliveries. However, there are drawbacks to Pluronic hydrogels systems, such as 
weak mechanical strength, short residence time, high permeability, nonbiodegradability, and 
molecular weight limitations [3]. To overcome these drawbacks, several oligomers of Pluronic 
F127 were coupled using hexamethylene diisocyanate (HMDI) or phosgene as the coupling 
reagent [39]. These oligomers exhibited viscosities 15 times greater than F127 alone at 37°C. 

Fig. 1. Schematical illustration for the phase transition of PEO–PPO–PEO aqueous solution in response to temperature.

HO
H2
C

H2
C

H2
CH3

C
H2
C

H2
CO C

H
O O H

x y x

PEO-PPO-PEO

Scheme 2. Chemical structure of PEO–PPO–PEO.
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The in vitro release of an antirestenosis drug (RG-13577) from a 30 wt% p[F127]4 hydrogels 
persisted over 40 days; in contrast, only 7 days from a 30 wt% F127 hydrogels. A series of 
biodegradable multiblock Pluronics with the molecular weights of 4,000–40,000 was prepared 
by coupling Pluronic P85 using terephthaloyl chloride [40]. The gels duration of the multiblock 
Pluronic is controllable from 8 h to 4 weeks by tailoring the molecular weight.

PEO/PPO alternating multiblock copolymers were synthesized by coupling PEO and 
PPO using carbonyl chloride or diacyl chloride [41]. The hydrogels based on the multiblock 
copolymers have markedly higher viscosities than Pluronic F127 hydrogels. In addition, the alter-
nating ether-carbonate structure within the backbone renders the copolymers biodegradable. 
A family of pentablock copolymers composed of Pluronic F87 flanked by two short polyes-
ter blocks [poly(d,l-lactide) (PLA) or poly(e-caprolactone) (PCL)] have been developed 
[42, 43]. The pentablock copolymers retained the thermoreversible sol–gel transition prop-
erties and have a lower critical micellization temperature (CMT) in comparison with F87. 
The in vitro release of hydrophilic procain hydrochloride (PrHy) and hydrophobic 9-(methylam-
inomethyl) anthracene (MAMA) was performed using PLA6–F87–PLA6 and PCL4–F87–PCL4 
hydrogels, respectively. No initial burst was observed in either release curve, while the drug 
release from the hydrogels copolymer at 37°C was almost equal to or faster than that from the 
corresponding polymer solution at 25°C.

A Pluronic-based poly(ether-ester-urethane) multiblock copolymer was synthesized by 
coupling the oligo(ester)-Pluronic(F127)-oligo(ester) pentablock copolymers using HMDI 
[44]. The rheology and degradation behavior of the copolymer hydrogels are tunable by vary-
ing the polyester block length and the degree of the chain extension.

Thermogelling PEG/PLGA Amphiphilic Block Copolymers

Aliphatic polyesters, such as poly(lactic acid) (PLA), poly(e-caprolactone) (PCL), and 
poly(glycolic acid) (PGA), are biodegradable and biocompatible polymers; therefore, they 
have potential biomedical applications as well as being environmental-friendly materials 
[45]. PEG-polyester copolymers have also been developed as unique polymers, such as 
amphiphilicity, self-assembly, permeability, biocompatibility, and biodegradability [46].

The first biodegradable thermosensitive hydrogels, based on the PEG-polyester block 
copolymer, were ABA-type PEG–poly(l-lactide)–PEG triblock copolymers (Scheme 3) [47]. 
These PEG–PLLA–PEG triblock copolymers are prepared in two steps: first, the MPEG–
PLLA diblock copolymers are synthesized by ring-opening polymerization of l-lactide 
(LLA) using the monomethoxy PEG (MPEG, Mw = 5,000) as the macroinitiator; then the 
PEG–PLLA–PEG triblock copolymers are obtained by coupling MPEG–PLLA using HMDI. 
The molecular weight (Mw) of the PLLA block varied from 2,000 to 5,000. The concentrated 
PEG–PLLA–PEG solutions exhibited a gels-to-sol transition as temperatures increased.
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Scheme 3. Chemical structure of PEG–PLLA–PEG.
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The in vitro release of fluorescein isothiocyanate (FITC) labeled dextran from the 
PEG–PLLA–PEG (5,000–2,040–5,000) hydrogels was investigated. Polymer aqueous 
solutions containing a drug were first prepared at 45°C, and then drug-loaded hydrogels 
were formed by lowering the temperature to 37°C. The release of dextran from the 35 wt% 
gels is a constant rate up to 12 days without an initial burst, in contrast to an initial burst in 
the release curve of the 23 wt% gels (Fig. 3). The influence of the hydrophilic/hydrophobic 
balance, block length, hydrophobicity, and stereoregularity of the hydrophobic block on the 
gels–sol transition properties of some PEG/polyester diblock and triblock copolymers has 
been reported [48, 49].

In general, a longer polyester block, shorter PEG block, higher hydrophobicity, or 
higher crystallizability of the polyester block lead to a lower critical gelation concentration 
(CGC) and a higher gels-to-sol transition temperature. The PEG-poly(d,l-lactide)-PEG (PEG–
PLA–PEG) triblock copolymers with PEG block lengths of 2,000 and 5,000 were recently 
synthesized by coupling the corresponding MPEG–PLA diblock copolymers using adipoyl 
chloride [50]. A similar gels-to-sol transition was observed for the concentrated copolymer 
solutions. The H-bonding between PEG blocks was thought to be responsible for gelation at 
lower temperature. A series of star-shaped PLLA–PEG block copolymers was synthesized 
by coupling star PLLA with monocarboxy-MPEG using dicyclohexylcarbodiimide (DCC) 
[51, 52]. The concentrated block copolymer solutions showed a gels-to-sol transition with 
increasing temperature. The gelation and gels-to-sol transition were assumed to be attributed 
to micellar packing and the decrease in the micellar volume caused by the partial dehydration 
of the PEG block, respectively.

The PEG/PLA-based block copolymers, however, exhibited UCST behavior and did 
not show a sol-to-gels transition at lower temperatures; this is frequently observed in Pluronic 
systems. The use of UCST polymers may lead to an adverse effect to some drugs and pro-
teins and bring inconvenience into practical applications. Additionally, the long PEG chains 
(Mw 5,000) in such block copolymers are likely to accumulate in the body after the degrada-
tion of the polyester block. More recently, new thermosensitive hydrogels made of the PEG–
poly(d,l-lactide-co-glycolide)–PEG triblock copolymers (PEG–PLGA–PEG, Scheme 4) 
containing shorter PEG blocks (MW £ 750) were reported [53, 54]. The PEG–PLGA–PEG 
aqueous solutions showed a sol-to-gels transition as well as a gels-to-sol transition with rising 
temperature. Moreover, the gels window covered the physiological temperature (37°C), and 
the CGC and sol-to-gels transition temperature could be tuned by tailoring the block length 
and composition as well as by adding additives. In this case, the drugs could be mixed with 
the polymer solution at lower temperature and incorporated in the hydrogels after adminis-
tration, such as injection. The sol-to-gels transition mechanism of PEG–PLGA–PEG was 
investigated by temperature-dependent 13C nuclear magnetic resonance (NMR) spectra and 
dynamic light scattering (DLS), which indicates a mechanism of micellar growth and close 
packing. It is noteworthy that the CGC (~16 wt%) of PEG–PLGA–PEG system does not fit 
the theoretic calculation result from the “hard sphere crystallization model.” A “soft sphere 
model” was assumed for the close packing of the PEG–PLGA–PEG micelles, indicating 
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marked micellar phase-mixing and overlapping for the later system (Fig. 2). Additionally, the 
much longer duration of the PEG–PLGA–PEG hydrogels in comparison with the Pluronic 
hydrogels may be attributed the fact that the dissolution of the PLGA hydrophobic cores is 
much more difficult than that of the PPO cores. The upper gels-to-sol transition was proved 
to be due to the breakage of micellar structure caused by partial dehydration of the PLGA 
and PEG block [54, 55]. In a separate study, the gelation behavior of the PEG–PLGA–PEG 
(750–3,500–750) triblock copolymer aqueous solutions was studied by using DLS, rheology,  
SANS, and differential scanning calorimetry (DSC) [56, 57]. A mechanism of macroscopic 
liquid–liquid phase separation was proposed to be responsible for the gelation. After the 
33 wt% aqueous solution of PEG–PLGA–PEG (550–2,810–550) was subcutaneously injected 
into rats, a transparent hydrogels was formed in situ [58]. The gels exhibited good mechani-
cal strength and the gels duration was over 1 month. The difference between the duration 
of the PEG–PLGA–PEG hydrogels and that of the Pluronic gels (1 day) was attributed to 
different erosion mechanisms. The latter disintegrated through surface erosion while the for-
mer through a degradation process. The PEG-rich components were lost preferentially dur-
ing the degradation of the PEG–PLGA–PEG hydrogels. The in vitro drug release behavior 
of the PEG–PLGA–PEG hydrogels was evaluated by using ketoprofen and spironolactone 
as the hydrophilic and hydrophobic model drugs, respectively [59]. The release of ketopro-
fen showed a first-order release trace over 2 weeks, indicating a diffusion-controlled mecha-
nism. In contrast, the release of spironolactone exhibited an S-shaped release profile over 
2 months, suggesting a combined process composed of the initial diffusion-controlled process 
followed by the degradation-dominated process. The release rate was reduced with increasing 
the hydrophobic PLGA block length. The drug-contained PEG–PLGA–PEG aqueous solu-
tions were directly instilled into the bladder of normal adult female Sprague–Dawley (SD) 
rats or cyclophosphamide-induced cystitis rats [60]. The in-situ formed hydrogels exhibited a 
sustained release profile, significant efficacy, and less systemic adverse effects. In addition, con-
trolled gene delivery systems were also prepared by the PEG–PLGA–PEG hydrogels [61, 62]. 
The plasmid DNA (pDNA) was released in a zero-order profile for 12 days [61]. Most of the 
released pDNA were proven to maintain a supercoiled conformation at 12 days, even though 
the pH in the hydrogels markedly decreased from 7.4 to around 4 after incubation for 12 days 
caused by the degradation of the PLGA block. When the hydrogels loaded with luciferase 
pDNA were administered to the skin wounds of CD-1 mice, the expression of luciferase 
exhibited the maximum at 24 h and then decreased markedly. After administration to the 

Fig. 2. Schematical illustration for the phase transition of PEG–PLGA–PEG aqueous solution in response to 
 temperature.
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skin wounds of genetically diabetic mice, the hydrogels containing plasmid TGF-b1 showed 
significantly higher levels of reepithelialization, cell proliferation, and collagen organization, 
as compared either with the commercial wound dressing, Humatrix®, or with the plasmid 
TGF-b1-loaded Humatrix® [62].

The thermosensitive hydrogels based on the BAB-type PLGA–PEG–PLGA triblock 
copolymers was subsequently developed (Scheme 5) [63, 64]. The synthesis of PLGA–PEG–
PLGA was simpler than that of PEG–PLGA–PEG, because the coupling procedure using 
HMDI could be avoided in the former synthesis. PLGA–PEG–PLGA also exhibited a revers-
ible sol–gel–sol transition with increasing temperature, and the phase diagram was influenced 
by the block length and composition as well as by additives [63, 65]. PLGA–PEG–PLGA 
showed marked lower CGC and lower sol-to-gels transition temperature in comparison with 
PEG–PLGA–PEG, suggesting different gelation mechanisms for them. At a lower temperature, 
some interconnected micelles composed of PLGA–PEG–PLGA are formed in the aqueous 
solution, but no stable network is formed, due to the less hydrophobicity of the PLGA blocks 
at lower temperatures. As the temperature is increased to LCGT, an interconnected micelle net-
work is formed and gelation occurs (Fig. 3). The release behaviors of proteins and several con-
ventional drugs from the PLGA–PEG–PLGA (1,500–1,000–1,500) hydrogels (commercially 
available as ReGel®) were studied [64]. The in vivo degradation of ReGel® after subcutaneous 
injection into rats was over 4 weeks. ReGel® showed significant solubilization and stabilization 
to the hydrophobic drugs, such as paclitaxel and cyclosporin A. The in vitro release of pacli-
taxel from the ReGel® exhibited a diffusion-controlled release profile in the initial 2 weeks, fol-
lowed by a combined diffusion/degradation process for about 5 weeks. In contrast, the in vitro 
release of paclitaxel from the Pluronic F127 hydrogels was complete in around 1 day. The 
in vivo distribution of paclitaxel was monitored after an intratumor injection of ReGel® con-
taining paclitaxel and [14C] paclitaxel. The C-14 levels in tumors were reduced slowly over 6 
weeks. The elimination of C-14 was mainly through the feces and urine, with less than 0.1% 
being distributed to other organs. The ReGel®/paclitaxel showed higher antitumor efficacy and 

Fig. 3. Schematical illustration for the phase transition of PLGA–PEG–PLGA aqueous solution in response to 
temperature.
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Scheme 5. Chemical structure of PLGA–PEG–PLGA.
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lower drug-related adverse effects, as compared with the maximum tolerated systemic dose of 
the commercial paclitaxel product (Taxol®). In addition, the sustained releases of some pro-
teins, such as porcine growth hormone (pGH), glycosylated, insulin, and recombinant hepatitis 
B surface antigen (rHBsAg), were investigated and discussed. Separate studies on the release 
of insulin from ReGel® were reported [66, 67]. The in vitro release of insulin from ReGel® 
showed a zero-order release trace without initial burst [66]. The insulin with 0.2 wt% zinc 
obtained a higher release rate, and was almost released completely over 15 days. The in vivo 
insulin level was maintained over 15 days after a  subcutaneous injection of ReGel®/0.2 wt% 
Zn-insulin into Sprague–Dawley (SD) rats (Fig. 5). The insulin released from Regel® was con-
firmed to be bioactive after being injected into Zucker Diabetic Fatty (ZDF) rats [67]. The blood 
glucose concentration in the ZDF rats was reduced to normal level during the insulin release 
period. Regel® also showed sustained release of the incretin hormone glucagons-like peptide-1 
(GLP-1), which was a very useful drug for type 2 diabetes but exhibited extremely short plasm 
half-life due to rapid  degradation [68]. The in vitro release of zinc-complexed GLP-1 from 
Regel® exhibited almost a linear release profile over 2 weeks without initial burst. After one 
subcutaneous injection of zinc-complexed GLP-1/Regel® into rats, the plasma GLP-1 level was 
maintained significantly higher than that of the control group for about 2 weeks, and the insulin 
level induced by GLP-1 stayed at a higher level over 2 weeks, leading to the obvious reduction 
of the blood glucose concentration during the same period.

The effects of composition and sequential distribution on the phase-transition and drug 
release behavior of the PLGA/PEG block copolymers were investigated. A series of poly(d,l-
3-methylglycolide)–PEG–poly(d,l-3-methylglycolide) triblock copolymers (PMG–PEG–PMG) 
was synthesized by using d,l-3-Methylglycolide (MG) as the cyclic monomer, leading to the 
well-defined alternating LA/GA sequence in the PMG blocks [69]. The sol–gel transition 
temperature of PMG–PEG–PMG was higher than that of ReGel®, due to less hydrophobicity 
of the PMG block with higher GA content (50 mol%). The effect of composition of PLGA–
PEG–PLGA on the drug release behavior was investigated [70]. The results indicated that 
the LA/GA ratio exhibited less effect on the release of a diffusion-controlled stage, but mark-
edly affected the release of a degradation-dominative stage. The phase-transition behavior of 
the PEG/PLGA copolymers can be also tuned by modifying the polymer structure. A series  
of PLGA–PEG–PLGA end-capped with small alkyl groups (acetate or propionate) was prepared 
[71, 72]. The CGC and CGT of the alkyl-capped triblock copolymers were markedly lower than 
those of the unmodified triblock copolymers, and decreased with increasing the length of the ter-
minal alkyl groups [72]. It was also found that the CGC of the end-modified triblock copolymers 
was significantly affected by the degree of end-modification [73]. A micellar network caused by 
the micellar hydrophobic aggregation was proposed to be responsible for the gels formation [72].

Thermogelling Star-Shaped  
and Graft PEG/PLGA Amphiphilic Copolymers

The topology structure is known to affect the polymer properties and self-assembly 
behaviors; therefore, developing PEG-polyester amphiphilic copolymers with different 
structures may be interesting. In addition, because the MW of the PEG block is limited due to 
its nonbiodegradability, there is also a limitation of molecular weight for the PEG–PLGA–PEG 
triblock copolymers [74]. Accordingly, PEG–PLGA amphiphilic copolymers with nonlinear 
architectures, including star-shaped and graft structures, have been developed. Three-arm and 
four-arm star-shaped PLGA–PEG block copolymers were prepared by coupling 3-arm and 4-arm 
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PLGA with carboxyl terminated MPEG (Mn = 550) [75]. The concentrated PLGA–PEG star-
shaped block copolymers aqueous solutions displayed sol–gel–sol transitions with increasing 
temperature. The CGCs of the star-shaped block copolymers were higher than those of the 
PEG–PLGA–PEG triblock copolymers, and the CGC and CMT decreased with increasing the 
PLGA block length. The in vitro and in vivo release of Doxorubicin (DOX) from the 4-arm 
star-shaped copolymer hydrogels was investigated [76]. The in vitro release of DOX showed 
sustained profiles. After the subcutaneous injections of the DOX-loaded polymer solutions 
into tumor-bearing mice, the growth of tumor was significantly suppressed. Additionally, the 
antitumor efficacy was also found to be affected by the PLGA block length.

PEG-g-PLGA graft copolymers with hydrophilic backbones were synthesized by the 
ring-opening polymerization of LA and GA using PEG with hydroxyl pendant groups [77]. 
The schematically chemical structure of PEG-g-PLGA is shown in Scheme 6a. The PEG-g-
PLGA graft copolymer solutions exhibited sol–gel–sol transitions at concentrations above 16 wt%. 
The hydrogels remained a gels state for 1 week at physiological conditions. PLGA-g-PEG 
graft copolymers with hydrophobic backbones were also developed by the one-step ROP of 
LA, GA, and epoxy-terminated PEG (Scheme 6b) [74, 78]. After a subcutaneous injection of 
the PLGA-g-PEG aqueous solution into a rat, a round shaped gels was formed in situ [78]. In 
comparison with 1 week for the PEG-g-PLGA hydrogels, the PLGA-g-PEG hydrogels per-
sisted more than 2 months in vivo. The sol–gel transition temperature could be adjusted within 
a range of 15–45°C by changing the number of PEG grafts and the composition of the copo-
lymer [79], or by mixing two PLGA-g-PEG copolymers with different compositions [78]. 
Based on the IR, 13C NMR, small-angle neutron scattering (SANS), and rheological stud-
ies, PEG dehydration is assumed to be the major driving force for the phase transition [78]. After 
one injection of the insulin-loaded PLGA-g-PEG solution into a diabetic SD rat, the blood 
glucose level was adjusted to maintain normal level for 16 days, caused by the sustained release 
of insulin from the hydrogels [80]. Interestingly, the normal blood glucose level could be 
controlled from 5 to 16 days by using the hydrogels based on the PEG-g-PLGA/PLGA-g-PEG 
blends. In addition, the biodegradable PLGA-g-PEG hydrogels containing chondrocyte cell 
showed a superior efficacy in cartilage defect repairing, as compared with the nonbiodegrad-
able PNIPAM-co-PAA/hydroxyapatite collagen sponge.

Thermogelling PEG–PCL Amphiphilic Copolymers

Many amphilic copolymers composed of PEG and other biodegradable aliphatic  polyesters 
also showed a thermoreversible sol–gel transition in the aqueous solutions.  Different PEG-
polyester diblock copolymers, including PEG–PCL, PEG–poly(d-valerolactone) (PEG–PVL), 
PEG–PLLA, and PEG–PLGA, with well-defined structure were synthesized by living ring-
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opening polymerization [81]. The concentrated aqueous solutions of the diblock copolymers 
(PEG ³ 2,000) showed a gels-to-sol transition with increasing temperature. The gels-to-sol transi-
tion was highly affected by the block length and the hydrophobic nature of the polyester block 
[81, 82]. When the 23 wt% PEG–PCL (2,000–2,300) aqueous solution was heated to 42°C and 
then injected into a mouse, it formed a gels immediately at normal body temperature [83]. The 
hydrogels maintained in vivo for 1 month, due to the slow degradation of the PCL block. In 
subsequent reports, PEG-polyester diblock copolymers with shorter PEG blocks (Mw = 750), 
including PEG–PCL, PEG–poly(e-caprolactone-co-trimethylene carbonate) (PEG–P(e-CL-co-
TMC)), and PEG–poly(e-CL-co-1,4-dioxan-2-one) (PEG–P(e-CL-co-DO)), were prepared [84, 
85]. It was claimed that the slow degradation of these copolymers did not lead to an acidic 
environment, which is often observed with the rapid degradation of PLLA and PLGA. In addi-
tion, these PEG-polyester diblock copolymers with shorter PEG length (Mw = 750) display a 
sol–gel–sol transition as temperatures increased; the gels window was highly dependent on 
the polyester block length. Contrary to the PEG/PLGA block copolymer systems, the lower 
sol-to-gels transition temperature of the PEG–PCL systems is markedly influenced by polymer 
concentration as compared with almost no concentration-dependence for the upper gels-to-sol 
transition temperature. As the PEG–PCL (750–2,440) solution loading rat bone marrow stromal 
cells (rBMSC) and dexamethasone was subcutaneously injected into SD rats, a gels formed in 
situ and maintained its integrity for over 4 weeks [86]. Histological analysis indicated that the 
in-situ formed scaffolds were biocompatible and accelerated the bone formation. The in vitro 
release of FITC-labeled bovine serum albumin (BSA–FITC) from the PEG–PCL (750–2,490) 
hydrogels exhibited a sustained profile over 20 days [87]. Even though an initial burst was 
observed, the release of BSA–FITC persisted over 30 days after the PEG–PCL (750–2,490) solu-
tions containing BSA–FITC were subcutaneously injected into SD rats.

Recently, a series of ABA- and BAB-type triblock copolymers consisting of PEG and 
PCL, i.e., PEG–PCL–PEG and PCL–PEG–PCL, was prepared (Scheme 7) [88, 89]. Both types 
of triblock copolymers display a clear sol-to-gels-to-turbid sol transition as the temperature 
increases from 10 to 60°C. Light scattering and 13C NMR studies indicated that the sol-to-gels 
transition at lower temperature followed the micellar association mechanism; the upper gels-
to-sol transition was due to the breakage of the micellar core-shell structure. Similar to the 
previous PEG–PCL diblock copolymer system, the polymer concentration only significantly 
influenced the lower sol–gel transition temperature of PCL–PEG–PCL system. Both types of 
triblock copolymers lyophilize into a powder form, and easily redissolve in water at lower 
temperatures. In contrast to PEG–PCL–PEG, the PCL–PEG–PCL has a wider gels domain 
and a higher gels modulus. However, the concentrated PCL–PEG–PCL aqueous solution 
(20 wt%) is not stable and turns into an opaque gels in 1 h at room temperature [90]. The 
Raman spectra, X-ray diffraction (XRD), DSC, and polarized optical microscope (POM) 
studies clearly indicate that the slow gelation at room temperature is attributed to the crystal-
lization of the copolymer, which is quite different from the micellar aggregation mechanism 
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of the thermo-induced gelation at 37°C. The unstable PCL–PEG–PCL solution would be 
impractical for application. Therefore, the above PCL–PEG–PCL (1,000–1,000–1,000) was 
coupled, by terephthaloyl chloride, to fabricate PEG–PCL multiblock copolymers. The 
20 wt% aqueous solution of the PEG/PCL multiblock copolymer has a sol–gel–sol transition 
as temperature increased and exists as a stable transparent solution at room temperature, 
which is convenient for drug delivery applications. Based on the 13C NMR and DLS studies, 
the gelation of the multiblock copolymer aqueous solution was thought to be driven by the 
increase in polymer–polymer attraction.

Thermogelling PEG-Based Amphiphilic Multiblock Copolymers

In addition to PEG–PCL multiblock block copolymers above, the thermo-dependent 
phase behavior is also observed in other PEG-based poly(ether ester) multiblock copolymer 
systems. A series of PEG/PLLA multiblock copolymers, synthesized by the coupling reaction 
between dicarboxylated PLLA and PEG [91], has sharp LCST transitions in aqueous solution. 
This copolymer matrix loaded with basic fibroblast growth factor has significant wound heal-
ing activity [91, 92]. A range of PEG/PLLA multiblock copolymers with lower PEG Mw were 
prepared by coupling PEG (Mw = 600) and PLLA (Mw = 1,100–1,500) using succinic anhy-
dride [93]. The PEG/PLLA multiblock copolymer solutions exhibit a sol–gel–sol transition with 
increasing temperature and the maximum gels modulus was displayed at around body tempera-
ture. The transition temperature and gels window were affected by the PLLA block length and 
PEG/PLLA ratio. Compared with the PEG/poly(d,l-lactide) (PEG/PLA) multiblock copolymer, 
the PEG/PLLA multiblock copolymer exhibited a lower CGC, a lower sol-to-gels transition 
temperature, and a broader gels window [94]. The isotactic arrangement of the methyl groups 
within the PLLA blocks developed a strong aggregate of the polyester blocks. It is noteworthy 
that the phase-transition of the above PEG/PCL (or PEG/PLA) multiblock copolymers could be 
changed to a UCST manner (gels-to-sol) by increasing the PCL (or PEG) block length, probably 
due to the increase in crystallizing ability of the PCL block [95, 96] (or the increase of inter-
actions between PEG blocks [97]). A soft thermosensitive hydrogels made of PEG–sebacate 
(PEG–SA) multiblock copolymers was prepared by simple condensation polymerization [98]. 
When the 25 wt% aqueous solution of the PEG–SA multiblock copolymer was heated from 
room temperature to 37°C, a very soft gels was formed with a gels modulus less than 5 Pa. How-
ever, the gels retained its integrity for over 3 weeks. The release of hydrophilic FITC-dextran 
from the poly(PEG–SA) hydrogels indicated a constant rate during 5–24 h without an initial 
burst. A series of biodegradable poly(ether ester urethane) multiblock copolymers consisting 
of poly[(R)-3-hydroxybutyrate] (PHB), PEG, and poly(propylene glycol) (PPG) was reported 
very recently [99]. The poly(ether ester urethane) aqueous solutions underwent a sol–gel–sol 
transition with increasing temperature from 4 to 80°C. Notably, the poly(ether ester urethane) 
solutions showed a very low CGC ranging from 2 to 5 wt% depending on the composition and 
block lengths. An associated micellar packing was assumed to be responsible for the gelation.

pH- and Thermo-Sensitive PEG–Polyester  
Amphiphilic Copolymer Hydrogels

The in-situ gelling PEG/polyester amphiphilic copolymers have shown potential 
applications in the injectable drug and cell delivery systems. There are some limitations 
in the PEG–polyester systems. For example, when a thermosensitive polymer solution is 
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injected into the body, the increase in temperature by the body can cause a sol–gel transition 
within the needle and can plug the needle. However, the PEG–polyester amphiphilic 
copolymers, such as PLGA–PEG–PLGA, are nonionic systems, in which the drugs and 
proteins are loaded by hydrophobic association and/or simple physical encapsulation. The 
release of hydrophilic drugs or proteins from these systems is expected to be a diffusion 
process, and so difficult to obtain desirable profiles. Additionally, the reconstitution problem of 
the PEG–PLGA systems is a disadvantage. The PEG–PLGA copolymers need to be stored in 
solution, and the reversible gels-to-sol transition with decreasing temperature is rather slow. 
To overcome the above drawbacks, the pH-sensitive moieties are introduced into the PEG-
polyester amphiphilic systems.

PEG-Based Amphiphilic Copolymers Modified  
by Anionic Weak Polyelectrolytes

The pH-sensitive polymers are classified as acidic weak polyelectrolytes and basic weak 
polyelectrolytes. Corresponding to the pH variation range in vivo, weak polyelectrolytes with 
the pKa between 3 and 10 are suitable candidates for biomedical applications [100]. Represen-
tative acidic pH-sensitive polymers are based on the polymers containing pendant carboxylic 
groups, such as poly(acrylic acid) (PAA) [101] and poly(l-glutamic acid) (PLG) [102], and 
polymers containing sulfonamide groups [103]. Both PAA and PLG show continuous transi-
tions rather than sharp transition in response to the pH change. The PAA and PLG systems 
were modified by hydrophobic groups, such as propyl [104] and benzyl groups [105], to obtain 
sharper transition behavior and smaller pH-responsive ranges. Compared with the PAA and 
PLG systems, the sulfamethazine oligomers exhibit very sharp pH-dependent transitions 
within a narrow pH range around pH 7.4 [103]; therefore, sulfamethazine oligomers were 
introduced into the PEG-polyester amphiphilic systems.

pH-sensitive sulfamethazine oligomers (OSM) were introduced to both ends of  
poly(e-CL-co-LA)–PEG–poly(e-CL-co-LA) (PCLA–PEG–PCLA) to create a pH- and 
temperature-sensitive pentablock copolymers (OSM–PCLA–PEG–PCLA–OSM, Scheme 8) 
[106, 107]. The thermo-induced sol–gel–sol transition of the parent PCLA–PEG–PCLA is not 
affected by the pH changes between 7.2 and 8.0 (Fig. 4a). In contrast, the concentrated (15 wt%) 
OSM–PCLA–PEG–PCLA–OSM aqueous solution exhibited a thermoreversible sol–gel–sol 
transition only at a pH below 8.0, and the gels window became broader from pH 7.8 to 7.2 (Fig. 4b). 
The gels window can also be tuned wider by increasing the PCLA/PEG ratio. The sol–gel 
transition of the pentablock copolymer solutions can be tailored by varying the PEG block 
length, PCLA/PEG ratio, the OSM molecular weight, and the polymer concentration. An 
interconnected-micelle association mechanism was proposed for the gelation of the pentablock 
copolymer solution, as schematically illustrated in Fig. 5. At lower temperature (15°C) or/and 
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higher pH (pH 8.0), the block copolymer solution exists as a sol state, due to less hydrophobicity 
of the PCLA–OSM block. In contrast, at 37°C and pH 7.4, a macrolattice composed of 
interconnected micelles was formed by the strong hydrophobic associations between the 
PCLA–OSM blocks. The 15 wt% OSM–PCLA–PEG–PCLA–OSM aqueous solution at 
pH 8.0 can be easily injected into the buffer solution at 37°C even with a long guide catheter. 
The state of the polymer solution after injection is highly sensitive to a small change in pH. A 
stable and compact gels is formed immediately in the pH 7.4 buffer solution, whereas the 
polymer dispersed quickly in the pH 8.0 buffer solution. In addition, the pentablock copolymer 
hydrogels exhibited a rapid gels-to-sol transition after temperature is lowered. The pentablock 
copolymer hydrogels maintains its integrity in the pH 7.4 PBS buffer solution at 37°C for over 
2 weeks and has a slower degradation rate in comparison with the hydrogels made of the parent 
PCLA–PEG–PCLA triblock copolymer. Notably, in contrast to the marked pH decrease from 
7.4 to 2.2 in the PCLA–PEG–PCLA triblock copolymer hydrogels, the pH maintained at round 
5.5 in the pentablock copolymer hydrogels after incubation at 37°C for 1 month [108]. This 
was believed to be attributed to the proton sponge effect of the OSM block.

Fig. 4. Phase diagram of block copolymers in buffer solution. Mn of PEG = 1,750; concentration, 15 wt%; PEG/
PCLA weight ratio, 1/1.89 (■), 1/2.08 (∆). (a) PCLA–PEG–PCLA solution (b) OSM–PCLA–PEG–PCLA–OSM 
solution. (A) pH 7.4, 37oC; (B) pH 8.0, 37oC; (C) pH 7.4, 15oC; (D) pH 8.0, 15oC. Reproduced with permission from 
[106]. Copyright 2005 American Chemical Society.
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Fig. 5. Schematic diagram of the sol–gel mechanism of the pH and temperature sensitive block copolymer solution. 
(a) pH 7.4, 37oC; (b) pH 8.0, 37oC; (c) pH 7.4, 15oC; (d) pH 8.0, 15oC. Reproduced with permission from [106]. 
Copyright 2005 American Chemical Society.

A gels immediately forms in vivo after the OSM–PCLA–PEG–PCLA–OSM aqueous 
solution (20 wt% in PBS at pH 8.0) is subcutaneously injected into rats (Fig. 6) [108]. OSM–
PCLA–PEG–PCLA–OSM has good in vitro biocompatibility. Although the pentablock 
copolymer hydrogels brought a typical acute inflammation within 2 weeks in vivo, chronic 
inflammation was not observed during the first 6 weeks. The in vitro release of paclitaxel (PTX) 
from the OSM–PCLA–PEG–PCLA–OSM hydrogels indicated a zero-order release profile 
over 20 days, which was independent of the initial loading amount [109]. The subcutaneously 
injected pentablock copolymer hydrogels containing PTX showed significant antitumor effi-
cacy. OSM–PCLA–PEG–PCLA–OSM copolymers, as well-defined pentablock copolymers, 
were prepared by the polymerization of sulfamethazine methacrylate monomer using Br–
PCLA–PEG–PCLA–Br as the ATRP macroinitiator. A series of OSM–poly(e-CL-co-GA)–
PEG–poly(e-CL-co-GA)–OSM pentablock copolymers (OSM–PCGA–PEG–PCGA–OSM) 
was subsequently reported [110, 111]. The OSM–PCGA–PEG–PCGA–OSM aqueous solu-
tions also exhibited a thermoreversible sol–gel–sol transition with the gels window depending 
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on pH. The sol–gel transition phase diagram can be controlled by changing the block length 
and PEG/PCGA ratio. The in vitro release of PTX from the OSM–PCGA–PEG–PCGA–OSM 
hydrogels also followed near zero-order kinetics without an initial burst. Compared with the 
OSM–PCLA–PEG–PCLA–OSM hydrogels, the OSM–PCGA–PEG–PCGA–OSM hydrogels 
have a faster release rate, due to the faster degradation of the PCGA block.

PEG-Based Amphiphilic Copolymers Modified  
by Cationic Weak Polyelectrolytes

In addition to the anionic weak polyelectrolytes, the cationic weak polyelectrolytes 
are of interest due to their pH-sensitivity and the ability to form electrostatic interaction 
with ionic DNA and proteins. Some therapeutic proteins, such as insulin and human 
growth hormone (hGH), are ampholytes and have net negative charges in aqueous solutions 
at physiological pH (7.4) because of their relatively low isoelectric points (~5.3) [112]. 
The cationic segments within the hydrogels network are expected to form electrostatic 
interactions with the negatively charged proteins at pH 7.4, and may lead to more sustained 
and controllable release profiles.

Typical examples of basic polyelectrolytes include poly(tertiary amine methacrylate), 
such as poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) and poly(2-(diethylamino)
ethyl methacrylate) (PDEAEMA) [113], poly(2-vinylpyridine) (P2VP) [114] and poly(b-
amino ester) (PAE) [115]. Some poly(tertiary amine methacrylate)s and P2VP exhibit sharp 
hydrophilic–hydrophobic transitions at around physiological pH; however, they are nonbiode-
gradable and, therefore, have limited applications as in-situ forming hydrogels. In contrast, a 
series of biodegradable cationic polyelectrolytes, poly(b-amino ester) (PAE), was developed 
recently for gene delivery [115]. PAE exhibits a sharp hydrophilic–hydrophobic transition in 
aqueous solution at pH around 6.5 [115]. It was established that PAE was noncytotoxic and 
could be degraded into nontoxic small molecular byproducts. In addition, the partially posi-
tively charged PAE forms electrostatic complexes with negatively charged pDNA at physi-
ological pH (pH 7.2) [116]. A series of PEG–PCL–PAE triblock copolymers was synthesized 

Fig. 6. Spontaneous forming hydrogels of a OSM–PCLA–PEG–PCLA–OSM block copolymer solution (20 wt% 
in PBS at pH 8.0). About 200 ml of the block copolymer solution was subcutaneously injected into SD rats with 
a syringe needle (a), and the resulting hydrogels was isolated by tweezers after only 10 min (b). Reproduced with 
permission from [108].
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by Michael addition of piperazine, MPEG–PCL acrylate, and 1,6-hexanediol diacrylate [117]. 
When the pH was below 6.0, the 30 wt% triblock copolymer aqueous solution existed as a sol 
state within the temperature range of 0–60°C, whereas it showed a gels-to-sol transition upon 
heating at a pH above 6.0. The gels–sol phase-diagram could be tailored by varying the block 
length and composition. A PAE–PCL–PEG–PCL–PAE pentablock copolymer was subse-
quently prepared by the Michael addition of 4,4¢-trimethylene dipiperidine, PCL–PEG–PCL 
diacrylate, and 1,4-butandiol diacrylate (Scheme 9) [118]. These pentablock copolymers have 
sol-to-gels-to-sol (sedimentation) transitions with increasing temperature (Fig. 7). In contrast 
to the OSM-based system, the gels window of PAE–PCL–PEG–PCL–PAE is observed in 
the pH region above the pKa of PAE. The cytotoxicity was ~100% cell viability even when 
the polymer concentration was increased to 100 mg/mL, indicating a good cellular compat-
ibility. The degradation of the copolymer is a two-step process; a fast degradation of the PAE 
segments within about 10 days and a slower degradation of the PCL segments. The in vitro 
release of insulin exhibited sustained release profiles at constant rates. On loading insulin, 
the sol–gel phase diagram slightly shifts to lower temperature range. After a subcutaneous 
injection of the polymer solution containing insulin into SD rats, the elevated plasma insulin 
level maintained at constant level over 15 days without an initial burst for the PAE–PCL–
PEG–PCL–PAE/insulin group. A marked initial bursts and shorter durations of the elevated 
insulin levels were observed for the PCL–PEG–PCL/insulin group and insulin solution group 
(Fig. 8). The sustained release behavior of the pentablock copolymer hydrogels is thought 

Fig. 7. Sol–gel phase diagram of triblock and pentablock copolymer solutions at 20 wt%. Reproduced with permis-
sion from [118].
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Scheme 9. Chemical structure of PAE–PCL–PEG–PCL–PAE.



140 Doo Sung Lee and Chaoliang He 

to be related to the electrostatic interactions between the partially positively charged PAE 
blocks and the negatively charged insulin at physiological pH. The release of insulin is mainly 
based on the breakage of the electrostatic complex caused by the degradation of the PAE 
segments, indicating that a degradation-controlled process is the major mechanism for the 
insulin release.

A series of the novel pH- and temperature-sensitive multiblock poly(ester amino ure-
thane) (PCL–PEG–PCL–PAU)n, was synthesized by reacting together hexamethylene diiso-
cyanate (HDI), hydroxyl-terminated PCL–PEG–PCL, and bis-1,4-(hydroxyethyl)piperazine 
(HEP) with the OH/NCO molar ratio of 1:1 (Scheme 10) [119]. The tertiary amino groups of 
the poly(amino urethane) segments act as pH-responsive moieties, while the PCL–PEG–PCL 
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Scheme 10. Chemical structure of [PCL–PEG–PCL–PAU]n.

Fig. 8. Insulin release experiment in vivo. In insulin-only group, 200 mL insulin solution 0.25 mg mL−1 (in PBS 
buffer (pH 7.4) is administered by subcutaneous injection (0.05 mg insulin for each rat)). In insulin-PCL-PEG-PVL 
gels group, 200 mL of solution (5 mg mL−1 insulin in PCL-PEG-PCL solutions 25 wt%) at pH 7.0 and 10°C is sub-
cutaneously injected (1 mg insulin for each rat). In complex gels group, 200 mL of the complexation insulin solution 
(5 mg mL−1 in PAE-PCL-PEG-PCL-PAE solutions 25 wt%) at pH 7.0 and 10°C is subcutaneously injected (1 mg 
insulin for each rat). (Male SD rats, error bars represent the standard deviation (n = 5).) Reproduced with permission 
from [118].
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blocks act as biodegradable and temperature-sensitive segments. At a relatively high pH 
(7.0 or above), the multiblock copolymer aqueous solution shows a sol-to-gels-to-aggregation 
transition with increasing temperature. In contrast, at a lower pH (<7.0), the polymer solution 
exists as a sol state within the experimental temperature range. The gelation was attributed 
to the formation of strong micellar interactions and aggregation. After a subcutaneous injec-
tion of a 20 wt% multiblock copolymer solution into mice, polymeric hydrogels are quickly 
formed in situ. The in vitro release of an anticancer drug, paclitaxel, persists over a month 
under physiological conditions.

Summary

Poly(ethylene glycol)s with relatively low molecular weight (<5,000) are widely used 
in biomedical applications because they are hydrophilic, nontoxic, absent of antigenicity 
and immunogenicity, and can be directly excreted by the kidneys. PEG-based amphiphilic 
copolymers are of interest for their unique self-assembly and biocompatibility. Additionally, 
the PEG-based amphiphilic copolymers exhibit unique changes in micellar architecture and 
aggregation number in response to changes near physiological temperature as this unique 
amphiphilic system may retain water molecules in the network during the sol–gel phase 
transition. Therefore, in-situ gelling systems made of the PEG-based amphiphilic copoly-
mers are extensively used. Aqueous solutions of these block copolymers exhibit a sol–gel 
transition without syneresis in response to the changes in temperature or/and pH. These 
systems have many advantages, such as: simple drug formulation and administration proce-
dure, no organic solvent, site-specificity, a sustained release behavior, less systemic toxicity, 
and ability to deliver both hydrophilic and hydrophobic drugs. The gelation of the block 
copolymer systems is due to the formation of the transient (or reversible) polymer network 
with absorbing a large amount of water caused by the stimuli-induced physical interactions, 
such as micellar aggregation and packing, hydrophobic association, phase-separation, and 
crystallization.

The main challenges for the application of in-situ forming hydrogels include a 
short gelation time, appropriate gelation temperature and/or pH, appropriate mechanical 
strength, biocompatibility, proper persistent time, convenient practical procedure, no sig-
nificant syneresis, and desirable drug release behavior. These properties depend on copoly-
mer composition, hydrophilic/hydrophobic balance, hydrophilic/hydrophobic block length, 
molecular weight, and polymer architecture. In addition, drug release from the block copo-
lymer hydrogels is based on drug diffusion and gels erosion mechanisms; therefore, the 
biodegradability or bio-eliminability of these block copolymers is important for in vivo 
applications.

Amphiphilic copolymer hydrogels with multifunctionality and multisensitivity are 
attractive because of their unique advantages. In contrast to the thermosensitive systems, 
the pH- and temperature-sensitive amphiphilic copolymer hydrogels have some practical 
advantages, such as no premature gelation, electrostatic interaction with some biomole-
cules, and easy to store. The double-responsive system is easily injected into sites deep in 
the body. Some in-situ gelling systems, which contain cationic groups, may form electro-
static interactions with ionic proteins and DNA under physiological conditions, leading to 
sustained and constant release profiles as well as environments that benefit maintaining 
protein and DNA stability.
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Abstract Biodegradable hydrogels for controlled drug release are based on functionalized 
polymer systems and are of great importance in polymer therapeutics. The most relevant 
aspects of biodegradable polymeric hydrogels for the release of specific drugs and bio-active 
compounds are the nature of biodegradable polymer, the gelation process by physical or chem-
ical crosslinking, and the properties of the bioactive compound. The design of bio-degradable 
hydrogels for drug delivery is an important aspect in the administration of therapeutics, such as 
the formulation and application of injectable hydrogels, are discussed on the basis of compo-
nents and bioactive counterparts.

Introduction

Natural and synthetic polymeric materials offer many possibilities for the design and 
application of controlled drug delivery systems (DDS). The polymers provide bioresorb-
able supports for a number of bioactive compounds from small molecules with specific 
pharmacological activity to biomacromolecules, such as enzymes, hormones and growth 
factors. These prospects are based on the dynamic molecular characteristics of high molec-
ular weight polymer chains and the supramolecular nature of the association of macromole 
cular chains with specific bioactive agents. The dynamics and movement of chain segments 
and monomeric sequences are two important characteristics to build bioactive systems into 
a biomimetic platform that provides alternatives to the classical application of bioactive 
 compounds and specific drugs.

Basically, two approaches for polymeric chains to participate in dynamic and revers-
ible processes of making bonds between macromolecules and of the monomeric functional 
components with the bioactive compounds. These interactions are established through physi-
cally dynamic noncovalent bonds by ionic and polar functional groups, that give rise to 
well known supramolecular structures, or by chemically dynamic situations through revers-
ible covalent bonds that are important in the design and application of “targeting” systems 
and the development of “polymer drugs” which have open a very active discipline known 
as “polymer therapeutics” [1]. One of the most important characteristics of the systems 
based on physical supramolecular structures, or dynamic and reversible chemical blocks, is 
that all the systems have to offer the possibility to avoid the accumulation of the macromole 
cular support in the body, by the application of polymers that, after a controlled time inter-
val, would bio-degrade or solubilize in physiological conditions to facilitate the clearance of 
nonbioactive residues in the body. To achieve this challenge, the application of biodegrad-
able polymeric systems, it is necessary that biogradtion gives nontoxic low molecular weight 
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products, or soluble polymer chains of the adequate molecular size, to be cleared by the nor-
mal  metabolic route from the body. In this sense, the application of biodegradable or resorb-
able polymeric hydrogels becomes one of the most important concepts to be considered for 
the design and application of controlled release systems and polymer drugs.

From a physical point of view, the association of polymer–polymer, polymer–drug, or 
polymer–bioactive components can be established by means of: electrostatic interactions, 
hydrogen bonding, donor–acceptor, van der Waals forces, or even metal–ion coordination. 
There are clear examples of supramolecular systems in the living tissues constituted by this 
mechanism and even it is the basis for metabolic functions, cell growth and proliferation, or 
the pharmacological action of a great number of drugs. The chemical approach gives excel-
lent opportunities for the design and development of bioactive polymer systems and polymer 
drugs, with a lot of possibilities for the modulation and control of the targeting of these very 
interesting bioactive systems. Reversible chemical reactions of functional groups present in 
monomeric components, building blocks in polymer chains, linear polymerization with con-
trol of the molecular weight and molecular weight distribution, and crosslinking, are some 
of the possibilities of this very wide and attractive approach for the development of bioac-
tive macromolecules of very high interest in “polymer therapeutics.” The reversible chemical 
reactions are very frequent in nature and a single example is the reversible crosslinking of 
proteins based on disulfure links from aminoacid components of the macromolecular chains.

Bioactive degradable hydrogels based on natural macromolecules (polysaccharides, 
polypeptides, proteins), or designed with synthetic or biohybrid polymer systems, offer a 
wide range of possibilities and actuations in a biomimetic way, with the advantage of the pre-
cise selection of components not only from a chemical and structural point of view, but also 
from morphological considerations, the modulation of the resorption kinetics and mecha-
nism, with the corresponding control of the targeting to the active local point and the release 
of the pharmacologically or bioactive main component.

Nature has developed evolutionary processes with elegant strategies for the specific 
application of bioactive agents, most of them are based on very well known macromolecules 
and supramolecular assemblies. Clear examples of that are; proteins like insulin, polysaccha-
rides as hyaluronic acid or glucosaminoglicans such as chondroitin sulfate. Therefore, nature 
can be considered as the best model for the development of new and advanced targeting and 
DDS to be applied in the frame of new strategies in nanomedicine and therapeutic actions 
with high efficacy, local action, and reduced toxicity.

The current strategies for the development of systems for targeting and controlled 
release of specific drugs and bioactive molecules (growth factors, hormones, antioxidants, 
and cell activators for regenerative medicine) are based on the design and development of 
biodegradable hydrogels.

The Nature of Biodegradable Hydrogels

Hydrogels are three-dimensional, crosslinked physical or chemical networks of water-
soluble polymers, that encompass a wide range of chemical compositions and bulk physical 
properties. Hydrogels can be classified according to the interactions between components 
into physical or chemical gels. Polymers with very different chemical structures as multiva-
lent polymers, branched polymers, graft polymers, dendrimers, dendronized polymers, block 
copolymers, and stars [1] have been used for the preparation of biodegradable hydrogels for 
DDS (Fig. 1).
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Hydrogels can be prepared with natural or synthetic polymers. In general, natural mac-
romolecules present inherent biocompatibility, biodegradability, and biological moieties that 
support cellular activities. However, they usually do not provide sufficient mechanical prop-
erties and may contain pathogens or evoke immune/inflammatory responses. On the other 
hand, synthetic hydrogels present well-defined structures that can be manipulated to obtain 
biodegradability and a specific functionality.

Physical Hydrogels

Hydrogels are “physical” gels when the networks are held together by the growth of 
physically connected aggregates (Fig. 2). Depending on the nature of each gelling system, 
the junctions may be molecular entanglements, ordered crystalline regions, phase-separated 

Fig. 1. Polymer structures used in the synthesis of hydrogels for drug delivery.

Fig. 2. Interactions of specific functional groups in the formation of physical gels.
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microdomains, and/or secondary forces including ionic, H-bonding, or hydrophobic forces. 
Physical hydrogels are not homogeneous, since clusters of molecular entanglements, or 
hydrophobically or ionically associated domains, can create inhomogeneities. The common 
disadvantage of physical crosslinking is that the gels formed are unstable and may disintegrate 
rapidly and unpredictably.

Hydrophobic Interactions Hydrogels

Polymers with hydrophobic domains can crosslink in aqueous environments via reverse 
thermal gelation (sol–gel transition). The gelation occurs when a gelator (the hydrophobic 
segment) is coupled to the hydrophilic polymer segment of an amphiphilic polymer. These 
polymers are water soluble at low temperatures. As the temperature is increased the hydro-
phobic domains aggregate to minimize the hydrophobic surface area, reducing the amount of 
structured water surrounding the hydrophobic domains and maximizing the solvent entropy 
(Fig. 3). The temperature at which gelation occurs depends on the concentration of the poly-
mer, the length of the hydrophobic block, and the chemical structure of the polymer. There 
is great versatility in composition, structure, and molecular weight of the synthetic polymers. 
Poly(ethylene glycol) (PEG) is one of the simplest and most used in the preparation of physi-
cal hydrogels.

A series of interesting biodegradable and biocompatible ABA-type triblock copolymers 
(PEG–PLLA–PEG) as thermo-sensitive hydrogels was developed [2]. Their sol–gel transi-
tions were easily manipulated by changing the biodegradable block length; by increasing 
the PLLA block length, the aggregation tendency was increased to provide a lower critical 
gelation concentration (CGC) with steeper sol–gel transition curves. The system was designed 
for delivery of high Mw or low Mw hydrophobic protein drugs which have a low diffusion co- 
efficient. These PEG–PLLA–PEG systems and their degradation products are known to be 
biocompatible and pharmacologically inactive, so there is no need for removal of an implanted 
delivery system.

Other ABA copolymers have been synthesized using shorter PEG (Mw < 750) and 
PLGA blocks [3]. This system showed gelation transitions near physiological temperature. 
These are tunable by tailoring the block length and compositions. The “in vitro” drug release 

Fig. 3. Sol–gel transition of A-B-A block copolymers.
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behavior of PEG–PLGA–PEG hydrogels was evaluated by using ketoprofen and spirolactone 
as ionizable and nonionizable model drugs, respectively [4]. The release of ketoprofen was 
first-order release over 2 weeks, indicating a diffusion controlled mechanism. In contrast, the 
release of spironolactone exhibited an S-shaped release profile over 2 months, suggesting a 
diffusion-controlled process followed by a degradation-dominated process.

PLGA–PEG–PLGA BAB-type triblock copolymers were synthesis using hexamethylene 
diisocyanate. Compared with PEG–PLGA–PEG, these copolymers have a lower sol–gel 
transition temperature that is influenced by the block length and composition [5]. ReGel® is a 
commercial biodegradable PLGA–PEG–PLGA (1,500–1,000–1,500) hydrogels. ReGel® drug 
release and degradation is a diffusion-controlled during the initial 2 weeks followed by a com-
bined diffusion/degradation controlled process within a 4-week degradation time [6]. PLGA 
undergoes rapid degradation in the block copolymer releasing acidic products leading to an 
environment in the hydrogels, which is deleterious to bioactive proteins and to cells. Poly(η-
caprolactone) was considered an alternative to hydrophobic blocks that release fewer acidic 
products during the degradation, but suffers from extremely slow degradation rates. New 
thermosensitive biodegradable triblock copolymers, based on PEG–[poly(b-caprolactone-
co-glycolide)]–PEG, (PEG–[PCL-co-GA]–PEG), were prepared and characterized. The gly-
colide was incorporated into the hydrophobic block to avoid PCL crystallization and enhance 
biodegradation [7].

Pluronic® (BASF) and Poloxamer® (ICI) are block copolymers based on PEO–PPO 
sequences and are widely used in pharmaceutical systems. These systems have sol–gel 
transitions below or close to the physiological temperature as high as 50°C by tailoring 
the hydrophobic–hydrophilic balance which changes the three-dimensional packing of the 
micelles formed. Thermal transitions depend on polymer composition and solution concen-
tration; therefore, these polymers are attractive for controlled release injectable formulations 
[8]. However, their applications in DDS are limited by their lack of biodegradability. Sub- 
sequently, a family of degradable pentablock copolymers, composed of Pluronic F87 flanked 
by two short biodegradable polyester blocks (PLA or PCL) [9, 10] that provided controlled 
release without an initial burst release, were prepared by these authors.

A high strength degradable hydrogels, based on an enantiomeric mixture of starburst 
triblock copolymers consisting of an 8-arm PEG and poly(l-lactide) (PLLA) or poly(d-lac-
tide) (PDLA), was synthesized [11]. This hydrogels was stable after cooling below the transi-
tion temperature due to the formation of stable stereo complexes. The combination of rapid 
temperature-triggered irreversible hydrogels formation, high-mechanical strength, and degrada-
tion behavior renders this polymer suitable for injectable biomedical applications.

Synthetic block copolypeptides incorporating hydrophobic and hydrophilic segments, 
which are thermosensitive and present similar behavior to Pluronics®, were developed [12, 
13]. However, the sol–gel transition took place at lower concentrations since part of the mol-
ecule adopts an a-helix conformation that facilitates gelation. Bellomo et al. [14] prepared 
synthetic vesicles based on amphiphilic copolypeptides with a high degree of architectural 
control. The hydrophilic block, made of L-lycine was grafted with water soluble ethe-
line gylcol to make the hydrophobic lycine block consistant with L-leucine. Each block 
presented a different secondary structure: poly(l-lysine), ionized polyelectrolyte, presented 
a stretched linear configuration and poly(l-leucine) an a-helix secondary structure, which 
produced a dramatic effect in the overall structure.

Reversible physical networks based on PAA and poly(2-vinylpyridine) triblock 
copolymers (PAA–P2VP–PAA) that have an isoelectric point at ~5.5 and form a gels at 
pH ~3.4 were prepared by Sfica and Tsitsilians [15]. When the pH was increased near the 
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isoelectric point the polyampholyte. Precipitated, and as the pH was further increased, the 
polymer redissolved due to the formation of micelles with P2VP as core and charged PAA 
chains as the shell.

Supramolecular structures based on amphiphilic block copolymers and cyclodextrins 
(CD) also formed interesting controlled DDS [16]. Supramolecular hydrogels based on the 
self-assembly of the inclusion complexes between CDs with biodegradable block copolymers 
were injectable DDS for macromolecular drugs. The CD-containing cationic polymers were 
described as “gene carriers” with reduced toxicity compared non-CD-containing polymer 
counterparts [16].

Dendritic structures provided an ideal platform for drug delivery. The advantages of 
these structures were the highly branched nanoscale architecture and the many surface reac-
tive groups; these provided drug targeting and high drug payloads. The cytotoxicity and cell 
permeability of dendrimers was found to increase with increasing generation and concentra-
tion [17]. Many of their adverse effects were reduced by conjugation of poly(ethylene glycol) 
(PEG) to their surface. Conjugated PEG dendrimers reduced cytotoxicity and immunogenic-
ity and also provided dendrimers with excellent solubility, favorable pharmacokinetic, and 
tissue biodistribution [18]. For example, the carbonyl group of ibuprofen formed electrostatic 
complexes with the PAMAM dendrimer amine groups. The complexed drug entered A549 
cells more rapidly than pure drug, indicating that dendrimers may effectively carry com-
plexed drugs inside cells [19].

Ionic Interaction Hydrogels

A physical “ionotropic” hydrogels is formed when a polyelectrolyte is combined with a 
multivalent ion of opposite charge. When polyelectrolytes of opposite charges are mixed, they 
may form a gels or precipitate depending on: the concentrations, the ionic strength, and pH 
of the solution. The products of ion-crosslinked systems are known as complex coacervates, 
polyion complexes, or polyelectrolyte complexes. Complex coacervates and polyion complex 
hydrogels are attractive as tissue engineering matrices as these physical gels can form biospe-
cific recognitions. All these interactions are reversible and can be easily disrupted by simple 
changes in physical conditions, such as pH or ionic strength.

A 5-aminosalycilic acid colon-specific delivery system is based on chitosan-Ca2+-alginate 
by spray drying and followed by ionotropic gelation/polyelectrolyte complexation [20]. The 
highly cooperative ionic bonds between the positively charged chitosan and negatively charged 
alginate, the main driven force binding of the intermolecular and intramolecular hydrogen bonds 
and hydrophobic forces between the drug and the polymers, increased the mechanical strength 
of the gels network and decreased its porosity/permeability. “In vivo,” these microspheres have 
been localized in the colon of Wistar male rats that were previously induced with colitis.

Biodegradable nanoparticles that solidify “in situ” upon injection into isotonic 
phosphate buffered saline (PBS) with no additional initiators were developed [21]. These 
nanoparticles are prepared from different amine-modified polyesters: diethylaminopropyl-
amine-poly(vinylalcohol)-g-poly(lactide-co-glycolide) (DEAPA (68)-PVA-g-PLGA(1:20)), 
diethylaminoethyl-amine-PVA-g-PLGA (DEAEA(33)-PVA-g-PLGA(1:20)), and dimeth-
ylaminopropyl-amine-PVAL-g-PLGA (DMAPA(33)-PVA-g-PLGA(1:20)). The “in situ” 
depots are formed by ion-mediated aggregation. The “in vitro” insulin release from these 
systems gave good results [21].
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Microspheres can also be formed croslinking hydrogels by ionic interactions. An exam-
ple is the preparation of microspheres by polymerization of acrylic acid in the presence of 
chitosan [22]. This kind of systems have been used as meclofenamic acid delivery systems. 
The release of this drug was controlled by the solubility of the drug and not by the swelling of 
the polymeric matrix at different pH. A constant release was observed during 2–4 weeks. The 
particles were biocompatible and bioresorbable by living tissues based on “in vivo” tests [23].

Hydrogen Bonded Hydrogels

Hydrogen bonded hydrogels as injectable hydrogels are formulated by mixing two or 
more natural polymers that exhibit rheological synergism. These blends are more gels-like 
than those of the individual polymers due to the extensive hydrogen bonding interactions. 
However, the hydrogen bonds are relatively weak and easily disrupted by shear forces within 
the needle. Hydrogen bonded natural polymers, such as gelatine-agar [24] and hyaluronic 
acid-methylcellulose [25], exhibit excellent biocompatibility; however, they are often diluted 
and dispersed in few hours due to an influx of water from surrounding tissues; consequently, 
their use is restricted to relatively short-acting drug release requirements.

New bioactive dressings based on chitosan-lactate (ChL) and PVA loaded with nitrofura-
zone for wound healing have been developed with good results both “in vitro” and “in vivo” 
[23]. Hydrogels were formed by the phase inversion technique after blending solutions of both 
polymers. ChL blended with PVA improved hemocompatibility and mechanical properties of 
the synthetic PVA, maintaining the bioresorbable character of this kind of hydrogels [23].

Chemically Bonded Hydrogels

The most common hydrogels are those obtained by chemical crosslinking of hydrophilic 
molecules to form a network. Covalent-linkages allow the material to swell without loss of struc-
tural integrity. Chemical hydrogels usually contain regions of high crosslink density with low 
water swelling, called “clusters,” dispersed within regions of low crosslink density with high 
swelling. This pattern could be due to hydrophobic aggregation of crosslinking agents, lead-
ing to high crosslink density clusters [26]. In some cases, temperature and solids concentration 
phase separation can occur during gelation to form water-filled “voids” and/or “macropores.”

Small-molecule crosslinkers can be used to produce “in situ” crosslinked hydrogels. For 
example, human serum albumin was crosslinked with the activated ester of tartaric acid to 
create a tissue adhesive hydrogels for primaquine® delivery and encapsulation of hepatocytes 
[27]. Several types of linkages with polymers with reactive functional groups can be used, 
depending on the rate of crosslinking and biodegradability needed. For example, a mixture of 
thiol-modified heparin and thiol-modified hyaluronic acid gels with PEG diacrylate forms a 
hydrogels that prolongs the release of bFGF in vivo [28].

N-isopropylacrylamide (NIPAM)-based hydrogels are extensively used as chemical gels 
[29, 30]. Thermosensitive NIPAM-based hydrogels were prepared using the biodegradable 
pseudo-peptide crosslinker DMTLT (a tri-molecular adduct of tyrosine, lysine, tyrosine) [31]. 
The volume phase transition temperature and the morphology of the gels were modulated 
by the amount of DMTLT. In aqueous media, these hydrogels exhibited a well-defined pul-
sate behavior in swelling and the release of benzoic acid and dextran as models of ionizable 
 molecules and noionizable macromolecules, respectively.
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Summary

Biomimetic hydrophilic and amphipilic hydrogels, based on combinations of biode-
gradable and/or resorbable biocompatible polymeric systems, provide excellent opportunities 
for controlled release and targeting of specific drugs and bioactive compounds. The  problems 
with healing wounds of compromised patients are now well addressed, with good response, 
by the application of new polymeric hydrogels with bio-adhesive properties and controlled 
delivery mechanisms, thanks to the combination of effects associated to intermolecular inter-
actions of polymers and polymer–drugs or polymer–bioactive compounds interactions. Smart 
polymers that are sensitive to the physiological conditions in a specific application (dermal, 
eyes, connective tissue) are of interest with the new and advanced hydrogels formulations 
being developed for clinical applications.

Hydrogels in bioactive scaffolds for “in situ” tissue regeneration are being developed 
by companies around the world with opportunities to advance the regeneration of tissues and 
organs. Applications in regenerative processes for soft tissues and cartilage or meniscus are 
good examples of the potential and relevant position of this kind of polymeric system in the 
advanced concepts of regenerative medicine.
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Thermo-Responsive Biodegradable  
Hydrogels from Stereocomplexed 
Poly(lactide)s
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Abstract Hydrogels that form by responding to temperature changes are used for injectable 
biomaterials with many potential applications. Numerous techniques have been used to pre-
pare biodegradable polymers for bioapplications. Specifically, biocompatible hydrogels that 
can be safely injected without surgery and sustained/disintegrated in a controlled manner are 
of interest. Poly(lactide), PLA, is the most studied and utilized biodegradable polymer, and 
its block copolymers provide a great variety of structures and properties. Utilizing stereocom-
plexation technology of enantiomeric PLAs on thermo-sensitive hydrogels of PLA–PEG 
block copolymers is an important aspect of bioapplications of hydrogels.

Introduction

Stimuli-sensitive hydrogels have the ability to respond to changes in the environment. 
Temperature is one of typical stimuli and can produce physically crosslinked gels. The physi-
cal gels are established by various interactions, such as van der Waals, hydrogen bonding, 
hydrophobic interaction, and molecular entanglement. Poly(N-isopropylacrylamide) (PNI-
PAM), which is the most widely known thermo-responsive physical gels, has a low criti-
cal solution temperature (LCST) around 32°C and forms a gels above the LCST as a result 
of dehydration of the hydrophobic isopropyl groups and hydrogen bonding to the carbonyl 
groups [1–4].  Triblock copolymers of poly(ethylene oxide) and poly(propylene oxide) (PEO–
PPO–PEO), are nonionic surfactants known as Pluronic® and Poloxamer®, also exhibit sol–gel 
phase transition in water. The gelation mechanism [5–9] involves the formation and packing 
of micelles to induce sol-to-gels transition near LCST; the PEO corona blocks shrink to lead 
gel-to-sol transition at the higher temperature. In other cases, such as gelatin and agarose, 
helix formation is responsible for the gels formation in a cooled aqueous medium [10], while 
the hydration of poly(oxyethylene) grafted onto a substrate forms a gels [11].

Polymer gels, applied as biomedical materials, have achieved remarkable advances in 
 medical science and biotechnology [12]. These applications include cell culture, tissue engineer-
ing, drug delivery system (DDS), and medical sensing. The biocompatibility, biodegradability, 
and safety of the gels are extremely important as well as the physicochemical properties for these 
applications. Hydrogels biodegradability, in particular, is essential for in vivo use; accordingly, 
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they are prepared from degradable polymers with good biocompatibility. Polylactides (PLA) 
are among the commonly used biodegradable polymers that are of special interest not only as 
eco-plastic materials [13] but also as biomedical materials as well [14]. Since lactic acid, the 
monomer for PLA, can be derived from renewable natural resources such as cornstarch, it is 
regarded as one of the sustainable materials.

There is a great need for the polymer systems that can respond to temperature changes 
and biodegrade safely in the body. Biodegradable hydrogels based on block copolymer sys-
tems consisting of PLAs and poly(ethylene glycol) (PEG), as well as thermo-responsive gels, 
that utilize stereocomplexation of enantiomeric PLAs are very important.

Micelles and Hydrogels with Various Block, Graft, and Armed PLA 
Copolymers

One of the approaches to these hydrogels is to synthesize copolymers that consist of 
block components; for example, PLA hydrophobic “hard” A-blocks and PEG hydrophilic 
“soft” B-blocks. Typical chemical structures of ABA, BAB, and AB block copolymers are 
shown in Fig. 1. Since both PLA and PEG are biocompatible and bioresorbable, the PLA–
PEG block copolymers have many biomedical applications, such as temporary devices for 
clinical and pharmaceutical purposes.

The diblock copolymer, poly(dl-lactide)-block-poly(ethylene glycol) (PDLLA–PEG), 
was first used as a drug carrier in the early 1980s [15, 16]. The ABA triblock copolymer, 
PLA–PEG–PLA, was prepared in the late 1980s [17–24] and the properties were studied 
[25, 26], such as degradability [27–31] and drug release [32, 33]. In the ABA system, PEG 
acts as an intermolecular plasticizer for processing implant pastes, films, and scaffolds. 
This system has been used for biomedical application since early 1980s [23, 34–38]. Later, 
Vert et al. reported the utilization of hydrogels for protein release [39]. Microspheres pre-
pared from the ABA block copolymers by emulsion technique [40–42] are used to encap-
sulate hydrophilic macromolecular drugs. Nanoparticles with much smaller diameters 
(10–1,000 nm) are used for the drug targeting [43] and as practical biodegradable materials 
[32, 44–46].
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Fig. 1. Typical polymer structures and schematics of the micelles in aqueous medium.
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Injectable microparticles for DDS were prepared from a BAB type triblock copolymer, 
PEG–PLLA–PEG [47, 48]. The aqueous micellar solution containing BAB copolymers exhib-
ited a sol-to-gels phase transition with decreasing temperature from higher temperatures to the 
body temperature. The transition temperature is variable depending on the block lengths and 
polymer concentration. The mechanism of this hydrogels is a simple swelling and hydration of the 
PEG layers. Other BAB and ABA type thermo-sensitive hydrogels were made by incorporating 
poly(l-lactide-coglycolide) (PLGA) as the A-block and PEG as the B-block; copolymer has a 
complicated phase diagram with both sol-to-gels and gels-to-sol transitions with increasing 
temperature, similar to PEO–PPO–PEO. From static (SLS) and dynamic light scattering (DLS) 
studies it appears that an increase in the aggregation number of the micelles causes the gela-
tion [49, 50]. The in vitro drug release behavior of the PEG–PLGA–PEG hydrogels was 
evaluated by using both hydrophilic and hydrophobic model drugs [51, 52]. ABA or BAB 
block copolymer gels based on PLGA and PEG have also been studied [53–59]. AB diblock 
copolymers have been used for many years to prepare micelles to encapsulate drugs and DNA 
[41, 60–62]. These AB diblock copolymers form hydrogels by temperature change similar to 
PEG–PLLA–PEG or other simple BAB triblock copolymers [63].

The rheological properties of hydrogels are strongly influenced by polymer structures, 
i.e., the block length and type [64] and the crystallinity [65]. The latter was systematically 
studied by mixing ABA type and AB type copolymers and mixing crystalline PLLA–PEG 
and amorphous PDLLA–PEG copolymer systems. The effect of the synthesis method on 
rheological properties is important [66] as well as polymer structural effects [67].

There are several techniques for photo-crosslinking hydrogels of PLA–PEG block copoly-
mer systems. For example, methacrylate capped triblock copolymer MA–PLLA–PEG–PLLA–
MA and its’ degradation properties were studied [68, 69] and the degradability of this high 
modulus gels can be controlled by tailoring the composition. Tissue-adhesive hydrogels were 
prepared using crosslinkable polymeric micelles of aldehyde-terminated PEG-block-PLA with 
a Schiff base polymer [70]. When the polymeric micelle solution and a polyallylamine solution 
are mixed, hydrogels are formed either in vivo or in vitro almost instantaneously.

Stereocomplexation of Enantiomeric PLAs, and the Hydrogels  
Applications

PLAs consisting of enantiomeric l- and d-lactic acids are generally differentiated as 
PLLA and PDLA, respectively. PLLA is now produced by ring-opening polymerization of 
l-lactide that is made from l-lactic acid manufactured by large-scale fermentation. A polymer 
blend of PLLA and PDLA forms a stereocomplex with a melting temperature (Tm) of 230°C 
which is approximately 50°C higher than that of single crystal of PLLA or PDLA, due to 
the differences in crystal formation (Fig. 2) [71–76]. Therefore, the improved properties are 
expected with the stereocomplex of PLLA and PDLA. Based on these backgrounds many 
attempts have been made to obtain polymer gels from PLA derivatives.

The use of stereocomplexation of PLLA and PDLA was first applied to form hydrogels in 
2000 to form a system based on polymer of hydroexyethylmethacrylate P(HEMA) with grafts of 
lactide (LA) oligomers [78]. In 2001, a dextran-graft-oligo(LA) system was prepared [79–81]. 
Both systems involve P(HEMA) stereocomplexation of the lactide oligo mers in the hydrogels. 
The hydrogels made with grafted oligo(LLA) and oligo(DLA) degraded more slowly than the 
gels made from the single p(HEMA)-graft-oligo(LA). The gelation mechanism of the stereocom-
plex interaction of oligo-LAs act as crosslinkers between main polymers as illustrated in Fig. 3.
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Fujiwara and Kimura, on the other hand, first reported the temperature-dependent, 
injectable hydrogels by stereocomplex formation of the enantiomeric micelle mixture of 
PLA–PEG–PLA triblock copolymers in 2001 [82]. Wide Angle X-ray Scattering (WAXS) and 
rheological analyses was used to monitor the increase of stereocomplex crystals and gelation 
process. The mechanism of this system was new and unique (vide infra) along with studies 
on BAB and AB block copolymers [83]. Similar hydrogels formations from enantiomeric 
PLA–PEG di- and triblock copolymers were studied using Raman spectroscopy in addition to 
WAXS and rheology measurements to confirm the stereocomplex crystals [84].

Another in-situ hydrogels system by stereocomplexation was developed from PEG-
(PLLA)(8) and PEG-(PDLA)(8) star block copolymers [85]. Relatively short chain PLA 
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+

mixing

coupling
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Fig. 3. Typical mechanisms of hydrogels formation using enantiomeric LA oligomers.
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(9–17 lactate units per PLA block) was prepared by ring-opening polymerization of l- or 
d-lactide onto 8-arms PEG (Mw 22,000 and 44,000) as an initiator. Hydrogels were formed 
by mixing of solutions of l-star and d-star copolymers. With increasing PLA block length, 
water solubility and critical gels concentration (CGC) decreased. The protein delivery using 
these injectable hydrogels was evaluated in vitro and in vivo [86]. The relatively small  protein 
lysozyme followed first order kinetics, wherein a high cumulative release of approximately 
90% was obtained in 10 days. The larger protein IgG was released in vitro with nearly zero 
order kinetics for 16 days. The release of the therapeutic protein rhIL-2 followed almost  
zero order kinetics for 7 days, wherein up to 45% was released. To prepare robust hydrogels of 
 stereocomplexed PLA copolymers, co-crosslinking systems by photo reactive groups are used 
by adding methacrylate groups on to star-block PLA–PEG chain ends [87]. Stereo complexation 
from the enantiomeric PLA still occurred. After UV-polymerization, the hydrogels showed sig-
nificantly higher storage modulus and prolonged degradation times. Biodegradability of these 
stereocomplexed-photopolymerized hydrogels varied depends on the design and procedures.

A thermo-sensitive and biodegradable stereocomplexed hydrogels composed of 
 multiblock Pluronic copolymers were developed by linking oligo-LLA and oligo-DLA [88]. A 
scheme of the gelation mechanism is shown in Fig. 4. The stereocomplexed multiblock hydro-
gels showed enhanced gels stability and mechanical strength, linear mass erosion  profiles, and 
near zero-order hGH release patterns.

Fig. 4. Schematic illustration for molecular structure of hydrogels formed by PN-multi-oligo(LLA) and PN-multi-
oligo(DLA) developed by Park et al. With permission from [88]. Copyright Elsevier.
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Hydrogels Study on Enantiomeric PLA–PEG Linear Block Copolymers

Hereafter, the systematic studies on ABA, BAB, and AB type enantiomeric PLA–PEG 
block copolymers by the authors are described.

Motivation for the Study of Stereocomplexed Micellar Hydrogels

In late 1990s, the authors discovered interesting band morphology formed from the 
micellar nanoparticles of PLLA–PEG diblock and PLLA–PEG–PLLA triblock copolymers 
that were placed on a flat substrate surface [89–91]. The nanoparticles on the mica surface 
were self-organized into different structures by mild thermal treatment. It has been verified 
that the band morphology is directed by crystallization of the PLLA segments and that the 
PLLA chains take a doubly twisted structure in it with the ordinary 10/3 helical conformation 
preserved. Prior to this PLLA band formation, PEG blocks phase-separate and plays an 
important role. The two-dimensional network formed by the PLLA–PEG–PLLA bands on 
the surface well simulates the structure of the three-dimensional network systems observed 
in melt, concentrated solution, and hydrogels. These studies directed us to thermo-responsive 
hydrogels formation from PLA–PEG block copolymers.

The atomic force microscopic (AFM) images of the bicontinuous network structure 
(for high concentration sample) and nanofibers (for low concentration sample) formed from 
a mixture of PLLA–PEG (5,000–5,000) and PDLA–PEG (5,000–5,000) micellar solutions 
are shown in Fig. 5. Aqueous solutions (0.2 and 0.01 wt%) of both enantiomeric micelles 
were mixed at room temperature, cast on the mica surface, and then heated at 60°C for 1 h. 
For the high concentration samples of the enantiomeric mixture, gel-type network formation 
was clearly seen, which was totally different from the structure of a single polymer system 
of PLLA–PEG high concentration micelles [90]. As previously observed from single PLLA–
PEG of low concentration samples, the mixed system also formed similar crystal nanofibers 
(Fig. 5). An interesting phenomenon observed only in this enantiomeric mixture is that the 
nanofibers are aligned in pairs. Analysis by TEM diffraction indicated that the two bands in 
pair consist of the single PLLA and PDLA crystals. These facts suggest that the PEG blocks 
connected with PLLA and PDLA interact so strongly prior to the band formation and guide 
the separate crystallization of the PLLA and PDLA blocks with opposite helical sense. Under 
different conditions, the enantiomeric micelle mixture was found to reorganize in different 
ways by thermal treatment, which inspired us to the temperature responsive network forma-
tion by PLA stereocomplexation.

Fig. 5. AFM height images of thermal reorganization of micelles casted from the enantiomeric mixture of PLLA–
PEG (5,000–5,000) and PDLA–PEG (5,000–5,000) micellar solutions.
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Copolymer Synthesis and Gels Formation

A number of PLA–PEG block copolymers with various molecular weights (Mn) and 
block ratios have been synthesized. Summarized in Table 1 are copolymers of ABA, BAB, 
and AB types that induce thermo-sensitive gelation when l- and d-copolymers are mixed. 
Interestingly, the PLA/PEG ratio of all the different types is near 0.5. The ordinary ring-open-
ing polymerization of l- or d-lactide, initiated with PEG and MePEG, generated the ABA and 
AB block copolymers, respectively, in high yields [82, 83]. The BAB triblock copolymers 
were obtained by the coupling the AB diblock copolymers with hexamethylene diisocya-
nate (HMDI) (Fig. 1) [47]. These copolymers readily formed the core-shell type amphiphilic 
micelles in water as illustrated in Fig. 1. The average hydrodynamic diameters of the micelles 
measured by DLS were in the range of 20–30 nm for 1 wt% solutions of all these copolymers. 
To obtain sol-to-gels or gels-to-sol transition, micellar solutions were prepared at various 
concentrations, and both solutions of l- and d-copolymers were mixed together at low tem-
perature (typically at 4°C). Then the temperature was increased up to 75°C to observe the 
sol–gel behavior. All solutions were prepared in water.

The molecular weights of ABA, BAB, and AB copolymers listed in Table 1 showed 
the best performance as a thermo-sensitive hydrogels. A variety of length and composition of 
copolymers for each block type was prepared and it was found that the PLA/PEG composi-
tion ratio and the thickness of appearance of PEG shell layer (since the PEG of ABA micelle 
makes a loop) were similar for the three types of micelles rather than the molecular weights 
of PLA blocks [83].

Hydrogels from Micellar Solutions of ABA Triblock Copolymers

Spontaneous gels formation occurs when a micellar solution of the enantiomeric 
ABA triblock copolymers, PLLA–PEG–PLLA and PDLA–PEG–PDLA, are mixed. This 
system is characterized by an interesting temperature-dependent sol-to-gels transition that 
is induced around 37°C by the stereocomplexation of the PLLA and PDLA block segments 
[82]. As seen in Fig. 6, only enantiomeric mixture of micellar solutions formed hydrogels. 
The gels formation was successfully monitored by the rheological change of a micellar 
solution, and the stereocomplex formation was confirmed by wide-angle X-ray scattering 
(WAXS).

The sol–gel transition diagram of the mixed micellar solutions of PLLA–PEG–PLLA and 
PDLA–PEG–PDLA with respect to temperature and polymer concentration is shown in Fig. 7. 

Table 1. Typical block copolymers and the molecular weight

Type Copolymers PLA block (Mn) PEG block (Mn) Total (Mn) PLA/PEG (wt/wt)

ABA PLLA–PEG–PLLA 1,300 4,600 7,200 0.56
PDLA–PEG–PDLA 1,100 4,600 6,800 0.48

BAB PEG–PLLA–PEG 2,000 2,000 6,000 0.50
PEG–PDLA–PEG 2,000 2,000 6,000 0.50

AB PLLA–PEG 1,100 2,000 3,100 0.55
PDLA–PEG 900 2,000 2,900 0.45



164 Tomoko Fujiwara et al.

The single PLLA–PEG–PLLA micellar solution had only the solution state at all tempera-
tures and concentrations plotted in Fig. 7 and all later phase diagrams. With the 10 wt% 
enantiomeric mixture, the sol-to-gels transition was between room temperature (25°C) and 
the body temperature (37°C) as shown in Fig. 6d, e. While the single micellar solution of 
PLLA–PEG–PLLA (control) turned white fluid after heating to 75°C (c) by the crystallization 
of homocrystals, the mixture became a white gels at 75°C (f).

The responsibility for the stereocomplex formation of the enantiomeric polylactide blocks on 
the gelation was confirmed by synchrotron Wide Angle X-ray Scattering (WAXS) measurements. 

Fig. 6. The appearances of 10 wt% of ABA micellar solutions; PLLA–PEG–PLLA at room temperature (a), 37°C (b), 
75°C (c), and enantiomeric mixture of l- and d-triblock copolymers at room temperature (d), 37°C (e), 75°C (f). 
Reproduced from [82]. Copyright 2001 Wiley-VCH.
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The temperature-dependent WAXS profiles for the mixed solution are shown in Fig. 8. The 
measurement was started immediately after the 10 wt% micellar solutions of PLLA–PEG–
PLLA and PDLA–PEG–PDLA were mixed at room temperature, and the data was collected 
every half minute by in situ heating at a rate of 2°C/min. Small diffraction peaks are con-
firmed at 2q = 16.8° and 19.4° in the starting mixture, which means that the small amount of 
hexagonal crystals of PLLA and PDLA exists in the core of the micelles at room temperature. 
These diffractions are attributed to the (200) or (110) plane and the (203) or (113) plane of 
the hexagonal crystal lattice comprising the PLLA or PDLA 10/3-helices [92]. With increas-
ing temperature, the WAXS data exhibits two different reflections, at 2q = 12.1 and 21.7°, in 
addition to the small reflections of the hexagonal crystals. These new peaks can be reasonably 
ascribed to the crystals of the stereocomplex of PLLA and PDLA [82, 83]. Around 37°C, 
these reflections are still weak, indicating that both the PLLA and PDLA chains may be 
mixed into a complexation state prior to the crystallization. At 75°C, the significant crystal 
growth of the stereocomplex is clearly seen.

In the single PLLA–PEG–PLLA micellar solution (control experiment), the hexago-
nal crystal growth was also observed with increasing temperature despite its continuous sol 
nature. The total degree of crystallinity estimated from the WAXS was almost identical with 
that observed in the mixed solution at each temperature. Since the single and mixed solutions 
have same degree of crystallinity but have different major crystal forms which are hexagonal 
and stereocomplex, respectively, it is suggested that the gels formation in the mixed solution 
is closely related with the stereocomplexation of the enantiomeric PLA blocks.

In the micellar solutions of the enantiomeric ABA triblock copolymers, the hydrophobic 
PLLA or PDLA segments aggregate to form a core region, around which, the hydrophilic PEG 
segments settle to form a shell when the micelles are prepared separately. Consequently, the PLLA 
and PDLA segments can be isolated from each other when the micellar solutions of the enantio-
meric block copolymers are mixed. Illustrated in Fig. 9 is a schematic of an ABA system gelation. 
When heated, the aggregation of the PLLA and PDLA segments in the core/shell interface is 
weakened to allow the segments to mix outside of the core. The shorter block length of PLLA and 

stereo

2q

homo stereo

12.0 16.719.3 21.6

80

40

26

60

In
te

ns
ity

amorphous
PEG

PLA
crystals

Te
m

pe
ra

tu
re

 (�
C

)

26 46 66
Temperature (°C)

D
eg

re
e 

of
 c

ry
st

al
lin

it
y

homo

stereo

Fig. 8. The temperature-dependent WAXS measurement of the 10% enantiomeric mixture at a heating rate 2°C/
min. Two-dimensional WAXS data were collected every 30 s with a synchrotron X-ray at the BL-15A beamline  
(PF, Tsukuba, Japan).



166 Tomoko Fujiwara et al.

PDLA is favorable for this chain scrambling and mixing. Consequently, the stereocomplexation 
starts as indicated by the WAXS data (Fig. 8), and the micelles are wholly crosslinked with each 
other at 37°C to form a gels. With increasing temperature, the crosslinking state is changed by 
reorganization of the hydrophobic cores and increased crystallization of the stereocomplex.

This process was also supported by fluctuations in the storage modulus (G¢) curve in the 
rheology measurement [83]. Plotted in Fig. 10 are the temperature-dependent rheological 
changes with the gelation of the mixed dispersion of ABA-type block copolymers. A dramatic 
increase in storage modulus (G¢) was observed from 20 to 37°C. The crossing of the G¢ and 
loss modulus (G²) curves is detectable around 23°C. This change corresponds to the cross-
linking reaction that leads to gels formation. Above 37°C, G¢ fluctuates around 103 Pa, which 

Fig. 10. Rheological changes of the mixed dispersion of ABA copolymers in regard to temperature increase; slit-
shear mode with frequency 128 Hz.
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Fig. 9. Proposed gelation mechanism of enantiomeric mixture of ABA triblock copolymers.
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is an ordinary G¢ level for physically crosslinked gels. It starts to elevate again above 70°C, 
corresponding to the turbidity of the gels. Since this turbid gels regains its transparency to 
some degree when cooled, this turbidity change is mainly attributed to the clouding phenom-
enon resulting from the desolubilization of nonionic surfactants (such as PEG). This data sup-
ports the gels formation of the mixed dispersion at around 37°C. Because the stereocomplex 
formation depresses the mobility of the PLA chains and stabilizes the PEG crosslinkers, 
gels formation is only possible for the enantiomeric mixture. This sol–gel transition is irrevers-
ible though the crosslinking is performed by an ordinary physical mechanism.

Hydrogels from BAB Triblock Copolymers

The second gels system consists of the enantiomeric BAB type triblock copolymers, 
PEG–PLLA–PEG and PEG–PDLA–PEG. The sol–gel transition of this system should be 
induced by the stereo interaction of l- and d-copolymers, being much different from that of 
the single BAB (PEG–PLLA–PEG) system that has previously been described to undergo 
gelation by the ordinary hydrophobic/hydrophilic interaction [47].

The aqueous micellar solution of single enantiomer, PEG–PLLA–PEG (2,000–2,000–
2,000) or PEG–PDLA–PEG (2,000–2,000–2,000), remains a “sol” phase at all temperatures 
in the concentration range of 10–40 wt%. Shown in Fig. 11 is a sol–gel transition diagram 
plotted for 1:1 (v/v) mixed micellar solutions of PEG–PLLA–PEG and PEG–PDLA–PEG 
with respect to temperature and polymer concentration. It is found that the gels state cannot 
be formed at concentrations lower than 30 wt% and that the gels state is preferentially kept 
below 75°C at concentrations higher than 40 wt%. The gels-to-sol transition temperature 
increases up to 75°C at higher concentrations. It should be noted here that in the present BAB 
system the gels and sol are formed, respectively, at low and high temperatures in a reversible 
manner. This is opposite to the above ABA system where gelation is induced with increasing 
temperature in an irreversible manner.

Shown in Fig. 12a are the typical changes in the mixed solution at 35 wt% concentration 
before and after the heat treatment from 37°C (c) to 75°C (d). This gels is formed immediately 
after the l- and d-solutions are mixed at room temperature. It is observed that the mixed solu-
tion is in gels and sol states at 37 and 75°C, respectively, while the single solution remained 
fluid irrespective of the temperature (a, b). Since gels-to-sol transformation of the mixed solu-
tions is reversible with the temperature change, sample (d) returns to gels after cooling to 
room temperature.
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Fig. 11. The phase diagram of mixed micellar solutions of PEG–PLLA–PEG and PEG–PDLA–PEG. Reproduced 
from [83]. Copyright 2004 Wiley-VCH.
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The WAXS profiles of the single and mixed solutions at different temperatures are 
shown in Fig. 12b. The mixed solution gave very small reflections at 2q = 12.1 and 21.7° in 
addition to the reflections of the hexagonal crystals (2q = 16.8°) of PLLA or PDLA only when 
heated at 75°C. This indicates that the stereocomplexation of the PLLA and PDLA blocks is 
induced even in the mixed solution heated at high temperatures where the sol state is achieved. 
When this BAB sol is cooled, the gelation is restored without significant change in the WAXS 
profile. Furthermore, the degree of crystallinity which was estimated by peak separation of 
each crystal and amorphous peaks does not increase by the heat treatment, being obviously 
different from the ABA gels system. It is, therefore, concluded that the stereocomplexation is 
not directly related with the gels formation mechanism for the BAB system.

Hydrogels from AB Diblock Copolymers

Mixed micellar solutions of enantiomeric ABA and BAB block copolymers exhibit 
very different gelation behavior and crystal structure. As a third system, the micellar solutions 
of AB block copolymers, PLLA–PEG and PDLA–PEG, were examined for the hydrogels 
formation. The AB system is similar to ABA in that the A-blocks associate in the core of 
the micelles as illustrated in Fig. 10, while being similar to BAB because the mobility of the 
corona B-blocks is comparable to each other.

A typical sol–gel phase diagram, plotted for the mixed solutions of the enantiomeric AB 
diblock copolymers, is illustrated in Fig. 13. It resembles the BAB system diagram shown in 
Fig. 11, where the gels-to-sol transition occurs with increasing temperature. The typical phase 
changes of a mixed solution of the PLLA–PEG and PDLA–PEG (total 30 wt%) are shown 
in Fig. 14a at 37°C (c) and 75°C (d) as compared with those of the corresponding single 
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micellar solution of PLLA–PEG (30 wt%) (a, b). Although the latter solution does not form a 
gels at any temperature, the mixed solution forms a gels on mixing at room temperature. The 
difference from the BAB system is that the sol formed at 75°C never returns to a gels again 
when cooled. This irreversible nature suggests that the interaction of the micelles formed in 
the hydrogels at lower temperature may be changed after turning to sol state by heating. Note 
that the normally synthesized AB diblock copolymer should involve a small amount of ABA 
triblock copolymer because MePEG is contaminated with dihydroxyterminated PEG [93, 94]. 
This impurity can be eliminated by high osmotic pressure chromatography; the same hydro-
gels formation for the pure enantiomeric AB system is also confirmed.

The WAXS profiles of the AB systems are shown in Fig. 14b, which are significantly 
different from those of the BAB system. The single micellar solution of PLLA–PEG shows 
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Fig. 13. The phase diagram of mixed micelle solution of PLLA–PEG and PDLA–PEG.
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an increase in the crystallinity (a, b) with increasing temperature, while that of PEG–PLLA–PEG 
does not have this behavior. In the mixed AB solution, the gels state formed at the lower 
temperature involves the hexagonal crystals, as shown by the reflection at 2q = 16.8° (c); the 
sol state attained by heating at 75°C produces the stereocomplex crystals (2q = 12.1 and 21.7°) 
with most of the hexagonal crystals being lost (d). This feature is similar to that of the ABA 
system rather than the BAB system.

Gelation mechanism of the mixtures of enantiomeric BAB and AB block polymers may 
be much different from that of ABA system since the PEG blocks cannot act as direct cross-
linkers between the micelles. The sol–gel transition diagrams and WAXS data suggest that the 
stereocomplexation between the PLLA and PDLA blocks is not directly correlated with the 
gelation of the mixed solution. Since, in the BAB triblock copolymers the hydrophobic PLLA 
and PDLA are confined in the core of the micelles and surrounded by the hydrophilic PEG 
shell, a sort of macromolecular reorganization is needed to grow the PLLA stereocomplexes 
and PDLA blocks in the micelles. Even when heated at high temperatures, the block chains 
are not easily exchanged among the micelles in the BAB system since PLLA and PDLA blocks 
are in the middle of copolymers (Fig. 15a), so that the degree of stereocomplexation is limited. 
Even if the stereocomplex crystals could be formed, they are confined to the micelle core and 
cannot achieve an interaction between the particles strong enough as to induce gelation.

The WAXS data (Fig. 12b) revealed that both PLLA and PDLA blocks of the BAB 
block copolymers form the hexagonal crystals in the micellar cores at room temperature. 
The IR spectra of the micellar solutions both in gels and sol states also have absorption 
bands at 921 and 1,210 cm−1, supporting the presence of the 10/3 helical structure of the 
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Fig. 15. Proposed gelation mechanisms of enantiomeric mixture of BAB triblock (a) and AB diblock  
(b)  copolymers.
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Fig. 16. Particle sizes of the micelles (30 wt%) in the mixed gels and sol (after heating) states of a mixture of PLLA–
PEG (1,100–2,000) and PDLA–PEG (900–2,000) determined by DLS.

PLLA and PDLA blocks [95]. One possible explanation of this gel-to-sol behavior is that 
PEG blocks between micelles act as crosslinkers at low temperature even though they are 
free to move. This helix formation of PLLA and PDLA blocks is possibly transmitted to 
the PEG chains through the block-linking bonds, because the PEG chain can readily take 
on a similar helical conformation. In fact, ordinary monoclinic crystals of PEG are known 
to consist of 7/2-helical chains.

Since the helical senses of PLLA and PDLA are opposite to each other, the induced 
helices of the PEG chains should be right- and left-handed depending on the connecting PLA 
chains. Maybe, the helical chains of PEG, with opposite senses, aggregate through the chain 
interdigitation mechanism and change the hydrophilic/hydrophobic balance that leads to the 
interchain cohesion of the PEG blocks even in an aqueous environment. With the helical con-
formation, the hydrophilic ether linkages are surrounded by the hydrophobic alkylene chains 
to make the whole chain hydrophobic. With a single BAB copolymer, the helices have an 
identical sense, and the chain interdigitation to cause gelation is impossible. The interaction 
of the PEG chains in opposite helical senses was supported by the gelation behavior of the 
mixed micellar solution of the enantiomeric AB diblock copolymers (Fig. 15b). In this case, 
the exchange of the core PLA blocks between micelles is much faster than that of the BAB 
system; in fact, the stereocomplex crystals grow with increasing temperatures of the mixture. 
At 75°C, most of the PLA crystals were replaced by the stereocomplex crystals. Therefore, 
most of the micelles comprise both PLLA and PDLA blocks in their core due to the exchange 
of PLA blocks at high temperature and intermicelle interaction through the PEG is weakened 
even after cooling. The PEG interaction changed to intramicellar instead of intermicellar. This 
is why in the AB system the gels is irreversible.

Another effect on these BAB and AB-type hydrogels formation is that micelles are 
aggregating into microgel size as depicted in Fig. 15; a negligible amount of stereocom-
plex crystals of PLLA and PDLA blocks is still responsible for the gels formation. Dynamic 
light scattering revealed a bimodal size distribution of the AB-type gels of 120 and 1,200 nm 
(Fig. 16). Upon heating, the microparticles at 1,200 nm disappear. The difference in revers-
ibility for the BAB and AB gels is due to the rate of micelle reformation. If the core of all 
micelles becomes stereocomplexed PLA as seen in WAXS data of AB micelles (Fig. 14b(d)), 
no more intermicelle interaction occurs.



172 Tomoko Fujiwara et al.

Fig. 18. The sectioned tissue from the femoral region of mouse; (a) optical and (b) fluorescent microscopes.
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Hydrogels Properties and Applications

The time-dependent rheological changes in the mixed micellar solutions of ABA, BAB, 
and AB copolymers at 37°C are shown in Fig. 17. The mechanical properties of the BAB 
system are dramatically greater than those of the ABA system [82, 83]. For the BAB system, 
the storage modulus (G¢) gradually rises to 31 kPa after 60 min with gelation. The physical 
crosslinking through the PEG interaction provides the mechanical properties of the gels. The 
G¢ value of AB-type hydrogels from PLLA–PEG (1,100–2,000) and PDLA–PEG (900–2,000) 
reaches 7 kPa, which is lower than the BAB triblock system.

The mechanical properties of ABA thermo-responsive gels, copolymers with different 
molecular weight and different block ratios examined for improvements [84]. It is still a chal-
lenge to find better systems with sol-to-gels transitions between room temperature and body 
temperature as well as with superior mechanical properties, that do not cause other crosslink-
ing mechanisms to occur, such as  photoreactions with other low LCST polymers.

The biodegradable thermo-sensitive hydrogels formed by the enantiomeric PLA–PEG 
block copolymers can potentially be used as an injectable biomedical matrix. The injection 
of ABA mixed micellar solutions results successful gels formation in the body of mice, and 
the hydrogels is absorbed within 3 days after implantation. A suspension of mouse embrionic 
fibroblast (MEF) cells, with 9% PLLA–PEG–PLLA and 9% PDLA–PEG–PDLA micelles, 
was injected into the femoral region of an inbred mouse. After 3 days, the femoral regions 
were removed and examined; the microscopic images of a section of the femoral region are 
shown in Fig. 18. The tissues contain some domains that are different from the muscular tis-
sue seen in the optical image. The observed fluorescent cells indicate that the injected cells 
survived among the muscular cells. In contrast, no living cells were observed when the cells 
were injected as a PBS solution without enantiomeric micelles.

Summary

The combination of “thermo-responsive” and “biodegradable” properties is the grail that 
is being sought by scientists for biomedical use. Consequently, the hydrogels formation via block 
copolymer micelles consisting of enantiomeric PLA and PEG has an important role in many 
hydrogels bioapplications. The mixture of ABA-type block copolymers, PLLA–PEG–PLLA 
and PDLA–PEG–PDLA, with specific molecular weight and block ratio exhibits attractive 
sol-to-gels transition between room and body temperature, can be used as an injectable bio-
degradable scaffold. The reversible gels–sol transitions occur in the mixed micellar solution of 
the enantiomeric BAB triblock copolymers, PEG–PLLA–PEG and PEG–PDLA–PEG, depend-
ing on the polymer concentration and temperature. An understanding of the gelation mecha-
nisms for ABA, BAB, and AB systems involving stereocomplex crystals is critical to achieve 
their potential for bioapplications. There are many hydrogels formation theories and understand-
ing gelation mechanisms will provide new prospectives for biomaterial applications.
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Hydrogels-Based Drug Delivery System  
with Molecular Imaging
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Abstract Drug delivery systems with molecular imaging capability are usually nanoscopic 
therapeutic systems that incorporate therapeutic agents and diagnostic imaging probes.  Polymers 
(which form hydrogels) and molecular imaging probes used currently were reviewed firstly. 
 Polymer-coated molecular imaging probes were also reviewed to introduce the  basic com ponent 
in the preparation of drug delivery systems with molecular imaging capability. Finally, the recent 
studies on the drug delivery systems with molecular imaging capability were summarized and 
their prospect was addressed.

Introduction

Hydrogels, a three dimensional polymer network, may absorb a large quantity of  
contact liquid. Because of this swelling phenomenon, hydrogels gives a new insight into a 
model system for the study of a viscoelastic body that is a major topic in polymer physics. In 
addition to its importance in science, it has many direct applications in the biomedical area, 
especially in the area of drug and cell delivery.

The concept of drug delivery system in the pharmaceutical area has been investigated 
using hydrogels as a candidate material. The three dimensional network of hydrogels dem-
onstrated the sustained release of loaded drug [1–3]. Because of presence of a large quantity 
of water, the swelling transition in response to various stimuli (pH, temperature, light, ionic 
concentration, metabolites…) is being intensively investigated with respect to the concept of 
stimulus-sensitive drug delivery [3–7]. In addition, hydrogels have the potential to execute 
cell delivery, such as pancreatic islet transplantation for diabetes. Transplanted islets are 
subject to immunologically mediated destruction by both autoimmunity and transplant rejection. 
Hydrogels can be used as a semipermeable, biocompatible membrane to protect the islets 
from host immune responses [8–10].

Current interest is focused on the development of nanomedicine platforms in drug 
delivery and molecular imaging applications. This led to the emergence of nanoscopic 
therapeutic systems that incorporate therapeutic agents and diagnostic imaging probes (Fig. 1). 
Studies have shown that this multifunctional nanomedicine improves the therapeutic outcome 
of drug therapy. To efficiently obtain information on nanomedicine (the drug delivery systems 
with molecular imaging capability), the nanomedicine should have the reservoir to contain 
drugs and molecular imaging probes.
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Hydrogels Polymers for Imaging Probes

Poly(vinyl pyrrolidone): Poly(vinyl pyrrolidone) (PVP) is a biocompatible, water-soluble, 
and nontoxic polymer. Using the hydrogen bonding between the carbonyl groups of PVP and 
the carboxyl groups of poly(acrylic acid) (PAA) [11] or chitosan [12], various forms of physical 
gels have been prepared and characterized. PVP gels are utilized as drug delivery systems 
with the forms of microspheres, nanoparticles, liposomes, and polymer conjugates [13–16].

Self-assembly in aqueous solutions of PVP-block-poly(d,l-lactide) [15], PVP-block-
poly(d,l-lactide)-block-PVP, PVP-block-poly(e-caprolactone)-block-PVP [17], and PVP-
block-poly(e-caprolactone) [18] is a very important property. As a consequence, PVP can 
be used to form polymeric micelles to deliver the medical drugs or molecular imaging 
probes.

Poly(vinyl alcohol): Poly(vinyl alcohol) (PVA) is a linear hydrophilic polymer that is non-
toxic and biocompatible. Because of intra/intermolecular interactions via hydrogen bonding, 
PVA forms hydrogels (physical gels). The freeze-thawing method is often used to enhance the 
mechanical properties [19, 20]. PVA hydrogels are also prepared by chemical crosslinking using 
irradiation or crosslinkers, such as glutaraldehyde or sodium borate and boric acid [21, 22].

The use of PVA as the base component for hydrogels formation is particularly advan-
tageous, due to the abundance of hydroxyl pendant groups on the PVA chains that can be 
further substituted with various functional groups. Several research groups have investigated 
the addition of methacrylate and acrylate pendant groups [23–25], sulfosalicylic acid [26], 
chitosan [27], hydroxyapatite [28], and alginate [29, 30].

Dextran Hydrogels: Dextran is a polysaccharide consisting of glucose molecules coupled 
into long branched chains, mainly through 1,6- and some through 1,3-glucosidic linkages. 
Dextrans are colloidal, hydrophilic, and water-soluble substances that have excellent biocom-
patibility and hence, they do not affect cell viability. It is susceptible to enzymatic digestion in 
the body [31]. Dextran has abundant pendant hydroxyl functional groups making it amenable 
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Fig. 1. Therapeutic agents and diagnostic imaging capabilities.
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to chemical modification [32–34]. Hydrophobically modified dextrans are used as stabilizers 
to produce stable hydrophilic poly(styrene) or poly(lactic acid) nanoparticles by the oil in 
water (o/w) emulsion and evaporation technique [35–37].

An interconnected macroporous glycidyl methacrylated dextran (Dex-GMA)/gelatin 
hydrogels scaffold containing microspheres loaded with bone morphogenetic proteins (BMP) 
has been developed [38]. Microspheres are formed when gelatin was mixed with glycidyl 
methacrylate dextrans (Dex-GMA); the characteristics of the dextran-co-gelatin hydrogels 
microspheres can be controlled by the crosslinking density and added substituents to Dex-
GMA. Controlled release of bone morphogenetic proteins was observed from 18 to more than 
28 days by changing the hydrogels/microsphere ratio.

As a drug delivery system, doxorubicin conjugated dextran nanoparticles have been 
prepared to improve its therapeutic efficacy in the treatment of solid tumors [39]. In vivo 
efficacy test of nanoparticles showed faster regression in tumor volume and increased survival 
time comparing with drug conjugate and free drug.

Chitosan Hydrogels: Chitosan (poly-b(1,4)-d-glucosamine) is a cationic polysaccha-
ride which is obtained by alkaline deacetylation of chitin, the main exoskeletal component in 
crustaceans. Its molecular weight ranges from 3,000 to 10,000, with a degree of deacetylation 
from 30 to 95%, depending on the source and preparation method. The amine groups of chi-
tosan are protonated in the acidic conditions (pH < 4). The quality and properties of chitosan 
products, such as purity, viscosity, deacetylation, and molecular weight, may vary widely 
because of many factors in the manufacturing process can influence the characteristics of 
the final product. Chitosan has biodegradability, nontoxicity, biocompatibility, and antifungal 
activity; chitosan and its derivatives have been studied as biomaterials which are used for drug 
delivery systems [40] and scaffolds for tissue engineering [41, 42].

Chitosan beads are prepared by simultaneous crosslinking with glutaraldehyde and 
precipitation in aqueous NaOH [40]. Metronidazole, an antiinfection agent, loaded chitosan 
beads give faster release at acidic conditions; this pH-sensitive release behavior can be utilized 
to design targeted delivery system for anticancer drugs.

The differentiation of mesenchymal stem cells (MSCs) and the mass formation of 
cartilage are possible using an injectable hydrogels composed of copolymer of thermosensi-
tive poly(N-isopropylacrylamide) and water-soluble chitosan. Cartilage formation in the 
submucosal layer of the bladder of rabbits and the in situ hydrogels system composed of 
dextran copolymer as a scaffold are being pursued [41].

The reactive amino groups in the backbone of chitosan make it possible to chemically 
conjugate various biological molecules such as different ligands and antibodies, which may 
improve targeting efficiency of the drug to the site of action [43, 44]. Chitosan-based poly-
meric vesicles and niosomes bearing glucose or transferrin ligands for drug targeting have 
been prepared [43]. Transferrin (TF) coupled to the surface of the polymeric vesicles appears 
to be accessible to the TF receptor in the A431 cell line. The TF receptors are over expressed 
on the surface of many proliferating cells and the active targeting of polymeric vesicles for 
drug/gene delivery can be accomplished.

One of the most useful properties of chitosan is ionic chelation. The strong positive 
charge of chitosan enables it to bind to negatively charged substrates, such as cholesterol, 
fats, metal ions, and proteins [45–48]. As a nutritional supplement, chitosan has been 
reported to reduce lipid absorption in the intestine by binding fatty acids and bile acids and 
by increasing their excretion [45, 46]. Therefore, oral administration of chitosan inhibits 
the development of atherosclerosis in individuals with hypercholesterolemia by lowering the 
serum cholesterol levels.
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Alginate: Alginate is a naturally derived anionic polysaccharide, obtained mainly 
from marine algae; it is widely utilized as a food additive and in drug formulations. Alginate 
consists of two sugar moieties, 1, 4-linked d-mannuronic acid (M) and l-gluronic acid (G), 
either block or random sequences [49–53]. Alginate forms complexes with divalent ions, such 
as Ca2+, Ba2+, and so on [52, 53].

Alginate hydrogels have pH-sensitive swelling transitions that are used in the design 
of drug delivery systems [54, 55]. Drug release from alginate gels is known to be blocked 
or sustained at low pH by forming a surface gels cover by deswelling, while drug release is 
accelerated at neutral pH by the swelling increase [56–59]. Alginate can potentially be used 
for cell delivery, such as microencapsulation of artificial pancreas [60]. The isolated islets of 
Langerhans suspended in the alginate aqueous solution are effectively encapsulated in the 
alginate gels when the solution is treated with divalent cations. For further stabilization of 
islet-encapsulated alginate gels, the polymer complex (an ionic complex) is usually formed at 
the surface of alginate gels with polycations, such as poly(l-lysine) [61, 62].

Pluronics: Pluronic is a triblock copolymer of poly(ethylene oxide)–poly(propylene 
oxide)–poly(ethylene oxide) (PEO–PPO–PEO, Poloxamers, Pluronics). Because of its 
 nontoxicity and ability to form a gels, it is widely used in the pharmaceutical area [63–65]. 
For example, at 20% (w/v), aqueous solutions of poloxamer 407 form hydrogels at body 
temperature [66].

Poloxamer 188 (PEO80–PPO27–PEO80, molecular weight: 7,680–9,510) is used in 
 intravenous injections and oral formulations and Poloxamer 407 (PEO101–PPO56–PEO101, 
mole cular weight 9,840–14,600) is used in ophthalmic solutions. The sol–gel phase diagrams 
of poloxamer 188 and poloxamer 407, as a function of concentrations, are shown in Fig. 2.

In addition to the enhancement of the bioavailability of low-solubility drugs in oral 
solid dosage forms, Pluronics are used as an emulsifier, solubilizer, dispersant, and wetting 
agent in the preparation of solid dispersions [67, 68]. When these polymers are bound to the 
surface of nanospheres by the hydrophobic interaction of the PPO chains, the hydrophilic 
PEO chains stretch into the surrounding medium creating a steric barrier [69, 70]. This barrier 
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prevents or restricts the adsorption of plasma proteins onto the particle surface decreasing 
recognition by liver and spleen macrophages [71, 72].

The adsorption of these surfactants is the most widely used procedure to modify the 
surface characteristics of the primitive carriers; the incorporation of these copolymers into 
the particles during the manufacturing process has become a significant alternative strategy.

Poly(Ethylene Glycol) (PEG) and Its Copolymers

Poly(ethylene glycol) (PEG) is a neutral, water-soluble, and nontoxic synthetic 
polymer approved by the FDA for internal use and inclusion in a variety of foods, cosmetics, 
and drug delivery systems. For prolong blood circulation time, PEG is used to modify 
nanoparticles to avoid uptake by the reticuloendothelial system (RES). This is important 
in the design of effective therapeutic systems for injectable delivery and for the controlled 
drug delivery [73–75].

Modifying the polymer composition, particularly, the middle block composition, the block 
length, and the block ratio, produced a new generation of PEG–(poly(l-lactic acid-co-glycolide 
acid))–PEG (PEG–PLGA–PEG) triblock copolymers. The sol–gel transition temperature can 
be controlled by changing the repeating units of PEG–PLGA–PEG triblock copolymers, such 
as the PLGA length. As the hydrophobic block (PLGA) length is increased, a stronger shear 
stress is required to make the gels system. Increasing the PEG length of a PEG–PLGA–PEG 
triblock copolymer shifts the thermo-phase diagrams to higher temperatures [76, 77].

In situ gels formation in vivo was first made by subcutaneous injection of PEG–
PLGA–PEG triblock copolymer aqueous solutions into rats [78]. Based on this phenomenon, 
paclitaxel-loaded biodegradable polymeric micellar system using low molecular weight 
and biodegradable amphilic diblock copolymer and monomethoxy PEO2000-Poly(d,l-
Lactide)1750 micelles (Genexol®-PM) were published by Kim et al. [79, 80]. In Phase I human 
trials, micellar encapsulation of paclitaxel allowed safer administration of high doses of 
paclitaxel.

Poly(N-isopropylacrylamide) (PNIPAm)

Poly(N-isopropylacrylamide) (PNIPAm) is one of the most widely used thermosensi-
tive polymers. PNIPAm has a hydrophilic amide group and a hydrophobic isopropyl group. 
The linear PNIPAm chain undergoes a rapid dehydration of the hydrophobic isopropyl groups 
in aqueous solution at its lower critical solution temperature (LCST) of around 32–34°C in 
water due to its coil-to-globule transition [81–85]. The potential of PNIPAm for drug delivery 
system [86–89] and cell engineering [90–92] has been well documented. For example, hybrid 
block and graft copolymers of PNIPAm containing phosphocholine [93, 94], poly(d,l-lactide) 
[95], and alginate [96, 97] have been successfully synthesized and well characterized as bio-
material candidates.

The copolymers that include the LCST block and a hydrophilic block, such as PEG–
PNIPAm copolymers, form micelles above the LCST of PNIPAm, with PNIPAm block 
 forming a micelle core [98]. Block copolymers consisting of the LCST block and a hydro-
phobic block, such as poly(N-isopropylacrylamide)-poly(methyl methacrylate) (PNIPAm–
PMMA), form micelles below the LCST, with PMMA block forming a core and PNIPAm 
block forming a shell [99].
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Molecular Probes for Imaging

With the advances in imaging technology, the importance of molecular imaging probes has 
increased for precise diagnosis. The visualization of the cellular function and the follow-up of the 
molecular process in living organisms without surgical operation are facilely carried out. Some of 
the techniques used for noninvasive imaging in diagnosis medicine are listed in Table 1.

Gold Nanoparticles

One of the most interesting aspects of gold nanoparticles is that their optical properties 
are varyingly dependant on the particle size and shape. Bulk gold looks yellow in reflected 
light, but this characteristic changes to orange, through several tones of purple and red, as par-
ticle size is reduced to ~20 nm. These effects are the result of changes in the so-called surface 
plasmon resonance (SPR) [100].

Gold nanoparticles are usually prepared by reduction in a boiling sodium citrate solu-
tion [101]. The formation of gold nanoparticles appears as a deep wine red color and the UV 
absorption in the aqueous media at around 520 nm. Functionalization of gold nanoparticles 
(gold surfaces) with molecules containing thiol (-SH), which has a high affinity for gold 
atoms is commonly used. A number of biosensors are designed based on this phenomenon.

The gold nanoparticles are biocompatible and nontoxic in vivo [102, 103]. However, 
plasma proteins and salts in the blood nonspecifically adsorb onto the surface of gold nano-
particles, this often causes aggregation; therefore, the direct use of gold nanoparticles in vivo 
can lead to clearance from the bloodstream due to uptake by the reticular endothelial system 
(RES) (Kupffer cells of the liver) [104–107]. Therefore, gold nanoparticles used in vivo are 
usually surface modified with PEG [104].

Magnetic Nanoparticles

Magnetic nanoparticles are manipulated under the influence of a magnetic field and 
are commonly composed of magnetic elements such as iron oxide (superparamagnetic iron 
oxide (SPIO) and ultrasuperparamagnetic iron oxide (USPIO)) and gadolinium compounds. 
Because of difficulties in recognizing tumors from normal tissues by magnetic resonance 

Table 1.  Noninvasive imaging in medical application

Technique Detection Contrast agent

Computered  
Tomography (CT)

X-rays Iodine (Ultravist®), Barium, Barium sulfate  
Gastrografin

Magnetic Resonance 
Imaging (MRI)

Magnetic field Paramagnetic agents: Gd-DTPA(Magnevist®), 
Gd-DTPA-BMA (Omniscan®)

Superparamagnetic agents: iron oxide nanoparticles 
(Resovist®, Feridex®)

Positron Emission 
Tomography (PET)

Gamma rays F18-FDG(2-Deoxy-2-fluoro-d-glucose)

Ultra-sonography Ultrasonic 
waves

Microbubbles(Albunex®, Levovist®)



185Hydrogels-Based Drug Delivery System with Molecular Imaging

imaging (MRI), patients are often injected with a contrast agent, such as iron oxide nanopar-
ticles or gadolinium chelates.

Nanoparticles are prepared by either coprecipitation [108–110], high-temperature 
decomposition [111–113], or microemulsion [114, 115]. Coprecipitation is a facile and conve-
nient way to synthesize iron oxides (Fe3O4 or g-Fe2O3) from aqueous Fe2+ and Fe3+ salt solu-
tions by the addition of base at room temperature or at raised temperatures. The stability is 
maintained by electrostatic and repulsive interaction between counter-ions. The size, shape, 
and composition of the magnetic nanoparticles mainly depend on the type of salts used, the 
Fe2+/Fe3+ molar ratio, reaction temperature, the pH, and ionic strength of the media [116–118].

The high-temperature decomposition (>200°C) of an organic iron precursor in the pres-
ence of hydrophobic ligands, such as oleic acid, is typically used; the hydrophobic ligands 
form a dense coating around the nanoparticles, thereby avoiding their aggregation.

Microemulsions are used to obtain relatively small particles (high surface area) with 
well controlled properties; water-in-oil microemulsions are usually used to produce iron oxide 
nanoparticles. The type and concentration of surfactant [119, 120], type of oil [121] and alco-
hol [122–124], droplet core size [125], and the speed of microemulsion mixing [126] all play 
an important role in the formation of iron oxide nanoparticles by microemulsion techniques.

Iron oxide nanoparticles have been approved for clinical use, especially for MRI, for 
example, Endorem® (diameter 80–150 nm, Advanced Magnetics) and Resovist® (diameter 
60 nm, Schering) for liver/spleen imaging [127–129].

Gadolinium is also an FDA approved contrast agent for MRI. Gadolinium, or gadodi-
amide, provides greater contrast between normal tissue and abnormal tissue in the brain and 
body. Because of their paramagnetic properties, solutions of organic gadolinium complexes 
and gadolinium compounds are used as intravenous radiocontrast agents to enhance images 
in medical MRI. After it is injected into a vein, gadolinium accumulates in the abnormal 
tissue with bright (enhanced) images on the MRI. With the administration of MRI contrast 
agents, the relaxation times T1 and/or T2 of a proton in the vicinity of an agent change, thus 
 generating image contrast (bright/dark) (Fig. 4) [130].

Fluorescence Dyes

Optical fluorescence depends on the inherent property of fluorophores, such as fluorescein 
isothiocyanate (FITC) and FITC derivatives, cysteine, cyanine dye (cydye), and Indicynine 
green dye (ICG) are used for fluorescence imaging (Fig. 5) [130].
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Fig. 3. Schematic description for molecular structure of poly(N-isopropylacrylamide) (PNIPAm) and drug 
release mechanism in response to temperature (T) changes.



186 Keun Sang Oh and Soon Hong Yuk

Fluorescein isothiocyanate (FITC) is used in several biological applications, such 
as fluorescent-labeled antibodies and molecules that are taken up by cells or organelles. Usually, 
the energy from an external source is absorbed by the fluorophores injected or accumulated at 
the tumor site.

Cysteine
Cy dye 3 and 5

S

S

NH2

H

O

OH

O

OH
H2N

H

N N

RRI

N N
RRI

Indocynine green dye(ICG) Fluorescein isothiocyanate(FITC)

N N

H3C H3CCH3 CH3

O3S SO3Na

O O

NCS

C

O

OH

OH

Fig. 5. Various used fluorophores in biological imaging.

Modified T1 by magnetic materials 

Modified T2 by magnetic materials 

Magnetism
(signal

intensity)

Magnetism
(signal

intensity)

time

Natural T1

Natural T2

time

Positive

Enhancement

; paramagnetic Gd 

Negative

Enhancement

; superparamagnetic 

SPIO, USPIO 

Fig. 4. T1 and T2 relaxation processes [130].



187Hydrogels-Based Drug Delivery System with Molecular Imaging

Microbubbles

Ultrasound contrast agents, which consist of a hydrophobic gas (microbubbles) and a 
stabilizing shell, have enabled clinical contrast echocardiography due to their enhanced stabil-
ity in circulation. Moderate intensity ultrasound assisted by encapsulated microbubbles has 
been used in in vitro and in vivo targeting drug delivery via a process called “sonoporation.” 
Ultrasound imaging is used to molecularly target microbubbles to the liver [131], breast [132], 
and prostate tumors [133].

These advances have created interest in ultrasound as a molecular imaging modality. 
Ultrasonic imaging of molecular targets associated with angiogenesis [134–137], thrombosis 
[138], and inflammation is being used [139, 140].

There are two types of bubbles that are related to sonoporation process: free bubbles 
and encapsulated microbubbles. Free bubbles are usually cavities filled with air, other gases, 
or gas vapor from surrounding liquid. However, due to their instability, free bubbles are usu-
ally encapsulated in biocompatible polymers as microbubbles for the ultrasonic imaging of 
angiogenesis [136, 141–146].

Quantum Dots

In general, the quantum dots are prepared in the organic solvent at high temperatures 
between 180 and 310°C, depending on the ligands and solvents employed in the preparation.

Quantum dots are nanoscale semiconductor crystals composed of Group II B 
(Transition metal)-Group VI A compounds (CdTe, CdS, CdHg, ZnS) or Group III A-Group 
V A elemental groups (InAs, InP, GaAs). A noble class of inorganic fluorophores is gaining 
widespread recognition as a result of their exceptional photophysical properties. Both the 
optical absorption and emission of quantum dots shift to the blue (higher energies) as the size 
of the dots gets smaller (Fig. 6) [147, 148].

Quantum dots have broad excitation spectrum; therefore, different-colored 
quantum dots can be activated by using a single source laser at the same time, making 
them extremely attractive in multiplexing studies [149–151]. For biological imaging 
applications, quantum dot materials are chosen based on size, optical properties, and 
toxicity. The emission wavelength should be in a region of the spectrum where blood and 
tissue absorb minimally but detectors are still efficient, approximately in the near-infrared 
(700–900 nm).

In spite of these attractive features the use of quantum dots in the biomedical application 
has been limited due to their hydrophobic character; now hydrophilic surface ligands, such 
as mercaptoacetic acid [152, 153] and polyethylene glycol (PEG), are used to increase their 
stability in aqueous media and to reduce the nonspecific adsorption. However, quantum dots 
capped with these small molecules are easily degraded by hydrolysis or oxidation of the 
capping ligands [153]. Heavy metal ions, such as Cd2+, that can escape from the quantum dot 
matrix are cytotoxic and cause biocompatibility concerns [154, 155].

Molecular Probe/Polymer Composite Systems

Metal nanoparticles used in the biological imaging applications, such as gold and iron 
oxide, are easily cleared from the body because of biofouling of metal nanoparticles in the body. 
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To overcome this limitation, the polymers used in the fabrication of hydrogels are utilized to 
stabilize the metal nanoparticles as molecular probe/polymer composite systems.

Contrast agents for Computer Tomography (CT) are based on iodinated small 
molecules because, among nonmetal atoms, iodine has a high X-ray absorption coefficient. 
However, iodinated compounds have very short imaging times due to rapid clearance by 
the kidney. Therefore, gold nanoparticles are used as they have a higher atomic number 
and X-ray absorption coefficient than iodine [156, 157]. However, gold nanoparticles also 
showed the rapid clearance by biofouling [158]. Gold nanoparticles can be combined 
with polymers containing thiol (-SH), which has a high affinity for gold atoms. Numerous 
modifications have been made based on this chemical nature of gold nanoparticles and this 
has led to several kinds of biosensors.

Poly(ethylene glycol)-SH (PEG-SH) can be design with CT contrast agents; the forma-
tion of PEG-coated gold nanoparticles enhances antibiofouling capability [159]. The X-ray 
absorption coefficient in vitro indicates that the attenuation of PEG-coated gold nanoparticles 
is 5.7 times higher than the iodine-based CT-contrast agent Ultravist in in-vivo animal test 
using rat.

The anionic character of gold nanoparticles stabilized with citrate attracts mac-
romolecules with cationic character (positively charged polymers), such as chitosan and 
poly(ethyleneimine) (PEI). Through this electrostatic interaction gold nanoparticles/polymer 
composite systems are formed.

Multilayer film composites of gold nanoparticles and chitosan are constructed using 
layer by layer assembly [160]. The formation of the multilayer film was verified by UV–Vis 
Spectrometry, Atomic Force Microscopy, and Electrochemical Impedance Spectroscopy, and 
applied to nanodevices.

Fig. 6. Fluorescence spectra depending on the size of quantum dots [147, 148] (Blue fluorescence can be emitted 
from small particles of approximately 2 nm in diameter, green from ~3 nm particles, yellow from ~4 nm particles, 
and red from large particles of ~5 nm. The wavelength of the excitation light is 365 nm).
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Gold nanoparticles protected/stabilized by biotinylated PNIPAM were prepared via a 
thiol anchoring end-group. The introduction of a biotin at the free chain-end of the stabilizer 
is to induce the supramolecular assembly containing gold nanoparticles via complexation 
with avidin in water [161].

As shown in Fig. 7, the gold nanoparticles stabilized by biotinylated PNIPAm 
demonstrated the nanostructure organization at the supramolecular level by biotin/avidin 
complexation in response to the biochemical species in the aqueous media, which can be 
utilized in the design of biosensors.

Iron Oxide Nanoparticle/Polymer Composite Systems

Iron oxide nanoparticles have been evaluated as an MRI contrast agent for the liver and 
the spleen. However, the applications are still subject to many limitations such as size mono-
dispersity, magnetization, stability, nontoxicity, biocompatibility, injectability, and the short 
blood half-life of magnetic nanoparticles for in vivo applications. To overcome these limitations, 
a variety of biocompatible polymeric materials, such as PVP [162], Pluronic [163], dextran 
[164], chitosan [165], poly(d,l-lactid-co-glycolide) [166], and e-caprolactone [167], have been 
employed as coating materials for MRI contrast agents.

Magnetic nanoparticles composites are prepared with Fe3O4 as core and chitosan as 
polymeric shell [168]. Chitosan and Fe3O4 aqueous suspensions are mixed in appropriate 
proportions using reverse-phase suspension crosslinking. The saturated magnetization of 
composite nanoparticles shows the characteristics of superparamagnets. The decrease in the 
saturated magnetization is related to the increased amounts of polymer incorporated in the 
polymer-coated magnetite suspension.

Similarly, sonochemistry can be employed to prepare iron oxide-loaded chitosan nano-
particles [165]. The magnetic Fe3O4 nanoparticles have been prepared by coprecipitation. 
Ferric chloride hexahydrate (FeCl3·6H2O) and ferrous chloride tetrahydrate (FeCl2·4H2O) are 
mixed with ammonium hydroxide (NH4OH) under irradiated ultrasonic waves. The ferrofluid, 
made of iron oxide nanoparticles and chitosan, is sprayed on the surface of the alkali solu-
tion (NaOH/ethanol/water, 4/30/66, w/v/v) to form iron oxide-loaded chitosan nanoparticles. 

Avidin

Clear liquid state Opaque gels state  

Fig. 7. Gold nanoparticles stabilized by biotinylated PNIPAM before and after the addition of avidin [161].
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These nanoparticles were injected into the left kidney of a rabbit and T2-weighted MR 
images of the kidney were obtained. The iron oxide-loaded chitosan nanoparticles enhanced 
contrast of the T2-weighted MR images.

Recently, active localizing imaging probes (gold nanoparticles and metal nanoparticles) 
in tumor tissue were accomplished by conjugating target specific molecules, such as folic acid 
[169], RGD peptide [170], or integrins [171] (Fig. 8).

The surface modification of iron oxide nanoparticles with folic acid was carried out to 
improve receptor binding and the efficiency of cellular internalization of nanoparticles [169]. 
To evaluate the targeting specificity of the nanoparticle–PEG–folic acid (NP–PEG–FA) conju-
gate to tumor cells, the uptake of the nanoconjugate by HeLa cells was compared with that by 
human osteosarcoma MG-63 cells (folate receptor negative cell line). Human osteosarcoma 
MG-63 cells express very low levels of the a and b forms of the folate receptor. The level of 
nanoparticle conjugate uptake by HeLa cells ranged from twice to as much as ten times that 
by MG-63 cells. Concomitant with this nanoparticle uptake, the T2-weighted MR phantom 
image showed a significant increase in the negative contrast enhancement of the HeLa cells 
compared with that of the MG-63 cells.

Quantum Dot/Polymer Composite Systems

Fluorescent semiconductor nanocrystals or quantum dots provide a new class of 
biomarkers that could overcome the limitations of organic dyes as in vitro and in vivo imaging 
probes. Despite of their advantages as a molecular probe, the semiconductor core of quantum 
dots has raised concerns regarding heavy metal cytotoxicity. In fact, quantum dots are cytotoxic 
due to cadmium oxidation and the leaching of heavy metal ions [171–173]. As quantum dots 
applications broaden in biotechnology research, it is important to consider these potential 
hazards and develop novel approaches to avoid toxicity, such as encapsulation or polymer 
coating, to form a protective insulating material or wide band gap semiconductor structurally 
matched with the core material.

Ligand
(folate or RGD peptide)

Receptor
(folate receptor)

Plasma membrane of
targeted cancer cell

Target specific molecules conjugated and
imaging dye-loaded nanoparticles

Fig. 8. Scheme of active cellular targeting [170].
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The formation of quantum dot/polymer nanocomposites involves strong noncovalent 
interactions, such as hydrogen bonding, ionic attraction [174–176], and physically entrapping 
quantum dots into particles formed by emulsion polymerization [177] or sol–gel synthesis [178].

Quantum dot-encapsulated nanoparticles are noncytotoxic during long-term incubation 
with viable cells in the absence of light exposure, which makes them appropriate for cell 
monitoring and drug delivery [179, 180]. The quantum dots were conjugated with various 
molecules and proteins, such as myosin VI, transferin, and kinesin; when these bioconju-
gated quantum dots were present, receptor-mediated endocytosis occurred and the luminescent 
quantum dots enabled the investigation of cellular uptake pathways and detection within cells 
due to the bright fluorescence of the colloids. Since the quantum dots have broad excitation 
properties for all colors, multiple colors can be efficiently excited simultaneously with one 
light source, such as blue-violet filtered light or a 405 nm or 488 nm laser [181, 182].

Microbubble/Polymer Composite Systems

Ultrasound contrast agents are widely used to image perfusion and have potential for 
drug and gene delivery, where therapeutic release is initiated by local sonication [183–192]. 
Microbubble-loaded and lipid-based contrast agents have a self-assembled shell that provides 
a flexible, protective membrane around a perfluorocarbon gas core. In the diagnosis, these 
agents have been successfully used in the measurement of blood volume and flow in cardiol-
ogy and radiology [192, 193].

Lipid-based microbubbles are usually stabilized with ligand and/or polymer molecules 
before bubble production, and the stabilized lipids are self-assembled into a shell with exposure 
to the aqueous medium. The approach for these lipid-stabilized contrast agents (diameters ~1–10) 
utilizes the lipid with PEG or PEG/ligand to specifically bind to a preferred target site [194].

Drug Delivery System with Molecular Imaging Capability

The development of noninvasive imaging technology (MRI, CT, PET, and Ultrasound) 
that integrates drug delivery systems with medical imaging is an important technology. 
A drug loaded with an imaging probe will enable real-time, targeted monitoring of drug 
delivery with medical imaging devices and to quantify drug uptake at the site as well as 
monitor the response to the therapy.

Yuk recently used composite gold nanoparticles, for the delivery of an anticancer drug; 
the ionic interaction between the gold nanoparticles and chitosan to form the composite 
nanoparticles loaded with paclitaxel [195]. Considering the optical property of gold nanopar-
ticles, the gold nanoparticles/chitosan composite was utilized as a drug delivery system with 
molecular imaging capability (Fig. 9) [195].

The oleic acid (OA)-Pluronic (F-127)-coated iron oxide nanoparticles were formed with 
high doses of water insoluble doxorubicin [163]. Because of drug partitions into the OA shell, 
the surrounding iron oxide nanoparticles and the Pluronic anchor at the water–OA interface 
which significantly increased the solubility (dispersity) of the doxorubicin. Neither the 
formulation components nor the drug loading affected the magnetic properties of the core iron 
oxide nanoparticles and sustained release of doxorubin was observed 2 weeks under in vitro 
conditions. The nanoparticles in this study showed an enhanced intracellular drug retention, 
comparing with free drug in the aqueous solution, and a dose-dependent antiproliferative 
effect in breast and prostate cancer cell lines.
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Doxorubicin-loaded superparamagnetic iron oxide (SPIO) nanoparticles were made 
using polymeric micelles with cRGD attached onto the surface of polymeric micelles for 
efficient targeting to tumors [196]. Amphiphilic block copolymers of maleimide-terminated 
poly(ethylene glycol)-block-poly(d,l-lactide) [MAL-PEG-PLA, Mn = 7,200, Mn(PEG) = 3,200] 
and methoxy-terminated poly-(ethylene glycol)-block-poly(d,l-lactide) copolymer [MPEG-
PLA, Mn = 6,400, Mn(PEG) = 2,000] were used to form micelles with cRGD attached to the 
surface through a thiol-maleimide linkage. The cRGD on the surface of polymeric micelle 
targeted the delivery of doxorubicin to avb3-expressing tumor cells. The in vitro MRI and 
cytotoxicity of the avb3-specific cytotoxic response of these multifunctional polymeric micelles 
were observed by ultrasensitive MRI.

To combine contrast-enhanced ultrasound tumor imaging with targeted drug delivery is 
a challenging task [197–199]. Rapoport et al. developed novel ultrasound-sensitive multifunc-
tional nanoparticles composed of nanoscale polymeric micelles that function as drug carriers 
and nano- or microscale echogenic bubbles that combine the properties of drug carriers, enhanc-
ers of ultrasound-mediated drug delivery with long-lasting ultrasound contrast agents 
[200, 201]. In their study, perfluoropentane (PFP) nanoemulsions dispersed in a solution of 
polymeric micelles were produced by introducing an aliquot of a sterilized PFP into a micellar 
solution of a copolymer which was subsequently subject to sonication to produce cavitation. 
Biodegradable diblock copolymers poly(ethylene oxide)-block-poly(lactide) and poly(ethylene 
oxide)-block-poly(caprolactone) were used to form polymeric micelles with doxorubicin as 
the drug model. The copolymer-stabilized PFP nanoemulsion systems undergo nanodroplet/
nanobubble conversion in vivo, accumulate locally in the tumor tissue and coalesce into larger, 
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Gold/chitosan composite
nanoparticles

Hydrophilized gold /chitosan
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hydrophilization

Ionic com
plex w

ith chitosan

Adsorption of Tween 80
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Fig. 9. Schematic description of gold/chitosan composite nanoparticles [195].
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highly echogenic microbubbles, which provide long-lasting ultrasound contrast in the tumor 
while maintaining effective levels of doxorubicin at the tumor site.

The visualization and monitoring of transplanted islets using iron oxide nanoparticles 
covered with a modified dextran was carried out by incubating the Islets with magnetic nano-
particles consisting of a superparamagnetic iron core covered with a modified dextran coating 
[202]. The MRI showed a marked decrease in signal intensity on T2-weighted images at the 
implantation site in the left kidney as compared with the right kidney (implanted unlabeled 
islets). Thus, in vivo detection of transplanted human pancreatic islets using magnetic reso-
nance imaging (MRI) that allowed noninvasive monitoring of islet grafts in diabetic mice in 
real time is now possible [202].

Summary

The unique feature of hydrogel-based drug delivery systems with molecular imaging 
capability involves loading a therapeutic agent into polymer network (hydrogels) surrounding 
molecular imaging probes. Although understanding and demonstrating the combination of 
hydrogels containing therapeutic agents with molecular imaging probes has been performed 
successfully, there remains the challenge for efficient application of this technology to diag-
nosis and therapy. The realization of hydrogels/molecular imaging probe composite systems 
on the nanoscale and the optimized drug release in response to the diagnosis is an important 
step. In the near future, this integrated smart system will open many potential opportunities 
for the effective therapeutic delivery and monitoring as well as molecular imaging probes for 
noninvasive procedures in early detection of disease.
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Abstract Hydrogels have been widely applied in biomedical applications, such as drug 
delivery and tissue engineering, due to their many favorable characteristics. Their high water 
content renders them compatible with living tissues and proteins and their rubbery nature 
minimizes damage to the surrounding tissue. Their mechanical properties parallel those of 
soft tissues, making them particularly appealing for engineering of these tissues. Hydrogels 
used in tissue engineering are preferably biodegradable, thus further surgery, after the 
hydrogels has performed its function, is not required. Also, biodegradable hydrogels allow 
for the replacement of the hydrogels over time by the extracellular matrix produced when cells 
are incorporated. The biofunctionality of hydrogels is essential to guide cellular behavior 
such as proliferation, differentiation, and matrix production. An on-demand biofunction 
can be obtained by the incorporation of growth factors into hydrogels to enhance cellular 
prolife ration in the tissue-engineered matrices.

Introduction

Tissue engineering (TE) represents a promising method to regenerate damaged tissue  
or to replace organs that fail to function in the body [1]. The concept of tissue engineering  
was proposed by Langer et al. in the early 1990s as “the application of the principles and 
methods of engineering and the life sciences toward the fundamental understanding of  
structure–function relationships in normal and pathological mammalian tissues and the  
development of biological substitutes that restore, maintain or improve tissue function” [1]. 
This strategy of tissue engineering generally involves the incorporation of the appropriate cells 
into a tissue-engineered scaffold, which serves as a temporary extracellular matrix (ECM) until 
cells produce the matrix along time and finally neo-tissue replaces the scaffold. The scaffold 
plays an important role in regulating cell migration, proliferation, and ECM production [2, 3].  
The scaffolds should provide physical and biological properties such as sufficient mechanical 
strength, preventing cells from floating out of the defect, facilitating cell proliferation, 
cell signaling, and stimulating matrix production by cells. Therefore, the macromolecular 
engineering of scaffolds is an essential requisite for successful tissue engineering.

The scaffolds commonly involved in tissue engineering are either solid-type substances 
like foams, meshes, and sponges, or gels-like materials. The use of hydrogels can be traced 
back to 1960 when Wichterle and Lim first reported crosslinked hydroxyethyl methacrylate 
(HEMA) hydrogels for biological use [4]. Many hydrogels have desired biotraits, such as 
high and tissue-like water content as well as excellent permeability for influx of nutrients and 
excretion of metabolites. Hydrogels, unlike solid-type scaffolds, such as fibrous meshes 
and porous sponges, encapsulate and retain cells in a 3-D environment surrounded by gels 



204 Rong Jin and Pieter J. Dijkstra

matrix rather than promote attachment, preventing potential phenotype dedifferen-
tiation [5]. These features make hydrogels especially suitable as engineered scaffolds. 
Hydrogels can be either preformed and inserted, or injected. The preformed hydrogels are 
processed in vitro prior to cell seeding and in vivo implantation. The injectable hydro-
gels can be implanted into the body as a liquid that gels in situ. Importantly, cells and 
growth factors can be incorporated and suspended in the gels precursors prior to gelation 
[6], enabling homogenous cell seeding and easy implantation (Fig. 1).

The criteria for design of hydrogels in tissue engineering and the strategies used for 
developing hydrogels materials for this purpose are extremely critical.

Hydrogels Designs for Tissue Engineering

There are several important requisites that have to be met in the design of hydrogels as 
scaffolds for tissue engineering. These requisites include biocompatibility, biodegradability,  
mechanical strength, and multiple biofunctionality. Hydrogels must be biocompatible so 
as to not induce an immune response and severe inflammation nor have any influence  
(e.g., temperature, pH value) on the surrounding tissue and cells within the gels, maintain tissue 
bioactivity and cell survival. Hence, toxic crosslinkers, initiators, or organic solvents used  

Fig. 1. TE strategies using preformed and injectable hydrogels in combination with cells.
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should be completely leached out from a preformed hydrogels. For an injectable process, the  
precursors and the hydrogels must be completely biocompatible. Since the gels is generally 
formed under physiological conditions at a temperature of 37°C and a pH of about 7.4, 
organic solvents and harsh gelation conditions like strong bases or acids must be avoided. 
Moreover, during the regeneration process of neo-tissue, the degradation products leaching 
from or generated by the hydrogels should not accumulate in the body but be readily 
meta bolized or excreted from the body.

Biodegradability of hydrogels is essential for tissue engineering (TE) scaffolds. 
Biodegradable hydrogels usually function as a temporary extracellular matrix (ECM) until 
replaced by neo-tissue. The degradation properties of hydrogels play an important role in 
controlling cell migration [7, 8] and influencing ECM production and distribution [9–14]. 
Degradable hydrogels are derived from biodegradable polymers or water soluble hydro-
gels, which are based on hyaluronic acid (HA) [15], collagen [16], chitosan [17], and 
poly(lactic acid) (PLA) [10, 11]. Degradation of hydrogels will generally lead to a loss in 
mechanical strength and final disintegration. Hence, the degradation rate of the gels needs 
to be carefully adjusted to match the rate of neo-tissue formation. This rate can be con-
trolled by the molecular weight of the polymers used, in combination with hydrolytically 
unstable groups and crosslinking density.

In the design of hydrogels as tissue-engineered scaffolds, adequate mechanical support 
is a critical requirement. Mechanical moduli of tissues range from 10 kPa–350 MPa for soft 
tissues and 10 MPa–30 GPa for hard tissues [2, 18]. Depending on the intended application, 
the scaffold should provide sufficient mechanical support in order to protect the seeded cells 
and the developing neo-tissue as well as to withstand the physiologic load. The mechanical 
properties of a scaffold are highly potent regulators of cell migration and their phenotype [19]. 
Mesenchymal stem cells differentiated into various cell types depending on the elasticity of 
the polyacrylamide gels substrates on which they were cultured [20]. Mechanical moduli of 
hydrogels are generally increasing with increasing crosslinking density. However, increase 
in mechanical moduli can result in decreased cell metabolic activity, giving an inferior 
biocompatibility [21].

The biofunctionality of hydrogels is essential to guide cellular behavior such as proli-
feration, differentiation, and matrix production. It has been shown that an on-demand 
biofunction can be obtained by incorporation of growth factors into hydrogels to enhance 
cellular proliferation [22]. Growth factors commonly used in tissue engineering include 
bone morphogenetic protein (BMP), transforming growth factor (TGF), insulin-like growth 
factor (IGF), vascular endothelial growth factor (VEGF), and basic fibroblast growth factor 
(bFGF) (Table 1).

Researchers are also seeking to make hydrogels without growth factors that structurally 
and functionally resemble the natural ECM. A straightforward method is the use of natural 
ECM components such as collagen, hyaluronic acid, and fibrin to create hybrid hydrogels 
that are biocompatible and can provide appropriate signals to regulate cell behavior [23]. 
Hydrogels, modified with bioactive molecules, can also elicit specific cellular functions and 
direct cell–cell and cell–materials interactions. For example, hydrogels can promote cell 
adhesion and migration when they incorporate long chain ECM proteins such as fibronectin 
(FN) [24] and laminin (LN) [25]. Recently, short peptide sequences have been covalently 
conjugated to hydrogels, including Arg-Gly-Asp (RGD), Ile-Lys-Val-Ala-Val (IKVAV), and 
Tyr-Ile-Gly-Ser-Arg (YIGSR) since they are identified as dominant segments to perform 
bioactive functions in receptor binding and host cell attachment.
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Crosslinking Methods to Form Hydrogels

Hydrogels can be classified into chemical and physical gels according to their crosslinks 
present. Various crosslinking approaches to prepare hydrogels are used in order to achieve 
specific properties, such as gelation time, mechanical modulus, and biocompatibility of the 
ensuing hydrogels that are important for tissue engineering applications.

Chemical Crosslinking by Radical Polymerization

Free radical polymerization is frequently used to prepare hydrogels for bioapplica-
tions [26, 27]. Vinyl-bearing macromers polymerize to form hydrogels using redox or ther-
mal initiators or photopolymerization using UV light. Commonly used synthetic polymers 
are poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG) [9–11, 28, 29] and natural 
polymers are hyaluronic acid [30], chitosan [31], and dextran [32]; others are illustrated in 
Fig. 2. The advantage of photo-initiation is fast crosslinking rates and the disadvantage is  
that cells exposed to UV at high intensity or for long times may have an adverse effect 
on cellular metabolic activity [33]. In addition, the heat release during the crosslinking 
process may cause cellular necrosis [34]. Therefore, the intensity of the UV light is limited 
to approximately 5–10 mW/cm2 in order to prevent cell damage [35]. In vivo Polymeriza-
tion by UV is hampered due to limited tissue penetration and absorption of the UV-light 
by the skin (>99%) [35]. Alternatively, thermal- or redox-initiated polymerization can be 
applied. Several groups reported on hydrogels for tissue engineering using the redox-initiator 
N,N,N¢N¢-tetramethyl ethylenediamine (TEMED) and ammonium peroxydisulfate (APS) 
[17, 36]. Increasing the concentration of the initiator resulted in a reduced gelation time and 

Table 1.  Commonly used growth factors in hydrogels for tissue engineering [178]

Growth 
factor Function Hydrogels scaffold

Tissue  
regenerated Ref.

BMP Differentiation and migration of bone  
forming cells; Stimulating the synthesis  
and inhibiting degradation of proteo-
glycans

Acrylated HA/ 
PEG-thiol

Bone [6]

Alginate Cartilage [179]

TGF-b Regulation of cell proliferation, differentia-
tion; Stimulating production of proteogly-
cans and other matrix components

PLA–PEG–PLA Bone [180]
OPF Cartilage [118]

IGF Enhancing the differentiated function of 
osteoblast; promotion of cartilage and 
bone formation

PEODM Cartilage [181]

VEGF Migration, proliferation, and survival of 
endothelial cells; initiation of angiogenesis

HA-thiol/PEGDA Angiogenesis [42]

bFGF Potent modulators of cell proliferation, motil-
ity, differentiation, and survival;  
initiation of angiogenesis osteogenesis 
and chondrogenesis

Pluronic/heparin Angiogenesis [103]
Matrigel Adipogenesis [182]
Gelatin Bone [183]
P(NIPAAm-co-AAc) Cartilage [184]
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enhanced mechanical properties. However, a concomitant high cytotoxicity with low cell 
viability (<30%) at high concentrations of initiator (10 mM) was observed after a short cell 
culturing time of 4 days [17]. Therefore, a suitable method of free radical polymerization is 
necessary to arrive at appropriate hydrogels for tissue engineering.

Crosslinking Functional Groups

Hydrogels can be prepared via reactions between functional groups present in the 
water-soluble monomers or macromonomers. Typical reactions are Schiff-base formation, 
Michael-type additions, peptide ligation as well as “click” chemistry (Table 2).

Schiff-base formation between an aldehyde and an amino group is often used to prepare 
crosslinked hydrogels [37, 38]. Glutaraldehyde as a crosslinker in this respect was frequently 
used (Fig. 3a). However, glutaraldehyde is toxic even at low concentrations and may leach 
out into the body during matrix degradation, inhibiting cell growth [39]. Thus, hydrogels pre-
pared via glutaraldehyde crosslinking have to be extensively extracted to remove unreacted  
reagent. To avoid the toxicity associated with the use of glutaraldehyde, aldehyde-containing  
compounds are coupled to a nontoxic polymer such as hyaluronic acid [40] (Fig. 3b). 
Besides, reactive aldehyde groups can also be generated by oxidation of a polysaccharide, 
such as dextran [37], hyaluronic acid [38], and alginate [41]. Since Schiff bases are prone to 
degradation via hydrolysis of the imine bond at low pH, the addition of basic components 
like borax can facilitate Schiff-base formation to yield relatively stable hydrogels with fast 
gelation times [41].

Fig. 2. Chemical structures of macromers used for the preparation of hydrogels by radical polymerization.
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Table 2. Summary of crosslinking methods via reactions between functional groups

Chemical  
reactions

Typical functional 
groups Advantages Limitations

Schiff-base  
formation

Amine/hydrazide & 
aldehyde

Easy incorporation and  
crosslinking of amine-bear-
ing peptides and proteins

Aldehyde may induce side 
reactions in the body. 
Schiff-base linkages are 
usually unstable at low pH.

Michael-
type addi-
tion

Acrylate/vinyl  
sulfone & thiol/
amine

Mild reaction conditions,  
tunable properties, suitable 
for cell encapsulation

Unreacted thiol groups may 
influence cell viability

Peptide  
ligation

N-terminal cysteine 
& aldehyde

High substrate specificity, 
efficient crosslinking, mild 
reaction conditions

Complicated synthesis  
procedures of peptides  
due to protection and 
deprotection steps

Click  
chemistry

Azide & alkyne An efficient, high-yielding 
reaction

Involvement of catalytic 
amounts of potentially 
toxic Cu

The Michael addition reaction between a nucleophile (an amine or a thiol group) and an 
electrophile (vinyl/acrylate/maleimide group) is another approach for preparation of hydro-
gels, especially for injectable hydrogels for tissue engineering (Fig. 4). Hydrogels are formed 
simply by mixing two polymers bearing nucleophilic and electrophilic groups. Many poly-
mers, such as hyaluronic acid [42–44], dextran [45, 46], PVA [47], and PEG [44, 48, 49], 
have been conjugated with these groups to prepare hydrogels via Michael reactions. Using 
this reaction, thiol-bearing functional peptides (e.g., containing cysteine) were incorporated 
to yield biofunctional hydrogels, enhancing cell adhesion or matrix production [14, 49, 50].  
Generally, the hydrogels that are prepared via Michael type addition have moderate gelation 

Fig. 3. Aldehyde/amine-containing polymers to prepare hydrogels via Schiff bases formation.



209Hydrogels for Tissue Engineering Applications

times (<0.5 to ~60 min) and moderate mechanical strength, and their properties can be 
adjusted by tuning the reactivity of the functional groups and crosslinking density [44–47]. 
Since Michael addition reactions take place under mild conditions, the reactions do not seri-
ously influence cell viability during hydrogels formation. Usually, incorporated cells in hydro-
gels remain viable and survived from days to months [6, 50]. However, some caution has to be 
taken in the use of an excess of thiol functional groups as thiols may cause cell death [51].

Chemical peptide ligation, for the synthesis of proteins and enzymes is based on the 
chemoselective reaction of two unprotected peptide segments [52]. Peptide ligation for the 
preparation of hydrogels is based on the aldehyde groups of PEG derivatives and NH2-terminal 
cysteine moieties of peptide dendrons to form thiazolidine rings (Fig. 5a) [53]. The reactions 
were carried out under mild conditions and gelation took place within a few minutes. How-
ever, these hydrogels were intact for short periods of time (about 1 week) due to the reversible 
thiazolidine ring formation. Relatively stable hydrogels were prepared using PEG with end-
capped ester-aldehyde groups instead of aldehyde groups via pseudoproline ring formation 
(Fig. 5b) [54]. The hydrogels retained their shape and size with less than 10% weight loss for 
more than 6 months.

“Click chemistry,” a highly efficient, quantitative reaction, can be carried out at 
physio logical temperatures and pH by the copper-catalyzed 1,3-dipolar cycloaddition of azide 
and alkyne moieties (Fig. 6) [55]. Click chemistry has been used to synthesize polymer 
networks from functionalized synthetic polymers, such as PVA [56], PEG [57], poly(N-iso-
propylacrylamide-co-hydroxylethyl methacrylate) (P(NIPAAm-co-HEMA)) [58] as well as 
natural polymers like hyaluronic acid [59]. Lower degree of substitution with active pendant 
groups on polymers induces faster gelation [56]. Although copper-catalyzed click chem-
istry can be performed inside living cells [60], copper is known to be toxic to most bacterial 
and mammalian cells [61]. The removal of copper catalyst from hydrogels is difficult. 
Copper-free click reactions as an alternative to the conventional copper-catalyzed click 
chemistry offers a new route to prepare hydrogels for tissue engineering [61].

Fig. 4. Strategy of injectable hydrogels preparation via Michael-type additions



210 Rong Jin and Pieter J. Dijkstra

Crosslinking by Enzymatic Reactions

Enzymes often exhibit a high degree of substrate specificity, potentially avoiding side 
reactions during crosslinking. With this advantage, it is possible to control and predict the 
gelation kinetics and increase the overall crosslinking rate by the enzyme concentration. 
Transglutaminase (TG) is a typical enzyme that is capable of catalyzing crosslinking reactions; 

Fig. 5. Preparation of hydrogels via peptide ligation.

Fig. 6. Preparation of hydrogels via click chemistry.
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it is a calcium-dependent enzyme that crosslinks proteins in vivo [62]. TG-catalyzed covalent 
crosslinking occurs via the formation of an amide linkage between the carboxamide and pri-
mary amines on polymers or polypeptides (Fig. 7a) [63]. TG hydrogels formation has been 
successfully used in a variety of systems, including PEG-peptide and polypeptide hydrogels 
[62, 64–68]. The gelation times can be shortened to a few minutes by rational designs of the 
peptide sequences that increase substrate specificity [67]. In addition, these hydrogels have 
good adhesive properties and are used as surgical tissue adhesives [68].

Horseradish peroxidase (HRP) (Fig. 7b) is a single-chain b-type hemoprotein that 
catalyzes the coupling of phenols or aniline derivatives in the presence of hydrogen peroxide 
[69]. Phenol conjugated poly(aspartic acid)s have been crosslinked with HRP and H2O2 to 
give hydrogels [70]. Similar approaches have been adopted to design hydrogels based on 
hyaluronic acid [6, 71], dextran [72], cellulose [73], and alginate [74]. These systems provide 
fast gelation (within 1 min), good mechanical, and degradation properties in hydrogels that 
can be tailored by varying the HRP/H2O2/substrate ratio.

Crosslinking by Stereocomplexation

Enantiomeric mixtures of polylactides (d- and l-PLA) that co-crystallize into a 
stereocomplex [75], are used in the design of hydrogels. Hydrogels formation occurs by mixing 
two water-soluble polymers containing PLLA and PDLA blocks. Stereocomplexed hydro-
gels have been made using dextran grafted with monodisperse l-lactic acid and d-lactic 
acid oligomers, respectively. At least eleven lactic acid units in the grafts appeared to be 
necessary for hydrogels formation [76, 77]. In similar approaches, hydrogels were based 
on poly(HEMA-g-OLA) [78] and stereocomplexation using PEG–PLLA and PEG–PDLA 
block copolymers [79, 80]. Hydrogels based on multi-arm block PEG–PLA copolymers 
have shorter gelation times and greater moduli than the triblock PEG–PLA copolymers 
(Fig. 8) [79].

Fig. 7. Enzymatic crosslinking of (a) PEG or polypeptide conjugates or (b) polysaccharide conjugates.
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Hydrogels by Thermo-Gelation

Thermo-sensitive gelation is triggered by hydrophobic interactions upon a change in  
temperature [39, 81]. Thermosensitive hydrogels based on poly(ethylene oxide)-poly 
(propylene oxide)-poly(ethylene oxide) (PEO–PPO–PEO, known as Pluronics) and  
poly(N-isopropylacrylamide) (PNIPAAm) are most commonly used. However,  nondegradability 
and potential cytotoxicity of these gels limit their applications in tissue engineering. For 
example, significant decreases in cell viability of HepG2 cells occur in a 10% (w/w) Pluronic 
F127 solution. Cells encapsulation in hydrogels with F127 concentrations ranging from 15 
to 20% (w/w) result in complete cell death within 5 days [82]. Alternatively, biodegradable 
thermo-sensitive hydrogels, such as block or graft copolymers containing hydrophilic PEO 
moieties and hydrophobic PLA moieties have lower cytotoxicity [83, 84]. Thermosensitive 
biodegradable gels can also be prepared from naturally occurring polymers, such as gelatin 
and agarose. Other natural water-soluble polymers, like polysaccharides, can be modified 
with a hydrophobic moiety to prepare physical hydrogels. A variety of temperature-sensitive 
hydrogels systems have been reported in other chapters [81, 85–87].

Crosslinking by Self Assembly

Supramolecular self-assembly is a powerful concept used in the design of biohydrogels. 
The coiled-coil, one of the basic folding patterns of native proteins, is utilized to design 
physically crosslinked hydrogels. Gelation is triggered when coils form during protein folding 
with two or more helices wind together to form a superhelix [88]. A series of self-assembly 
hydrogels containing coiled-coil protein motifs were made by either noncovalent or covalent 
grafts to a synthetic N-(2-hydroxypropyl)methacrylamide (HPMAm) copolymer backbone to 
form hybrid hydrogels (Fig. 9) [89–92]. The gelation process is influenced by the length and 
the number of coiled-coil grafts per chain. At least 4 heptads are needed to achieve hydrogels 
formation with gelation times ranging from a few minutes to several days [90]. Moreover, 
by changing the structural specificity of coiled-coils, gelation in PBS at concentrations as  
low as 0.1 wt% is possible [89]. In similar approaches, hydrogels were prepared from block 
polypeptides [93–96]. The gelation process of hydrogels from polypeptide amphiphiles 
depended not only on the overall amphiphilic nature of the polypeptides, but also on the 
chain conformation (a-helix, b-strand, or random coil) [95]. The thermal stability and 
self-assembling properties of these hydrogels are related to hydrophobic and electrostatic 

Fig. 8. Stereocomplexed hydrogels based on PEG and PLA star block copolymers.
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interactions, which can be controlled by manipulating the amino acid sequences and block 
length of the coiled-coil domains [93, 94].

Crosslinking by Inclusion Complexation

Inclusion complexes between cyclodextrin (CD) and guest molecules represent a type 
of physical crosslinking that can be exploited for network formation. Cyclodextrins are cyclic 
oligosaccharides linked by a-1,4-glucosidic linkages. The three subtypes, a-, b-, and g-CDs 
consisting of 6, 7, and 8 glucopyranose units, respectively, have a relatively hydrophobic inte-
rior cavity and a relatively hydrophilic outer surface [97]. These characteristic gives CDs the 
unique ability to form complexes in which lipophilic guest molecules are surrounded by the 
hydrophobic environment of the cavity. PEG hydrogels based on inclusion complexes between 
b-CD and cholesterol have been linked to the end groups of PEG [98]. The stability of these 
gels is influenced by temperature as they have significantly lower storage moduli at 37°C than 
at 4°C. Hydrogels have been formed by inclusion complexes between adamantyl-containing 
copolymers and CD dimers [99]. In addition to complexation with guest molecules, complex 
formation also takes place between CD and polymers, such as poly(e-caprolactone) (PCL) 
and PEG [100]; for example, a-CDs form rapid gelation hydrogels with PLA–PEG–PLA and 
PEO-poly([R]-3-hydroxybutyrate)-PEO (PEO–PHB–PEO) (Fig. 10) [101, 102] .

Fig. 10. Hydrogels concept based on inclusion complexes between cholesterol and a-CD moieties coupled to 
star-shaped 8-arm PEG (P).

Fig. 9. Hydrogels formation through coiled-coil association.



214 Rong Jin and Pieter J. Dijkstra

Combining Physical and Chemical Crosslinking

Due to the reversible interactions, physically in-situ formed hydrogels generally have 
lower mechanical properties than chemical hydrogels. The mechanical properties can be 
improved by increasing the crosslinking density and molecular weight of polymers, however, 
the viscosity of hydrogels precursors increases the difficulty in handling. For chemically in-
situ formed hydrogels, the mechanical properties are much higher, but their preparation usually 
involves biologically unfavorable compounds that can lead to bio-incompatible materials.  
A combination of physical and chemical crosslinking offers the possibility of obtaining 
materials with improved physical and mechanical properties without compromising 
biocompatibility, for example, in the design of in situ hydrogels by combi ning stereocom-
plexation and photopolymerization an 8-arm PEG–PLLA and an 8-arm PEG–PDLLA, 
partly functionalized with methacrylate groups (40%), stereocomplexed hydrogels 
were formed upon mixing (Fig. 11) [35]. These hydrogels can be postcrosslinked by 
UV-irradiation. These double-crosslinked hydrogels showed increased mechanical moduli 
and prolonged degradation times compared to the hydrogels that were formed only by stereo-
complexation. The photopolymerization takes place at much lower initiator concentrations 
(0.003 wt%) than conventional photocrosslinking systems (0.05 wt%), which greatly reduces 
the possibility of heating effects that can damage cells. Similar approaches are combinations 
of thermo-gelation, inclusive complexation, stereocomplexation, ligand-receptor interaction, 
Michael addition reactions, and photopolymerization [51, 101–111]. The advantages of 
combining two crosslinking mechanisms in one hydrogels system include fast gelation, 
controlled hydrogels properties, and improved biocompatibility with cells and proteins.

Fig. 11. Schematic representation of the preparation of hydrogels based on methacrylated PEG–PDLA and 
PEG–PLLA by stereocomplexation and post-UV irradiation.
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Naturally Derived Hydrogels

Naturally derived polymers are widely used in the design of hydrogels for tissue 
engineering. Generally, these polymers are protein-based, such as collagen, gelatin and fibrin, or 
polysaccharide-based such as hyaluronic acid, alginate, chitosan, and dextran. Since naturally-
derived polymers are the components of the natural extracellular matrix, hydrogels prepared 
from these polymers may possess biofunctional features like modu lating cell behavior and 
matrix production. Moreover, many naturally derived hydrogels are biocompatible, have a 
low cytotoxicity, and are enzymatically biodegraded in the human body [112].

Protein-Based Polymers

Collagen is the most abundant protein in connective tissues, such as cartilage, bone, 
skin, and tendon. It consists of specific peptide sequences that foster cell adhesion and 
cell-mediated degradation. Therefore, collagen-based hydrogels are regarded as the most suit-
able for scaffolds to repair damaged tissues and organs. Soluble collagen form physically-
crosslinked hydrogels via thermo-gelation; however, rapid biodegradation and low mechanical  
strength of the hydrogels restrict their use in most tissue engineering applications [113]. 
Chemical crosslinking of soluble collagen can be used to produce hydrogels with a controlled 
degradation rate and improved mechanical properties. A typical collagen crosslinking method 
involves glutaraldehyde, but the potential toxicity of this crosslinker may compromise the 
in vivo biocompatibility of hydrogels [114], as an alternative, carbodiimides are used [115]. 
Chemical crosslinking methods that are used for collagen hydrogels can also be applied  
to form gelatin hydrogels for tissue engineering [23, 116, 117]. Gelatin microparticles, embed-
ded in hydrogels networks for encapsulation and release of growth factors or plasmid DNA, 
enhance cellular and tissue regeneration [63, 118, 119].

The enzymatic polymerization of fibrinogen in the presence of thrombin is used to form 
fibrin gels [120]. Due to their biocompatibility and biodegradability, fibrin-based hydrogels 
are used in tissue engineering cartilage, bone, and adipose tissues [121]. Furthermore, fibrin 
is known to contain cell-binding sites and, therefore, is used as a substrate for cell adhesion 
and guiding cell migration. However, rapid degradation of fibrin before proper formation 
of neo-tissues represents a problem [122]. A number of strategies have been investigated to 
prolong the degradation time, such as addition of protease inhibitors to inhibit cell-excreted 
enzymes responsible for the degradation of fibrin [123] and chemical modifications, such 
as photocrosslinking PEGylated fibrin to increase the crosslinking density so as to hinder 
enzyme transport [124].

Peptide-based hydrogels are structurally and biofunctionally tunable at the genetic level 
to match the requirements in specific tissue regeneration applications. Genetically engineered 
peptides, such as elastin-like polypeptides (ELPs) that consists of the oligomeric repeats of 
the pentapeptide sequence Val-Pro-Gly-X-Gly (where X is any amino acid except proline) 
undergoes a sharp phase transition at 35°C to form coacervate hydrogels [125]. These coacer-
vate hydrogels support chondrogenesis of chondrocytes [125] and human adipose derived  
adult stem cells in vitro [126]. ELP hydrogels prepared via enzymatic crosslinking by  
TG enzyme are used for cartilage repair [66], however, these ELP-based hydrogels generally 
have a low mechanical strength (moduli 80–280 Pa). Alternatively, lysine-containing  
ELP-based hydrogels that have a twofold to threefold higher modulus than noncrosslinked 
ELPs [127], were successfully implanted in a goat osteochondral defect model [128]. 
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Similarly, hydrogels from silk-elastin like-polypeptides (SELPs), composed of amino acid 
sequence motifs from silk (Gly-Ala-Gly-Ala-Gly-Ser) and elastin (Gly-Val-Gly-Val-Pro), 
show in vitro chondrocytic differentiation and cartilage matrix accumulation of human  
mesenchymal stem cells [129].

Polysaccharides

Hyaluronic acid (HA) is a well-known polysaccharide that is composed of the 
repeating disaccharide units d-glucuronic acid and N-acetyl-d-glucosamine. It is one of 
the glycosaminoglycan (GAG) components in natural extracellular matrices (ECM) and plays 
an important role in many biological processes, such as lubrication, matrix assembly, cell 
proliferation, and differentiation [130, 131]. HA is nonimmunogenic and biodegradable, mak-
ing it attractive in tissue engineering. In the ECM of most mature tissues, HA is present as 
a high molecular weight material (1–10 MDa), therefore, an aqueous HA solution is highly 
viscous and difficult to handle. Low-molecular weight hyaluronic acid can be prepared by 
degradation either by acid or base treatment and is preferred for preparing hydrogels [132].  
HA has abundant hydroxyl and carboxylic groups, which can be modified to give amine, 
hydrazide, thiol, acrylate, and phenol functionality [40, 43, 71, 133]. The mechanical and deg-
radation properties of HA-based hydrogels are adjusted by the molecular weight, the degree 
of functionalization, and the polymer concentration [15, 134].

Chitosan is a partially deacetylated derivative of chitin, comprised of glucosamine  
and N-acetylglucosamine residues. Chitosan has a chemical structure similar to GAGs 
in the ECM of cartilage and may have related biofunctions favoring cartilage regeneration. 
Chitosan is known to be enzymatically degraded in vivo by lysozyme, which is found in  
cartilage [135–139]. Chitosan-based hydrogels are developed from acidified chitosan 
solutions, followed by neutralization with basic glycerophosphate [140, 141]. Chemical 
modifications of chitosan with different hydrophilic moieties are used to produce water-
soluble chitosan derivatives [31, 142, 143]. Water-soluble chitosan derivatives can be used to 
prepare hydrogels either by physical or chemical crosslinking. Studies have demonstrated that 
chitosan-based hydrogels supported and enhanced chondrogenesis and osteogenesis both 
in vitro [144, 145] and in vivo [146].

Alginate, a naturally-occurring anionic polysaccharide composed of 1,4-linked 
b-d-mannuronate (M) and 1,4-linked a-l-guluronate (G) residues, is well-known for its  
gelling features with reversible crosslinking via ionic interactions between carboxylic 
groups and bivalent cations like Ca2+ [147]. The mild gelation conditions allow easy mix-
ing of cells and active biomolecules in alginate hydrogels and make them attractive as cell and 
protein delivery carriers in tissue engineering. However, changes in the environment, such as pH 
and salt concentrations can release calcium ions and disruption of the gels. An alginate 
gels strength decreases ~40% within the first 9 days in vitro [148]. Covalent crosslinking of 
alginates by oxidative coupling [74] and Schiff-base formation [41] are being explored.

Dextran, a glucose homopolysaccharide consisting of an a-(1®6)-linked glucan with 
branches attached to the O-3 of the backbone chain units, is commercially available in a wide 
range of molecular weights. It is soluble in water forming low viscosity solutions, even at 
high concentrations (>20 wt%). Dextran can be chemically modified to introduce aldehyde 
groups [37] and other functional groups, such as (meth)acrylates [32, 149], thiols [46], 
phenols [72], maleimide [150], and vinyl sulfones [45]. Dextran-based hydrogels are used for 
sustained protein and drug delivery [151, 152] and, by incorporating specific cell-adhesive 
peptides, in tissue engineered scaffolds [153].
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Synthetic Hydrogels

A wide variety of synthetic polymers are used in the design of hydrogels for tissue 
engineering. Synthetic hydrogels can be reliably produced in large quantities and are 
amenable to many structural variations. Moreover, the properties of synthetic hydrogels can 
be controlled by their composition, crosslinking density, and degradable linkages.

Hydrogels Based on PEG–PLA and PEG–PGA Copolymers

Poly(lactic acid) (PLA) and poly(glycolic acid) (PGA) are biocompatible and aliphatic 
biodegradable polyesters; however, they are hydrophobic and not soluble in water. PEG is a bio-
compatible water-soluble material. Using PEG as a starting material, water-soluble PEG–PLA, 
PEG–PGA, or PEG–PLGA block copolymers can be synthesized by ring-opening polymeriza-
tion. By controlling the ratio of hydrophilic and hydrophobic moieties, these block copolymers 
can form physically-crosslinked hydrogels that exhibit thermosensitivity in water [86]. The 
block copolymers can also be endcapped with functional groups like acrylates enabling post 
chemical crosslinking as well [10, 101]. Hydrogels prepared from polyester-based polymers 
are degradable both in vitro and in vivo by hydrolytic cleavage of the ester linkages along the 
polymer backbones. Hydrolysis leads to degradation products, such as lactic acid and glycolic 
acid; as natural metabolites, these products are regarded as nontoxic.

Fumaric Acid-Based Hydrogels

Fumaric acid-based macromers including poly(propylene fumarate-co-ethylene glycol) 
(P(PF-co-EG)) and oligo(poly(ethylene glycol) fumarate) (OPF) are used as biocompatible 
biodegradable hydrogels. Degradation released fumaric acid is a well known product that 
is naturally formed in the Krebs cycle and is found in mammalian cell metabolism [154]. 
The presence of vinyl groups along the polymer backbone makes it an ideal substrate for 
crosslinking.

Hydrogels based on P(PF-co-EG) or OPF macromers are formed in situ in the presence 
of an initiator by photo- or redox-initiated crosslinking either between macromers or using 
crosslinking agents, such as N-vinyl-2-pyrrolidinone (NVP) and PEG diacrylate [155–157]. 
These hydrogels generally form mechanically strong networks that are biodegradable both 
in vitro and in vivo [155, 158–161]. Mechanical and swelling properties as well as degradation 
rates of the hydrogels are adjustable by changing the hydrophilicity and crosslinking density; 
these are controlled by changes in the molecular weight and molar ratio of the PEG, and the 
amount of macromers and crosslinkers, respectively [155, 162, 163]. The biocompatibility  
of these hydrogels is well-documented with respect to various cell types, such as chondro-
cytes [155], endothelial cells [154, 157] and marrow stromal cells [161, 164]. In cartilage 
and bone tissue engineering, these materials are used as carriers for marrow stromal cells  
or chondrocytes and have been shown to promote cellular differentiation and matrix  
production in vitro [155].

Hybrid Hydrogels

Successful tissue engineering requires biomimetic scaffolds that can be structurally and 
physically controlled, as well as to modulate specific cellular behavior. Synthetic polymers 
allow structural and compositional variations in the design of hydrogels, but mostly lack the 
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necessary biofunctionality. Hydrogels prepared from natural polymers encounter problems in 
batch-to-batch differences. Proteins and peptides are easily denatured by proteases or elicit 
immune responses in the body. These opportunities and limitations have been a motivation to 
develop hybrid hydrogels with tightly defined physical, chemical, and biological properties by 
the combination of synthetic polymers with natural polymers or peptide/protein sequences.

Illustrated in Fig. 12 are commonly used approaches to prepare hybrid hydrogels, and 
examples of hybrid hydrogels for tissue engineering are listed in Table 3. One approach is to 
crosslink proteins (collagen, albumin, and fibrinogen) conjugated with acrylated PEG and 
then photo-polymerized [165]. Enzymatic biodegradation and structural properties of these 

Fig. 12. Commonly used approaches in the preparation of hybrid hydrogels.
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hydrogels are easily controlled. The modified protein can maintain their cell-adhesive 
properties and support proteolytic degradability based on the specific characteristics of the 
protein backbone. Another approach is to crosslink mixtures of natural polymers and synthetic 
polymers; for example, proteolytically degradable hydrogels based on synthetic polymers and 
protease-sensitive peptide sequences [8, 14, 49, 150, 166, 167]. These peptide sequences are 
susceptible to local degradation upon excretion of cell-surface proteases, and the degradation 
rate of the hydrogels can be tailored by enzyme specificity to the peptide sequences [150]. 
The advantage of hybrid hydrogels is that multiple functionalities can be included in one gels 
system such as crosslinking ability, tunable physical properties, bioadhesive and proteolytic 
degradation properties, and enhanced extracellular matrix production.

Tissue Engineering Applications

Bone Graft Substitutes

Bone is a highly vascularized tissue that provides a rigid structure for muscle 
attachment in most higher vertebrates. Although bone tissue has a high capacity of 
self-healing, the repair and restoration of large segmental skeletal bone defects still remain 
a challenge. Hydrogels, embedded with progenitor or mature cells, may serve as bone graft 
substitutes for bone regeneration.

Table 3. Typical examples of hybrid hydrogels and their functionalities

Synthetic  
polymer Biomimetic moiety

Bioconjugation 
method Functionality Ref.

PEG Lysine and Glutamine 
substrate peptides

End group  
coupling

Enzymatic crosslinking, 
fast gelation

[185]

PEG Heparin and VEGF End group  
coupling

Growth factor-mediated 
crosslinking and gels 
erosion

[186]

PEG MMP-sensitive peptide, 
engineered VEGF121, 
RGD containing 
peptide

Crosslinking via 
Michael addition

Proteolytic degradability, 
cell adhesion, enhanced 
cell expression

[8, 14, 187]

PEG Collagen, fibrinogen 
and albumin

Grafting Cell adhesion, proteolytic 
degradability

[124, 188, 
189]

PEG collagen-mimic  
peptide

End group coupling Retention of ECM  
production inside  
hydrogels via collagen 
binding

[165]

PVA  
or PEG

Chondroitin sulfate Crosslinking  
via photopoly-
merization

Balance between modulus 
and swelling of  
hydrogels, enhanced 
matrix production

[28, 190]

Pluronic 
F127

Hyaluronic acid, RGD Grafting and end 
group coupling

Improved cellular  
adhesion and  
proliferation, increased 
matrix production

[191]
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A variety of biofunctional sequences and/or growth factors can be introduced into 
hydrogels. Adhesive peptides, such as RGD sequences are incorporated into hydrogels to 
facilitate cell adhesion and spreading. Enhanced cell attachment and mineralized matrix 
deposition of osteoblasts embedded in RGD-modified PEG diacrylate (PEGDA) hydrogels 
were compared to RGD-free hydrogels [168], and that these hydrogels can promote the 
osteogenesis of bone marrow stromal cells in a dose-dependent manner [169]. The growth 
factor BMP-2 plays an important role in the expression of osteogenic markers, such as 
alkaline phosphatase (ALP) and osteocalcin [170]. However, direct incorporation of BMP-2 
in hydrogels generally results in a burst release of about 18% during the first day [171]. Con-
trolled release of the growth factor was achieved by using BMP-2 loaded nanoparticles (e.g., 
heparin functionalized PLGA) or microspheres (e.g., gelatin) [172]. In vivo experiments 
in rats showed that the maturity and the matrix mineralization of the regenerated bone are 
significantly improved in a fibrin hydrogels encapsulated with BMP-2 loaded PLGA nano-
particles [171]. The main limitation of hydrogels for bone tissue engineering is their infe-
rior mechanical strength, which is at least 3–4 orders in magnitude lower than the native 
bone tissue. To address this limitation, novel matrix architectures were designed that combine 
a hydrogels with a 3-D bioresorbable synthetic framework, which is capable of maintaining 
structural integrity of tissue-engineered bone grafts in load-bearing applications [173]. 
For example, tricalcium phosphate (TCP) was combined with alginate gels for bone regenera-
tion, and the addition of TCP helped to reduce swelling and gelation time and increase the 
stiffness [174].

Cartilage Regeneration

Cartilage is a flexible connective tissue in which chondrocytes are sparsely distributed 
in an extracellular matrix rich in proteoglycans (PGs) and collagen fibers. Cartilage has limited 
capacity for self-repair due to the avascular nature of cartilage and the low mitotic activ-
ity of chondrocytes. Chondrocytes readily undergo a dedifferentiation process during mono-
layer culturing and lose their phenotype. When cultured in hydrogels, chondrocytes were 
found to maintain their round morphology and be able to (re)differentiate [175]. Therefore, 
hydrogels are potential materials that can function as scaffolds for chondrocyte culturing and 
cartilage regeneration.

Several factors may influence cartilage regeneration and its ability to recover or main-
tain the chondrocyte phenotype. Recent studies showed that degradable hydrogels induced a 
more homogenous distribution of GAG than nondegradable hydrogels [9]. However, in fast 
degrading hydrogels, void spaces are generally present before new matrix formation [10, 11]. 
Therefore, the degradation rate of hydrogels are tailored by a combination of fast degrad-
ing linkages with slower degrading crosslinks [9–13]. Poor integration of neocartilage with 
native cartilage tissue is a major obstacle to cartilage regeneration. One main strategy is to 
take advantage of the presence of collagen type II in native cartilage that can chemically 
react with functional groups of the gels precursor molecules. For example, tissue-initiated 
polymerization was carried out between acrylate groups in polymerizable PEGDA macrom-
ers and tyrosine groups in collagen when exposed to light and an oxidative reagent like H2O2, 
resulting in improved tissue adhesion and integration [176] (Fig. 13). In another approach, 
adhesion and integration with native cartilage were achieved using aldehyde functionalized 
methacrylated chondroitin sulfate (CSMA), which was covalently attached to collagen via 
Schiff-base formation [177]. The CSMA layer was further polymerized by photo-crosslinking 
of PEGDA to give a gels/cartilage integrated scaffold.
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Summary

Chemical synthesis and protein engineering provide significant opportunities for the 
design of hydrogels with multifunctional properties on demand for tissue engineering 
applications. The fast progress in molecular biology inspires researchers to design smart and 
biofunctional hydrogels. Polymer composition and structures, hydrogels forming methods, 
degradation properties, mechanical strength, and biocompatibility are of significant impor-
tance. Artificial extracellular matrices combining hydrogels scaffolds, cells and growth fac-
tors hold great promise for tissue regeneration both in vitro and in vivo, and pave the way 
for treatment of diseases and replacement of organs. Preclinical studies show encouraging 
outcomes using these artificial matrices.
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Composite Hydrogels for Scaffold Design, 
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Abstract Hydrogels have been successfully used in several biomedical applications, such as 
controlled drug release and micro-patterning. More recently, the ability to engineer composite 
hydrogels has generated new opportunities in addressing challenges in tissue engineering as 
well as in tissue function restoration via prostheses. Indeed, the knowledge of biocompatible 
materials and preparation technologies may be efficaciously used in synthesizing biocompat-
ible hydrogels to develop state-of-the-art hydrogel-based devices for tissue regeneration and 
reconstruction. Important details with respect to the design of the materials adopted and with 
respect to specific tissues, such as tendons and ligaments, intervertebral discs, bone, menisci, 
and cartilage will be discussed.

Introduction

Biomaterials play a crucial role in modern strategies of the tissue replacement and res-
toration because they provide the reproduction of a designable biophysical and biochemical 
milieu able to direct cellular behaviour and functions [1]. The concept of regenerative and 
restorative design to engineer temporary or permanent devices, respectively, is a challenging 
task. Structural and biochemical peculiarities represent the basis upon which proper in vivo 
functions rely. The efficacy of the design strategy depends on mimicking natural tissue and 
supporting the engineered tissue. Tissue repair has been historically considered in two forms: 
tissue grafting and engineered organs. These two different approaches are based on the use of 
partially or completely synthetic biomaterials and alternatively biodegradable synthetic mate-
rials by designing novel bioactive materials capable (a) to interact with the host tissues, (b) to 
assist and to improve the healing process, and (c) to replace the functional tissue through the 
mimicry of morphological characteristics of the natural systems.

Hydrophilic composite structures may be efficaciously designed to mimic the transport 
and mechanical properties of natural soft tissue such as tendons, ligaments, and intervertebral 
discs. Indeed, non-degradable or partially degradable materials may reproduce the mechani-
cal and viscoelastic behaviour of soft tissues due to the hydrogels matrix reinforced with 
bundles of non-degradable fibres. As for the approach related to tissue reconstruction, there 
is a need to develop third-generation prostheses based on multifunctional materials. In par-
ticular, focussing on the basic principle of “learning from nature”, the design of smart and 
multifunctional materials has to mimic the behaviour of natural soft tissues, which are charac-
terized by a complex mechanical loading process, also taking part on specific biomechanical 
and physiological roles with respect to the surrounding tissues.
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The concept of designing bio-mimetic materials that actively direct the behaviour of 
cells to facilitate the regeneration of tissues and organs is being progressively explored in 
order to develop totally degradable biomaterials-based scaffolds. Indeed, the scaffold has to 
be designed as purely a structural support providing passive cues to the cells or with biological 
cues incorporated into the scaffold to guide cell and tissue growth [2]. In this context, tailor-
made bio-composites may guide the tissue growth by bio-molecular interaction with cells or 
adjacent tissues to control their basic functions, also directing the spatially and temporally 
complex multi-cellular processes of tissue formation and regeneration, or restoring damaged 
or dysfunctional tissues.

Hydrogels based on both natural and synthetic polymers continued to be of interest in 
the field of “tissue engineering” for repairing and regenerating a wide variety of tissues and 
organs [3]. They can reproduce elastic, three-dimensional porous networks able to swell up to 
90% in water solution and to adequately transfer stresses, making them an attractive material 
for biomedical and tissue engineering applications, such as bone and ligament replacement. 
Typically, hydrogels have lubricating properties, low coefficients of friction and tailorable 
mechanical strength, thus, resulting in very interesting cartilage and meniscus regeneration.

The addition of synthetic peptides in the design of hydrogels carriers with a wealth of 
bioactive signals programmed directly into the hydrogels matrix is another important step.  
It has been verified that incorporation of cell adhesion moieties and biochemical cues promote 
tissue deposition as well as specific enzyme-sensitive sequences as well as induce cell-mediated 
degradation [4]. In an effort to recapitulate the native microenvironment that surrounds cells, 
synthetic extracellular matrix (ECM) hydrogels may be designed by incorporating both 
proteins and glycosaminoglycans into a single hydrogels matrix. In this configuration, 
these synthetic ECM analogues could be degraded through hydrolysis of the ester bond asso-
ciated with the acrylate with a glycosaminoglycan semi-dependent degradation level [5]. 
The traditional methods of hydrogels synthesis may impede to finely control the material 
structures because of side reactions related to the presence of un-reacted pendant groups 
and physical bonds (entanglements). Furthermore, gels compositions may rapidly degrade 
in the presence of enzymatic molecules (i.e. hyaluronidase, collagenase) which drastically 
undermine the mechanical performance after the implantation as well as presenting a slow or 
delayed response times to external stimuli [6, 32].

To overcome the drawbacks of traditional synthesized hydrogels, such as loss in 
mechanical properties with time [7], recent strategies have focussed on composite hydrogels, 
which afford greater control by combining different degradable or non-degradable polymers 
with tailored chemistry to create bioactive systems with customized functional properties.

Basic Concepts and Properties

Hydrogels are hydrophilic polymer networks that absorb from 10 to 20% up to thousands of 
times their dry weight in water. They may be chemically stable or they may degrade and eventu-
ally disintegrate and dissolve as the amount of water overcomes the absorption limit. They may 
be “reversible,” or “physical” gels when the networks are physically held together by molecular 
entanglements, and/or by secondary forces, such as ionic, H-bonding, and hydrophobic forces 
[8]. For example, the gels obtained by the hydrolysis of polyacrylonitrile (PAN) to amide and acid 
groups from the nitrile groups can be stabilized by hydrophobic interactions due to the presence of 
nitrile groups with appropriate concentration and combination.
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The polymeric networks composed of chains joined through covalent bonds or crosslinks 
are defined “permanent” or “chemical” gels. For example, the hydrogels synthesized by 
Wichterle, [9] based on copolymerization of 2-hydroxyethyl methacrylate (HEMA) with 
ethylene glycol dimethacrylate (EGDMA) take part in this group. Water absorption capability of 
the crosslinked hydrogels depends mainly on the crosslink density estimated by the molecular 
weight between adjacent joined points [10].

In general, most hydrogels have good biocompatibility. They can homogeneously incor-
porate and suspend cells as well as growth factors and other bioactive compounds while 
allowing rapid diffusion of hydrophilic nutrients and metabolites to the incorporated cells. 
They can be processed under mild conditions or even be formed in situ. Hydrogels generally 
contain low amounts of dry mass, causing little irritation and a low quantity of degrada-
tion products. Hydrogels based on ECM polymers provide adhesive surfaces [11]. Although, 
hydrogels are considered to have great potential for biomedical applications, as they present 
several attractive physical properties such as, high water content and softness similar to living 
tissues, often in the swollen state, the mechanical properties are inadequate. This greatly 
limits the possibilities for the application as materials in artificial implants [12]. However, the 
incorporation of a hydrophobic component, such as poly(caprolactone) (PCL), into poly(2-
hydroxyethyl-methacrylate) (PHEMA) hydrogels enhances mechanical properties.

Ambrosio et al. designed different PHEMA/PCL semi-interpenetrating polymer networks 
(semi-IPNs) hydrogels and their relative composite systems reinforced with polymeric fibres. 
These semi-IPNs were composed of 10, 20, and 30% by weight of PCL in PHEMA [12]. Com-
pression tests were carried out on swollen PHEMA and PHEMA/PCL semi-IPNs in the form of 
cylindrical samples, according to the water content. The values of elastic modulus, maximum 
stress, and strain of PHEMA/PCL semi-IPNs are listed in Table 1 [12] which clearly shows 
that the presence of PCL crystalline micro-domains provides an increase in the elastic modulus 
and maximum stress of the modified hydrogels. In particular, the compression properties of the 
semi-IPNs improve as the concentration of PCL increases [12]. The possibility of improving 
the mechanical properties of these modified hydrogels by reinforcing the PHEMA/PCL semi-
IPNs with 40–50% poly(ethylene terephthalate) (PET) fibres was investigated. These composite 
hydrogels were manufactured through filament winding technique varying the winding angle 
over a wide range of values. Compression tests performed on the swollen PHEMA/PCL semi-
IPNs composite hydrogels reinforced with PET fibres have highlighted elastic modulus and 
maximum stress values higher than the PHEMA/PCL semi-IPNs alone [12].

Crosslinked PHEMA hydrogels were also investigated as interface material between 
bone and implant [13]. The aim was to use the force that PHEMA hydrogels generate on swelling 
in a constrained environment as a mechanism to fix an implant in an intramedullary cavity. The 

Table 1. Compression properties of swollen PHEMA and PHEMA/PCL 90/10,  
PHEMA/PCL 80/20, PHEMA/PCL 70/30 semi-IPNs

PHEMA/PCL (w/w) E (MPa) smax (MPa) emax (mm/mm)

100/0  1.02 ± 0.06 0.51 ± 0.02 0.51 ± 0.03
90/10  2.10 ± 0.16 1.45 ± 0.08 0.55 ± 0.02
80/20  6.21 ± 0.14 2.48 ± 0.06 0.44 ± 0.01
70/30 15.95 ± 1.07 7.27 ± 0.06 0.54 ± 0.02

Elastic modulus (E), maximum stress (smax), and maximum strain (emax) reported as mean value ± standard deviation
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in vitro mechanical tests were performed to evaluate the stress generated in the PHEMA when 
it was placed in water and not allowed to swell. The stainless steel pins were coated with 
PHEMA and then inserted in holes drilled through plaques of bovine cortical bone. The 
pin-hydrogels-bone systems were conditioned in distilled water at 37°C. Pull out loads up to 
375°N were measured, indicating that the system could be successfully used in vivo [13].

Prostheses for tissue function replacement: Soft organic tissues are very complex both 
in terms of the constituents used and of the microstructure [14–16]. For example, tendons, 
ligaments, and intervertebral discs are dense connective tissues consisting of a protein 
phase of collagen and elastin, and a polysaccharide phase of proteoglycans. The mechanical 
properties of soft tissues are not homogeneous and their structural organisation plays an 
important role in terms of mechanical properties [14–16]. Specifically, the overall mechanical 
properties of these tissues are related to the relative amount of the two phases as well as 
the geometrical factors, the conformation, and orientation of the individual constituents 
[14–16]. Soft biological tissues, such as ligaments, tendons, and intervertebral discs are able 
to withstand high mechanical stresses due to the unique orientation of the collagen fibres 
embedded in a proteoglycan–water gels. Consequently, the design of prostheses has to take 
into account the high structural anisotropy degree in order to effectively mimic the complex 
functional response of these natural tissues. In particular, the non-linear mechanical behaviour 
and the viscoelastic properties of these natural tissues are uniquely related to their structure. 
Accordingly, the design of synthetic soft tissues for biomedical applications needs to involve 
fibre-reinforced composite hydrogels.

Composite Hydrogels for Tendons and Ligaments: The need to design artificial prosthe-
ses for the replacement of damaged ligaments is growing because of the increase in number of 
tendon and ligament injuries (anterior cruciate ligament) as well as enhanced and new medical 
techniques. In order to design appropriate artificial tendon or ligament prostheses that are 
able to stabilize a joint without inhibiting abnormal movement, it is necessary to mimic the 
anatomy and physiology of the natural structures to be replaced or augmented. More spe-
cifically, the complex structural architecture of the natural tissue characterized by the axial 
arrangement of collagen fibres contained in the ECM, confers peculiar mechanical response 
to the natural tissue. Thus, an accurate “ab initio” definition of the geometrical factors, such 
as the conformation and orientation of the single components, aids in the design of suitable 
prosthetic devices [17, 18].

Early attempts, using synthetic ligament prostheses, were unsuccessful, mainly due to 
material fatigue, creep, and the high degree of graft failure.

Current efforts are focussed on the use of tissue engineering technology to develop 
scaffolds that stimulate the formation of functional ligamentous tissue. Approaches based on 
hydrogels scaffolds [19] and scaffold-free constructs [20] do accumulate significant amounts 
of ligamentous ECM. However, mechanical performance of these materials is poor, bringing 
into question whether these approaches could be used clinically. For example, fibrous scaf-
folds are an attractive alternative, as an initial mechanical support to the joint which can be 
achieved by matching the mechanical properties of the scaffold to that of the native ligament 
[21, 22].

Comprising of large diameter knitted or braided polymeric fibres, these scaffolds are 
similar to the ligament prostheses developed in the 1970s with the exception of the use of 
biodegradable, as opposed to non-degradable synthetic polymers. However, by using this 
approach the knitted/braided design restricts cell seeding to the periphery of the scaffold 
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resulting in heterogeneous ECM accumulation within the construct [23]. Furthermore, the 
fibres are substantially larger than the size of ligament fibroblasts (~10 mm) which is a prob-
lem as the cells are interacting with a planar surface as opposed to the aligned nanofibrous 
collagen network characteristic of ligament tissue [24]. The traditional synthetic devices, 
including the Gore-Tex® prosthesis, the Stryker–Dacron ligament, and the Kennedy ligament 
augmentation device (LAD), initially supply the mechanical function of the replaced liga-
ments, or protect the ligament that they augment. However, they fail over time because they 
cannot duplicate the necessary ligament behaviour [25, 26]. This is a direct consequence of 
the use of non-degradable materials which do not match the functional properties of biological 
tissue during “in vivo” evolution very well.

To mimic the morphology and mechanical properties of natural ligaments, composite sys-
tems based on degradable polymers are being explored. In particular, tensile tests have shown that 
the mechanical properties (i.e. modulus and strength) of natural connective tissues are higher than 
for hydrogels [16, 27]. Thus, the hydrogels need to be reinforced, creating a composite structure 
to match the mechanical properties of tendons and ligaments. Composite structures based on a 
hydrogels matrix reinforced with PET fibres were designed to reproduce the morphology, mechan-
ical properties of natural ligaments, and to match the typical J-shaped stress–strain curve displayed 
by natural tendons and ligaments. Hence, hydrophilic composite structures, consisting of a soft 
hydrated hydrogels matrix (PHEMA) reinforced with a hydrophobic fibre phase [poly(ethylene 
terephthalate) (PET)] wound into a helix were made by filament winding technique.

These composite structures have tensile stress–strain curves that are similar to typical 
natural tendons and ligaments (Fig. 1a). An initial toe region (low modulus region), due to 
matrix response, is followed by a second higher modulus region, which due to the response 
of the fibres aligning along the loading direction. The first region of the stress–strain curve 
depends on the winding angle and the mechanical properties are mainly due to the matrix 
response. The mechanical behaviour of these composite hydrogels was investigated as a func-
tion of the winding angle. In composites with an identical fibre composition, higher winding 
angles resulted in a more extensive toe region; therefore, the difference in terms of stress/
strain curves may only be due to the structural organization of the PET fibres derived from 
the different winding angles [27]. The increase of the modulus and strength with lower wind-
ing angles is due to the wider alignment of the fibres along the load direction. The tensile 
response of these fibre-reinforced devices can be tailored by varying the winding angle of 
the fibres, which determines the extent of the toe region and the mechanical response in the 
linear region. The behaviour of these soft composite prostheses can be controlled by a suitable 
design of the hydrophilic fibre-reinforced structures utilizing a filament winding technique. 
The control of the winding angle and the amount of fibres provides a wide range of mechanical 
properties [27].

Consequently, the static and dynamic-mechanical measurements on the proposed fibre-
reinforced composite hydrogels indicate that the tensile stress/strain curves as well as the 
viscoelastic properties of natural ligaments and tendons can be emulated by selecting an 
appropriate matrix and an opportune geometrical design of the soft composite prostheses 
[27]. Composite hydrogels-based structures made of polyurethane matrix (HydroThaneTM) 
reinforced with PET fibres were also investigated [16] Although polyurethanes have good 
mechanical properties, their biocompatibility is compromised by their hydrophobicity; how-
ever, HydroThaneTM (Hydrophilic Thermoplastic Polyurethane by Cardio-Tech International) 
is a family of hydrophilic thermoplastic polyurethane elastomers with adequate mechanical 
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properties with an equilibrium water content that ranges between 5 and 25% by weight. These 
HydroThaneTM matrices were reported to produce composites for ligament devices [16].

However, the need to assure an adequate transport of fluids through the implant should 
preclude the employment of synthetic material with hydrophobic behaviour. In fact, the pres-
ence of high amounts of water (~60%) associated with proteoglycans in the natural tissue, 
provides the lubrication and the structural spacing that are essential to enable the gliding 
function at the fibre/matrix interface [28].

This requirement embraces the philosophy of modern tissue engineering which is based 
on the use of porous scaffolds. Current tissue engineering for anterior cruciate ligament (ACL) 
regeneration allows the scaffolds to degrade while promoting tissue growth to enabling the 

Fig. 1. ACL fibre-reinforced prostheses (a) Typical tensile stress–strain curve of PHEMA reinforced with PET fibres. 
(b) Comparison of mechanical parameters calculated for PHEMA/PET, HYAFF 11/PLA, and HYAFF 11/HYAFF 
11 composite devices.
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body to fully regenerate lost or damaged tissue without the risk of scaffold or neo-ligament 
rupture, or stress shielding of the new tissue.

Innovative designs to produce a new generation of composite scaffolds that can mimic 
the mechanics of natural ligament and provide quick and complete regeneration of new natural 
tissue are in the making. In this regard, the composite materials with a hydrogels-like phase 
is mandatory to provide an adequate supply of liquids to the neo-forming tissue. A scaf-
fold for tissue engineering an ACL using composite materials for ligament devices is being 
pursued; the system is composed of a bioactive porous matrix, reinforced by a biodegradable 
fibre [29]. The matrix consists of a porous benzyl ester of hyaluronic acid reinforced with 
PLLA fibres. These fibres are wound to emulate the mechanical properties and function of 
collagen fibres. The possibility of using the benzyl ester of hyaluronic acid (HYAFF 11) as 
the fibrous component is also being explored. This system permits the attainment of the right 
balance between bioactivity, morphological features and mechanical performance for the ACL 
scaffold. Hyaluronan derivatives are bioactive and effectively reproduce the ECM domain. In 
particular, the benzyl ester of hyaluronic acid has good biocompatibility and the capability to 
promote cell adhesion and proliferation [8]. A porosity range from 100 to 500 mm is obtained 
through the solvent casting/salt leaching technique. A winding angle of 20° for PLLA fibres 
and HYAFF 11 was imposed through filament winding technique. The fibres are impregnated 
with the hyaluronan-derivative solution containing salt crystals (to be leached out later to form 
the pores) and then wound onto a mandrel. The mechanical properties are based on the stress/
strain curve that displayed a tri-phasic diagram and the elastic modulus that depended upon 
the components and structural parameters of the scaffold (Fig. 1b). The in vitro degradation 
performed in lactate solution showed a large erosion of the mechanical properties after 84 days. 
Preliminary tests on adhesion and proliferation of 3 T3 mouse fibroblasts on the proposed scaf-
fold showed higher adhesion on the more porosity scaffold (300–500 mm) for both the PLLA 
and HYAFF 11 fibres.

Polymeric substrates are able to match the starting mechanical properties, tailored deg-
radation, and biocompatibility when used for “in vivo” ACL reconstruction. A current work on 
“dual” composite structures meets all basic scaffold requirements for ACL reconstruction [30]. 
The extreme parts allow osteogenesis with good integration of the substrate within the implant 
site. The middle part is composed of multiple growth factors loaded in layers with different 
properties that enable the host tissue to in-growth due to the timed degradation of each layer for 
total restoration of tissue functionality. The outer layer impedes the inflammatory phenomena 
due to the action of cytokines and macromolecules from the knee joints which maintain the 
free exchange of nutrient ions. The overall mechanical behaviour of the structure is assured by 
the fibre-reinforced cores that remain stable during degradation whereas controlled delivery 
of growth factors occurs at a later stage of the matrix degradation to promote the blood vessel 
supply for the complete tissue functionality.

Intervertebral disc: Similar to tendons and ligaments, intervertebral discs (IVDs) have 
non-linear, anisotropic, viscoelastic behaviour. Therefore, the stress/strain curve is non-linear 
with a marked toe or J-shaped region [15, 16, 31] However, the toe region, for the interverte-
bral disc loaded in compression, is due to the annulus fibres that gradually align themselves 
transversally to the load direction to withstand the tensile stress [32, 33]. The IVDs provide 
flexibility to the spine and enable the body to twist and bend into a wide range of postures. 
Each disc has a soft centre, called the “nucleus pulposus” surrounded by an outer wall, the “annu-
lus fibrosus.” The annulus has a layered structure and each layer is reinforced by a regular pattern 
of collagen fibres [33]. Superiorly and inferiorly, there are two thin layers of vertebral cartilage 
endplates that are characterized by micropores for exchanging water and nutrients [33, 34].  
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The annulus consists mainly of collagen fibres embedded in a proteoglycan–water gels. 
The IVD is characterized by a gradation of collagen orientation from the annulus to the 
nucleus. From the edge of the disc inwards to the nucleus, the angle of collagen fibres in the 
concentric lamellae of the annulus decreases from 62 to 45°, with respect to the spinal axis 
[35]. The mechanical role of the nucleus is to resist and redistribute compression forces within 
the spine; while the major function of the annulus is to withstand tension.

The anisotropy of disc tissues and their specific biomechanical properties clearly sug-
gest composite materials for IVD replacement. The design of homogeneous and isotropic 
devices at most reproduce the geometry of the natural structure; while composite material 
structural designs provide a wider set of options and possibilities for an implant [16, 36, 37].  
The advantage of using composite designs to prepare soft replacement devices is that a wide 
selection range for the compliance and eventually the ability to control the chosen value is 
provided [31]. The selection of material characteristics, such as the aspect ratio, the fibres 
orientation, the matrix material, the fibres volume fraction, and the micromechanics are 
important. The lamination theory allows the design of a material with desired mechanical 
properties, such as elastic modulus and strength [12, 16, 27, 36, 37].

The need to match the mechanical behaviour of soft biological tissues with the anisotropy of 
an IVD has driven research towards designing soft fibre-reinforced composite materials.

The structural design of IVD prostheses suggests the use of continuous fibres embedded 
in a matrix, thus the filament winding technology was considered in order to create devices 
which mimic the complex natural structure. To design alternative IVD prostheses character-
ized by suitable transport, mechanical, and biological properties, research has focussed on the 
use of hydrogels [12, 16, 27, 36, 37]. The principle of mimicking the natural structure of IVD 
has led to engineering a novel fibre-reinforced hydrogels that is able to reproduce the structure 
and peculiar mechanical properties of a natural IVD [12, 16, 27, 36, 37].

PHEMA hydrogels are used in a wide variety of biomedical applications due to biocom-
patibility, high permeability, and high hydrophilicity properties [10, 13, 38, 39]. The draw-
backs are related to poor mechanical properties of these materials in the hydrated state, which 
are not appropriate for applications where high mechanical strength is required [12, 27]. The 
mechanical properties of polymer hydrogels may be improved by incorporating a hydrophobic 
component, such as PCL, and polymeric fibres [12, 16, 27, 38]. PHEMA-based composite 
hydrogels reinforced networks with PET fibres have also been designed as potential IVD 
substitutes [12, 16, 27]. The mechanical behaviour of PHEMA/PCL semi-IPNs composite 
hydrogels reinforced with PET fibres has been investigated [12, 16, 27]. However, PCL rapidly 
degrades to create voids in the network and causing a decrease in the mechanical properties 
of the hydrogels-based devices. Accordingly, a biostable polymer, such as poly(methyl meth-
acrylate) (PMMA), is being considered instead of PCL to improve the mechanical behaviour 
of the hydrophilic composite structures. This approach has led to the design and prepara-
tion of nucleus/annulus synthetic system for IVD prosthesis characterized by softer and more 
hydrophilic PHEMA-based semi-IPNs with harder and less hydrophilic outer fibrous part.

The compression J-shaped stress–strain curves obtained for these fibre-reinforced com-
posite hydrogels (Fig. 2a) is typical of soft biological tissues, such as articular fibrocartilage and 
IVDs [37]. The typical values of the compression modulus for swollen PHEMA/PMMA 80/20 
w/w semi-IPN fibre-reinforced hydrogels are shown in Fig. 2b [37]. The compression stress–
strain behaviour of natural IVDs is reproducible by the hydrogels-based composite structure, 
while the dynamic-mechanical measurements indicate that the complex viscoelastic behaviour 
of the disc tissues can be emulated by selecting a suitable matrix and design of the composite 
structure [16, 27, 37]. Moreover, by varying the composition of the hydrogels-based matrix, the 
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winding angle and the amount of the PET fibres, it is possible to modulate the hydrophilicity 
and the mechanical properties of the composite structure [16, 27, 37]. These results indicate that 
the use of fibre-reinforced composite hydrogels as nucleus/annulus system for IVD prostheses 
provides devices that are able to combine both the transport and mechanical properties.

Scaffolds for Tissue Regeneration

Although improvements have been made in skin and soft tissues regeneration, the regen-
eration of diseased tissue, such as bone, cartilage and menisci, are still far from appropriate 
solutions [40]. These limitations depend upon the properties of the scaffold which has to pos-
sess specific structural and functional cues capable of directing specific biological events for 
tissue formation [41]. The structure and architecture of scaffolds represent pivotal factors 
for scaffold-based tissue engineering to assure the right functionality of the tissue constructs 
for application in health care.

Porosity is essential to the performance of composite materials in scaffolds in order to 
provide a three-dimensional physical template able to support the new tissue formation. The main 
role of porosity on the biological behaviour of seeded cells in vitro culture is the capability to 
influence the correct response in the structures after in vivo implantation [42, 43]. The structural 
properties of a scaffold play an important role in all processes involved in tissue genesis includ-
ing cell adhesion, migration, proliferation, growth, differentiation, and biosynthesis. The accurate 
control over the pore size and its distribution, pore shape, pore interconnectivity, and overall 
porosity of scaffolds is mandatory for tissue engineering. In general, the desirable porosities 
for tissue engineering scaffolds are around 80–90% of the structure with pore sizes ranging 
from 100 to 500 mm depending on the specific tissue to substitute (bone, cartilage, meniscus). 

Fig. 2. Swollen PHEMA/PMMA 80/20 w/w semi-IPN composite hydrogels reinforced with PET fibres as nucleus/
annulus system. (a) Typical stress–strain curve at a strain rate of 5 mm/min up to a load level of 15.8 kN without 
breaking; (b) compression modulus at different strain rates (1, 5, 10 (mm/mm)/min), expressed as mean value ± stan-
dard deviation.
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Consequently, there is a need to process polymers with different physicochemical characteristics 
into macroporous scaffolds with reproducible microstructure [29].

Current techniques include salt leaching [44, 45], fiber processing, gas foaming [46] phase 
separation [47], and solid freeform fabrication techniques [47, 48], which have been developed 
to generate highly porous polymer scaffolds from biodegradable polymers. These techniques 
are used to create a tailored environment able to offer the adequate surface area for cell attach-
ment and thriving, while providing the free circulation of biological fluids for their maintenance 
[49]. To obtain a tissue-engineered construct for soft and hard tissues, repair and replacement 
requires several properties including biocompatibility, osteoconduction or induction, temporary 
mechanical support, controlled degradation, and adequate interstitial fluid flow [50]. In addition, 
the use of rate-controlled degradable materials is important to guarantee a greater penetration of 
extracellular substance to improve the nutrient/metabolites exchange and, to offer a better con-
nection between neighbouring cells for the growth of forming tissue.

The hydrophilic nature of the natural ECM also plays a key role on the basic functions of 
the natural tissues. Synthetic hydrogels offer the ability to mimic various distinctive require-
ments of an ECM-like physicochemical environment to sustain cellular and tissue function. 
Hydrogels can also be implanted in vivo with minimal invasive techniques. The standard 
approach consists of seeding a three-dimensional (3D) biomaterial scaffold [46], incorporated 
with gene vectors, soluble factors, and chemical signals to help the new tissue development 
during implantation [51]. Furthermore, crosslinked hydrophilic polymers architecture may 
provide tissue-like viscoelastic, diffusive transport, and interstitial flow characteristics [2].

Naturally derived and synthetic scaffold materials have been used to exploit the regen-
erative capacities of host tissues or transplanted cells [52]. Current design and fabrication 
of organic scaffolds in skeletal tissue engineering (TE) involve a range of materials, such 
as, protein-based polymers (collagen, fibrin, gelatin, and synthetic polypeptides), natural 
carbohydrate-based polymers (agarose, alginate, hyaluronate, chitosan, dextran), fully syn-
thetic polymers (polyactive, hyaluronan, and their copolymers with non-degradable polymers: 
Dacron, Teflon, polyesters, polyurethanes), and composite materials based on the coupling of 
hydrogels and inorganic compounds.

Although naturally derived biomaterials have proven effective in many basic and clinical 
applications, the need for custom-made matrices for tissue-specific cell biological investigation 
drives recapitulation of their key characteristics in synthetic materials. The use of synthetic 
material has been pursued because the immunogenic and purification issues relating to natural 
biomaterials are only partially overcome by recombinant protein technologies [1, 2] and the 
synthetic material properties can be finely controlled and tailored to perform required tissue 
responses. Although synthetic materials offer these advantages, and are more chemically 
programmable and reproducible, their deficiencies with respect to biological recognition limit 
their use as tissue regeneration scaffolds [52].

Currently, hydrogels are used as injectable in situ gelling networks and in cell-sheet 
engineering [53], wound healing and cellular patterning through spray deposition [54, 55]. 
Hydrogels combined with solid particles provide mechanically strong scaffolds largely used for 
load-bearing applications [56, 57]. To extend the biological performance of synthetic materials, 
a promising strategy consists of chemically encoding bio-molecular cues (morphogenic bone 
factors, growth factors, and gene factors) into synthetic platforms [11]. Composite hydrogels 
represent new frontiers for developing smart materials that are able to regulate and coordinate 
events in spatial and temporal modalities guided by biophysical and biochemical signals, as 
well as bio-molecular factors are naturally triggered by the extracellular microenvironment.
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Composite hydrogels for bone replacement: Tissue regeneration through autogenous 
cell/tissue is a practice largely used in orthopaedic surgery and biomedical engineering to 
address the problems associated with donor site scarcity, immune rejection, and pathogen 
transfer. Synthetic platforms able to host osteoblasts, chondrocytes, and mesenchymal stem 
cells obtained from the patient’s hard and soft tissues, and to slowly degrade and resorb as the 
tissue structures grow in vitro or in vivo, represent an invasiveness approach to reproduce the 
natural tissues. Efforts to design a variety of composite materials for tissue engineering scaf-
folds are based on biodegradable polymers with tailored degradation properties and specific 
biological cues. For example, manifold strategies of signalling usually involve the employ-
ment of ceramic particles like hydroxyapatite as bioactive factor or reinforcing agent within 
the polymeric matrix [58].

Currently, an approach based on the combination of hydrophobic and/or hydrophilic 
materials is emerging in scaffold design and preparation that represents a valid alternative 
to the traditional composite systems. To prevent the limitations of polyesters that include 
acute in vivo inflammatory phenomena [59], semi-synthetic materials like HYAFF for-
mulations obtained by chemical modification of purified hyaluronan may be used in com-
bination with them. The chemical modification of HYAFF consists of the partial or total 
esterification of the carboxyl groups of the hyaluronic acid that can be controlled by the 
selection of the chemical agents and the esterification extent with considerable effects on 
the composite biological properties either favouring or, conversely, inhibiting the adhesion 
of certain cell types [8]. HYAFF is being used for bone tissue engineering due to their posi-
tive tissue-forming abilities in the presence of chondrocytes and mesenchymal stem cells 
(MSCs) [60–63]. Furthermore, their use combined with aliphatic polyesters, such as PCL, 
polylactide (PLA), and poly(lactide-co-glycolide) (PLGA), may significantly reduce the 
inflammatory response during the degradation process [64, 65], because of a progressive 
increase in the hydrophilicity of the gels-like behaviour of material mimicking the native 
hyaluronan composing the ECM.

By changing the type of ester group introduced or the extent of the esterification, 
a broad variety of hyaluronan-based polymers (HYAFF 11, HYAFF 7) can be generated 
to produce membranes, fibres, sponges, microspheres, and other devices using different 
techniques (extrusion, lyophilization, and spray drying). For example, HYAFF 11 may be 
blended with PCL to develop porous scaffolds with tailored microstructure and degradation 
properties by phase inversion and salt leaching techniques (Fig. 3). The porous architecture 
is characterized by a well-interconnected and spatially well-distributed macroporosity 
ranging from 100 to 200 mm (Fig. 3a) obtained by leaching. The microporosity, ranging 
from 0.1 to 10 mm (Fig. 3b), generated by controlled extraction of solvents that do not 
active phase separation. The total porosity (92–93%) is consistent with theoretical value of 
sodium chloride porogen fraction (91%) as well as micro and macropore size distributions 
and surface areas (Fig. 3c, d).These have been calculated via imaging techniques by 
manipulating image parameters (brightness/contrast regulation, threshold definition). 
The shape and pore spatial distribution may be ascribable directly to the volumetric 
shrinkage of the HYAFF 11 which occurs during the preparation when the water content 
previously adsorbed during salt leaching step is lost. As a consequence, the volumetric 
shrinkage of the hydrogels determines a partial collapse of polymeric skeleton which 
explains the “microstructural disorder.” It may be possible to control the microstructural 
order by regulating the water adsorption properties which depend on the swelling ratios of 
the composites (Fig. 3e).
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Fig. 3. HYAFF 11/PCL composite scaffolds for bone regeneration obtained by phase inversion and salt leaching 
technique. (a) Macropores and (b) micropores by SEM images at different magnifications for evidencing; (c) 
macropore and (d) micropore size distribution by imaging techniques; (e) swelling kinetic curves as a function of 
the HYAFF 11 content.
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Composite hydrogels for menisci: The loss of meniscal tissue may lead to pain, 
degeneration of cartilage and osteoarthritis. Healing of ruptured meniscus is usually 
limited to the vascularized areas in the outer two-thirds of the meniscus. However, a 
large proportion of meniscal tears remains irreparable and partial, subtotal, or even total 
meniscectomy is often necessary. In cases of extensive destruction and complete loss of the 
meniscus, allograft transplantation and collagen meniscus implantation are two methods 
that are used in the clinical practice for meniscal substitution. In particular, collagen 
meniscus implants (CMI) is used for partial meniscus substitution in cases of extensive 
destruction with a meniscal rim left intact, while complete loss of the meniscus can only 
be treated by allograft transplantation [66, 67]. Meniscal allografts based on preservation 
techniques, such as fresh, fresh frozen, and cryopreserved, can foster healing and relieve 
pain. However, their long-term success, durability, safety, and chondroprotective effects 
are still uncertain.

Several materials have been tested as partial meniscus substitutes in animal models. 
While carbon fibres for meniscus repair in dogs did not result in meniscus-like tissue 
formation [68], small intestinal submucosa (SIS) was successfully used to repair posterior 
vascular meniscal defects, but not for total substitution [69]. A poly(vinyl alcohol) (PVA)-
based meniscus in rabbits showed promising results in terms of chondroprotection, but 
problems related to the durability of the device, the fixation method and complete tissue 
regeneration remain unresolved. Two different types of porous polyester-urethane polymers as 
meniscus devices were used in dogs [70] with promising results in terms of tissue formation; 
however, one of the materials (4,4-diphenylmethanediisocynate) is known to degrade to 
toxic products [66, 67]. Most porous polymer-based implants are not suitable as meniscus 
substitutes because of poor tissue in-growth related to the polymer degradation rate, and poor 
mechanical properties. However, tissue engineering is considered to be a possible solution for 
meniscal regeneration [71–73].

Animal studies indicate the possibility of using cells in a partial or total meniscal sub-
stitute [72, 73]. A collagenous sponge loaded with mesenchymal stem cells was used to heal 
a partial meniscus defect in rabbits; the presence of cells augmented the repair process but 
did not prevent degenerative osteoarthritis [71]. Positive histological results in CMI implants 
seeded with meniscal fibrochondrocytes were found compared to cell-free implants in sheep 
[72]. However, the tissue-engineered meniscus was biomechanically unstable [66, 67]. Sev-
eral cell strategies have also been investigated in vitro, in order to find the most suitable 
source for cell augmentation of tissue-engineered meniscus. A new resorbable biomaterial, 
consisting of PCL and hyaluronic acid derivatives (HYAFF 11) was investigated [66, 67]. The 
material was designed for total meniscal substitution in an in vivo study in sheep [66]. Tissue 
integration between the joint capsule and the implant was observed with tissue formation, 
cellular infiltration, and vascularization. A second study investigated the feasibility of using 
this novel material for meniscus tissue engineering and to evaluate the tissue regeneration 
after the augmentation of the implant with autologous articular chondrocytes expanded ex 
vivo [66, 67]. With regard to the preparation of the HYAFF 11/PCL-based meniscus devices, 
they were manufactured through solvent casting, salt leaching, freeze-drying, and lamination 
techniques, using moulds that were designed according to original sheep menisci (Fig. 4). 
Using 3-D reconstructions of sheep menisci from microtomography and suitable software, 
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3-D CAD drawings were designed in order to realize the appropriate moulds. Scanning elec-
tron micrographs and microtomographic reconstruction of the manufactured scaffolds indi-
cate an average pore size of 200–250 mm with interconnectivity of the porous structure and 
a total porosity of 68% [67]. The HYAFF 11/PCL scaffold could be used for total meniscal 
substitution as it induces tissue in-growth, without rejection and no differences between 
the cell-free HYAFF 11/PCL-based scaffolds. The histological analysis showed cellular infil-
tration and vascularization throughout the implanted constructs. In addition, cartilaginous 
tissue formation was significantly more in the cell-seeded constructs [67]. Longer-term ani-
mal studies are necessary to evaluate the in situ conditions, particularly, cell augmentation in 
promoting fibro-cartilaginous tissue regeneration.

Composite hydrogels for cartilage: Tissue engineering of autologous cartilage is being 
investigated for repairing cartilage defects in reconstructive surgery. Chondrocytes are initially iso-
lated from a tiny cartilage biopsy and then, expanded in conventional culture monolayers. Seeding 
into a porous scaffold network it is necessary to enable the organization of 3-dimensional (3-D) 
configurations [74].

Several suitable methods of culturing chondrocytes in gels substance such as agarose 
[75], hyaluronic acid gels [76], fibrin glue [77], collagen [78], and alginate [79] have been 
reported. However, these gels cultures do not provide suitable mechanical stability for creat-
ing cartilage structures with a specifically defined shape for transplantation. An additional 
problem is the de-differentiation of the chondrocytes into phenotypic fibroblast-like cells in 
substances like fibrin. Although gels substances such as agarose can induce cell re-differenti-
ation, the use of agarose has not been approved for clinical treatment.

The integration of bio-molecular cues, such as growth or gene factors into synthetic 
platforms, enables to trigger a complex cascade of biological events involved in the tissue for-
mation. For these reasons, a diffused strategy implies the development of polymeric matrices 
which may be easily synthesized with bioactive molecules.

Here, PEG can be successfully blended with hydrophobic materials like PCL to form 
a semi-hydrophilic scaffolds with high molecular transport capability and great potential for 
grafting bone morphogenic proteins and growth factors (Fig. 5a). The use of conventional 
techniques, like phase inversion and salt leaching, assures the formation of interconnected 
pore networks with desired pore sizes (Fig. 5b). The preliminary photo-polymerization by 

Fig. 4. Images of sheep meniscus (a) and HYAFF 11/PCL meniscus scaffold (b) obtained by integrating different 
techniques, such as computed tomography, computer numerical control (CNC) machining methods for mould real-
ization, solvent casting, salt leaching, freeze-drying, and lamination.
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ultra-violet (UV) radiation of the composite prevents undesired removal of PEG during the 
ionic dissolution of the sodium chloride particles, improving the final mechanical response 
of the substrate.

In the case of avascular tissues, like articular cartilage, diffusion of nutrients and per-
meability of fluid through the ECM are essential for sustained cell viability [80–82]. The pore 
size, pore morphology, and interconnectivity are interrelated and influence the permeability 
of fluid through the scaffold as well as its mechanical properties [83].

Therefore, integration of hydrophilic biomaterials, such as PEG, may be able to pro-
vide properties similar to native cartilage with respect to fluid dynamics. Conversely, the 
mechanical integrity may be controlled by the crosslinking of the polymeric chain [84]. The 
hydrophilic properties of photopolymerized PEG-based scaffolds may be modulated by the 
variation of the reaction time (Fig. 5c). These hydrogels effectively encode morphological 
and functional properties, such as porosity and mechanical properties, through the synergic 
control of the chemical composition and processing parameters so as to mimic the behaviour 
of the mature cartilage. In particular, the modulated UV exposure time can control water 
uptake and transport properties of the substrate through the highly complex chemical compo-
sition and structural organization.

Fig. 5. PEG/PCL composite scaffold via photo-polymerization/phase inversion/salt leaching technique. (a) qualita-
tive comparison of wet and dry samples; (b) SEM image of multi-porous structure; (c) swelling ratio as a function 
of the UV time exposure.
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In this context, the adsorption properties of multi-porous hydrogels composites, coupled 
to the possibility to modulate the swelling capability acting on both chemical and physical 
parameters, such as PEG crosslinking, makes these materials suitable as low environmental 
impact substitutes in many industrial applications [85] as well as in regenerative medicine.

Summary

Currently, approaches based on the use of degradable materials have been largely 
applied to the reconstruction of many tissues and organs, including numerous soft and hard 
tissues like bone and bone/cartilage for osteochondral defects. Novel approaches in hydrogels 
and composite designs have been proposed for revitalizing the research on new functional 
biomaterials on the basic idea to jointly improve mechanical properties and morphologi-
cal features. For instance, the introduction of crosslinking gels, semi-interpenetrating net-
works, and micro- or nano-composite hydrogels represent some valid solutions to improve the 
mechanical response of hydrogels under dynamic loading cycles. In addition, the adaptation 
of process technologies, traditionally used in scaffold design, to hydrogels science enables 
researchers to gain information related to transport properties of swollen materials, for the 
production of porous matrices with tailored pore morphology needful in tissue regeneration. 
In this context, hydrogels composites containing deliverable signals or functional proteins 
certainly have tremendous application potential. For example, the conjugation of peptide and/
or protein segments to hydrogels chains may be used to introduce degradability [86], 
temperature-induced phase transition [87], and sensitivity to the presence of biologically 
active molecules [88] into the hydrogels network. Moreover, water-soluble synthetic poly-
mers can be crosslinked with biological molecules, such as oligopeptides [89], oligodeoxyri-
bonucleotides [90], stereospecific D,L-lactic acid oligomers [91], through antigen–antibody 
binding [92], or by intact native proteins to stimulate specific cell activities. The design of 
composite hydrogels may include the recent strategies of self-assembling that allow real-
izing hydrogel-forming copolymers, using recognition motifs found in nature. For example, 
DNA sequences have been frequently used as bio-recognition motifs in the design of new 
biomaterials [93]. The versatility of molecular motif, especially the possibility to manipulate 
its stability and specificity by modifying the primary structure, bodes well for the success-
ful design of a new class of composite hydrogels with a great potential for the formation of 
precisely defined three-dimensional structures. However, several studies still need to be done 
with respect to analysing major factors involved in self-assembly of hybrid hydrogels. This 
would enhance the chance to implement structural and physicochemical criteria by using the 
self-assembly approach for the formation of highly reproducible, reversible three-dimensional 
hydrogels composites in the future.
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Abstract Tissue engineering is an emerging field of regenerative medicine that holds prom-
ise for the restoration of tissues and organs affected by chronic diseases, age-linked degenera-
tion, congenital deformity, and trauma. Tissue engineering consists of building tissue and 
organs using cells grown on natural or artificial biomaterials outside the body. Recent efforts 
in bone and cartilage tissue regeneration have turned to tissue engineering, which have shown 
the proof of concept in clinical situations. Articular cartilage is composed of 70–80% of 
water retained in the form of a stable macromolecular gels. The extracellular matrix (ECM) 
and chondrocytes represent 20–30% of the articular cartilage. The lack of vascularization of 
the articular cartilage, however, prevents the development of an inflammatory response; this 
severely limits spontaneous repair. Currently, research is being directed to cell therapy associ-
ated with specific scaffold-like hydrogels. Articular cartilage, in particular, is considered to 
be a good candidate for tissue engineering, because it requires less metabolic involvement 
due to lower cellularity and avascular matrix. Cartilage organization and pathology have been 
highlighted here with respect to scaffold strategies using synthetic hydrogels as biomimetic 
extracellular matrices for tissue engineering.

Introduction

The loss of a tissue or an organ is one of the most serious problems in human health 
care. Tissue engineering is an emerging field of regenerative medicine that holds promise for 
the restoration of tissues and organs affected by chronic diseases, age-linked degeneration, 
congenital deformity, and trauma. Bone and cartilage tissue replacement has turned to recent 
efforts in tissue engineering, and proof of concept has been shown in clinical situations [1]. 
Currently tissue engineering consists of building tissue and organ using cells grown on natural 
or artificial biomaterials outside of the body. Many researchers throughout the world are inter-
ested in this unique matrix to manufacture supports for biotechnologies [2, 3]. The number 
of publications written to describe new hydrogels and their uses in the biomedical field is 
increasing dramatically from 300 to more than 2,000 publications in 7 years.

Numerous hydrogels are being used for bioapplications, [4] but none entirely satisfy the 
biorequisites. The polymers that are capable of forming hydrogels have a natural hydrogels 
origin, such as hyaluronic acid, alginate, chitosan, chondroitin sulfate, collagen, fibrin adhesive, 
and cellulose ether, or they are synthetic, such as poly(lactide-co-glycolide), poly(ethylene glycol), 
poly(vinyl alcohol), and poly(propylene fumarate). These reticulated three-dimensional (3D) 
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structures that enable the maintenance and proliferation of cells entrenched in a macromo-
lecular structure while being made up of more than 90% water are rare. Hydrogels materials 
are used because they closely mimic tissue and can support the growth, multiplication, and 
differentiation of cells to produce regenerated organ transplants.

Hydrogels are water-swollen polymeric materials that are able to absorb and retain large 
volumes of water. The first hydrogels designed for use in the human body were introduced by 
the seminal 1960 paper in Nature by Wichterle and Lim. Traditional methods of biomaterial 
synthesis include cross linking copolymerization, cross linking of reactive polymer precursors, 
and crosslinking via polymer–polymer reaction. Hydrogels networks are widely used as 3D 
tissue engineering scaffolds to encapsulate cells by emulating the native extracellular matrix 
(ECM) due to their high water content and physical properties. In tissue engineering, it is 
crucial to control cell behavior to promote tissue regeneration. For example, degradable hydro-
gels have been investigated to generate space with time to provide room for cells to spread and 
migrate as the gels network degrades. The nature and the physical chemistry of hydrogels 
control the differentiation of stem cells and direct the strategy for tissue regeneration [5].

With regard to the applications of hydrogels in recent years, particular attention has been 
devoted to drug delivery, clinical application as well as to the use of hydrogels as scaffolds 
for tissue engineering and regenerative medicine. Among the materials used for regenerative 
applications, hydrogels are indeed very promising and are receiving increasing attention due 
to their ability to entrap large amount of water, good biocompatibility, and ability to mimic 
tissue environments.

Characterization of Hydrogels

Hydrogels are crosslinked hydrophilic polymers, which when placed in an aqueous 
media absorb large quantities of water and become highly swollen. The innate properties of 
a specific hydrogels are extremely important when selecting the material that is suitable for a 
given biomedical application. Hydrogels can be made from virtually any water-soluble poly-
mer and encompasses a wide range of chemical compositions and bulk physical properties. 
However, hydrogels properties are highly dependent on environmental conditions as well. 
With this combination of factors, it is imperative that hydrogels properties are predetermined 
and that they are measured under specific conditions (pH, temperature) that are as close to the 
in situ conditions as possible.

One of the major challenges facing the use of hydrogels for tissue engineering is to 
replicate the mechanical and viscoelastic characteristics of the requisite tissues. In most cases, 
hydrogels-based tissues are significantly weaker mechanically than their native counterpart [6]. 
In general, hydrogels have poor mechanical properties, because they do not have the sophisti-
cated complexity of native tissue.

Theory of Viscoelastic Behavior

Oscillatory measurements provide qualitative and/or quantitative information on the rheo-
logical properties of a hydrogels by determining the viscoelastic response of a sample as it is 
deformed under periodic stress or strain (Fig. 1a). The behavior is then defined as the periodic 
(sinusoidal) strain that is applied. In the dynamic solicitation at constant frequency (w), there are 
two important parameters: maximum amplitude (sm or gm) and phase angle (d). The phase angle 
is null for an elastic solid and equal to p/2 for a viscous liquid. The response of a viscoelastic 
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material (liquid or solid) depends heavily on the solicitation frequency. In this case, the 
phase angle is 0 < d < p/2. If the strain is defined as a complex oscillatory function of time with 
maximum amplitude and frequency, then

 g g w=* exp(i )m t  (1)

The measured response in this case is defined as:

 * exp(i )mσ ω δ= +s t  (2)

A standard notation for sinusoidal tests is the complex dynamic modulus (G*), defined 
as the ratio of the complex stress (s*) to the applied complex strain (g* ):

 
*

*
*=G

s
g

 (3)

Substituting (1) and (2) into (3), we can then write:

 * exp(i ) cos i sin im m m

m m m

G G G
s s s

d d d
g g g

= = + = +′ ′′  (4)

Here, G¢ is the real component (elastic or storage modulus) and G ²″ is the imaginary 
component (viscous or loss modulus).

The storage modulus G ¢ provides information regarding the elasticity or energy stored 
in the material during deformation, whereas the loss modulus G ²″ describes the viscous 
character or energy dissipated as heat. The ratio between G ²″ and G¢ is expressed by the 
dissipation factor or loss tangent (tan d =G ²″/G¢), where d is the phase angle. The loss tangent is 
a measure of the ratio of energy lost against energy stored in a cyclic deformation [7].

In general, the behavior of the storage modulus (G¢) and loss modulus (G ²″) as a function 
of frequency (w) are predicted in Fig. 1b. The elastic solid is characterized by a storage modulus 
(G¢), which is frequency independent and a loss modulus (G ²″), which decreases with decreasing 
frequency. Logically, G ²″ should not exist. In practice, we always measure a G ²″, which is often 
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Fig. 1. (a) Typical stress response for different materials during oscillatory measurements. (b) Typical behavior of 
the storage modulus (G¢) and loss modulus (G¢¢″) as a function of frequency during dynamic mechanical testing.
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50, 100, or more times less than G¢. On the other hand, a viscoelastic solid shows a plateau with 
a constant G¢ in the low frequency zone and G ≤″ is dependent on frequency [7].

Cartilage Morphology, Properties and Diseases

Articular cartilage is a specialized connective tissue located on the surface of long bones 
facing the synovial fluid. Healthy articular cartilage appears bright white and slightly translu-
cent and is called “hyaline,” because it has a high refractive index due to its high proteoglycan 
(PG) content, which is able to absorb large quantities of water. The main role of the articular 
cartilage is to absorb, transmit, and distribute the constraints to the subchondral bone. It also 
allows bones to slide against each other. The articular cartilage is considered stable in com-
parison to growth plate cartilage, which is transitory. Furthermore, unlike the cartilage growth 
plate, articular cartilage has a particularity – it is resistant to vascular invasion, to mineralization, 
and to replacement by bone [8]. The articular cartilage is not vascularized and not inner-
vated. Its nutrition comes by diffusion from synovial fluid, a process that also removes waste. 
The synovial fluid is composed of water and nutrients such as electrolytes, small molecules, 
glucose, and metabolic waste from the renewal of the matrix as oxygen and carbon dioxide. 
The nutritional intake of chondrocytes occurs through two successive diffusion systems, first 
through the synovial membrane and then through the cartilage matrix. The diffusion of nutri-
ents depends on the size, shape and charge of molecules, and the concentration of PG in the 
cartilage. The concentration of PGs plays a key role in the nutrient distribution. The load set-
ting on a joint leads to a compression of the cartilage that expels waste into the synovial fluid. 
The discharge from the joint causes a return of fluid in the cartilage thus enabling nutrients 
to enter. The Extracellular matrix (ECM) of articular cartilage forms a molecular sieve that 
selects molecules able to diffuse into the cartilage. Consequently, the elements of a molecular 
mass greater than that of hemoglobin (69 kDa) generally cannot be taken up.

Composition of Articular Cartilage

Articular cartilage is composed of 70–80% of water retained in the form of a stable 
macromolecular gels. The Extracellular matrix (ECM) and chondrocytes represent 20–30% of 
the articular cartilage [9]. The ECM is composed of collagen and collagenous proteins, but not 
primarily a network of collagen fibers II, IX, and XI, and the PG represented are aggrecan.

Chondrocyte

Chondrocyte is the only cell type of the articular cartilage. Articular chondrocytes have 
a round or polygonal morphology, but it can also have a flattened or discoid morphology 
depending on its location within the articular cartilage. Because of the synthesis of PGs, on 
the one hand, which requires processing large amounts of glucose and glucosamine, and, 
the lack of vascularization of the articular cartilage, on the other hand, the major metabolic 
pathway of chondrocytes is the anaerobic glycolysis [10]. The metabolism of chondrocytes 
is permanently influenced by the physicochemical conditions prevailing in the pericellular 
space. Indeed, the cyclical forces applied to the cartilage influence the pericellular space and 
the shape of chondrocytes. The result is a modification of the cytoskeletal actin filaments, 
which may alter the expression of certain genes. Therefore, there is a direct link between the 
physical and chemical conditions surrounding the chondrocyte and its metabolic activity [11]. 
Chondrocytes are responsible for the synthesis, the maintenance, and the renewal of the ECM. 



251Hydrogels for Cartilage Tissue Engineering

Thus, chondrocytes produce the components of the ECM like collagens and PGs. They also 
synthesize enzymes able to degrade the ECM as metalloproteinases [12] or hyaluronidase 
[13]. Finally, chondrocytes are the source of many cytokines and growth factors important 
in the regulation of anabolic and catabolic processes of cartilage. Many cytokines, vitamins, 
hormones, or growth factors influence chondrocytic phenotype. For example, insulin, TGF-b 
(transforming growth factor b), IGF (insulin like growth factor), BMP (bone morphogenetic 
protein), and ascorbic acid all play a role in chondrogenic differentiation or in maintaining the 
condrocytic phenotype.

The extracellular matrix (ECM) of articular cartilage consists of a network of collagen 
fibers embedded in a gels composed of PGs and water. The ECM of cartilage is mainly 
composed of fibers of collagen type II, IX, and XI, which are embedded in the PG as agrecan. 
The ECM also contains noncollagenous proteins, such as, COMP (cartilage oligomeric matrix 
protein) or CMP (cartilage matrix protein) and small PGs. The collagens are the most abundant 
proteins in the human body. Collagen fibers are also the main source of tension forces in 
animal tissue. There are currently 27 known different types of collagens [14]. The fibril network 
of articular cartilage is a copolymer of collagen II, IX, and XI. Other types of collagen, such 
as collagen I, III, VI, X, XIII, and XIV are found in small quantities [15].

The PGs represent 22–28% of the dry weight of adult articular cartilage. These are 
macromolecules whose molecular weight is between 6,104 and 4,106 Da. The PGs are gly-
coproteins consisting of a protein that is axially connected to one or more very long chain 
polysaccharide acids called glycosaminoglycans (GAG). The GAG structure is based on 
repeating disaccharides: one of the sugars is either an N-acetylglucosamine (GlcNAc) or an 
N-acetylgalactosamine (GalNAc), and the other sugars are acid sugars, like glucuronic acid or 
iduronic acid or galactose [16]. The articular cartilage has five different types of GAGs: four 
sulfated GAGs – chondroitin sulfate (CS), the dermatan sulfate (DS), the keratin sulfate (KS), 
and heparin sulfate (HS) and a nonsulfated GAG – the hyaluronic acid (HA).

Agrecan is the major PG of the articular cartilage; it represents 90% of cartilage PG. 
It is a large molecular aggregate containing more than one hundred CS and KS chains cova-
lently linked to an axial protein [17]. In cartilage, agrecan is associated with hyaluronic acid 
and a small glycoprotein liaison or link protein to form large aggregates [16]. The PGs in high 
concentrations create a high osmotic pressure, which keeps the water in the articular carti-
lage [18]. Hyaluronic acid (HA) is synthesized in the form of a long chain branched polymer 
and is negatively charged. It is composed of repeating disaccharides of glucuronic acid and 
N-acetylglucosamine with alternate b1-4 and b1-3 bonding. The synthesis of HA is different 
from that of PG, since it is not sulfated after synthesis [19]. The HA has remarkable hydrody-
namic characteristics; it causes a highly viscous environment that is capable of holding large 
quantities of water. Thus it plays an important role in homeostasis and tissue integrity [19]. 
HA interacts with PGs in articular cartilage, as well as with other molecules important for 
the assembly of the ECM [20]. HA, due to its lubricating properties, is used in intra-articular 
injection for the treatment of pain associated with osteoarthritis [21].

Histological Organization of Articular Cartilage

The composition and histological organization of articular cartilage varies with age 
depending on its position relative to the articular surface [22]. Indeed, chondrocytes as well as 
collagen, PGs, and other proteins are organized in a defined order that is distinguished as four 
zones in the articular cartilage (Fig. 2). The superficial zone in contact with the synovial fluid 
is the sliding surface of the cartilage and accounts for 5–10% of the thickness of cartilage. 
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This surface area can be divided into two sublayers: The first layer of an acellular matrix con-
tains fine fibrils of collagen I, II, and III and low-PGs. In a deeper layer, the chondrocytes are 
flat, ellipsoidal, and oriented parallel to the articular surface. In this zone, the chondrocytes 
synthesize small collagen fibers 30 nm in diameter. These collagen fibers are arranged paral-
lel to the articular surface. Chondrocytes in this zone synthesize lubricin. However, these 
chondrocytes synthesize less PG than other regions. In this area, the chondroitin sulfate (CS) 
chains predominate compared with the keratin sulfate (KS) chains that form an impermeable 
barrier to the diffusion of hormones and nutrients but permeable to water and oxygen. 
The orientation of collagen fibers and a stronger collagen-PG association enables the super-
ficial zone to protect the underlying cartilage from tearing or shear forces generated during 
joint stroke [23].

The transition zone occupies 40–50% of the thickness of articular cartilage. In this zone, 
chondrocytes are round or oval and larger than those of the superficial layer. They are anar-
chically arranged in the ECM. Chondrocytes of the transition zone are metabolically active 
in the synthesis of PGs and collagen. These collagens are type II, IX, and XI in thick fibers 
of 30–80 nm in diameter. The fibers obliquely intersect and form a nonoriented network less 
dense than in the superficial layer. The radial layer occupies about 30–40% of the thickness 
of the articular cartilage. The name is based on the radial orientation of the cells and col-
lagen fibers that make up this layer. The morphology of the chondrocytes is spherical and 
arranged in columns perpendicular to the articular surface. The PG content is important, 
while the water content is the lowest of all in the articular cartilage. These collagen fibers, also 
composed of collagen II, IX, and XI, are the thickest (~100 nm in diameter). These collagen 
fibers are oriented vertically relative to the articular surface, which provides the cartilage 
resistance to compressive forces.

The calcified layer is the surface layer and represents only 5–10% of the cartilage 
thickness. This layer separates the articular cartilage and the subchondral bone. The arrange-
ment of proteins in the ECM in this area is very close to that observed in the radial zone. 
Chondrocytes are in limited number, hypertrophic and synthesize type X collagen in addition 

Fig. 2. Histological organization of articular cartilage.
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to collagen II and XI. A biological carbonated apatite is deposited on collagen fibers that 
penetrate directly into the bone epiphysis to anchor the cartilage. The calcified cartilage layer 
is separated from nonmineralized cartilage layers by a dense line called the tidemark. This 
tidemark is rich in collagen fibers and contains hyaluronic acid, but it appears not to contain 
GAG [24].

Extracellular Matrix (ECM)

The ECM exhibits differences that depend on the distance of the chondrocytes embedded 
in a chondron. Thus, the ECM areas can be classified into distinct regions called pericellular 
matrix and interterritorial matrix. The pericellular area is a region circumscribed around the 
chondrocyte. The association of pericellular matrix and chondrocyte is a microanatomical 
entity called “chondron” [25]. The pericellular matrix contains all the constituents of the oth-
ers areas of the ECM, such as collagen type II, IX, XI, agrecan and fibromodulin, in normal 
cartilage. This area is distinguished by the presence of type VI collagen. This area also has 
high levels of sulfated PG, as well as high agrecan, hyaluronic acid, and link protein concen-
trations [26]. In fact, this area may regulate the biomechanical and biochemical microenvi-
ronment of chondrocyte [27]. It was assumed that the “chondron” serves as a transducer of 
mechanical signals [28].

In the territorial matrix envelope, the pericellular matrix of chondrocytes is either iso-
lated, organized into blocks, or arranged in columns, as in the radial zone. Collagen fibers are 
thicker in this area and form packages, which appear to be directly adhered to the pericellular 
matrix. Collagen fibers form a fibrillar cage around cells and provide mechanical protection 
for the chondrocytes. These fibers also contain a lot of PG that are rich in CS chains. The 
interterritorial matrix provides the mechanical properties to the articular cartilage. Collagen 
fibers of this interterritorial matrix shift from a tangential orientation in the superficial zone 
to a radial orientation in the radial zone. The interterritorial matrix is the broader part of car-
tilage matrix and contains PG rich in KS chains and the thickest collagen fibers.

Pathology of Articular Cartilage

Trauma: Articular cartilage lesions are due to repetitive impact trauma or progressive 
mechanical degeneration due to a specific activity. These lesions are the cause of many dis-
abling symptoms such as pain and functional disturbance of the affected joint. The articular 
cartilage lesions can be classified according to their depth. The ICRS (International Cartilage 
Repair Society) established a classification of cartilage lesions to standardize the description 
of focal lesions of cartilage (Fig. 3).

A grade 0 lesion corresponds to normal healthy cartilage. Grade 1, where the cartilage 
is almost considered normal, may be divided into two; grade 1A, where the articular surface 
has a soft appearance and contains fibrillar element, and grade 1B, where the articular 
surface has cracks or surface tears. A grade 2 is considered as abnormal and has a deeper 
injury than grade 1, but its depth is less than 50% of the articular cartilage thickness. In a 
grade 3A, the depth of the cartilage is more than 50% of the articular cartilage thickness, 
but does not extend to the calcified layer. Grade 3B reaches the calcified layer, and grade 3C 
reaches the subchondral bone without crossing through. Grade 3D is similar to grade 3C but 
has bulges on the surface of cartilage. Finally, a grade 4 lesion extends up to cross through the 
subchondral bone. Other cartilage lesions classifications exist, but the ICRS classification is 
one of the most relevant.
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Osteoarthritis: Among the many degenerative diseases of articular cartilage, osteoar-
thritis is the most common rheumatological disorder. It is the second leading cause of disability 
after cardiovascular diseases [29]. Rheumatoid arthritis, juvenile arthritis, and ankylosing 
spondylitis are inflammatory disorders, and so are not part of the prime targets of tissue engi-
neering because of the inflammatory processes underlying these pathologies. Osteoarthritis is 
now the leading cause of morbidity in all of the developed countries. In 1995, the estimated 
number of cases in the United States was 20 million. The aging of the U.S. population will 
increase that number to over 50 million by 2020 [30]. According to WHO, 10% of the popula-
tion over 60 suffer from osteoarthritis, 80% have limited movements, and 25% are unable to 
perform their daily activities. Osteoarthritis is the most common cause of long-term disability 
among those over 65 [31].

Two types of osteoarthritis can be distinguished: the primary or idiopathic osteoarthritis, 
which has no known cause, and secondary osteoarthritis that is caused by traumatic injury, 
heredity, inflammation, or metabolic disorders [32]. A typical symptom of osteoarthritis is 
a gradual increase of pain and stiffness in and around the joint, combined with function 
impairment of the articulation [33]. Different joints may be affected by osteoarthritis: the 
hip, the cervical and lumbar vertebrae, the first metatarsophalangeal joint of the feet, distal 
and the proximal interphalangeal joints, the first carpo-metacarpal joint of the hand, and the 
knee joint. However, idiopathic osteoarthritis rarely reaches the shoulder articulation, elbow, 
or ankle. It affects preferentially the hand, foot, knee, or hip [34]. Osteoarthritis is the result 
of a degeneration of the joint, a process that involves a progressive loss of articular cartilage 
accompanied by attempted repair of articular cartilage, a remodeling and sclerosis of the 
subchondral-bone, and the formation of osteophytes [35, 36].

Cartilage Repair

Spontaneous Cartilage Repair: The lack of vascularization of the articular cartilage 
prevents the development of an inflammatory response; this lack severely limits spontaneous 
repair. Only lesions penetrating the subchondral bone, that is vascularized, are able to trigger 
the repair process [37, 38]. A grade 1 lesion, where the articular surface remains intact, 

Fig. 3. International cartilage repair society classification of articular cartilage lesions.
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is visible only at the macromolecular level and corresponds to a decrease in the PG content of 
the cartilage. This decrease in PG reduces the resistance of articular cartilage and increases its 
permeability. How to repair these types of lesions is not clearly established. The hypothesis on 
the possible repair of the grade 1 lesions depends on several conditions: the loss of PG must 
not exceed that which is being produced by the chondrocytes, the network of collagen fibril 
must remain intact, and the number of chondrocytes able to respond to these lesions must 
be sufficient [39]. However, this hypothesis needs to be validated to determine the extent to 
which these grade 1 lesions can progress.

The grade 2 and 3 lesions, which interrupt the articular cartilage surface, give rise 
to the proliferation of chondrocytes and an increase matrix molecules synthesis. However, 
this newly formed matrix does not fill the defect and soon after the trauma, the increase in 
cell activity and proliferation ceases [36]. The defect becomes permanent, which alters the 
mechanical function of the joint and increases the risk of cartilage degeneration. Since this 
injury does not reach the subchondral bone, where it would have cellular contact, it cannot be 
repaired spontaneously.

In a grade 4 injury, the cartilage lesion passes through the subchondral bone and, there-
fore, reaches the bone marrow, triggering a stream of cells and blood into the defect. 
In 2 days, a blood clot is created that fills the defect [40]. The inflammation phase then takes 
place, which is characterized by vasodilatation and increased permeability of the vessels mem-
brane of the subchondral bone, which initiates the process of transudation and exudation. This 
leads to the formation of a dense network of fibrin containing inflammatory cells and stem 
cells able to differentiate into reparative cells. In the case of cartilage damage passing through 
the subchondral bone, the mesenchymal cells from the bone marrow reshape the blood clot 
and participate in the repair process [41]. The final phase of this spontaneous process is the 
reparation phase. Blood vessels, under the influence of angiogenic factors, invade the network 
of fibrin and fibroblasts to produce a fibrous repair tissue that then becomes scar tissue 
[42]. In the following months, the articular area forms a repair tissue intermediate between 
the hyaline cartilage and fibrocartilage [41, 43]. However, this repair tissue has inferior mechani-
cal properties with less PG, collagen II, and other biochemical markers of articular cartilage than 
for normal articular cartilage. After 1 year, this repair tissue often shows signs of deterioration, 
such as, fibrillation, fragmentation, and irregularities, which promote degeneration [40].

The current data indicates that traumatic articular cartilage lesions do not repair when 
they affect the cartilaginous area of the joint. In deeper lesions affecting the subchondral 
bone, the body attempts to repair the damage through the formation of a fibrocartilaginous 
repair tissue remaining transient. Lesions of articular cartilage often change toward larger 
lesions like osteoarthritis lesions. Consequently, using cell-free scaffolds for cartilage repair 
is not possible. The data strongly indicates the necessity for the development of innovative 
therapeutic approaches for the treatment of bone and cartilage. Tissue engineering that com-
bines cell biology and biomaterial engineering to design and maturation of various tissues, 
could open new therapeutic modes for cartilage-applied regeneration.

Cartilage Regeneration

Tissue Engineering (TE)

Injury or loss of organs or tissues can cause structural and metabolic changes result-
ing in significant morbidity or even death [44]. To treat the loss of tissue or organs, current 
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therapy consists of implanting a prosthesis to replace, within limits, structure and function to 
the injured body. Tissue engineering combines the principles of engineering and life sciences 
to develop biological substitute tissue to restore, maintain, or improve tissue functions [45]. 
The principle of tissue engineering is to use a biocompatible matrix seeded with appropri-
ate cells and/or loaded with biologically active molecules to promote differentiation and cell 
maturation [46]. Two approaches have been developed; the first approach is to manufacture 
in vitro a fully functional tissue before implantation, and the second approach is to implant a 
scaffold with immature cells cultivated in vitro and allowed to mature in vivo [47].

Articular cartilage is considered to be a good candidate for tissue engineering, as it 
requires less metabolic involvement due to low cellularity and avascular matrix. [48]. Three 
components are important in cartilage tissue engineering; matrices, cells, and morphogenic 
factors. A major research aim is the development of matrices that can meet the specific require-
ments for engineering cartilage tissue. To determine the ideal cell source, current research is 
oriented toward optimizing culture conditions to stimulate chondrogenesis in vitro and in vivo 
by using a bioreactor. Recent developments in molecular biology and gene therapy are provid-
ing newer and better approaches to genetically engineered articular cartilage.

Cell Origins

Chondrocytes: Adult chondrocytes, able to form an ECM, have been isolated from differ-
ent sources, as well as cells of choice for articular cartilage tissue engineering [49, 50]. However, 
chondrocytes derived from elastic cartilage (ear), do not have the mechanical properties of hya-
line cartilage (joint, nasal septum). An in vitro and in vivo study [50] revealed that chondrocytes 
from different anatomical sites form tissue that has the characteristics of the tissue origin. Con-
sequently, chondrocytes from a hyaline cartilage source should be used for articular cartilage 
repair applications. A comparison of the hyaline chondrocytes from nasal and rib chondrocytes 
are superior as articular chondrocytes in terms of the amount of cartilage formed in subcutane-
ous sites. However, there are significant limitations to the use of chondrocytes, whatever their 
origin, due to the instability of the phenotype in the monolayer culture. Indeed, chondrocytes 
grown in monolayer lose their phenotype, which results in loss of expression of chondrocytes 
phenotypic markers as collagen II and agrecan primarily, but also the SZP (superficial zone pro-
tein) [51]. This loss of chondrocytes phenotype is the orientation of cells toward a fibroblastic 
phenotype. The acquisition of the fibroblast phenotype is characterized by an increased expres-
sion of type I collagen and the adoption of the characteristic spindle shape of fibroblasts. This 
process of dedifferentiation is still reversible and when dedifferentiated chondrocytes are placed 
in a 3D construct, they recover their differentiated phenotype [52–54].

Studies have shown that chondrocytes isolated from osteoarthritis cartilage undergo 
metabolic changes, such as the disruption of the balance between anabolism and catabolism, 
which may cause an alteration to cellular response [55]. These chondrocytes retrieve a type 
II collagen expression and produce PG similar to that of normal chondrocytes. This suggests 
that osteoarthritic chondrocytes may be a source of chondrocytes for cartilage tissue engineer-
ing. Despite this positive data, osteoarthritic joints often lose articular cartilage, which limits 
the amount of tissue available.

Mesenchymal Stem Cells: Mesenchymal stem cells (MSC) are pluripotent cells 
characterized by their capacity to proliferate and differentiate. Indeed, the MSCs are capable 
of a self renewal and to move toward a chondrocytic, adipocytic, osteoblastic, neurogenic, 
and myogenic phenotype [56, 57]. The discovery of these cells has led to new therapeutic 
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strategies, partly due to their ease of access. Bone marrow is the most widely used source of 
MSC, but MSC have been isolated from other tissues, such as muscles [58], adipose tissue 
[59, 60], periosteal or perichondral tissue [61]. Furthermore, the pluripotentiality of MSC 
isolated from bone marrow, adipose tissue [62], muscle, and the synovium has been demon-
strated [61]. These MSC may be of major interest for tissue engineering as they do not seem to 
possess molecule histocompatibility complex (MHC) class II responsible for immune rejec-
tion. It is now well established that the MSCs have immunomodulatory properties. MSCs 
are able to inhibit the function of mature T cells as a result of their activation by nonspecific 
antigen. They are also able to reduce the memory and naive T cells response. They can also 
prolong the graft survival with a bad histocompatibility and, therefore, reduce the reaction of 
graft against the host [63]. Thus MSC could potentially be used as an allogeneic [64] source 
of cells for cartilage tissue engineering.

Unlike autologous chondrocytes, MSC can be easily manipulated to become chon-
drocytes [65]. However, chondrogenic differentiation of MSC in 3D culture often leads to 
hypertrophy of chondrocytes and ECM mineralization [66, 67]. The MSCs in these growing 
conditions appear to have an endochondral type of differentiation leading to early hypertro-
phy that is reflected by the expression of collagen X, the MMP13 and alkaline phosphatase 
and the mineralization of the ECM. Therefore, chondrogenic differentiation of MSC should 
be checked before their use in cartilage repair to prevent any risk of neoformed tissue min-
eralization [67, 68].

Scaffolds

Scaffolds represent one of the key components for tissue engineering. The applications 
range from the substitution of a periosteal flap in the autologous chondrocytes implantation 
treatment to a drug delivery device that could enhance tissue regeneration and reduce the 
osteoarthritis related inflammatory processes. The scaffold can be associated with cells in 
a bioreactor before implantation [69] and provide a 3D environment that is desirable for 
the production of cartilaginous tissue [70]. Ideally the scaffold should: (1) have directed 
and controlled degradation, (2) promote cell viability, differentiation, and ECM production, 
(3) allow for the diffusion of nutrients and waste products, (4) adhere and integrate with 
the surrounding native cartilage, (5) span and assume the size of the defect, and (6) provide 
mechanical integrity depending on the defect location. The more common scaffolds used for 
cartilage are based on hydrophilic polymers in the form of hydrogels, sponges, or meshes.

Currently, regenerative medicine is moving toward using less and less invasive surgical 
techniques with the objective of reducing morbidity and the duration of hospitalization. This 
quest for minimally invasive surgery has motivated the development of injectable matrices for 
bone and cartilage tissue engineering. Once implanted, these injectable matrices must also 
be able to set, acquire the desired shape, and present mechanical properties in relation to the 
tissue to be repaired or replaced. Polymers with high viscosity in water can be used to make 
hydrogels via physical, ionic, or covalent cross-linking. In this case, hydrogels are used to 
make actual macromolecular networks comparable to the extracellular matrix (ECM).

Hydrogels Polymers (FIGURE 4)

Hydrogels are very valuable scaffolds for 3D culture of cells due to their biomimetic 
nature. Natural materials are advantageous in that they contain information that facilitates cell 
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attachment or maintenance of differentiated function. On the other hand, synthetic polymers 
allow precise control over molecular weight, degradation time, hydrophobicity, and other 
properties, but they may not interact with cells in a desired manner [45]. Macroporous biode-
gradable polymers (sponges) have been used for tissue engineering [71, 72]; however, uniform 
cell seeding and culturing within these macroporous polymers remain difficult due to limited 
penetration of the cells and diffusion of nutrients. Furthermore, these bulk macroporous poly-
mers are not suitable for percutaneous surgery. Another approach is to mix cells with a 
viscous aqueous solution made of a hydrophilic polymer; this is a mixture of cells and poly-
mer that can be injected in the surgical site. The polymer is then crosslinked and set in situ. 
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Fig. 4. Chemical structure of the polymers commonly used in cartilage tissue engineering. (a) Methacrylated Poly-
dextrane from [91] (b) Sodium alginate from [86] (c) Methacrylated hyaluronic acid from [76] (d) Chitosan cross 
linking with genipin from Mi [115] (e) Poly(ethylene oxide) (PEO) or poly(ethylene glycol) (PEG) and (f) Dime-
thacrylated poly(ethylene oxide) (PEODM) from [85]. (g) Silated PEO–PPO–PEO triblocks from Sosnik [108] 
(h) pH sensitive HPMC-si crosslinking.
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For cartilage tissue engineering, the ability to withstand the shear and compressive forces at 
the joint surface is very important.

Uncellularized hydrogels. For intervertebral discs, in the early stage of degenerative 
disc disease or traumatic herniations, the treatment may involve replacing the nucleus pulpo-
sus and preserving the annulus fibrosus. One solution is to use methacrylate based copoly-
mers without cells to substitute the nucleus pulposus in terms of mechanical properties.

Hyaluronate-based hydrogels were prepared by using a double chemical modification 
and then simultaneously grafted alkyl hydrophobic groups on the backbone and chemically 
crosslinking the polymer chains. This double process forms hydrogels with shear-thinning 
properties due to the hydrophobic interactions between the alkyl groups, as well as a sufficient 
structural stability due to the chemical crosslinking. Optimization of the reaction parameters 
made it possible to prepare injectable hydrogels crosslinked both physically and chemically, 
with improved rheological properties compared to those of only physically crosslinked gels 
obtained from amphiphilic derivatives.

Cellularized hydrogels by cell encapsulation. The greatest challenges is to implant 
and maintain live cells that produce new cartilage tissue with appropriate physiological and 
functional extra cellular matrix. Photopolymerization of substituted poly(ethylene oxide) 
has been used to transform encapsulated chondrocyte cells in a liquid polymer solution  
to form a gels [73]. This process forms gels rapidly under physiological temperature with 
minimal heat production, as well as, in controlled time and space [74]. The hydrogels are 
stable and mechanically strong, because the polymer networks are held together by the 
covalent crosslinks.

Successful cell encapsulation requires a uniform cell suspension and mild photo-
polymerizing conditions; low concentrations of photoinitiator and low-intensity UV light 
[75]. To initiate polymerization, the photoinitiators are carefully dose regulated as they can 
effect cytotoxicity of the cartilage cells [75]. Free radicals can directly react with cellular 
components, such as membranes, proteins and DNA, thereby, inducing cellular damage or 
indirectly by forming reactive oxygen species (ROS) [76]. For example, using 2-hydroxy-
1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone as the photoinitiator, multipotent 
stromal cells (MSC) [76] were affected in monolayer conditions but not in 3D hydrogels, 
such as methacrylate derivatized hyaluronic acid and methacrylated hyperbranched polyg-
lycerol hydrogels.

Barbucci et al. use the thixotrophic behavior of crosslinked hydrogels that became fluid 
under mechanical stimulus; after the stimulus is removed the hydrogels resumes the original 
consistency. To entrap cells inside the reticulated hydrogels, the hydrogels is placed inside a 
syringe and subjected to a mechanical stimulus by the piston movement until it became liq-
uid. This is injected into a Petri dish containing 200 µL of cell suspension (5 × 103 cells). The 
hydrogels and the cell suspension are then drawn back into the syringe and deposited into 
the Petri dish. The ensuing gels traps the cells in the network. Another method that used by 
the same team involved freeze drying the hydrogels to form a porous solid that then took up 
cells that were in the swelling medium of the hydrogels [77].

Biopolymers. Macromolecules, also called biopolymers, come from biological sources 
and are used in tissue engineering of cartilage. Two types of biopolymers are used to make 
hydrogels: proteins such as collagens [78] and polysaccharides such as alginates [79], 
hyaluronic acid, [80] and chitin. The hydrogels made of collagens lead to notable cellular 
reactions with a high production of metalloproteases. Using fibrin hydrogels, a high reduction 
in volume was observed after implantation [70]. Collagens are visco-elastic and exhibit good 
cell and tissue compatibility [81]. The most readily available forms are injectable collagen 
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gels as suspensions of collagen fibers and nonfibrillar, viscous solutions in aqueous media. 
The collagen network easily retains cells by physical entrapment. Collagen gels are also 
used as scaffolds in tissue engineering [82]. To overcome microorganism transmission and 
immunological reactions with biomaterials from other patients or animal species, autologous 
injectable hydrogels made of autologous plasma [83] is used with chondrocytes. This system 
is similar to fibrin hydrogels glue [84] without risk of contamination.

Alginates, obtained from seaweed as a liquid, were one of the first polysaccharides used 
for cartilage tissue engineering [85, 86]. With cells inside, the viscous phase can be injected 
and crosslinked with calcium to prevent migration from the defect before the reticulation. 
Specialists in this area of cartilage regeneration are Vacanti et al. [87], Leone, and Barbucci 
for hydrogels based on polysaccharides [88], such as, alginates and carboxymethyl celluloses 
modified by amino or phosphate groups. All of these polymers are important as cartilage tis-
sue engineering materials.

Dextran is a naturally occurring bacterial polysaccharide, which consists primarily of 
a-1,6-linked D-glucopyranose residues with a small percent of a-1,2-, a-1,3-, and a-1,4-
linked side chains [89]. Polydextran based hydrogels are biocompatible in vitro [90] and 
in vivo [91], but reticulated dextran based macromolecules do not allow cell encapsulation. 
However, haluronan can be photopolymerized (HYAFF® 120) to form excellent biocompat-
ible material for tissue engineering [92]. Chitosan, derived from chitin, is an amphiphilic 
copolymer in which the relative proportion of acetylated and deacetylated residues plays an 
important role in the balance between hydrophilic and hydrophobic interactions. It is well 
known for its good biocompatibility.

Synthetics polymers. Due to possible antigenicity complications and inadequate supply 
of natural polymers with consistent composition, investigators have turned to the development 
of synthetic polymers. Many synthetic polymers form hydrogels, such as poly(vinyl alco-
hol), poly(ethylene glycol) (PEO), and copolymer of poly(ethylene oxide) and poly(propylene 
oxide) (PPO).

Poly(vinyl alcohol), PVA, is a nontoxic and nonimmunogenic material. The hydroxyl 
side groups on PVA make it hydrophilic with a semicrystalline structure via intramolecular 
hydrogen bonding. However, PVA hydrogels lack the strength and toughness to serve as a 
cartilage substitute material. To resolve this shortcoming, an interpenetrating network with 
polyacrylamide as a load-bearing cartilage substitute was developed as a microporous hydro-
gels substitute for cartilage without cells [93]. Hubble et al. prepared degradable PEG- based 
hydrogels using enzymes and functionalized hydrogels [94].

Physically crosslinked hydrogels. Many polysaccharides, in aqueous solutions, form 
hydrogels due to intermolecular reversible hydrophobic interactions, leading to a 3D net-
work [95, 96]. These hydrogels have shear-thinning properties and can be injected to pro-
mote chondrocyte proliferation and cartilage repair. However, the gels are only physically 
crosslinked and progressively lose their 3D structure when they are in contact with aque-
ous fluids. The polymers used for this type of hydrogels undergo reversable thermal gelation 
(RTG) and produce low viscosity aqueous solutions at ambient temperatures, that create a 
gels at higher temperatures. Most are temperature-sensitive hydrogels that have a low critical 
solution temperature (LCST) below which, they swell in water and other fluids. Above this 
temperature, they will deswell or repel the fluids. Poly(ethylene oxide)-(PEO)-poly(propylene 
oxide), PEO–PPO–PEO triblocks are one of the most important RTG-displaying materials 
(the PEO99–PPO67–PEO99 triblock is known as Pluronic F127). These physically cross-
linked hydrogels are not stable and dissolve in culture mediums. Cohn added crosslinking 
agents, such as methacrylate and silane groups, to improve the mechanical behavior of these 
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systems [97]. Subsequently, agarose, a low gelling temperature polysaccharide, was used as 
a 3D culture for cartilage cells for human intervertebral disc cells [98].

Ionic hydrogels. The ionic hydrogels, such as alginates, are frequently used for 3D 
cultures and cartilage tissue engineering. Alginic acid (or alginate), is a viscous gum that is 
abundant in the cell walls of brown algae. It is a linear copolymer with homopolymer blocks 
of (1-4)-linked b-D-mannuronate (M) and its C-5 epimer, a-L-guluronate (G), is covalently 
linked in different sequences. The monomers can reside in homopolymer blocks of consecu-
tive G-residues (G-blocks), consecutive M-residues (M-blocks), alternating M and G-residues 
(MG-blocks), or randomly organized blocks. Gelation occurs in the presence of divalent 
cations, such as calcium, which ionically crosslinks the polyguluronate carboxylate groups in 
the alginate. The gentle gelling property of these gels has led to their use as cell transplantation 
vehicles for new tissue growth and has been used in 3D chondrocyte cultures.

The number of human articular chondrocytes cells remained nearly constant with no 
proliferation from day 1 to 26 in in vitro experiments performed alone with 1.2 and 2.4% 
alginate gels [99]. In contrast, in vivo experiments with suspensions of chondrocytes in 2% 
alginate that were gelled by mixing with CaSO4 (0.2 g/mL) and injected into the dorsal aspect 
of nude mice have survived for up to 30 weeks. Analysis of the implanted constructs indicated 
progressive cartilage formation with time [100].

Covalent hydrogels. Covalent crosslinking to make hydrogels is usually done ex vivo. 
The covalent reticulated hydrogels obtained is only by surface association with cells or as 
biomaterial to fill a defect. A different strategy involves using a biomechanical competent 
hydrogels with no degradation under biological conditions called a “hydrogels patch.” In 
another method, the cells are mixed in the polymer solution before injection, and crosslink-
ing occurs inside the matrix with cells being entrapped within the polymer network. For this 
strategy, the crosslinking must be preformed in water under physiological conditions without 
toxic reacting agents. These hydrogels are known as “live hydrogels.”

In Situ Crosslinkable Hydrogels

For many clinical uses, injectable in situ crosslinkable hydrogels are preferred because 
they can be: (a) formed into desired shapes at the site of injury, (b) positioned in complex areas 
and then crosslinked to conform to the required dimensions, (c) the polymer mixture adheres 
to the tissue during gels formation, which strengthens the tissue–hydrogels interface, and (d) in 
situ injection or laparoscopic placement minimizes the invasive procedures [101].

A polymeric cartilage tissue named oligo(poly(ethylene glycol) fumarate) (OPF) was 
engineered as a nonphoto crosslinkable PEG based injectable hydrogels that enabled cell 
encapsulation. The macromer is crosslinked through the fumarate unsaturated double bond 
in situ with a radical initiator to form a hydrogels without the need for ultraviolet light. The 
fumarate ester bonds is hydrolytically cleavable, thus providing a degradable hydrogels [102].

Another strategy for self-setting hydrogels is to use pH changes that cause covalent 
links to form between macromolecules. For example, modifications to the pH of self assem-
bled peptide hydrogels is a simple way to encapsulate cells in a 3D culture. Polysaccharides 
have been functionalized to perform a self-setting hydrogels with cells entrapped inside its 
network; a strategy developed in this laboratory [103, 104]. The self-hardening principle 
of the hydroxypropylmethylcellulose-silated (HPMC-Si) hydrogels is based on the silanes 
grafted by an epoxy function along the HPMC chains (HPMC-Si) [105]. The silane used in 
this approach is 3-glycidoxypropyltrimethoxysilane (GPTMS). The grafted silane percentage 
on HPMC is determined from silicon content. Dissolution of HPMC-Si takes place in a strong 
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basic medium (NaOH at pH 13.2), which leads to silane ionization into sodium silanolate 
(−SiO–Na+). The limiting pH of the sodium silanolate stabilization is ~12.1–12.2, below 
which sodium silanolates transform into silanols (–SiOH). The ions undergo condensation 
reactions, forming a 3D network of the HPMC-Si chains. The synthesis of silated polysac-
charides was described in 1990, by Turczyn et al. [103]. This hydrogels was then utilized in 
this laboratory for bioapplications and has great potential for articular tissue engineering with 
different cells origins [2, 54, 106, 107].

Cohn [97, 108] developed strategies, based on heat-sensitive physical hydrogels, to 
make a copolymer PEO99–PPO67–PEO99 called Pluronic F127. These micellar constructions 
are made with at least 20% polymer, but their properties are very weak and break in cul-
ture media. Subsequently, Cohn silanized the macromeres to create covalent crosslinks with 
R–Si–OH.

Polymer Associations

To improve the bioactivity or biological reactivity of hydrophilic macromolecules, spe-
cific macromolecules were developed to enhance the adhesion, degradation, ECM produc-
tion, and/or differentiation of mesenchymal steam cells. Polysaccharides and protein IPNs of 
a hydrogels series, based on methacrylate and aldehyde-bifunctionalized dextran and gelatin, 
was synthesized and characterized [109]. The methacrylate groups were UV crosslinked, and 
the aldehyde groups enabled the incorporation of attached gelatin.

Several hydrogels for cartilage tissue were engineered based on photopolymerized PEG 
and chondroitin sulfate CS to enhance the mesenchymal steam cells differentiation toward 
chondrocyte phenotype [110–112]. Other biopolymers, such as hyaluronic acid and/or type 
I collagens were grafted onto photopolymerized PEG to form different matrix microenvi-
ronments [112]. The CS-based hydrogels showed the strongest response in terms of gene 
expression and matrix accumulation for both chondrocytes harvested from superficial and 
deep zones of the articular cartilage, while the HA and type I collagen-based hydrogels dem-
onstrated zone-dependent cellular responses.

Physical and Mechanical Behavior

Currently, surgical integration of tissue is generally carried out using sutures and/
or applying a tissue adhesive [113]. There are several adhesives used clinically, including 
derivatives of cyanoacrylates (Superglue), gluteraldehyde–albumin (Bioglue), and fibrin 
glue (Tisseal, tissucoll). Although these adhesives are effective, the biocompatibility is poor 
and bonding strength is inadequate. Biomacromolecules were functionalized with aldehyde 
groups as a primer to form bridges for the hydrogels hybrid constructs with host tissue pro-
teins. This bonding primer improved the hydrogel–cartilage interface strength from less than 
6 kPa in uniaxial tensil or horizontal shear to 45 kPa. Wang et al. demonstrated the importance 
of hydrogels bonding in a chondral defect of rabbit and goat models to maintain the tissue 
engineered construct in the implanted site [113].

Another important fundamental material behavior is the mechanical strength under load 
bearing conditions. The best material behavior is the one closest to that of cartilage itself. 
Cartilage has a complex inhomogeneous organization with depth dependent shear G values 
from 70 to 650 kPa [114]. The depth-dependent shear modulus profile of healthy articular cartilage 
indicates that the compliant region just below the superficial zone may act as an internal slip 
or energy dissipation mechanism, helping to maintain cartilage integrity over years of wear. 
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Table 1.  Physical and chemical characterizations of different hydrogels used in cartilage tissue engineering

Hydrogels
Reticulating agent  
and process

Crosslinking  
mode

Dynamic 
elastic  
modulus: 
(kPa)

Cells 
encapsula-
tion within 
hydrogels References

Atelocollagen- 
type II

mTGase Enzyme cross  
linking

G¢: 0.5–1.2 Yes [78]

Hyaluronic acid TEG-diOTs Physically and cova-
lent before use

0.01 No [116]

IPN
methacrylate 

and aldehyde-
bifunctionalized 
dextran and 
gelatin

UV and aldehyde 
chemical reaction

E¢: 10–15 Yes [109]

Odex/CEC Oxidized dextran 
(Odex)

In situ crosslinkable G¢: 0.1–1 Yes [117]

Si-HPMC Alkoxy-Silane Covalent in situ 
crosslinkable

G¢: 0,4 Yes [7]

Cross linked  
alginic acid

1,3 Diamino propane covalent G¢: 7 Yes [88]

Cross linked 
Hyaluronic  
acid

1,3 Diamino propane covalent G¢: 1.8–2 Yes [88]

PEODM HPK UV E¢: 1 [74]
OPF Ammonium persul-

fate/ascorbic acid
ET: 10–80 Yes [102]

Pluronic  
F127 PEO99–
PPO67–PEO99

Physically  
crosslinked

G¢: 22 Yes [97]

Pluronic F127-
DIPTS PEO99–
PPO67–PEO99

Ethoxysilane In situ crosslinkable G¢: 30–40 [97, 108]

Pluronic F127 
DMA PEO99–
PPO67–PEO99

Dimethyl  
methacrylate

Physically and  
covalently  
crosslinked

G¢: 70 [97]

HEMA/4IEMA 2,2¢ Azobis 
(isobutyronitrile)  
(AIBN)

Radical  
copolymerization

G¢: 100–
1,000

[118]

HYAFF 11 sponge HA benzyl ester G¢: 90–300 Yes [80]
Dextran-tyramine 

conjugates
H2O2/horseradish  

peroxidase (HRP)
Enzymatic  

crosslinking
G¢: 4–41 kPa [119]

Articular cartilage G¢: 400
E¢: 10.000

[74]

Intervertebral disk 
(nucleus  
pulposus)

11.3

G¢ shear modulus; E¢ stiffness modulus; ET tensil modulus
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Compressive strain decreases G just below the superficial zone implies that axial compression 
should improve resistance to wear. Engineered issue has to mimic this spatial and mechanical 
organization to satisfy the biomechanical strength. Listed in Table 1 are the different macro-
molecules and crosslinking methods proposed for the biomechanical behavior of the different 
hydrogels constructs. The best tissue engineering strategy is to have hydrogels constructs with 
mechanical properties nearest to that of the tissue with a high level of biocompatibility and 
tissues replacement rates to allow a quick functional tissue substitution.

Summary

The development of tissue engineering, which is a technique based on the association of 
cells with biomaterials for the ex vivo growth of repair tissue needs technical breakthroughs 
and investment. Beside the importance of stem cell investigations, one of the key points is 
nonpathogenic and biomimetic 3D scaffolds suitable for cells culture and tissue production. 
Tissue engineering is an expensive technology, and there is a need to reduce the cost in order 
to make it affordable. Efforts must be made on cell culturing and harvesting technologies as 
well as on the nature of the biomaterials. Hydrogels for biomaterials is a highly competitive 
field of research, and there is a push to make creative 3D scaffolds for tissue engineering. The 
number of publications has increased from 200 to 800 references in Pubmed database between 
2000 and 2009. Numerous hydrogels have been prepared, but none entirely satisfy the appli-
cations. The polymers used to form these hydrogels are both natural in origin (i.e., hyaluronic 
acid, alginate, chitosan, chondroitin sulfate, collagen, fibrin adhesive and cellulose ether) and 
synthetic in origin (i.e., poly(lactide-co-glycolic acid), poly(ethylene glycol), poly(vinyl alco-
hol), and poly(propylene fumarate). The advantages and disadvantages of these polymers are 
multiple; the synthetic materials are more consistent and cheaper but more toxic prone than 
the natural ones, which in turn, could be pathogenic, such as the hyaluronic acid from animal 
origins. Three-dimensional matrices that contain up to 90% water that can maintain and allow 
cells to proliferate entrapped within are currently rare. Due to their high water content, these 
matrices have a high biocompatibility level for cartilage tissue engineering. However, their 
biomechanical strength is not adapted enough for articular cartilage. Overcoming this limita-
tion is the challenge for future hydrogels developments. Thus, there is a large research avenue 
open for developing new constructs and hydrogels designs for address the needs associated 
with cell therapy for cartilage regeneration.
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Gelatin-Based Hydrogels for Controlled 
Cell Assembly
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Abstract Controlled cell assembly technique is a new research area in complex organ devel-
opment technologies. Gelatin-based hydrogels, such as gelatin, gelatin/alginate, gelatin/chi-
tosan, gelatin/fibrinogen, gelatin/hyaluronan, and gelatin/alginate/fibrinogen, have played an 
important role in the rapid fabrication of tissue or organs with well-defined structures and 
functions. Cryoprotectants, such as dimethylsulfoxide (DMSO) and glycerol, can be easily 
incorporated into the system for long-term conservation of the cell containing constructs. 
Hepatocytes, chondrocytes, cardiac myocytes, and adipose-derived stromal cells (ADSCs) are 
used to show function of the assembled cells. ADSCs can be controlled to differentiate into 
different targeted cell types according to their positions within the orderly predesigned three-
dimensional (3D) constructs. A multicellular model for the metabolic syndrome was estab-
lished along with the development of the double-syringe deposition system which lead to a 
hybrid cell/hydrogels construct with a vascular-like network fabricated using a digital model. 
The preliminary results indicate that the double-syringe assembly technique is a powerful 
tool for fabricating complex constructs with special intrinsic/extrinsic structures, and has the 
potential to be widely used in regenerative medicine and drug screening.

Introduction

Although organ failure patients can be treated effectively by transplantations, these pro-
cedures are limited by donor organ availability, high costs, and the lifelong use of immunosup-
pressants [1]. The recent development of controlled cell assembly is a milestone in complex 
organ manufacturing techniques. This process requires a highly accurate three-dimensional 
(3D) micropositioning system with a pressure-controlled syringe to deposit cell/hydrogels 
structures with a lateral resolution of 10 mm (Fig. 1). Combined with the multinozzle organ 
manufacturing techniques novel therapeutic procedures are possible for failed organs. With 
the multinozzle cell assembling techniques, it is possible we were able to directly deposit dif-
ferent cells and hydrogels and/or other important chemical components into specific sites to 
form 3D living organ analogies in vitro or in vivo to mimic the respective organs at the right 
time, in the right position, in the right amount, and in different bioenvironments [2–10].

Hydrogels are natural or synthetic polymeric materials that typically have a dry mass 
between 1 and 20% that swells in water while maintaining a distinct 3D network structure 
by virtue of specific crosslinks [11]. Currently, several natural hydrogels, such as gelatin, 
chitosan, hyaluronan, alginate, fibrinogen, are being used for organ regeneration since they 
facilitate cell attachment and differentiation [12, 13].
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Gelatin is a denatured, biodegradable polypeptide derived from the controlled partial 
hydrolysis of collagen, which is widely found in nature and is the major constituent of skin, bones, 
and connective tissue. After being chemically or physically crosslinked [14], gelatin can be used 
for medical purposes, including wound dressings, plasma volume expanders, and drug deliv-
ery  systems [15]. Chitosan, a positively charged amino polysaccharide (poly-1, 4 d- glucoamine), 
derived from chitin by deacetylation, is known for its numerous and unique biological properties 
during wound healing. When mixed with positively charged chitosan, negatively charged gelatin 
ionically interacts with chitosan to form a polyionic complex. Hyaluronic acid (HA) is another 
major constituent of the extracellular matrix (ECM) in the human body. It can bind other large 
glycosaminoglycans (GAGs) and proteoglycans through specific HA–protein interactions [16]. 
Alginate is a collective term for a family of polysaccharides obtained from brown  algae and is 

Fig. 1. A cell assembling machine with a cell assembling system.
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widely used for many medical applications [17]. Fibrin is a haemostatic wound dressing material 
that can be made in the form of a sponge, film, powder, and sheet [18, 19]. All of these natural 
polymers have been used to produce biocompatible and biodegradable hydrogels that acts as 
temporary replacements for medical regeneration [20, 21].

The combination of gelatin and other natural polymers made it possible to fabricate 
3D constructs with rapid prototyping techniques. In the controlled cell assembly process, a 
series of gelatin-based hydrogels, such as gelatin, gelatin/chitosan, gelatin/hyaluronan, gela-
tin/alginate, gelatin/fibrinogen, and gelatin/alginate/fibrinogen, is used to obtain the neces-
sary space and stabilizing factors for seeding various cells (Figs. 2–6) [2–10]. The cells were 
deposited in a sol–gel that is deposited onto a substrate surface layer by layer in a chamber 
at ~10°C and the sol then is transformation into a hydrogels. The use of the natural gelatin-
based hydrogels is clearly a distinct advantage for direct cell assembly technique in fabricat-
ing tissue analogs [2–10]. Besides providing cells with nutrients, the hydrogels also play an 
important role in supporting the whole structure. The special thermoresponsive  property 
of gelatin allows extruded mixtures to be shaped at environmental temperatures below 20°C.  
However, the gels states of the gelatin-based hydrogels cannot be maintained when the structures 
are transferred to a 37°C environment. Consequently, after the cell-laden hydrogels are deposited 

Fig. 2. Some cell/hydrogels constructs with open channels made by the cell assembling machine: (a) one 3D 
hepatocyte/gelatin construct. Scale bar indicates 700 µm; (b) a 3D hepatocyte/gelatin/fibrinogen construct; (c) a 
3D hepatocyte/gelatin/chitosan construct; (d) a 3D hepatocyte/gelatin/alginate construct.
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Fig. 3. Hepatocytes in the gelatin/chitosan 3D structures after 6 days of culture: (a) LSCM observation (PI staining); 
(b) the magnification of (a); (c) PI staining and FITC-conjugation; (d) a black control of (c).

Fig. 4. Glutamate-oxaloacetate transaminase (GOT), albumin (ALB), urea (Ur), glucose (Glu), creatinine (Cr), and 
triglyceride (TG) secreted by hepatocytes in the 3D gelatin/chitosan constructs after different culture time.
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the constructs have to be crosslinked or polymerized to yield a defined shape and stable 3D 
structure. To stabilize the structure, different crosslinkers are used. For example, glutaraldehyde 
solution is used to crosslink the gelatin molecules, and CaCl2 solution is used to stabilize the 
hydrogels structures containing alginate molecules. Due to the special properties, fibrinogen, a 
soluble plasma glycoprotein, is polymerized to fibrin. During this process, the polymer chains are 
covalently tethered to form a fibrous network that immobilizes the cells in the hydrogels system.

By stabilizing the cell/hydrogels construct, a biomimetic 3D cell survival microenvi-
ronment is created. This construct can be used to address biological, mechanical, and archi-
tectural needs to promote functional tissue. The gelatin-based hydrogels networks provide a 
stable support for 3D constructs during the fabrication stage. During the post culture period, 
the gelatin-based hydrogels serves as an extracellular matrix to mimic the microenvironment 
in native tissue. Adipose-derived stem cells (ADSCs) can be controlled to differentiate 
into different targeted cell types according to their positions within the orderly predesigned 
3D structure (Fig. 7). In a double-syringe deposition manufacturing system, a cell/hydrogels 
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Fig. 6. Glutamate-oxaloacetate transaminase (GOT), albumin (ALB), urea (Ur), glucose (Glu), creatinine (Cr), and 
triglyceride (TG) secreted by hepatocytes in the 3D gelatin/alginate constructs after different culture time.
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mixture can be placed into different regions or compartments (Figs. 8 and 9) [22, 23]. The 
 gelatin-based  hydrogels constructs provide the communication and organization support for 
cell assembly and set the basis for the formation of a 3D tissue or organ in vitro.

Gelatin-Based Hydrogels for the Controlled Hepatocyte Assembly

Hepatocytes are notoriously difficult to maintain their phenotype during in vitro culture. 
In one of our previous studies [24], we found that a small change in the cell survival matrix 
constitution significantly affects hepatocyte behavior within the structure. Hepatocytes can 
be arranged as rods, cords, or other shapes that exhibit special polarization on an ammonia-
treated collagen/chitosan (1:1) membrane.

Consequently, the choice of hydrogels plays a major role in influencing cell shapes  
and gene expressions that relate to cell growth and the preservation of native pheno-
types. It is very difficult to attain a compatible microbioenvironment to mimic an in vivo 
organ, whereby the cells support one another via cell–cell interactions, supplemented by small 
amounts of extracellular matrices (ECMs) secreted by the cells [25]. It is well known that the 

Fig. 7. ADSCs in the gelatin/alginate/fibrinogen construct. (a) ADSCs grew and proliferated into aggregates in the 
hydrogels; (b) ADSCs were induced into endothelial like cells on the walls of the channel; (c) immunostaining of the 
3D structure using mAbs for CD31+ cells in green and PI staining the nuclear in red.
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success of bioartificial organs ultimately depends on the stability of the cell phenotype and its 
regulation by microenvironment cues [26].

Typically, as shown in Fig. 1, the first generation of a cell/hydrogels deposition sys-
tem, developed in the Center of Organ Manufacturing, at Tsinghua University, consisted of 
a syringe with a 20 mm stainless steel capillary needle as the tip. The outer diameter of tip is 
0.5 mm with an inner diameter of 0.3 mm. The tip has a flat end and is gently tapered with 
emery paper. The fluid of cell/matrix in the tip syringe is maintained at 0.25 mm per pulse, 
at 5 psi and 20 mL for volume, thus creating a driving force to deliver cell/matrix from the 
syringe to a poly(vinyl chloride) board. Hepatocytes embedded in the gelatin-based hydrogels 
are coextruded through a syringe with a needle tip onto a glass surface. These constructs are 
built layer by layer, by delivering the cellular containing matrices onto a stationary stage by 
applying pressure to a XYZ motor drive syringe. The 3D outcome of this process is a 100% 
interconnected porous construct, with defined architecture and can be built with a customized 
pattern. After deposition, more than 98% of the embedded hepatic cells remain viable.

The gelatin-based natural hydrogels, such as gelatin, gelatin/chitosan, gelatin/alginate,  
gelatin/hyaluronan, gelatin/fibrinogen, and gelatin/alginate/fibrinogen, are used in cell assem-
bly as cell-loading support matrices and make the deposition processes easier. When hepato-
cytes are mixed with the hydrogels and deposited into special grid structures, with go-through 
pore-like channels under the computer control, hepatocytes are embedded in the hydrogels 
(Figs. 2–6) [2–10]. The hydrogels provide a highly hydrated microenvironment that allows 
nutrient diffusion, which supplies the necessary biochemical, cellular, and physical stimuli 

Fig. 8. Illustration of the digital models of the hybrid construct (the red tubelines denote the vascular network, while 
the yellow part was expected to form hepatic tissues): (a) a cutaway view of the full model with branched network 
and one-way inlet and outlet for dynamic perfusion culture; (b) the middle part of (a); (c) a CLI result of (a); (d) one 
CLI layer of (b).
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influencing cellular processes, such as migration, proliferation, and differentiation [27]. Other-
wise, the hepatocytes die when they are 20–30 mm away from a blood supply [28].

The gelatin composite was chosen as the basic cell assembly matrix based on its special 
sol–gel transformation properties. The other polymers, such as chitosan, alginate, hyaluronan, 
and fibrinogen, are added with the expectation that they would influence different cell types to 
deposit into predesigned locations and to reorganize into functional 3D aggregates for in vitro 
culture or in vivo implantation. It is found that different polymer additives incorporated in 
the gelatin hydrogels resulted in different behavior by the hepatocyte  [2–10]. For example, 
hepatocytes in the gelatin/chitosan hydrogels aggregate to form vortex like structures [3]. Due 
to the instability of the gelatin-based hydrogels at room temperature and normal cell culture at 
37°C, chemical crosslinkers, such as glutaraldehyde, sodium tripolyphosphate (TPP), CaCl2, 
or thrombin, are employed to stabilize the constructs.

In general, glutaraldehyde is a toxic but an effective crosslinking agent. It is commonly used 
to harden gelatin by crosslinking the amino groups of proteins [29]. At certain concentrations, 
the crosslinking time of glutaraldehyde is directly related to structure stability. An increase in 
crosslinking time from 1 s to 5 min increases the stability of the 3D structures significantly. Lon-
ger crosslinking time produces rigid structures in which hepatocytes die, while less crosslinking 
time results in less stable structures. Hepatocytes on the outside of the extruded cell/hydrogels 
filaments also often die during the crosslinking process [2, 3]. Subsequently, a glutaraldehyde 
concentration of 2.5% and a crosslinking time of 5 s were selected [2, 3]. Under these conditions, 

Fig. 9. Demonstration of an improved cell assembling controlling system and fabricating process with two syringes 
(the red part was made of ADSC/gelatin/alginate/fibrinogen in DMEM/F12, while the white part was made of hepa-
tocyte/gelatin/alginate/chitosan in PBS): (a) no salivation with the improved method in the processing intervals; 
(b) salivation occurred with an old controlling method; (c–e) the layer-by-layer fabrication process.
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a hydrogels that is soft and yet can be handled without losing its integrity was developed. The 
hydrogels state remained stable for more than 2 months. After the outside of the hydrogels was 
crosslinked, the hepatocytes were embedded in the gelatin macromolecules ensuring a relatively 
homogeneous distribution of cells in the grid. During the in vitro culture period, some of the 
interconnected gelatin molecules distributed in the inner parts of the structure, and the uncross-
linked material gradually dissolved at 37°C. Unlike the traditional 2D cell culture systems, the 
hepatocyte activity in the 3D structures is controlled by the crosslinked hydrogels networks, the 
soluble signals in the culture medium, as well as by cell–cell interactions. These 3D structures 
provide the hepatocytes with a microenvironment that more closely mimic those in the liver.

The 3D construct containing hepatocytes in a gelatin/chitosan hydrogels is formed by 
crosslinking with 3% TPP solution for 5 min, and then with 0.25% glutaraldehyde solution for 
5 sec, respectively. If the construct is only crosslinked with TPP, a progressive loss of structure 
occurs after 2 weeks in culture. Apparently, the TPP in the crosslinked chitosan molecules is 
depleted with time and the gelatin/chitosan hydrogen is degraded by enzymes. When the concen-
tration of TPP in the culture medium is far less than that in the crosslinked chitosan molecules, 
some of the TPP dissolves in the medium leading to the disassembled forms. Theoretically, the 
gelatin in the hydrogels should biodegrade much faster than chitosan, since hepatocytes produce 
enzymes that can biodegrade collagen as well as gelatin. Thus the hepatocytes are able to enzy-
matically digest the gelatin/chitosan hydrogels formed with TPP. Therefore, to further stabilize 
the structures, the cell-loaded architectures need to be treated with glutaraldehyde to provide a 
longer lasting hepatocyte survival environment during the in vitro culture period (Fig. 3). These 
structures remain intact until the cell aggregates are large enough to break the grid walls.

Similar results were obtained with the hepatocyte containing gelatin/alginate constructs 
[2]. After the calcium alginate hydrogels is formed, the gelatin molecules are irreversibly embed-
ded in the calcium alginate molecules and the hepatocytes are then immobilized in the mixture. 
After setting, the hydrogels state remains for more than 2 weeks before the constructs appear to 
break down. The hydrogels structures decompose due to the loss of calcium ions in the cross-
linked alginate molecules and the degradation of the gelatin/alginate hydrogen by enzymes.

In another approach, biodegradable fibrin was introduced into the gelatin-based cell sys-
tem to stabilize the 3D cellular structures. Fibrin is a good haemostatic and wound dressing 
material that can be made in the form of sponges, films, powders, and sheets [19, 30]. During 
the fibrinogen gelation process, the protease thrombin cleaves the dimeric fibrinogen molecules 
at two symmetric sites. Once the fibrinogen is cleaved, a self assembly step takes place in which 
the fibrinogen monomers come together to form a noncovalently crosslinked polymer gels via 
the proteolytic exposure of binding sites [31]. A gelatin/fibrin hydrogels was chosen as the cell 
assembly matrix using a 1:1(v/v) ratio which exhibited the greatest elasticity modulus and com-
pressive strength, and a thrombin solution (100 IU/mL) was used to polymerize the fibrinogen.

In contrast to glutaraldehyde crosslinked materials, this polymerization is reversible and can 
be disrupted by aprotinin, which gives the material its good processability. Furthermore, this kind 
of biomaterial has shown to be extremely biocompatible in vivo [32] and can be biodegraded in 
aqueous media by enzymolysis. To prevent polymerization of the fibrinogen within the delivery 
syringe, in situ preparation of the solution is recommended. After deposition, the constructs are 
gently bathed in cold thrombin solution and placed in a 4°C incubator for further stabilization.

There are several factors that contribute to the long survival and improved performance 
of hepatocytes. First, a stable 3D spatial microenvironment that mimics the liver is required. 
Unlike monolayer cell culture systems, the cells are enveloped by the gelatin-based hydrogels 
or by other cells. Second, a supply of nutrients and oxygen and expel metabolic wastes and 
carbon dioxide is required. Third, the hydrogels must protect the cells from harm, such as the 
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glutaraldehyde crosslinker and culture polluted media, for example, cells die immediately 
when contacted directly with glutaraldehyde or after the 3D matrices break down. Fourth, 
the gelatin-based hydrogels can be biodegraded by the enzymes secreted by the living cells 
and provide space for cells to aggregate within the crosslinked membranes. Hence, the envi-
ronment created must allow the cells to thrive in a 3D culture over a long time period. The 
crosslinked hydrogels structure provides a semi-permeable network that allows nutrient and 
waste infiltration, oxygen exchange, and cellular communication to occur.

In the human liver, hepatocytes are connected to each other laterally to form plate-like 
structures lined with three predominant types of nonparenchymal cells (NPCs) on the basal 
surfaces, creating sinusoids for blood flow. Organ manufacturing constructs that effectively 
duplicate natural organ functions must also maintain organ organization features, particularly 
the integration of multiple cell types that preserve distinct, integrated phenotypes. In particular, 
the need for angiogenesis or an established vasculature bed is evident by the success of the 
endothelial cells in the structures close to the culture medium.

Recently a double-syringe cell assembling technique was developed in the Center of 
Organ Manufacturing at Tsinghua University (Figs. 8 and 9) [22, 23]. This technique can layer 
two different cells simultaneously to create 3D constructs that can reproduce functions of a 
large population of two different cell types. The gelatin-based hydrogels are also used to provide 
structural stability, nutrients, and space for cell growth and aggregation. Both hepatocytes and 
endothelial cells were loaded in a stable structure. It is found that endothelial cells seeded on the 
bottom of pores are able to survive preferentially within the gelatin/chitosan channels. Regard-
less of the spheroids formed in the matrices, endothelial cells next to the hepatocytes undergo 
proliferation during the first several days (Fig. 9). The grid structures allow both the hepatocytes 
and endothelial cells access to nutrient and waste exchange as well as provide more surface area 
for endothelial cells to spread, coalesce, and elongate to form vessel-like structures throughout 
the channels. In addition, this technique offers many new opportunities for the design of the 
matrix components, the complex architectures, and for the study of the collaborations of cells, 
matrices as well as growth factors at different levels to meet special clinical demands.

It is expected that with the development of multisyringe systems, more different cells 
and extracellular matrices could delivered similtaneously to the connective positions or with 
relative accuracy into the 3D structures that mimic their respective position in organs. Thus 
creating a suitable environment for cell–gels and cell–cell interactions and bring about self-
organization of cells or cell aggregates into metastable tissue structures with desired shapes. 
The multisyringe deposition system holds the promise to eventually make a human liver with 
whole spectrum of functions.

Establishing a Multicellular Model by 3D Cell Assembly  
for Metabolic Syndrome

Presently, one of the major obstacles to engineering thicker and complex tissues in vitro 
is the need to vascularize the tissue to maintain cell viability during tissue growth and struc-
tural organization. Currently, in vitro 3D tissue formation within a hydrogels, typically by 
embedding cells or cell spheroids, is limited by the slow spontaneous aggregation of cells 
with poorly controlled size and shape [33, 34]. The self-assembly by proliferating cells to 
form functional tissues below a certain density is restricted in most hydrogels because the 
polymer chains themselves are able to entrap cells and inhibit cell migration. Whether cells 
can organize within a 3D hydrogels depends on many of the characteristics of the hydrogels 
that influence the mass ratio of cells to hydrogels [35].
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Engineered adipose tissue can be used in plastic surgery and reconstructive surgery to 
augment soft tissue lost due to mastectomy or lumpectomy [36, 37]. Adipose-tissue engineer-
ing with collagen scaffolds combined with human preadipocytes was recently reported [38, 
39]. Patrick et al. formed adipose tissue in the rat subcutis using a porous  poly(lactide-co-
glycolide) scaffold preseeded with autologously isolated preadipocytes [40, 41]. ADSCs are 
multipotent cells found in adipose tissue and are receiving more and more attention [42].

Metabolic syndrome (MS) is a cluster of growing epidemic diseases including obesity, 
diabetes, hypertension, and atherosclerosis [43]. It is difficult to use the traditional techniques 
to develop multifunctional drugs for the metabolic syndrome (MS). Therefore, it is necessary 
to establish an in vitro model that addresses the more complex features of the disease.

Cell-assembly technology is a remarkable new invention developed specifically to 
establish multicellular models for metabolic syndrome. A software package was used to fab-
ricate a complex structure model with orderly channels. A gelatin/alginate/fibrinogen hydro-
gels was used for assembling the ADSCs as a stream of drops in 3D positions that mimic the 
respective positions a living organ. In the 3D construct, the ADSCs control differentiation 
into different targeted cell types according to their positions within the orderly predesigned 
3D structure. After differentiation, the ADSCs, pancreatic islets were deposited at designated 
locations and constituted adipoinsular axes with adipocytes. Oil red O staining confirmed 
that the ADSCs in the structure differentiated into adipocytes with a spherical shape while 
immuno-staining tests confirmed that endothelial growth factor (EGF) induced ADSCs on 
the walls of the channels that differentiated into mature endothelial cells and formed tubular 
structures throughout the engineered 3D structures. Endothelin-1 and nitric oxide release 
rules by the endothelial cells were coincident with that in vivo. In contrast, after precultur-
ing with EGF, the ADSCs under the channel walls were more sensitive to differentiation into 
adipocytes than the cells on the walls. The reasons could be: (1) the EGF concentration under 
the walls of the channels was lower than that on the surface of the channels due to a diffusion 
gradient; (2) the mechanical properties of the surface of the channels induced the ADSCs to 
differentiate into endothelial cells more easily; (3) once differentiated into mature endothelial 
cells, the ADSCs lost all other differentiation potentials. This approach has the prospect of 
establishing an in vitro energy metabolic system with orderly endothelial vessel networks as 
well as in vascularized adipose-tissue engineering (Figs. 10 and 11) [8, 9].

Fig. 10. A multicellular model for drug screening: (a) a pancreatic islet was implanted in the channel of the ADSC/
gelatin/alginate/fibrinogen construct; (b) ADSCs on the walls of the channel were induced into endothelial cells 
while ADSCs in the hydrogels were induced into adipose cells.
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Cryopreservation of 3D Constructs Based on Controlled  
Cell Assembly

The development of tissue engineering and organ manufacturing requires effective 
cryopreservation technology for the cells in the 3D constructs. Cryopreservation technology 
plays an important role in conserving 3D constructs containing cells. Besides preserving the 
characteristics of the construct, it can also save resources, such as cell culture space, culture 
vessels, and culture medium.

The cryopreservation of 3D constructs that contain cells is different from the direct cry-
opreservation of single-cell suspension as there are complex connections between cells and 
materials in the 3D construct. Kang and coworkers analyzed the different responses between 
the fibroblasts exposed to low temperatures in monolayer cultures and 3D cultures [44]. They 
found that after recovering from the low temperatures, the cells in the 3D collagen scaffold 

Fig. 11. Endothelin-1 and NO secretion of the endothelial cells in the 3D structures. At the 13th day, the structure was 
cultured with DMEM containing 25 mM glucose, (a) ET-1 secretion kinetics of the endothelial cells were measured 
for 24 h, ET-1 concentrations in the culture media were measured by ELISA kit. Data are mean ±SD, n = 3. (b) The 
media were harvested at the 15th day. NO concentrations in the culture media were detected using NO Detection kit. 
Data are mean ±SD, n = 6. *p < 0.01, vs. 1 mg insulin-treated group; **p < 0.01, vs. 5 mg insulin-treated group.
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secreted more fiber proteins and growth factors. The functional expression of the stress protein 
in the 3D structure was denser than those in monolayer and suspension cultures. These results 
indicate that the cryopreservation may bring extra benefits for the cells in 3D constructs.  
After the cryopreservation process, the 3D construct adapted to the pathological environment 
and promoted better wound healing and tissue repair [44].

With the advantages of the 3D controlled cell assembly technique, a new cryopreser-
vation method for the 3D construct was developed. Various cryoprotectants, such as dim-
ethylsulfoxide (DMSO), glycerol, and dextran-40, can be directly incorporated into the cell/
hydrogels system and undergo a freezing/thawing process after assembly. The cells contained 
in the 3D construct can be preserved below −80°C for more than 1 week. After the construct 

Fig. 12. Trypan Blue staining before and after cryopreservation: (a) ADSCs in gelatin/alginate/fibrinogen suspension 
without DMSO; (b) ADSCs in gelatin/alginate/fibrinogen suspension with 10% DMSO; (c) ADSCs in gelatin/alginate/
fibrinogen hydrogels without DMSO before assembling; (d) ADSCs in gelatin/alginate/fibrinogen hydrogels with 10% 
DMSO before assembling; (e) ADSCs in gelatin/alginate/fibrinogen hydrogels without DMSO after assembling; (f) 
ADSCs in gelatin/alginate/fibrinogen hydrogels with 10% DMSO after assembling; (g) ADSCs in gelatin/alginate/fibrin 
hydrogels without DMSO after thawing; (h) ADSCs in gelatin/alginate/fibrin hydrogels with 10% DMSO after thawing.
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undergoes a thawing process, cell viability and proliferation ability were regained. DMSO 
plays an important role in the cell survive processes. A cell viability of 78.7 ± 3.94% in the 
gelatin/alginate/fibrin hydrogels with 10% DMSO was obtained, which is much greater than 
that without the DMSO. This technique can potentially be used in other complex organ manu-
facturing areas (Figs. 12 and 13) [45].

Natural hydrogels, like gelatin, fibrin, and alginate, are commonly applied as cell-
entrapping materials because of their outstanding biocompatibility and mild gelling condi-
tions [46]. Fibrin gels is made by mixing two blood coagulation components, fibrinogen and 
thrombin [47]. These hydrogels also have protective effects on the cells during the freezing/
thawing processes. The incorporation of the cryoprotectant, DMSO, in the gelatin/alginate/
fibrinogen hydrogels has greatly improved the cell survival abilities during the assembly and 
freezing/thawing processes.

Summary

During the controlled cell assembly processes, cells are mixed with the gelatin-based 
hydrogels and placed into predesigned structures. The embedded cells remain viable and 
perform biological functions as long as the 3D structures are retained. The gelatin-based 
hydrogels protect the cells from harmful attacks, such as the glutaraldehyde crosslinker, keep the 
structural stable, and provide mass exchange networks. During the in vitro culture period, the 
hydrogels can be eventually digested by enzymes secreted by living cells or existing in the 
culture medium and provide more space for the cells to aggregate and communicate. With 
the double-syringe deposition system, two different cell types can be fabricated into a single 
construct. ADSCs in the 3D construct can be controlled to differentiate into specific cell 

Fig. 13. Cell survival rate before and after cryopreservation.
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types. The gelatin-based hydrogels used with cell assembly technology have the potential for 
high-throughput production of artificial human tissues and organs and high-throughput drug 
screening systems.
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Double Network Hydrogels as Tough, 
Durable Tissue Substitutes

Takayuki Murosaki and Jian Ping Gong 

Abstract Hydrogels are soft and wet materials with a wide range of biomedical applications 
to make tissue due to their unique properties, such as phase-transition, chemo-mechanical 
behavior, stimuli-responsiveness, and low surface friction. However, most hydrogels are 
mechanically too weak to be used practically in load-bearing applications. Double Network 
(DN) hydrogels are composed of both rigid and soft hydrogels networks, and are expected to 
perform better under mechanical loads. The DN gels exhibit a 0.1–1 MPa elastic modulus, 
60 MPa compressive fracture stress, 3,000% of tensile strain, and 2,500 J/m2 of fracture 
energy. These soft and wet gels materials with high mechanical strength, low surface 
friction, and high deterioration-resistance properties are good candidates as load-bearing 
tissue substitutes, such as auricular cartilage.

Introduction

Hydrogels are soft and wet polymer networks swollen with large amounts of water [1]. 
Technically, the human body is largely made of gels; for example, blood vessels, muscles, 
articular cartilages, and organs are hydrogels with water content up to 50–90%.

Therefore, hydrogels compositions are good candidates for biocompatible biomaterials 
or biomedical materials, such as artificial muscles and artificial cartilage. However, most of  
hydrogels are not qualified for biological applications like the cartilage of the joints, due to 
the lack of mechanical strength.

Recently, new hydrogels, Double Network Gels, with good mechanical performance 
have been developed [2]. These gels consist of two interpenetrated polymer networks, one 
made of highly crosslinked rigid polymers and the other made of loosely crosslinked flexible 
polymers and known as a “double network (DN) gels.” The DN gels, containing about 90 wt% 
water, possess both hardness (elastic modulus of 0.3 MPa) and toughness (fracture stress of 
~10 MPa).

The current research in the development of hydrogels with tough mechanical strength, 
low frictional coefficient, and wear-resisting properties as substitutes for biological tissues, 
such as artificial articular cartilage, is very encouraging. Robust gels made of biocompatible 
polymers and DN gels are now a reality.
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Robust Gels with High Elasticity

DN Gels from Synthetic Polymers

The DN gels is synthesized via a two-step network formation: the first step is to form 
a rigid highly crosslinked gels, and the second is to form a loosely crosslinked network with 
the first gels. An optimal combination is poly(2-acrylamido-2-methylpropane sulfonic acid) 
(PAMPS) gels as the first network and poly(acrylamide) (PAAm) gels as the second network 
(N,N¢-methylenebis (acrylamide) (MBAA) as a crosslinking agent for both networks) [2].

A comparison of the behavior of the PAMPS gels (a), and the PAMPS/PAAm DN gels (b) 
prepared by the optimized conditions under compression is shown in Fig. 1. The S–S curves for 
the PAMPS/PAAm, the PAMPS, and the PAAm gels are profiled in Fig. 2. The DN gels holds 
up to a stress of 17.2 MPa, with a vertical strain l of 92%. On the other hand, the PAMS gels and 
PAA gels break at stresses of 0.4 MPa (l = 41%) and 0.8 MPa (l = 84%), respectively.

Tough DN gels are obtained only when i) the gels consists of polyelectrolyte as the first 
network and neutral polymer as the second network, ii) the molar ratio of the first to the second 
component is very specific and, iii) the first component is tightly crosslinked and the second 
one is more linear and loosely crosslinked (Fig. 3). Both the concentration and the molecular 

Fig. 1. PAMPS (a) and PAMPS/PAAm DN gels (b) under compression test. Crosslinker to monomer ratio: 4 mol% 
for PAMPS, 0.1 mol% for PAAm. Reproduced with permission from the literature [2].
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weight (Mw) of the second linear polymer are important parameters related to the mechanical 
strength of DN gels. The relationship between the average molecular weight of PAAm and the 
mechanical strength of DN gels can be seen in Fig. 4. When the Mw is lower than 106, the DN gels 
are as fragile as PAMPS single network gels, showing a s » 0.1 MPa and a fracture energy G 
less than 1 J/m2. When Mw > 106; however, the strength of the DN gels dramatically increases 
is maximized at a Mw of 3 × 106, with values as high as s » 20 MPa and G » 103 J/m2 [3]. Since the 
PAAm linear chains having a molecular weight of Mw > 106 are much larger than the average 
mesh size of the first network, the prominent molecular weight effect of the PAAm cannot be 
explained in terms of the chain sliding mechanism in the PAMPS network.

The DN gels possess both hardness and toughness. Adjusting compositions of the first 
and second networks of the gels can independently control these two qualities for practical 
applications.

Fig. 2. Stress–strain curves for the PAMPS/PAAm DN gels, PAMPS gels, and PAAm gels. Crosslinker to monomer 
ratio: 4 mol% for PAMPS, 0.1 mol% for PAAm. Reproduced with permission from the literature [2].

Fig. 3. Illustration of the structure of DN gels. PAMPS network is tightly crosslinked and PAAm is in linear state or 
is loosely crosslinked. Reproduced with permission from the literature [2].
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Necking Phenomenon of DN Gels

The molecular weight of the polymer forming the second network is important for 
mechanical strength of DN Gels. We modified the first network structure, by reducing the 
crosslinker concentration or by adopting g-ray radiation for the crosslinking, that produced 
the necking phenomenon in the DN gels [4]. This necking phenomenon, during elongation of 
the gels, formed constricted zones in the sample that grew with further elongation. This necking 
phenomenon is the first observed in gels systems as other tough DN gels do not exhibit this 
phenomenon.

The necking deformation process in a DN Gels is shown in Fig. 5; images (a–e) repre-
sent the correspondence between the images and the respective data points. At the early stage 
of the elongation, the stress monotonically increases with the extension; at this stage, the 
sample is uniformly elongated as shown in a and b. When the stress reaches the critical value 
sc (sc is about 0.21 MPa, indicating very little dependence on the elongation velocity), the 
necked regions appear around the upper and lower clamps (clamps are not shown in images 
c–e). Upon further elongation, the necked regions expand into the un-necked region located in 
the middle part of the sample, while the elongation stress barely increases (c and d). After the 
un-necked region disappears, the sample is uniformly stretched again (e), which corresponds 
to the stress reincrease seen in the loading curve. The necking propagation usually starts at 
the extension of 2–3 and finishes at 7–8 respectively. The necking DN gels remarkably softens 
after the necking: the Young’s modulus of the softened gels, Es, is ~0.015 MPa, which is much 
smaller than the gels modulus before necking, Eh » 0.1 MPa. The softened gels can sustain an 
extraordinarily large extension (>10 times the initial length) before breaking.

Based on these findings, a model for the necking propagation was proposed (Fig. 6). 
The PAMPS SN gels are considered to be quite brittle and breaks into small pieces with 
small deformations. It seems that during the necking deformation, that the first PAMPS 
network fragments into small clusters and that the clusters play a role crosslinking of the long 

Fig. 4. Relationship between the average molecular weight of PAAm, the compressive fracture stress (filled circle), 
and fracture energy (open circle) of the DN gels. The dashed lines are guides for eyes. Reproduced with permission 
from the literature [3].
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Fig. 5. Loading curve of PAMPS/PAAm DN gels obtained by necking phenomenon under uniaxial elongation at an 
elongation velocity of 500 mm/min, and pictures that demonstrate how the necking makes progress. The insert letters 
represent the correspondence between the pictures and the arrowed data points. Scale bars show 10 mm, and the width 
of the undeformed gels in picture a corresponds to the thickness of the sample (4 mm). In pictures c and d, the upper and 
lower parts (necked regions) of the gels are slightly narrowing compared with the middle part (un-necked region). The 
necked regions grow up with the extension of the sample. Reproduced with permission from the literature [4].

Fig. 6. Illustrations of the necking propagation and a model of the network structure of the softened DN gels after the 
necking. The mesh and the curves represent the first (PAMPS) and the second (PAAm) networks, respectively. Repro-
duced with permission from the literature [4].
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PAAm chains since the crosslink density of the second network is so slight that the PAAm 
SN gels alone behaves as a sticky sol rather than a gels. Thus, the “molecular weight between 
crosslinks” allows chain sliding in response to deformation. The capability of chain sliding is in 
common with the so-called topological gels, known as ductile and tough hydrogels that were 
developed concurrently with the rigid and tough DN gels. When a PAMPS cluster is deformed 
and suffers a larger stress than the others, the stress inequality can be corrected by redivision. 
Due to these effects, the resultant network structures have fewer mechanical defects. The 
superior mechanical properties of the softened gels are attributed to these structural features.

In contrast to the DN gels that possess both hardness and toughness, the new necking DN 
gels show superior extensibility with nearly complete recovery. This is meaningful for biomed-
ical engineering applications and for studying the fundamental physics of polymer networks.

Local Damage Zone Model for the Toughening Mechanism of DN Gels

A theoretical model for the toughening mechanism of DN gels, based on necking 
phenomena, assumes that, at the highly stretched region in front of the “crack tip,” the 
material first yields and is transformed into a very soft material with intrinsic fracture 
energy G0 and the “crack tip” passes through the softened (damaged) zone (Fig. 7) [5, 6]. 
When considering the energy balance of fracture mechanics, a scaling level expressions were 
proposed, in which the effective fracture energy G, is expressed in terms of the yielding 
stress sc, the size of the softened zone h, the intrinsic fracture energy G0, and the strain where 
the necking ends, ec [6].

 0 c cG G hs e= +  

The value of G can be estimated from the numerical data of the necking gels to predict 
the size of the necking zone.

Robust Gels from Bacterial Cellulose

The development of hydrogels with good mechanical properties would provide a wide 
range of applications in industry, such as fuel cell membranes, load-bearing water absorbents, 
separation membranes, printing, optical devices, low friction gels machines as well as in the 
biomechanical fields, such as artificial cartilages, tendons, blood vessels, and other bio-tissues.

Fig. 7. Local damage zone model for explaining the extraordinary fracture energy of DN gels. Reproduced with 
permission from the literature [6].
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To realize these biomedical applications, biocompatible polymers are paramount. 
Hydrogels derived from natural polymers frequently demonstrate adequate biocompatibility 
and are widely used in tissue engineering approaches but generally lack toughness [7]. In 
designing tough DN gels in this area, some progresses has been made by combining bacterial 
cellulose (BC) and gelatin [8].

BC is an extracellular cellulose, produced by Acetobacter bacteria that consists of a hydro-
phobic ultra-fine fiber network stacked in a stratified structure [9]. Scanning electron microscopy 
(SEM) images show that BC gels has alternating dense and sparse cellulose layers with a period 
of 10 mm, which contribute to its anisotropic mechanical properties. It has a high tensile modulus 
(2.9 MPa) along the fiber-layer direction but a low compressive modulus (0.007 MPa), perpendic-
ular to the stratified direction. Due to its poor water-retaining ability, water is easily removed from 
the BC gels network, although an “as-prepared” BC containing 90% water there is no enhanced 
recovery in swelling because of hydrogen-bond formation between cellulose fibers.

Gelatin is a polypeptide derived from extracellular collagen matrix. Gelatin gels can 
retain water and recovers from repeated compression. Due to its poor mechanical strength, a 
gelatin gels is easily fragmented under modest compressions of ~0.12 MPa. By using the DN 
gels method,  strong and biocompatible gels, consisting of BC and gelatin, were developed 
with high mechanical strength [8].

A BC/gelatin DN gels was synthesized by immersing a BC substrate into gelatin solution 
(30 wt%); then the gelatin was crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (EDC) (1 M). The wide-angle X-ray diffractions (WAXD) show that the 
BC crystal pattern is well maintained and SEM images exhibit homogeneous gelatin textures 
in the cellulose-poor layers in the BC/gelatin gels. The structure of BC/gelatin indicates that 
anisotropic mechanical strength of BC is maintained after combination with gelatin. Therefore, 
the mechanical strength against compression and elongation was performed perpendicular to 
and parallel to the stratified direction of BC/gelatin DN gels, respectively. Typical compressive 
and elongation stress–strain curves are shown in Fig. 8a, b, respectively. The BC/gelatin DN gels 
shows a compressive elastic modulus of 1.7 MPa (Fig. 8a), which is more than 240 times greater 
than that of BC gels (0.007 MPa) and 11 times greater than that of the gelatin gels (0.16 MPa). 

Fig. 8. Comparison of compressive (a) and elongational (b) stress–strain curves of BC-gelatin DN, gelatin, and BC 
gels. The compression and elongation were performed in perpendicular to and along with the stratified direction 
of BC and BC-gelatin DN gels, respectively. Concentration of gelatin in feed: 30 wt%. EDC concentration: 1 M. 
Reproduced with permission from the literature [8].
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The fracture strength of BC/gelatin DN gels against compression in the vertical direction 
to the  stratified structure was 3.7 MPa. The strength is in the range of an articular cartilage 
(1.9–14.4 MPa). This value is about 31 times higher than that of gelatin gels. Moreover, the BC/
gelatin DN gels recovers well under repeated compression stress up to 30% strain. The elonga-
tion stress–strain curve (Fig. 8b) shows that BC/gelatin DN gels can sustain nearly 3 MPa elon-
gation stress with 23 MPa elastic modulus, which is 112 times larger than that of gelatin gels.

Similar improvements in the mechanical strength were also observed for BC combined 
with polysaccharides, such as sodium alginate, gellan gum, and k-carrageenan. For example, 
the compressive elastic modulus of BC-k-Carrageenan DN gels is 0.12 MPa, and it is 17 
and 13 times higher than that of individual BC and k-carrageenan gels, respectively. In gen-
eral, the mechanical properties of synthetic and natural gels can be effectively improved by 
the inducing double network structures. The composition of two different networks can be 
adjusted for different applications.

Sliding Friction of Gels

Some biological surfaces display fascinating low friction properties, for example, carti-
lages of animal joints have a friction coefficient in the range 0.001–0.03, remarkably low even 
for hydrodynamically lubricated journal bearings [10–16]. It is not well understood why the 
friction in the joint cartilages is so low even though the pressure between the bone surfaces 
reaches as high as 3–18 MPa and the sliding velocity is never greater than a few centime-
ters per second [10]. Under such conditions, the lubricating liquid layer cannot be sustained 
between two solid surfaces and the hydrodynamic lubrication does not work. Cartilage cells 
synthesize a complex extracellular matrix (ECM) and the weight bearing and lubrication 
properties of the cartilage are associated primarily with this matrix and its high water content 
(~75–80 wt%). The main macromolecular constituents of ECM are the proteoglycan, aggre-
can, and the crosslinked networks of collagen fibrils [15, 16].

The tribological properties in the biological systems originate in the soft and wet nature 
of tissues and organs. Consequently, the role of solvated polymer networks existing in ECM as 
a gels state is critically important in the specific frictional behavior of the biological systems.

In the following section, the frictional behavior of various gels on solid substrates, and 
hydrogels with extremely low frictional property are introduced.

Frictional Behavior of Gels

Dependence on Load

The friction between solids obeys Amonton’s law (1699);

 ,F Wm=  

which states that the frictional force F is linearly proportional to load W, and does not depend 
on apparent contact area A of two solid surfaces and sliding velocity v [17]. However, the gels 
friction does not simply obey this Amonton’s law, and shows rich and complex features. Gels 
friction strongly depends on the properties of gels determined by its chemical structure, such 
as hydrophilicity, charge density, crosslinking density, water content, and elasticity [18, 19]; 
surface properties of opposing substrates, such as surface charges and hydrophobicity [19, 
20]; and measurement conditions, such as normal load and sliding velocity [18–21].
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The friction behavior of hydrogels with different chemical structures such as poly(vinyl 
alcohol) (PVA), gellan, PAMPS, and its sodium salt PNaAMPS gels are shown in Fig. 9 [19]. 
These hydrogels were slid on a smooth glass surface at a sliding velocity of 7 mm/min, using a tri-
bometer to determine the relation between a normal load and the frictional force (Fig. 9a). Rela-
tionship between frictional force (F) and normal load (W) obeys a power law, ∝ αF W , where the 
scaling exponent a lies in a range of 0–1.0, depending on the chemical structure of the gels.

The frictional coefficient m, which is defined as the ratio of the frictional force to applied 
load, is shown in Fig. 9b. The frictional coefficient m of these gels, accordingly, shows unique 
load dependencies, which is quite different from those of solids. The corresponding ms of 
PVA, gellan, and PAMPS gels decrease with an increase of load. On the other hand, the m of 
the PNaAMPS gels is constant over the change of the load, similar to those of rubber, but its m 
is as low as 0.002, two orders of magnitude lower than those of solids. PAMPS and PNaAMPS 
gels have different counter-ions, but they show a striking difference in frictional behavior on 
the glass surface. The frictional behavior of gels strongly depends on their chemical structure, 
and the frictional force of gels is two or three orders of magnitude lower than that of a rubber. 
The behavior can be continuously observed for several hours.

Some physically crosslinked gels show negative load dependences. When the average 
normal pressure exceeds a critical value, the frictional force of gellan and k-carrageenan gels, 
both are physically crosslinked polysaccharide gels, show a pronounced negative load depen-
dence. The observed specific phenomenon is attributed to the physical crosslinking nature of 
the polysaccharide gels. High normal pressure leads to losing and/or dissolving part of the 
crosslinks that brings about an increased viscose layer by the linear polymer at the friction 
interface, which would then serve as a good lubricator under the high load [21].

Sample Area Dependence

The linear dependence of friction on load established in solid friction,

 m=F W  

is explained in terms of the yielding mechanism; i.e., the solid surface is not molecularly flat and 
the real contact area between two surfaces increases with an increase of load due to yielding. 

Fig. 9. Dependencies of frictional force F on load W (a), the frictional coefficient on load (b), and the frictional 
force on the average strain (c) for various kinds of hydrogels slided on glass substrate. Sliding velocity: 7 mm/
min. Sample sizes for PVA, gellan, and rubber, 3 × 3 cm; PAMPS and PNaAMPS, 2 × 2 cm. Compressive modulus 
E: PVA, 0.014 MPa; gellan, 0.06 MPa; PAMPS, 0.25 MPa; PNaAMPS, 0.35 MPa; rubber, 7.5 MPa. Degree of 
swelling q: PVA, 17; gellan, 33; PAMPS, 21; PNaAMPS, 15. The measurement was performed by a tribometer in 
air. Reproduced with permission from the literature [19].
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Thus, the friction has no dependence on the apparent contact area of the two solid surfaces, and 
Amonton’s law holds [17].

To elucidate the feature of interface contact between the gels and the opposing plate, the 
frictional force of various kinds of gels was measured by varying the contact area of gels A 
under a constant load W [19]. It was found that the F also shows a power law with A, which 
can be denoted as b∝F A . Combining the results of F on W and A;

 µ .F W Aa b  

As shown in Fig. 10, a correlation between a and b was found as 1b a≈ − . 
 Therefore,

 ∝F AP a  (1)

where P = W/A is the average normal pressure and a = −0 1 , depending on the chemical 
structure of the gels. This result demonstrates that the frictional force per unit area (frictional 
stress) is related with the normal pressure P, instead of the load W, by the power law. For solid 
friction, (1) is also valid, with a = 1.

With a typical elasticity ranging from 1 to 1,000 kPa, polymer gels are easily deformed 
due to the presence of the large amount of water. A small pressure is sufficient to cause a large 
deformation in a gels. This favors interfacial contact with the opposing surface. As shown in 
Fig. 9c, the average strains, l = /P E , of gels under the experimental load range are more 
than several percent higher than that of rubber and much greater than that of solid and E is 
the compressive elastic modulus of the gels. Although the gels samples were measured under 
similar strain conditions, they showed quite different pressure dependence.

Substrate Effect

The frictional behavior of gels also depends on the opposing substrates. When the non-
ionic PVA gels is allowed to slide on a tetrafluoreoethylene (Teflon) plate, for example, the 

Fig. 10. Correlation between a and b, where a and b stand for the exponents in F µ Wa Ab. The a was measured at 
A = 9 cm2; and the b was measured at W = 0.98 N. Sliding velocity: 180 mm/min. Degree of swelling: PVA, 20; gellan, 
33; k-carageenan, 33; agarose, 50; PAMPS, 17. The measurement was performed by a tribometer in air. Reproduced 
with permission from the literature [19].
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behavior is the same as that on a glass surface. However, the behavior of strong anionic 
PAMPS gels on Teflon greatly changes and becomes similar to that of PVA on glass. When 
a pair of polyelectrolyte gels carrying the same charges, for example PNaAMPS gels with 
PNaAMPS gels, slide over each other, very low frictional force was observed [19]. On the 
other hand, when two polyelectrolyte gels carrying the opposite charges were slide over each 
other, the adhesion between the two gels was so high that the gels broke during the measure-
ment [20]. The phenomenon indicates that the interfacial interaction between the gels surface 
and the opposing substrate is crucial in gels friction.

Extremely Low Friction Gels

Template Effect on Gels Surface Structure and Its Friction

The surface structure and, therefore, the friction of a gels are highly dependent on the 
substrate on which the gels is synthesized [22]. Such a substrate template effect is observed in 
a wide variety of hydrogels prepared from water-soluble vinyl monomers, such as the sodium 
salt of styrene sulfonate, acrylic acid, and acrylamide, on various hydrophobic substrates, 
such as Teflon, polyethylene, polypropylene, poly(vinyl chloride), and poly(methyl methacry-
late) (PMMA) [22].

Hydrogels that are synthesized between two glass substrates have a mirror-like smooth 
surface. The same occurs when a hydrogels is synthesized on other hydrophilic substrates, 
such as mica and sapphire. However, for the same chemical structure, a hydrogels exhibits an 
eel-like slim surface when synthesized on hydrophobic substrates, such as Teflon and polysty-
rene (PS). The differences in the surface nature of the gels synthesized on different substrates 
are so obvious that they can be easily distinguished by touching with one’s finger. When a 
hydrogels is synthesized between two plates, one hydrophobic and the other hydrophilic, het-
erogeneous gelation occurs [23]. After the equilibrated swelling in water, the gels exhibits a 
significant curvature as shown in Fig. 11, when the gels surface is formed on a Teflon surface 
it is always on the outside of the curvature and the side on the glass is the inside. The gels sur-
face close to the Teflon has a higher swelling while the other one has a lower value. The gels 
has a gradient structure and the surface formed on Teflon (or other hydrophobic substrates) 
has a low crosslinking density with branched dangling polymer chains [24].

The frictional force and frictional coefficient of PAMPS gels synthesized on a glass 
plate and on a PS plate were measured against a glass plate in water by a rheometer (Fig. 12) 
[22]. The frictional stress of the gels prepared on PS substrate shows a lower value than that 

Fig. 11. Photograph of a colored water-swollen PAMPS gels prepared between a Teflon plate and a glass plate. 
Reproduced with permission from the literature [23].
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prepared on the glass substrate. In the low velocity range in particular, the frictional stress 
of the gels prepared on PS substrate attains a value as low as 1 Pa, which is equivalent to the 
shear stress on the wall of blood vessels [25]. The frictional coefficient of the gels prepared on 
PS reaches 10−4, which is at least two orders of magnitude lower than that of the gels synthe-
sized on glass at the low velocity range. The reduction in friction is attributed to the presence 
of branched dangling chains on the gels surface prepared on the hydrophobic substrate, as 
revealed by the result for the PAMPS gels containing free linear PAMPS polymer chains pre-
pared on the glass plate, which showed the similar low friction coefficients (Fig. 12). There-
fore, extremely low friction hydrogels could have a wide range of applications in many fields 
where low friction is required.

Robust Hydrogels with Low Friction as Candidates  
for Artificial Cartilage

The design and production of hydrogels with a low surface friction and high mechanical 
strength are vitally important in the biomedical applications of hydrogels, such as contact lens, 
catheters, artificial articular cartilages, and artificial esophagus [26, 27]. Based on previous 
research, new soft and wet materials with both low friction and high strength were synthesized 
by introducing a weakly crosslinked PAMPS network (to form a triple-network, or TN gels) 
or a noncrosslinked linear polymer chain (to form a DN-L gels) as a third component in the 
optimal tough PAMPS/PAAm DN gels [28]. The TN and DN-L gels were synthesized by UV 
irradiation after immersing the DN gels in a large amount of a third solution of 1 M AMPS and 
0.1 mol% 2-oxoglutaric acid with (TN) and without the presence of 0.1 mol% MBAA (DN-L). 
The mechanical properties of these gels are listed in Table 1. After adding crosslinked or linear 
PAMPS to the DN gels, the fracture strength of the TN- and DN-L gels and elasticity are higher 
than that of a DN gels (~2 MPa). In addition, the fracture strength of the DN-L increased 
remarkably because PAMPS linear chains effectively dissipate the fracture energy [2].

Shown in Fig. 13a, b are the frictional forces (F) and frictional coefficient (m) of the 
three kinds of gels, respectively, as a function of normal pressure (P). The data based on 

Fig. 12. Angular velocity dependencies of the frictional coefficient of PAMPS gels slided against a glass plate in 
water under a normal pressure of 4 × 103 Pa measured by a rheometer. (filled circle) prepared on glass, swelling 
degree, 21; (filled square) prepared on PS, swelling degree, 27; and (open square) containing linear polymer chains, 
Sample size, 1 × 1 cm, swelling degree, 15. Reproduced with permission from the literature [22].
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sliding the gels on glass plate in water, clearly indicates that the frictional coefficient decreases 
in the order of DN > TN > DN-L, thus, introducing of PAMPS, in particular linear PAMPS as 
the third network component reduces the frictional coefficient of the gels.

The DN gels has a relatively large frictional coefficient (~10−1) since the second net-
work, nonionic PAAm, dominates the surface of the DN gels, which is adsorptive to the glass 
substrate. However, when PAMPS network is added to the DN gels as the third component, 
the frictional coefficient of the TN decreases to ~10−2; this is two orders of magnitude 
lower than the DN gels, since the surface of TN gels is dominated by PAMPS, resulting in 
repulsive interaction with the glass substrate and reducing frictional force. Furthermore, 
when linear PAMPS chains are introduced to the surface of the DN gels, the frictional 
coefficient is significantly reduced to ~10−4, which is one to three orders of magnitude 
less than that of TN and DN gels, respectively. This demonstrates that the linear PAMPS 
chains on the gels surface reduce frictional force due to repulsive interactions with the 
glass substrate [25].

It should be emphasized that the lower friction coefficient of DN-L gels can be observed 
in the pressure range of 10−3–105 Pa, which is close to the pressure exerted on articular carti-
lage in synovial joints. These results demonstrate that the linear polyelectrolyte chains effec-
tively retain lubrication even under extremely high normal pressures.

Table 1. Mechanical properties of DN (PAMPS/PAAm),  
TN (PAMPS/PAAm/PAMPS), and DN-L (PAMPS/PAAm/PAMPS-L) gels

Gels
Water content 
(wt%)

Elasticity 
(MPa)

Fracture stress dmax 
(MPa)

Fracture strain lmax 
(%)

DN 84.8 0.84 4.6 65
TN 82.5 2.0 4.8 57
DN-L 84.8 2.1 9.2 70

Reproduced with permission from the literature [28]

Fig. 13. Normal pressure dependence of frictional force (a) and frictional coefficient (b) of hydrogels against a glass 
plate in pure water. Sliding velocity: 1.7 × 10−3 m/s. Symbols denote DN (filled circle), TN (filled square), and DN-L 
(filled triangle) gels, respectively. Reproduced with permission from the literature [28].
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Wear Properties of Robust DN Gels

For the application of DN gels as artificial articular cartilage, it is critical to evaluate the 
wear properties, because articular joints are subjected to rapid shear forces in magnitude and 
millions of cycles over a lifetime. However, there are no established methods for evaluating 
the wear properties of a gels. The pin-on-flat wear testing that has been used to evaluate the 
wear property of ultra-high molecular weight polyethylene (UHMWPE), which is the only 
established rigid and hard biomaterial used in an artificial joint, was used to evaluate the wear 
properties of DN gels. Four kinds of DN gels, composed of synthetic or natural polymers, 
PAMPS/PAAm, PAMPS/poly (N,N¢-dimethyl acrylamide) (PDMAAm), BC/PDMAAm, and 
BC/Gelatin, were evaluated [29].

Under one million friction cycles, which is equivalent to 50 km friction (50 × 106 mm), 
the maximum wear depth of the PAMPS/PAAm, PAMPS/PDMAAm, BC/PDMAAm, 
and BC/Gelatin gels was 9.5, 3.2, 7.8, and 1,302.4 mm, respectively. It is amazing that the 
maximum wear depth of PAMPS/PDMAAm DN gels is similar to the value of UHMWPE 
(3.33 mm). Although the maximum wear depth of PAMPS/PAAm DN gels and BC/PDMAAm 
DN gels was about 2–3 times higher than that of UHMWPE, these gels could bear the one 
million friction cycles. The results demonstrate that PAMPS/PAAm, PAMPS/PDMAAm, and 
BC/PDMAAm DN gels are resistant to wear to a greater degree than conventional hydrogels, 
and PAMPS/PDMAAm DN gels could potentially be used as replacement material for artifi-
cial cartilage. On the other hand, BC/Gelatin DN gels, which is composed of natural materi-
als, had extremely poor wear properties compared with the other DN gels. The lower wear 
properties of BC/Gelatin DN gels are attributed to the relatively low water content, higher 
friction coefficient, and easy roughing by abrasion.

Biocompatibility of Robust DN Hydrogels

Overall, the DN hydrogels have excellent mechanical properties, high mechanical 
strength, low frictional coefficient, and high resistance to wear property. However, the sub-
stitute materials for biological tissues are required to be not only tough, but also resistant to 
biodegradation in the living body. Consequently, the biodegradation properties of the robust 
gels in the rabbit’s subcutaneous was evaluated [30].

Evaluation of Robust Gels

PAMPS/PAAm, PAMPS/PDMAAm, BC/PDMAAm, and BC/Gelatin DN gels are 
composed of synthetic or natural polymers. Each DN gels was prepared as rectangular parallel-
piped specimens (10 × 10 × 5 mm), and implanted into the subcutaneous space 8 cm below the 
surface. After 6 weeks, the four implanted gels specimens were carefully harvested from the 
subcutaneous tissue. In each rabbit, all of the skin incision healed without infections and the 
body weight did not change over a 6-week period. No signs of inflammation or infection, 
including redness of the skin, effusion and abscess, were observed at the implantation site. No 
obvious changes were found with PAMPS/PAAm and PAMPS/PDMAAm DN gels specimens 
(Fig. 14a, b). The surface of all the BC/PDMAAm DN specimens became rough, although 
they were smooth before implantation (Fig. 14c). All BC/gelatin DN gels specimens were 
mildly deformed and parts of these specimens were absorbed (Fig. 14d).
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Immediately after harvesting, changes in the mechanical properties and water content 
of each specimen due to implantation were investigated. The results are shown in Table 2; 
the ultimate stress in the compressive destruction test was determined from the peak of 
the stress–strain curve, and the tangent modulus was determined from the slope of the 
stress–strain curve in the range of 0–10% strain. For the PAMPS/PAAm DN gels, which 
is the strongest in the ultimate stress among the 4 DN gels, except for the tangent modulus 
and the water content, the mechanical parameters did not change after implantation.  
The DMAAm DN gels, which is highly resistant to wear in the pin-on-flat wear test, the ultimate 
stress and the tangent modulus were significantly increased with a significant reduction in the 

Fig. 14. Gross observations of each DN gels specimen before implantation (Left) and 6 weeks after implantation 
(immediately before harvest (Center) and after harvest (Right)). No obvious changes were found on PAMPS/PAAm 
(a), and PAMPS/PDMAAm (b) DN gels specimens. With BC/PDMAAm (c) DN gels, the surface of all specimens 
became rough, although it was smooth before implantation. Cellulose/gelatin (d) specimens were mildly deformed, 
and a part of the specimen was absorbed. Reproduced with permission from the literature [30].
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water content after implantation. In the Cellulose/PDMAAm DN gels, no significant changes 
in the mechanical properties or the water content were observed after implantation. The 
Cellulose/Gelatin DN gels, which had a relatively high tangent modulus compared with  
the other DN gels, the ultimate stress was dramatically reduced with a significant increase in  
the water content after implantation. Basically, the degradation properties of the 4 DN hydrogels 
within the living body are extremely different, depending on the properties of the polymers 
contained in each hydrogels. The characteristics of these materials need to be improved, not 
only to develop acceptable artificial cartilage, but also for other implants applications.

Summary

To design materials that are potentially useful as artificial cartilage, suitable viscoelasticity, 
high mechanical strength, durability to repeated stress, low friction, high resistance to wear, 
and resistance to biodegradation within the living body are required. It has been difficult to 
develop a gels material that satisfies even two of these requirements. However, current devel-
opments in the synthesis of mechanically stronger hydrogels using conventional gels concepts 
should open a new era of soft and wet materials as substitutes for articular cartilage and other 
tissues. These exceptional hydrogels would provide opportunities for wide industry applica-
tions, such as the fuel cell membranes, load-bearing water absorbents, separation membranes, 
printing, optical devices, and low friction gels machines.

Table 2. Changes in the mechanical properties and the water content of each DN gels due to implantation

Gels PAMPS/PAAm PAMPS/PDMAAm BC/PDMAAm BC/gelatin

Tangent modulus (MPa)
Before 0.30 (0.05) 0.20 (0.01) 1.70 (0.70) 2.50 (1.10)
After 0.21 (0.02) 0.37 (0.04) 1.00 (0.60) 1.18 (1.10)
P-value P = 0.0002 P < 0.0001 N.S. N.S.
Ultimate stress (MPa)
Before 11.40 (2.60) 3.10 (0.29) 1.90 (0.28) 4.30 (0.35)
After 10.02 (2.96) 5.40 (1.75) 2.17 (0.35) 1.98 (0.52)
P-value N.S. P = 0.0194 N.S. P < 0.0001
Strain at failure (mm/mm)
Before 0.83 (0.05) 0.73 (0.01) 0.37 (0.03) 0.33 (0.04)
After 0.88 (0.03) 0.76 (0.05) 0.40 (0.06) 0.40 (0.11)
P-value N.S. N.S. N.S. N.S.
Water content (%)
Before 90.90 (0.30) 94.00 (0.00) 85.00 (0.71) 78.00 (2.30)
After 89.83 (0.90) 91.17 (0.75) 85.17 (0.75) 86.33 (0.75)
P-value N.S. P < 0.0001 N.S. P = 0.0002

Before: specimens before implantation, After: specimens harvested 6 weeks after implantation. Reproduced with permission 
from the literature [30]
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Hydrogels Contact Lenses

Jiri Michalek, Radka Hobzova, Martin Pradny, and Miroslava Duskova 

Abstract Contact lenses can be classified in a number of ways; however, the two main categories 
are hard and soft lenses, which are based on the material used for their manufacture. The soft lens 
category can be further divided into hydrophobic and hydrophilic subcategories. Conse-
quently, the development of contact lens materials took three specific directions: hydrogels 
with high water content, rigid gas-permeable lenses with enhanced oxygen permeability, and 
surface modification of silicone elastomer lenses. These polymeric systems are expected to 
improve the water content of the contact lenses as well as the permeability to oxygen, which 
are crucial properties but controllable through the molecular design. Currently, the high 
water content hydrogels are being challenged by the silicone-hydrogels for the world market 
share.

Introduction

In the literature on “hydrogels used in medicine,” one often sees the reference to Wichterle 
and Lim [1]. This fundamental work followed after the first Wichterle’s patent on hydrophilic 
methacrylates for biomedical applications. A key area, to the use of synthetic hydrogels for 
bioapplications, is for ophthalmology, especially contact lenses [1, 2]. Professor Wichterle 
made the first soft lenses using home-made equipment that he constructed from a popular 
Mechano metal toy set (Figs. 1–3).

Subsequently, he patented the spin-casting technology for processing polymerizing 
hydrogels into specific shapes. Several years later, he invented the lathe-cutting process for 
making lenses using dry hydrogels cylindrical rods. This was the beginning of the incredible 
hydrogels contact lens industry [3, 4]. While reviewing the literature on contact lenses, you 
find Wichterle’s invention of poly(2-hydroxyethyl methacrylate) [PHEMA or poly(HEMA)] 
lenses referenced many times [5].

The first concept to alter the corneal power using an optical system that is placed directly 
on the cornea was described by Leonardo da Vinci in 1508 [6]; this consisted of immersing 
the eye in a bowl of water. The next generation of constructs was described by René Descartes 
(1636) and Thomas Young (1801); they used glass lens tubes filled with a fluid which were 
placed on the cornea [7] and the orbital rim [8]. In 1845, John Herschel proposed glass contact 
lens analogous to the modern lenses with the space between cornea and the lens sandwiched 
with animal gels. The first real contact lenses were actually prepared from glass using several 
different techniques to form scleral lenses; these were reported by Adolf Fick (Switzerland), 
Eugene Kalt (France), and August Müller (Germany) in the late 1880s [9, 10].
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The next significant advancement in contact lens development was the plastic scleral 
lenses (1936) made from poly(methyl methacrylate) (PMMA) using a lathe-cutting tech-
nique [11]. In 1948, Kevin Tuohy patented the PMMA corneal lens [12]. Since then, syn-
thetic polymers are the only materials used for contact lens manufacture. At the end of 1960, 
poly(2-hydroxyethyl methacrylate) (PHEMA) lenses were developed by Professor Otto 

Fig. 1. Prof. Otto Wichterle.

Fig. 2. Contact lens machine – toy construction set Mechano.
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Wichterle; this invention represents the most important step in contact lens development and 
the start of soft lenses era.

Contact lenses can be classified in a number of ways; however, two main categories, 
hard and soft lenses, based on the material used for their manufacture emerged. The soft 
category can be further divided into hydrophobic and hydrophilic subcategories [13].

The silicone elastomers were tested in 1965 for contact lens manufacture based on their 
high gas permeability (oxygen, carbon dioxide); however, poor clinical results were obtained. 
The hydrophobic nature of silicone elastomers gave poor wetting properties, and the devel-
opment of surface deposits was observed in clinical tests. In the late 1970s, more trials were 
undertaken and several more compatibility complications appeared. The combination of high 
elasticity and resistance to water caused the lens to bind to the eye that lead to severe problems 
with the removal of the silicone lenses. Currently, these silicone lenses are used only for some 
special purposes (pediatric and aphakic fittings) in a limited extent [14].

In 1972, the hydrophilic soft hydrogels contact lenses were introduced to world market 
(12 years after their invention) by the Bausch & Lomb Company [4, 15]. Two years later, in 
1974, the rigid gas-permeable lenses (RGP) were patented by Gaylord [16]. Since then, the 
development of contact lens materials took three directions: (1) hydrogels with high water 
content, (2) rigid gas-permeable lenses with enhanced oxygen permeability, and (3) surface 
modification of silicone elastomer lenses.

The next important achievements were the introduction of the first disposable lenses 
in 1988 and daily disposable lenses in 1994, which led to a reduction of possible complications 
as a result of contact lens wearing [17]. The last major historic advancement was made 
in 1999, when silicone-hydrogels materials were introduced on the market by Bausch & Lomb  
and Ciba Vision [18]. The importance of this enterprise may be compared with the 
Wichterle invention.

Although both types of soft contact lenses, conventional hydrogels and silicone hydrogels, 
are fitted on the client’s eyes, the number of silicone-hydrogels lenses being worn is now 
rapidly increasing. Ten years after their introduction, they represent 50% of the new applications: 
the era of silicone-hydrogels contact lenses has begun.

Fig. 3. Contact lens.
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Contact Lens Terminology

The contact lens is a small optical device placed directly on the cornea. It has two 
optical faces: inside (back) and outside (front). The shape of lenses can be described by various 
curves and their systems. Shown in Fig. 4 are two contact lenses: one with plus diopters and 
one with minus diopters and the basic shape parameters [19].

When contact lenses are placed directly on the cornea, they form a barrier to the natural 
physiological metabolism of the cornea, which is dependent on the transport of atmospheric 
oxygen to the eye surface. Because of this fact, the main development emphasis has been on 
the prevention of the hypoxic stress to cornea when covered by a contact lens. This meant using 
maximal oxygen permeability possible by the lens material. The rigid gas-permeable lenses 
have higher oxygen permeability than the hydrogels contact lenses, including those with high 
water content. However, hydrogels contact lenses, due to their many other benefits, developed a 
dominant position on the world market. They have good wettability of the contact surface area 
and thus cause minimal tissue irritation and low mechanical stress to the cornea, which are very 
important factors. Although the silicone elastomers exhibited high values of permeability for 
gases (O2, CO2), they had several major drawbacks, such as their softness, hydrophobicity, and 
discouraging clinical results. Consequently, they never reached industrial scale production.

Mechanical stress to the cornea produces the same problems as the hypoxic stress, such 
as mitosis of the epithelial cells, elevated activity in proteases and glycosidases, corneal sen-
sitivity, and changes in corneal hydration and transparency [20–24]. To reduce a contact lens’s 
influence on corneal metabolism, it is necessary to minimize the hypoxic and mechanical stress 
on the cornea caused by the lens. This can be achieved by meticulous choice of the contact 
material and adjustment of the lens shape.

Basically, the hydrogels contact lens materials successfully fulfill most of the requirements for 
physiological tolerance during wearing. They have only one major limitation, oxygen permeability. 
Since the solubility of oxygen in water is good, hypothetically, maximal oxygen permeability can be 
achieved by lenses prepared just from water. That is not only impossible, but, at the same time, the 
oxygen permeability achieved is still not sufficient for extended contact lens wear [25, 26].

Comfortable hydrogels contact lens demands a very subtle balance of material parameters, such 
as water content, mechanical properties (“modulus,” tensile strength, and elongation at break), oxy-
gen permeability, surface wettability, optical properties, especially refractive index, and hydrolytic 
stability. In addition, the material has to be nontoxic and must withstand sterilization and disinfec-
tants. Moreover, the lens material must have satisfactory biological tolerance for living tissue.

Fig. 4. Scheme of contact lenses for +diopters (left) and −diopters (right).
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Materials Used for Hydrogels Contact Lenses

HEMA

The basic material for “standard” hydrogels contact lenses (38 wt% water, at swelling 
equilibrium) is the polymer from 2-hydroxyethyl methacrylate, better known as HEMA (I). 
Like all hydrophilic contact lenses, PHEMA lenses are formed by slightly crosslinking the 
polymer network using <1 mol% crosslinker in the monomer mixture. Typical ethylene dime-
thacrylate (EDMA) (II) is the crosslinker for PHEMA, which is widely used for methacrylate 
polymer networks. However, due to its hydrophobicity it can form hydrophobic associations 
during polymerization that cause heterogeneity in the network, and sometimes even these 
domains are visible. Therefore, in some cases, EDMA is replaced by triethylenglycol dime-
thacrylate (TEGDMA) (III), which is more polar and more hydrophilic (Table 1).

Table 1. Examples of PHEMA lenses [27–29]

Product name Company Material

Medalist 38 Bausch & Lomb Polymacon
Optima 38 Bausch & Lomb Polymacon
Frequency 38 CooperVision Polymacon
Biomedics 38 Ocular Sciences Polymacon

H2C C

CH3

C O

O CH2CH2OH
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Other Glycol Methacrylates

To prepare nonionic hydrogels with higher hydrophilicity, the common HEMA monomer 
can be copolymerized with another monomer of high hydrophilicity to provide a polymer 
network with high water content, for example, the copolymerization of HEMA with diethylene  
glycol methacrylate (DEGMA) (IV, n = 2) [30, 31] or triethylene glycol methacrylate (TEGMA) 
(IV, n = 3). These copolymers were studied in the eighties by Wichterle and his coworkers 
at the Institute of Macromolecular Chemistry of the Czechoslovak Academy of Science, in 
Prague and tested industrially by the Okula Company in the Czech Republic [4]. Several users 
claimed that the HEMA-DEGMA lenses (55 wt% water) were the best lenses. However, their 
low reproducibility and rather poor mechanical properties stopped their use.



308 Jiri Michalek et al.

Dihydroxy Methacrylates

Increased water content in the swollen state of hydrogels was achieved by using dihydroxy 
methacrylates, such as glycerol methacrylate (GMMA) (V) as the comonomer. Typically, the 
crosslinker glycerol dimethacrylate (GDMA) (VI) is usually used. The contact lenses 
prepared from these materials exhibit water contents of 57–60 wt% and oxygen permeability 
Dk = 20 Barrer (Table 2).

Table 2. Examples of glycerol methacrylate lenses [27–29]

Product name Company Material

Actisoft 60 Biocompatibles Hydron Hioxifilcon-A
Laguna Wilens Hioxifilcon-A

H2C C

CH3

C O

O CH2CH2 n OH

Diethylene glycol methacrylate (DEGMA) (n=2), Triethylene glycol 
methacrylate (TEGMA), (n=3) (IV)
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O CH2CHCH2

OH

OH
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CH3
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O CH2CH(OH)CH2
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Glycerol Methacrylate 
GMMA (V ) 

Glycerol Dimethacrylate
GDMA (VI )

Methacrylic Acid

The most frequent comonomer used to increase the equilibrium water content in hydrogels 
is methacrylic acid (MA) (VII) and is found in many types of commercial contact lenses. Only 
a small amount of MA (1–3 wt%) is added to the monomer mixture to provide the highly 
swollen gels (55–85 wt% water). The activation of the polymer surfaces through carboxylic 
groups is a technique widely used for many polymer modifications. For example, to achieve 
an enhanced swelling effect, it is necessary to dissociate the MA carboxylic acid groups by 
converting them to the ionic sodium salt. The disadvantage of ionizing MA is the introduction 
of negative charges to the polymer matrix. In the swollen state, the material becomes pH 
sensitive as the carboxylic groups represent active sites on the polymer chains’ protons, 
and the potential for absorption of proteins is supported by electrostatic forces (Table 3).
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Table 3. Examples of lenses containing MA [27–29]

Product name Company Material

Frequency 55 CooperVision Methafilcon A
Hydrasoft CooperVision Methafilcon A
D55 Wilens Methafilcon A
Accusoft Ophthalmos Droxifilcon A
Acuvue Vistakon J&J Etafilcon A
Surevue Vistakon J&J Etafilcon A
Focus Monthly CIBAVision Vifilcon A
Softcon CIBAVision Vifilcon A
Ultraflex 55 Ocular Sciences Ocufilcon D

Table 4. Examples of PAAm lenses [27–29]

Product name Company Material

Gentle Touch Wesley Jessena Netrafilcon A
Soft Mate II Wesley Jessen Bufilcon A
Hydrocurve II/3 Wesley Jessen Bufilcon A
aWessley Jessen company merged with 2000 with CIBA Vision
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Methacrylic Acid (MA) (VII )
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H2C H2C CH C NH

O
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N,N-dimethyl acrylamide
(VIII)  

N,N´-methylene-bis-acrylamide
(IX )

Acrylamides

Acrylamide-based gels are an important class of hydrogels for their unique swelling 
properties. Generally, polyacrylamides (PAAm), due to their solubility in water, are used particu-
larly as thickening, suspending, flocculating, and coagulating agents in wastewater treatment 
and papermaking. When crosslinked, PAAm forms highly swollen soft gels that are used 
for a number of biomedical purposes (i.e. superabsorbents). One of the advantages of PAAm 
is that the swelling is independent of the pH, compared to those containing methacrylic acid 
salt. For manufacturing PAAm contact lens, the monomer N,N-dimethyl acrylamide (VIII) is 
crosslinked with N,N¢-methylene-bis-acryl amide (IX) (Table 4).



310 Jiri Michalek et al.

1-Vinyl-2-Pyrrolidone

A typical monomer for nonionic hydrogels with high water content is N-vinylpyrrolidone 
(1-vinyl-2-pyrrolidone, VP) (X). VP is used in a wide variety of biomedicine applications, 
pharmacy, and cosmetics. As a homopolymer, PVP exhibits poor mechanical properties. To 
improve the mechanical performance of VP-based hydrogels, while maitaining desirable 
optical transparency, VP was copolymerized with another monomer, such as HEMA or an 
alkyl methacrylate. The VP with methyl methacrylate copolymer is widely known under 
the commercial name of lidofilcon (Table 5).

Table 5. Several VP-based contact lenses [27–29]

Product name Company Material

Omniflex Biocompatibles Hydron Lidofilcon A
Procontact lensesear Biocompatibles Hydron Omafilcon A
Medalist 66 Bausch & Lomb Alphafilcon A
Softlens 66 Bausch & Lomb Alphafilcon A
Permaflex Wesley Jessena Surfilcon A
Precision UV Wesley Jessen Vasurfilcon A
aWessley Jessen company merged with 2000 with CIBA Vision

Table 6. FDA classification of contact lenses

FDA classification of contact 
lenses

Water content

0–50 wt% 50–99 wt%

Nonionic Group I Group II
Ionic Group III Group IV

N
O

N-vinylpyrrolidone (VP) (X )

FDA Contact Classification

The US Food and Drug Administration (FDA) classifies contact lens materials based on 
four specific norms: (a) those with water contents less than 50 wt%, (b) those with water con-
tents greater than 50 wt%, (c) those that have nonionic moieties in the polymer chains or with  
an ionic component <0.2%, and (d) those that have charged moieties in the polymer chains with an 
ionic component >0.2%. These combinations form the four groups listed in Table 6.

Group I represents the types of PHEMA lenses and lenses based on HEMA copolymers 
that do not exceed group limits with respect to water content (0–50 wt%). Some of these are 
terpolymers of 2-hydroxyethyl methacrylate with 2-ethoxyethyl methacrylate (EOEMA) and 
less than 0.2% of methacrylic acid (HEMA-co-EOEMA-co-MA) or with N-vinylpyrrolidone 
and methyl methacrylate (HEMA-co-VP-co-MMA), or copolymer with partially hydrolyzed 
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polyvinyl acetate (HEMA-co-VAc-co-VA) or copolymer of glycidyl methacrylate with methyl 
methacrylate (GMA-co-MMA). The materials included in this group hold relatively low water 
content; they have low oxygen permeability and they are susceptible to protein deposits.

Group II is predominantly copolymers of 1-vinyl-2-pyrrolidone (VP) with various methacry-
lates and copolymers of acrylamides, poly(vinyl alcohol) (PVA), or poly(glycerol methacrylate) 
(GlyMA). This group of materials exhibits water content in the range of 60–74 wt%, with relatively 
high oxygen permeability (25–35 Barrer) and the susceptibility to lipid deposits.

Group III represents copolymers of HEMA with some alkyl methacrylate and a small amount 
of methacrylic acid (MA) as the sodium salt. These materials have a low water content, low oxygen 
permeability (less than 20 Barrer), and protein deposits are firmly bonded to the lens surface by 
electrostatic forces due to the presence of the negative charges on the ionized MA moieties.

Group IV includes predominantly copolymers of HEMA with a significant amount of 
MA in the sodium form, and in several cases terpolymers of HEMA, MA, and acrylamide 
or PVP or EOEMA are included. These materials have 55–58 wt% water contents, and the 
corresponding oxygen permeability is 20–23 Barrer. Similar to those in Group III, other 
benefits, such as water content, oxygen permeability, and the mechanical properties, make 
these lenses comfortable and widely used, especially as disposable lenses (interval replacement 
of 14–30 days), so that protein deposits are not a serious problem [28, 29].

Selected Types of Hydrogels Contact Lens Materials

One of the fundamental hydrogels materials for contact lenses is hydrogels made from 
2-hydroxyethyl methacrylate or 1-vinyl-2-pyrrolidone, and both these hydrogels, typically, are 
manufactured as copolymers with methyl methacrylate (MMA), butyl methacrylate (BuMA), 
cyclohexyl methacrylate (CMA), 2-ethoxyethyl methacrylate (EOEMA), N,N-dimethyl 
acrylamide (DMAAm), diacetone acrylamide (DAAm), and methacrylic acid. Other types of 
interesting materials involved monomers, such as poly(vinyl alcohol), glycerol methacrylate, 
and glycidyl methacrylate. An overview of selected commercial materials used for contact 
lenses along with specifications of their principal compositions, water content, and oxygen 
permeability (Dk) parameters is listed in Table 7 [32].

Table 7. Selected commercial soft hydrophilic materials for contact lenses

Material Principal composition Water content (wt%) Dk (Barrer) FDA classification

Polymacon HEMA 38  8 I
Droxifilcon A HEMA, PVP, MA 47 15 III
Vifilcon A HEMA, PVP, MA 55 20 IV
Methafilcon A HEMA, MA 55 23 IV
Hioxifilcon A GlyMA 57 20 II
Etafilcon A HEMA, MA 58 28 IV
Tefilcon VP, MMA 60 28 II
Alfafilcon A HEMA, VP 66 32 II
Nelfilcon A PVA 69 26 II
Lidofilcon VP, MMA 70 32 II
Vasurfilcon A VP, MMA 74 38 II
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Silicone Hydrogels

Silicone hydrogels represent an independent group of contact lens materials, but a detailed 
discussion of these materials is beyond the scope of this article. However, they evolved from 
basic hydrogels, and moreover, they fulfill many of the requirements for lens material, such 
as significant swelling combined with high oxygen permeability. These were achieved by 
a unique co-continuous structure that interconnected hydrophilic chains with hydrophobic 
silicones in a homogenous optically and mechanically suitable composite.

The first silicone-hydrogels contact lenses were PureVision® (balafilcon A) introduced by 
Bausch & Lomb, and Focus Night & Day® (lotrafilcon A) introduced by CIBA Vision in 
1999. Salient parameters of these first silicone-hydrogels lenses are shown in Table 8 [33].

Table 8. Salient parameters for silicone-hydrogel lenses PureVision® and Focus Night & Day®

Properties
Bausch & Lomb PureVision®

Balafilcon A
CIBA Vision Focus Night & Day®

Lotrafilcon A

Equilibrium water content 35 wt% 24 wt%
Oxygen permeability (Dk) 99 × 10−11 Barrer 140 × 10−11 Barrer
Oxygen transmissibility (Dk/t)(-3,0 D) 110 × 10−9 Barrer 175 × 10−9 Barrer
Young’s modulus 1.1 MPa 1.2 MPa
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High oxygen permeability is achieved with the siloxymethacrylate monomer commonly 
referred to as “TRIS” (XI) from the RGP materials. The methylene groups in the structure of 
TRIS represent the sites for hydrophilic modification. Material balafilcon A (PureVision® 
contact lenses) is based on polymer of vinyl carbamate derivative of TRIS (XII). Lotrafilcon 
A (Focus Night & Day®) is a copolymer of TRIS monomer (XI) with N,N-dimethyl acrylamide 
(VIII) and macromonomer B (XIII) [34].

Current Trends in Silicone-Hydrogels Lenses

The developments in silicone-hydrogels lenses have undergone considerable progress 
over the past 10 years. Several new types of contact lenses were made from these materials 
and introduced by CIBA Vision, Johnson & Johnson, and Cooper Vision. They are referred as 
silicone-hydrogels lenses of the second and third generation.

Research in silicone hydrogels materials has continued in order to increase the equilib-
rium water content; this led to a requisite reduction in the Young’s modulus, but also reduced 
permeability toward oxygen. High gas permeability of silicone materials is dependent on the 
nature of the matrix, the chain flexibility facilitating the diffusion of oxygen, and chemical 
structure of the chain that allows oxygen permeability. The gas transport mechanism in these 
materials is significantly different from conventional hydrogels, in which the transport of 
oxygen is ensured only by solubility of oxygen in the presence of water (i.e. the higher the 
water content, the higher the oxygen permeability) [35].

The current research trend, both for conventional and silicone-hydrogels, appears to be 
to reduce the drying by the lenses during normal wear. For this purpose, linear or branched 
hydrophilic polymer chains are being incorporated into the polymer structure in the form of 
an interpenetrated network. This means that the “wetting chains” are fixed only by physical 
bonds without any covalent attachments to the patterned hydrogels network.

Summary

The concept of attaching a lens directly to the cornea of a human eye emerged several 
centuries ago. However, it was not until the 1960s that the soft water-swelling synthetic 
macromolecular hydrogels were developed and processed into the specifically defined 
shapes and utility. These unique hydrogels materials became commercially success-
ful as soft contact lenses. Several classes of these macromolecular systems proved to be 
particularly suitable for the contact lenses applications: the major ones are (a) the glycol 
methacrylates, above all, poly(2-hydroxyethyl methacrylate) (PHEMA) and its copoly-
mers with methacrylic acid, (b) the classic based on 1-vinyl-2-pyrrolidone (VP) and its 
copolymers with HEMA and alkyl methacrylates. In addition to these monomers and their 
copolymers is poly(vinyl alcohol) and its derivatives for contact lens systems. These 
polymeric systems are expected not only to improve the water content of the contact lenses 
but the permeability to oxygen, which are crucial properties that are controllable through 
the molecular design. Currently, the high water content hydrogels are being challenged by the 
silicone-based hydrogels.
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Electroconductive Hydrogels
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Abstract Methods for the synthesis of electroconductive hydrogels (ECH), as polymer blends 
and as polymer conetworks via chemical oxidation, electrochemical, or a combination of 
chemical oxidation followed by electrochemical synthesis techniques, are described. Specific 
examples are introduced to illustrate the preparation of ECHs synthesized from poly(HEMA)-
based hydrogels and polyaniline or from poly(HEMA)-based hydrogels and polypyrrole. The 
key applications of ECHs, as biorecognition membranes for implantable biosensors, as elec-
trostimulated drug eluting devices, and as the low interfacial impedance layer on neuronal 
prostheses, provide great new horizons for biodetection devices.

Introduction

Electroconductive hydrogels (ECH) are polymeric blends or conetworks that combine 
inherently conductive electroactive polymers (CEPs) with hydrated hydrogels. First described 
by Guiseppi-Elie [1–3] in 1995 and later by Wallace et al. [4] and Guiseppi-Elie et al. [5], these 
novel polymeric materials combine the unique and enduring properties of their constituents. 
For the hydrogels component this implies a high degree of hydration, swellability, in vitro 
and in vivo biocompatibility, and high diffusivity of small molecules. For the inherently CEP 
component this implies high electrical conductivity, ON–OFF electrical and optical switching 
and electrochemical redox properties. Both polymer constituents are stimuli-responsive mate-
rials, and each on its own is a viable candidate for sensory application. They share in common 
the potential for molecular engineering through copolymerization, crosslinking, and graft-
ing to tune the final hybrid material’s properties to targeted biologically relevant outcomes.  
They also share the fact that their syntheses are difficult to control and that the methods and 
conditions of synthesis significantly influence the final material properties via subtle contri-
butions of multilength scale factors, such as trace impurities, conformation, nanostructure, 
and gross morphology. Since the early work of Guiseppi-Elie and Wallace, ECH have been 
the subject of expanding research [6].

ECHs belong to the general class of multifunctional smart materials conceptually 
illustrated in Fig. 1. As an emergent class, these materials seek to creatively combine the inherent  
properties of constituent materials to give rise to technologically relevant properties for 
devices and systems. For example, ECHs have been synthesized, characterized, and fash-
ioned as a biorecognition membrane layer in various biosensors. In one instance, an ECH 
that was synthesized from a poly(HEMA)-based hydrogels and poly(aniline) was fashioned 
into a biosensor by the incorporation of recombinant cytrochrome P450-2D6 [7]. This device 
was shown to be responsive to fluoxetine, the active ingredient in Prozac®. The poly(HEMA)-
based poly(aniline) electroconductive hydrogels was subsequently fully characterized for its 
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electrical, switching, and optical properties with demonstrated faster switching than its purely 
CEP counterpart [8]. In another instance, an ECH fashioned from poly(hydroxyethyl meth-
acrylate) [poly(HEMA)] and polypyrrole (PPy) was investigated for its potential application 
to clinically important biomedical diagnostic biosensors by the incorporation of enzymes 
[9–12]. Among the various devices for which ECH polymers were investigated were neural 
prosthetic and recording devices (NPDs and NRDs) [13–15], electrostimulated drug release 
devices (ESRDs) [16–20], and implantable electrochemical biosensors [21–23]. Neuronal 
prosthetic devices and implantable biosensors benefit from a tissue-to-electrode interface that 
is compliant, conformal, with low interfacial impedance, and electrically diffuse [24–26]. 
The ESRDs benefit from high loading capacity and low voltage actuation. In all cases, these 
polymeric materials, which are both electronically and ionically conductive, provide a non-
cytotoxic interface between the device and native living tissue or cell culture medium [27].

The background on hydrogels and inherently conductive polymers as well as the materi-
als rationale for the cojoining of hydrogels with CEPs will be addressed. Details are provided 
on the methods and approaches for the synthesis of ECHs. The focuses will be on three appli-
cations of these novel materials; that of implantable electrochemical biosensors, ESRDs, and 
neuronal prosthetics.

Inherently Conductive Electroactive Polymers [28]

CEPs are a family of highly conjugated polymers possessing spatially extended p-bonding 
that confers unique electrical, electrochemical, and optical properties. These properties have 
been found useful in a number of current and emerging industrial applications. Within this 
family are polymers, such as polypyrrole (PPy), polyaniline (PAn), polythiophene (PTh), 
poly(phenylene) vinylene (PPv), and their copolymers and derivatives. Listed in Table 1 are 

Fig. 1. Illustrated is the general concept of multifunctional smart materials that combine the properties of  constituent 
materials to yield technologically relevant devices and systems of increasing complexity.



321Electroconductive Hydrogels

several CEPs with their known conductivities. These polymers find applications as electrical 
conductors, nonlinear optical devices, polymeric light emitting diodes (LEDs), electrochromic 
windows, photoresists, antistatic coatings, chemical and biological sensors, electrodes of bat-
teries, electromagnetic shielding materials, sensory elements in electronic noses, solar cells, 
microwave absorbing materials, optical modulators, valves in MEMS devices [29–32], and in 
nanoswitches.

CEPs display controllable switching of their electrical and optical properties. More-
over, because these properties may also be altered by changes in ambient variables, such as 
temperature, humidity, gas/vapor composition, medium ionic strength, pH, and the like, these 
materials are also regarded as stimuli responsive. The incorporation of CEPs as elements of 

Table 1. Range of typical electrical conductivities of conductive electroactive polymers and their 
elementary repeating unit structures■■■

Conductive electroactive polymers (CEP)
Elementary Repeating 
Unit Structure

Conductivity (S 
cm-1)

Polyacetylene (PA) 1,000

Poly(paraphenylene) (PP) 100–500

Poly(paraphenylene vinylene) (PPV) 3

Poly(paraphenylene sulfide) (PPS) 1–100

Polyaniline (PAn) 1–100

Polypyrrole (PPy) 40–100

Polythiophene (PTh) 10–100

Poly(3,4-ethylenedioxythiophene) (PEDOT) 10–100
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the structure of biosensors, molecular recognition devices that employ biomolecules (pep-
tide sequences, enzymes, antibodies, oligonucleotides, aptamers), promises to improve the 
response time of these devices and their compatibility with advanced microfabrication and 
miniaturization technologies for incorporation into MEMS devices [33].

CEPs have been incorporated into biosensors for the detection of several tens of chemical 
species of biological or medical importance (enzyme substrates, antigens, ssDNA fragments, 
neurotransmitters, drug metabolites). Biosensors based on CEPs may operate as electrochem-
ical, optical, or gravimetric detectors for measurements in discrete, low-volume samples and 
continuous flow systems for which biosensors with fast response times, high sensitivities, and 
detection limits in the mM range (for detection of enzyme substrates) and even several orders 
of magnitude lower (for detection of DNA) are required. For in vivo applications, biosensors 
have to meet additional biocompatibility specifications [34].

The chemistry of CEPs and the relative ease with which these materials may be synthe-
sized and fashioned into functional devices make them compatible with many of the chemical 
processes found in microelectronics manufacturing. Polypyrroles can be synthesized under 
mildly oxidative conditions from aqueous media. One of the syntheses involves an oxidative 
wet chemical method using mild oxidants such as FeCl3, peroxy sulfate, or benzoyl peroxide. 
Hydrogen peroxide and potassium permanganate, while capable of initiating polymerization 
reactions, can also oxidatively degrade the resulting polymer, but with appropriate controls, 
these can be used to specifically introduce reactive functional groups. In another method, poly-
pyrroles may be synthesized electrochemically from neutral to acidic media possessing an 
appropriate supporting electrolyte. Potentiostatic (chronoamperometry) oxidation is initiated 
at 0.65 V vs. Ag/AgCl, and some influence is exercised over the kinetics by the application 
of potentials up to 0.8 V vs. Ag/AgCl. True kinetic control is, however, achieved galvanos-
tatically (chronopotentiometry) by the application of a constant current (typically 1 mA/cm2). 
Likewise, polyaniline may be synthesized under similar conditions, although formation of the 
highly conductive form requires the presence of acid (pH £ 4). Electrochemical synthesis of 
polyaniline may also be initiated at 0.65 V vs. Ag/AgCl. Simple polythiophenes require a more 
extreme oxidation potential, and these monomers are generally not soluble in water. However, 
the attachment of simple functional groups, e.g., an alkyl sulfonate, to the monomer overcomes 
this limitation. The consequence of initiation and propagation of polymerization under oxidiz-
ing conditions is the simultaneous incorporation of dopant counter anions drawn from the 
environment into the CEP leading to formation of its conductive form.

The mild conditions used for polymerization are ideal for the simultaneous synthesis 
of the CEP and incorporation of biological molecules, such as enzymes, antibodies, nucleic 
acids, or even whole living cells. These conditions also support the incorporation of surfac-
tant molecules and other polymers that may become entangled during the electrophoretic 
polymer deposition step. Such codeposition is facilitated by a net or partial negative charge 
on the dopant molecule. The organic, polymeric nature of the CEP, as opposed to the peri-
odic nature of semiconductors and metals, produces favorable molecular level interactions 
between the host CEP and biological molecules. These interactions may be further enhanced 
by the inclusion of specific functionalities or moieties on the CEP backbone. Amongst these 
are reactive functional groups such as carboxylic acids and alcohols, which allow direct 
covalent bond formation between the CEP and biomolecule, pendant anion groups such 
as sulfonates that allow “internal doping,” or peptide sequences that facilitate receptor–
receptant interactions of whole cells. Such reactive functional groups may be introduced 
via copolymerization, achieved through the inclusion of functionalized monomers into the 
reaction mixtures. For example, pyrrole may be copolymerized with 4-(3-pyrrolyl)butyric 
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acid to introduce pendant acid functionality that does not adversely influence main chain 
conjugation and conductivity. An alternative approach is the postpolymerization modifica-
tion via electrochemical overoxidation to convert PPy to OPPy, which becomes enriched in 
hydroxyl groups [35, 36].

The electronic, optical, and redox properties of CEPs may be exploited in a form of 
information transfer wherein the chemical potential energy of an analyte is converted into 
a proportionate electronic, optical, or electrochemical signal. In a sense, these polymers 
are transducer-active as they allow information about the concentration of an analyte to be 
conveyed electronically (impedance, conductance, capacitance, switching), optically (reflec-
tivity, absorbance, shifts), or electrochemically (amperometrically, potentiometrically) via 
 biomolecular recognition events to produce an analytical signal. These aspects of CEPs have 
been thoroughly presented in the Handbook of Conductive Polymers [6].

CEPs, while possessing many highly beneficial properties for bioapplications, do suffer 
some serious limitations. Among these are slow switching speeds in bioelectronic applica-
tions, the potential for unintended overoxidation leading to formation of reactive species, 
time–temperature drift of materials’ properties, and questionable biocompatibility. The inte-
gration of CEPs with hydrogels promises to address these issues.

Hydrogels [37]

Polymer hydrogels are three-dimensional polymeric networks that are formed from 
highly hydrophilic monomers rendered water insoluble by electrostatic or covalent crosslink-
ing; however, hydrogels can take up large amounts of water. The result is an elastic network 
with water effectively filling the interstitial space of the network. When immersed and equili-
brated in aqueous medium, crosslinked hydrogels assume their final hydrated network struc-
ture, which brings into balance the forces arising from the solvation of the repeating units of 
the macromolecular chains that leads to an expansion of the network (the swelling force) and 
the counter balancing elastic force of the crosslinked structure (the retractive force) [38].

That water taken up by a hydrogels may be free or bound. Accordingly, the hydrogels 
can easily change its size and shape in response to environmental stimuli, and this is one of its 
intrinsic characteristics: effectively expelling or taking up free water. In so doing, hydrogels 
can also take up other monomeric, reactive, and potentially polymerizable species into their 
interstices, essentially occupying their void volume and interacting with chain segments or 
pendant moieties of the host hydrogels.

Hydrogels have emerged since the early 1950s as being of great importance in the 
biomaterials field [39]. Their unique soft elastomeric nature serves to minimize mechanical 
and frictional irritation to tissue, their low interfacial tension contributes to a reduction in 
protein adsorption and hence biofouling and cell adhesion, and their swelling capacity results 
in high permeabilities for low molecular weight drug molecules and metabolites [40]. These 
characteristics have allowed hydrogels to be used in biomedical applications that include 
biosensors, drug delivery systems, contact lenses, catheters, wound dressings, and tourni-
quets. Of particular interest is their use as matrices for the immobilization and stabilization 
of enzymes [41–45]. This interest has lead to their parallel development as the biorecognition 
layer of potentiometric, conductometric, amperometric, and fiber-optic-based enzyme bio-
sensors [46, 47]. Because of their high water content, hydrogels membrane layers and gels 
pads also find application as microbioreactors for the hosting and stabilization of biological 
molecules and for the conduct of biological reactions [48, 49]. Hence, hydrogels have been 
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used to host bioactive layers in several forms of enzyme-linked antibody biosensors and DNA 
biochips [50–54].

There are multiple reports involving hydrogels that document their biocompatibility 
[55], biodegradability [56], bioadhesion [57], dielectric relaxation [58], and mass transport 
properties [59]. The theoretical framework for the kinetics of the swelling of polymeric 
hydrogels has been well developed. The ionizable polymer hydrogels gives rise to important 
electrochemical swelling and deswelling characteristics, and this has been explained in terms 
of electrokinetic processes. Hence, an ionized hydrogels changes volume discontinuously as 
the solvent composition is continuously varied (i.e., a phase transition occurs). This phase 
transition is induced not only by a change in the solvent composition but may also be induced 
by a change in pH, ionic strength (salt concentration), temperature, and the application of an 
electric field. For example, a polyelectrolyte hydrogels when placed between a pair of elec-
trodes deswells under an applied DC voltage with concomitant expulsion of water. This pro-
perty is associated with the electrophoretic and electroosmotic transport of highly hydrated 
macromolecules and of their counterions. The shape change of hydrogels has also engendered 
applications as hydrogels actuators in bioMEMS devices and as artificial muscles due to the 
hydrogel’s dramatic changes in physical dimensions caused by changes in the polarity of the 
electric field. These chemomechanical devices allow dynamic control of delivery of drug and 
other solute molecules across and from within hydrogels membranes.

Poly(HEMA)-based hydrogels are hydrolytically stable, may be engineered to possess 
similar water content and elastic moduli as body tissues, and exhibit good in vitro and in vivo 
biocompatibility [60, 61]. Consequently, these polymer hydrogels have emerged as one of the 
most widely researched, patented, and successfully commercialized biomedical polymers [62]. 
There are numerous studies that aim to modify the properties of p(HEMA). These studies aim 
to improve the mechanical properties [63], transport properties [64], temperature-responsive 
characteristics [65], and the degree of hydration [66, 67]. The degree of hydration and/or swell-
ing is one of the important properties that allow for an understanding of the transport of small 
molecule solutes through the hydrogels matrix. However, hydration also influences the elastic 
modulus and surface properties, such as wettability – and consequently, protein adsorption – 
and is, thus, strongly correlated with in vitro and in vivo biocompatibility [68]. Apart from 
the poly(HEMA)-based hydrogels, other types of naturally occurring, synthetic, and hybrid 
hydrogels have been proposed and studied for the immobilization of  biorecognition molecules 
and whole cells. Among these are agarose [69–71], alginates [72–74], polyvinyl alcohol [72], 
poly(acrylate) [75], collagen [75], albumin-PEG [76], and gelatin [71].

Poly(HEMA)-based hydrogels are generally synthesized via the free radical polymeriza-
tion of acrylate and methacrylate monomers. The free radical initiator may be excited thermally 
or via UV light. Typically, the hydrogels matrices are prepared by mixing monomers, a cross-
linker, prepolymer, distilled water, and ethylene glycol to obtain a homogenous solution with 
controlled viscosity and density to which the initiator is added. Varying the mole percentage 
composition and variety of monomers provides many unique copolymers. Controlling the mole 
percentage of the crosslinker relative to the reactive monomer allows control of the molecular 
weight between crosslinks and hence the void volume of the final hydrogels. Prepolymers of 
medium to high molecular weight may be added to control the viscosity of the cocktail.

The hydrogels cocktail may be spun onto electrodes and electronic devices, such as 
ion-sensitive field effect transistors (ISFETs) and surfaces of other materials, to produce 
adherent thin films with 1–10 mm thickness. To produce an adherent hydrogels thin film is a 
nontrivial matter, as the reversible swelling and deswelling leads to appreciable interfacial 
shear stress and its hydrophilic nature leads to interfacial accumulation of water, both of 
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which can lead to interfacial failure. Alternatively, the hydrogels cocktail may be freestand-
ing, cast into a mold and deposited by any of the multiple coating processes, or prepared as 
microspheres via suspension or emulsion polymerization. UV polymerization is typically 
carried out at room temperature with brief exposures to the appropriate wavelength of light, 
generally with minimal increases in temperature, and with little or no compromise of bio-
logical activity.

Bioactive hydrogels reflect an emerging paradigm in the development of responsive [77], 
multifunctional [78] biorecognition membrane layers for implantable biosensors and deep brain 
stimulation devices. Bioactivity is derived from a combination of hydration levels, mechanical 
properties, surface chemistries, and micro-nanotopologies that render the hydrogels mimetic 
of the tissue bed within which it is to be implanted. The design and molecular engineering 
of bioactive hydrogels as the recognition membrane layer of biosensors requires that bioac-
tive molecules, such as enzymes, their cofactors, redox mediators, and biomimetic moieties, 
be incorporated at biofunctionally relevant levels within the hydrogels [79]. Retaining these 
bioactive and/or functional entities, either by physical entrapment or covalent tethering, neces-
sitates an understanding of the transport characteristic of these entities within the hydrogels 
matrix.

Electroconductive Hydrogels

The term electroconductive is a contraction of electroactive and conductive. An ECH 
describes a polymer that combines the properties of hydrogels and conductive systems and 
appears to have first originated with Gong et al. [80] who described a conductive charge trans-
fer salt complex of 7,7,8,8-tetracyanoquinodimethane (TCNQ)-loaded hydrogels.

Since the first Guiseppi-Elie and Wallace papers, several studies on composites formed 
from CEP and hydrogels have been carried out. An electrically conductive composite material 
consisting of polyaniline nanoparticles dispersed in a polyvinyl pyrrolidone (PVP) hydrogels 
was prepared by water dispersion polymerization of aniline using PVP as a steric stabilizer, 
followed by g-irradiation which induced crosslinking of the PVP component [81]. Moschou 
et al. [82] developed an artificial muscle material based on a hydrogels that was composed of 
acrylamide and acrylic acid that was doped with a polypyrrole/carbon black composite. Lira 
et al. [16] prepared polyaniline–polyacrylamide composites by electropolymerization of the 
conducting polymer inside an insulating hydrogels matrix of different pore sizes. The result-
ing new material was electroactive due to the polyaniline present inside the pores. These 
composites were applied to electrochemically controlled drug delivery devices.

The synthesis of a hydrogels composite in which polyaniline (linear) was entrapped 
within a crosslinked polyelectrolyte hydrogels, poly(2-acrylamido-2-methyl propane sulfonic 
acid) (PAMPS), was reported by Kumar and Gangopadhyay in 2005 [83]. The conducting 
polymer composites of PPy with poly(methyl methacrylate) were developed as materials for 
controlled delivery devices by Nikpour et al. [84]. The liquid porogen used was polypropylene 
glycol, while sodium chloride powder was used as the solid porogen. Koul et al. [85] reported 
on the synthesis of a polyaniline (acrylonitrile–butadiene–styrene) composite membrane as 
a sensor material for aqueous ammonia. The resistance change of the composite film upon 
exposure to different concentrations of aqueous ammonia showed its utility as a sensor 
material. Park and Park [86] investigated the electrical properties of the conducting c omposite 
poly(methyl methacrylate-co-pyrrolmethylstyrene)-g-polypyrrole (PMMAPMS-g-PPy). The 
PMMAPMS-g-PPy was synthesized by the electrochemical reaction of PMMAPMS and 
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pyrrole in the electrolyte solution containing lithium perchlorate and a mixture solvent of 
acetonitrile and dichloromethane.

Enzymes entrapped within polypyrrole (PPy) films, prepared by electropolymerization 
from aqueous solution, have been commonly used to prepare electrodes. For example, a glucose 
biosensor was developed based on GOx entrapment within a composite p(HEMA)/PPy hydrogels 
membrane [11]. A mixture of HEMA and tetraethylene glycol diacrylate (TEGDA) as a cross-
linker and enzyme was deposited on the platinum electrode surface, and the polymerization of 
HEMA was performed by irradiating with UV under argon. Subsequently, the pyrrole monomer 
entrapped within the hydrogels network was electrochemically polymerized. An amperometric 
biosensor for cholesterol analysis was prepared by entrapping cholesterol oxidase (ChlOx; E.C 
1.1.3.6) into the p(HEMA)/PPy matrix [9]. The bioactive composites of polypyrrole containing 
p(HEMA) hydrogels were incorporated into an amperometric biosensor for clinically important 
analytes (galactose [87], glucose, and cholesterol). The biosensor showed excellent screening of 
physiological interferences, such as ascorbic acid, uric acid, and acetaminophen.

Synthesis of Electroconductive Hydrogels

ECHs are composites, blends, or conetworks of hydrogels and CEPs; for example, 
the hydrogels may be the continuous or dominant component within which the CEP is 
polymerized. Alternatively, the CEP may be the dominant or continuous phase and the 
hydrogels was polymerized within the CEP. The former is more commonly used. Polymer 
composites of inherently conductive polymers synthesized within other (host) polymers are 
not new. Early attempts to stabilize the environmentally labile optical and electrical properties 
of polyacetylene (CHx) were achieved by Ziegler–Natta catalytic synthesis of CHx within 
host polymers, such as polyethylene [88, 89].

Fig. 2. Schematic of the generalized synthetic routes to electroconductive hydrogels.
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Table 2. Components and composition of the hydrogels cocktail for synthesis  
of an electroconductive hydrogels

Role Compound in formulae

Mole (%)

Poly(HEMA)
Poly 
(HEMA)-PPy

Poly(HEMA)-P 
(Py-co-PyBA)

Monomer 1 2-Hydroxyethyl methacrylate 
(HEMA)

84.0 63.0 61.5

Monomer 2 N-[Tris(hydroxymethyl)methyl] 
acrylamide (HMMAm)

5.0 5.0 5.0

Pendant PEG Poly(ethyleneglycol)(200)
monomethacrylate 
(PEG200MMA)

5.0* 5.0* 5.0*

Crosslinker Tetraethylene glycol diacrylate 
(TEGDA)

3.0 3.0 3.0

Dopant counter 
anion

3-Sulfopropyl methacrylate  
potassium salt (SPMA)

0 5.0 5.0

Prepolymer Poly-(2-hydroxyethyl methacrylate) 
(pHEMA) 300,000

2.0* 2.0* 2.0*

Photoinitiator 2,2-Dimethoxy-2-phenylacetophe-
none (DMPA)

2.0 2.0 2.0

Electroactive 
monomer

Pyrrole (Py) 0 15.0 15.0

Electroactive 
monomer

4-(3-Pyrrolyl)butyric acid 0 0 1.5

Solvent Water 20.0 wt% 20.0 wt% 20.0 wt%
Solvent Ethylene glycol 20.0 wt% 20.0 wt% 20.0 wt%

*Mole % calculated on the basis of the repeating unit molecular weight.

Shown in Fig. 2 is a schematic illustration of the generalized synthetic routes to ECHs. 
The reactive monomer shown may be a combination of both hydrogels precursors and CEP 
precursors, which can be combined with photo or thermal free radical initiators into a single 
cocktail or prepolymer mixture. The cocktail may be cast into films, prepared as microspheres, 
spun as fibers, or spun-applied to electrodes and other solid-state electronic device substrates. 
Chemical oxidative polymerization does not require a substrate and can proceed when the 
hydrogels form (fiber, film, or microsphere) is immersed into a suitable solution contain-
ing the initializing oxidant, such as FeCl3 or peroxy sulfate. Electrochemical polymerization 
requires that the hydrogels form be applied to a metallic or semiconducting electrode to which 
a  suitable potential may be impressed relative to a reference electrode and the ensuing current 
supported by a counter electrode. In both cases, the bath solution may contain additional free 
monomer that may or may not be equilibrated with the electroactive monomer trapped within 
the hydrogels.

Listed in Table 2 are the monomer components used in a typical synthetic scheme 
for an ECH based on polypyrrole. The composition for three formulations are given in 
Table 2 which yield a prototypical TEGDA crosslinked poly(HEMA) hydrogels, a 
poly(HEMA)-based hydrogels of poly(HEMA-co-PEGMA-co-HMMA-co-SPMA)-PPy, 
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and a poly(HEMA)-based hydrogels of poly(HEMA-co-PEGMA-co-HMMA-co-SPMA)-
P(Py-co-PyBA) where PyBA is 4-(3¢-pyrrolyl)butyric acid.

These ECHs are based on 2-hydroxyethyl methacrylate (HEMA), a water-soluble mono-
mer that can be UV-polymerized at low temperature (−20 to +10°C) and may be readily copo-
lymerized with other acrylate, methacrylate, and acrylamide monomers, e.g., poly(ethylene 
glycol) methacrylate (PEGMA) and N-[tris(hydroxymethyl)methyl]-acrylamide (HMMA) to 
yield hydrogels of varying physical and chemical properties [90]. The presence of PEGMA 
and HMMA confers the antiprotein fouling properties of the pendant polyethylene glycol 
(PEG) chains and the temperature-responsive properties of the acrylamide to the p(HEMA-
co-PEGMA-co-HMMA) hydrogels [91, 92].

The polypyrrole component is synthesized by electropolymerization to yield a 
 homo polymer of pyrrole or a copolymer of pyrrole and 4-(3¢-pyrrolyl) butyric acid monomer 
that were physically entrapped within the p(HEMA)-based hydrogels while supplemented by 
pyrrole monomer that was in the bath solution [93]. In this system, the 3-sulfopropyl meth-
acrylate potassium salt (SPMA) of the hydrogels component serves as the counter anion to the 
positively charged, oxidized form of the conductive electroactive polypyrrole. In Scheme 1, 
details for the synthesis of 4-(3¢-pyrrolyl) butyric acid are illustrated. The 4-(3¢-pyrrolyl) 
butyric acid (PyBA) of the conductive, electroactive component serves as a hydrophilic mono-
mer that can potentially establish electrostatic interactions with the HMMA monomer of the 
hydrogels component. The molecular intimacy is designed into the two polymer systems so 
as to favor chemical compatibility and blend formation.

The necessary substrate surface modifications, derivatizations, and monomer casting to 
yield a poly(HEMA)-based PPy electroconductive hydrogels membrane are shown in Fig. 3. 
These adhered to an electrode surface via covalent tethering and multiple hydrogen bonding 
interactions with the PEG moieties. Because of the interfacial share stress that accompa-
nies repeated swelling and deswelling of the ECH, it is necessary to pay particular  attention 
to the immobilization of the hydrogels onto electrode surfaces. This is particularly true 
for electrode structures and electronic devices that are heterogeneous, possessing exposed 
metal,  semiconductor, and insulator surfaces. The results given in Fig. 3 are applicable to 
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Scheme 1. Synthesis and structure of 4-(3-pyrrolyl) butyric acid.
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a microfabricated interdigitated microsensor electrode (IME) or microdisc electrode array 
(MDEA), which consists of patterns of gold with critical dimensions of 1–20 mm, revealed 
through  photolithographically defined windows in an insulating Si3N4 layer [94–97]. A schematic 

Drain/Collector Electrode 

Source/Generator Electrode 

Interdigitated Microsensor Electrode Microdisc Electrode Array

Microdic Electrode 

1.0cm

2.0cm

Fig.  4. Left: An interdigitated microsensor electrode (IME) showing 10-µm fingered electrodes. Right: A microdisc 
electrode array (MDEA) showing individual 50-µm-diameter microdiscs. Both shown are modified via coating with 
poly(HEMA)-based PPy electroconductive hydrogels.

Fig. 3. Substrate surface modification, derivatization, and monomer casting to yield a poly(HEMA)-based 
PPy electroconductive hydrogels membrane that is adhered to an electrode surface via covalent tethering and mul-
tiple hydrogen bonding interactions with the PEG moieties.
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 illustration of the structure of these devices is shown in Fig. 4; these are used in the 
development of electroconductive polymer sensor technology [98].

The IME and MDEA devices were cleaned by sequential ultrasonic washing in boiling 
trichloroethylene (3 min; 86.7°C), acetone (1 min; 56.2°C), and 2-propanol (1 min; 82.4°C) 
and then washed in room temperature deionized water. To remove the chemisorbed organic 
residues, the MDEA devices were treated for 10 min in the UV–ozone cleaner, washed 
by ultrasonication in 2-propanol, and then washed in room temperature deionized water.  
To remove residual organic/ionic contamination and to produce a uniform, reproducible layer 
of –OH groups on the surface of the Si3N4 (activation), the electrodes were immersed in a 
(5:1:1, v/v/v) 60°C solution of deionized H2O:NH4OH:H2O2 (RCA Clean), held for about 
10 s, quenched in deionized water for 1 min, and then washed with running deionized water, 
followed by exposure to radiofrequency (RF) glow discharge plasma for 10 min within which 
humidified air was periodically allowed to bleed into the chamber. The gold surface of the 
cleaned and activated devices was chemically modified with 0.01 M 3-mercapto-1-propanol 
(in anhydrous ethanol) and stored at room temperature overnight to introduce pendant alkyl-
hydroxy surface functionalities.

The pendant alkylhydroxy and surface –OH groups on the silicon nitride surface were 
subsequently functionalized by treatment with 3-(aminopropyl)trimethoxysilane (g-APS; 
0.01 M, in anhydrous toluene for 2 h) to introduce pendant alkylamino surface functionalities. 
The devices were cured at 40°C for 20 min, then 110°C for 20 min, and then 40°C for 20 min, 
for a total of 1 h. For the final functionalization and to establish a continuous path of covalent 
bonding between the device surfaces and the hydrogels layer the devices were incubated for 2 h 
in acryloyl(poly(ethylene glycol))-N-hydroxysuccinamide (Acryl-PEG-NHS, Mw = 3,500) solu-
tion (0.001 M) made up in 0.1 M HEPES (pH = 8.5) – prepared under UV-filtered  conditions.

Under UV-free conditions, the final hydrogels cocktail was sonicated, purged with 
nitrogen, and applied evenly to the surface of the Acryl-PEG functionalized devices using 
a spin coater. The mixture was immediately irradiated with UV light (366 nm, 2.3 W/cm2, 
5 min) in a UV crosslinker under an inert nitrogen atmosphere to effect polymerization of the 
hydrogels component. Finally, the electrodes with the base hydrogels were conditioned, and 
the unreacted monomer was extracted by sequential immersion in ethanol:deionized water 
mixtures (100% ethanol, 75:25; 50:50; 25:75; 100% deionized water; v/v) for a minimum of 
1 h each. The electrodes with the pyrrole monomer containing hydrogels were immersed in 
a saturated pyrrole solution for subsequent electropolymerization of PPy or P(Py-co-PyBA). 
Illustrated in Fig. 5 is the hypothetical chemical structure of the UV-crosslinked hydrogels 
and its association with polypyrrole.

Shown in Fig. 6 are the substrate surface modifications, derivatizations, and mono-
mer casting for a poly(HEMA)-based P(Py-co-PyBA) electroconductive hydrogels mem-
brane that is adhered to an electrode surface via a covalent tethering and multiple hydrogen 
 bonding interactions with the PEG moieties, while the hypothetical chemical structure of the  
UV-crosslinked hydrogels and its association with poly(Py-co-PyBA) are illustrated in Fig. 7.

The electropolymerization of Py is favored within the hydrogels milieu. As shown in 
Fig. 8, the chronopotentiograms are produced by galvanostatic (1 mA, fixed current) elec-
tropolymerization of Py at chemically modified and derivatized IME chips (IME*) to form 
IME*|PPy and IME*|Gel-P(Py-co-PyBA) chips. To ensure adequate hydration of the hydrogels 
layer and to ensure equilibration of the pyrrole monomer and electrolytes between the solu-
tion and hydrogels phases, the devices were equilibrated in the electropolymerization bath of 
saturated pyrrole monomer (~0.4 M Py in 0.1 M Tris/0.1 M KCl, pH = 6.1) for approximately 
1 h prior to electropolymerization. The electrode potentials needed to support the kinetics at 
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the uncoated and hydrogels-coated IMEs, separately, are shown in Fig. 8. For electropoly-
merizations occurring directly at the electrode there is a decrease in potential between 0.85 
and 0.75 V within the first 25 s. Within this same time period the potential at the IME*|Gel 
electrode falls more sharply from 0.80 to 0.68 V. The physical evidence also supports a more 
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Fig. 6. Substrate surface modification, derivatization, and monomer casting to yield a poly(HEMA)-based P(Py-
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multiple hydrogen bonding interactions with the PEG moieties.
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rapid and uniform electropolymerization of PPy within the hydrogels membrane. Several 
factors are at work in promoting more favorable kinetics: (1) the Py monomer may partition 
more favorably into the hydrogels resulting in a higher concentration, (2) the presence of the 
SPMA dopant anion on the hydrogels network, and (3) the presence of the PyBA within 
the hydrogels may favor both uniform and rapid electropolymerization.

The electrochemical impedance magnitude, |Z|, is shown in Fig. 9 as a func-
tion of frequency for a basic poly(HEMA) hydrogels membrane (column 3, Table 2), 
a pristine PPy membrane, and an electroconductive hydrogels poly(HEMA)-based 
P(Py-co-PyBA) (column 5, Table 2) that were prepared on an MDEA 050Au* device. 
These data confirm that poly(HEMA) hydrogels is an insulator with a purely capaci-
tive response. However, the ECH shows similar interfacial impedance properties as the 
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electropolymerized PPy, whether within the hydrogels membrane or directly onto the 
electrode device surface.

Summary

ECHs represent a unique outlook for combining inherently CEPs with hydrated hydro-
gels within an aqueous milieu with responsive properties that are compatible to biological 
molecules, such as peptide sequences, enzymes, antibodies, and DNA. The combination 
of hydrogels and inherently CEPs allows both materials to retain their unique responsive 
properties. In addition, the novel ECH engenders a new class of devices with low interfacial 
impedances suitable for neural prosthetic devices, such as deep brain stimulation electrodes, 
low-voltage actuation for electrically stimulated drug release devices, and potential for in vivo 
biocompatibility in implantable biosensors.
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Self-assembled Nanogel Engineering

Nobuyuki Morimoto and Kazunari Akiyoshi 

Abstract Functional nanogels have been designed by the self-assembly of various associating 
polymers. In particular, cholesterol-bearing polysaccharides form physically crosslinked 
nanogels by self-assembly in water. The nanogels trap proteins mainly by hydrophobic  
interaction and show chaperon-like activity. They are useful as polymeric nanocarriers  
especially in protein delivery. Macrogels with well-defined nanostructures were obtained by 
self-assembly and chemical crosslinking of these nanogels as building blocks.

Introduction

Polymer nanogels are hydrogels nanoparticles that possess three-dimensional network 
structures consisting of crosslinked hydrophilic polymers. They can also be formed into nano 
biomaterials and a variety of nanogels have been reported [1, 2]. Based on their crosslinking, 
they are either chemically crosslinked nanogels, crosslinked via covalent bonds, or physically 
crosslinked nanogels that are crosslinked via noncovalent bonds, such as hydrogen bonds, 
ionic bonds, and hydrophobic interactions.

A new method to form physically crosslinked nanogels was developed via self-assembly  
of partly hydrophobized polymers. These nanogels are able to interact not only with 
hydrophobic drugs but also with proteins, nucleic acids, and liposomes to form new 
hybrid nano complexes. They are useful as nanocarriers and/or biotechnological materials. 
New hydrogels, by crosslinking of functional substituted group nanogels, have been designed. 
Functional polysaccharide hydrogels materials are currently being made by self-assem-
bled nanogel engineering for biomedical applications.

Self-Assembled Polysaccharide Nanogels

Pullulan, a linear homopolymer of glucopyranose linked by a(1 → 4) and a(1 → 6) 
bonds in a 2:1 ratio, bearing a small number of cholesteryl groups (cholesteryl pullulan (CHP), 
Fig. 1) forms stable nanoparticles in water [3]. The CHP nanoparticles range in size from 
20 to 30 nm. with excellent size monodispersity. They behave like hydrated nanogels with 
cholesteryl nano domains that act as physical crosslinking points [4]. The size, density, and 
number of crosslinking domains within the nanoparticles are regulated by the number and  
the structure of the hydrophobic groups. These CHP nanogels undergo hierarchical  
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self-assembly, to form macroscopic gels in semidilute solutions [5]. The impact of the 
hydrophobic structures and the degree of substitution on the physicochemical properties of 
the resulting nanoparticles were investigated in detail for a number of polysaccharides, lead-
ing to design rules with respect to the hydrophobes [6, 7].

The solution properties of cholesteryl derivatives of mannan, a polymer of mannose, 
is a highly branched polysaccharide with a(1 → 2)- and a(1 → 3)-linked mono-, di-, and tri-
mannopyranose side chains with phosphodiester-linked side chains (2.6 phosphorus in 100 
mannopyranose units) attached to the backbone of a(1 → 6)-linked mannopyranoses (Fig. 2) 
[8]. Listed in Table 1 are the main structural characteristics of the self-assembled nanogels 
of CHP and cholesteryl mannan (CHM) with similar molecular weights (Mw = 5 × 104) and 
degree of cholesteryl substitution (one per 100 sugar units). The aggregation number of CHM 
(7.5) is smaller than that of CHP (11.0) and the hydrodynamic radius of CHM nanogels is 
~1.7 times larger than that of CHP nanogels. The density of these CHM nanogels is less than 
that of CHP nanogels and the aggregation number of the cholesteryl moieties (Nch) in CHM 
nanogels (~8.8) is about twice than that of the CHP nanogels (~4.4).

Self-assembly

Hydrophobic unit
(cholesteryl group) Water soluble polymer

(pullulan)

Nanogel

Fig. 1. Schematic representation of self-assembled nanogel of associating polymer.
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Table 1. Physical properties of nanogels

Sample Mw Mw/Mn RH(nm) Npolysaccharides FH(g/mL) Nch ndomain

CHM nanogel 4.1 × 105 1.09 7.5 19.5 0.02 8.8 ± 0.4 2.9
CHP nanogel 6.2 × 105 1.03 11 11.6 0.16 4.4 ± 0.5 9

In the semi-dilute regime, CHM nanogels form a macrogel network for concentrations 
higher than 12.5% w/w, whereas CHP nanogels only undergo macrogelation above a threshold 
concentration of 8.0% w/w, as revealed by viscosity measurements (Fig. 3). A comparative 
study of the two types of nanogels revealed that the structure and level of hydration of the 
polysaccharide chain significantly affected the microscopic structure of the self-aggregates and 
the microviscosity of the hydrophobic domain within the nanogels. This is attributed to diffe-
rences in the mobility of the CHM cholesteryl groups which are predominantly linked to short  
oligomannopyranose branches, whereas in CHP they are linked to the polymer main chain.  
A schematic representation of the self-assembly of CHM and CHP nanogels is given in Fig. 4.

The self-assembling method enables the formation of novel physically crosslinked 
nanogels is being widely applied to various hydrophobized polysaccharides and other 
water-soluble polymers. For example, the synthesized cholesterol-bearing poly(l-lysine) 
(CHPLL) [9]. Similar to a hydrophobized polysaccharide, CHPLL polymers form a nanogel 
with relatively monodispersed nanoparticles with approximately 40 nm diameters. A new 
nanogel with a-helix structure may be induced by folding of the poly(l-lysine) chain during 
the self-assembly of the cholesterol groups.

Stimuli-Responsive Self-Assembled Nanogels

The driving forces for the formation of the CHP nanogel are the hydrophobic inte-
raction and van der Waal interactions. Other interactions, such as electrostatic interactions  
and hydrogen bonding may occur as well. Stimuli-responsive molecules are also possible 
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instead of hydrophobic molecules. The various stimuli-responsive nanogels obtained by the 
self-assembly of functionally associated polymers are outlined below.

Thermoresponsive Nanogels

A hydrophobized thermoresponsive polymer composed of poly(N-isopropyl acrylam-
ide) (PNIPAM) partly substituted with alkyl chains (A-PNIPAM) has been prepared [10]. 
A mixture of two types of hydrophobized polymers, such as CHP and A-PNIPAM, form  
a hybrid-type nanogel (~40 nm) with hydrophobic physical crosslinking points (Fig. 5a). The 
assembly and dissociation between the nanogel components occurs by heat-induced control-
lable responsive properties of PNIPAM.

Another CHP–PNIPAM hybrid hydrogels was synthesized by introducing PNIPAM 
chains directly onto the CHP nanogel [11]. First, the polymerizable CHP was prepared by 
the introduction of a methacryloyl group into CHP (CHPMA). The NIPAM monomer was 
mixed with the nanogel of CHPMA followed by radical polymerization in a dilute aqueous solu-
tion. The formation of the CHP–PNIPAM hybrid nanogel is shown in Fig. 5b. The nanogel is 
able to undergo repeated swelling and shrinking in response to hydration and dehydration of the  
PNIPAM chain near the phase transition temperature (~32°C). At temperatures 10–15°C higher 
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than the phase transition temperature, the nanogels assemble to form nanogel aggregates that 
were relatively uniform in size (100–300 nm, depending on the temperature of incubation) 
and resembled grape-like clusters.

Dual Stimuli (Heat-Redox)-Responsive Nanogels

A new associating polymer was made, in which amphiphilic polymer chains,  
PNIPAM (Fig. 6) [12] or poly(2-isopropyl-2-oxazoline) [13] were grafted onto pullulan.  
A redox- responsive associating polymer containing a thiol group on the terminus of the 

Self-assembly of two
hydrophobized polymers

a

b
35°C 50°C

nanogel cluster

Copolymerization between
polymerizable nanogels and
N-isopropylacrylamide

25°C

Fig. 5. Thermoresponsive hybrid nanogels.

T > LCST

T < LCST

Hydrophilic polymer Amphiphilic polymer

AssociationDissociation

Fig. 6. Pullulan–PNIPAM hybrid nanogels. Reproduced with permission from reference 12.
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PNIPAM chain was developed, that forms a disulfide bond after the nanogel formation [14]. 
Specifically, a small quantity (1–3%) of a chain transfer agent capable of reversible addition-
fragmentation chain transfer (RAFT) polymerization with pullulan, NIPAM and a water-sol-
uble initiator were added to perform RAFT polymerization in water. It was possible to control 
the thermoresponsive temperature of the molecules between 35 and 50°C by adjusting the 
molecular weight of the PNIPAM. When the molecular weight of PNIPAM side chain was 
2,500 or longer and the pullulan–PNIPAM solution was heated above LCST, monodispersive 
nanogels (25–30 nm) were formed (Fig. 6). The formation of the nanogel was controlled 
reversibly (by heating and cooling) based on the hydrophilic-to-hydrophobic transition of 
PNIPAM side chains with temperature.

The characteristic feature of this RAFT polymerization is the easy conversion of a  
thiol at the terminus of PNIPAM [15]. An assembly of PNIPAM chain with a thiol 
group on the terminus provided nanogels that were chemically crosslinked via a disulfide 
bond after formation of the nanogel at a temperature above the LCST. Even after cooling  
the temperature to lower than the LCST, the structure of the nanogel was maintained as a 
swollen hydrophilic nanogel. In the presence of a reducing agent, the nanogel can be reduced 
to the thiol group. Thus a dual-respon sive nanogel with both heat- and redox reaction-respon-
sive properties was developed.

Photoresponsive Nanogels

To prepare a photoresponsive nanogel, a spiropyran-bearing pullulan (SpP) as a hydro-
phobic group can be synthesized by substituting pullulan with a spiropyran molecule which 
changes polarity in response to light and heat (Fig. 7) [14]. The SpP formed ~75 nm nanogels 
in water. The assembly was controlled by changing the amphiphilicity of the spiropyran mol-
ecule in response to photo-irradiation or heat. Refolding of the chemically denatured proteins 
after dilution of the protein solution was facilitated by photo-irradiation. SpP nanogels acted 
as a novel photoresponsive artificial molecular chaperone.
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Fig. 7. Chemical structure of spiropyran-bearing pullulan (SpP).
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Biomedical Applications of Polysaccharide Nanogels

Physically crosslinked nanogels are different from conventional chemically crosslinked 
nanogels in their dynamic properties. For instance, the cholesterol-substituted pullulan (CHP) 
polysaccharide nanogels selectively trap proteins in a hydrophobic interaction, to form 
nanogel–protein complexes [15, 16]. The dynamic properties of the network were controlled 
by changing the structure of the hydrophobic group. By host–guest interaction between  
cholesterol-substituted pullulan and cyclodextrin, the formation and dissociation of nanogels 
can be reversibly controlled. Using this property, an artificial molecular chaperone can be 
prepared with controlled uptake and release of denatured proteins [17–19]. This molecular 
chaperone function is an important development for protein delivery systems.

Many bioactive proteins, such as cytokines, are promising therapeutic agents. However, it 
is clinically difficult to use most proteins as effective drugs because of their very low stability and 
pleiotropic actions in vivo. To overcome these difficulties, polymer hydrogels are being used to 
deliver appropriate amounts of excipients, such as growth factors, to target sites in a desired time 
scale [20–22]. There still remain problems with trapping unstable proteins without denaturation 
in hydrogels and to control the release of these proteins. To address this issue, for example, we 
have developed polysaccharide nanogels as protein and peptide delivery systems [23–29].

The induction of a specific immune response against tumor cells is an achievable goal 
as immune therapy for cancer. For example, a nanogel/oncoprotein complex vaccine was made 
of CHP complexed with HER2 soluble protein nanogels. In the mouse model, efficient CD8+ 
and CD4+ T cell responses that produce high titers of antibodies against HER2 protein were 
elicited [24, 25]. Clinical trials demonstrated that vacci nation with the CHP–HER2 induced 
HER2-specific CD8+ and/or CD4+ T cell immune responses [26, 27]. Vaccines made with 
CHP–NY-ESO-1 against esophageal cancer patients also showed significant tumor suppres-
sion [28]. A polysaccharide nanogel delivery system for cytokine, such as recombinant murine 
IL-12 (rmIL-12) was also developed [29]. For a valid cytokine immunotherapy of malignancies, 
a suitable delivery system that ensures slow-release of cytokines is required, because of the 
short half-life in vivo and severe systemic toxic effects. After subcutaneous injection into mice,  
the CHP/rmIL-12 complex and CHP–PEG/rmIL-12 complex led to a prolonged elevation in 
IL-12 concentration in the sera [30]. Repetitive admi nistrations of the CHP/rmIL-12, but not 
rmIL-12 alone, induced dramatic growth retardation of pre-established subcutaneous fibro-
sarcoma without causing serious toxic effects.

To improve the efficiency of nanogel uptake into cells, a cationic group was introduced 
into the CHP nanogels. Ethylenediamine was added into the CHP nanogel as (CHP–NH2) and 
modified to form positively charged nanogels ~30 nm. The CHP–NH2 nanogels interacted with  
a variety of proteins and were able to retain the same diameter and positive charge after complex 
formation [31]. For example, the enzyme activity of b-galactosidase was retained after forming 
a complex with the CHP–NH2 nanogel and taken up into HeLa cells. The CHP–NH2 nanogel–
protein complex had lower toxicity and could be efficiently delivered into various cell types even 
in the presence of serum [31]. Importantly, the introduction efficiency was superior to that of com-
mercially available protein carriers. In order to improve the rate of protein transfer to the cytosol 
and to modify its ability to carry nucleic acids, such as pDNA and RNAi, libraries of cationic CHP 
nanogels were constructed with a variety of cationic groups and analyzed for efficiency [32].

Organic–inorganic hybrid nanomaterials for biomedical application were also pre-
pared using polysaccharide nanogels. The CHP and CHM nanogels were used as  templates 
for minera lization of calcium phosphate [33, 34] and apatite [35]. In addition, CHP nano-
gels–quantum dot complex nanoparticles are being used as bioimaging agents [36, 37]. 
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When a CHP–NH2 nanogel was mixed with quantum dot-labeled proteins, such as protein 
A or IgG, complex nanoparticles (~40 nm) were obtained. The complexes were effectively 
internalized in a variety of cells. The quantum dot–nanogel complexes are being investi-
gated as cell trackers for regenerative medicine [38].

Design and Function of Nanogel-Based Hydrogels Materials

The structure of crosslinking points and the control of the network nanostructure of hydro-
gels are still major challenges [39]. For conventional bulk hydrogels, it is relatively difficult to 
determine the structure at the molecular and nanometer levels. In contrast, nanogels offer simple 
microstructural analyses and intermolecular interactions with proteins or other molecules and 
readily evaluated. In order to further utilize the properties of nanogels as bulk hydrogels bioma-
terials, we are developing technologies that utilize nanogels as building blocks to create novel 
functional hydrogels that are structurally controlled at the nano-level. When CHP nanogels were 
prepared at semi-dilute concentration (30 mg/mL or higher), they lost fluidity and behaved as 
hydrogels [5]. From electron microscope observations, the nanogel structure was maintained 
after macrogel formation; this implied that these hydrogels are nanogel aggregates.

Hybrid gels Crosslinked by Polymerizable Nanogels

Six polymerizable methacryloyl groups per 100 glucose units were introduced into the  
CHP to form CHPMA nanogels from 4–5 macromolecules with particle diameters of ~30 nm. 
Approximately 170 polymerizable groups were calculated to be present in a CHPMA nanogel. 
CHPMA nanogels-crosslinked PMPC hydrogels (CM gels) were obtained by copolymeriza-
tion of the CHPMA nanogel and 2-methacryloyloxyethyl phosphorylcholine (MPC) under 
semi-dilute solution conditions (Fig. 8) [40]. Freeze-fracture TEM observations of the 
CM gels revealed that the nanogels retained their form and were dispersed evenly within 
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the hydrogels. The hydrogels is a nanomatrix gels consisting of nanogels as building blocks. 
Immersion of the CM gels into a solution of FITC-labeled insulin resulted in a spontaneous 
uptake of 20 times greater than that of the external solution. Furthermore, the addition of cyclo-
dextrin resulted in dissociation of the nanogel physical crosslinks within the CM gels, with 
subsequent release of the encapsulated insulin. Since the uptake and release of proteins 
was controllable, the CM gels functioned like an immobilized artificial molecular chaperone 
[40].

Compared to conventional homogeneous nanogel chaperones, solubilized proteins, by 
chemical denaturing agents, were efficiently taken up by these hydrogels and the denaturing 
agent was completely removed by washing with buffer without needing separation from the 
nanogels. Effective refolding efficiency of various proteins was demonstrated, and is being 
applied as a regeneration system for inclusion bodies.

Rapid Shrinking Hydrogels Using Nanogel Crosslinker

CHPMA nanogel and the thermoresponsive NIPAM were copolymerized to produce 
a PNIPAM hydrogels crosslinked by CHPMA nanogels (CN gels). When the hydrogels was 
transferred from cold water to a hot water bath above LCST, the CN gels rapidly shrank [41]. 
Compared to the conventional PNIPAM hydrogels by a bifunctional monomer, the shrinking 
rate of CN gels, determined by half-volume time, was 3,400 times faster. Freeze-fracture TEM 
images of this gels prepared below or above LCST showed that the distance between nanogels 
dispersed inside the CN gels was less, above LCST. This indicated that the hydrophilic nano 
domain of the nanogel formed a path for water release during the shrinking process, thereby, 
contributing to the rapid shrinking. CN gels are responsive to cyclodextrin and because it is a 
multifunctional hydrogels with a nano domain, it could be applicable as a stimuli-responsive 
drug reservoir.

Biodegradable Nanogel-Crosslinked Hydrogels and Application  
in Regenerative Medicine

Current designs of biodegradable hydrogels are taking advantage of the interactions of 
nanogels with hydrophobic drugs and proteins. To form these hydrogels, a gelsation method 
was developed that utilized the Michael addition reaction between acryloyl- and thiol groups [42]. 
By mixing a nanogel solution of acryloyl group-modified CHP with an aqueous solu-
tion of a 4-armed poly(ethyleneglycol) (PEG) with a thiol group at the terminus followed by 
incubation at 37°C for 1 h, a transparent CHP–PEG hydrogels was obtained (Fig. 9). Electron 
microscope images showed a nanogel crosslinked gels in which the nanogels were evenly 
distributed. Hydrolysis of the ester bond connecting the nanogel and the PEG chain resulted 
in degradation of the hydrogels. This gels could be used as a delivery system in which the 
nanogel is released by hydrogels degradation.

CHP–PEG hydrogels are useful as controlled-release carriers in regenerative medicine. 
By allowing the acryloyl group-modified CHP nanogel to absorb prostaglandin E2 (PGE2), 
a PGE2 encapsulated CHP–PEG hydrogels was prepared [42]. After implanting the gels in 
the calvaria of mice, new bone formation was confirmed after 4 weeks. The level of new 
growth was substantially greater than that in a system in which 20 single doses of PGE2 were 
administered. Furthermore, the CHP–PEG hydrogels system exhibited no side effects, such 
as increase in the cancellous bone and femur bone formation was facilitated specifically at 
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a required site. A CHP–PEG hydrogels encapsulating BMP2 within the nanogel markedly 
facilitated bone formation [43].

Summary

Tailor-made polysaccharide nanogels and hydrogels were designed for a novel polymeric 
drug delivery system by self-assembly of functional hydrophobized polysaccharides. This strat-
egy is applicable to various polymers such as poly(amino acids) and other water-soluble syn-
thetic polymers. Self-assembeld nanogel engineering is an efficient and versatile technique for 
preparing functional nanogels and hydrogels for drug delivery and regenerative medicine.
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Engineered High Swelling Hydrogels
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Abstract High swelling hydrogels (HSHs) are materials with the ability to swell to a 
large size in an aqueous medium. The swelling feature and mechanical properties of the 
HSH polymers depend on many factors. Therefore, the HSH properties can be engineered  
to tailor a hydrogels for a specific application. This chapter begins with the HSH anatomy  
and its engineering aspects, and continues with the purity of hydrogels and the sources of 
impurities in HSH polymers. The characterization of HSH polymers includes swelling 
determination, mechanical properties, and analytical issues, which will be discussed with 
a focus on both practical and theoretical aspects. Since final hydrogels properties are 
closely related to the level of its stability, this aspect is discussed by explaining the sources 
of instability, which potentially threaten the hydrogels properties. The chapter ends 
with two important groups of hydrogels that have been suggested and engineered for specific 
applications in pharmaceutical area.

Introduction

Hydrogels are hydrophilic materials that display gelling properties in the presence of an 
aqueous medium. Depending on the hydrophilicity, crosslink density, ion content, temperature, 
ionic strength of the swelling medium, and other factors, the hydrogels swelling may range from  
a few percent to a few thousand times its dry weight. Hydrogels have applications estab-
lished in hygiene (baby diapers, feminine incontinent products), agriculture (water-retaining 
agents, soil-conditioning agents), biomedical (contact lenses), pharmaceutical (controlled 
release matrices), and are rapidly moving into more advanced applications in pharmaceutical 
(gastric retention and diet aid) and biomedical (scaffolding and tissue culture, tissue expander) 
industries, in which properties other than swelling are equivalently important.

Hydrogels are classified as ionic, nonionic, and hydrophobically modified. Ionic 
hydrogels offer superior swelling properties in distilled water. Anionic polymers, such as 
poly(acrylic acid), poly(sodium acrylate) and poly(potassium acrylate), as well as anionic 
hydrocolloids, such as sodium alginate offer improved swelling in high pH swelling medium. 
Low pH solutions provide a better swelling medium for synthetic and hydrocolloidal cationic 
polymers, such as poly(diallyldimethyl ammonium) chloride and chitosan. For nonionic poly-
mers, the only driving force for the swelling is the polymer-solvent interaction. As interaction 
increases, so does the swelling. Polymers, such as polyacrylamide, poly(hydroxyethyl meth-
acrylate), and poly(N-vinyl pyrrolidone) are not sensitive to the pH but to the type of solvent 
and the composition of the swelling medium. The hydrophobically modified hydrogels are 
intended for temperature-sensitive applications where the hydrogels swells and shrinks in 
response to the temperature change of the swelling medium. Polymers such as poly(NIPAAm), 
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block copolymers of ethylene oxide and propylene oxide, and methyl cellulose are examples 
of thermosensitive hydrogels.

Stimuli-sensitive hydrogels that react to changes in pH, temperature, solvent composition, and 
active ingredients (glucose or antigens) are generally used as sensors or biosensors, actuators, 
valves, and pumps [1–3]. Food packaging is currently benefiting from the high swelling feature 
of the hydrogels pad inside the food product. The pad absorbs blood and other fluids, which 
keeps the product more dry and stable while minimizing the fluid leakage from the packaging.

Engineered Hydrogels

The most demanding properties for high swelling hydrogels (HSHs) are swelling (capacity 
and rate) and mechanical properties. Nevertheless, the requirements, such as safety and toxicity 
are also important for specific applications especially in the pharmaceutical and biomedical areas. 
HSHs swell to a large size at a reasonable rate that is suitable for many specific applications. For 
example, superporous hydrogels offer large as well as fast swelling kinetics. Shown in Fig. 1 is a 
very porous HSH that can reach its maximum swelling capacity in just a minute.

The first step in achieving high swelling properties is to generate a structure with a 
high affinity for water or other aqueous medium. Water affinity is provided by hydrophilicity,  
chain flexibility, and structural modification (porosity). Structurally, functional groups, such 
as carboxyl, amide, and hydroxyl that readily form hydrogen bonds, and monovalent ions, 
such as sodium, potassium, and ammonium are important factors. These groups thermo-
dynamically favor the dissolution process and hence the swelling of the polymer in water.  
In addition, the inherent electrostatic and osmotic forces also entropically favor the  
dissolution process. The infinite dissolution of a hydrosol polymer can be controlled by  
adding crosslinks to the polymer structure, which change the hydrosol to a hydrogels. 
Depending on the number and types of functional groups, ion types and ion content as well as 
the crosslink density, the hydrogels can absorb water from a few percent to several thousand 
times its weight. For example, hydroxyethyl methacrylate, which is used in hard contact lenses 
is regarded as a low-swelling hydrogels. On the other hand, poly(sodium acrylate) is regarded 
as a very high swelling (superabsorbent) hydrogels. Although hydrogels candidates should  
be hydrophilic in structure, these include those classified as nonionic and ionic hydrogels 
while amphoteric and zwitterionic hydrogels are not very common. Depending on their source, 
the hydrogels may alternatively be classified as either synthetic or natural-based. Most  

Fig. 1. Swelling capacity and rate of a very porous high swelling hydrogels.
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HSHs are synthetic, while the natural-based hydrogels are usually modified with water-soluble 
monomers through a chemical grafting process. Despite the fact that functional groups and 
ions determine the hydrophilic lypophilic balance (HLB) of a hydrogels polymer, the amount 
and type of crosslinker critically affect the swelling properties. For a hydrogels with a given 
HLB value, fewer crosslinker results in increased swelling. The addition of more crosslinks 
offsets the driving forces for the swelling, and the hydrogels eventually disintegrates at very 
high crosslinker concentration. This feature has been utilized in making superdisintegrants, 
which are used to dinintegrate tablet and capsule pharmaceutical dosage forms.

In the dried state, most HSHs are a composite of a solid hydrogels, water, and air (pores) 
as shown in Fig.  2. While the solid part of the composite controls the swelling forces and 
pressure, the other two phases significantly improve the swelling kinetics. To design hydrogels 
for a specific application, these three elements need to be carefully considered.

The solid element of each HSH product is composed of a crosslinked hydrophilic poly-
mer. Degree of crosslinking and polymer hydrophilicity are the most important determinants 
of the swelling properties. Swelling improves in hydrogels with low crosslink density, high 
hydrophilicity, and high molecular weight. Nonionic hydrogels have low to medium pH-inde-
pendent swelling, less swelling dependency on salt, and good mechanical properties. On the 
other hand, anionic and cationic monomers are used to prepare hydrogels with high swelling 
at high and low pH, respectively. Swelling dependence on ionic strength, inferior mecha nical 
properties, and brittleness in dry and swollen states are characteristics of the ionic gels.

Swelling is improved with bifunctional crosslinkers as opposed to tri or more functional 
crosslinkers. As crosslinking and functionality increases, the hydrogels becomes more stiff 
and rigid. One way to make stronger hydrogels with less brittleness is to crosslink the surface 
of the hydrogels.

Since initiators affect the final hydrogels properties, their selection should be based on 
the pH, initiator half-life, toxicity, temperature, and solubility. High initiator concentration 
favors the swelling but increases the initiator impurities. It promotes rapid polymerization 
and reduces the crosslinking efficiency by generating short polymer chains. An oil-soluble 
crosslinker provides higher swelling due to its lower efficiency in the aqueous medium.  

Fig. 2. Anatomy of a hydrogels composite.
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The type and amounts of the monomer, crosslinker, and initiator is critical in preparing a 
HSH. HSHs with tailor-made properties can be achieved by changing the polymerization 
method, such as, solution or reverse dispersion polymerizations. For example, an inverse sus-
pension polymerization can be utilized to prepare particulate HSHs with narrow or wide 
particle size distributions [4, 5]. Higher molecular weight polymers provide better hydrogels 
swelling and mechanical properties. High molecular weight polymers also reduce the amount 
of crosslinker by increasing the efficiency of the crosslinking process.

The water component in the composite is bound water that comes from the synthesis 
step. Generally, the amount of the bound water is about 1–5% and cannot be removed during 
the drying process; however, the water can be minimized by freeze drying the hydrogels. Water 
can affect the composite properties positively by plasticizing the polymer, which expedites the 
initial swelling or diffusion process. A negative effect of water is that it reduces the molecular 
interactions between the polymer chains and the rigidity of the composite. Water can also 
facilitate hydrolysis and oxidation reactions during hydrogels storage.

The air component in the composite facilitates the diffusion of external materials into 
the polymer structure by reducing the intermolecular interactions between the polymer 
chains. As shown, with highly porous superabsorbent hydrogels in Fig. 3, the interconnected 
pores provide a rapid diffusion by increasing the capillary action of the transport process. 
Pores are important for purification or any other processes for which a faster mass trans-
port (such as drying) is desired. The air adversely affects the hydrogels mechanical properties 
by decreasing the intermolecular interactions. Physical and chemical stability of a hydrogels 
decreases at higher pore concentration. Pores can lose their structural integrity during 
storage depending on the water content of the hydrogels, the storage temperature, and the 
relative humidity of the storage environment. Pores are also responsible for degradative oxi-
dation and hydrolysis reactions.

While the swelling capacity of hydrogels is the sole function of the solid content of the 
composite, the mechanical properties are a function of all elements – solid, liquid, and gas. 
The solid part provides mechanical property; the liquid and the gaseous parts of the compos-
ite weaken the properties by reducing the intermolecular interaction of the polymer chains 
which are the only source for the mechanical strength. Many approaches, as listed in Table 1, 

Fig. 3. Hydrogels with diffusional and capillary forces of water transport.



355Engineered High Swelling Hydrogels

Table 1. Approaches to improve mechanical properties of hydrogels

Nanocomposite hydrogels of acrylamide, dimethyl acrylamide, and N-isopropyl acrylamide  
prepared in an aqueous clay solution via free radical polymerization at room temperature; 
higher modulus hydrogels obtained by increasing the hydrophobic content of the structure.

[20]

Epichlorohydrin-crosslinked poly(vinyl alcohol) annealed at higher temperature offers high  
mechanical properties while maintaining high swelling.

[21]

Hydrogels blends made of water soluble polymers of poly(vinyl alcohol–vinyl acetate) and 
poly(vinyl pyrrolidone) treated with glutaraldehyde.

[22]

Low water content poly(vinyl alcohol) hydrogels prepared by crystallization of the PVA in  
dimethylsulfoxide/water solution; improved mechanical properties after annealing the  
polymer at higher temperatures.

[23]

Improve mechanical properties of thermosensitive poly(N-isopropyl acrylamide) hydrogels 
by grafting the poly(NIPAAm) onto a nonwoven polypropylene.

[24]

Increase mechanical properties of acrylamide hydrogels containing hydroxyapatite via 
addition of itaconic acid; acid enhances the degree of polymerization by which  
mechanical property is expected to increase.

[25]

Modify properties of poly(vinyl alcohol) hydrogels by mixing the polymer with a mixture  
of hydrophilic and hydrophobic monomers of 2-hydroxyethyl methacrylate and methyl  
methacrylate utilizing ionizing radiation.

[26]

A delivery platform for growth factors based on epichlorohydrin-crosslinked dextran. [27]
Hydrogels with tunable mechanical and drug release properties by copolymerizing 

hydroxyethyl methacrylate with a methacrylate-derivative of beta-cyclodextrin; specially 
suggested for a medicated soft contact lens.

[28]

Poly(vinyl alcohol) hydrogels with improved thermal stability and swelling by adding sodium  
alginate followed by electron beam irradiation.

[29]

Improve mechanical properties of poly(2-hydroxyethyl methacrylate) by incorporating  
hydrophobic polycaprolactone.

[30]

Fast swelling and mechanically stable superabsorbent hydrogels based on gum arabic 
chemically modified with glycidyl methacrylate, acrylic acid, and acrylamide.

[31]

Hydrogels with elastic properties made by crosslinking bovine serum albumin and activated 
poly(ethylene glycol).

[32]

Effect of crosslink density on particle size of the poly(methacrylic acid) hydrogels prepared in 
bulk and mechanically ground to different particle sizes; average particle size decreases with 
increased crosslink density; lower crosslink density provides wider particle size distribution.

[33]

Hydrogels with long term stability based on carboxymethyl starch (from potato) cross-
linked with mono- and dichloroacetic acid.

[34]

A composite hydrogels material consisting of a silicone rubber matrix in which particles of 
a lightly crosslinked polyacrylamide hydrogels are dispersed.

[35]

Glyoxal-crosslinked hydrogels interpenetrated with poly(ethylene glycol) offers elastic 
properties compared to a crosslinked chitosan.

[36]

Hydrogels based on collagen and modified hyaluronic acid (crosslinked with poly(ethylene 
glycol diglycidyl ether)) intended as wound dressing material.

[37]

Modify swelling and mechanical properties of amphiphilic urethane acrylate hydrogels by  
varying the molecular weight of the soft segments and the type of diisocyanate.

[38]

Crosslinked poly(vinyl alcohol-vinyl pyrrolidone) hydrogels with barrier properties pre-
pared via free radical solution polymerization using potassium persulfate; barrier proper-
ties against common microbes.

[39]

Chitosan poly(acrylic acid) interpenetrating networks prepared by UV irradiation offering 
good mechanical properties due to interchain complexation of the amino (chitosan) and 
carboxyl (acrylic acid) groups.

[40]

(continued)
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(continued)

Amphiphilic semi IPN hydrogels made by grafting acrylic acid onto cationic starch in mild 
aqueous medium of poly(dimethyldiallylammonium chloride); offers high compressive 
strength in their swollen state.

[41]

Modified photocrosslinkable hydroxypropyl chitosan as a porous scaffold. [42]
Monitoring chemical crosslinking of hydrogels by means of ultrasonic wave propagation 

and low frequency dynamic mechanical analysis; correlate ultrasonic behavior to the 
degree of crosslinking.

[43]

Improve mechanical properties of poly(N-vinyl pyrrolidone) by grafting the polymer onto a 
nonwoven polypropylene grafted with methyl methacrylate.

[44]

Interpenetrating hydrogels of gelatin and poly(N-vinyl pyrrolidone) prepared in aqueous 
solution using potassium persulfate and glutaraldehyde offers high compression strength.

[45]

Stimuli-sensitive semi IPN of sodium carboxymethyl cellulose and poly(N-isopropyl  
acrylamide) loaded with inorganic clay offers high tensile strength and high deformation.

[46]

Improve mechanical properties of ionotropically gelled chitosan (using tripolyphosphate) 
with the addition of clay or cassava starch granules.

[47]

Crosslinker-free preparation of polyacrylamide hydrogels in the clay suspension; clay 
behaves as crosslinker.

[48]

Prepare strong hydrogels by dispersing montmorillonite clay into aqueous monomer solution [49]
A polyacrylamide nanocomposite loaded with bentonite clay; study the effect of cationic  

surfactant (cetylpyridinium chloride).
[50]

Free radical polymerization of monomers with different hydrophilicity (Acrylamide, N, 
N-dimethylacrylamide, N-isopropylacrylamide) in clay dispersion; the extent of clay-
polymer interaction dictates the level of improved mechanical properties (NIPAAm and 
DMAAm do better than acrylamide).

[20]

Interpenetrating networks of acrylic acid and poly(ethylene glycol) with pH-sensitive 
mechanical properties.

[51, 52]

Interpenetrating networks of bacterial cellulose with gelatin, sodium alginate, gellan gum, or  
iota-carrageenan with high mechanical strengths.

[53]

Correlation between swelling/ mechanical properties of hydrogels and the solvent composi-
tion during synthesis.

[54]

Poly(N-vinyl pyrrolidone) based hydrogels modified with kappa- and iota carrageenans; 
prepared by gamma irradiation of the ingredients in air at ambient temperature; display 
mechanical stability and pH-responsive swelling properties.

[55]

Semi-IPNs of poly(N-vinyl pyrrolidone) and beta-chitosan crosslinked with glutaraldehyde. [56]
Interpenetrating hydrogels networks of crosslinked polyacrylamide and gelatin crosslinked 

via UV irradiation; suggested for cold or hot packs.
[57]

Use of polyacrylonitrile fibers with good swelling and shrinking properties as microactuator. [58]
Semi IPN hydrogels networks of chitosan and chitosan-carbon nanotube with good 

mechanical properties prepared via prefreezing and sequential freeze drying using glu-
taraldehyde as crosslinker.

[59]

Thermosensitive hydrogels based on chitosan and poly(vinyl alcohol) loaded with sodium  
bicarbonate; liquid at low temperature but gels under physiological conditions.

[60]

Poly(vinyl alcohol) hydrogels prepared by quenching PVA solutions in water or in aqueous 
dimethylsulfoxide; change in hydrogels properties by changing DMSO concentration, 
initial PVA concentration, and quench temperature; high DMSO and PVA concentration 
improve the mechanical properties.

[61]

Branched copolymers of poly(NIPAAm) and poly(ethylene glycol) as in situ forming 
replacement for the nucleus pulposus of the intervertebral disc; gels elasticity dependent 
on the PEG block molecular weight and PEG content.

[62]

Table 1. (continued)
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Table 1. (continued)

pH- sensitive carboxymethyl cellulose hydrogels prepared by ionizing radiation of highly  
concentrated CMC solutions.

[63]

Nanocomposite hydrogels of hydroxyapatite-poly(vinyl alcohol) as artificial cornea fringe 
with interconnected porous structure, good swelling, and mechanical properties.

[64]

Semi interpenetrating nanocomposite prepared by grafting acrylic acid onto starch in an 
aqueous dispersion containing cationic polyacrylamide/ bentonite; high swelling and 
mechanical properties.

[65]

Irradiated carboxymethyl chitin in aqueous solution offers a pH sensitive hydrogels with 
good swelling and excellent mechanical properties.

[66]

Photo-crosslinkable dendritic polymers with stable integrity and mechanical properties 
as hydrogels scaffold for cartilage repair; hydrogels is based on tri-block copolymer 
consisting of a poly(ethylene glycol) core and methacrylated poly(glycerol succinic acid) 
dendrimer terminal blocks.

[67]

Genetically engineered elastin-like polypeptides of Val-Pro-Gly-X-Gly repeats, crosslinked 
with tris-succinimidyl aminotriacetate after expression in E. coli and purification.

[68]

Polycaprolactone diol, polyethylene glycol (both as soft segments), lysine diisocyanate 
(hard segment), and 2-hydroxyethyl methacrylate polymerized under UV irradiation to a 
degradable light-curable elastic polyurethane hydrogels.

[69]

N-isopropylacrylamide grafted onto thin porous polypropylene films using irradiation to 
improve its mechanical properties.

[70]

HEMA used to enhance mechanical properties of thermosensitive hydrogels based on 
poly(N-isopropylacrylamide) and methacrylic acid or poly(NIPAAm) and acrylic acid; while 
NIPAAm offers thermosensitivity, the methacrylic or acrylic acid part offers pH sensitivity, 
and HEMA enhances the mechanical property and integrity of the terpolymer hydrogels.

[71]

Utilize chemical crosslinking and ionotropic gelation to prepare elastic high swelling 
hydrogels of acrylamide and calcium-treated alginate.

[72]

Introduce different approaches to increase mechanical properties of superporous hydrogels. [73]
Tailoring mechanical properties of superporous hydrogels through ion equilibration. [11]
Superporous hydrogels for applications in very harsh swelling medium; pH-independent  

swelling and mechanical properties.
[12]

Superporous hydrogels of glycol/chitosan/PVOH with improved mechanical properties by  
multiple cycles of freeze-thawing and drying.

[74]

Acidified poly(acrylamide-co-acrylic acid) superporous hydrogels with improved mechani-
cal properties.

[75]

Improve mechanical properties by increasing monomer concentration during the hydrogels 
synthesis.

[76]

Crosslinking poly(vinyl alcohol) using epichlorohydrin, followed by drying at high tempera-
ture of 90°C; improved mechanical properties due to formation of microcrystalline domain.

[21]

Photoreactive gelatin using 3,3,4,4¢-benzophenone tetracarboxylic dianhydride and  
2-hydroxyethyl methacrylate with swelling properties upon irradiation; potential use as  
protective wound dressings and hemostatic absorbents for less invasive surgeries.

[77]

A fast swelling and mechanically stable superabsorbent hydrogels based on modified gum 
arabic, glycidyl methacrylate, acrylic acid, and acrylamide.

[31]

Crosslinked plasticized poly(N-vinyl-2-pyrrolidone) prepared using an electron beam  
irradiation in the form of a composite with agar and poly(ethylene glycol); a hydrogels 
membrane containing 10% PVP, 1–3% agar, and PEG irradiated at 25 KGy dose found to 
be elastic, transparent, flexible, sterile, and impermeable to bacteria.

[78]

A hydrogels blend based on poly(vinyl pyrrolidone) and poly(vinyl methyl ether) prepared 
using electron beam irradiation and gamma irradiation of their aqueous solutions; bio-
compatible and temperature sensitive.

[79]

(continued)
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have been used to improve the hydrogels mechanical properties by changing the hydrogels 
structure (types and concentrations of monomer, crosslinker), hydrogels synthesis (reaction 
conditions, initiator type and concentration, adding other excipients), and hydrogels process-
ing (treatment and various drying techniques).

Purity of HSHs

The most important considerations, in any purification process, are to maintain the 
polymer properties (swelling and mechanical), to avoid additional unwanted impurities, to 
avoid polymer degradation, and cost effectiveness. To reduce the level of residual monomers 
inside the hydrogels, chemical and physical methods are used. With the former, an additive 
(a second monomer or a catalyst) is added at the end of the reaction to react with the unreacted 
monomers. Increasing the temperature and vacuum may also reduce the monomer level. For the 
latter, electron beam radiation, ultraviolet radiation, monomer stripping followed by ozonation 
as well as distillation followed by supercritical devolatilization have been employed [6].

Impurities in a HSH product can be classified into three groups: synthesis impurities, 
washing impurities, and drying impurities. The synthetic impurities are from the synthesis 
step and trapped inside the hydrogels network structure are usually called primary impurities. 
These impurities are rinsed out of the network using washing solutions composed of water 
and alcohol at different concentrations. Reducing the size of the hydrogels (if applicable) 
significantly improves the efficacy of the washing step. Although concentration of the primary 
impurities can be reduced down to an acceptable level for most applications, the water 
and alcohol should also be removed from the hydrogels. To remove the water, the hydrogels 
can be placed in different aqueous solutions containing various concentrations of alcohol. 
The alcohol is then removed by utilizing an efficient drying process, such as, forced oven 
drying at low temperature of ~40°C. Another category of impurities originate during the 
storage of hydrogels as a result of hydrogels interaction with the environmental factors such 
as moisture, oxygen, ozone, excipients, etc. Shown in Fig. 4 are the different steps needed to 
purify a HSH using water alcohol mixtures.

The flexibility of the hydrogels during the washing and drying steps is still a critical 
factor in purification. Increased flexibility causes the polymer chain to move faster and easier 

Gamma irradiation of an aqueous solution of poly(vinyl pyrrolidone) along with agar and 
poly(ethylene glycol) using a Cobalt-60 source at room temperature; an elastic, transpar-
ent, and flexible film impermeable to bacteria.

[80]

Poly(sodium l-glutamate) to modify elastic properties of PVOH hydrogels; blending the con-
centrated aqueous solutions of the two polymers, followed by high pressure thermal treatment; 
glutamate improves the hydrogels elastic modulus via interaction with PVOH chains.

[81]

Studying swelling and elastic properties of gelatin gels. [82]
Effect of a tetrafunctional (N,N¢-methylenebisacrylamide) and an octafunctional crosslinker 

(glyoxal bis(diallyl acetal) in preparation of thermosensitive hydrogels based on  
isopropylacrylamide and acrylic acid.

[83]

Poly[l-(3-sulfopropyl)-2-vinyl-pyridinium-betaine] synthesized to high conversion by free  
radical polymerization of the zwitterionic monomer and methylenebisacrylamide cross-
linker in solution; improved elastic modulus with increase in crosslinker concentration.

[84]

Table 1. (continued)
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making the monomer removal by diffusion more efficient. Flexibility is achieved using higher 
temperatures. A low glass transition monomer during the synthesis provides internal plasticity  
to the polymer, which in turn would make the purification process more effective. For example, 
a low concentration of an acrylate ester monomer can be added during the synthesis of highly 
swelling poly(acrylic acid) hydrogels [7].

The heterogeneity of the hydrogels is especially critical for porous hydrogels as highly 
heterogeneous pore morphology may result in higher impurity levels in the product. It has 
been shown that the impurity level of SPH products can be reduced by improving the way that 
sodium bicarbonate is dispersed in the reacting medium [7]. Another aspect is the particle size 
and its distribution, which is especially important for hydrogels prepared by inverse suspension 
techniques. Usually, the particle size may vary in the range of 100 mm to 1mm with the average 
size of 250–300 mm. The larger particles have smaller surface areas and require more washing 
than the smaller particles. For superporous hydrogels, the hydrogels homogeneity is highly 
dependent on the pore distribution throughout the hydrogels. Apparently, the more porous 
areas of the hydrogels absorb washing solution faster and hence the impurities are removed 
faster. Therefore, washing may work better and becomes more effective for the more porous 
than the less porous areas of the hydrogels.

A washing with water or water-alcohol mixtures requires the hydrogels to be stable in the 
swollen state in that specific solution. Very low or high swelling may cause a less efficient puri-
fication and a loss of hydrogels integrity. To optimize the size of the swollen hydrogels for the 
washing step, the swelling transition of the hydrogels in the mixed solvent and nonsolvent should 
be determined. Swelling transition occurs at lower alcohol concentrations with more hydrophilic 
hydrogels.

Another purification process is to induce cycles of hydrogels shrinking and swelling 
in the washing solutions. Two solutions with different nonsolvent concentrations (below and 
above the transition point concentrations) can be used to induce the swelling and shrinking of 
the hydrogels. If the hydrogels is strong enough in the swollen state, the physical techniques, 
such as rubbing, filtration, and centrifugation, can also be utilized to reduce impurities [7].

Synthesis Washing

Water +
Alcohol

Monomer
Crosslinker
Initiator
Solvent
Other unreacted

Alcohol

Drying

Dehydrating

Alcohol

Water

Fig. 4. An example of a very effective purification process for high swelling hydrogels.
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Hydrogels Characterization

Determination of swelling: Swelling is a thermodynamic process in a way that hydrogels 
has to reach its maximum or equilibrium capacity in the swelling medium. It is also a kinetic 
process due to the fact that the swelling is time dependent and many factors may affect how 
fast a hydrogels can swell in the swelling medium. Although swelling can be measured at any 
conditions, for qualitative or quantitative purposes, the most reliable method of measuring 
swelling is to mimic the real swelling conditions. If the hydrogels during service is expected 
to face high temperature, mechanical load, chemical stress, light, or salts, these factors have 
to be included in the swelling evaluations.

Generally, swelling data is collected by saturating the hydrogels in the swelling medium 
(distilled water, saline, simulated gastric fluid, buffers, simulated intestinal fluid, or blood), and 
measuring the amounts of fluid absorbed at specific time intervals until maximum capacity is 
reached. The most common and straightforward way of swelling evaluation is conducted under 
no load conditions and is called free swelling. A reliable free swelling measurement requires 
the hydrogels particles to be completely separated, so that the whole hydrogels mass is equally 
exposed to the swelling medium. Particles are dispersed under moderate to vigorous agitation 
into the swelling medium and are left to reach maximum or equilibrium swelling capacity. The 
swollen particles are filtered using a sieve and then weighed. For solid poreless hydrogels, the 
method is appropriate but the reliability is diminished with hydrogels porosity. The free swelling 
data for porous hydrogels have higher error bars because the pores act as temporary reservoirs 
for water, which give rise to higher swelling readings. In these cases, the hydrogels is centrifuged 
to remove the interstitial water between the particles and within the pores. The centrifugal force 
has to be adjusted to assure complete removal of the unbound water and to avoid hydrogels 
breakdown.

Although free swelling is driven by an entropically favored dissolution of the polymer 
in the swelling medium, it can also be enhanced by the generation of electrostatic and osmotic 
forces. However, the swelling, or the so called controlled dissolution process, is limited due 
to the negative elastic forces imposed by the crosslinks. If the hydrogels is expected to 
serve in a physically loaded environment, its swelling capacity has to be measured under a 
given load. For some applications, swelling, either free or loaded, is measured by dimension. 
The result can also be extended to volume and the equilibrium swelling can be expressed 
as either dimensional increase or volume increase. Loaded swelling capacity can also be mea-
sured by using a texture analyzer [8].

Swelling model: A parallel assembly of a spring (elastic) and a dashpot (viscous), as 
shown in Fig. 5, is used to predict three important features in water absorption process of  
the HSH polymers [9]. The spring and the dashpot represent the expansion and relaxation 
forces within the hydrogels. When the assembly is loaded under a fixed stress (s), the 
whole system deforms to a constant deformation of e. If the elastic and viscous elements of 
the system are represented by E (spring modulus) and h (fluid viscosity), the equilibrium 
deformation (maximum swelling capacity), the initial rate of deformation, and the retardation 
time (time to reach 63% of the equilibrium deformation) would be represented by s/E, s/h, 
and h/E, respectively. The equilibrium swelling is determined by the expansion forces of the 
hydrogels, and the initial rate of expansion is determined by the relaxation of the polymer 
chains. The retardation time, or deviation from an elastic behavior is a function of both expan-
sion forces and relaxation barriers [9]. The swelling behavior of hydrogels is very consistent 
with the deformation behavior of the Voigt element under a constant load (Fig. 6).

At a fixed relaxation to expansion ratio (fixed retardation time), the swelling capacity 
of a given hydrogels can be increased by decreasing the number of crosslinks (Fig. 7). The 
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swelling rate of a hydrogels is dependent on the barrier imposed by the relaxation of the 
polymer chains as shown in Fig. 8. At a given ionic content and functional group concentra-
tion, the expansion forces within the hydrogels are solely determined by the crosslink den-
sity, which is a measure of the elastic forces. This inversely affects the retardation time. As 
crosslink density of a hydrogels (the elastic forces) increases, the time to reach 63% of the 
equilibrium capacity decreases. An increase in porosity imposes a similar effect by lowering 
the intermolecular interaction between the polymer chains.

Mechanical properties: Similar to swelling, the mechanical properties of the hydrogels have 
to be determined under close to real conditions such as temperature, pressure, static or dynamic 
loading, saline, and so on and so forth. This is particularly important for applications with high 
demand properties. For example, a swellable platform has been suggested to prolong the retention 
of an active ingredient in the stomach [10–12]. The platform is expected to swell to a large size 
in less than 10 minutes and hold the active for hours while maintaining its own integrity in the 
harsh stomach conditions. The platform during its service for this application faces a very low 
pH environment, strong contraction and expansion forces, food, hot or cold beverages, salt, as 
well as other factors. The platform should have the ability to be degraded after its service is done. 
This application requires the hydrogels to maintain its mechanical integrity for some time. The 
static and dynamic mechanical properties of hydrogels can be simply measured by a mechanical 
tester or texture analyzer. Under static conditions (one time loading), the equipment provides 
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fracture
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Fig. 9. A typical mechanogram of a hydrogels obtained from of a mechanical tester.
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three important data: failure point, modulus, and mode of fracture or failure (Fig. 9). With a lower 
breaking point and an extended deformation, a lower modulus swollen polymer “A” would fail 
under a ductile behavior. A higher modulus swollen polymer “B” with a higher breaking point 
and a limited deformation would display a brittle fracture mechanism. The fatigue properties of 
the swollen hydrogels can be evaluated under dynamic loading. The number of loading/unloading 
cycles that a swollen hydrogels can resist before it fails is an indication of hydrogels durability. The 
dynamic mechanical properties of an acrylate–chitosan hydrogels hybrid after swelling in 0.1 N 
HCl after 5 minutes, 1 and 6 hours in the acidic medium is shown in Fig. 10. A variable dynamic 
load of 1–3.5 N was applied, and the swollen hydrogels started losing its integrity following a long 
retention in the acidic swelling medium. A unique mechanical tester has been designed with the 
ability to determine contraction and expansion forces based on a “water hammer” theory [13, 14]. 
The equipment generates mixed forces of compression, tension, bending, and twisting, and the 
test hydrogels receives almost the same amount of force throughout its body. The hydrogels will 
eventually lose its integrity and start failing at the weakest spot, which will be the starting point for 
the craze and crack formation and disintegration of the whole platform. The equipment measures 
the total amount of energy, which is adequate to break the hydrogels.

Porosity: Pores within the structure of HSHs are generally intended for faster swelling 
kinetics. In this regard, the pore characteristics such as pore size and its distribution as well as 
pore shape are instrumental. While the former affects the swelling kinetics, the latter provides 
anisotropy to the swelling behavior [15]. Porosity of the porous HSH polymers can be studied 
and evaluated by different techniques, such as, scanning electron microscopy [16, 17], mercury 
porositometry [18], liquid intrusion [19], and image analysis. In mercury porositometry, dif-
ferential pressure on mercury and the intrusion volume of mercury are measured. The data are 
used to calculate volume, diameter, volume distribution, and surface area of the pores. The pore 
size data can be correlated to the overall porosity of the hydrogels. Using liquid extrusion tech-
niques, a given amount of the hydrogels is placed in the test cell and is saturated with water up 
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Fig. 10. A hydrogels under fatigue study.
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to its maximum swelling capacity. Pressurized air is then used to extrude all the water by gradual 
increase in air pressure. Data on differential gas pressure and volume of the extruded liquid are 
used to calculate volume, volume distribution, and the surface area of the pores.

Analytical issues: The two most common pieces of equipment for determining the 
residual monomers and other unreacted impurities are HPLC and Gas Chromatography. 
Monomers, such as acrylic acid or potassium acrylate, as well as crosslinkers, such as 
poly(ethylene glycol) diacrylate, can be monitored using gradient elution high performance liq-
uid chromatography. An aqueous phosphoric acid or acetonitrile solution is generally used as 
the mobile phase. The hydrogels particles have to be extracted with an efficient and reliable  
solution for a given time. The supernatant fluid left after the centrifugation is then analyzed. 
The initiator residues, liquid monomers, hydroquinone stabilizer, ethanol (dehydrant) as well 
as acids can be monitored using gas chromatography techniques. Although selecting the ana-
lytical equipment and mobile phases are important considerations, the extraction process 
remains the most challenging analytical step. The rule of thumb is: “the faster the swelling 
is, the more impurities would be extracted over a given time period”. Therefore, the same 
analytical method should not be used to characterize a poreless and a porous hydrogels.  
The same applies to porous hydrogels with different pore contents. Porosity facilitates the extrac-
tion process as it does with the swelling. Apparently, a successful analytical method needs to be 
modified for a less porous or poreless hydrogels. The modification may include selecting more 
efficient extracting solutions, extraction at a higher temperature, or for a longer time period.

Hydrogels Stability

A HSH is attractive for applications where high swelling is the most desirable property. This 
requires that the swelling capability of the hydrogels remain stable over the storage period (stable 
shelf life) and application period. There are many examples where a hydrogels may lose its speci-
fied swelling capacity and rate as well as its mechanical or even adhesion properties. A summary of 
instability sources in HSHs that eventually affect the final hydrogels properties is given in Table 2.

The stability study would be realistic if the hydrogels stability is tested under real  
service conditions. The hydrogels may lose its structure, may have its functional group 
reacted with another excipient, or lose its pores and pore morphology (shape and size);  
all these have to be considered for a stability study. Generally, the stability study would involve 
looking at the appearance of the hydrogels (color, stain, crack, pore size, and shape), the 
swelling properties (capacity and rate), and the extractable chemicals (any impurities which 
might be generated during the stability period). Since most hydrogels contain certain amounts 

Table 2. Instability sources in high swelling hydrogels

Moisture Causes hydrolysis; catalyzes oxidation; suppress pores; loss of compressibility;  
difficult handling; increased contamination.

Temperature Suppress pores; loss of compressibility; expedites degradative reactions.
Light Chromophore containing hydrogels may degrade photolytically.
Excipients Hydrogels structure may interact with other excipients if formulated into a dosage 

form like a tablet; significant effect in the presence of ions.
Oxygen Oxidation; reaction with the hydrogels and unreacted monomers; color change.
Packaging Reaction of hydrogels or its reactive components with packaging material; severe 

reaction between aldehyde-containing or ion-containing hydrogels with gelatin.
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of water in their dry state, there would be a risk of unwanted physical and chemical reactions. 
In view of the fact that the hydrogels medium is wet (1–5% water content), it may cata-
lyze other reactions, such as oxidation. hydrogels interaction with the service excipients such  
as stomach acid, food, beverages, and its housing material (capsule) needs to be included in 
the stability study.

Engineered HSH Polymers

Two major pharmaceutical applications for the HSHs are gastric retention and diet  
aid. A gastric retention platform is intended to prolong retention of an active pharmaceutical in 
the gastric medium. A diet aid is intended to fill the stomach volume in order to induce a sense 
of fullness or satiety. The hydrogels swells to a very large size, which potentially activate the 
stretch and mechano-receptors of the stomach providing a sense of fullness. For both applica-
tions, the service environment is the dynamic stomach, where that has very harsh conditions, 
such as low pH, contraction/expansion forces, food effect, salt, temperature, static and dynamic 
loading, subject to subject variability, as well as other factors. In general, hydrogels for these 
applications swell very fast in the stomach medium and should remain stable during their  
service. Normally, the hydrogels should take less than 10 min to reach the maximum swell-
ing capacity. This assures that water taken with the hydrogels with the half-life of about 25 min 
is absorbed by the hydrogels before it is emptied from the stomach. For the gastric retention and 
diet applications, the hydrogels size should be designed based on the pylorus size and the stom-
ach size, respectively. This means a potential hydrogels for these applications should occupy 
a volume of ~30 cm3 and ~400 cm3, respectively as shown in Fig. 11. The gastro retentive and 
diet platforms are expected to be administered as single and multiple doses, respectively.

The most important consideration for both applications is the rate of gastric emptying. 
Since protein, carbohydrate, fat, and water contents of the foods are different, the food effect 
on gastric emptying varies. The higher caloric foods have longer retention, solids have longer 
retention than liquids, and beverages, including water, potentially promote gastric emptying. 
Indigestible fibers and larger objects usually prolong retention. To minimize variability of the 
stomach motility between the human subjects, food (even a low caloric one) needs to be taken 
with the hydrogels platform; otherwise, the platform could leave the subjects’ stomach in a 
few minutes to a few hours. The oral dosage of the platform should be taken in encapsulated 
form to minimize the risk of esophagus obstruction. The platform design should be simple 
and cost effective to be commercially attractive. Moreover, the platform should have minimal 
effect on the drug release unless the platform itself is intended for controlled delivery of the 

Fig. 11. Hydrogels for gastric retention and diet aid applications.

Swollen hydrogels

Pylorus

DietGastric retention
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drug. Finally, a proper animal model should be selected for the proof of principle studies. 
Since dogs and pigs are not appropriate models, the proof of efficacy of hydrogels for the 
gastric retention and diet applications requires a pilot study in man. Recent research on highly 
porous HSHs, with the focus on drug delivery applications, is summarized in Table 3. These 
hydrogels were studied as controlled release platform, as disintegrant for oral dosage forms 
and as a gastro retentive matrix.

Summary

Engineering application as opposed to a general application implies an engineered 
material to possess specific features for a given application. Due to their composite structure,  
HSHs can be engineered for pharmaceutical and biomedical applications, where unique 
swelling and mechanical properties as well as stability, safety, intoxicity, durability, and 
other factors are equivalently desirable. These materials are relatively young, and much more 
research is needed to establish them in such high demanding areas. These applications require 
the material to not only function properly but also to be safe, stable, nontoxic, and durability. 
Therefore, parallel research should be attempted in order to invent cost-effective, environment 
friendly, and feasible manufacturing methods, to design reliable analytical methods for their 
characterization, to study their long-term properties, and to evaluate their biocompatibility 
and drug compatibility.
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Superabsorbent Hydrogels

Grigoriy Mun, Ibragim Suleimenov, Kinam Park, and Hossein Omidian 

Abstract Superabsorbent hydrogels have unique swelling features that are highly attractive 
for biomedical, pharmaceutical, and industrial applications. The swelling capacity of many 
hydrogels, however, is very sensitive to the pH and ionic strength of the solution. Acids and 
bases, as well as salts (monovalent, multivalent) can significantly affect the solution properties 
of these polymers. Therefore, it is essential to understand the swelling phenomena of hydrogels, 
such as the forces responsible for the swelling and swelling barriers. Since the swelling rate 
of hydrogels is basically required for most applications, detailed information with respect to 
the swelling kinetics in hydrogels is important as well as the theoretical aspects of swelling 
mechanisms, especially in solutions containing salts.

Introduction

Hydrogels are hydrophilic macromolecules crosslinked by one or more mediators, as 
shown in Fig. 1. Macromolecular chains forming these networks acquire coil conformations 
in their dry state, but are significantly expanded to a large size once they are exposed to water 
or other aqueous medium. The main property of a hydrogels is to absorb and to retain water 
for a long time. For superabsorbent hydrogels, the increase in volume could be as high as 
10,000 g of water per gram of the dry material. This feature has been attractive enough to 
introduce superabsorbents into areas where the absorption of water or aqueous solutions is 
of prime importance. Superabsorbent products are mostly used in hygiene products (baby 
diapers and incontinence pads), as well as in agriculture and horticulture industries, where 
they moisten and condition the soil.

Since the swelling is the most important property for these applications, many hydrogels 
polymers are generally made of ionic monomers. These polymers usually have pendant 
sodium or potassium ions, such as sodium acrylate, potassium acrylate. The ionic entities 
readily dissociate in water and generate electrostatic forces (Fig. 2).

Polyelectrolyte hydrogels can be synthesized by crosslinking polyacids, polysalts, 
or polybases. Although hydrogels based on sulfonic acids and derivatives of vinyl ether of 
monoethanol amine and other amines are well described in the literature, hydrogels based 
on acrylic acid derivatives are more widely studied and produced [1]. High water absorbent 
hydrogels used in sanitary towels, diapers, and other medical and hygienic goods are 
crosslinked networks of acrylic acid and sodium acrylate copolymers.
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Hydrogels Swelling

Although superabsorbent hydrogels theoretically absorb only water, in practice, they 
absorb physiological solutions, such as blood and saline. For agricultural and horticultural uses, 
the hydrogels is intended to absorb solutions containing water along with fertilizers and other 
nutritional entities. The degree to which a specific hydrogels can swell in an aqueous medium 
essentially depends on the presence and chemical nature of the solutes [2, 3]. In general, the 
swelling degree of polyelectrolyte hydrogels strongly depends on the presence of low molecular 
weight salts, acids, and bases in the solution. For example, ions, of any type, are able to screen 
their own charges in the network, which significantly reduces the swelling of the electrolyte-
based (ionic) swellable hydrogels. Different acrylic-based hydrogels can swell in aqueous 
solutions containing low molecular weight salts including sodium thiosulfate, potassium 
hexacyanoferrate, and sodium sulfate as shown in Fig. 3 [4]. Based on the data obtained for 
poly(acrylic acid) and acrylic acid-co-sodium acrylate copolymer, the swelling behavior is 
dependent on the average salt concentration inside the gels and in the surrounding solution. 
When a dry hydrogels is placed into saline solution (an aqueous salt solution), a concentration 
redistribution effect occurs. This happens due to the difference in salt concentration in the 
vicinity of the gels area and in the remainder of the gels-solution system. Therefore, the salt 
concentration needs to be averaged in order to obtain a realistic picture of the system [4, 5].

As shown in Fig. 3, for an ionic hydrogels, the maximum swelling occurs in pure water. 
The swelling capacity of the gels then decreases as salt is added and then reaches a plateau. 
This behavior is due to the effect of salt on electrostatic interactions which are the major 
driving force for the ionic hydrogels swelling. However, the known swelling theories for 
polyelectrolyte networks do not satisfactorily explain all aspects of the gels-solution systems 
[6]. Polyelectrolyte hydrogels including those based on acrylamido-2-methyl propane sulfonic 
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acid and dimethyl acrylamide display similar swelling behavior as poly(acrylic acid) in solutions 
containing potassium chloride, sodium chloride, potassium sulfate, and sodium sulfate [7]. 
Similar swelling behavior is observed for poly(acrylic acid) in highly acidic solutions or 
containing polyvalent cations (Fig. 4) [5].

For some hydrophilic gels, the gels swelling continues to rise even at high salt 
concentrations. Although not as pronounced, the swelling values with only a few grams of 
water per gram of the hydrogels are directly related to the uncharged networks that do not 
associate with water. For these networks, the swelling profile is not sensitive to the ions in 
the swelling medium. Essentially, the swelling capacity of a polyelectrolyte hydrogels at a 
given crosslink density depends on the charge density of the network and the degree to which 
electrostatic forces are suppressed. For hydrogels based on weak carbonic acids, such as 
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poly(acrylic acid), the most influential factor is the degree of dissociation of the ionic groups – 
the greater the dissociation, the larger the swelling degree. The degree of dissociation of weak 
carbonic acids is about 10%, but the salt of a weak acid and a strong base (sodium polyacrylate) 
dissociate to a greater extent. Thus, pure poly(acrylic acid) and sodium polyacrylate display 
swelling capacity in the range of 200–300 g/g and 500–700 g/g, respectively.

Although charge density of the network is associated with the charge concentration 
within the hydrogels and the swelling medium, the network density or crosslink density is 
solely related to the chemical structure of the gels. The crosslinking density can be controlled 
by changing the ratio of the crosslinker to monomer. The greater the ratio is, greater the 
density. Highly crosslinked systems swell less but are mechanically stronger and retain their 
shape in the swollen form.

The hydrogels swelling is a delicate balance between swelling and elastic forces.  
A hydrogels containing hydrophilic functional groups and ions can generate strong interactions 
with the swelling medium, which causes hydrogels expansion. On the other hand, crosslinks 
prevent infinite expansion of the network by generating elastic forces. Therefore, a crosslinked 
hydrogels in water may experience expansion and contraction depending on the magnitude of 
each individual force. The nature of the contraction forces is similar to that of rubber, i.e., the 
elasticity of a macromolecular “ball” entropically tends to be the most probable conforma-
tion of a coagulated ball. With a high crosslink density, the chain length between the network 
junctions of a hydrogels is relatively short. As such, the swelling degree of these networks is 
small because of their restricted ability to swell.

The chain length between the two successive  crosslinks determines whether the net-
work is a hydrogels or an ionite. If the length corresponds to a polymer size, the network is 
called a hydrogels with a very high swelling capacity. On the other hand, if the length cor-
responds to an oligomer size, the network is an ionite with limited or no swelling. The swell-
ing degree of an ionite network is usually a few percent of the initial volume. For instance, 
a crosslinked natural rubber network can be formed by curing natural rubber with specific 
amounts of sulfur. At very high sulfur contents as high as 30–40%, the usually soft and 
stretchable natural rubber is transformed to a very rigid and brittle product with almost no 
swelling in hydrocarbon solvents. On the other hand, at sulfur level of less than 1%, the 
rubber displays elastic properties (like a rubber band) with good swelling in a hydro-
carbon solvent. Rubbers crosslinked at low and high crosslinker concentrations resemble 
hydrogels and ionites, respectively. The hydrogels crosslink density can also be increased 
sharply if the swelling medium contains metal ions that form insoluble products by reacting 
with the polymer network. For example, sodium polyacrylate hydrogels react with multiva-
lent cations, such as calcium and iron. This results in an increased crosslink density in the 
hydrogels network which causes the swollen polymer to precipitate in the swelling medium 
with little or no water absorption.

Mechanism of hydrogels Swelling

The swelling of a polyelectrolyte has been interpreted with reference to linear macro-
molecules [8]. The theory is based on the repulsion of charges that are hardly connected to 
the backbone of the macromolecule. Some researchers indicate that the increased rigidity of 
a macromolecular chain is due to the electrostatic repulsion of charges of dissociated groups. 
According to the literature, it is likely that the chain inflexibility leads to a growth of the 
Kuhn segment and to increase the statistical coil size, i.e., swelling. However, there is another 
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interpretation of the swelling process called the “osmotic effect”. Dissociation of ionic 
functional groups in a gels results in the appearance of mobile low molecular weight ions or 
counter ions. However, the mobility of the counter ions is restricted as they cannot leave the 
gels. If they leave, the gels system will assume a nonzero electrostatic charge, with the ability 
to attract counter ions. Therefore, the hydrogels surface can be considered as a membrane, 
permeable to water but not to mobile ions. The membrane allows the liquid to pass in order 
to balance the ion concentration outside and inside the gels. As ion concentration increases, 
more osmotic pressure is built up in the membrane.

Interactions other than osmotic may favor or disfavor the swelling process. Hydrophilic 
interactions that are nonelectrostatic may promote swelling. This can be seen in uncharged 
networks, such as polyacrylamide and poly(vinyl alcohol). Excessive hydrogen bonding in a 
poly(vinyl alcohol) polymer may decrease its swelling capacity. On the other hand, hydropho-
bic interactions produce a compact macromolecular structure and swelling capacity decreases. 
Overall, swelling in hydrogels can be caused by osmosis, hydrogen bonding, hydrophobic 
association, as well as chain aggregation. Depending on the structure of the macromolecule, 
the individual contributions would be different. Thus, the swelling mechanism based on the 
“osmotic” point of view relies on an analogy between a separating membrane and the hydro-
gels surface. Modern literature now presents corresponding thermodynamic calculations to 
determine the hydrogels swelling capacity at given conditions.

The theory of the hydrogels swelling is based on the direct analysis of the distribution of 
low molecular weight ions [9]. The electrostatic interactions do not allow the low molecular 
weight ions to leave the hydrogels mass; otherwise the hydrogels cannot maintain neutrality. 
However, a small portion of ions do leave the hydrogels surface due to “chaotic” thermal 
motion. Dynamic equilibrium takes place near the surface under which the diffusion flow 
is balanced by flow due to electrostatic attraction of low molecular weight ions into the area 
with noncompensated network charge. This dynamic equilibrium results in the appearance 
of a double electric layer near the hydrogels surface (Fig. 5). First layer is a solution rich in 
mobile ions near the hydrogels surface and the second layer is essentially noncompensated for 
the network charge. The second layer does not allow the low molecular weight ions to move 
very far from the gels surface, which cause stretching forces. Calculations of the electrostatic 
component of the swelling pressure for homogeneous gels based on an osmotic and double 
layer models give similar results [9].

The two models start to show their differences when the surface effects of the hydrogels 
are taken into account. These effects are functional in a broad range of hydrogels systems as 
they are responsible for very high swelling degrees of gels, in particular for the gels based on 
weak carbonic acids.

SolutionGels

Fig. 5. Double electric layer in swelling hydrogels.
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The Effect of Neutralization and Acidity  
on the Swelling Capacity of Polycarbonic Acids

Ionization can at best be seen when a salt form of a given gels is studied. At equilibrium, 
the following reactions determine the overall charge density of the network:

 − +→ +R - COONa R - COO Na  (1)

 − ++ ↔R - COO H  R-COOH  (2)

 H - OH H OH+ −↔ +  (3)

Salts (sodium acrylate) of a weak acid (acrylic acid) and a strong base (sodium 
hydroxide) can be considered as completely dissociated (1). However, ionized groups 
formed in this reaction are able to combine with hydrogen ions (2), which are formed 
in the process of water ionization. As a result, a significant portion of the network 
functional groups based on sodium acrylate is deionized, and the medium inside of the 
gels becomes alkaline. This accounts for the large swelling capacity of the hydrogels 
based on sodium acrylate and acrylic acid copolymer. For example, a poly(acrylic acid-
co-sodium acrylate) hydrogels shows peak swelling at [PAA]:[PAANa] molar ratio 
of about 25:75. The swelling peak does not appear at 100% neutralization due to the 
excessive concentration of counter ions. Therefore, superabsorbents used in hygiene products 
are 75% neutralized poly(acrylic acid). Shifting of the equilibrium in (2) influences the 
behavior of pure polyacid hydrogels. As mentioned above, the membrane separating the 
gels and the solution phases (surface layer of the gels) may have a complicated structure. 
In particular, the hydrogen ions formed by the dissociation of the R-COOH groups can 
move in the solution due to thermal motion. In turn, the equilibrium shifts toward more 
ionization. This could increase the charge density of the network within the surface layers 
of the hydrogels than the inner layers. Based on (4), the equilibrium ionization reaction 
of polyacids depends on the total concentration of the R-COOH and R-COO− groups, i.e., 
on the network charge density N.

 − +↔ +R - COOH R - COO H  (4)

The degree of association or b calculated based on the dissociation constant of acrylic 
acid is shown in Fig. 6.

It can be seen that b-values decrease with an increase in network crosslinking density 
at a given acid-to-salt ratio. This is the basis of mechanical regulators of the medium acidity 
described by Suleimenov [10]. The mechanical effect by such regulators changes the total 
density of the ionized and nonionized carboxylic groups and leads to the acidity change across 
the gels and in the neighboring solution. The Donnan equilibrium explains what essentially 
drives a hydrogels to absorb aqueous solutions.

Donnan’s Equilibrium and Potential in a hydrogels Solution System

Donnan ratios were initially determined by the theory of membrane equilibriums, and 
later found to be applicable in the theory of ionites and hydrogels. According to the osmotic 
model of polyelectrolyte hydrogels, the swelling pressure is based on the difference between 
the total concentrations of mobile ions outside and inside of the hydrogels. In fact, salts or any 
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other low molecular weight electrolytes are able to penetrate into the hydrogels mass. Accord-
ing to this model, the difference in the total ion concentrations and the degree to which ions 
can travel between the phases determines the actual swelling of the hydrogels. A correlation 
between the concentrations of mobile ions inside and outside of the hydrogels can be deter-
mined from Donnan ratios. To explain the model, the simplest case would be a network based 
on sodium polyacrylate in a solution containing sodium chloride. Since functional groups are 
completely dissociated, ions tend to leave the gels under the influence of thermal motion. As 
a result, an electrostatic field develops in order to recover the ions. More accurately, the field 
can direct a flow of the low molecular weight ions from the solution to the gels. An equilib-
rium is established when both diffusion and directed components equilibrate each other. The 
electrostatic field resembles a barrier for low molecular weight ions that hold them inside of 
the gels. The appearance of the field of a double electric layer leads to a potential difference 
between the gels and surrounding solution, i.e., Donnan potential. It seems that the field can 
develop only in the immediate proximity of the gels surface because ions near the surface are 
the only ones that can leave the gels. In other words, a double electric layer is formed within 
the boundary of the gels and the solution. Behavior of the electrostatic field, E, and potential 
of double layer j is shown in Fig. 7. The double layer forms a potential well inside of the 
gels, which contains the low molecular weight ions and does not allow them to travel into the 
surrounding solution. Small extension of the double layer field allows determining its general 
characteristic – the potential difference between the gels and the solution, Donnan potential, 
without detailed analysis of the motion equations of the ions.

The dispersion of the charged particles obeys Boltzman’s distribution and the corre-
sponding equations for the positive and negative ions are as follows:

 ( )0 0exp /− −= +n n q kTj  (5)

 ( )0 0exp /+ += −n n q kTj  (6)

where n− and n+ are the concentrations of the mobile negative and positive ions in the com-
bined hydrogels solution system, and −

0n  and +
0n  are multipliers showing ion concentrations 
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at zero potential. Due to the electric neutrality, the total concentration of positive ions is equal 
to the concentration of negative ions far from the hydrogels surface, where the Donnan poten-
tial can be found. The potential may be counted from an arbitrary point in the depth of the 
solution and thus, − −=0 Sn n , + +=0 Sn n  (concentrations of the mobile ions marked by an index s). 
The following equality would be in progress due to the electric neutrality of the solution:

 + −=S Sn n  (7)

Concentration of positive ( +
gn ) and negative ( −

gn ) ions in the hydrogels volume is 
expressed by concentration of mobile ions in the depth of the solution and the corresponding 
value of the Donnan potential ∆ 0j  from (5) and (6). Therefore:

 ( )g S 0 0exp /− −= + ∆n n q kTj  (8)

 ( )g S 0 0exp /+ += − ∆n n q kTj  (9)

The well known Donnan ratio, where the difference of potentials between phases does 
not enter into the equation, can be easily obtained by multiplying the (8) and (9):

 + − + −=g g S Sn n n n  (10)

Concentrations of the mobile ions inside the hydrogels are bound with each other by 
factor of electrical neutrality of the sample:

 + −= +g 0 gn N n  (11)

where 0N  is the concentration of dissociated functional groups inside the network. The 
concentration of mobile negative charged ions inside the network ( −

gn ) is consistent with 
the concentration of salt Cg, entered into the hydrogels, i.e., −=g gC n . Therefore, the unknown 
concentrations of both ions inside and outside the hydrogels can be determined if (7), 
(10), and (11) are sustained. This means that any of the unknowns can be considered as exter-
nal parameter for the system and all others are dependent. The external parameter can be 
expressed by average concentration of salt in the system [4, 5], which is specified at particular 
experimental conditions. The concentration of the salt outside the gels, + −= =S S SC n n , is con-
sidered as an external parameter. Single equation which correlates the concentrations of salt 
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Fig. 7. Electrostatic field, E, and potential of the double layer j.
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inside and outside the hydrogels can be obtained by solving (7), (10), and (11), followed by 
simple transformations:

 ( )+ = 2
g g 0 SC C N C  (12)

When divided by 2
SC , it can be seen that the ratio of salt concentration in different sides of the 

hydrogels surface, 
g S/C Cb = , is defined by a single directing parameter, <<= 0 S[ ( / ) 1]y N C

, as shown in the (13).

 ( ) 1yb b + =  (13)

Despite its simplicity, the expression (13) is quite important. A useful correlation can 
be made between the logarithm of concentration ratio b and Donnan potential if the logarithm 
of the ratio (13) is known.

 0
0

ln
kT
q

j b∆ = −  (14)

Donnan potential can be expressed by solving (13):

 
2

0
0

4
ln

2
y ykT

q
j

 + −
∆ = −  

 
 (15)

Donnan potential from directing parameter in absolute values (volts) at temperature of 
25°С is presented in Fig. 8. It can be seen that at high concentrations of salt ( ) = 0 S/ 1y N C , 
the Donnan potential is characterized by millivolt units or less. This value reaches to the tenth 
of a volt only, when y value is about 100.

Nevertheless, since dissociation of water has not been considered in this equation, this 
consideration is inapplicable when the concentration of salt decreases further. In other words, 
this factor defines a limit value of the Donnan potential similar to that of distilled water. 
Therefore, Donnan potential is characterized by noticeable values. Moreover, it should be 
emphasized that voltrop defined by this potential is in fact concentrated in a very narrow area, 
i.e., in double layers. These layers could be developed on the hydrogels surface and achieve 
a very high value. Nevertheless, these results are corresponded to the situations, where the 
concentration of salt inside the gels is used as an external parameter. In reality, this value is 
dependent in part on the swelling capacity of the hydrogels, which is also dependent on the 
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concentration redistribution of salt. The difference between total concentrations of mobile ions 
inside and outside of the hydrogels decreases as salt concentration in the solution increases. 
This would eventually lower the osmotic pressure of the hydrogels.

Effect of Concentration Redistribution

The existence of a nonzero Donnan potential implies that, the effect of concentration 
redistribution takes place in a hydrogels [4, 5]. This effect is opposed to the sorption, where 
concentration of the absorbed component in the solution decreases due to chemical interac-
tion. For instance, when a dry polyacrylate hydrogels is placed in a solution of sodium acry-
late (concentration C0), the hydrogels due to swelling occupies a volume of Vg out of the 
total volume (V0), which is occupied by the gels and the solution. As a result, the concentra-
tion of salt inside and outside the hydrogels would change. To describe such a system, it has 
to be noted that the transition region of the electric double layer is negligible compared to the 
size of the gels itself. To describe this system, the following equations are required:

1. Equation of Donnan balance for counter ions and co-ions.

 
g S

Na Naa+ +   =     (16)

 1

g S
A Aa− − −   =     (17)

 where exp 1
e
kT

j
a

∆ = >  
is the multiplier found by conditions of electrostatic 

 equations, ∆ 0j  is the difference of Donnan potential between the hydrogels and the solu-
tion, and indices g and s are, respectively, used for the area inside of the hydrogels and the 
solution.

2. Conditions of electro-neutrality of the medium inside and outside of the hydrogels far 
from the hydrogels boundary or double layer:

 − +   =   g S
NaA  (18)

 − +   + =   0 g S
NaN A  (19)

 where 0N is the concentration of functional groups (carboxylate groups COO−) inside the 
hydrogels, calculated based on the volume that hydrogels occupies (total number of 
dissociated functional groups related to the hydrogels volume).

3. Equation of material balance for anions

 ( )− −   + − =    0g S
1w A w A C  (20)

 where = g 0/w V V  is the inclusion volume fraction of hydrogels in the system, gV  is the 
hydrogels volume, and 0V  is the volume of the hydrogels solution system.

Equation (19) could not be used because the concentration of salt inside the gels is 
unknown and considered as a directing parameter. The condition of Donnan equilibrium 
can be obtained by multiplying (16) and (17), and using (18) and (19):

 ( )− − −+ = 2
g g 0 S[ ] [ ] [ ]A A N A  (21)
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Average concentration of polymer in the system is defined as ( )=p p 0/C m M V , where M 
is the molar mass of the polymer, and mp is the polymer mass. Analogical expression is 
also right for concentration of functional groups inside the hydrogels, ( )=0 p g/N m M V . 
Therefore, the index n can be found as:

 = =p

0

1C
w

N n
 (22)

Expression (20) can easily be transformed to the following equation using (22):

 ( )+ − ′ = 01C n C nC  (23)

 where, −= g[ ]C A  and −′ = S[ ]C A  (expressed in mol/l) are equilibrium concentrations of 
salt inside the hydrogels and solution, respectively. 
Assuming = p/x C C , = ′ p/y C C ,  and = 0 p/z C C , (21) and (23) can be rewritten using 
normalized concentrations as:

 ( )
 + =
 + − =

2( )
1

x n x y

x y n n z
 (24)

This system is transformed to a single square equation based on normalized salt 
concentrations y = C¢/Cp by substituting, ( )= − −1x n z y n .

 ( ) ( )( ) ( )− − + − + + =2 2 1 2 1 1 0y n y z n n z z  (25)

The equation (25) can be solved as follows:

 
( )( ) ( ) ( )

( )
− + − + + −

=
−

21 1 2 4 1 1

2 2

n z z z n
y

n
 (26)

The sign of the square root is based on the condition that →y z  has to take place at 
unlimited increase of the initial salt concentration in the system ( → ∞z ). Therefore the equi-
librium concentrations of salt C¢/Cp in the hydrogels solution system, which is formed due to 
interaction of gels with electrolyte solution, are analytically dependent on known parameters 
of the system including the initial salt concentration C0, average concentration of polymer in 
system Cр, and inverse inclusion volume fraction of hydrogels in system V0/Vg. Figure 9 shows 
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the normalized salt concentrations for “n = V0/Vg” values of 1.01, 1.1, 1.3, 1.7, 2.5, and 20 that 
are, respectively, assigned to the graphs 1–6. The bisector on the graph corresponds to a con-
dition, where the concentration redistribution does not exist, i.e., C¢ = C0.

Based on Fig. 9, that part of the hydrogels volume affects the character of the concen-
tration redistribution in the given system. Values of = 0 g/n V V  close to unity correspond to 
a case where the hydrogels occupies almost all the volume of the system. In such cases, the 
enrichment of solution by adding more solvents is generally effective. As shown in graph 6 of 
Fig. 9 (where hydrogels-to-solvent ratio is 1/20), the hydrogels has no influence on the values 
of concentration in the solution if it’s only a small fraction of the whole system. There are data 
and experiments to confirm this claim [11]. It is also seen from the figure that noticeable redis-
tribution of concentrations takes place when the salt concentration in the system is less than the 
concentration of the polymer, i.e., when normalized concentration = 0 p/z C C  is less than 

unity. Shown in Fig. 10 is the dependency of 0

0

C C
C
′ −

 to the normalized salt concentrations.

The concentrations = ′ p/y C C  calculated using (26) for “n = V0/Vg” values of 1.02, 1.13, 1.5, 
2.6, and 6 as, respectively, shown in the graphs 1–5.

For extreme situations where salt becomes completely concentrated in the solution 
(if salt does not penetrate into the gels), volume of the solution becomes −0 gV V , and the 
condition of complete concentration of salt in solution can be expressed as:

 
0 g 0 0)(V V C V C− ′ =  (27)

From which:

 ′ = =
− −

0
0 0

0 g 1
V n

C C C
V V n

 (28)

or:

 
′ −

=
−

0

0

1
1

C C
C n

 (29)
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Extreme values corresponded to different values of parameter n are shown in Fig. 10 
(dotted lines). It is seen that salt does not penetrate into the hydrogels at small enough concen-
trations in the given system. This fact has been a basis for a number of practical applications 
of hydrogels [11], which are mentioned in the following section.

Kinetics of Hydrogels Swelling

The use of hydrogels as superabsorbent is often limited by kinetic factors. The swelling 
degree of superabsorbent hydrogels is uniquely high as they offer almost a tenfold increase in 
their dimension in water. It is reasonable that during the swelling process, the surface layers 
of the hydrogels swell first due to the direct contact with water. Diffusion of water through 
the swollen layers restricts the swelling rate of the hydrogels at the later stages. Using simple 
experiments (Fig. 11), the diffusion of water through a hydrogels the process can be mea-
sured. A sample of hydrogels (e.g., sodium polyacrylate) is placed in the middle of the tube 
(1). Since the hydrogels dimension in its swollen state is larger than the tube diameter, the 
hydrogels is spontaneously affixed inside the tube due to its own swelling. The space above 
the hydrogels (2) is filled with water; and the rate of water flow into the empty section of the 
tube (3) is monitored. Approximately 20 mL of water flows from the upper part into the lower 
part of the tube during an hour of experiment. Apparently, this value depends on many factors 
including the crosslink density of the hydrogels and composition.

The most direct way to increase the hydrogels swelling rate is to increase the contact 
area of the hydrogels with water. This can be achieved in two ways – grinding the hydrogels 
particles (widely used for the superabsorbent in hygiene and agricultural products) or by mak-
ing monolithic superporous hydrogels [12–14]. Increased surface area in superporous hydro-
gels is similar to that of activated carbon or other fast-acting porous sorbents. Superporous 
hydrogels are recognized as substances with all the advantages of monolithic hydrogels.

Structure of a single granule of a swollen hydrogels, with a collapsed core and a swol-
len shell, is schematically shown in Fig. 12. For the inner core to swell, the water must travel 
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Fig. 11. Experiment to measure the rate of water diffusion though a swollen hydrogels.
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though a swollen gels to reach the core. Therefore, the rate of swelling would be dependent on 
how fast water can diffuse through a swollen hydrogels layer.

Depending on many factors including molecular structure, porosity, and molecular 
weight, the swelling process is controlled by both diffusion and relaxation processes [15].

“Stefan’s tasks” have been introduced into the modern physical chemistry. Historically, 
one task has been to describe the underlying theory of the frost permeation to the ground. 
Similar to hydrogels, there is a moving boundary between the frosted and thawed phases, 
which varies with time. Likewise, another task describes the penetration of reagents through a 
polymer matrix filled with an inhibitor. Such matrices have been developed to fight corrosion 
in chemical reactors. Similarly, a boundary exists between the area where a chemical reaction 
has taken place and the area where the unreacted inhibitor is located. The boundary is moving 
as the reagent gradually penetrates through the filled matrix (Fig. 13).

Fig. 13. Movement of the front of a chemical reagent through a matrix filled with inhibitor.

1

2

Fig. 12. Core-shell structure of a swelling hydrogels; (1) swollen shell and (2) solid core.
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Generally, the rate of a chemical reaction between a reagent and an inhibitor is quite fast. 
Therefore, the overall rate is limited by the rate of diffusion of reagent through the polymer. The 
swelling of a typical hydrogels from the dry condition, shown in Fig. 14, is also considered to 
be a Stefan’s task. In such a process, there is a time-dependent moving boundary between three 
different entities, i.e., dry hydrogels, partially swollen hydrogels, and fully swollen hydrogels. 
The boundary can move faster or slower depending on many factors including monomers, 
initiators, crosslinkers, reaction time, reaction temperature, particle size, pore size, pore size 
distribution, and molecular weight. Such boundaries move quite fast in superporous hydrogels 
regardless of the synthetic factors, as pores inside the hydrogels structure open another effec-
tive path for the water to diffuse. On the other hand, the boundaries would move very slowly 
over time in nonporous hydrogels, as the rate of swelling is solely controlled by the diffusion 
of water.

As shown in Fig. 14, three stages can be distinguished on the swelling graph. First, the 
dry layer of the hydrogels in contact with water becomes wet (phase I). Since the glass 
transition temperature of a dry superabsorbent hydrogels is well above the room temperature, 
it takes time for water to plasticize the molecules of the solid hydrogels. As soon as the first 
signs of plasticization appears, water starts to diffuse into the hydrogels mass very quickly 
as shown with marked increase in swelling rate (phase II). Finally, the equilibrium swelling 
capacity is reached followed by a complete relaxation of the polymer chains, which is gener-
ally a very slow process (phase III).

Most swelling data in the literature include phases II and III. In other words, the swell-
ing of a dry hydrogels begins with a diffusion-controlled process followed by a relaxation 
process. This is valid for most of the superabsorbents studied in the literature as they are 
in granular form and very hydrophilic. Both features favor a fast diffusion process as it is 
the case with solid porous polymers. The first phase is generally characterized in nonporous 
hydrogels with a lower hydrophilic lipophilic balance. The Stefan’s task can provide a better 
description of the second phase as shown in (30), where the size of the hydrogels particle is 
also included into the equation [16]:

 2( ) 2 (0)l t D t la= +  (30)

This observation is in good agreement with the solution of another Stefan’s tasks, where the 
displacement of the boundary is also proportional to the square root of time. The powerful 

V/V0
I

II

III

t

Fig. 14. Typical kinetics of swelling in hydrogels.
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theory of elasticity and nonequilibrium thermodynamics has been used to describe the kinet-
ics of the hydrogels swelling [17]. These studies have been more focused on the third phase of 
the swelling process, where there is a boundary between the compact nonswollen core and the 
swollen shell. Once the solid core disappears, the kinetics of the swelling can be determined 
by the following equation:

 = − −max( ) exp( )l t l A Bt  (31)

the constants A and B are experimental factors.

Summary

Absorbent hydrogels are characterized by two main features, equilibrium swelling and 
swelling rate. Polyelectrolyte hydrogels are good candidates for absorbing neutral aqueous 
solutions with no to very low ionic strength. On the other hand, nonelectrolyte hydrogels can 
be good sorbents for acidic or salt-containing media. Two methods have been practiced to 
improve the swelling rate of hydrogels; (a) size reduction of the hydrogels and (b) introduction 
of superporosity into the hydrogels structure. Although synthetic electrolyte and nonelectro-
lyte hydrogels are being used in a variety of applications, research is moving toward more 
biocompatible and environment friendly natural polymer alternatives, such as those based on 
cellulose or chitin. Due to their unique swelling features, superabsorbent hydrogels could be 
employed as intelligent materials. With their high swelling capacity and ability to respond 
to the electric field, these hydrogels could potentially be used in printers and TV screens. 
Although most super water absorbent polymers are used as disposable absorbent materials, 
there are few applications (such as in agriculture and horticulture, medical devices), where 
the absorbent is required to perform numerous cycles of absorption and desorption. Porous 
hydrogels including superporous hydrogels as well as thermo-responsive hydrogels have 
found very specific applications, where properties other than swelling capacity and rate are 
desirable. Self-assembled or self-organized hydrogels as well as those based on natural polymers 
(biohydrogels) could influence more advanced applications of hydrogels.
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