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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 
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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].
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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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Fig. 15. Swelling ratio changes of nonimprinted hydrogels (a) and AFP-imprinted hydrogels (b) following the addi-
tion of AFP (open circle) and ovalbumin (filled circle) after their swelling had attained equilibrium in a phosphate 
buffer solution at 25°C [93].
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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

PEG-LMWH

VEGF

receptor

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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Fig.  17. Cell-responsive sol–gel transition systems by gelation of multiarmed PEG with an adhesion receptor- 
binding motif by the addition of the bis-cysteine peptide crosslinker [95].

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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