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 Departments of Biomedical Engineering and Pharmaceutics, 
Purdue University, Lafayette, IN, USA  

  INTRODUCTION 
 Hydrogels have been studied for more than a 100 years, 
initially as colloidal systems; however, systematic studies 
on the biological use of hydrogels began in 1960 with 
the introduction of poly(hydroxyethyl methacrylate) 
gels by Wichterle and Lim ( Wichterle and Lim, 1960 ). 
Since then, the number of publications on hydrogels per 
year increased gradually until 1990, when the number 
began to grow exponentially. Currently, the number of 

publications on hydrogels per year is close to 4000. This 
is partly due to the introduction of smart hydrogels (also 
called intelligent hydrogels) that have been an essential 
tool in the development of advanced biomaterials and 
drug delivery systems (DDS). 

 Ordinary hydrogels are those that swell by absorbing a 
large amount of water and shrink (or deswell) as the water 
is removed. “Smart” hydrogels are those that have the abil-
ity to undergo sharp structural changes in response to small 
changes in environmental stimuli, such as temperature 
and pH. The structural changes include not only swelling/
deswelling, but also sol – gel phase transition, degradation, 
and shape transformation. The environmental stimuli can 
be divided into three categories: physical, chemical, and 
biological. Individual stimuli and polymers that react to 
the stimuli are listed in  Table II.5.16.1     . The four major 
areas of applications of smart hydrogels are controlled drug 
delivery, tissue engineering, bioseparations, and biosensor/
bioimaging ( Bayer and Peppas, 2008 ;  Qiu and Park, 2001 ; 
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     TABLE I I .5.16.1             Environment-Sensitive Polymers to Make Smart Hydrogels for Drug Delivery        

   Stimulus Polymer References 

 Physical Stimuli  

        Temperature Polyphosphazene ( Al-Abd, Hong, Song, and Kuh, 2010 ) 
 Chitosan neutralized with dibasic salts 

(e.g.  β -glycerophosphate, DHO)
( Ruel-Gariepy et al., 2004 ;  Ta, Han, Larson, Dass, and Dunstan, 

2009 ) 
 PEG-modifi ed chitosan/ α -CD complex ( Huh et al., 2004 ) 
 Poly( γ -CD-NMA- co -HMAAm) ( Siemoneit et al., 2006 ) 
 Genetically engineered silk-elastin-like protein 

(SELP)
( Banta, Wheeldon, and Blenner, 2010 ;  Dinerman, Cappello, 

El-Sayed, Hoag, and Ghandehari, 2010 ;  Dinerman, Cappello, 
Ghandehari, and Hoag, 2002 ) 

 NIPAAM copolymers ( Park and Hoffman, 1994;   Jeong, Kim, and Bae, 2002 ) 
 PEO- b -PPO- b -PEO ( Jeong et al., 2002 ) 
 Block copolymers of PEG and polyesters ( Jeong et al., 2002 ;  Nguyen and Lee, 2010 ) 

       Electric fi elds Poly(AMPS- co -BMA) ( Kwon, Bae, Okano, et al., 1991 ) 
 Complex of PEOx/PMAA or PEOx/PAA ( Kwon, Bae, and Kim, 1991 ) 
 Acetylated chitosan ( Ramanathan and Block, 2001 ) 
 Cross-linked chondroitin 4-sulfate ( Jensen, Hansen, Murdan, Frokjaer, and Florence, 2002 ; 

 Murdan, 2003 ) 
       Magnetic fi elds Nanocomposite of iron oxide in poly(PEGMMA- co -

PEGDMA), PVA,  κ -carrageenan hydrogels  *  
( Daniel-da-Silva et al., 2009 ;  Meenach, Hilt, and Anderson, 2010 ; 

 Lao and Ramanujan, 2004 ;  Liu, Hu, Liu, Liu, and Chen, 2008 ) 
 Nanocomposite of poly(3-morpholinopropylamine- co -

DEGDA)/iron oxide nanoparticle
( Hawkins, Satarkar, and Hilt, 2009 ;  Liu, Hu, Liu, and Chen, 2006 ) 

       Ultrasound Microcomposite of Dex-CHO/CMC-ADH containing 
 liposome and microbubble

( Epstein-Barash et al., 2010 ) 

       Pressure PMMA/PVP or PMMA/CE complex ( Minghetti, Cilurzo, Tosi, Casiraghi, and Montanari, 2003 ) 
 Chemical Stimuli 

       pH PHEA ( Casadei, Pitarresi, Calabrese, Paolicelli, and Giammona, 2008 ) 
  β -CD hydrogel cross-linked by EPI ( Rodriguez-Tenreiro, Diez-Bueno, Concheiro, Torres-Labandeira, 

and Alvarez-Lorenzo, 2007 ) 
 HP- β -CD/Carbopol ms-IPN ( Yang and Kim, 2010 ) 

       Ion species PAAm with CaM and phenothiazine peptide—Ca 2+  
sensitivity

( Banta et al., 2010 ;  Ehrick et al., 2005 ) 

 PEG tetraacrylate hydrogel with CaM—Ca 2+ -sensitivity ( Banta et al., 2010 ;  Murphy, Dillmore, Modica, and Mrksich, 2007 ) 
 Poly(NIPAAm- co -BCAm)—Ba 2+  and Cs +  sensitivity ( Ju, Chu, Liu, Mi, and Lee, 2008 ;  Pi, Ju, Wu, Xie, and Chu, 2010 ) 
 Melamine hydrogel—oxoanion (e.g. NO 3- , PO 4  3- , ATP, 

SO 4  2- ) sensitivity
( Shen, Cai, Jiang, and Zhang, 2010 ) 

       Ionic strength Genetically engineered SELP ( Banta et al., 2010 ) 
 Pullulan acetate nanogel ( Park et al., 2007 ) 

       Drug PAAm/genetically engineered GyrB conjugate respond-
ing to coumermycin and novobiocin

( Ehrbar, Schoenmakers, Christen, Fussenegger, and Weber, 2008 ) 

 Biological Stimuli 
       Glucose Copolymer of acrylated GBP and AAm ( Ehrick et al., 2009 ) 

 Poly(NIPAAm)/poly(NIPAAm- co -MPBA) core/shell 
microgel

( Zhang, Guan, and Zhou, 2007 ) 

 Poly(AAm-co-MPBA) microdevices ( Siegel et al., 2010 ) 
 Poly(AG- co -SPAK), poly(AG- co -VP), and poly(AG- co -

AAm) loading PEGylated Con A
( Kim and Park, 2001 ) 

 Copolymer of SMD, DMAAm, MBAAm, methacryloyl 
enzymes (GOD and/or catalase)

( Kang and Bae, 2003 ) 

       Antigen Copolymer of acrylated GAR IgG and acrylated rabbit 
IgG

( Miyata, Asami, and Uragami, 1999 ) 

       Enzyme IPN structure of gelatin and dextran degraded in the 
presence of  α -chymotrypsin and dextranase

( Kurisawa and Yui, 1998 ) 

 Ionic complex of NAH-Dex and CMD degraded by 
dextranase

( Kamimura, Ooya, and Yui, 2001 ) 

 Cross-linking PEG with enzyme-degradable peptide 
(e.g. HNE, MMP)

( Aimetti, Machen, and Anseth, 2009 ;  Lei and Segura, 2009 ) 

 Methacrylated gelatin degraded by MMP-1 ( Sutter, Siepmann, Hennink, and Jiskoot, 2007 ) 

(Continued)
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 Siegel et al., 2010 ). Most of the smart hydrogels that 
have been used for developing stimuli-responsive DDS 
are summarized in a book published recently ( Bajpai, 
Shukla, Saini, and Tiwari, 2010 ). Of the various smart 
hydrogels, the  temperature- and pH-responsive hydro-
gels have been most widely studied for the development 
of DDS ( Ganta, Iyer, and Amiji, 2010 , pp. 555 – 585; 
 Kim, Kim, Min, Park, and Lee, 2010 , pp. 293 – 308). Suc-
cessful utilization of smart hydrogels for controlled drug 
delivery requires understanding of both the properties of 
smart hydrogels and the biological requirements that are 
necessary for drug delivery.  

  SMART HYDROGELS FOR DRUG 
DELIVERY 
 Smart hydrogels have been used to deliver various drugs 
for time periods ranging from hours to weeks. For oral 
delivery formulations, the drug delivery to the body is 
supposed to be completed within 24 h. Transdermal 
formulations are usually used to deliver a drug on the 
time-scale of a day to a week. On the other hand, other 
drug delivery routes, such as implanted depot systems, or 
localized DDS such as pumps, take from days to months 
to deliver drugs. Thus, when smart hydrogels are used 
for delivering drugs, the delivery routes as well as the 
drug release duration both need to be considered.   

    The composition of the smart hydrogel and the design 
of the system are both very important. For example, oral 
formulations of smart hydrogels should be designed to 
control the drug release rate (1) as pH changes from 
stomach (gastric) to intestine (enteric) or (2) as the loca-
tion along the gastrointestinal tract changes, e.g. upper 
small intestine vs. the colon ( Hejazi and Amiji, 2003 ). If 
a smart hydrogel system is to deliver a drug with a release 
duration of weeks or longer, they will usually need to be 
implanted into the body. Such implantable systems must 
satisfy the important issues of safety and effi cacy. Unless 
these considerations are considered, smart hydrogels 
cannot be used clinically no matter how smart they are. 

 It is important to examine the particular require-
ments of each application of a smart hydrogel system. 
Quite often, smart hydrogel DDS are proposed without 
a clear understanding of the clinical necessities that each 
drug delivery route will demand. Temperature-respon-
sive hydrogels have been the most widely studied among 

    TABLE I I .5.16.1             Environment-Sensitive Polymers to Make Smart Hydrogels for Drug Delivery         (Continued)

   Stimulus Polymer References 

 Multiple Stimuli 
       pH/temperature OSM-PCLA- b -PEG- b -PCLA-OSM; PAE- b -PCL- b -PEG- b -

PCL- b -PAE, PAA- b -PEG- b -PAA; PAE- b -PEG- b -PAE; 
(PCL- b -PEG- b -PCL- b -PAU) n ; (PEG- b -PAU) m 

( Nguyen and Lee, 2010 ) 

 Poly(NIPAAm- co -PrAA)  (Garbern, Hoffman, and Stayton, 2010)  
 Poly(PEGMMA- co -DMA)/ α -CD complex ( Ren et al., 2009 ) 
 PL-Dex/ α -CD complex ( Choi, Yamamoto, Ooya, and Yui, 2005 ) 
 Coiled coil peptides ( Banta et al., 2010 ;  Woolfson, 2010 ) 
 Genetically engineered silk-elastin-like protein ( Banta et al., 2010 ) 

       pH/enzyme Poly(GMD- co -AA) degraded by dextranase ( Kim and Oh, 2005 ) 
       Temperature/enzyme Copolymer of NIPAAm, AA, MMP-degradable peptide ( Kim and Healy, 2003 ) 
       pH/ionic strength CMD ( Zhang, Tang, Bowyer, Eisenthal, and Hubble, 2005 ) 
       Temperature/pH/

Ca 2+ /light
Phosphate-type hydrogelators—molecular logical gate ( Komatsu et al., 2009 )  

  Review   articles are marked as underlined references. 
 Abbreviations: AA, acrylic acid; AAm, acrylamide; AG, allyl glucose; AMPS, 2-acrylamido-2-methylpropane sulfonic acid; BCAm, benzo-18-crown-6-acrylamide; 
BMA,  n -butylmethacrylate;  α -CD,  α -cyclodextrin;  β -CD,  β -cyclodextrin;  γ -CD-NMA, acrylamidomethyl- γ -cyclodextrin; CaM, calmodulin; CE, cellulose acetate; 
CMC-ADH, carboxymethyl cellulose-adipic dihydrazide conjugate; CMD, carboxymethyl dextran; Con A, concanavalin A; DEGDA, diethylene glycol diacrylate; 
DEX-CHO, dextran aldehyde; DHO, dipotassium hydrogen orthophosphate; DMAAm,  N,N -dimethylacrylamide; EPI, epichlorohydrin; GAR, goat antirabbit; GBP, 
glucose/galactose binding protein; GMD, glycidyl methacrylate dextran; GOD, glucose oxidase; GyrB, gyrase subunit B; HMAAm,  N -(hydroxymethyl) acrylamide; 
HNE, human neutrophil elastase; HP- β -CD, hydroxypropyl- β -cyclodextrin; IgG, immunoglobulin G; MBAAm,  N,N ′  -methylene- bis -acrylamide; MMP, matrixmetal-
loproteinase; MPBA, methacrylamidophenylboronic acid; ms-IPN, microscale interpenetrating network; NAH-Dex, 1,4-dihydronicotinamide-modifi ed dextran; 
NIPAAm,  N -isopropylacrylamide; OSM, sulfamethazine oligomer; PAA, poly(acrylic acid); PAE, poly( β -aminoester); PAU, poly(aminourethane); PCL, poly( ε -
caprolactone); PCLA, poly( ε -caprolactone- co -lactide); PEG, poly(ethylene glycol); PEGMMA, poly(ethylene glycol) methylether methacrylate; PEO, poly(ethylene 
oxide); PHE,  N -acryloyl- L -phenylalanine; PHEA,  α , β -poly( N -2-hydroxyethyl)- D , L -aspartamide; PL-Dex, poly( ε -lysine)- g -dextran; PLGA, poly(lactic- co -glycolic acid); 
PLLA, poly( L -lactic acid); PMAA, poly(methacrylic acid); PMMA, poly(methylmethacrylate); PPO, poly(propylene oxide); PrAA, propylacrylic acid; PVA, poly(vinyl 
alcohol); SDM, methacrylated sulfadimethoxine monomer; SPAK, 3-sulfopropylacrylate potassium salt; VP,  N -vinyl pyrrolidone.  
   *    The nanogel converts magnetic energy to heat energy, rather than inducing a structural change.  

      When smart hydrogels are used for delivering drugs, the delivery 
routes as well as the drug release duration need to be consid-
ered. For oral delivery formulations, the delivery is supposed to be 
completed within 24 h. Transdermal formulations usually deliver 
the drug from between a day to a week, while implanted depot 
systems and pumps deliver the drug in months.   
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the smart hydrogels for development of DDS ( Yoshida 
et al., 1995 ), especially poly( N -isopropylacrylamide) 
or PNIPAAm. In this case, a PNIPAAm/drug solution at 
ambient temperature will become a gel when it is injected 
into the body at 37°C due to the “smart polymer” tem-
perature-dependent sol – gel phase transition. Because 
most thermosensitive polymers are based on acrylic 
monomers, they are not biodegradable, and thus the 
PNIPAAm gel residue may require surgical removal after 
the drug release is completed. This problem is often over-
looked in publications proposing such thermally sensi-
tive polymers and hydrogels as clinically useful DDS. 

 Recent research efforts have been focused on the 
development of smart hydrogels for  in vivo  use. These 
have special properties due to the use of new monomers 
and/or new combinations of existing systems. Such new 
smart hydrogels, or “smarter hydrogels”, are discussed 
in the next section.  

  NEW SMART HYDROGELS FOR  IN VIVO  
APPLICATIONS 
 Despite advances in drug delivery technologies over the last 
three decades, controlled delivery of protein drugs is still 
a major challenge ( Jorgensen and Nielsen, 2009 , p. 442). 
Due to its hydrophilic nature, a hydrogel DDS should be 
an excellent carrier for delivering hydrophilic drugs such as 
peptide or protein drugs. Many different environmentally 
sensitive polymeric compositions have been synthesized 
over the past 30 years. Some good examples of the newer 
smart hydrogels include (1) enzyme-responsive hydrogels 
that deliver proteins, such as albumin; (2) drug molecule-
sensitive hydrogels for delivery of a protein; (3) hydrogels 
designed to deliver two proteins; and (4) magnetically 
controlled hydrogels ( Ehrbar et al., 2008 ;  Satarkar and 
Hilt, 2008 ). It is also important to remember that depot-
type hydrogel systems should be biodegradable and bio-
compatible after the drug has been delivered ( He, Kim, 
and Lee, 2008 ). Sometimes smart hydrogel DDS exhibit 
drug release duration of no more than a day or two, limit-
ing their useful delivery route to oral administration. 

 Among the polymers incorporated in recent smart 
hydrogel DDS, natural biomacromolecules, such as 
nucleic acids (e.g. DNA), peptides and proteins (e.g. 
collagen, spider silk and albumin) and polysaccharides 
(e.g. hyaluronic acid and pullulan), have been utilized 
for their potential biocompatibility and degradability. It 
should be noted that the body’s immunological response 
to such natural biomolecules is a major consideration for 
any  in vivo  application of such materials. Some may also 
have signifi cant bioactivity, such as DNA and hyaluronic 
acid. One noteworthy development in smart natural 
hydrogels is the use of DNA as the backbone of a hydro-
gel network ( Um et al., 2006 ). Branched DNA was used 
to construct three-dimensional hydrogels that were bio-
compatible and biodegradable. These two properties are 
ideally suited for making implantable long-term DDS. 

Insulin was used as a model protein to demonstrate the 
long-term release from the DNA hydrogels, which sub-
sequently degrade into harmless materials in the body.   

    A recently developed DNA hydrogel for cell-free syn-
thesis of functional proteins is an excellent example of 
a biomimetic hydrogel ( Bayer and Peppas, 2008 ;  Park, 
Um, Funabashi, Xu, and Luo, 2009 ). These hydrogels 
produce proteins with compositions derived from the 
genes incorporated as a part of the gel scaffolding. The 
improved gene stability, higher local concentration and 
faster enzyme turnover resulted in high effi ciency and the 
yield of more than a dozen proteins. These protein-pro-
ducing gels can be expected to deliver therapeutic pro-
teins continuously over a long period of time. 

 In addition to the versatility of materials and the inno-
vative function of smart hydrogel systems, the defi nition 
of the hydrogel has also broadened. Recent advances in 
nanotechnology have resulted in a new form of hydrogels, 
i.e. a colloidal solution of hydrogel nanoparticles called 
“nanogels”. In the conventional defi nition, a hydrogel 
is a physically or chemically cross-linked polymer net-
work, which absorbs a large quantity of water without 
dissolution ( Lin and Metters, 2006 ). Nanogels are also 
stabilized by chemical bonds or physical cross-linking 
including hydrophobic interactions, affi nity interactions, 
H- bonding and ionic bonding. Their hydrodynamic vol-
ume is larger than that of the dried nanogel due to the 
absorption of water (hydration) by the nanogel particles. 
The drug release mechanisms of nanogels are similar to 
those of microscopic and macroscopic smart hydrogels, 
such as sol – gel phase transition, degradation, and  swelling/
deswelling. An example of a biologically inspired design 
is a virus-mimetic nanogel vehicle ( Lee, Kim, Youn, Oh, 
and Bae, 2008 ). This nanogel was made of a hydrophobic 
core of poly( l -histidine- co -phenylalanine) poly(His- co -
Phe) covered by a poly(ethylene glycol) inner shell and an 
albumin outer shell. Poly(His- co -Phe) is pH sensitive and 
undergoes reversible swelling and deswelling as the pH 
changes between 7.4 (normal physiological pH) and 6.4 
(endosomal pH), thus stimulating the endosomal release 
of the loaded doxorubicin.  

  IDEAL SMART HYDROGELS FOR SELF-
REGULATED INSULIN DELIVERY 
 In demonstrating protein release from smart hydrogels, 
insulin has been frequently used as a model protein. 
But delivery of insulin, as a representative of peptide 

      Among the molecules incorporated in recent smart hydrogel DDS, 
natural biomolecules, such as nucleic acids (e.g. DNA), peptides 
and proteins (e.g. spider silk and collagen), and polysaccharides 
(e.g. hyaluronic acid), have been utilized for their biocompatibility 
and degradability. It should be noted that the body’s immuno-
logical response to such natural biomolecules is a major consid-
eration for any in vivo application of such materials.   
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hormones, is signifi cantly different from delivery of 
other therapeutic protein drugs. Most protein drugs are 
released at a predetermined dose at a predetermined rate 
for a predetermined time period. Delivery of peptide hor-
mones, however, requires a different mode from a prede-
termined release profi le. The human body has multiple 
oscillation mechanisms to maintain metabolic homeosta-
sis, and it is the hormone that tightly regulates each body 
function. An optimum amount of hormone results in a 
harmony between many functions of the body. Because 
of this, a lack of fi ne control in a DDS designed to deliver 
a hormonal peptide or protein drug could induce signifi -
cant side effects, which could alter the desired clinical 
outcome. For instance, insulin should be delivered only 
when the blood glucose level is increased, and an accu-
rate dose of insulin has to be delivered in a matter of 
minutes. Otherwise, either hyperglycemia or continued 
hypoglycemia will result in the body.  Figure II.5.16.1      
shows an example of how an ideal smart hydrogel insu-
lin sensor with feedback delivery would be specifi cally 
designed to meet all the requirements for accurate and 
reproducible insulin delivery on demand.   

    Numerous smart hydrogels have been prepared for the 
self-regulated delivery of insulin in response to changes 
in glucose level in the blood ( Kataoka, Miyazaki, Bunya, 
Okano, and Sakurai, 1998 ;  Kim and Park, 2001 ). While 
such smart hydrogels can recognize the change in the glu-
cose level in the environment and alter the rate of insulin 
release accordingly, one of the main problems of such sys-
tems is their gradual decrease in reproducibility. The ability 

of the hydrogels to respond to glucose changes decreases 
gradually, and thus, maintaining the original property for 
an extended period of time is critical for the successful 
development of clinically useful smart hydrogel systems. 

 The lack of truly smart hydrogels that can be used 
for self-regulated insulin delivery indicates that our cur-
rent approach needs reevaluation. It is all too common to 
develop new materials fi rst and then to look for applica-
tions. Quite often, fi nding the right application from the 
known properties of the new material is not easy. A more 
effective way to develop clinically useful smart hydrogels 
may be to understand the physiological requirements 
for a specifi c application and then design the new smart 
hydrogels. Smart hydrogels that need to be used for self-
regulated insulin delivery need to take into consideration 
the requirements fi rst, instead of making the hydrogels 
fi rst, without understanding the physiological needs. 
Smart hydrogels can be translated into clinical prod-
ucts much faster and more effi ciently if the physiologi-
cal requirements are understood fi rst before developing 
any new smart hydrogels. One of the best ways to make 
ideal smart hydrogels is to make biomimetic systems, e.g. 
smart hydrogels that function as islet cells. Making such 
islet cell biomimetic systems requires much more com-
plexity than is currently available in smart hydrogels.  

  SMART HYDROGELS AS BIOMIMETIC 
SYSTEMS 
 Recent progress on smart hydrogels has been indeed 
remarkable, and this improved technology should be 
used effectively in developing better DDS. While there 
is no doubt that the future of smart hydrogels is bright 
( Kopecek, 2007 ), the future development of smart hydro-
gels may have to consider many fundamental differences 
between artifi cial and natural nanomaterials. 

 Natural systems are made by association of molecules 
(i.e. the bottom – up approach) resulting in the simplest and 
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 Figure II.5.16.1        This fi gure shows many of the design considerations for an ideal, implantable smart hydrogel system that will deliver just the 
right amount of insulin in response to a specifi c change in the blood glucose level. The system needs to have high specifi city to glucose only, 
and high sensitivity to small changes in glucose concentration. The system also has to be biocompatible and it should biodegrade when the 
insulin delivery is completed, avoiding the need to retrieve it. The smart hydrogel must have rapid response, be reliable and reproducible over 
the term of use, and not induce any immunogenic responses  .    

      Numerous smart hydrogels have been prepared for the self- 
regulated delivery of insulin in response to changes in glucose 
level in the blood. While such smart hydrogels can recognize the 
change in the glucose level in the environment and alter the rate 
of insulin release accordingly, one of the main problems of such 
systems is their gradual decrease in reproducibility.   
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yet most effi cacious systems for survival ( Park, Yui, and 
Mrsny, 2004 , pp. 427 – 437). On the other hand, syn-
thetic systems are usually prepared by the top – down 
approach. Although self-assembly and layer-by-layer 
composition are common in synthetic systems, their 
microscopic structures and biological functions are 
worlds apart from natural systems. The truly biomimetic 
smart hydrogels will be those that can act like a natural 
system in its speed, function, and repeatability. Devel-
oping such smart hydrogels is the key to the successful 
formulation of self-regulated DDS, especially feedback 
insulin delivery systems. Another important point to 
consider in developing smart hydrogels for pharmaceuti-
cal and biomedical applications is their ultimate use in 
humans. The smart hydrogels must be made of materials 
that can be proven to be safe. For this reason, the GRAS 
(generally regarded as safe) materials are preferred, but 
new materials can be used, especially when they provide 
unique and useful properties, through proper testing of 
the safety.    
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