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Abstract A wide variety of delivery systems have been

developed and many products based on the drug delivery

technology are commercially available. The development

of controlled-release technologies accelerated new dosage

form design by altering pharmacokinetic and pharmaco-

dynamics profiles of given drugs, resulting in improved

efficacy and safety. Various natural or synthetic polymers

have been applied to make matrix, reservoir or implant

forms due to the characteristics of polymers, especially

ease of control for modifications of biocompatibility, bio-

degradation, porosity, charge, mechanical strength and

hydrophobicity/hydrophilicity. Hydrogel is a hydrophilic,

polymeric network capable of imbibing large amount of

water and biological fluids. This review article introduces

various applications of natural and synthetic polymer-

based hydrogels from pharmaceutical, biomedical and

bioengineering points of view.

Keywords Hydrogel � Drug delivery � Natural

polymers � Synthetic polymers � Protein release

Introduction

Recent advances in recombinant biotechnology have pro-

duced specific and efficient peptide and protein drug candi-

dates in an economic process. However, several challenges

still remain to overcome physicochemical and biological

hurdles such as low stability, low permeability, short half-

life, enzymatic susceptibility, targeting and immunogenic-

ity. A wide variety of delivery systems have been developed

and many products based on the drug delivery technology are

commercially available. Conventional development of pro-

teins followed parenteral injections of liquid formulations to

detour first pass metabolism after oral administration. The

development of controlled-release technologies accelerated

new dosage form design by altering pharmacokinetic and

pharmacodynamics profiles of given drugs, resulting in

improved efficacy and safety. Various natural or synthetic

polymers have been applied to make matrix, reservoir or

implant forms due to the characteristics of polymers, espe-

cially ease of control for modifications of biocompatibility,

biodegradation, porosity, charge, mechanical strength and

hydrophobicity/hydrophilicity. The delivery method and

route for a given drug should be screened based on biological

efficacy, bioavailability, stability, toxicity, ease of manu-

facturing, etc.

Hydrogel is a three-dimensional, hydrophilic homo or

copolymer network, which is capable of soaking up large

amounts of water or biological fluids. Its affinity to absorb

water is attributed to the presence of hydrophilic groups

such as –OH, –COOH, –NH2, –CONH and –CONH2 in

polymers forming hydrogel structures (Peppas and Khare

1993). The three-dimensional network of hydrogel can be

formed by covalent bond, van der Waals interaction,

hydrogen bonding and physical entanglement. Hydrogel

has been used in the development of smart drug delivery
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systems. Hydrogel can protect a drug from enzyme and low

pH, and enhance the bio-activity of drug. Hydrogel prop-

erty can be controlled by the chemical or physical cross-

linking of polymer. The gelation property of hydrogel

depends on chemical composition, cross-linking density

and hydrophobicity. Hydrogel has been widely used for

numerous protein and gene delivery application. The bio-

compatibility of hydrogel should be considered because

hydrogel structure is similar to macromolecular based

components in the body and encounters invasive adminis-

tration to the body (Lee and Mooney 2001).

This review article introduces various applications of

natural and synthetic polymer-based hydrogels from phar-

maceutical, biomedical and bioengineering points of view.

Special emphasis has been made on hydrogels based on

natural polymers such as Fibrin, hyaluronic acid, alginate,

chitosan, dextran, methylcellulose, gellan and guar gum,

and synthetic polymers such as poly(ethylene oxide)

(PEO), poly(acrylic acid) (PAA), poly(N-isopropylacryl-

amide), poly(vinyl alcohol) and poly(ethylene glycol)

(PEG)-polyester copolymers.

Natural polymer-based hydrogels

The selection of biomaterial is an important step in the

development of drug delivery system. Biomaterials for

drug delivery purpose should be bio-compatible, non-toxic

and bio-eliminable. Natural polymers are produced by

several living organisms and typical examples for the

pharmaceutical uses are shown in Fig. 1.

Fibrin

Fibrin is a fibrous protein involved in the clotting of blood

and wound healing (Laurens et al. 2006) and has been widely

used as surgical operation and drug delivery devices. Fibrin

can form a gel through enzymatic polymerization of fibrin-

ogen in the presence of thrombin (Perka et al. 2000). As

fibrin can be isolated from patient’s blood, fibrin gel has been

tested as an autologous carrier for protein drug delivery,

which has minimum immune response and toxic degrada-

tion. Fibrin gel can be eliminated by enzymatic degradation

during wound healing (Ye et al. 2000). The epidermal

Fig. 1 Chemical structures of natural polymers having diverse pharmaceutical and biomedical applications: a hyaluronic acid, b
methylcellulose, c dextran, d alginate and e chitosan
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growth factor and keratinocyte growth factor were loaded to

fibrin hydrogel and applied for epidermal regeneration in

athymic mice (Gwak et al. 2005). The bone morphogenetic

protein-2-loaded fibrin hydrogel was transplanted to animal

model and demonstrated significant increase in bone for-

mation. Another growth factor protein, fibroblast growth

factor-1, was loaded in fibrin and hydroxyapatite mixed

hydrogel (Geer et al. 2005). This system showed site-specific

delivery of growth factor and enhancement of angiogenesis

and osteogenic cellular response. However, mechanical

strength of fibrin hydrogel limits its clinical application.

Hyaluronic acid

Hyaluronic acid is a glycosaminoglycan distributed widely

in connective, epithelial and neural tissues, which consists

of b-1,4-linked dimer units of b-1,3-linked D-glucuronic

acid and N-acetyl-D-glucosamine (Fig. 1a). Hyaluronic

acid having diverse molecular weights has been widely

used as a drug delivery device for ophthalmia (Saettone

et al. 1994) and applied in fields of various surgery and

wound healing (Luo et al. 2000; Arnold et al. 1995; Brown

et al. 1999). Hyaluronic acid can form hydrogel by polyion

complex formation (Arimura et al. 2005), covalent cross-

linking (Shu et al. 2002), radical polymerization (Inukai

et al. 2000) or photo-cross-linking (Leach and Schmidt

2005). Hyaluronic acid can also form hybrid gels with PEG

diepoxide by a cross-linking method. This hybrid gel has

6–9 lm diameter pore and can be degraded by hyaluroni-

dase and collagenase. Amino or aldehyde functional group

could be introduced to hyaluronic acid by cross-linking to

form hydrogel. This gel showed effective delivery of bone

morphogenetic protein-2 for ectopic bone formation.

Methylcellulose

Cellulose is a natural polysaccharide consisting of linear chain

of b-(1-4) linked D-glucose unit (Fig. 1b). Methylcellulose

and hydroxypropyl methylcellulose and hydrophobically-

modified cellulose derivatives are water soluble polymers that

have been utilized in food, ceramic processing and pharma-

ceutical areas (Sarkar 1979; Hirrien et al. 1998). Methylcel-

lulose solution transforms into gel over 50 �C, whereas

hydroxypropyl methylcellulose shows the phase transition

between 75 and 90 �C. Due to the high gelation temperature of

methylcellulose, several challenges have been made to

decrease gelling temperature by grafting with a synthetic

polymer such as N-isopropylacrylamide or adding salting-out

salts (Liu et al. 2004; Jin and Kim 2008). It was reported that

the addition of methylcellulose decreases gelling temperature

of N-isopropylacrylamide-based hydrogel and enhances

mechanical strength. We have reported that the addition of

ammonium sulfate to methylcellulose aqueous solution can

reduce gelling temperature at which the phase remains a

solution at room temperature, but changes into gel at body

temperature, which becomes practical for clinical applications

(Jin and Kim 2008). This thermo-reversible hydrogel pro-

vided sustained release of a therapeutic protein and long term

therapeutic efficacy in a ligation/reperfusion rat myocardial

infarction model (Won et al. 2010). Methylcellulose is capa-

ble of maintaining thermo-gelling property even after mixing

with other polymers. Pluronic F127 was added into the

methylcellulose solution to solubilize docetaxel, a hydro-

phobic anti-cancer drug, and homogeneously mix with the

solution. This combination system showed slow release pat-

tern of docetaxel and effectively reduced tumor growth in

tumor xenograft mice model (Kim et al. 2012). Aqueous

solution of ethyl (hydroxyl-ethyl) cellulose (EHEC) also

exhibits the temperature sensitive behavior. However, the

viscosity of EHEC decreases at high temperature, which is not

appropriate for the preparation of injectable formulations.

Several studies demonstrated that the addition of an ionic

surfactant to the EHEC solution could modify its thermal

behavior (Wittgren et al. 2005). This system showed a sol–gel

transition upon heating from room to body temperature,

resulting in the formation of clear gels. The surfactant was

considered to interact with EHEC by a strong cooperative

process forming micelle-like clusters on the polymer. The

EHEC/surfactant system for local delivery of lidocaine and

priocaine showed sustained release profiles over 60 min,

making them effective for short term pain control.

Dextran

Dextran is a polysaccharide composed of branched glucan

(Fig. 1c) and synthesized by bacteria and yeast. Due to dex-

tran’s biocompatibility, dextran-based hydrogels have been

widely used as a blood plasma substitute and delivery systems

of various drugs. There are several types of dextran hydrogel

including glycidyl methacrylate dextran, hydroxyethyl

methacrylate dextran and hydroxyethyl methacrylate lactate

dextran. The glycidyl methacrylate dextran was able to effi-

ciently load several proteins such as lysozyme, albumin, BSA

and immunoglobulin G using radical polymerization. The

release rates of model proteins from hydrogel depended on the

protein size and cross-link density. This study demonstrated

that release of model protein can be modulated by changing

cross-linking density, initial water content and amount of

loaded dextranase (Franssen et al. 1999a). Another dextran

derivative, hydroxyethyl methacrylated dextran, was pre-

pared in forms of hydrogel and microsphere for immuno-

globulin G delivery (Franssen et al. 1999b). Due to the

presence of carbonate ester, this hydrogel was degradable

under physiological condition. The immunoglobulin G--

loaded hydrogel showed a biphasic release pattern resulting

from the chain dissolution.
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Alginate

Alginate is an anionic polysaccharide widely distributed in

the cell walls of brown algae and provides a gelation

property. Alginate is a linear polysaccharide that consisted

of 1,4-linked b-D-mannuronic acid and a-L-guluronic acid

(Fig. 1d). The mechanical and swelling properties of algi-

nate hydrogel can be controlled by covalent cross-linking

with various types of molecules. Because the molecular

weights of commonly used alginates are larger than the

renal clearance cut-off in kidney, low molecular weight

alginate and its derivatives have been developed. The pH-

and temperature-dependent hydrogels were made by mix-

ing methylcellulose and alginate. This system can easily

mix with drug and transform into the gel state by increasing

temperature due to the thermo-gelation property of meth-

ylcellulose. This gel could transform its state under low pH

condition due to the acidic property of alginate (Bouhadir

et al. 2001). The temperature-sensitive hydrogel has been

developed by hiding calcium ions into temperature-sensi-

tive liposomes. The calcium liposome/alginate hybrid gel

remained aqueous solution at 20 �C, gelation occurred

when this system was heated above the liposome phase

transition temperature due to the leakage of entrapped

calcium (Ruel-Gari and Leroux 2004). Slightly oxidized

alginate was introduced and showed gel degradation

depending on the pH and temperature of aqueous media

(Bouhadir et al. 2001). Alginate hydrogel has been widely

utilized as injectable delivery systems of cells and proteins

including insulin and growth factors. The osteoinductive

growth factor-loaded poly(lactic-co-glycolic acid) micro-

sphere was mixed with alginate solution in the presence of

calcium carbonate. This delivery system showed effective

delivery of growth factor and increase in the proliferation

rate of MG-63 cells. It is also useful for conformal filling of

bone defects (Luginbuehl et al. 2005).

Chitosan

Chitosan is prepared by N-deacetylation of chitin (Fig. 1e).

Chitosan has been tested for biomedical applications

including wound dressing, drug delivery and tissue engi-

neering. Chitosan having similar structure with natural

GAGs is biocompatible, non-toxic and degradable by

chitosanase and lysozyme (Li et al. 2013). While chitosan

is insoluble under neutral condition and in most organic

solvents, it is soluble in acidic media due to the existence

of amino groups and high crystallinity. Therefore, many

studies have developed chitosan derivatives for the

improvement enhancement of solubility and processing

(Kurita 2006). Chitosan can form hydrogel by either

physical cross-linking or chemical cross-linking with glu-

taraldehyde (Lin et al. 2005; Obara et al. 2003). The UV

irradiation is another method for gelation of chitosan

derivatives (Obara et al. 2003). Grafting PEG to chitosan

resulted in temperature reversible property. This mixture

solution is injectable liquid at low temperature, which

transforms into a semi-solid gel at body temperature.

Cross-linking BSA to this copolymer by genipin showed

prolonged and quasi-linear release profile. This system is

useful for sustained protein delivery and tissue engineering

applications (Bhattarai et al. 2005). For effective insulin

delivery, chitosan gel bead was prepared with copper (II)

ion and glycine (Kofuji et al. 2003, 2005). The insulin-

loaded chitosan gel bead was injected into diabetic mice

model and consistent reduction of blood glucose level was

observed. For the treatment of chronic myocardial infarc-

tions, fibroblast growth factor was incorporated into

chitosan gel and implanted near ischemic myocardium

surface. Sustained release of growth factor from chitosan

gel induced angiogenesis and improved blood circulation

in the ischemic myocardium (Fujita et al. 2005).

Gellan

Gellan gum is a bacterial exo-polysaccharide prepared by

the aerobic submerged fermentation. This polymer can

form hydrogel that becomes mechanically strong when

formed with divalent ions. Gellan hydrogel is temperature-

reversible at about 50 �C, depending on the concentration

and presence of cations. Gellan have been widely used as

food ingredient and novel ophthalmic formulations due to

biocompatibility. Gellan hydrogel can be formed in tear

fluid and sodium proved to be the best gel promoting ion

in vivo (Paulsson et al. 1999). Gellan hydrogel was

developed for nasal delivery of fluorescein dextran used as

a model molecule (Jansson et al. 2005). Gellan solution has

a fluid like property, but it can transform into gel rapidly

when exposed to cations. Therefore, this gel is suitable for

nasal delivery with its low viscosity at room temperature

and subsequent gelation upon contact with mucosa. It has

been shown that 0.9 % NaCl contained gellan hydrogel

forms strong hydrogel that remains in the nasal cavity for

required time interval. The optimized gellan hydrogel

showed slow clearance due to high local concentration of

polymer. Recently, gellan bead was developed to evaluate

the effect of various cations (Singh and Kim 2005). The

gelation mechanism of gellan is divided into two steps, the

first step is the formation of double helices from random

coil chains and the second step is an aggregation of pairs of

double helices. The electrostatic interaction with cations in

solution affected coil-helix transition of gellan hydrogel.

Other approach of gellan hydrogel is oral drug delivery

(Miyazaki et al. 1999). The gellan solutions contained

calcium chloride and sodium citrate showed release of a

model drug in high acidic environment of the stomach.
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After oral administration of gellan hydrogel, the plasma

level of drug demonstrated a sustained release profile

representing higher bioavailability compared with com-

mercial solution products.

Pullulan

Pullulan is a bacterial homo-polysaccharide produced by

Aurebasidium pullulans. Pullulan is formed by glycosidic

linkage of a(1-6) D-glucopyranose and a(1-4) D-glucopyra-

nose unit. This polymer has been used in food processing as a

filler, as a pharmaceutical coating agent and in manufacturing

using its fiber forming property. Pullulan derivatives have

been developed to introduce new physic-chemical property.

These derivatives provided increased solubility in organic

solvent and new reactive functional groups. Cholesterol-

bearing pullulan has a tendency to form self-aggregates with

hydrophobic model drugs (Lee and Akiyoshi 2004; Jiang et al.

2013). The cholesterol group could be introduced to the

pullulan backbone by non-covalent cross-linking. This

nanogel was stable so that the size did not change for a week at

room temperature. The nanogel was capable of binding with

various hydrophobic drugs and soluble proteins (Akiyoshi

et al. 1998; Lee and Akiyoshi 2004; Kobayashi et al. 2009).

Hydrophobically-modified pullulan has been applied for anti-

cancer drug delivery. The cytotoxicity result of adriamycin-

loaded gel in breast tumor cell line at different pH conditions

showed increased cytotoxicity at pH 6.8. Recently, pullulan

nanogel has been developed for gene delivery to mammalian

cell (Gupta and Gupta 2004). Pullulan nanogel with a

hydrophilic core was prepared using glutaraldehyde as a

cross-linker, resulting system being able to encapsulate water

soluble DNA for intracellular delivery. Anionic pullulan

hydrogel was reported to be prepared using epichlorohydrine

as cross-linking agent (Mocanu et al. 2002). This nanogel was

able to protect loaded protein against acidic environment, thus

it was thought to be useful for oral administration of gastro-

sensitive drug.

Guar gum

Guar gum is widely distributed in nature and made up of

mannose and galactose sugar units. They differ from each

other in their mannose/galactose ratio and distribution pat-

tern of the galactose residues along the mannan chain. This

polymer has been studied for colon delivery because it can

be degraded by enzymes present in the intestine (Sinha and

Kumria 2001). Guar gum hydrogel can protect a drug in the

stomach and small intestine, while delivering drug to colon

where it undergoes assimilation by specific microorganisms

or degradation by the enzymes could be achievable.

Synthetic polymer based hydrogel

Temperature-sensitive synthetic polymers

The hydrogels that have temperature sensitive properties

are most studied hydrogel systems in drug deliver R&D.

Temperature-sensitive polymers contain hydrophobic

groups such as methyl, ethyl, propyl or aromatic groups.

Poly(N-isopropylacrylamide) (PNIPAAm) is a classical

synthetic temperature-sensitive polymer. Poly(N,N-dieth-

ylacrylamide)(PDEAAm) has been widely studied due to a

low lower critical solution temperature (LCST) close to the

body temperature. A series of block co-polymers composed

of PEO and poly(propylene oxide) (PPO) showed inverse

temperature sensitive property. Because its gelation tem-

perature is at around body temperature, these co-polymers

have been applied for controlled drug delivery.

PEO has been widely studied and used for diverse

medical applications due to its low toxicity and bio-com-

patibility. PEO can be synthesized by cationic or anionic

polymerization of ethylene. Many types of PEO derivatives

can be prepared by irradiation and chemical cross-linking

with genipin. Branched PEO and bi-functional PEG have

been reported to form gel and demonstrated effectiveness

for protein delivery (Andreopoulos et al. 1996; Zhao and

Harris 1997). Star-shaped PEO was prepared by irradiation

and modified with galactose for liver cell targeting. Also,

heparin-binding peptide-conjugated star PEO showed sol–

gel transition property. Various PEO-based co-polymers

have been developed and used in drug delivery field

(Gombotz and Pettit 1995; Harada and Kataoka 1999). A

series of triblock copolymer of PEO and poly(propylene

oxide) (PEO–PPO–PEO) (poloxamer) is one of represen-

tative copolymer known by the trade names: Synperonics,

Pluronics and Kolliphor. This copolymer behaves thermo-

reversible gelation without cross-linking reagents. Due to

the enhancement of drug penetration and activity of anti-

neoplastic agents against tumor, poloxamer has been

widely used for drug delivery (Alakhov et al. 1996). Other

protein drugs such as insulin, lysozyme and BSA can be

encapsulated to copolymer-based hydrogel and released

with controlled manners. Because the release rate of pro-

tein drug can be modified with temperature, it is also useful

vehicle for protein drug delivery. Although poloxamers

have various advantages for drug delivery, their non-bio-

degradability limits practical clinical application. There-

fore, degradable copolymer was synthesized with

poly(lactic acid)(PLA) which is degradable and applied in

many medical applications (Lee and Lee 2002). PLA–

PEO–PLA copolymer was synthesized by ring opening

polymerization. This copolymer-based hydrogel was fully

soft, so hydrogel could be injected using a syringe for

delivery of protein drug. Degradable PLA–PEO–PLA
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multi-block copolymer can be made by condensation

reaction of L-lactic acid. This copolymer hydrogel has a

temperature dependent reversible sol–gel transition prop-

erty, which can be easily formulated with protein drug at

body temperature. By this reason, this system is useful in

drug delivery and tissue engineering.

Poly(N-isopropylacrylamide) (PNIPAAm) is a tempera-

ture-sensitive polymer that can physically mix and be cross-

linked with proteins, DNA and engineered recombinant pro-

teins. The LCST of PNIPAAm hydrogel is approximately

32 �C so that this gel can be easily mixed with protein drug

solution at room temperature and injected to desired site with

invasive manner (Kim and Healy 2003). However, this

hydrogel is not biodegradable and cross-linking molecule is

mostly toxic and carcinogenic. To solve this problem, dex-

tran-conjugated PNIPAAm copolymer was developed to

modulate the degradation property with temperature (Huh

et al. 2000). Lysozyme was loaded into this gel by polyelec-

trolyte complex and released from gel retaining its enzymatic

activity. The release rate of lysozyme was controlled by the

length of ethylene glycol chains and content of phosphate-

carrying monomer units. Recent study reported a copolymer

synthesized by reversible addition fragmentation transfer

method using different PNIPAAm and PAA ratio (Yin et al.

2006). The release rate of loaded drug can be controlled by

physiological temperature and local pH difference.

Several studies introduced a copolymer made of

hydrophilic, bio-compatible PEG and bio-degradable

polyester. Thermo-reversible property of hydrogel was

given by adjustment of hydrophobic polyester block and

PEG block length. The injectable PEG–PLGA–PEG tri-

block copolymer was developed (Jeong et al. 1997). This

copolymer was bio-degradable, bio-compatible and had

sol–gel transition property. A hydrogel quickly gelling at

physiological temperature was made using a mixture of

high molecular weight PLGA and low molecular weight

PEG. This hydrophilic/hydrophobic combination provided

a surfactant behavior of polymer in aqueous condition,

which allowed solubilization of a hydrophobic drug. This

hydrogel provided sufficient mechanical properties and

maintained integrity for longer than a month (Jeong et al.

2000). For delivery of testosterone, tri-block PLGA–PEG–

PLGA based hydrogel system was developed (Chen and

Singh 2005). They demonstrated that loaded testosterone

was slowly released than commercially used devices by

slow degradation of hydrophobic units. Regel� is one of

the Macromed’s delivery technologies and based on tri-

block copolymer, PLGA–PEG–PLGA. Oncogel� is a fro-

zen formulation of paclitaxel in Regel�. Oncogel� was

injected directly into the tumor and showed a continuous

release of paclitaxel for up to 6 weeks. Cytoryn� is a

novel, injectable depot system of interleukin-2 (IL-2) for

cancer immunotherapy using Regel� delivery system. This

system is liquid form below room temperature, which

immediately forms a gel depot upon injection from which

the drug is released in a controlled manner. Regel� system

stabilized and released IL-2 in its bioactive form. The

release rate of drug was controlled by diffusion and deg-

radation of the depot. Another recent approach was based

on multi-block copolymer with biodegradable polyester.

PEG/poly(L-lactic acid)(PLLA) copolymer showed a sol–

gel transition property depending on both total molecular

weight and molecular weight of each building block.

In vitro and in vivo gelation studies demonstrated that

copolymer with an optimized molecular weight holds

potential as an injectable carrier for biomedical application

(Lee et al. 2006).

pH-sensitive synthetic polymers

The pH-sensitive polymers have acidic or basic groups that

either accept or release protons in response to changes in

environmental pH. The polymers with large number of ionic

groups are named polyelectrolytes. Hydrogel made of cross-

linked polyelectrolytes showed a big difference in swelling

property depending on the pH. The swelling and pH-sensi-

tivity of hydrogel can be modified using neutral co-monomers

such as 2-hydroxyethyl methacrylate, methyl methacrylate

and maleic anhydride (Falamarzian and Varshosaz 1998; Kou

et al. 1988). Hydrogel-based poly(methacrylic acid) (PMA)

grafted with PEG showed a unique pH-sensitive property. The

acidic protons of carboxyl groups of PMA interacted with

ether oxygen of PEG at low pH and formed hydrogel. Due to

ionization of carboxyl groups of PMA at high pH, de-com-

plexation led to swelling of hydrogel.

pH-sensitive polymer-based hydrogels have been widely

used to develop controlled release formulations for oral

administration. Hydrogel made of PAA or PMA could

facilitate the release of drugs in a neutral pH environment.

PAA-based hydrogel was studied for controlled release of

proteins such as albumin, lysozyme, insulin and fibrinogen

(Am Ende and Peppas 1997). Co-polymerization of acrylic

acid and PEO constituted cross-linked network of PAA and

PEO. This hydrogel was an efficient system for delivery of

cationic protein and cytochrome c via polyion complex

formation. The protein release rate from hydrogel can be

controlled by addition of calcium ions or polycations (Oh

et al. 2007). For oral delivery of insulin, cross-linked

poly(methacrylic acid)–PEG and PAA–PEG were

designed. These copolymer hydrogel showed low cyto-

toxicity in cultured cells and enhanced permeability of

insulin released from hydrogel across the cell monolayer.

Poly(vinylacetaldiethylaminoacetate) (PVD) has pH-

dependent aqueous solubility. The scanning electron

microscope and turbidity observations demonstrated that

PVD formed hydrogel in pH from 4 to 7.4 (Aikawa et al.
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1998). The release property of PVD hydrogel was tested

using chlorpheniramine maleate. While the drug was rapidly

released from PVD solution, the release rate was signifi-

cantly reduced with PVD hydrogel formation. In vivo study

showed that the disappearance rate of chlorpheniramine

maleate was decreased by increasing PVD concentration.

Other environment-sensitive synthetic polymers

Electro-sensitive hydrogels have been developed for drug

delivery. Electro-sensitive hydrogels showed sol–gel transition

properties in the presence of electric field. Poly(2-acrylamido-

2-methylpropane sulfonic acid-co-n-butylmethacrylate)-based

hydrogel was tested to release edrophonium chloride in a pul-

satile manner (Kwon et al. 1991). The intensity of electric

stimulation in media controlled release of drug with ‘on–off’

manner. The electric field-induced volume change of

poly(dimethylaminopropyl acrylamide) hydrogel induced

pulsatile release of insulin (Sawahata et al. 1990). Light-sen-

sitive hydrogels were developed by conjugation of light-sen-

sitive chromophore to poly(N-isopropylacrylamide) hydrogel.

When the light applied to hydrogel, the chromophore, such as

trisodium salt of copper chlorophyllin, absorbed light, local

temperature of hydrogel increased, finally hydrogel formed.

The change in temperature could be controlled by light intensity

and concentration of chromophore. Several polymers can form

in situ gels by solvent exchange method several products are

already in the market. Eligard� was developed by the Sanofi-

Aventis company and has an indication for the palliative

treatment of advanced prostate cancer. This polymeric delivery

system is composed of biodegradable poly(DL-lactide-co-gly-

colide) polymer dissolved in biocompatible solvent, N-methyl-

2-pyrrolidone. A therapeutic agent, leuprolide acetate, is

physically mixed with the polymer immediately before injec-

tion. The drug/polymer mixture is injected via needle into the

subcutaneous tissue and forms solid drug depot. Then, leu-

prolide acetate is released at a controlled rate as the polymer is

degraded by normal biologic processes. For the treatment of

periodontal disease, the Tolmar incorporation has produced

Atritox�, 10 % doxycycline hyclate in the ATRIGEL� deliv-

ery system. This product is composed of two syringe mixing

system. The A syringe contains ATRIGEL�, 36.7 % poly(DL-

lactide) dissolved in 63.3 % N-methyl-2-pyrrolidone, and B

syringe contains 50 mg of doxycycline hyclate. This system is

applied into the disease site after mixing A and B syringes.

Upon contacting with crevicular fluid, viscose solution solidi-

fies and allows controlled release of drug for a period of 7 days.

Conclusion

In this review, we summarized natural and synthetic

polymers that have potentials for delivery of drugs in the

forms of hydrogel. Hydrogels originated from natural

polymers are generally bio-compatible and bio-degradable.

However, the source of polymer and batch variation pro-

vides limitations in practical clinical applications.

Although various synthetic polymer-based hydrogels were

developed for drug delivery and tissue engineering, most of

synthetic polymer-based hydrogels are not generally

degradable in body and remaining chemical reagents such

as monomer, cross-linker and organic solvent cause tox-

icity and irritation to body.

For the development of polymeric carriers for drug

delivery, special concerns should be given on how appro-

priate polymer can be selected, synthesized, designed and

tailored to effectively deliver drug in response to signals

generated in body. Controlling release rate of drug corre-

sponding to environmental sensitivity provided to polymer

is critical factor in maintaining drug concentration within

the therapeutic window. Although a number of intelligent

systems using polymer have been developed, few studies

reported effect of mechanical signals on release of drug

from hydrogel. Mechanical signal is very useful stimuli for

controlling drug release.

Design and synthesis of new polymeric system provid-

ing improved bio-compatibility, bio-degradability and tar-

getability would be essential for practical clinical

applications.
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