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Advances in interpenetrating polymer
network hydrogels and their applications

Abstract: Interpenetrating polymer network (IPN) hydrogels brought distinct benefits compared to single
network hydrogels like more widely controllable physical properties, and (frequently) more efficient drug
loading/release. However, IPN strategy is not sufficient to design hydrogels with enhanced mechanical prop-
erties required for regenerative medicine like replacement of natural cartilage or artificial cornea. Some of
the novel techniques promoted last decade for the preparation of IPN hydrogels which fulfill these require-
ments are discussed in the review. Among them, “double network” strategy had a strong contribution in the
development of a large variety of hydrogels with spectacular mechanical properties at water content up to
90 %. Using cryogelation in tandem with IPN strategy led to composite cryogels with high mechanical proper-
ties and high performances in separation processes of ionic species. Highly stretchable and extremely tough
hydrogels have been obtained by combining a covalently cross-linked synthetic network with an ionically
cross-linked alginate network. IPN hydrogels with tailored mesh size have been also reported.
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Introduction

Interpenetrating polymer networks (IPNs) consists of two (or more) networks, at least one of them being
synthesized and/or cross-linked within the immediate presence of the other, without any covalent bonds
between them, which cannot be separated unless chemical bonds are broken [1-3]. IPNs have been developed
with the aim to improve at least one property of the constituent networks. The types of IPN significant for this
review are: (i) simultaneous IPN, when both network precursors are mixed and the two networks are synthe-
sized at the same time by independent, noninterfering routes such as chain and stepwise polymerization, and
(ii) sequential IPN, typically performed by swelling of a single network into a solution containing the mixture
of monomer, initiator and activator, with or without a cross-linker [1-3]. If a cross-linker is present, fully-IPN
is produced, while in the absence of a cross-linker, a network having linear polymers embedded within the
first network is formed (semi-IPN or pseudo-IPN). Various combinations of polymers and nomenclature of
IPN have been presented in detail by Sperling in his reviews [1-3]. The networks which constitute the IPN
can be identical, i.e., homo-IPN, or different, hetero-IPN. The homo-IPN has been described for the first time
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by Millar who prepared sequential IPN by polymerization of styrene (St) and divinylbenzene (DVB) as the
27 network, in a 1% prepared network constituted from the same monomers, with the aim to improve the ion
exchange performances of the St-DVB based ion exchangers [4]. Most IPNs involve immiscible components,
the extent of phase separation being restricted due to their interlocking configuration [5]. Heterogeneities
have been observed even in the polystyrene/polystyrene homo-IPN, being attributed by Zheng et al. to the
interactions between swollen network I and the precursors of the network II due to the hydrodynamic screen-
ing and architectural asymmetry [6]. Both homo- and hetero-IPN have various applications as ion exchangers
[4], ion exchange [7] and proton conductive [8, 9] membranes, pervaporation membranes [10], artificial teeth
[11], scratch resistant coatings [12] and so on.

Hydrogels are three-dimensional, hydrophilic, polymeric networks capable to retain large amounts of
water, or biological fluids, have a soft and rubbery consistence, being thus similar with living tissues [13-19].
The physical integrity of a swollen hydrogel is maintained by chemical cross-linking, physical entangle-
ments, ionic complexation, hydrophobic interactions, and hydrogen bonds. “Smart” hydrogels change their
volume/shape in response to small alterations of the external stimuli like: temperature, pH, ionic strength,
electric field, magnetic field, light, etc. [16, 17, 20-22]. Because of their particular properties, hydrogels have
numerous applications, such as: soft contact lenses, drug delivery systems, bioseparation, tissue engineer-
ing, wound dressing, biosensors, wastewaters remediation, stabilization of sandy soils, etc. However, single-
network hydrogels have weak mechanical properties and slow response at swelling. By the IPN strategy,
relatively dense hydrogel matrices can be produced, which feature stiffer and tougher mechanical properties,
more widely controllable physical properties, and (frequently) more efficient drug loading/release compared
to single-network hydrogels [16-18, 22-24].

Overview on the synthesis and applications of IPN hydrogels

The main classes of polymers, which have been employed for the formation of IPN hydrogels, are natural
polymers and their derivatives (polysaccharides and proteins), and synthetic polymers containing hydro-
philic functional groups such as: -COOH, -OH, -CONH,, SO,H, amines and R, N*, ether, etc. There are various
possibilities to combine the polymers in order to prepare composite IPN hydrogels, the main categories being
summarized as follows:

— only synthetic hydrophilic polymers

— proteins and synthetic polymers

— polysaccharides and synthetic polymers.

Composite IPN hydrogels based on polysaccharides and synthetic polymers are maybe the most investigated

category, and could be roughly divided in:

— alginate based composite IPN hydrogels

— chitosan based composite IPN hydrogels, where chitosan is combined with either other polysaccharides
or synthetic polymers

— other polysaccharides and synthetic polymers.

Table 1 presents IPN hydrogels synthesized in the last decade with demonstrated or potential applications,
specified by the authors.

There are multiple benefits of IPN hydrogels compared with single network hydrogels. A proper selection
of the second network or of the entrapped polymer could reduce the deficiencies of the single network. Thus,
it was found that the deswelling/reswelling kinetics of the semi-IPN hydrogels based on synthetic polymers
was much faster than that of the single-network hydrogels, both for homo-semi-IPN [25] and for hetero-semi-
IPN [34, 38, 46]. Generation of temperature responsive swelling properties in semi-IPN hydrogels by entrapping
poly(vinylpyrrolidone) (PVP) in a poly[(2-hydroxyethylmethacrylate)-co-itaconic acid] [P(HEMA/IA)] matrix has
been recently reported, the single network hydrogel having no thermosensitivity [40]. There are numerous studies



1709

E.S. Dragan: Advances in interpenetrating polymer network hydrogels and their applications

DE GRUYTER

[gs] Sup9auI3ua anssiy auog Ndl-1was 39/(4031d) (e1e1RWNY BPIX0 UdJAY}L-00-9p11de))Ajod
[#s] BuISSalp punom 1oj |ejualod NdI-11n4 39/(vv-032-dA)d

s)a8o04pAy Nd| paseq ulajold
[es] sjelaw Areay Jo jeAoway Jeljuanbas ‘Ndi-1n4 VYVWd/Va-93d
[zs] aouejsisal 3jes ySiy yum sjenalep NdI-lwas anlsuodsal Hd “OyWavad/vvd
[1g] suoijesfjdde jeatpawolg NdI-1was VAd/Wyvd
[og] SI9]BM }JES JO UOljeullesap 104 Sauelquiaw dIeso NdI-lwss (SdWV-02-YA)d pue Hvd/VAd
[6%] aseajal pue Suipeo) auljjAydouiwy Nd|-1wag anlsuodsal Hd pue -owsay} ‘WIVYWAd/WyyIad
8] salyadoud eliaydeqiyue pue Alaanep Snuq NdI-1was j98oueu/)a80ipAH (AdA-7-02-NV)d/ (VWIH-02-wyY)d
[£9] A1annap Snup pajjonuo) NdI-lwes (1d3-02-9)/(W3vwa-0-p1oe djuoloqihuaydapiuwelhioe-€)d
[o%] SpIal4 |edIpawWolq 10§ |eI3US}0d NdI-lwas anIsuodsal ainjesadws) pue Hd “OYWAvYad/wyv3idad
[a¥] suopjesijdde |esipawolq pue ‘jeinjnonse ‘edfinadeunieyd NdI-lwssS dSvd/vvd
[t79] uof3jugodal djdwiwolg NdI-lwss Sunuudw Jend3djow ‘YAd/vvd
[ey] suojjedjjdde |eapawoiq 10j |eI3USI0d NdI-1was anlsuodsal aunjesadwal pue Hd ‘)es ‘dSvd/vvd
[zy] 8uissaip punom pue A1aanap Snig |erjuanbas pue snoaue}nNWIS ‘Nd|-1WasS (VW g-02-yy-02-wyydIN)d/(NNdS) ea4n aueyiainhjod pajuswsSag
1] auniuesoljAylaw Jo aseslas/3uipeo] |enuanbas ‘Nd|-1was AyAonpuod ySiy pue ‘aaisuodsal aunjesadwal pue Hd ‘INVd/JVd
[o¥] salpadoud |eliaoeqijue yym sjeriajewolq Nd|-1was aAIsuodsal aunjesadwa) pue Hd ‘(pioe d1wen|S-L)Ajod /wyyd
l6€] suoneoidde jesipawolg NdI-1was VAd/(YYWEN-02-wyY)d
[8€] suoneoidde jedipawoig 1enuanbas ‘Ndi-in4 wyYdINd/dSvd
[£€] A1aanap 8nip 1oy jeijualod lenuanbas ‘Nd|-1was aAIsuodsal aunjesadwa) pue Hd ‘wyydINd/(VYW-02-dA)d
[9€] uoljesedas aseyd uo Apnis 1enuanbas ‘NdI-11n4 aAIsuodsal Hd Oyvd/VAd
[q€] sjaSo0.pAy ysnoy Nd|-1was aAIsuodsal aunjesadwa) pue Hd ‘£z T4 21u0in|d/oVVd
[7€] siosuas pue A1aanap Snig NdI-lwas aAlsuodsal ainjesadwal ‘YAd/WyYdINd
(1S3A 19woudew suexolisjAylawipAjod pajeurwia)
[€€] s19804pAy Suijjadas uigjoid snoaue}nuwis ‘Nd|-11n4 19y319 JAuIn/y¥d-93d jo uonezuawAjodoloyd druoiied/jedipes aal4
143 suoneoidde jedipawoig lenuanbas ‘Ndi-in4 (YWYWQa-02-yW3IH)d/Swad
[1€] suojjedljdde jeaipawoig Nd|-1was aueyjainAjod/wyyd
[o€] aseajal Snip pauresng lenuanbas ‘Ndi-lin4 VWIHd/WYVYdINd
l62] uonezijiqowwi swAzu3l lenuanbas ‘Ndi-1ind wyvd/93d
(€-3AQ) 134312 1AulAIp 102418
[82] suol |e1aw AAeay JO |eAOWDY snoaue}nuwis ‘Ndi-11n4 aud)Aylan pue SV jo uoijezuawAjodoloyd dluoijed/jedipes aal4
[£2] uopydiospe uidjoid poog NdI-1was VYW3Hd/93d

siawAjod an3ayjuAs Ajug

NdI-01919H
[92] S9SUd] JoBJUOD Jerzuanbas ‘Nd|-11n4 (31r1A10RYy39W JAYIRAX0IPAY-T)Aj0d
[s2] NdI-1was (apiweyAide)Ajod

NdI-owoH

‘sjoy suonesnddy ASajens sisayjuis Aynisuodsai/jaSolpAH NdI

'sja804pAy Nd| Jo suonearjdde pue ASajeu3s sisayjuAs ayj uo malAIsAQ T d)qeL



DE GRUYTER

Advances in interpenetrating polymer network hydrogels and their applications

E.S. Dragan

1710

[z6] Sunupdwi Jenasjow Aq uoiuSodal uiqo)SowaH Nd|-1was S)/wyyd
[16] swalsAs Alaanep Snig NdI-1was SJ/(VI-02-wyy)d
[06] walsAs A1anljap Snip aaisuodsai-ainjesadwal/Hd Nd|-lwss SOWD/W3Ivwad
[68] asea)al ulejoid pauleisng Nd|-1was SO/ (wyy-02-yy)d
[8s] swajsAs Alannap Snig $2/(¥2-02-¥v)d
(28] asea)al pue Suipeo) ulnsu| SOWD-0/(wyy-02-¥v¥)d
[98] s8nip suidjoid pue sapiydad jo A1aAlap |eI0IDd SOWD-0/(Wyy-02-¥y)d
[s8] A1aAnap unnsui jeio 9ANISUas Hd ‘S)/YYId
[#8] swalsAs Alaanap Snip je10 aA1}ISuds Hd ‘SH/(VYW-02-V1)d
[€s] swaishs A1annap Snig NdI-1was anisuodsal Hd ‘vYINd/SD
[z8] aseajal Snip jeulsajulolisen snoauejnwis ‘Ndl-11n4 (dAd +SD)/vvd
[18] suoijedfjdde jeatpawolg NdI-1was 93d/S)
[08] S$21U04}23]30.1N INVd/SD
[62] A1annap Snip jeio 8)veN/SOWD-8-93d-w
[82] S J0 aseajal pajjoI3uo) $2/J3H-6-wyy
[22] uoljezijiqoww| awAzu3 SlveN/wyvd
[9/] ]1981N010N)}-G JO 3SEI|AI PIJ)0J3U0D) salaydsoldiw S)yeN/wyydINd
[62] swa)sAs A1aanap Snip 1oy |ejuslod aAIsuodsal ainjeradwsa) pue Hd ‘SyeN/wyvdINd
[72] swalsAs A1aanap Snup 1oy |ejuslod aAIsuodsal aunjesadwal pue Hd ‘wyydINd/S1ved
[€2] swalsAs A1aAlap Snip aalsuodsal Inwing aAIsuodsal ainjesadwal pue Hd ‘S)yeN/wyvdINd
[c] suonesfjdde jeaipawoig 8lveN/wyvdINd
[1Z] swajsAs A1anljap Snip Suljjams Jjo-uo ajizesind aAlsuodsal-Inw ‘SjyeN/wyvdINd
(0] aseajal Snig 3|veN/wyvd
[69] A13An9p uid3oid 3)veN/VW3IH-X3a
[89] swalsAs A1annap Snig VYdeN-6-81veN/dAd
[£9] swajshs A1annap Snig lenuanbas ‘Ndi-lin4 81v/(vv-02-Wv)d
s19804pAy Nd| paseq apLieyddeshjod
[99] 8ulI93UIBUS 3NSSI) 10J SPJOYRIS NdI-In4 unqy/vH
[59] Yimo.3 1132 10j sjelialewolg NdI-1was unqy/waoid
[#79] 9sea)al ulajold snoauejnuis ‘Ndi-11n4 aAIsuodsal Hd ‘udLIas Y)IS/YVYINd
[€9] Asaanap Snig 4S/YWYAd
[29] 9sea)al Snup pa)joajuo) 4S/wyvd
[19] WYVYdINd J0 Sa13aun| Suljjamsap Suirosdu lennuanbas ‘Ndi-11n4 4S/WyvdINd
[09] suoljedjdde Sujssalp punop snoaueynuis ‘Ndl-11nd (w:2uey0JpAH) 1owolse)s sueylainhjod /yW-39
1651 358331 UId)0Id NdI-lwas utajoid Aos/wyydINd
[8¢] au[dIpawW dA1jeIdUDSY NdI-1nj pue Nd|-1was VH/uage)j0)
[29] SupieauiSua anssi| lenuanbas ‘Ndi-11n4 4S/VW-39
[9¢] A1aanap Snip jesodnu jeiQ NdI-lwss siaquoueu 39/v¥Qd-93d
*sjoy suonesfddy ASajeus sisayjuis Annisuodsai/)jaSoapAH NdI

(ponupuo) T ajqer)



1711

E.S. Dragan: Advances in interpenetrating polymer network hydrogels and their applications

DE GRUYTER

‘utoiqiy 1is *4S *(uopljouAdiAuin)Alod ‘dAd

f(oyoie JAuin)Ajod ‘yad fydaeis oiejod ‘Sd ‘(apiwejhioeylaw)hjod ‘wyywd {(p1oe anhineylsw)hjod ‘yynd eiejhideip (102418 susjhyis)Ajod ‘va-93d (102418 ausjAyis)Ajod ‘934 {(a1e1h10E
-y1aw JAyleouiwe)Ayawip-N‘N)Ajod ‘WIvwad ¢(epiwejhineiAylaip-N‘N)Ajod ‘wyyaad ‘(eprojyd wniuowwejAylawipiAjeip)Ajod Oywavad ‘(p1ae d1uedse)Ajod ‘4syd ((a113uojAioe)Ajod ‘Nvd

{(apuojyd01pAy suiwe)Ae)Ajod ‘Hyd ¢(piwejAine)Ajod ‘wyyd (p1oe d1Ade)Ajod ‘yyd epiwejAioejAdoidosi-N ‘wyydIN pioe d1uodel ‘v ¢a1ejAioeylaw |AyreAxoipAy-z ‘vINIH ‘uesolyd

apuojyd wniuowwe)jAylswuyAdordAxoipAy-z “)JvH ¢p1ae atuoinjeAy ‘yH ‘unelss ‘3o tuipAyolojyaida ‘|43 91eydins ueaxap ‘SxQ ‘uesIxap X ‘wnipos 2euajopdip ‘sq ‘aiejhioe
-yjaw jAyeoujwe)Ayawip-z ‘WIVIWA ‘UeSONYd ‘S fuesolyd |AylawAxoqled ‘SHND (9s0)N)|ad |e1id3deq “)g (pPIIe D10ZUBCOPIZEe-f Y}IIM Paljipow S ‘S)-zy ‘pide djuojnsuedoid-T

-l1Aylaw-z-oprwejhioe ‘z-SdWY ‘areulSie ‘S)y ‘pide aiuoloqjAuaydopiwejhioe-¢ ‘ygdyy (9sojnj93jAyiaAxoipAy uo payelsS apiwejhioe ‘)3H-b-wyy ‘aplwejhioe ‘wyy :suoljeinalqqy

[611] sw)sAs A1aanjap Snip pue uoljesedsas uidjoid Nd|-1was anisuas aausew pue Hd ‘(0fa4+ur)AX)/ovvd
[811] J1X03}-uou pue djqepeisdaq NdI-lwas uedsjes/(YW3IH-02-wyyWa)d
[£11] aseajal Snup pajjosuo) snoaueynuis ‘Nd|-11n4 0g/wyvd
[911] SuieaulSus anssi} ul Spjoyyeds 1o walsAs Ataanap Snug NdI-1was 91BJINS U11104pUOYI /YWOD-VAd
[s11] swalsAs Aiaanap Sniug 1ennuanbas ‘Ndi-nn4 anlsuodsal Hd pue ainjesadwa) ‘WyydINd/9D
[711] swalsAs A1aanap Snip 10j jeijuslod Nd|-1was aAlsuodsal aunjesadwsal pue Hd ‘yyWd-b-ueusaSested-y)/wyyiad
[eTT1] suojjedfjdde |eaipawoiq 10} |e13U3}0d Nd|-1was ainjesadwa) Je asuodsal Jsey ‘ueusaselied-y/wyyidd
[z11] walsAs A1aAlap Snip 1o sjeldlew d)qeaseurw-1alep Nd|-1was dAd/VVd-6-OWD
[tT1] u242e1391 JO 9SED)AI PI)|04IU0D) NdI-1was JWD/Vvd
[oT1] dUJWeY]aWo1] I8)01033)] JO 3SBI]3I Pa])0J3u0) NdI-1was JWD/39
[60T] Swa)sAs aseajal pa)joiuo) NdI-1was 192/ WyvdINd
[801] suoneoiddeolg NdI-1was dSvd/vH
[201] $103enjdoe USALP-P]3ly 31433913 NdI-lwss VH/SdWvd
[901] Sunuudoiq loj sjersajewolq NdI-1was VH/YW3H-Xa
[soT] saAp o1uoned jo uondios NdI-1was Sd/wyvd
ainynouse
[701] Ul Sjeliajew duBUIIUIBW INISIOW S 10 S|eliajewolg NdI-1was Sd/wyvd
SwalsAs
[06] A1aanep Snip aaisuodsas aunjesadwal/Hd 10) |e1juslod Nd|-1was 19804pAy ouajoydwe ‘SHND/WIVWAC
[€oT] safp a1uoyed pue ojuojue jo uonydios enuanbas ‘Ndi-11ny pue ‘Ndi-1was SH/wyyd
[zoT] s19804pAy aAIsuodsalold9)3 NdI-1was SJ/VW3Hd
[101] uoljualal d111ses 10§ |e1IUIOd NdI-In4 YAd/SD
[ooT] 9AISIPE dAIBU SUIWIO) NYIS-U] NdI-1wss 93d/S)-2v
[66] sw)iy 1awAhjodolq 1oy jerjusod lenuanbas ‘NdI-lIny ‘NdI-1Wwas VAd/SD
[86] $10]enjde ‘dISNW eIy NdI-lwss JOVH/VAd
[26] suoljedljdde Suissaip punop Nd|-1was S)/1awexo)od
[96] A1aAnap Snip jeullsajulolisen NdI-1was speaq 93d/S)
[s6] Aianoe jeuseqiuy NdI-1was (81veN + SD)/VIW3Hd
6] SQ J0 9sed)al pa)j03u0d pue Suipeo) pajueyul ennuanbas ‘NdI-11nJ ‘NdI-1was SJ/WVVdINd
[€6] suonjesijdde |esipawolg NdI-lwas siaqlyoueu S) pue ‘SH/Wyvd
*sjoy suonesnddy ASajenss sisayjuis Ayaisuodsai/1aSolpAH NdI

(panuiuo) 1 a)qel)



1712 —— E.S.Dragan: Advances in interpenetrating polymer network hydrogels and their applications DE GRUYTER

focused on the reducing the limitations of hydrogels composed of poly(N-isopropylacrylamide) (PNIPAAm), such
as the lack of biocompatibility, deswelling rate, and mechanical properties. Synthesis of multi-responsive IPN
composite hydrogels, based on sodium alginate (SA) and PNIPAAm, constitutes one of the strategies adopted
by numerous groups to increase the porosity of the gels and thus to achieve gels with a faster response rate as
required for applications in the design of drug release systems [61, 71-75]. The loading capacity of the chitosan
(CS)/PNIPAAm IPN with diclofenac sodium (DS) increased compared to single network PNIPAAm hydrogel [72].
Semi-IPNs can more effectively maintain rapid kinetic response rates to pH or temperature, the benefits of IPNs in
controlled drug delivery like slowing drug release being preserved [18]. Compared to poly(N,N-diethylacrylamide)
(PDEAAm) single-network hydrogel, semi-IPN hydrogels having poly(N,N-dimethylaminoethylmethacrylate)
(PDMAEM) chains entrapped in PDEAAm network showed a slower drug release rate, which decreased with
increasing temperature, thus making them promising candidates for applications in smart drug carriers [49].

The method used for the synthesis of IPN could have also an influence on the swelling kinetics and drug
release, a higher thermosensitivity being observed for sequential than for simultaneous semi-IPN, because
the sequential strategy allows a better control of the morphology and mechanical properties of the IPN com-
posite hydrogels [42]. The sorption capacity for cationic dyes onto semi-IPN and IPN hydrogels based on
poly(vinyl alcohol) (PVA) and poly(AA-co-HEMA) prepared by Mandal et al. was lower on IPN than on semi-
IPN, situation attributed to the tighter network structure of the IPN [120]. Semi-IPN hydrogels composed of
gelatine (GE) entrapped in CS-g-PAA matrix showed very high sorption capacities for metal ions, and very
fast sorption kinetics, the presence of GE having also a positive role in increasing the mechanical strength of
the composite hydrogel [121, 122]. Wang et al. reported IPN hydrogels with enhanced adsorption properties
for heavy metal ions prepared either simultaneous, by free radical/cationic photopolymerization of 2-acryla-
mido-2-methyl-1-propansulfonic acid (AMPS) and DVE-3 [28], or sequential, with poly(PEGDA), and PMAA as
the two independent networks [53]. Adsorption capacity of the IPN hydrogels for the removal of Cu(II), Cd(II),
and Ph(II) has been compared with that of single networks. The sorption equilibrium was very fast compared
with the single network hydrogels [28, 53]. The adsorption capacity of simultaneous IPN hydrogels increased
with the increase of AMPS content in the IPN hydrogel, for all metal ions [28]. The adsorption capacity of
the sequential IPN hydrogels increased with the increase of PMAA content in the IPN hydrogel, a synergistic
complexation of metal ions with the two polymer chains being assumed [53].

The imprinting process renders the resulting polymer able to recognize and selectively bind the template
in the environment. Both molecular and ion imprinting process have been applied for the preparation of IPN
hydrogels with selectivity for certain species. Thus, a novel IPN hydrogel based on poly(acrylic acid (PAA)
and PVA, able to recognize 1-(4-methoxyphenyl)5-methyl-1,2,3-triazol-4-carboxylic acid (MMTCA), has been
recently reported [44]. The molecular imprinted IPN had good adsorption selectivity of MMTCA and excellent
reproducibility. Ion imprinted IPN hydrogels were recently synthesized and evaluated for their capacity to
selectively adsorb heavy metal ions. Thus, Liu et al. synthesized an ion-imprinting hydrogel (IIH) via cross-
linking of blended CS/PVA with ethyleneglycol diglycidyl ether using uranyl ion as template [123]. The most
significant results, which support the advantage of the IIH compared to the non-imprinted hydrogel, consist
of the selective adsorption of uranyl ion in a mixture with other heavy metals. A novel thermoresponsive
Cu(Il) ion-imprinted IPN [Cu(II)-IIH] has been recently reported [124]. The Cu(II)-ITH has been prepared by
free radical/cationic polymerization (simultaneous strategy) of NIPAAm and triethyleneglycol divinyl ether
using Cu(Il) ion as template. The memory was fixed by shrinking the gel above the volume phase transition
temperature (VPTT), and was deleted by swelling below the VPTT. The Cu(Il)-IIH showed a stronger affinity
for Cu(Il) ions than for other competing metal ions compared with the non-imprinted IPN hydrogel.

Characterization of IPN hydrogels

Structural parameters

Structural parameters like number average molecular weight between two cross-links, M, cross-link
density, p, and mesh size, &, defined as the maximum size of a solute that can diffuse through the network,
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of single network hydrogels are estimated either from the equilibrium degrees of swelling based on the
Flory-Rehner equilibrium swelling theory, or by the mechanical measurements of the elastic modulus, G
[15, 125-127]. As with other multicomponent polymeric systems [8], phase separation often accompanies
the formation of IPN hydrogels. The phase structure and morphology of IPN hydrogels determine their
physical properties and applications, and therefore it is important to control the phase-separated struc-
tures in a scale ranging from nano- to micrometer [60]. The extent of phase separation in IPN depends
on several factors, some of them being very important: concentration of each polymer component, cross-
linking density, and the ratio between components [5, 36, 42]. Cross-linking density strongly influences
the phase morphology of IPN owing to the competition between the tendency of phase separation and its
limitation by the chemical cross-links [5]. In the case of IPN hydrogels, differential scanning calorimetry
(DSC) measurements could evidence two Tgs, with the Tg of individual components often shifted toward
each other, this indicating a partial mixing of the networks [128]. Only one T, has been observed in the case
of PNIPAAm/Biomer [copoly(etherurethane-urea)] semi-IPN hydrogels supporting the mixing at molecular
level of the components [128]. Thimma Reddy and Takahara have modulated the compatibility between
components in a simultaneous IPN by the ratio between components [42]. Hernandez et al. have found
experimental T . values for PAA/PVA IPN hydrogels higher than those calculated based on the weight frac-
tions and the T, values of the component polymers [36]. At low PVA concentrations, the PVA and PAA in
semi-IPN hydrogels have been compatible, but at high concentrations of PVA phase separation occurred
[36]. The high Tg values have been ascribed to interactions between the constituent polymers of IPN which
act as physical cross-linkers, in consequence reducing the segment mobility. The presence of two peaks
in the DSC traces has indicated phase separation in the case of porous P(VP-co-MAA)/PNIPAAm semi-IPN
hydrogels [37]. The presence of only one and narrow transition indicates molecular compatibility between
chitosan and PVP in the IPN composite beads [129].

However, the evaluation of the structural parameters in a complex system like IPN hydrogels, contain-
ing three components (two polymers and water) with their interactions, has been also performed both for
semi-IPN [106, 128, 130-133], and full-IPN [29, 134], mainly in the systems with a high level of compatibility,
demonstrated by the presence of only one T..

Estimation of structural parameters from equilibrium swelling

The number average molecular weight between two cross-links, M_, was calculated with Eq. (1) [15], taking
the PEG/PAAm IPN hydrogel as an example [29]:
1 2 (v/‘/1)[ln(1_v2,s)+U2,5+X1v;s] W
M, M, v (v, /v,) (v, [2v,)

where: ]\7IC is the number average molecular weight between cross-links, A7In is the number average molecular
weight before cross-linking, v is the specific volume of the polymers (0.893 cm? g™ for PEG and 0.741 cm® g™
for PAAm), V, is the molar volume of water (18 cm® mol™), and y is the Flory-Huggins interaction parameter
of polymer-water (y,,, = 0.426, ,,,. = 0.48). For the calculation of ]\7[c for the IPN hydrogel, values of each
parameter were obtained using the weight average of values for PEG and PAAm. v,, and v, are the volume
fractions of polymer in the relaxed gel and swollen gel, respectively, and are defined as: v, =v v, v, =v v,
where v, is the volume of polymer, v, is the volume of relaxed gel immediately after the gel preparation, and
v_is the volume of swollen gel.

The mesh sizes of the networks, &, has been estimated with the Eq. (2) [15]:
E=(7) "V, @

using the values of end-to-end distance of the polymer chain in the unperturbed (solvent-free) state calcu-
lated with Eq. (3)
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(7)Y =1(2(M_ | M,))"*C"" 3)

where [ is the C-C bond length, typically 1.50 A, M_is the molecular weight of the repeat unit, and C_is the
Flory characteristic ratio (C_ .. = 4.0, C =8.5) [29, 126].

n,PEG n,PAAm

Estimation of structural parameters from equilibrium shear modulus

The theory of polymer networks predicts that the equilibrium shear modulus G, for polymer gels obtained by
cross-linking copolymerization can be expressed as [127, 133]:

[ @
where: ]\7Ic—the average molecular weight between cross-links, f-the functionality of the cross-links (f = 4
for tetrafunctional cross-linkers), pp—the polymer network density, R—the gas constant, T—the tempera-
ture, v, —the swollen polymer volume fraction (polymer volume fraction after swelling), and v, -the initial
polymer volume fraction (polymer volume fraction immediately after cross-linking but before swelling). For
diluted systems (Phantom networks), the front factor, (1-2/f), is equal to 0.5 [127, 133]. v, and v, have been
calculated with Eq. (5) and (6), respectively [125]:

v, =(w, [p ) ((w, —w )/ p,)+(w,[p)] (5)

v, =(w, [p) /1w, —w)/p,)+(w, [p)] (6)

where p —the density of water at room temperature, p —the polymer network density (pp was equal to 1.35 g/
cm’ for PAAm gels and 1.25 g/cm’ for semi-IPN PAAm/DxS composite gels), wp—the weight of dry hydrogel,
w, and w, —the total weight of polymer after synthesis and at equilibrium swollen states, respectively.

For homogeneous network of Gaussian chains, the cross-ink density, v,, which is the effective number of
flexible network junctions per unit volume (mol/cm?®), can be estimated by Eq. (7) [132, 133]:

v.=p, | M, @

The values of the structural parameters estimated by the above equations are helpful in understanding which
factors most contribute to the hydrogel properties [134]. Cross-link density, v,, reflects the effect of swelling
on the modulus and provides a better basis for comparison the network structures than the modulus alone
[134]. Also, as stated in the literature, the thermodynamic swelling experiments provide more reliable results
for the M_than the viscoelastic modulus [127].

Porosity

Swollen state porosity, P, and total porosity, P, (%) of macroporous hydrogels have been evaluated with Eq.
(8), and Eq. (9), respectively [135-138].

P =1-q [1+(q,-1)d,/d]" 8)
P=(1-d, /d,)x100 ©

where: g =(D, /D dw)3 is the equilibrium volume swelling ratio, g, =(m_/m dry) is the equilibrium weight swelling
ratio, D, and D, are the diameters of the equilibrium swollen and dry gels, respectively, m and m,  are the
weight of gels after equilibrium swelling in water and after drying, d, is the density of solvent (water), d, is the
density of polymer [135, 137], d, =m ity /( :rDjry l ity / 4) is the density of porous network, where [ ity is the length
of cylindrical gel in the dry state.
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Advances in the synthesis of IPN hydrogels

The high water content is responsible for the low mechanical properties of single network hydrogels. Taking
the advantages of the IPN technique, novel architectures have been lately developed to increase the mechani-
cal performances, the response rate at external stimuli, and to control the structural parameters of hydrogels.

Controlling structural parameters

Mesh size and mechanical properties are essential characteristics considered in evaluation of hydrogels used
as scaffolds in cell culture or tissue engineering. The mesh size values estimated by the methods presented
above are an average of the statistical distributed pores in conventional hydrogels prepared by chain-growth
polymerization. Generation of hydrogels with tailored mesh size by thiol-ene photopolymerization has been
lately developed [126, 139-142]. Radical mediated step-growth reaction between thiol and norbornene moie-
ties has been first utilized by Anseth and coworkers to create uniform and degradable PEG-peptide networks
[139]. The thiol-ene coupling chemistry is cytocompatible, controllable both spatially and temporally, with
the advantage of a high conversion of functional groups, being also a facile means to control the structural
and mechanical properties of hydrogels [139, 140]. To better understand the chemistry-structure relation-
ship, Yang et al. have recently prepared a library of PEG hydrogels using the benign UV initiated thiol-ene
coupling strategy [126]. PEGs of different length functionalized with diallyl, dithiol, and dimethacrylate have
been cross-linked with complementary trifunctional compounds. The M_ increased proportional with the
PEG chain length (M_was 3104 g/mol for PEG of 8 kDa, being about four times lower for PEG of 2 kDa). The
mesh size increased with the increase of PEG molar mass, ranging from 3.7 nm for PEG of 2 kDa to 9.5 nm
PEG of 8 kDa. The hydrogels prepared from PEG-diallyl, with molar mass ranging from 2kDa to 8 kDa, cross-
linked with trimethylolpropane tris(3-mercaptopropionate) (TMP-tris-thiol) have been used as scaffolds for
the preparation of a library of sequential IPNs [141, 142]. For generation of the second network, the precursors
have been allowed to diffuse into the first network for a certain time, followed by the exposure at UV light
for cross-linking [141]. It has been observed that IPN hydrogels had a lower swelling degree than the primary
networks, the decreasing being higher for lower PEG chain length. This behavior showed that shorter PEG
yielded higher cross-linking density of the secondary network and can be used as means to manipulate the
water content in IPN hydrogels. The structural parameters and mechanical properties of the IPN hydrogels
have been further manipulated by the time diffusion of the secondary network PEG precursors [142].

IPN cryogels

In addition to the IPN strategy, several techniques have been proposed to increase the mechanical strength
and the response rate of hydrogels, among them the generation of interconnected pore structures within the
hydrogel matrices being of interest. Macroporous hydrogels are usually prepared by: cross-linking polymeri-
zation in the presence of pore-forming agents, when a microphase separation occurs [143], porogen leaching
[144], cross-linking in the presence of substances releasing porogen gases [145], and lyophilization of the
hydrogel swollen in water [21, 103]. Another technique is cryogelation, in which the cross-linking polymeri-
zation reactions are conducted below the freezing point of the reaction solutions, when the most part of the
solvent (water) forms crystals, the bound water and the soluble substances (monomers, initiator, polymers)
being concentrated in a non-frozen liquid microphase, where the gel is formed [146-150]. Advantages of cryo-
gelation consist of the absence of any organic porogen, the ice crystals playing the role of inert template, the
microstructure of the gel being the negative replica of the ice crystals. Moreover, compared with the other
macroporous hydrogels, cryogels are endowed with a high mechanical stability. The unique feature of cryo-
gels consists of their interconnected macropores (with sizes between 1 and 100 um), which allow rapid and
non-restricted mass-transport of any solute. Cryogels are endowed with a capillary network through which
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the solvent can flow by convective mass transport, and a high osmotic stability, which make them adequate
materials for various biomedical applications and bioseparations [148, 149]. IPN cryogels based on two syn-
thetic polymers [151], or composite IPN cryogels based on synthetic polymers and either polysaccharides
such as: dextran (Dx) [137, 152], dextran sulfate (DxS) [133, 138], CS [153-155], potato starch [156, 157], and
salecan [158], or protein [159] have been recently reported. IPN composite cryogels have remarkable mechani-
cal stability under compression [138, 153, 158], being suitable materials for biomedical applications [153, 158,
159], and separation of various ionic species [154, 155, 157].

The porosities of semi-IPN PAAm/Dx [137] and semi-IPN PAAm/DxS [138] cryogels, synthesized at —18 °C,
have been evaluated and compared with the values found for conventional semi-IPN hydrogels (preparation
temperature +20 °C). It was found that the swollen state porosity, P, estimated with Eq. 8, was about 44 % for
the hydrogels with a cross-linker ratio of 1/80 formed at +20 °C, while it rapidly increased with decreasing the
preparation temperature being 94 %, for cryogels with the same cross-linking degree. The dry-state porosity,
P, calculated with Eq. (9), gave results similar with those found for P, only in the case of the composite cryo-
gels, while for conventional hydrogels the values were much lower (~33 %). These results support the stable
porous structure of cryogels, which did not collapse during deswelling or drying [138].

PAAm/CS IPN cryogels, prepared by selective cross-linking of CS entrapped in PAAm as the 1% network,
demonstrated a high efficiency in separation of dyes oppositely charged (methylene blue, MB, and methyl
orange), a high capacity to adsorb MB (up to 750 mg/g cryogel, at 25 °C), and a high level of reusability in
consecutive sorption/desorption cycles [154]. Multiresponsive semi-IPN composite cryogels were prepared by
the radical copolymerization of AAm with N,N’-methylenebisacrylamide (BAAm) in the presence of native PS
or anionically modified PS (PA), under the freezing point of the solvent (-18 °C) [156]. All composite cryogels
presented a super-fast swelling, the main difference consisting of the time necessary to attain the equilibrium
swelling, this being around 30 s in the case of PAAm/PS gels and 15 s in the case of PAAm/PA gels, at the same
cross-linker ratio [156]. Semi-IPN PAAm/PA composite cryogels adsorbed MB from aqueous solutions up to
444 mg/g gel. The sorption capacity has been further increased up to 667 mg MB/g gel, at 25 °C, by controlled
hydrolysis of PAAm matrix [157]. No loose of the sorption capacity was observed after six consecutive sorp-
tion/desorption cycles, behavior which differentiate them on the conventional semi-IPN hydrogels having the
same components.

IPN hydrogels with mechanically enhanced properties

Mechanically enhanced IPN hydrogels as “double networks” (DN), promoted by Gong et al. have attracted
great attention last decade due to their potential for biomaterials, mainly as replacement of natural cartilage
[160-166]. The particular feature of this new type of IPN hydrogels, characterized by high resistance to wear
and high fracture strength, consists of the preparation first of a densely cross-linked polyelectrolyte network
(rigid skeleton, minor component) (PAMPS), the second network being a neutral and loosely cross-linked
network (major component) [160, 162]. The molar ratio between the first and the second network, and their
cross-linking degrees are the crucial structural parameters which determine the mechanical properties of
these gels. The molecular weight of the second network (PAAm) has a determinant role in the enhancement of
the mechanical properties of DN hydrogels, a molecular weight of 1 x 10° g/mol being found as optimum for
self-entanglement of the PAAm chains [160]. The toughness of the DN hydrogels has been further increased
by creating spherical voids in the 1* network (silica nanoparticles which have been removed), the 2°¢ network
(PAAm) being generated in the presence of void PAMPS gels to obtain void-DN gels, which have a hard body
(PAMPS/PAAm), and the soft spherical PAAm [163]. The excellent mechanical performances of DN hydrogels
originate from the synergistic effect of the networks: the first network serves as source of sacrificial bonds.
It breaks into small clusters, which disperse the stress around the crack tip into the surrounding damage
zone, while the PAAm ductile chains act as hidden length, which extend to sustain large deformation [162].
The cross-linker concentration in the first network is a critical parameter, a small amount of residual double
bonds would remain in the PAMPS network when the concentration of BAAm has been ~0.01 mol%, and
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interact with AAm to form chemical cross-links between the two networks [165]. Among various DN hydro-
gels developed by Gong et al., which have been tested for biomedical applications, the DN gel consisting of
PAMPS and poly(N,N-dimethylacrylamide) is the most promising material for artificial cartilage, because it
has exhibited an exceptional wear property [162].

Unlike the DN promoted by Gong et al., in the case of the PEG/PAA DN hydrogels developed by Myung
et al. the 1% network is a tightly cross-linked neutral network (PEG-DA), interpenetrated with a loosely cross-
linked ionic network (PAA) as the 2°¢ network [17, 167, 168]. The interaction between the independently cross-
linked networks within the IPN has been varied by changing the molecular weight of PEG macromonomer,
the ionization degree of PAA by changing the pH, and increasing the polymer content in the PAA network
[167]. The hydrogel physical properties have been tuned by the network parameters and the swelling condi-
tions, materials with water content between 58 and 90 %, tensile strength between 2.0 MPa and 12 MPa, and
initial Young’s modulus between 1.0 MPa and 19 MPa being thus prepared. Under physiological pH and salt
concentration, these DN hydrogels presented “biomimetic values for Young’s modulus, being very promising
candidates for artificial cornea and cartilage [167, 168].

Other strategies focused toward improving the mechanical strength and the stimuli responsiveness of
hydrogels have been lately reported [169-172]. Thus, multi-responsive polyampholyte composite hydrogel
with excellent mechanical strength and rapid shrinking rate have been recently synthesized by Xu and cow-
orkers, in two steps [169]. Firstly, microgels of PNIPAAm as core and poly(vinylamine) (PVAm) as shell have
been synthesized via surfactant-free emulsion polymerization with N,N-methylenebisacrylamide (MBAAm)
as cross-linker. Acrylic acid (AA), acryloyloxyethyl trimethylammonium chloride and AAm have been grafted
on the surface of microgels in the presence of MBAAm as cross-linker. The first network, with low mechanical
strength, has been constituted from cross-linked ungrafted polyampholyte chains, while the second network
consisting of core-shell microgels with grafted polyampholyte chains had excellent mechanical strength (the
compress strength of the composite hydrogel being up to 17-30 MPa). Such hydrogels have potential for appli-
cation as substitutes for cartilage due to their remarkable mechanical strength and in drug-controlled release
owing to the rapid response rate [169].

Dai and coworkers have recently reported fabrication by sequential strategy of mechanically strong con-
ducting hydrogels composed of PAAm with a concentration of 5 mol %, as the first network, and the semi-
IPN hydrogel, constituted of poly(3,4-ethylenedioxythiophene)-poly(sodium styrenesulfonate) (ionically
cross-linked with Fe3*) (PEDOT-PSS), as the second network [170, 171]. It was found that to attain optimal
mechanical properties a high EDOT concentration, which determined the value of the fracture stress, and
an EDOT/PSS molar ratio <1.0, which induced a homogeneous microstructure and a high fracture strain,
have been required. The potential application of these DN hydrogels as electrochemical actuators has been
discussed. pH and temperature responsive DN composite hydrogels having PNIPAAm as a tightly cross-linked
1st network, PAA as loosely cross-linked 2" network, and graphene oxide (GO) as an additive have been pre-
pared by Li and coworkers [172]. The as prepared composite hydrogels exhibited fast response at swelling/
deswelling and much better mechanical properties than conventional PNIPAAm single-network hydrogel.
The average pore size in PNIPAAm/PAA/GO hydrogel was about 3 um, which further decreased with the
increase of the PAA content. The composite DN hydrogels did not break even at a stress of 56.3 MPa and a
strain of 94.9%, and furthermore, recovered their original shape in a few seconds after the load release [172].

Highly stretchable and extremely tough hydrogels have been recently fabricated by Suo et al. [173-176].
These IPN composite hydrogels, consist of a covalently cross-linked network (PAAm) and an ionically cross-
linked Alg network, and have been prepared by a simultaneous strategy. The as prepared hydrogels could
be stretched beyond 20 times and achieved fracture energy as high as ~9 kJ/m? [173]. The hydrogels cross-
linked with trivalent cations have been much stronger than those cross-linked with divalent cations [174].
The mechanisms which explain the exceptional properties of this composite gel consist of: (i) the ionically
cross-linked alginate component provide the energy dissipation upon straining, (ii) the long PAAm chains
ensure the crack bridging and maintenance of mechanical integrity once the ionic cross-links are broken, and
(iii) the secondary cross-links formed between Alg and PAAm network force transfer between them [174, 175].
Implantation of these IPN hydrogels into subcutaneous tissue of rats led to mild fibrotic encapsulation and
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minimal inflammatory response [175]. To simultaneously achieve high stiffness and toughness, Alg with short
and long chains have been combined, IPN composite hydrogels with elastic moduli of ~1 MPa and fracture
energies up to ~16 kJ/m? being obtained at a high ionic cross-link density [176].

Conclusions

As can be seen in Table 1, the conventional IPN hydrogels have a wide impact in the biomedical field, mainly
in drug delivery systems. For this purpose, very important is the hydrogel responsiveness at various external
stimuli, mainly at pH, temperature, ionic strength, electric field, light. Mesh size and mechanical properties
are essential characteristics of hydrogels considered in their evaluation as scaffolds in cell culture or tissue
engineering. Therefore, a great deal of attention has been devoted last decade on controlling these proper-
ties. Starting with “double network” strategy, various techniques have been developed to generate hydrogels
with enhanced mechanical properties which make them similar with natural cartilage. Highly stretchable
hydrogels, up to 20 times their initial length, with fracture energies up to ~16 kJ/m? have been recently fabri-
cated and found as very promising as load-bearing materials.
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