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Abstract 

Hydrogels are promising materials for soil amendment and moisture conservation due to their 

high water holding capacity. In order to release more water from hydrogel structure at the designated 

temperature, the hydrogel needs to be designed with thermoresponsive function. Here, we propose the 

concept of thermoresponsive copolymer hydrogel so that the lower critical solution temperature (LCST) 

leads to polymer chain collapsing to squeeze hydrogel matrices and allows water to be released. The 

present work demonstrates the molecular design and synthesis of dual-crosslink hydrogel based on 

poly(N-isopropylacrylamide)-co-polyacrylic acid (PNIPAM-co-PAA). The present work covers the steps of 

hydrogel synthesis and chemical structure characterization, the LCST investigation, including the 

thermoresponsive performances in the soil model case study. 
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(polyacrylamide) 'V'lel�eJ:::A�fael61l\il (polyacrylic acid) 'V'lel�hwmLel'1f1ele1el� (polyvinyl alcohol) le1l\il1L'1"�1� 

mm1t1nmnutl11�mf1f1'J7 100 L'\ll7 Vl�elel7'1i:i-!I 1,000 L'Vl7'!Jel-!ltl7Vl'Uf1'V'lel�Ll.Jelfavf-:i 

HOttermann LL":::viiJ1'<ijc.J 2 ( 1999) ?if1'\'}7f11jL�l.J le1 l\il1L '1'11'U�'UL �el�\il nm f171elci1el\il'llel-!l�'Uf1a7?t'Uelb'1'U 
'U 

rn (Aleppo pine) (zjel'\111-!11'\llc.J71"\7?tM{ Pinus halepensis) �el�b'U?!fm:::LLvi-:iLLa-:i l\ilc.Jf1711'1fl.e11\i1Wil"�\iltl1fi-:ic.J1\il 

(superabsorbent hydrogel) zj,:iiJlA1-!1?!�7-!1Ltl'U'V'lel�el:::A�m'll.llil (polyacrylamide) �lJf171Lzjel:l.J'll17-!l�-!I LL'1:::iJm1 

'le1llil11'1s&'llel-!IVl�LeJ'll-llil (amide group) L'U'UVl�A7foeJf161l�f1 (carboxylic group) tl1:::mru�elc.J'1::: 40 'llel-!IVl�'W-:in-lr'U 

Bm7?11'U'llel-!1le1l\il1L'1"m'U �el �elc.J'1::: 0.04 0.08 0.12 0.20 LL"::: 0.40 'llel-!ltl7vt'Uf1�'U LL'1:::�'Um'Ub'Uf111?if1'l'}7l!'Ubtl'U 

�'U'\1117c.J (sandy soil) �1�m'17f1Vl�l.J'\1117c.J�tl1:::L'\lll"\Lc.Jel1il'U zj-!l'Uelf1'17f1'1:::iJtJ1mruA17l.J('U1'U�'U�7LLa1 1'U�'UfJ-!llJ 

157�el7Vl711 m:::\i1'1.J�7Bf1�1c.J l\ilc.J�'1f111?if1'\'}7'V'l'I.J17 A17l.J?t7m1t11 'Uf171Lnuf f1'l'}7tl7LL'1:::tl1mrutl11 'U�'UlJ�'1 l\ilc.Jm-:i 

'17 f1elM17 ?11'U'llel-!1'le1 l\il 1 L '1'1� L �l.Jt'U vh 1 vi�'U na7'llel-!l?!'U'IJ'W\il \i),!jf1i;l71?!7l.J 71tiel ci1el\ill�m'Ut'U �-:idl�n m 1?1 f1'l'}7 

?11m1t11 'Uf17j'LJ"\il'Ui;lelc.Jtl7 (water release) 'llel-:ile1l\il1L'1'11 'Uviel-:itl5u�f17j zj,:iy,iu11 le1l\il1L'1"��l.J\Pl1?!7l.J7jt) 

'U'1\il'Ui;lelc.Jtl7 l\ilc.Jf17jVf\il\Pl1 (shrink) 'llel-!1 lflj,:J?{�7-!1 ll.JL'1f1" lv1L vlc.J-:i�elc.J'1::: 50 'llel-:itl1mc.J 1 'U lA1-!1?!�7-!IL'V17'1'U ' 

'17 f1 f17j'VJ'U'Vl'J'U'Jjjillf1Jjl.J�b�c.J1'Uel-!I nu �'1'lJel,:Jf17j b�l.JleJ l\iljb '<i)G'j",:J 1 'U�'U�el � "I, 'U?!.fl71� bb vf-:i bbGl-!I 'V'l'U17 le1 l\ilj 

b"\IG'J�,:Jf1i;l7'J?!7l.J7jtJb vliJtl�m rutl1�n mnu'l 11 'Utl7 l�� bb�?!7l.J7jtJtJG'l\iltli;leJ ml1 'l� b vlc.J-!l�elc.JG'l� 50 'll'eMtl�mrutl1 

�-!IVll.J\il 1 'U 1m-:i?!�7-!l'lJ'e),:J 1� 1m b"\1'1�l.J\,)'J zj,:ivh 1 vf ?11mjt1�\ilJ:::cJ�b 1m'lJel,:Jf11jel �j el\il'llel-!l�'U'lm� b vlc.J-!lb� f1,J'e)c.J �-:il!'U 

1 Zohuriaan-Mehr, M.J. and Kabiri, K. 2008. Superabsorbent polymer materials: a review. Iranian Polymer Journal. 17(6): 451.

2 H0ttermann, A., Zommorodi, M. and Reise, K. 1999. Addition of hydrogels to soil for prolonging the survival of Pinus halepensis 

seedlings subjected to drought. Soil & Tillage Research. 50: 295-304. 
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'\JU m \91� n m1 !:J � 6'11l.J1 'j tl rl'J'U �ii m !:J el UJVI .IJ lJ'Ue) �6'1.f111� Lb 1 \91 �e)lJ'U'U 1 i:-.11'U m�U'J'U f11 'jf11 'j \,le) Ul:l'Uel � \,le"Jel UJVI .!Jl-l 'U e) � 

brl1�6'1{1wrnLr1iJ Lvfo·fo�16'1lJ��J1'UeJ��'U 'Uelf1'<il1f1il'j1f11,1'U 1lJtJ�l:11l.J1'jtl'lJeJ'U1 'llb 'LJ11 tfl 'Ub'<il�0f1v71!:J 

v111:J�m'UeJ�Ut1JV11LL��LL mm1iifil?li1 �1'Ui�1:Jil��t,1eJ�f11'j�'<il�iw.im 1e111?l'jL'<iJ�'<il1n 1 u le:ivrn�LiieJ{�l:!1m'jt1 

nmnuJ1 b � e) 1 � bfl\?lrl11lJ'UlJ�'Ubbfl�'U bl?l!:J'V11f11'jf1f1�1 Lb��?(� b\"l'j1��leJ b\91 'j b '<i) �'<il1 f1 brl'j �6'1�1�17 �Lb Vl'V'l e)� bl.le) fo '\JU 

11�LLVIG'leJ�t'U (dual-crosslink hydrogel) �m'<il1f1'V'lel�LlJB{11ii (copolymer) WVl17�LS'W-1B b61f'V'l'jeJ'W�B�r1�m1iivi 

(N-lsopropylacrylamide; NIPAM) LL��ml?lB�rl��f1 (acrylic acid) zj� PNIPAM b'U'U'V'lel�LlJB{�iJV1�'V1�ni'W�'lleJUtl1 

bb��iJrl'J1lJ6'11l.J1'jfl 1 'Wf11'jnn LnUt11 0nvY�iJrl17:W?l7l.J1'jfl 1 'Wf11'j(,leJ'U?i'Uel�\,leleJUJVl.fliJ (thermoresponsive) 'V'lel�b:WB{ ' " 
lii'�n�11ilf17'jbzjell-l'U17� (crosslink) v111:Ji'Uu�'Vl1�Lr1iJ?1eJ�t'U 1v1Lbfl (1) ?11'jbzjell-l'U17� (crosslinker) LS'U,LS'U'-Ll-l'YWi'W 

'U?IB�rl���1iivi (N,N'-methylenebisacrylamide; MBA) Lrn� (2) i'Wu�11?l•1fo1'wvi (disulfide linkage) �m'<il7f1f11'j 

lil \91 Lb 'UM brl 'j�?I{ 1� Lrlil (chemical modification) 'Ue) �VI� v1� ni'W vl'J !:Jb:Welbbrl'Ub\,l bel'Yl7'Uel � (mercaptoethanol) 

�1'U1� cJ ti'�r1'jeiur1�ii f17'j'W?i'<il'W'Yl'j7U'Yl1� 1m �?1{1� 'j'J:Wtl� f17'j'Yll?l?!Bu'VY� 1 'U�ei�,J nu� f17'j mi� m r16'1t11iiv11 cJ 
' " :;,I 
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n11'Vl'U'Vl'l'W'l1'HlJff'S'~·wa11am'Vlft (information) vib~El'l6Uel~ 

2.1 1eJb\9l'Wilf;t (hydrogel) 

il ~.J~QJ .:::{~~' I~') I ,:;!li./ 'fr Q.Jc;f 

f1'Wlil1cl'elcl 'U'U1'VlL 'U'Uvnmn:i LLi;l~:W'U1 L 'U'U'el-:Jfl'l.h~fl'el'U'elcl.f11cl b 'U br11-:J'1l1 cJ:lJ1fltl-:J'a'elcli;l~ 90 b\9lcl'U1Vl'Ufl3 lil-:JL Vl:l-11~1:1:W 
~ ~ 

~'elfl1Tlh~ cl nvi1 m 'U'Vl1-:i:ihm'\'l J-:iirle1 LVl'aL lili;li:11:l-111mL 'U-:J'el 'elfl vl1:W'el-:Jfl'lh~ fl'el'U'll 'el-:J'\'l'el~ L:WeJ14 1,~vi'-:id 
' 

1) beJL\911Llili;ILL'U'UbeJL:w'\'l'el~L:WeJ1 (homopolymeric hydrogels) A'el -;l1-:iLLVl'\'l'el~L:WeJ1~:w:weJ'U'elL:WeJ1V~cJ-:J 

'l.l'Wvi L~ cJ1 1vi cJ';J1-:i LL Vllil-:J mh1L tlu Lfl1-:i1:1~1-:ieJ tl1-:i~1 cJ~~\91 L~eJ L vicJ'Un'U-;!1-:iLL Vl~'U 1 1e1 L:W'\'l'el~ L:WeJ1eJ1lil:wLfl<a-:i1:1~1-:i'\'leJ~ 

L:WeJ1 (skeletal structure) Ltl'U\ll1L'lieJ:w'1J11-:i J-:idtun'U'o<a<a:W'l.11&i'1JeJ-:J:WeJ'Um:weJ{ (nature of the monomer) LLi;l~ 

1fifl11'\'leJfo:WeJTI WIJ'll''U (polymerization technique) 

2) beJLVl'aLlili;ILL'U'ULfl'\'leJfa:weJ{ (copolymeric hydrogels) A'el -;l1-:iLLVl'\'l'el~L:WeJ1~'ll<a~fl'el'U~1cJ:W'el'U'elL:WeJ1 

~-:JLL~ 2 'l.l'W\9ltu'l'll ~:W'el-:Jfl'U'a~fl'el'U~Ltl'U'le11vi-avl~n (hydrophilic) eJV1-:J1.J'elt.l 1 'l.lilvi L\9lcJfl11~\9lL1cJ-:J~1'1lel-:J'\'lel~L:WeJ1 

LL'U'U~1-:i1 'l~LLfl Lfl'\'l'el~:WL:WeJ{LL'U'Urj:w (random copolymer) Lfl'\'lel~L:WeJfa'U'Ufltj:w (block copolymer) LLi;l~ Lfl'\'lel~ 

L:WeJ1LL'U'Ui:l~'U (alternating copolymer) 

3) beJLV1'aLlili;1-;l1-:iLLVl'\'lel~L:WeJ1LL'U'Ui:leJVl'l'1J1 (interpenetrating polymeric hydrogels; IPN) Ael -;!1-:iLLVl'\'leJ~ 

L:WeJ{~?1'1r1i;y 1vicJ'le11m L lili;1\il-:Jfl~11'\.J1~ fleJ'U~1 cJ'\'leJ~L:weJ1~:wm-aL 'lieJ:w'1J11-:i 2 'l.l'Wvi~L tlu€i1:1-a~~eJfl'U eJtj1 'UJ'U'lleJ-:J Lfl<a-:i 

-;l1-:iv11'1J1 cJ J-:i~:Wel-:JA'U'a~ flel'UL tl'U'\'lel~L:WeJ161-:i Lfl11~1'1 (synthetic polymer) LLi;l~/Vl~el 'l'lel~ L:WeJ1v11:wu11:w'l.11&i 

(natural polymer) 'Uelfllil1nilV11fl:W'\'leJ~L:WeJ1~:wm-aL'lieJ:w'1J11-:JL'VicJ-:J 1 'l.l'WVl lil~L1clfl 1e11mLlilm1u11 beJL\1l'aLlili;1-;l1-:iLL VI 

'\'lel~L:WeJ{LL'U'UM-:i1:1eJ\1l'l'1J1 (semi-interpenetrating polymeric hydrogel) 

'Uelfllil1flffieJLV11Llili;ltl-:Ji:11:lJ111:lLL'U-:Jvl1:W'l.l'WVl'llel-:Jfl11Lzjel:W'1l11-:J (cross-linking) \il-:Jil 

1) beJL\911Llili;l~Lzjel:W'1l11-:J\il1cJi'Uu~fl1cJ.f11'\'l (hydrogel crosslinked by physical interaction) Ael -;!1-:iLLVI 

~Lf1\9llil1 n m<aL 'lieJ:w LcJ-:J'lleJ-:J'\'leJ~L:w eJ1~1 cJm~mum-aV11-:im cJm'l'l L -tlu n1111:w fl'U'1leJ-:Ji:11<a'll-a~ fleJ'U~L tlu 'le11vi-a 1 'V'l-On 

(hydrophobic association) fl1<aLnvi1:111L;;J-:i•ifom~w11-:i'leJeJeJ'ULLi;1~'\'leJfo:WeJ1 (ion-polymer complexation) fl1<aLnvi 

i:111 L :U-:iieJm ~Vl11-:J'\'lel~ L:WeJ1 LLi;l~'\'l el~ L:WeJ1 (polymer-polymer complexation) fl11 Lfl1~ ntj:w'lleJ-:Ji:11 cJ 1 'li'l'leJ~L:WeJ1 

3 Ward, M.A. and Georgiou, T.K. 2014. Thermoresponsive Polymers for Biomedical Applications. Polymers. 3: 1215-1242. 

4 Ahmed, E.M. 2015. Hydrogel: Preparation, characterization, and applications: A review. Journal of Advanced Research. 6: 105-

121. 
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(chain aggregation) W'Wu�1�1�·WiJ'W (hydrogen bonding) b'U'W�'W .Jf-:idrn1Lzjell.1'1l11-:J'Vl1-:Jfl1tl.fl7'V'li!'W Ll1'Wfl11bzjell.l 

'1J11-:J��1m1t1li'eJ'Wn6"u1� (reversible crosslinking) 'eJ'Wb�eJ-:Jm';i]1f1fl11b'U�tl'Ubb'UG'l-:Jl"lel'W'Y-lel{Ll.li'W (conformation)5 

Pores in Hydrogel 

Hydrogel 

' 

' 

2) b[!1�1b';i)G'J�bzjell.1'1l11-:J�1t.lW'Wu�'Vl1-:Jbl"l:U (hydrogel crosslinked by chemical interaction) Rel 11-:Jbb'VI

�bf1�';i)1f1fl11b zjell-11t.1-:i'1JeJ-:J'V'lel�bl.leli�1t.1m�murn1'Vl1-:iLr1:u 6if-:iL�t.11'LJeJ-:inuwuu� 1m 1LG'l'W\il (covalent bond) .Jf-:i� 

Ln�t'W'Vl�ell.lfl'Ufl11'V'lel�bl.lelTI w11-lru (simultaneous polymerization and crosslinking) bbG'l�fl11bzjell.1'1l11-:JVl6"-:irn1 

Vlelfol.leJTI Wll-lr'W (post-polymerization chemical crosslinking) .Jf-:idrn1L zjell.1'1l11-:J'Vl1-:Jbl"l:Ui1'W b tJurn1L zjell.1'1!11-:J� 

1lJmm1t1eJel'Wf1�'U 1� (irreversible crosslinking) B'Wb �mm';i)1f1fl11b 'U�tl'Wbb 'UG'l-:Jl"lel'Wvl�L 1-lru (configuration? 

2.1.1 1[!1�}b';i]G'J��J'1�-:it.11� (superabsorbent hydrogel) LLG'l�b';i}G'J��J'1 (hydrogel) 

'Vlel�bl.lel{��J'1 'Vll.11 t.15-:i Vlelfal.leJ{ b zjell.1'1l11-:J�:U'VllJ'W-:Jf1i'W�'l.lel'UJ'1 b'U'W 'V'lel�el�rl1G'l11l-l� � � 

(polyacrylamide) 'Vlel�el�r1��rn61l� (polyacrylic acid) 'VleJ�hwmLeJG'lneJ�el� (polyvinyl alcohol) 'VleJ�n�miJmeJ 

61l� (polyglutamic acid; PGA) (�u� 2.2a) �1m1t1��;l-lJ'1V1�el'1Jel-:Jb'VIG'l'"Jb'LJ1hflu1r11-:i11-:ibb'Vlb�b'U'Wlil1'W1'Wl.11f1el1';i)5-:J 

1,000 b'V11'1Jel-:JJ'1V1Uf)'Vlel�bl-lelfavi-:i b'U'W 'V'lel�bl.leJ{11l.l (copolymer) 'j�'\1111-:J'Vlel�el�rl�G'l11l-l�fl'U'V'lel�el�rl��mel61J� � 

b�t.lf)11 1�1�'jb';i)G'J��t11�-:it.11� 7 zj,:imm1t1��.rrutl11 'W';i'Ubb 'U'U 1r11-:i��1-:J11-:Jbb VI (';i'U� 2.2b) \911€1�1-:J'Vlel�bl-leli�:u'VllJ
'\I 'U '\J '\J 'IJ 

-w-:in-U'W'l.leJUJ'1LLG'l�:u�uu�L 'U'W 1� 1mL';i)G'J 

5 Omidian, H. and Park, K. Fundamentals and Applications of Controlled Release Drug Delivery, Advances in Delivery Science

and Technology, Springer: New York, 2012. 
6 Roy, N. and Saha, N. PVP-Based Hydrogels: Synthesis Properties and Applications, Hydrogels, Characterization and Applications.

227-252,2012.
7 1'1Ntnmm1'i�\it'\'11Yt'ilU1�n'i�� .... vitl1\it'ill'liibl'iltYHJfa�il{ Vl'ilti1�n'i"�Vlvi'l'lilflb"il{ n,;u'i1'111Jtu4i\itagl'1'JU.\J��VI bbifou,JWl'ltl i1n\it:

n1�1V1Yt�...,,um, 2551. 
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thiyu'W 1ijblil'Wil'11ili'fum-ssA'�'U1�-:!'S�vl'Uf11'�1-ifahv1'1'utl�f1'VhJ1i/i' bb�blilcJci1'W1 Vlq)bb�1 bU'Ufl1'S1 "Ub vlei 

'U'1flvi'1lb vleifl11il?l1 c.l-:!1'U b 'U'U 1if lilelfl 1iftl-s�vl'U (-stl� 2. 3) Vl�el 1ii1ili'tl'1flb � el fl1'Sbfl�(,l'Sfl'S'Sil'1J'U11il 1 Vlrublilc.lbu'V'-11� 1 'U 
'U 'U 'U V 

(a) (b) 

�m: http://www.bestgreening.com/news01.php?id=53). 

�m: http:/ /hydrogel.info/, http:/ /wesoorb.com/en.html, http://www.cleanairgardening.com/waterpoly 

mer.html. 

2.2 fl1'a(lleJ'\Ji;l'UeJ.:i�e:i�.:ib�1 (stimuli responsive) 

'l� blil'Wil'1il1fl'N1:l�1.:i�b 'i:J'U�1-:!bb V1?11iill�'1J'eN'r'leJ�hiie1{ zj,:iiJm1ii1:11m-s'11 'Wfl1'S'1lcJ1cJ (swelling) bb"1�VlliW11 

., ( ) 1" t � � ., ., ' 1 "'I' • I d 
• I fl'1'\J de-swelling lil Vl{l'\.Jfl11iJ?l1iJ1'rn b 'Ufl1'S'!Jc.l1c.lbb'1�Vllilmlil.:iflm11:11il1'a'1fl1'\J�1l Ii\ blilc.lfl1'ab u"1cl'Wbb u'1.:Ji:l.f111�

bb11il�eJ1l.f11cJ'W'elfl (external environmental conditions) '!J'el.:J'r'lel�b1J'el{ Vl�m�cJfl11 �.:ib�1 (stimuli) �Vl1b�bf\lilfl1'S 

b tl�cJ'Ubb tl'1.:JV11.:Jtl�1J1(1l'S'!J'el.:J11:l� fl1'S (ll'eJ'\Ji:l'W'el.:J �'el�.:J b �1 1:l1ill'a'1bb 'U.:Jelel flb t'J'U fl1'a(lleJ'\J1:l'W'el.:J�'el�{I b �1V11.:Jfl1 cl/11'1"1 
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(physical stimuli response) bbG'l�n1'alil'€lU?l'U'€l<l\,\'€l�.:ibhvn.:ibl"llJ (chemical stimuli response) nT;ilil'€lU?l'U'€l<lv1'€l�<l 

vhvn.:irm.1m'f1Pil�b�t.l1'U'€l<ltlU�ruVl.!Ji1 (temperature) ?l'U1:WL'vlvh (electrical field) ?l'U1:Wbb3-lbVl�n (magnetic field) 

bb?l<l (light) 1"111:Wlil'U (pressure) b�t.J.:i (sound) 1 'U'llru��n1'llil'€lU?l'U'€l<l\91'€l�<lb 'S1'\ll1-!lbl"llJ'<il�b�t.l1'U'€l<ltlUl"l11m 'U'Um\11-

\911-!l (pH) l"l11:wbb'l<l'll'€l<lL'€l'€l'€l'U (ionic strength) '€l.:ir1'l.l·rnneJU'll'€l<l�1'\ll1G'l�G'l1t.l (solvent composition) '1l'U111'1l'€l<l 

bi!bG'l�G'l (molecular species)8 (�'l.l� 2.4) bl1lt.J1?1��:um1i1?11m'lt11 'Un1'llil'€lU?l'U'€l<l\,\'€l�.:ib'hrntJ'U'€lnlii'.:in�11 b1t.lffl1 

1?111luG'l1111 (smart material) , 

'<il�:Un1'llil'€lU?l'UeJ<l\,\'€ln1'lb'U�t.l'Ubb'UG'l<l'll'€l<l�.:ib�1mtJ'U'€ln (environmental stimuli) 1111t.11M1vi'.:imh1mm·rnfo��-:i , � 

G1�qj1illn1'Jb 'U�t.l'Ubb 'UG'l-!l1!'U6j bbG'l� lil'€lU'i:l'U'€l<l'\ll1-!l'V'li;H'l1?11il{ (dynamic response) 1 'U�'Ubb UU'll'€l.:in1'Jb 'U�t.l'Ubb 'UM 

�'l.l�1.:i (shape) 'l.l�mm (volume)9 •10 Vl�'€l fjill'i:liJ1.J&i (properties) \,\1-!l6j b'U'U ii�'ll11.:ib'l.l�t.1'Ubb'UG'l<llil1i!�ruvu;ii1 Vl�'€l 

lJbb 'l<lbl"l�'€l'U 1 'vl-rh bf111l�'Ud'.l'€l:Ul"l11il bA'U (stress) Vl�mLiim�vl'.:ii'Jm'lb 'l.l�t.l'U�b�'€l1�-!iubb 'l-'.!Vl�'€ll"l11il�'€l'U 'U'<il'<il1.J'Udn1'J , 

8 Ahmed, E.M. 2015. Hydrogel: Preparation, characterization, and applications: A review. Journal of Advanced Research. 6: 105-

121. 
9 Osada, Y. and De Rossi, D. E. 2013. Polymer sensors and actuators. Springer Science & Business Media. 
10 Yu, Y. and Ikeda, T. 2005. Photodeformable polymers: A new kind of promising smart material for micro- and nano-applications. 

Macromolecular Chemistry and Physics. 206: 1705-1708. 
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2.2.1 fl1'S\9leJ'U?l:UeJ.:i0ei�ruV1JJi1 (thermoresponsive Vl1el temperature responsive)

1e1 Lv! 'Sb li]i;l'lJ1,:j'!J'UVl:Wl'111il?l1lJ1W 1 'Ufl1';i \9\el'U?l'UeJ,:jv)e) f11'Sb 'l.l� t.l'ULb 'Ui;l,:j'!Je),:ji;'lf\11 t bb 1Vl61elilfl1t.l'Welf1 

�1'Wellli'Vl.fli1 Lv!t.l 1e1 LV\'Sb li]i;l\i],:jf11;111?11lJ1'St1'r'U'rn.:i�ruru1 rurn-s b 'U�t.l'ULb 'Ui;l,:j'!Je),:je) lli'Vl.fliJ bbi;lt\9lel'U?l'Wel,:j'Vl1,:j'Wl;l!'11?1\9l{ 
'I 'IJ \J IV V , 'IJ 

(dynamic response) L 'W�'Ubb'U'U'1JeJ,:jfl1';jb 'U�t.l'ULb 'Ui;1,:j'1Je),:je)'lJ\9\';if)�t.l1'St'Vl11,:j Lil bi;l�i;1'1Jel,:j'WeJiihileJ{n'U,l1�61elil'Sel'UVl1el 

-stV111.:i Lil bi;! f1i;j'1JeJ.:i'Wei�hilei{�1vnu 11 rn-sb 'l.l�t.Jmb 'Ul;l.:i'lleJ.:ieJ'W\91-Sn�mt!u G'i.:i1 vf bnvim-sb 'IJ�t.Jmb'l.ll;l.:i-s'l.l':l1.:i/Lm .:i?1{1.:i' � 

bilel{ lil'WL'U'W L1'1';i,:j';j1,:j\911'1]1t.J (network) 'Yl11 vf bdmnvim'Sb 'U�t.l'ULb 'LJi;j,:j'1Je),:j�UJVIJ;)iJ'1JeJ,:j?{1tJ L'll'Wel�bileJ1bbvli;lti;'l1tJ lilt 

G'i.:it:.Jl;l�ei?til'U�'1Jm Lm.:i':l1.:im'li1vvY.:i Lr1-s.:i?1{1.:i 

f11'S\9lel'U?l'UeJ.:i�ei�ruVIJJi1 ?11m-smbu.:ieieimtlu 2 'U'Stb.fl'Vl \911il'Wt]�f1'S'Sil'Vl1.:i1!Jfl11'1 (phase

behavior) zj,:ili]t b�t.J1-ifo.:it1'Uellli'Vl.fliJ'1JeJ,:j'WeJ�bilelTI 'W\l11'Yl1i;!ti;l1t.l 1�bbn ( 1) 'WeJi;hileJ{�:weJruV1.ni11 f1flM'1JeJ,:j?l1'Si;lti;l1t.l 
, 'U , 'll "'I 

bb'U'U�1?1Vl (lower critical solution temperature; LCST) brnt (2) 'Wel�bileJ{�:weiruV1.niJ1nnM'1JeJ.:i?11wtmmb'U'U 
, , 'U .. , 

�.:i�vi (upper critical solution temperature; UCST) 'W']Mf1'S'Sil'Vl1.:i1!] .fl11'1'1JeJ.:i'WeJ�bileJ{vY.:i?tei.:i'l!i'.lli1 lilt�'Weitjn'U 

eiruV1.niJinnM'1JeJ.:i?11-si;1ti;11t.l (critical solution temperature) zj,:iV1mtJ�.:ieiruV1.ni1�1�?1vi (lumru'1JeJ.:i'Weiihilei{�:w 
, 'U "'I , 'U , 

ellli'Vl.fli11 f)fl M'1JeJ,:j?{1 ';ii;lti;l1 t.!Lb 'U'U�1?1Vl J LCST) V11elellli'Vl.fliJ?t.:i�?tv! (1 'Ufl'Sill'1JeJ,:j'WeJ�bileJ{�:weJ lli'Vl.fliJi f1flM'1JeJ,:j 
, 'IJ .,, , , 'U 'U , , 'U .,, 

) 
d � ' 11 J( "" ( . • ) ., ( • , d 

) ?l1'Si;1ti;11t.!Lb'U'U?t.:i?t\i1, UCST 'Vl'Welmilmi;1ti;11t.lf1mmu'WL'WelL\i1tJ1 m1sc1ble f1'U?l1'Stl;ltmt.J 'Su'Vl 2.5 � ' � 

AA A A � .J I ti 
a Id O I 

VA 

.J 
Jil �lli'VIJJm n t] \91'1J ei.:i?t1 'Sl;I t m tJ 'Well;! bilel 'S'Vl\9\el'U?l'W ei.:i \9\el 1'111il 'Sel'W?l1il1 'Stl b ul;lt.l'ULb uM?lil'U \9lf11'Si;ltl;l 1 t.llil 1 f1'Vll;lti;l1 t.l b u'W 

L'ilm�t.J1f1'W (miscible) btluh]mm'St:1i;lti;l1t.l1�bbi;ltbn\i1f11'Sbbt.lf11!)fl11'1 (phase separation) bbl;lt'h]btl'WL'ilm�mnu 

(immiscible) bb\9ll 'W'Vl1.:im.:i.if 1il �1V1{'U'Wel�bileJ{�:weiruV1fliJ1 f1fl\91'1JeJ.:i?11'Sl;lti;11t.l bb 'U'U?t.:i?t\i1 (UCST) bdeieiruV1.fliJ'1Jei.:i 
, 'IJ "I cu , , 'IJ 

?11'Si;lti;l1 t.J?{,:jf1')1ellli'Vl.fli11 f)fl\,l'1Je),:j?{1';ii;lti;l1 t.l 'Wel�bileJ{�\9lel'U?l'UeJ,:j�eJ1'111il 1ei'W?l1il1'Stl b 'U�t.l'WLb 'Ui;l,:ji;'lil'UM'leJ L\i1'S L 'W 
'U , " "'I 

un (hydrophobic) b'U'U?lil'UM'leJL\i1'Svl�n (hydrophilic) Vl1ell;lti;11t.JL'U'Ubilm�t.J1f1'Ul1'Wbel,:j vY.:id'WeifaileJ{bb�i;lt'!J'U\i11ilt 
.. ., ., ( d ) ..J O .J A �- - ' t "l' " "l' 11 ,=1 I 

ilbbt:.l'Ut:.J,:j'J!jfl1f'l phase iagram 'Vl'iJ1b 'W1t 6lj,:j,;;Jtbbi;'l\?1,:j'Wtj\9lf1'S'Silbbl;lti;'lil'\J\9l'l!el.:J'Welrlbil€l'S'W'W "] b\?1 m?l'W bf'l.:l'Vlbb '\J,:j 

I �  ,d .. �, Jt .. .,
(

' l  )., .. ,d .. ., ( 
'St'Vl11.:J'\J'Sb1lli'Vl'St'\J'Uill'111il bu'Wb'W €l bv!t.l1f1'W singe phase f1'\J'\J'Sb1lli'Vl'St'\J'Ubf1\?1f11'Sbbt.lf11 !) .fl1Fl phase

separation) b�t.lf111 b6"u11-1.:i'!J€1.:Jl'111m-ii1nu'l� (miscibility curve) bbrlt€llli'Vl.f1il ru 'iJ\?1�1?1\?1'!J€1.:Jb'1'WbR.:J (lumru'!l€1.:J 
'I 'U , , 

11 Ruel-Gariepy, E. and Leroux, J.C. 2004. In situ-forming hydrogels-review of temperature-sensitive systems. European Journal of

Pharmaceutics and Biopharmaceutics. 58: 409-426. 
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LCST) vi�e:i �ruV1.1Ji1 ru ���.:i��'lle:J.:Jb?l'U1fi'.:i (l'Ufl'HW'lle:i.:i UCST) '1�b�1:.1n�ruV1.1Ji1'1'U11 �ruV13Ji1'11e:i.:inTHtl�1:.1'U1!Jmfl 
d 

(phase transition temperature) (J'U'VI 2.6) 

Low temperature 

• V/ater rnoltcute 

""""-. - "IIY,'l!IH)f('"'Jf('1J';I\.'(' 

po\:t1ne r 

heat 

♦ ===•

cool

cool 

1 ligh temperature 

(Lower critical solution temperature; LCST) bbrl��ruV13Ji1in9�'lleJ.:i6'11'H'l�mmrnu�.:i��(Upper critical solution 

temperature; UCST)12 

!>:n1le phd'i\.' 

--�--11c;.s1 

,,,,,,,,\ 
composition 

(a) 

�j .. e 

�\;;;: _ •_ _ ____ ,1.c;.s1 

composition 

(b) 

J'll� 2.6 bbe-.J.:J�<l1!Ji11fl (phase diagram) (a) �ruV13Ji'.r5n9�'l.lel<l6'11'arlt:rl71:lbbUUJ1�� (LCST) bbrlt: (b) �ruVIJJi11n9� 

'l.lel<l6'17'arlt:rl11:JbbUUG'l<l6'1� (UCST)15 

" ' 

12 Ruel-Gariepy, E. and Leroux, J.C. 2004. In situ-forming hydrogels-review of temperature-sensitive systems. European Journal of

Pharmaceutics and Biopharmaceutics. 58: 409-426. 
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2.3 LB'U-b'el l611'W'a'el'Wirn�R�in1ii� (N-isopropylacrylamide) 

bB'U-L'ell'1l'V'l'aBYl�B�fl1m1ii\il (N-isopropylacrylamide; NIPAm) Ltl·w'bilmJB'WBbiJBi (vinyl monomer, -

CH=CH2) '1Jil�'Vl���il'VliiLBLlJ�b'U'U'l1'1lJ'V1�n'U'U il'<il�b�e)� (boilin° point) B�L'U'lh� 89 - 92 B�1"11b'llm�t.l&'! bb��'<il� 
'U 'U , ::, 'U , 

'Vl�Bl-lb'Vl�1 (melting point) e)�b'U'U1� 60 - 63 B�l"11b'llm�t.1&'! bB'U-LBL'1l'V'l'aBYl�e)�fl1m'll-l� (NIPAM) �n1m'Wfl1'a 

6"�bfl'51�'v1'V'lB�(bB'U-LBL'1l'V'l'aB��B�fl1m1l-l�) 'Vl�B poly(N-isopropylacrylamide) (pNIPA, pNIPMm, pNIPM 'Vl�B 

PN IP Am) zj� b 'U'U'V'le)� bl-JB 1�il fl11l-!&'!1l-l 1'atl 1 'Uf\1 'a\,) e)'lJ&'f'UB� �e)e)tlJ'Vl.flii bb 'U'U'V'le)� bl-! B1�i1Bru'Vl.ni11 flf) �'1Je)�&'f 1'a� � m t.l 
, 'U , 'U ..,, 

bb'U'U�1&'!� (Lower Critical Solution Temperature; LCST) �Bru'Vl.ni1 32 B�1"11b'll�b�t.l&'! 13• 14•15• 16 'UBfl'<il1flfl1'a�bB'U-
' ' 'U 

LB L'll'V'l'aB��e)�fl1m Ll-1� '<il��fl 1-il'l 'Ufl1'a6"�bfl'a1�'VIL�LlJ'V'lBfal-lB1 (homopolymer) <itl� 2.7) bb�1 ��mm'at1bm 'Ufl1'a 

6"�Lfl'a1�'VILfl'V'lB� bl-!Bi'Vl�B'V'lB�bl-lBi'i1l-l ( copolymer) b �B 1 vf il&'!l-1'\J� fl1'a\,leJ'lJ&'l'UB��B��b 11�V1m fl'Vlmt.11 'Ui'Ubb uu 

'lJB� 1� L�'ab '<ii� sil�v\'11 vf 1&'!�-Q&'!1m'at1\,leJU&'!'UB��B��b 11'lv1���ruV1JJi1 ( temperature) bb��ri1r111m 'U'Um�-�1� (pH) 

m16"�Lm1�'v1'V'lB�(LB'U-'lB 1 'll'V'l'aBYl�B� r11m 'll-1�) mm'atl'Yh 'lv1V1m t.116 L 'U'U fl1'a'V'lB�Ll-1Bfl 'SL'll-B'mL uueJ'Ul-l�B&'l'a� '" 

(free radical polymerization) L'W&'l1'a��mt.JB'U'Yl�V (organic solution) bb��tl�n1t.11.ff m�l-!�'U�1'Ufl1'5��Bfl'U 

(redox initiation) L'U\l11flm��b'U'W'l11 (aqueous media)17 •18 

AIBN, 60 °C 
► 

THF 

J'll� 2.7 fl1'aL�LlJ'V'lB�bl-leJfl'aL'll'B''U (homopolymerization) '1JB�bB'U-LBL'll'V'l'aB��B�fl1m'll-llil (N-isopropylacryl 

amide) 

13 Kawaguchi, H., Fujimoto, K. and Mizuhara, Y. 1992. Hydrogel microspheres Ill. Temperature-dependent adsorption of proteins on 

poly-N-isopropylacrylamide hydrogel microspheres. Colloid and Polymer Science. 270: 53-57. 
14 Tauer, K., Gau, D., Schulze, S., Volkel, A. and Dimova, R. 2009. Thermal property changes of poly(N-isopropylacrylamide) microgel 

particles and block copolymers. Colloid and Polymer Science. 287: 299-312. 
15 Ward, M.A. and Georgiou, T.K. 2014. Thermoresponsive Polymers for Biomedical Applications. Polymers. 3: 1215-1242. 
16 Shieh, Y.T., Lin, P.Y., Chen, T. and Kuo, S.W. 2016. Temperature-, pH- and CO2-sensitive poly(N-isopropylacryl amide-co-acrylic 

acid) copolymers with high glass transition temperatures. Polymers. 8: 434. 
17 Schild, H.G. 1992. Poly(N-isopropylacrylamide): experiment, theory and application. Progress in Polymer Science. 17: 163-249. 
18 Ruel-Gariepy, E. and Leroux, J.C. 2004. In situ-forming hydrogels-review of temperature-sensitive systems. European Journal of 

Pharmaceutics and Biopharmaceutlcs. 58: 409-426. 
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2.4 m�ei::fll'7an (acrylic acid) 

fl'W1B�r11iin (acrylic acid) b'U'U?111tlwnB'UB'UVl���tJ·wmiu\i11t1Vl�bi16'1 (vinyl group) i'.lVl�r11iuBn61ii:'in 

zj,:im�B�r111:'im!m 'U'W 1r11.:ii.'111.:i��1t1�?l�'I.IB.:Jn·w1r11foBn61ii:'in 1l-ifu.J1>11 (unsaturated carboxylic acid) ?1�11r11.:i?111.:i 
, 'U 

'l.lel.:Jn'a�el�fl11:'in flel CH2=CHCOOH (itJ� 2.8) i'.J��b�B� (boiling point) tl1�mru 141 el.:JPl1b61l6'1bsilti?l 19 bbi:'I��� 

Vl6'1B:Wb'Vl6'11 (melting point) tl1::mru 14 B.:JPl1b61l6'1bsilti?I m�B�r111:'im1�1'ill.'W'el�i.'11Vlm'rn�b�t11-1i'eJ.:inu'V'lm?l�n, 

eJ�?11Vlm1:wL�mnum1L�:w� LLG'l��'W 61 zj,:im�B �r111:'im!'Wi'.lm1:wmm1t11'Wm1��sil'u'11111 'W 1r11.:i1.'111.:i LtiB.:i'<il1nr111:w 
' I 'U 

b'U'U1eJ1�1vli:'in (hydrophilic)20
•
21 

2.5 vmabei'Vla'W 1mmm1 (polyethylene glycol) 

'V'IBi:'ibB'Vl�'U 1n6'lflB6'1 (polyethylene glycol; PEG) <itJ� 2.9) b'U'U?l11bfl:Ui.:ibr111���iim1:wmm1t11'Wm1 

nmnu'11?1.:i bbif 11'<il� b 'U'U?l1';i bfl:U� bf1�'<il1 n m1i.:i bfl';i1�� bb�'V'leli:'i b'i)'VJ�'U 1n6'lfl'i)6'1:U?l:W'U�n1';ibb� n?lm tlV11.:J:ihm'V'I 

(biodegradability) 11i122

Osman bb6'l�r1ru�23 (2005) 'Vl1m1Pimntl1mru'l.lti.:J'V'IB1:'ibB'Vl�'U 1n6'lflB6'1 t:-J?l:Wt1'\J'V'IB1:'iB�r111:'in bel61!� zj,:ib 'U'W 
..:::,. 6'..J..::::i 

1 
� ,V :: .r::: I ,d � 

'V'IBG'lb:WB1Vl:Wfl11:W?l1:l.l11tl 'Un11bnunn'W1tl.:Jtl1� (superabsorbent polymer) '<il1nt:-JG'ln11Vl�G'IB.:J 'V'l'U11 b:WBb'V'l:W 

19 Levy, L.B. and Penrod, J.D. 1989. The anatomy of an acrylic acid runaway polymerization. PlanVOperations Progress. 8(2): 105-

108. 

20 Philippova, O.E., Hourdet, D., Audebert, R. and Khokhlov, A. 1997. pH-responsive gels of hydrophobically modified poly(acrylic 

acid). Macromolecules. 30(26): 8278-8285. 

21 Mori, H. and Muller, A.H.E. 2003. New polymeric architectures with (meth)acrylic acid segments. Progress In Polymer Science. 

28: 1403-1439. 

22 Zustiak, S.P. and Leach, J.B. 2010. Hydrophillcity degradable poly(ethylene glycol) hydrogel scaffolds with tunable degradation 

and mechanical properties. Blomacromolecules. 11(5): 1348-1357. 

23 Osman, I., Seyfullah, K. and Burcu, C. 2005. The effect of PEG on the water absorption capacity and rate of superabsorbent 

copolymers based on acrylic acid. International Journal of Polymeric Materials. 54: 1001-1008. 
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tl�mru'1J€l.:J'V'l'el�L€l'Vi�'W 1rn'lf'l€l'1 fl11il?l1:IJ1'Stl 1 'Wfl1'SLnunmLG'l�'UG'lv!'UG'lmnh<il�L viii�'W L �€l.:J'<il1 nm1i1L tl'W 1ijbvJ'Syj�n 

(hydrophilic) '1J€l.:J�€l�L€lvi�'W 1nG'lf'l€lG'l 

Jtl� 2.9 bf'l'S.:J?1{1.:i'1J€l.:J�€l�be:Jvi�'W 'lnG'lf'l€lG'l (polyethylene glycol) 

� ,d Q,J 1 QJ � � � Q) ,d � !:61 ,1., � � � � Q,J �,3 'W'WL€1.:i ('Stl'Vl 2.10) �'Wo� vi'l!G'lb'WV1LU'W�'Wo�'Vl?11m'St1�u bVI b 'W?l1'Stl'S�neJU'Vl'h tl 'Vl.:J b'W6'S'SiJ'1J1(,l LLG'l�fl1'S?l.:JLf'l'S1�Vl'1J'W 
'U 

�'W6� lvi•1fol vl�tlmm'Stl 1 m 'Wfl1'SL viiif'l11iJLL �.:JLL 'S.:J'1J€1.:J bf'l'S.:J?1{1.:i24 

Wattie LLG'l�f'lru�25 (2016) vi1m'S?l.:JLf'l'S1��Lrn�i\in�1?1iiu�•1m.:i'lijbvJ'SL'<i!G'lt:)V1tl1�.:ic.nvi (superabsorbent 

hydrogel) '<il1mf'l'S1�'W (Keratin) LLG'l� �€1�€l�f'l��n L€161lvi 1vit1�€1�€1�f'l��m!'W L'U'W�t1faimi�ilf'l11iir:11m'St11'Wfl1'S 

Lnunntl1l 1.fntl 1 'W bf'l'S .:ir:1{1.:i LLG'l�Lf'l'S1�'W '<ii� L viii?lil'U�f'l11ill 'U1 n'Wlvl'Vl1.:J:ihrn� (biocompatibility) LLG'l�?li!'U�fl1'S 

LL\,\n?IG'lltl'Vl1.:J�1.f11� (biodegradability) J.:it1Lf'l'S1�'Wil€1�m'W;?IL'Vl�'W (cysteine) €l�L'U'Wtl�mrumn i.'l.:Je.m1�\nvi 

tl�mru'1J€1.:J'lviiG'll 'W�'S�Vl11.:J'1JG'lb 'W€1ft 'Wn'SV1€l�m 'W emfl1'S'Vlv!G'l€1.:J �'U11 lijbvJ'SL'<i!G'lt¥i'.:irn:h1ilf'l11i!?l1i11'Stl 1 'Wfl1'S!1 mnu 

tl1LLG'l�L viiitl�mrutl11'W�'W 1vivlilil�G'lm�'Vl'U�€1�'W 1 'W\911'W�'W1 

-atl� 2.10 �'Wo�lviiG'llvl� (disulfide bond) 
'U 

24 Grip, S., Johansson, J. and Hedhammar, M. 2009. Engineered disulfides improve mechanical properties of recombinant spider

silk. Protein Science. 18(5): 1012-1022. 

25 Wattie, 8., Dumont, M.J. and Lefsrund, M. 2016. Synthesis and properties of feather keratin-based superabsorbent hydrogels.

Waste Biomass Valorization. 1-10. 
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2. 7 a11b�eUJ'IJ'l1-I (crosslinker)

G'f1';ibzjmJ'll11.:J (crosslinker) btlt!r:!11bl"l:W�Vl11'!½bnlilit10::/bl"l:Wbzje)il';i�Vl11.:Jr:11tlL61f"l'lel�b:IJel{Vl�elr:111'lh�neJ'U 

b'i!.:ioifeJt1Bt!V1���1.:i"j L\ilt1�\il�bzjel:1Jflt11Xm�t1n11 �\ilbzjel:IJ'll11.:J (crosslinking point) �-rdr:111bzjel:IJ'll11.:J'1m1�v'h 

tllj n� tJ1fl'Ur:1111 'lf'V'l el �bile) fa�el 6'1Wl.h� neJ'U b 'i1 .:ioif eJ t!�1 .:i "l �1t!Vl�vl.:i n,a't1�'b �elm 1vi1tllj n� tl1 Vl�el n11'V'lel �hirn fl ';j 

b 61J,fft11vi t1�t15�1'1'lleJ.:Jr:111 b zjeJ:1J'lJ11.:i bbi;l�:IJ eJt1mii eJ4 zj,:im1bzjeJ:1J'lJ11.:i'1t1m1vvi11 'l½ bnvir:111,J 1� neJ'U�'l:ifo� m ti b 'tit! 'le11m 

blili;l '1i;1'1 �.:idr:111bzjel:IJ'll11.:JbBt!,bBt!'-b:IJ'Vi�t1il6'1eJ�l"l�i;l�'l:1,1ii (N,N'-methylenebisacrylamide (MBA)) 1m.:i6'111.:ivi'.:i�tl 

� 2.11 '1t1'l�{'Ur111:IJ'Utl:IJ�1Vl'fom1tt1�tJ\e1L\il1blili;l1t!.:i1t!1�tl�1.:J"j

2. 8 bbt!'lfl\ilbbi;l�'IJel'Ub 'IJ\91'1Jel.:Jn111lijtJ

-rn�16'1iivJml11 t1�t1 b �e:im1bbnl 'llUtlJV11�t1bb�.:iLrn�n11bn�\?11m1iieJ�1.:i&.:i�t1 �.:idm1v1\ilLL Ui;l.:J 1r11.:i6'1{1.:i 1vi'le11mLlili;l 

:wm1ii6'11m1f:l 1 t1m1\?1e:i'U6'1t1e:i.:i�eJeJruV1.ni'l5t1-u1l tJ?ln11ti'U�11 mii Li;1nml1e:ie:in1v1 n 1r11.:i6'1{1.:i'lleJ.:J 1e11vi1L1vi;1 'l�m ntt1 
'I 'll \I , 

LBt!�le:i L61l'V'l1el�i;l€l�l"l�m1iiii L �eJ\91€l'U hvi�m1:1J�eJ.:in11�nci11m'1h.:i�t1 L �e:i.:i1v1n'V'leJ�eJ�r1��r1 (polyacrylic acid) 

L Ut!'V'leJ� L:1JeJi�'lffi'Utl1 LLi;l�mm 1f:l:n'mu'l��1 t1 ?l1t1'V'leJ�L:1JeJi�ilr111:1J6'11m1fJ 1 t1m1 \91eJ'U6'1t!eJ.:J �eJeJruV1.ni'l'1t1 'Viel� 
'U ' 'U 

LBt!-'leJ L61l'V'l1€l�i;le:J�l"l�i;l1'l:1Jii (poly(N-isopropylacrylamide)) '1t1�\il�e:i11 L Ut!'V'leJ�L :IJe:J{�L Vl:IJ1�6'1:IJ1 t1.:i1t11�t1tl 

L�el.:JliJ1ne:iruV1.ni'.linf1&\'lJe).:J6'11';ii;l�i;\1tlLL'U'Uvr16'1\il (lower critical solution temperature, LCST) �1n�LAtl.:Jfl'U 
, " "'I " 

eJruV1.ni'l�t11 t16'1m1� 1eJt1 zj,:i�1t11r11.:i6'1{1.:i�eJeJn LL 'U'Ulil.:inci11 'le11vi1L1vi;ld1v�r:11m1f:ltli;1\ilUcieJml1eJeJn1v1n 1r11.:i6'1�1.:i ru 
' 'U 

�ruVIJJil�.:i �.:iffie11\il1L1vmL 'U'U'l1.:JLb V16'1e1.:i.rr-w�nm:imb uu�-w b�e:i 1 W.ijLmblili;1di1r111iib �.:Jbb 1-:i�-w -we:in1v1nITlijL\il1blili;l\il.:Jn 

ci11 b 'l'.J'W1G'lvJ�:W 1"111:IJ b tl'W���1 bbm::iJ 1"111:IJ '11:IJ11tl 1-wnTH 'LJ1 fl'W1�Vl1.:J�1.fl1'V'l b �el n11bbm 'lJ UqJVl1 �'Wbb '\½,:i bbi;l �n1 'i 

Ln�\91'in'i'i:1Je1�1.:i�.:i�-wwmib'll'Wil\91'ifl'U�.:ibb1\il�e1:1,1 



3.1 �Tnflil (chemical) 

d 
'U'Vl'VI 3 
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mviel�f'l1�fl (acrylic acid) 2-LiJmLf'l'Ub\,lLel'Vl1'Wel61 (2-mercaptoethanol) LB'W,LB'W 1- Lil'Vl�'W'Ui.'lel�f'l161� 1iivi' 

(N,N' -methylenebisacrylamide (MBA)) LL 61 �La 'W ,La 'W ,La 'W ',La 'W '-L \,l \,l ':i � L ii v161 L el v1 � 'W 1 vi L el :i'.i 'W (N,N,N',N'­

tetramethylethylenediamine (TEMED)) �el�1nu1,;¥'Vl Sigma-Aldrich 'U':i�L'Vll'lr.'l'Vl!j1mii1m LB'W-1elL"IJ'Yi':iel�61el�f'l1 

6111iivi' (N-isopropylacrylamide (NIPAM)) m1elULB'W (azobisisobutyronitrile (AIBN)) 611el�1fl'U1,;r'Vl Acros organics 

'U':i�L'Vll'lr.'l'Vl!j1mii1m 2-el�i1b'WBL'Vl'W'lvielel61 'lij\91':ielfl'l"IJ� (2-aminoethanethiol hydrochloride) 'Yielfoel'Vl�'W ln61f'lel61 

(polyethylene glycol) LL61 � 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) �el�1 fl 

u1,;¥'Vl TCI Lab 'U':i�L'Vll'l��'W b'ULL\,li.'IL61jtJiJ L'Ueli61Lvl\,l (Potassium persulfate (KPS)) �el11i1�1fl'U1,;¥'Vl UNILAB 

'U':i�L'Vll'lelel i.'IL\,l':iL�tl N-Hydroxysuccinimide (NHS) �el�1fl'U1,;r'Vl Merck Millipore 'U':i�L'Vll'!Ltlel':iil'W i.:i-Omvi 

el�f'l1�f'l ���1'Wf1':i�'U1'Llf11':i'V111 Vl'U1r.'l'Vlilvitl f11':inimntJ1�?1ruru1ml'l (vacuum distillation) 6'!1'WLB'Ll-'lel b"IJ 
, , V V 

'Yi':iel�61el�f'l16111iivi' LL61�Lel 1elULB'Ll���1'Llf1':i�'U1'Llf11':i'Yl11 viu1�'Vlilvitlf11':i\,lfli;.J�fl-81 (recrystallization) 1 'W LB'Ll-L�fl 

L"IJ'Ll (n-hexane) LL61�Lil'Vl1'Llel61 (methanol) \,l1iJ�1�'U 

3.2 bfl�e1.:ii'.ie11bF111�� (instrument) 

3.2.1 Fourier Transform Infrared Spectroscopy (FTIR) 
.c::.. � v ..::::1 o """ v .d dv f11':i1Lfl':i1�'Vlbf'l':i.:Ji.'l':i1.:J'Vl1.:JLf'lil \911L'Ll'Wf11':i\911tlLf'l':ieNtl'Vlel Bruker ALPHA FTIR Spectrometer LL'U'U 

64 m1,nu �f'l11i.m�LBtlvi 4 L"IJ'Ll�LiJ\,l':i-1 ':i�V111.:i'll1.:if'l11ii� 4000-400 L"IJ'W�Liim-1 LL61�1Lm1�tfaL'lJn(,l-riiti11tJ

b'U':iLLfl':iil OPUS 

3.2.2 Nuclear Magnetic Resonance (NMB) 

f11':ivl��'W'Vl':i1'Ubf'l':i-:Ji.'1�1-:J'Vl1-:JLf'l:i'.i �1diun1-al�w1'11Lf'l�eJ.:i Bruker Advance Nuclear Magnetic 

Resonance Spectrometer (1H-NMR) 500 MHz bb61��1 chemical shift ��el�b'W'1!1-:J 16 �.:i O ppm 

3.2.3 Thermogravimetric Analysis (TGA) 
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n111Lfl17t�ei-:ir1tl1tneiu n11�mfln11�eit:Jmnt:J'/JeJ-:J1G'l\ilbb6'lt?l:J.JU�m1:wb?l�t:J1'V11-:ifl11:w{eiu'/Jei-:i 

?111 \il7b'U'Uf111Lv1!:lf1111bfl'a7t�li11!:Jbfl�el-:i Q50 Thermogravimetric analyzer m!:.11�?1.m'JtL'ULmblil'U ��lliVl.!Jil 
' 

1t'\1!11-:J 30 el-:Jl"l1b61lmsii!:.l?l '1-:J 700 el-:Jl"l1b61l6'lbs/i!:J?l li11!:JB�11fl11b'W:J.J�lli'Vl.!Jil 10 el-:Jl"l1b61lmsii!:J?ll,lel'U1vi 

3.2.4 Differential Scanning Calorimetry (DSC) 

f1111bfl17t�?l:J.JU�'Vl7-:Jfl17:J.J{ei'U\il1b'W'Ufl111i11!:Jbfl�el-:J differential scanning calorimetry DSC 200 

F3 Maia vieiruV!fllJ'at'\1111-:J 25 el-:Jl"l7b61lmsii!:.l?l n-:i 100 el-:Jl"l7b61lmsii!:.l?l li11!:Jelm7 2 el-:Jl"l7b61lmsii!:.IG'l\,lel'U1vi 
' 'IJ 

3.2.5 Freeze-Dryer 

n71bnu-r mnL[! L\911 b '16'1 G'l1:J.J11bl'V11 L\i1L\9l !:Jf111 freeze-dried b �m11tl1eiei nliJ7 n Lfl1-:J?1{1-:i'/JeJ-:JL[! L\911 

blilG'l li11!:Jbfl�eJ-:i�iei Heto PowerDry LL3000 �eiru'Vlnil -50 el-:Jl"l7b61lmsii!:.IG'I 'UeJnli11nil1[!1\911blil6'lliltblmb'Ubb�-:irieiu'V17 
' 'IJ 'IJ 

., !'I 'i' d 'i' "" """' � 
3.3 m1a.:JLfl11�'Vl be1b\91Wil6'lb°llel:J.J"!.117.:J b\91!:J'Welabel'VlG'l'U bnG'lflelG'l 

n71�-:J bfl 11 t�vrn� b:J.Jel 4-�1:w bb 'U'Uli1:J.J?l7:J.J11bl'Yi7'l\i1L\91!:.In71'V'lel� b:J.J el 111 b61l-&'Ubb 'U'U 1;1:J.J (random ' ' 

copolymerization) 1tV!17-:JLSu-'lei L61l'V'11el'WG'leltfl16'll'l:wvi' (N-isopropylacrylamide; NIPAM) (0.01 L:J.JG'l, 1.1316 

n-r:w) bb6'ltn1\9leltfl1�n (acrylic acid; AA) (0.01 L:J.JG'l, 0.69 :WG'l��m) 11:J..1'1-:Jbel 'leiubS'U (azobisisobutyronitrile Vl�el 

2, 2'- azobisisobutyronitrile; AIBN) (1.25 x 104 L:J.JG'l, 0.0205 n-r:w) 1'U?l116'lt6'11!:Jbel'Vl7'Uel6'1 10 il6'1���1 (1tl� 3.1) " 

r.

H
rt

O OH 

+ � AIBN 
0 NH 

-

A O�H HN O CN 

A 

� ,, "' .... 'l 3.3.2 01'.ab tla.J"ll'.lJ-:J®'.UJYfelf!LVYlfl'YOflfltlfl
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n1•nzje:iii'll11.:i (crosslinking) vrnihmi1'�1m1.:iLfl11t� (2 nfii) �1tJVHl�LeJ'Vl�'U lmifleJi;'l 

(polyethylene glycol) (2.5 x W4 Lili;'l, 0.75 nfii) �ii'Vltje:itilb'U (amino group) (H2N-PEG-NH2) dJ-uVltj'Ul;l1tl (�,J� 

3.2) V1�.:i-:u1mT-ule111>1Wili;li.:iLfl11t�-:u1ne.l1-um1�1.:i1-111mhu-uni;'l1 12 �11ii.:i (L'll�t1-u'11VJn 2 �11m) 

J'U� 3.2 f111bzjeJiJ'll11.:J�1tl'V'leJ�LeJ'Vl�'U lni;'lflell;l (polyethylene glycol) 

., • I 'i ,, ... ' ' == = ., 

l ., '1··1 ' 3.3.3 011\>l®bb ufl,:J bfl1-;Jm1.:J'Vl1.:JbfllJ'IJel.:JVl:J.jflJlUelf1'11GJ0 LLm!n11bn®'V'l'l,Ji5t ®'lli;'l u®

m11>11>1Lb'Ui;1.:Jbfl1.:J?l11.:J'Vl1.:JLflii (chemical modification) le111>11L-:Ui;1'V'leJ�biJeJf�1ii (2 nfii) �V1:i.lfl1{ 
" 

'Uelf1'1l�n (carboxylic group) (-COOH) �1ti'll�n�t11 conjugation n'U 2-LileJLbfl'ULMLeJ'Vl1'UeJi;'l (2-mercaptoethanol) 

(2.5 x 10-2 Lili;'l, 1.95 nfii) Ll>ltlf111L'U 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) (2.5 

x 10-2 Lili;'l, 3.88 nfii) �1iin'U N-hydroxysuccinimide (NHS) (2.5 x 10-2 bl.ll;l, 2.88 nfii) L'Uf111Lzjelil�el Lbi;'ltb�fl11il 

�el'U-:U'Ubn1>1L'U'Ui'Uutl1>1sB'i;1l W\91 (disulfide linkage) 1tV111.:i?t1t1 L61f'V'leJ�Liie:i{ 2 ?l1ti (�,J� 3.3) V1�.:i-:u1m!-ule111>1':ib-:Ui;1 

G1.:JLfl11t�-:u1ne.l1-um1�1.:i�1mhu-unm 12 �1lm (L'll�t1-u'11V1n 2 �11m) 
' 



16 

j 2 SHCH,CH,OH 

Dual-crosslink Hydrogel 

3.4.1 f11':i�'U�t11e1l1i1':iblili;1'V'leJfaimH:m (copolymeric hydrogel) �1t.lG'l1':ikzj'el:U'1l17.:J 

rrntmt1folmLlilr;l'V'leJfo1-rn1·hw':it'Vl11.:iL�'Ll-1eJl'1l'V'l':ieJ�r;1eJ�l°l�mhit#i (0.02 lim, 2.26 nf:u) LLr;1�mli1 
'\J 

'el�\°l��f) (0.02 L:Ui;l, 1.37 lJi;l��m) �1'Ufl1':i'V'l'el�L:U'el11°:iL'1l'il''ULLUU'el'U:Ui;l�G'l':i� G'l1l-J1':itl'Vl11mli1t.lfl1':i1'UL�'U,L�'U 1-L:U'Vl�'W 
'" 

'UG'lel�\°l�r;1t1:ut#i (N,N'-methylenebisacrylamide; MBA) (2 x 10-4 l:ur;1, 0.033 n-r:u, 0.5 l:ur;1% 'll'el.:J AA) 1m11 2

l1r;1��m L1i1t.11�L�'U,LB'W,LB'U1,L�'U1-L�W'l':i�L:U'VlmeJvi�'W11i1L'eli1'Ll (N,N,N',N'-tetramethylethylenediamine; TEMED) (0.1

l:ur;1% 'll'el.:J AA) Lbi;l� l'LILL\,IG'lb�t.l:U L'lleJ'lfm'W\,l (potassium persulfate; KPS) (1 l:ur;1% '1J'el.:J AA) Vl�.:Jlil1flfl1':ie-JG'l:UG'l7':i1� 

L'U7n'W L'Vl'lleJ.:JL'Vlmr;1.:i1'Ll'Vli;leJli1'V'lmG'l�fl 1u1ni!'Ll�:U'Vli;\eJ\i1'V'lmG1�nr;1.:i1mhfa'U 40 eJ.:Jl"11L'1lm�t.1G'l L'llrn1m 4 '1l'1lm 

V16".:i1u1ni1'W1e1l1i1':iL1ur;1i.:iL\°l':i1�,,,1u1n�1'Ufl1':i�1.:i�1t.1il1L'\J'UL1r;11 12 efi'1 l:u.:i (Ltl�t.1'Uil1vin 2 efi'1 l:u.:i) (J'll� 3.4) 



+ + 

., • I '\' ,, "' ' < """" "" ., 
'l ., 'l··I < 3.4.2 fl1':i\il\91bbui;l.:J b1'1':i.:J?l'n!l'V11.:Jbf):I.J'lJel.:JVl\jfl1':i'Uelfl61.li;jfl Lbi;l�07':iLfl\il'.'l'l'Uti� \il61Ji;J nlil 
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fl1':i�lilLLUi;l.:Jbl'1':i.:J?l�1.:iV11.:iLl'1ii (chemical modification) b®'blilWili;J'V'lel�L:i.JeJffrn (2 fl{:i.J) �Vl:1-11'11{ 
" 

'Uelfls8�fl (carboxylic group) (-COOH) L�a1�lli1Vl�Li!elbbl'1Ub\91 (mercapto group) L'U'UVl�-W.:in'1l''U�Ui;l1l:J'lJel.:JLL'lJ'U.:ii1.:i 

(side chain) li11l:Jtl�n�tl1 conjugation fl'U 2-LileJLLl'1Ub\91Lel'V17'Ueli;l (2-mercaptoethanol) (2.5 x 10-2 b:i.Ji;l, 1.95 flf:i.J) 

blill:Jfl1':iL'll 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) (2.5 x 10-2 b:i.Ji;J, 3.88 fl�:i.J) 

�1:1.Jfl'U N-hydroxysuccinimide (NHS) (2.5 x 10-2 b:i.Ji;l, 2.88 flf:i.J) L'Ufl1':ibzjeJ:i.J(;)eJ LLi;l�L�1'111:i.J{eJ'U 

fl 7 ':i� ?l'<il'U'Vl ':i1'U'V11.:J bl'1 ':i .:i ?1�7-:J'lJ a .:Jb®'blil ':i L '<il i;l � 1 L 'Ll'U fl 7':ibliltJL'V11'1'Ll l'1 Fourier Transform Infrared 
" 

Spectroscopy (FTIR) LLi;J� Nuclear Magnetic Resonance (NMR) �.:id 1'111:i.J?l1:1.J1':itlL'Ufl1':i\91eJ'U?l'Uel.:J'lJel.:Jbe1b\il':ib'ili;l 

�el�tl.!VlJJil�b U�l:J'Ubb Ui;J.:J 1 tlt!'U -n''Wa tjn'UU�:I.J1t\J'lJel.:J b�'W-
1

la b81J'l"l':iel�i;lel�l'1�'6n 1:i.J!libbrt� fl';j\i)e)�I')�� 1'1�iim1tlfob U�l:J'W 

tl�mru1'Wfl1':i�.:JbR':i7�,,; �.:it!'W�.:i�a.:iiim-:imtl�mru'lJa.:iVl�1'1TS'Uafls8�fl zj,:i?l1:1.J1-at11bl'1':i1�,,,;'l�liltJm':i'l\91b\91':i�EJeJ'Wfl�'U 

(back titration) 'lJel.:Jfl':ili)bijb\il':iF\rlel�n (HCl) ll'U 6'11':irl�r\1!:Jb81Jb�l:J:I.Jbijli)';je)fl'l81J��hl'lli)V11tl�n�tJ11l'UVl�l'11'l'Uelfl��fl1'W 

bF\':i.:Ji:1{1-:i'lJel.:J 'lij b\il':ib '<ilrl 
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3.6.1 Thermo�ravimetric Analysis (TGA) 

fl1";i1 LA";i1:::�mr1'1.h::: fleJU LLG'l:::t.fhn rum";ib zjmJ'1l11..:J'1leJ-:J 1� ll'l";i L -;;i" ?11m";it1'Vl11ml'l 1:J fl1";i1 Lrm:::��h 1:J 

bA�eJ-:J 050 Thermogravimetric analyzer .f11!:JLl))?l.f111:::'l'Ulll1";ib";;J'U ��NV1.1Ji'h:::vd1-:i 30 eJ-:Jl'11b61fG'lbeii!:J?l '1-:i 700 eJ-:Jl'll 

b61fm-1i1:J?1 �1!:J'elm1 10 eJ-:Jl'11b61fG'lbeii!:J?l�eJ'U1'Vl zj-:JneJ'Ufl1";i1bfl";i1:::� L�l\9l";ib";;JG'l";;J:::,IT'U�'\.l�1!:Jfl1";i freeze-dried Lvfo1vf 

\l11eJth-:Jbb vf-:i 

'1l11-:J 'el'Ub�eJ-:im-;;i1fl'l.l!]n�1:J1 conjugation '1JeJ-:JVl�A11ueJfl'U�fl 'V'i11vfl�Vl�UJelbbA'll11l1 (mercapto group) b'U'UVI� 

v1-:in'8''U�'l.lm!:J'1Je)-:Jbb'1J'U-:J'LJ1-:J (side chain) bbG'l:::LVlfl11:W�el'U';;J'Ubf1\9lb'U'U�'Ufi::: Ll'l'l!G'l'l'Vlli1 (disulfide linkage) fl1";i'V11'U1mru 

'1JeJ-:JVliJA11UeJfl'U�fl ?11:lJ1";itl1bfl";i1:::Vl1ITTli1!:Jfl1";i'lll1bll1";ill1fJeJ'Ufl�U (back titration) '1)e)-:Jfl";i\i1L�l\i1";iflG'lel�fl (HCL) nu 
\I 

?ll";i&l:::6'11!:J l 61f b� m-1'l�\i1";ielfl'l 61!1i1mil'l�'V'i1'1.lij n�!:J1flUVl�fl11UeJ fl'U� fl L 'U lA";i..'.1?1�1-:J'LJe)-:J 1� l\9l";ib'i)6'\ 

3.6.3 fl1";iiaim,nm1:w?11m";i(]l'U01";ie):W,.r1'1leJ..:J'l�1®";ib';;JG'l 
' 

'U'Uvi m11ww flbb Vl-:J bb6'1 :::tl1V1'U m U!:J fl m:ww !:J::: b 16'11 �1-:J 1 'il'Ufl";i:::�-:itl1V1Ufl fl-:)� l\il !:J A11:W?l1:lJ1";i ti 1 'Ufl1";i�:Wtl1 

(%swelling) ?11:1-J1";it1A1mru'l�'il1fl?l:Wfl1";i (1)

11. 
Wwet-Wdry 

lOOswe mg(%) = --- x 
Wctry 

� ' V :: \l � 3.6.4 OJ'.al'10'J:!J''.ilfl:Wl'JJl,'jl!JA'lJ'¢NOJ'.aQV:WJ'lltl:-leh\ilAL5lfl

(1) 

fl1 ";j Pi fl�1 'ilr1 -w 1-11 ?1 ll11'l.l-eN fl 1 ";i�:wJ 1'l.le1-:i 'l!l 11'1 ";i L 'ilrt ?11m ";it1'Vl 1 'l�V1r11 c.115 zj.,:im-1 fl1 ";i©'Wlii'u � ?I ei-:i 

(second order equation) bi'.l'W1fifl1";iiaifl�1'ilG'l'WP!1?lll11��1!:J �-:J?l:Wfll";i (2)

(2)
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zj,:i1u1rn'l:lJn1';i k2 ,s flel e)\))';i1A.:J�'llel.:Jfl1';i4in11 s flel A11:W?l1:lJ1';itl1tifl1';j4:wiJ1�?l:W1>jG'l 1(,ltJ 

m1:wmm'at11'\.Jfl1'aeJ:wiJ1whfi'u o (S = 0) ru nmL�:W�'\.J (t = o) LLG'l� ru nm t = t 11'1.J r111:wmm'at11'\.Jfl1'aeJ:wiJ11u� 
' , 

n1vt'\.J\911idJ'\.J St 1\9lmtl't.Jhlm:w?l:wfl1'a� (3) 

t 

- =A+ Bts 

V IS} V t .J 

flG'l'U'llel.:JA11:W?l1:W1';itlb'\.Jfl1';iB:W'\.J1�?l:W\91G'l 
, ' 

(3) 

vf.:i'l1L�Bl))';i11il?lB'U11?l:Wfl1'aeJ'\.Jvl'U�?lB-:J (second order equation) l!'t.J ?l1:lJ1'atlb'U1flU1eJ1\9l'aLlilG'l1 '\.J 

.:J1'\.J1�til!'\.J �,:jljfl1';jL �tl'\.Jfl';i1'\lh�V111.:J t/S LLG'l� t L�Bl'11'\.J1tl.!LLG'l� L 'U�tl'UL 'Vit1ur11m.:ililG'l'\.Jl"t1?ll))1'lJB-:Jfl1';j4:wiJ1'lJeJ.:J 

'leJ1\9l'aLlilG'l 

3.7 .1 Differential Scanning Calorimetry (DSC) 

?l:W'\J�m-:ir111:wfei'\.J�fl1\9lli11tlbA�B.:J differential scanning calorimetry �iei DSC 200 F3 Maia � 

Billvt.flih�V111.:J 25 B.:Jl"11L61lm;tl?l �.:i 100 B.:Jl"11L61lm;tl?l \i11tleJm1 2 B.:Jl"11L61lm;tl?l�B'\.J1vi zj,:i\e11\9l';iLlil'1�vi1fl1';i 
' 'U 

"" 't ., :;' "' d 
( ) 

1 !'l ,J.,, "",J.,, • I d • I 1LA'a1�Vl'\.J'\.J lil��:W'\.J1Ll)):W� fully-swollen \9ltl'U';i';i�el� b'\.J DSC pan �:Wfl1'aLlil1�J LL'1��tl.!VIJJ:W�:Wfl1'aLu'1tl'\.JLL u'1-:J 

thermooram lil�'a�u1�Ltl'\.Jeiruvt.n:i'.linn�'lJB-:J?l1'a'1�6'lltlLL'U'U�1?l\91 (Lower critical solution temperature; LCST) 
:, , 'I 'U .. , 'I 

3.7.2 Thermogravimetric Analysis (TGA) 

fl1';i1LA';i1�'VIB-:Jr1'U';i�flB'U fl1'al'lmnfl1'aciBt1?!'11tl'lJB.:J1?1\91LL'1�?1:W'U�A11:WL?l�tl';i�1.:JA11:W{B't.J'lJB.:J 

?11'i ?11:W1'at1vi11mliltlfl1'a1LA'a1:::'Vlli11tlLA�B-:J 050 Thermogravimetric analyzer mt111ll?l.f\11:::1 't.J11))'aLlil'U ��illVIJJil 

';i:::V111-:J 30 B-:Jl"11b61l'1b;tl?l �,:i 700 B-:Jl"11b61.f'1b�tl?l �1tl'€Jl))';i1 10 B-:Jl"11b6ll'1b�tl?l�B'U1vi �-:JF1B'Ufl1'a1bl'1'a1:::'VI 1eJ11il'ablil'1 

1u:::�'UJ'Uli11tlfl1'a freeze-dried b�B1��1Bci1-:JLb�-:J 
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o, I =.J ol.J ol 1•1 3.8.1 01'a\>le:J'IJG"l'Ue:J-:!'1Je:J-:!1G"l~\,Je:J~lli'Vl,Ql-l'V1L ufltJ'WbLufl-:1 u 

1[JL\91'aL'ilfl'l"le:J~hirn·HnJ 'il~tmtlL'Utl'Vl'a-:im~'\Je:in~i'.iL~t1~1t1f'lt1~nm-:i 8 Dfl~LiJ\>l'a LLfl~fl11iiG"l-:i 10 
" 'U 'U 

DflfaiJ\>l'a n1'a~n~1f11'a\>leJ'IJG"lt1e:i-:i'1Je:i-:i 1fl L\91'aL'ilfl~e:Je:iruV1.nD~L tl~tJ'ULL tlfl-:i1 tli!u G"l1m"at1vh 1~\91tJf11'a~iJ 1fl L\91'aL'ilflfl-:! 1 u 
' 'U ' 

J1 vY-:ii1'i!~i'.im"aut1vintl1V1ii'mLvi'-:i LLf!~tl1V1ii'rntltJnmm~tJ~L1fl1~1-:i6'] ~~ruV1JJD~1-:i61 'ilt1m~vf-:itl1V1ii'nfl-:i~ L\91tJ'il~ 

'a1tJ-:!1'U1uitl'1Je:i-:im1iimm'at11 t1n1'a4iiJ1 (%swelling) 

3.8.2 01'a~n~1fl11l,11;'!1iJ1'aCl1'Uf11'aflnLn'IJLk§l~'Uf!\91'Ui;1e:JtJtl1 

1flL\91'aL'ilfl'l"le:J~Liie:ifhii 'il~tmtJL'Utl'Vl"a-:im~'Ue:in~i'.iL~t1~1t1f'lt1~nm-:i 8 Dfl~Liim LLfl~m1iiG"l-:i 10 
'U 'U 'U 

Dfl~LiJ\>l 'a f11'a ~ n~1A11iiG"l1m "at11 t1 m 'an n Lfl'IJ LLfl ~'Uf!\91tl1;1e:i tJtl1i!t1 G"l1iJ1'at1V111~\91 tJ f11'a \>l 'a1'i!G"le:J'Utl1V1ii' n~ 

L tl~tJ'ULL tlf!-:i 1 tl L~e:ie:i ~m tJ1 t1G"lm1~'11fleJ-:i~-:iLL 1\91~eJii~~ruVIJJD ~1-:i 61 L\91tJ'il~'a1tJ-:i1t11 uitl'1Je:i-:im1l.lmiiTrn 1-wm"a4l-l 

'11 (%swelling) LLf!~tl~mrutl1~fl-:!LV1~e:im c11 ti Lfl'a-:!G"l~1-:i L~m 'VltJ'IJ n'Utl~m rutl11-w'1lru~~1flL\91'aL'ilG'l~ii(i(1vi1 tJ'11 tii'-:i 

G"ll.lf11'a (4) LLG'l~ (5) 

(4) 

tl~mrutl1 (%) = Wwater,t X100 
Wwater,O 

(5) 



d 'U'Vl'Vl 4

4.1 nTl'V11�Ta'U�q'Vlcr (chemical purification) 

L�e:Jmli1e:J �l'l 1�r1 (acrylic acid; AA) lv1 �n �1'Wf1'.i�'U1'Uf11'.i'V11'U1�'V1t1m1 n1'.ini'Umc.11\¾i'�qiqi1 n1 � 

( vacuum distillation) L ii 'U-l e:i L 611 'V'l '.i e:i Yi 1;1 e:i � r1 � 1;11 l l-1 � (N-isopropylacrylamide, NIPAM) LL 1;1 � L e:i l e:i 'UL ii 'U 

(azobisisobutyronitrile Vl�e:J 2,2' -azobisisobutyronitrile, AIBN) lv1�1'Un'.i�'U1'Ufl1'.i'\111'U��Vlt11i1t1fl1'.i\1\n��fl6111 

(recrystallization) 1 'Ubii'U-L�f1L61l'U (n-hexane) LrntLl-l'\111'Ue:Ji;l (methanol) mmh�'ULL�1 1'11 chemical shift '<il1f1 

fl1'.i1 Lr1'.i1�viv11 m Vlr1-ur1 NM R (�-1'.i�'Uli11'U�1-1) �'UV'U11 L U'Ui.'11'.i�i1m1l.l'U1i.'l'\llt�1wr'Um '.i1111 L 'W'Ufl1 '.ii'1 Lr1'.i1�vil)le:J l 'tJ ' ' 

1H-NMR 'IJe:J-1 NIPAM (6, ppm, 500 Hz, DMSO-d6): 8.12-7.81 (-NH, 1H), 6.25-6.10 (=CH, 1H), 6.11-

5.96 (=CH, 1H), 5.63-5.43 (=CH, 1H), 3.97-3.76 (C-CH, 1H), and 1.24-0.92 (-CH, 6H) 

1H-NMR 'lle:J-1 AA (6, ppm, 500 Hz, DMSO-d6): 12.69-12.25 (COOH, 1H), 6.31-6.19 (=CH, 1H), 6.13-

6.01 (=CH, 1H), and 5.91-5.79 (=CH, 1H) 

b �e) 1 mvlleJ Lli1'.ib '<i)i;l�i:li:!l.lmi'ri b�� 1 'Ufl1'.i \1\e:J'Ui.'l'Ue:J"!l)le) fl1 'j m ��'Ufl1 tl'Ue) f1 \1\1l-l�\¾i' e)'1fl1'.i '11'U1� t1�-1 lv1e:ie:i fl Lb 'U'U 

LL1;1�lK-1Lr1'.i1�viL�m U'Ufl1'.iL'U�t1'ULvit1rnL1;1�LU'U'\111'1L�e:in H 2 LL 'U'U n�11Ae:i leJL1i1'.iL'<ilmzje:il.l'IJ11-1 Lli1t1'V'le:ifae:ivi�'U ln1;1 

( .J ) l ') .,l ') '" '" "'"" "' "' 'l • < .J ') "" !'le:Ji;l bbe-l'U.fl1'V'l'\11 4.1f1 bbi;l� eJbli1'.ib'<ili;lb'lle:Jl-l'IJ11'1bli1tlbf fW,be:J'U 1-bl-1'\11i;l'U'Ui.'le:J�rl'.ii;l� l-lli1 bbe-l'U.fl1'V'l'\11 4.1'1.J) bli1tll-l

.., ' "' · ') " l ') .,l ') "' "'"" l 4.2.1 fl1'.ii.'1'1brl'.i1�'\llbbi;l�01'.iY'l�'<il'U'\11'.i1'UY)1'1 brl'.i"li.'l'.i1'1'1Je:J'1 elbli1'.ib'<ili;lb 'lle:Jl-l'IJ11'1 bli1tl'V'le:Jf)be:J'\lli;l'U f1i;l!'le:J\;1 

le11mL'<ilm zje:Jl.l'IJ11-1 L1i1t1'V'le:ifoe:ivi�'U ln1;1mm L U'UleJ Lli1'.ib'<ili;l�lv1'<il1nm'.i61'1Lr1'.i1�vi'V'le:ifol.le rH1l.l'.i�V111-1 PNIPAM LLi;l� 

PAA LL'U'U�l-1 (random copolymerization) LL1;l�Lzje:Jl-l'IJ11'1\i11t1'l1i1t1tm'U'V'l'El�L'El'Yl�'U ln1;1r1t11;1 (polyethylene glycol) 

zj'1iJV1tjt1��L'U (amino group) (H2N-PEG-NH2) bU'UVltjumti Lli1tl'\ll�tl�m'U (amino group) b�tl'\111Uljii%1n'UV!�rl1{ 

'U'Elfl��n (carboxylic group) 'IJ'El'1fl'.ili1'El�l'l��mL�1'<ilt'V11LW.\i1LeJLli1'.ib'<il1;lzj'1i.'11l-11'.im�'U11i111b'i:l'Ub'<ili;lflt1'U bulk gel 

'<il1m!'Ub'<ili;l 11i1�nu-r'U'\ll�Lf1'.i'1i.'1�1'1'<il1f1'\ll�rl1fotlfl��n 1 �b U'UVl�1 Vl'Eltli;l�1'UUljii�tl1 conjugation n'U 2-bl.ltlbbfi'UL\1\btl'\111 
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'Uel1;1 (2-mercaptoethanol) b\lH:J1'U EDC LL1;1t: NHS LL�1i5.:i1�r r-:n:w{eJ'U'il'Ubf1\l1LD'U'W'Ufit:1\l1.a'1;11vM zj,:i ?f1:W1'H1�'UtJ'U 

1f11.:J?1{1.:i1\11\111cJ?fb tln�fmrn.:i FTIR 

(n) 

') d d -=:r...t:::I -=::. -=:r,_ 'l '
b\l1clbel'U,be)'U 1-b:W'Vli;1'U'Ui:lelt:fl'51;1t: il\l1

Nll 

'� 

b-c: 
I o 

I 

('IJ) ,( t' 
ov' 'NH + O'" 'OH + 

,,)',,, 

0 

r 
NH 

FTIR (cm-1): 2928 (C-H), 1727 (C==O of ester), 1695 (C==O of carboxyl group), 1620 (C=O of 

amide II), 1553 (N-H of amide II), 1388 (C-H, methyl group of PNIPAM), and 1366 (C-H, methyl group of PNIPAM) 

bblJ';hmtln�-rii FTIR 'ilt:i:11m1t:1�'UfJ'Ubf11.:J?f{1.:i•im.:i'l[l1\l11b'ili;l�G1.:Jbfl11t:Vl1\11 LL�1[!1\l11L'ilm!'Ubn\l1'il1n 

fl11b�elil'lJ11'1\l11cJ PEG �1'Utl�n�cJ1 conjugation zj'1LD'Utl�n�cJ1�eJ�11fl11bf1\l11Jelclbbi;1t:fl1'U�ilcJ1n Bf f�'11[!1\l11b'ili;1 

\l1'1mh1 ifoilf111ii?f 1m1t:11 'Ufl11n m11'UJ1�1 LL�nin�1cJ LL1;1::: hl?11m1t:1v\'11 �eid1 mtl'j1'1��ei"lrn1l\11 ITT�cJi5'11\l1'1'11 
� � � 

fl11b tl�cJ'U15fl1'5b �elil'll11'1b�el 1 �Ln\lll[l b\l11b'ili;l\l11cJLB'U,bB'U1-bil'Vl�'U'U?felt:fl�i;1t: liiii (N,N' -methylenebisacrylamide; 

MBA) �'1il�'1fl'1\l1\l1bb tl'1'1 Lfl1.:i?f{1.:ibf1iJb �el 1m\l1Vl�1 'Vlelel'1 bb�1�'11 �m1i1{eJ'Ub �ei1�bf1\l1'W'Uot:1\l1i'11 'V'l\Ji zj'115n1'5 

G1'1bfl11t:�\l1'1nci11 iJm1i1�1cJ�'elfl11bf1\l1U�n�t11 '1\l1�'U�el'U'llel'1fl11G1'1bfl11t:� �n,X,:i�.:i?f1il1'rnfl1'U�il bb'1t:?f mmm 

• I"' '• I 1 1 .J .. 1 -' 'l ._, -' • I • I I l;' .. 11 ., 'l 'll'el'1u'5il1illel'1fl u1t:n'el'Ubb�'1t:i:11'U 'Vlil�'elfl11ilbb'll'1bb 1-:i fl11ili:11m1t1 b 'Ufl11nmn'Ubb'1t:u'1\l1u'1'eltl'U1eln\l11tl \l1'1bbi:1\l1'1 b 'U 
.J 

bbe-J'U.f11'V'l'Vl 4.1 
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1;1�1iJlii 
'l 'i d 'i � � ="" = = 1 ' (l 'i ) f1 1 'i d ehl>l'SL'<iJG'IL'U€l'JJ'lJ11·hl>ll:Jbe)'W,Le)'W1-L'JJ'VlG'l'W'UG'le)�r\'H'1� 'JJl>l e'lbl>l'SL'<ilG'l PM-PNIPAM Lu'W e'lbl>l'SL'<ilG'l'Vl'JJ1 

'<il1f1f11'SLzj€l'JJ'lJ11�'S�V111-:J NIPAM LLG'l� PM 11>1!'.lii MBA L'U'WG'l1'SLzj€l'JJ'lJ11-:J (crosslinker) TEMEO L'U'W \,l1L'J-:i'lli)n�m 

(reaction accelerator) LLG'l� KPS L'U'W \>11L�'JJ'lli)n�!'.11 (initiator) '<il'WLF11>1L'U'Wfl€l'W
1

hi11>1-SL'<ilG'l (bulk gel) '<il1m1'Wiirn-s 

�l>lLL 'UG'l-:JVl�1ri-s-:iG'l�1�'<il1f1Vl�r\11'U€lf1'1l�n 1 VIL'U'WVl�1 'Vl€1€JG'l�1'W'Ui)n�m conjugation fl'U 2-L'JJ€JLLrt'U1\ilL€l'Vl1'W€JG'l 11>1!'.I 1'1f

EDC LLG'l� NHS LL�1�-:i1 vf r111iJ�€l'W'<il'WLn1>1L umfotrn11>1suG'l 1 'tllil zj�rn-s�G'l'<il'U'Vl-S1'U'Vl1-:J 1r1-s-:i?1�1-:il!'W ?11m-st1�'WEJ'W 
'U 

FTIR (cm-1): 3299 (N-H), 2931 (C-H), 1709 (C=O of carboxyl group), 1625 (C=O of amide II),

1546 (N-H of amide II), 1454 (COO of carboxyl group), 1390 (C-H, methyl group of PNIPAM), and 1366 (C­
d H, methyl group of PNIPAM) (�'U'Vl 4, 1)

I I Ill 

1 l ! l 1! 

\ j ! 1\1 

1 Ill 

3550 3050 2550 2050 1550 1050 550 

Wavenumber(cm•1) 

J'U� 4.1 m'lln\ilf'JJ FTIR 'lJ€l-:J1e'l11>1-SL'<ilG'l PM-PNIPAM 

�1�81\llV11f11'SG1-:JLr\'S1�Vl1e'l11>1-SL'<iJG'l PM-PNIPAM b'WG11>1G'11'W1'JJG'l PM LLG'l� PNIPAM b'W'll�mruvi1-:i1 

L �€lf1f1�1'U'<il�!'J�iic.JG'tv\€lr\11'JJG'l1'JJ1'Stl b 'Wf11'SU1'JJtl1 r\11'JJG'l1'JJ1'Stl b 'Wf11'Sflf1Lfl'Utl1 LLG'l�r\11'JJG'l1'JJ1'Stl b 'Wf11'S\il€l'UG'l'W€1-:J 

vit1elillVl.fJ31�b'U�!'.l'Wbb'UG'1-:i'li.J'llt1-:J'le'l11>1-sb'<ilG'111>1!'.li.J�mru PM �ei PNIPAM b'U-:J1'1.J11ij!'Jii�-:id 10:0 9:1 8:2 7:3 6:4 5:5 

4:6 3:7 2:8 1:9 bbG'l� 0:10 \il11Jri1�'U �-:JilVl�-:JliJ1f1f11'Si-:Jbr\'S1�Vl1e'lL�'SbliJG'1�-:Jf1�11 'V'l'U11 b�€lb�1J'U�1J1ru��ci'l'U'1J€l-:J 

PNIPAM :n'U i-:ibb� l'l(,l'j 4:6 '<i)'LJ�,:j 0:10 l!'U 
1

le'lbl>l'Sb1iJG'1'llJm1i1'St1:n''U'S'U'l\ll ��l!'U'\111-:Jrlru�m�EJ �-:i'l\llb�€lf1&1\il'S'le'lbl>l'SbliJG'1 
\J \I \I \J 

,J.,,� • • fl • 1" , d o , �,J � ,J( d 'Vl1l'1�&11'U PM \il€1 PNIPAM bu'UliJ1'U'J'U 5 �\il'S l>lbbf1 10:0 9:1 8:2 7:3 6:4 bbG'l� 5:5 b'V'l€l'Vl1f11'S'Vll>lG'1€l-:J\il€lb 'Vl-:J'UL'V'l€l 

��'<il'U'Vl'l1'U'Vl1-:J br\'S-:J&1;1,:i bbG'l�'U�1J1 ill'lJ€1-:JVltj'l 'Vl€l€1'1 �-:J'l\lliif11'Sf1 f1�1'U�1J1ill'lJ€l-:JVltj fl11'U€1 nslJi:inn€l'U'U� n�!'.11 

conjugation \ll'JEJ1fif11-S'l\ilbVl'S\il'1€l'Uf1�'U (back titration) (\il1'S1-:J� 4.1) �'1f11'S'Vl�G'1€l-:J bb&1�-:i111ut'U\il€l'Uf11'S:ff mi.J 
'U 
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'le11m1,,rn1111!:.li:11'j1,zjeJ:w'lJ11-:i MBA i1'W �eJ!:.1'1:::'1lmVl:Wrn1ueJn'8�n1'W11'1'j-:ii:1�1-:ile111>1wil'1'Ylr11mrul111m'iJ1n15n1'jl\il1,\il'j\il 
" 

E)e)'Ufl�'Ui1'W i'lr111n�Lial!:J-!lfl'U�li1611'U L:W'1 p AA vl1'ifl 'Uf11'jVJ1tlljn1m 

d1'€3-:i'il1flf11'j'Wi:l'il'U'Vl'j1'\J'Vl1-!ILl'l'j-:)i:1�1-!1'11eJ-:iVl:wl'VleJeJ'1 (thiol) (S-H) .Jf-:ivlr11'W'li1-:i 2590-2560 
" " 

L61l'W�L:W\il'j-1 (S-H stretch) LL'1::: 700-550 L61l'W�L:Wm-1 (C-S stretch) L'U'WJqiqi1ru'lJeJ-!IWl'lvlBeJ'U1'Wmtln\il-S:W'lJeJ-!I FTIR26 

�-:iiX'U�.:iV11 f11'jf'i mn f11 'jL :ileJ:w'1111-:i1111 !:.limrn l1>1.a'6'l l vMV11.:ie1eJ:w Lli1 !:I f11'jf'i mntl1m ruV1�r111u eJ nsB�n neJ'WLL6'l::: Vl�-:i 

tll)n1m conjusation 1 �I, 'U'UVl�l 'VleJeJ6'lli11!:.116f11'jl\ilL\il'j\ilfJeJ'Uf1�'\J l,�e)fl1'U1WV11tl1mruVl�l 'VleJeJ6'lfl1!:J 1 'W bl'l'j-!li:1�1-!l'lJe)-:) 

le11mL'il6'll>l-:)1'W\il1'j1-!lvl 4.1 t:,J6'}f11'j'V]t,j6'}e),!j l,Li:lli1-:)11 1,�ml1le111>1'jl,'i)6'}.J(,:i 5 �\,)'jlJVJ1tlljn�!:.111'11'\J (conjusation) nu 2-L:W 

e)l,i,l'lill\ilLeJ'Vl1'UeJ6'l tl1mru'lJmVl:Wl'l11ueJn'lli;:in1'W1m.:i1:1{1.:ile111i1Wil6'l PM-PNIPAM t!'U i'ltl�mru6'lli16'l-!I l,�e).:l:w1'il1flf11'j 
" 

vi 2-1,:We)l,1,l'lill\ilLeJ'Vl1'UeJ6'l V11tlijn�!:.11 conjusation fl'UVl�l'111'UeJfl'll�n 1 'W Ll'l'j-!li:1�1-!lt!'U Lnli1:ff'UU'€l!:.16'l-!I 1,�eJtl�mru�li1�1'U 

L:w6'l PM 6'lli16'l-!I �,!jl,f1\ill!i1'il1flmmru'lJeJ-:)Vl�l'VleJeJ'1 (L:W6'l/1 n-r:wle1Lli1'jl,'i)6Jbl,�-!1) v1Lf11i1'il1fltlijn1!:.116'lli16'l-:)\il1:W�1�'\J 'il1flt:-J6'l 

f11'j'V]t,16'}e),!j\91,!jf1�11 v\'11�1, 'j1i:1ltll11111 tlijn1!:.11 conjusation V111 �Lf11i1Vl�l 'VleJeJ6'l (S-H) I, tJ'WVl�tlm!:.i'lJe)-:) bl'l'j-!li:1�1-:) lel'Lli1'j 

L'il6'l 1,m:::1,�eJ1�r111:w{eJ'Uvl 90 eJ-:i12111,'1lmsil!:.li:1 'il:::l111m'j1,zjeJ:W'lJ11-:i1111!:.li'Wo:::l1>1.a''1lvl1>11'W1m.:i1:1{1-:ile111>1'j1,'iJ6'l PM-PNIPAM 

\911'j1{)� 4.1 r11tl�mruV1�1'11foeJn'll�n l,l,6'}:::Vl�l'VleJeJ6'l'lJeJ-!1lel'Lli1'jl,'i)6'} PM-PNIPAM neJ'ULL6'l:::V1�-!lf11'jVJ1tlljn�!:.11Lli1!:.I 

16f111'l\ill,\i)'j'ij'\JtJeJ'Uf1�'\J 

beJL�'Wil'1 ��iht11:w'11t1 mmru'Vltjrnfoe:in61ian ·tfhn ruV!a.irnfoe:i n mmru'Vla.i
'U 

PM- tll)n1E11 (mol) neJ'U'\Jl)ITT!:J1 COnjugation 1 61ian V1a-:itll)n1E11 l'Vlelel6l 1 

PNIPAM PM PNIPAM (10-3 moVg) (%) conjugation 1 (%) (10-3 moVg) 

10: 0 10 0 4.72 ± 0.39 100.00 ± 0.00 88.56 ± 0.10 0.54 ± 0.08 

9: 1 9 1 4.22 ± 0.32 89.96 ± 1.36 78.60 ± 2.83 0.51 ± 0.09 

8:2 8 2 3.64 ± 0.49 77.11 ± 1.33 66.94 ± 2.23 0.48 ± 0.14 

7:3 7 3 2.91 ± 0.55 61.65 ± 1.79 52.76 ± 1.94 0.42 ± 0.10 

6:4 6 4 2.35 ± 0.24 49.86 ± 3.49 42.54 ± 3.21 0.34 ± 0.11 

5:5 5 5 1.95 ± 0.45 41.31 ± 4.85 35.40 ± 4.89 0.28 ± 0.04 

1 �11,Q�l:l ± �1'WL�!:.l-!IL'U'Ul.J1\il'j11'U (SD) 'lleNLel'L!i1'jL'iJ'1 PAA-PNIPAM ��\il'j�1-:i� (lii11,il'Um7J1 3 l'lfo

26 Artel, V., Cohen, R., Aped, I., Ronen, M., Gerber, D. and Sukenik, C.N. 2013. Controlled Formation ofThiol and Disulfide Interfaces.

Langmlr. 29: 191-198. 
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'We.Jmnn-d' m'iialn~1m'ibzje.ll.J'U11.:i~'11t1~'Wu:~l1>1sii'6'llvMvn,:r5mJ ?11m'it:1v'i1l~1>1t1 m'Sialn~1b?l~t1'ii11'V'I 

m1l.l{e.J'W (thermal stability) bbG'lttl~mrubt.71 (char yield) li'i'1m'\lll'l'Ul'l thermogravimetric analysis (TGA) m'i1.:ivl 4.2 

:at,~\~'W11 Vl~.:itll)ii~m conjugation bb6'lt1im1l.l{e.J'W'<u'Wbf\1>1b'U'W~'Wl'i~11>\,1J6'11vliibb1;)1 leJbl>l'ib'<i:16'1.Jf.:i 5 ~~'i iimmruu11 

b~l.J~.:it'We.J~1.:Jii'Wm11Aqj b~e.Jb'vicJ'Uf1'Uflel'W'U~n~cJ1 n~11Ael tl~mrum'ibzje.llJ'U11.:J'lli1~.:Je-J6'lbl>lcJ~'i.:Jfl'Ub?l~cJ'ii11'V'll'l11lJ 

-SeJ'WU6'lttl~mruu11'U0.:ile11mb'<i:16'l Vl1ntl~mrum'ibzjell.l'U11.:ib~l.l?1.:it'W tl~mrubt.11'<i:ltb~l.ltm'Um~t11n'W27
•
28

•
29 v1.:ii!'W'<i:11n 

\I 

e-JG'lnl'i'Vl1>16'10.:iv1.:in~11 ~.:iv'i11 ~b 'i1?11tll1i111 mti 1 'W Ll'l'i.:i?1-s1.:i'U0.:ile111>1'i b'<i:16'1 P AA-PNIPAM iim'ib zjell.l'U11.:Jbb 'U'U~'Wutl1>1 

sii'G'llvl~ (disulfide linkage) .Jf.:id Bennour bbG'l~ Louzri30 (2014) lli'i'v'i1m'iG1.:Jbf1'i1~Vl1eJ11>1'ib'<i:l6'l'V'lel~bl.le.Jf;11mt'Vl11.:J bB'W 

,bB'W-l1>1bl.l'Vi6'lel~A~m 'll-lii (N,N-dimethylacrylamide; DMA) bb6'ltm1>1m~0n (maleic acid) ~1'Wn'it'U1'Wn1'i'V'lel~b:WeJfb 

b'llifmb 'U'UeJ'Wl.16'10?1'it 11>1t1ii MBA b U'U?l1'ib zjell.l'U11.:i bbG'l~ lli'i' bb?11>1.:i 1 ~ b ~'U11 b~0tl{'Ubtl~t1'W'll~mru'Ue.J.:J?11'ib zjell.l'U11.:i 1 ~ 
'" 

~1'i1.:J~ 4.2 r11tl~mrubt.11'UeJ.:J1e111>1'ib'<i:l6'l PAA-PNIPAM flel'Wbb6'l~Vl~.:Jm'i'Vl1'll~n~ti1 Ll>lc.J16n1'i1bl'l'i1~'\t1'\ll1.:Jf111l.l 

'Sel'U\i11t!Wlf1'Uf1 TGA 

le11wi·wila 

PAA-PNIPAM 

10: 0 

9: 1 

8:2 

7:3 

6:4 

5:5 

flel'Utl:flmEJ1 conjugation 

15.34 ± 0.13 

12.94 ± 0.54 

11.83 ± 0.47 

11.32 ± 0.76 

9.94 ± 0.56 

9.03 ± 0.64 

tflmruu'h 1 (%) 

20.38 ± 1.45 

17.59 ± 2.49 

15.84 ± 1.93 

14.98 ± 2.76 

11.49 ± 1.58 

9.02 ± 1.38 

27 Levchik, G.F., Si, K., Levchik, S.V., Camino, G. and Wilkie, C.A. 1999. The correlation between cross-linking and thermal stability: 

Cross-linked polystyrenes and polymethacrylates. Polymer Degradation and Stability. 65(3): 395-403. 

28 Li, A., Liu, R. and Wang, A. 2005. Preparation of starch-graft-poly(acrylamide)/attapulgite superabsorbent composite. Journal of 

Applied Polymer Science. 98(3): 1351-1357. 

29 Ebadi, S.V., Fakhrali, A., Ranaei-Siadat, 5.0., Gharehaghaji, A.A., Mazinani, S., Dinari, M. and Harati, J. 2015. Immobilization of 

acetylcholinesterase on electrospun poly(acrylic acid)/multi-walled carbon nanotube nanofibrous membranes. RSC Advances. 5: 42572. 

30 Bennour, S. and Louzri, F. 2014. Study of Swelling Properties and Thermal Behavior of Poly(N,N-Dimethylacrylamide-co-Maleic 

Acid) Based Hydrogels. Advances in Chemistry. 147398: 10 Pages. 
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4.3.1 rn:sialrl'1oJ1f111timm':it1h1rn':ima.nl1'l.lB~1fl1\9l':ib"iJ'i;l 

'Vl~'W~n-ti'u~'lje)Utl1 (hydrophilic sroup) b'li'\.J 'Vl~lfl\9l':ie)f161f'i;l (hydroxyl, -OH) 'Vl~fl1{Ue)f161J'i;l 

(carboxyl, -COOH) 'Vl~beJhwi (amide, -NH2)31 b'U'\.J'Vl~'W~n-ti'u~'\ll1b'Vlbn\9lbmbb1'\.Jb\9le){11'i;l~ (van der Waal's force) 

bb'i;l~~'\.Jo::ilfl1\9l':ib"il'\.J (hydrosen bond) ':i~V111~1fl1\9l':ib"il'i;l bb'i;l~bilb'i;l~'i;l'1lel~J132 zj~"il~ci~e..J'i;l\91eJfl11:l-l?f1:IJ1':iflL'\.Jf11':iU1:l-l 

tl1bb'i;l~flmnutl1'1JB~lfl1\9l':ib"il'i;133 vi'~tlurn':iialn'l'}1'\.J~mru~\?lci1u1:l-l'i;l'1leJ~ PM bb'i;l~ PNIPAM 1u1fl':i~?1{1~'1JB~lfl1\9l':ib"il'i;l 

e}'\.Jb 'U'\.J'U"iJ'ij !'J~ci~e..J'i;l~e) 1"111:l-l G"f 1:l-l1':ifl 1 '\.J f11':iU1:l-ltl1 bb'i;l~ fl11:l-lG'l1:l-l1 ':itl 1 '\.Jfl1 ';j n mnutl1'1Je)~ lfl b\91':i b "i)'i;l~~ b 'U'\.J'U ';j ~b~mh·1 qJ 

1u~'il flru~1<ij!'Jlv1'Vl1rn':i'Vl\9l'i;leJ~~l-llfl1mb"ilmbvf~ (dried hydrosel) 1 utl1 bb'i;l~"iJ\9lfhtl1wwn~b~:l-l:ffu'1leJ~lfl1\9l':ib"il'i;l~ 

b1m~1~1 bb~1f\'1mrufl11:l-l?f1:l-l1':iflL'\.Jf11':iU1:l-ltl1'1leJ~lfl1\9l':ib"il'i;l (%swellins) lflb\91':ib"iJ'i;l PM-PNIPAM tlu li11tJ~\9lci1u 

b:l-l'i;l'1Je)~ PM b'U'l.Jci1'1.Jb'VltU'1lel~bfl':i~G'l{1~lfl1\9l':ib"iJ'i;l J~d PM b'U'\.J'Vld~1'\.JY-lel~b:l-lel{\9l\9ltl1~~!'.11\9l~b'U'\.J~'Vl':i1U'1~ 
~ ~ 

31 Ma, Z., Gao, C., Gong, Y., and Shen, J. 2003. Chondrocyte behaviors on poly-L-lactic acid (PLLA) membranes containing hydroxyl, 

amide or carboxyl groups. Biomaterials. 24: 3725-3730. 

32 Zhang, M., Cheng, Z., Zhao, T., Liu, M., Hu, M., and Li, J. 2014. Synthesis, Characterization, and Swelling Behaviors of Salt-Sensitive 

Maize Bran-Poly(acrylic acid) Superabsorbent Hydrogel. Journal of Agricultural and Food Chemistry. 62: 8867-8874. 

33 Kim, S., Lee, K., and Cha, C. 2016. Refined control of thermoresponsive swelling/deswelling and drug release properties of poly(N­

isopropylacrylamide) hydrogels using hydrophilic polymer crosslinkers. Journal of Biomaterials Science, Polymer Edition. 27( 17): 

1698-1711. 

34 Witono, J. R., Noordergraaf, I., Heeres, H.J. and Janssen, L.P.B.M. 2014. Water absorption, retention and the swelling characteristics 

of cassava starch grafted with polyacrylic acid. Carbohydrate polymers. 103: 325-332. 

35 Zhang, M., Cheng, Z., Zhao, T., Liu, M., Hu, M., and Li, J. 2014. Synthesis, Characterization, and Swelling Behaviors of Salt-Sensitive 

Maize Bran-Poly(acrylic acid) Superabsorbent Hydrogel. Journal of Agricultural and Food Chemistry. 62: 8867-8874. 
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(agriculture)36
•
37

•
38

•
39 rnm'V-l'VlV (biomedical application)40A1A2 l.�'1.Jl.'llel{ (sensor)43A4 l.'U'1.J�'1.J 't�\di1rn1�n�1rm

��1,1, 'l.h (modification) 1,1,�:::m11.�:W1.�ll (addition) ?lll'U�fl11\>1el'\J?l'1.Jel-:J\9lelfl111. tl�t1'1.JI.I. tl�-:J'llel-:JelillVIJJlhih1 tl1 u 

1m-:i?1{1-:i'llel-:J1fl1m1. "� 1. �el 1 vf?11m111r11u1-1tJrn1tl��tl�elt11.1.�:::1!J�<B'u blll.�fl�\9l1-:i1 'llel-:J 1fl 1�11.li'J� 1 u?1m1:::1.1.1��elll ru 

,J " 

?1m1:::'V11>1el-:irn1 

Martinez 1,1,�::: r1ru::: 45 (2018) 1vi'vi'1 fl11�fo�11"111ll?l7m1111 '1.Jfl11��slil!'llel-:J1fl 1�1 l.li'lm zjelll'll11-:J 
\I 

PNIPAM 1u?111�:::mt1\9l1-:J 61 'V-l'\J11 'le11�11.li'J��,:jfl�11?11m1'1��-sll1��,:jl,1,\,l ?111�:::mt1i1.ff1�1 (1.'1!'1.J b'Vl��'1.J "1�"1) 
I " " 

?111�:::mt1B1.J'Vl�V 1.1.�:::1.hlvi'mh-:i� 

1tl� 4.2 l,l,i;'l�-:JmT\lb:::V111-:J\"111ll?l1lJ1';itl 1 '1.Jfl1'j'lJ1l-Jtl1 Vl�el eJm11'llel-:J'leJb�';il,li'J� 1,1,�:::{elt1�:::'llel-:JVl:W 
\I ' \I 

r11foeln61H1n �1.1.?1�-:i�-:itl�mru'llel-:J PM 1 u1r11-:i?1{1-:i �-:idr111l-lmm1111 urn1ml-Jtl1'llel-:J 'le11�11.li'lm�l-l-ii' u 1.�m1��1u 

bl-J�'llel-:J PM l,�l-]�'1.J 1.�el-:Jli'J1flVl:Wvl-:irHru�'Uel'lJJ1�1.�l-1�'1.Jfl1t11u1r11-:i?1-r1-:i'llel-:J'le11�11.li'l� '1.Jelflli'l1fli1 PNIPAM l.'UU'V-lel� 

l.l-Jel{�i'Jr111l-J?l1ll11'11 '1.Jfl11'\J1l-ltl11i'11 fl fl11�lJVl�fl-:in.rru�'Uel'lJtl1el�.fl1t11 '1.J 1m-:i?1-r1-:i46 el �1-:J 'l 1n1>11l-1 PM '1ui'J 

1"111l-l?l1ll11'11 '1.Jfl11'\J1l-ltl1mnn11 PNI PAM 

36 Guilherme, M.R., Reis, AV., Takahashi, S.H., Rubira, AF., Feitosa, J.P. and Muniz, E.C. 2005. Synthesis of a novel superabsorbent hydrogel 

by copolymerization of acrylamide and cashew gum modified with glycidyl methacrylate. Carbohydrate Polymers. 61(4): 464-471. 
37 Liang, R., Yuan, H., Xi, G. and Zhou, Q. 2009. Synthesis of wheat straw-g-poly(acrylic acid) superabsorbent composites and release 

of urea from it. Carbohydrate Polymers. 77(2): 181-187. 
38 Rashidzadeh, A, Olad, A, Salari, D. and Reyhanitabar, A 2014. On the preparation and swelling properties of hydrogel 

nanocomposite based on sodium alginate-g-poly(acrylic acid-co-acrylamide)/clinoptilolite and its application as slow release 

fertilizer. Journal of Polymer Research. 21(2): 344. 
39 Teodorescu, M., Lungu, A and Stanescu, P.O. 2009. Preparation and properties of novel slow-release NPK agrochemical formulations 

based on poly (acrylic acid) hydrogels and liquid fertilizers. Industrial & Engineering Chemistry Research. 48(14): 6527-6534. 
40 Amin, M. C. I. M., Ahmad, N., Halib, N. and Ahmad, I. 2012. Synthesis and characterization of thermo-and pH-responsive bacterial 

cellulose/acrylic acid hydrogels for drug delivery. Carbohydrate Polymers. 88(2): 465-473. 
41 Pourjavadi, A, Barzegar, S. and Zeidabadi, F. 2007. Synthesis and properties of biodegradable hydrogels of K-carrageenan grafted 

acrylic acid-co-2-acrylamido-2-methylpropanesulfonic acid as candidates for drug delivery systems. Reactive and functional 

Polymers. 67(7): 644-654. 
42 Qiu, Y. and Park, K. 2001. Environment-sentitive hydrogels for drug delivery. Advanced Drug Delivery Reviews. 53: 321-339. 
43 Gerlach, G., Guenther, M., Sorber, J., Suchaneck, G., Arndt, K.F. and Richter, A 2005. Chemical and pH sensors based on the 

swelling behavior of hydrogels. Sensors and Actuators B: Chemical. 111: 555-561. 
44 Yang, M., Liu, C., Li, Z., Gao, G. and Liu, F. 2010. Temperature-responsive properties of poly(acrylic acid-co-acrylamide) 

hydrophobic association hydrogels with high mechanical strength. Macromolecules. 43(24): 10645-10651. 
45 Martinez, M.V., Molina, M. and Barbero, C.A. 2018. Poly(N-isopropylacrylamide) Cross-linked Gels as Intrinsic Amphiphilic Materials: 

Swelling Properties Used to Build Novel lnterphases. The Journal of Physical Chemistry B. 122(38): 9038-9048. 
46 Burmistrova, A, Richter, M., Eisele, M ., Ozom, C., and Klitzing, R. 2011. The Effect of Co-Monomer Content on the 

Swelling/Shrinking and Mechanical Behaviour of Individually Adsorbed PNIPAM Microgel Particles. Polymers. 3: 1575-1590. 
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• 

100 

i.'l�f11':ieJ'W\i1'\J�i.'le"J.:J (second order equation) b'U'Wf11':iP1f1�1"il1;t'W1'11i:IM4'1lB.:Jf11':i'U1"111'1lB.:J1fl1�':i 

b"il1;t�41c.1 bb1;t�i.'11m':it1V11'\l'l1':i1ilbMBfl111V1mcJ'V'l1':i1ilbMB4 1111bbfl eJM':i1f11':i'U1m11l�l-l�'W (initial swelling rate) eYm1 

f11':i'\J1l-JJ1A.:i� (swelling rate constant) bb1;t�fl11l.li.'11ll1':itlL'Wf11TU1l.lJ1���i.'ll.l�1;t (equilibrium swelling) l�c.11-if 

m1l.lmm':it1L'Wf11':iU1l.lJ1 (S) �nm (t) �W'l L'WF11':ir11mru bb1;t�b;c.1'Wnnvh�V111.:i t/S brn� t zj.:J"il�L�m1vlbG1'WM':i.:J 

�il��vl�bbn'Wi.:i Cy-intercept) ilr11b'V11fl'\JG'l1'Wf1�'\J'1le"J.:JeJm1m':i'\J1l.lJ1b�l-l�'W (r 0) bbi;t�fl11l.l'U'W (slope) b'V11fl'U?l1'W 

f)�'\J'1Je).:Jfl11l-li.'11ll1':itlL'Uf11';j'\J1l-JJ1���i.'ll-J�i;l vr.:id e)l)'i';j1f)1';i'\J1l-JJ1fl.:J� (k2,s) Vl11�"il1f)i,'ll.]f)1';j ro = 1/ k2,sS2 ,!me"J.:J47 

vr.:id f)1';i'W�"ilU11i.'ll-Jf)1';je)'lJ\i)'\J�i.'le).:J'1Jel.:J"iJi;t'Wl'l1i.'IM41.'11m':it11 oif1111nu1fl b�';i b"ili;l PAA-PNIPAM L'W

.:J1'W1 � c.1-d' vh 1vn� c.l f)1 ';jb ,_r:� c.1'\J b 'V1c.1'\JWVl11.:Jfl11l.li.'11m':itl 1 'W f)1';i'\J1l-JJ1�"il�i.'ll-J�i;t�'l�"il1f) f)1';jf11'W1illbbi;l� f)1';j'V\� i;le),:j ' ' 

Jtl� 4.3 bbi;t� 4.4 b'U'Wm1'Wbbi.'l�.:Jfl11l.li;1�'W'Wfi':i�Vl11.:JeJM':i1f11':iU1m11l�l-l�'W (initial swelling rate) 

bb1;t�eJM':i1f11':i'U1l-JJ1A.:i� (swelling rate constant) '1le"J.:J'lflb�':ib"ili;t PAA-PNIPAM M1l-la11i1'\J bb1;t�tl�mru'1Jm PAA zj.:i 

bb 'Vl'W�1t:Jfmm�V1�ATfuBne8�nm l:.IL 'W LA':i.:J&1�1.:i t:-J1;tf11':iP1n�1bb&1�.:i1 ,XL �'U11 erm1 m':iu1l.lJ1 b�l.l�'Wbb1;t�A.:i�'1'W "il�il 

47 Kundakci, S., Ozom, 6.B., and Karada�, E. 2008. Swelling and dye sorption studies of acrylamide/2-acrylamido-2-methyl-1-

propanesulfonic acid/bentonite highly swollen composite hydrogels. Reactive & Functional Polymers. 68: 458-473. 
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iu~ 4.3 eJ~11rn1min!1L~:W~'W (initial swelling rate) 'lJe1.:i1e1L~Wili;1 PAA-PNIPAM ~iiu~mru'lJeJ.:i"1~rn1ueinsil~n 

(%) ~W'] L~tlLLt\Uf\11:Wflr;l7~Lfl~el'Wiil'17L'Vl7flU~1'WL~tl.:JLU'W:w7~J~7'W (~7L'U'Wf171J7 3 r1f.:i) 

Ghorbanloo LLi;l~ Heidary50 (2016) llii'vi1rn1G1.:iLr111~~ LLr;1~rn1fiin~1i.'l:W'U~'lleJ.:i1e11~wilr;1 PAA~ 

iir111:w?11m1t11 'Wrn1~e1Ui.'l'We1.:i~eirn1L tl~tl'WLL tl1;1.:ir111:wL U'Wm~~1.:i LLr;1~r111:wmm1t11 'Wrn1m:wJ1~.:i Lvlei 1 '1l1. 'Wfl11 

r11ur1:wrn1tl1~.:it11 'Vlu11 le11~w,rn PAA 11'W?11m1t1G1.:iLm1~"1'11ilL~t1rn11'1f MBA LU'Wi.'l71L~e1:w'lJ11.:i zj.:ile11~wilr;1~ 
' 

"1 • ,.. .. , 'l r .J o ,., • 1.J 
L:Welb u'atlU L 'VltlUfl7fl17:Wi.'l7:w71tl b 'Wf171U1:W'W1Wil~i.'l:W~i;l'<iJ7f1fl1'afl7'W1lliLLi;l~ fl1'a'Vl~i;lel.:i ~.:i"a u'Vl 4.5 

' ' \J 

PAA-PNIPAM 

48 Ma, Z., Gao, C., Gong, Y., and Shen, J. 2003. Chondrocyte behaviors on poly-L-lactic acid (PLLA) membranes containing hydroxyl, 

amide or carboxyl groups. Biomaterials. 24: 3725-3730. 

49 Witono, J. R., Noordergraaf, I., Heeres, H.J. and Janssen, L.P.B.M. 2014. Water absorption, retention and the swelling characteristics 

of cassava starch grafted with polyacrylic acid. Carbohydrate polymers. 103: 325-332. 

50 Ghorbanloo, M. and Heydari, A. 2017. pH Sensitive Hydrogel Based Acrylic Acid for Controlled Drug Release. Physical Chemistry 

Research. 5(1): 185-193. 
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PNIPAM L tJu'\"lei�h:wei1�iir111:wmmdC11 'Ufl1')�eJ'Uli'IUei.:i�ei fl1')L 'll�ti'ULL 'llG'i.:i ei ru'VIJJil zj.:ieiru'VIJJil 

1fl'J�'Uel.:Ji:11')G'l�6'11t1LL'\J'\J�1�vt (lower critical solution temperature; LCST) 'Uel.:J PNIPAM i!u iirh'll')�mru 32 

ei.:il'l1L'1!m61ltii:151 •52 e1�1.:ihMi fi1 LCST d 'il�LL�n�1.:i1'll1vit1�un'\JLr1').:Ji:1�1.:i'Uei.:i'l"leifo:we11 Liu fl1')LU'ULri'l"leJ�L:wei1 

(copolymer) f11')m1vlvi (graft) 

�1V1{'U.:i1ui�t1d Lfl').:Ji:1{1.:i'Uei.:i PNIPAM iin1')L�ei:w�ein'\J PAA �.:ii!u::S.:i1i11LtJu\ii'ei.:irln�1md 

�el'\Jli'l'Uel.:Jf11')L 'll�ti'ULL 'll6'1.:J'elW'VIJJil zj.:Ji:11:IJ1')fl'Vl11mvitlfl1')�:IJ be'! Lvt')L'iJmL�.:J (dried hydrogel) 1 uJ1�iiei ru'VIJJil�1.:i 'l

(1) eiruw1il'!Xei.:i 25 el.:Jl'l1L'1!6'\L6Utl!i'I (2) elW'Vli1il 50 el.:Jl'l1L'1!m61Jtlli'I (li'l.:Jfl11 LCST) LL6'1� (3) elW'Vli1:W 10 el.:Jl'l1L'1!6'\L6Utlli'I
, 'U , 'U 'U , \I 

(�1 fl11 LCST) LL6'\�'ilvtA1tl1V1'W n�L �:W�'U'Uel.:Jbe'J L\i1')L<iJ6'\�L16'11�1.:J 'l LLihw1mr\'1mruL U'Ur!11:Wli'l1:IJ1'SCI 1 'Uf11'S'U1:Wtl1

'Uel.:Jbe'JL\11-SL'ilG'l (%swelling) 'le'JL\i1'SL'il6'1 PAA-PNIPAM ')1:W�.:Jfl1')fl1'U1WA1'1"l111ilL�e11vrn'ilG'l'Ul'l1i:1�1�1.:i1 'lti1LLfl ei'�-s1

m-sm:wtl1L�:W�'U (initial swelling rate) ei'�11f11')'\J1:Wtl1r1.:i� (swelling rate constant) LLG'l�rl11:Wi:11:IJ1'SCIL'Ufl1'S

m:wJ1�1il\i'lli'l:Wl1)G'l (equilibrium swelling)

e-m m -s rl n �1 'l1i1" m.J 1 :w 1'll -s �m G'l L tJ u n -s1vl LL!i'l\11.:J ri 11:w 61':wi uJ -s� V111.:i ·fo t16'1� 'UeJ .:i'VI� ri 11'\Jei n'8 � n � � � 

LL!i'l\11.:J�.:i'll�mru'UeJ.:J PAA 1u1r11.:i?1�1.:i ( LLfl'U x) 1v1t1iiLLfl'U y LU'UA1rl11:Wi:11:IJ11CIL'Uf111'\J1:Wtl1�1il\i'lli'l:Wl1)G'l (%swelling) 

(�'ll� 4.6) ei'�11fl11'\J1:Wtl1L�:W�'U (initial swelling rate) (�'ll� 4.7) LLG'l�el�11n11'U1:wtl1ri.:i� (swelling rate 

constant) (�'ll� 4.8) 'Uel.:ibe'JL\i1'SL'il6'1 PAA-PNIPAM 

G"11V1fo1e'JL\i1')L'iJG'l PAA (zj.:i1�ii PNIPAM mlmt11u1m.:ii:1�1.:i) i!u ri1m1:wmm-sC11'Um-sm:wJ1 ei'm1 
� 

m-sm :wtl1L�:W�'U LL6'\�el�11m-sm:wtl1r1.:i� LMt11'1JeJ.:Jfl'U'elW'Vl'l"l6'11'11i:1�1 'Vl�el LV1eii1:w'lv1miln� (thermodynamic)53 

L\i'ltlL�el'elWVIJJ:W�.:J�'U'\"l�.:i.:i1umt11u (internal energy) LLG'l�Lel'ULVl'SU (entropy) 'UeJ.:J'le'JL\i'l'SL'ilG'l PAA 'il�L�:w�.:i�u zj,:i 

tl1'l 'llcim1L�:W�'U'Uel.:Jel'Uli1'\J'Uel.:Jf111Lrl�el'U� (deoree of movement) LL6'\�L �:w'll�mruL:WL6'\nG'ltl1L'll1'l 'llei�mti1 u 
'U ::, , 'U 

d q I I d ..,,., J 

r!Wl 'il�:Wrl1li'l.:Jfl11!i'li111�VlelW'Vl.f1:Wm � ' � 

�1V1{'U'le'JL\i'l'SL'il6'1 PAA-PNIPAM ru elW'Vli1ili:1.:in11 LSCT (50 el.:Jl'l1L'1lm'litii:1) PNIPAM 'il�'Vl\111111 
' � � 

L�el.:i<il1flLL 'S.:J�.:J�\i'l'S�'\1111.:J L:IJL6'\�G'lm�'llel'Utl1 (hydrophobic interaction) d�'\1111.:J'Vltj'lei L'1!'\"l')el'v1G'l (isopropyl group) 

51 Shieh, Y.T., Lin, P.Y., Chen, T. and Kuo, S.W. 2016. Temperature-, pH- and CO2-sensitive poly(N-isopropylacryl amide-co-acrylic

acid) copolymers with high glass transition temperatures. Polymers. 8: 434. 

52 Ward, M.A. and Georgiou, T.K. 2014. Thermoresponsive Polymers for Biomedical Applications. Polymers. 3: 1215-1242.

53 Saeed, A.M. 2013. Temperature effect on swelling properties of commercial polyacrylic acid hydrogel beads. International

Journal of Advanced Biological and Biomedical Research. 1(12): 1614-1627. 
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bbr;1:::1'11VlG1n'LJe:i-:i PNIPAM Vl�B n1":i":i1ilv11fl1t11tibb1;1:::":i:::Vl';h-:i1iirn�1;1 (intra- and inter- molecular aggregation)54 zj,:i 

1iiL1;1nr;1'LJe)-:) PNIPAM �Bru'Vl.nih:1-:i "iJ:::btlt11m1;1n1;1�1:w'1lB'Utl1 �-:ii1tibrlB'1�H'l1t!1ii1;1 PNIPAM b�ii.ffti ('1\916'11t!1m�'LJe),:j 
'I q 'U 'U , 

1000 

800 
•
• i 

± 
O') 

i 
C 

600 • • 

Cl) � .& I ' + 3: 
400 i"' • 

� ! •
0 

200 
• 

0 

0 20 40 60 80 100 

%carboxylic group 

'V](,li;le),:j ( • ) Bru'Vl.nilie:i-:i ( • ) Bru'Vl.nil 50 e)-:)l"\1b61Jm�fo� bbi;l::: ( ■ ) Bru'Vl.nil 10 e)-:)l"\1b61lm'lit1� 1\9lmbtl'Ufl11il 
'I 'U 'I 'U 'I 'U 

d .::I I I Q.1 I d O ,:::,, :,' � flr;l1\9lbfli;le)t!i!fl1b'Vl1n'U�1t!b '\Jtl-:)b 'Ut!il1vl":i)i1t! (\911b tlt!n1":i61l1 3 m-:i) 

1ti'Vl1-:in�'Uf1t! h11\91":ib'iili;l PAA-PNIPAM ru e:iruV1.niJJ1n-i1 LSCT (10 e)-:)l"\1b61lm'lit1�) PNIPAM "iJ::: 
' " 

(hydrophilic)55 '\1111mm1;1�1;1tlwu11 'lJe:itjmt11 ti 1r1":i-:i�{1-:i 1®1\91":ib'iili;l 'l1>1mn(t1 �-:i11m�B'1\916'11t! 1iil;l PNIPAM b�i1.fl't1 

('1\>lG11t11i1l;l'LJB-:i PAA l;lvrn-:i) F11m1iimm":it:11 t1m":imiitl1 eJv1":i1m":imiitl1b�ii�t1 brn:::eJv1":i1n1":i'U1i1'11r1-:i� 'iildJF11 

Lrlm'lJ�ti'Ub'Vlt:J'U'l®1\91":ib'iili;l PAA bbl;l::: PAA-PNIPAM bb�1 fl11l.16'11:IJ1":if:lb'Wn1":i�\91J1 '<i1:::ilm1i1bbvln911-:) 

fl'Wb'Wb'li-:i'Vl��m":iii b�e:ie:itjmt11��ruV13Jil�bbv1n�1-:iti'W n�T'J�e:i ru �ru'VIJJil so e:i-:il"\1b61lm'lim1 'lflb\91":ib'<ill;l PAA '<il:::ii 

54 Jain, K., Vedarajan, R., Watanabe, M., and Matsumi, N. 2015. Tunable LCST behavior of poly(N-isopropylacrylamlde/ionic liquid) 

copolymers. Polymer Chemistry. 6: 6819-6825. 

55 Jain, K., Vedarajan, R., Watanabe, M., and Matsumi, N. 2015. Tunable LCST behavior of poly(N-isopropylacrylamide/ionic liquid) 

copolymers. Polymer Chemistry. 6: 6819-6825. 
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1"11'V'l111fal>leJ1vh�'l ·i@�m1��,h mnn111e11�Wil61 PAA-PNIPAM bb61�1'W'Vl1�fl�'Un'W ru elt1JVl.!Jil 10 eJ�f'11b'1lG1b61ic.11;1 

1e11�Will;l PAA '<il�i'.JA1'V'l111ilbl>leJ1vh�1 'lleJ�fl111!)�'11 'UeJc.1n111e11�1b'<ill;l PAA-PNIPAM ��dr111lJbbl>lfl�1�1m'll� 

'V'lt]�m1lJ'lleJ�'le11�1b'<ill;ltil�mh1 bf1�'<il1fl'V'l���1'Wi11cJ1'W (internal energy) beJ'Wb'Vl1U (entropy)56 bbl;l�bb1�����Vl�eJ 

�'Wfi�1�Vl11�b:I.Jbl;lflm11n'UblJbl;lfll;l'1JeJ� PNIPAM57 ,!meJ� 
' ' 

100 

cu 
80 ... 

C, 
C: 
·- 60 -

-

40 
U) 
-

cu 
20 

C: 

0 

0 

& 

I 

! 

l 
� 

i 
� 

& ■ 

i ! ' 
i ■ 

i i

20 40 60 80 100 

%carboxylic group 

�'ll� 4.7 eJ\>\11fl11U1mllbiii�u (initial swelling rate) '1JeJ�'le11mb'<iJl;l PAA-PNIPAM �i1,J�mru'lleJ�Vl�l"l1foeJn'8�n 

(%) �1�') ru �t1JVlJJ:Wfl11'Vl�l;le)� ( • ) �t1JVl.!Jil�'iN ( • ) �ruVlJJ:W 50 e)(!f'11b'1lm61ic.11;1 Lbl;l� ( ■) �illVlJJ:W 10 el�f'11 

L'1lm61ic.11;11�mLriur111iir1m�bl"l�eJui'.JA1Lvi1nuG'i1mdc.1�Luuml>l1\i1u (v11bilum16111 3 Rf�) 
"" 

56 Saeed, AM. 2013. Temperature effect on swelling properties of commercial polyacrylic acid hydrogel beads, International

Journal of Advanced Biological and Biomedical Research, 1(12): 1614-1627. 

57 Liu, Y., Tas, S., Zhang, K., de Vos, W,M., Ma, J, and Vancso, G.V, 2018. Thermoresponsive Membranes from Electrospun Mats with

Switchable Wettability for Efficient Oil/Water Separations. Macromolecules, 51: 8435-8442. 
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_ 1.3E-04 
C 

i S 1.2E-04 · 

! i 
ti) 

• 
5 1.1E-04 ·

t I a, 1.0E-04 · 
! •

'- 9.0E-05 • 
• 

• • 
C := 8.0E-05 

3= 7.0E-05 
0 20 40 60 80 100 

%carboxylic group 

J'll� 4.8 eYm1m1m:wtl11'1-:i� (swelling rate constant) 'l.leJ-:J1�1\91Wil6'l PM-PNIPAM �il'LF�mru'l.leJ-:J'Vl�m{'UeJflsil 

�n (%) �1-:i1 ru 'elWVlJJ:Wfl11'Vl\916'leJ-:J ( • ) 'elill'VlJJ:WVfo-:i ( • ) 'elill'VlJJ:W 50 eJ-:Jl'11L'l.lm'l!t.1?1 bbG'l� ( ■) �ru'VlJJ:W 10 eJ-:il'\1 

L'l.lm'l!t.1?1 L\91t.lbbfl'Ul'l11:Wl'l6'11\91bl'l�mJilri1L'Yl1nu�1m�t.1-:ib'U'Umm:01'U (�1bu'Um1J1 3 l'lf-:i) 
"' 

'UeJ mn nilri11'111:wmm1111 'Un11m:wJ1 ru '1 \9l?l:W\916'1�1�m'11fl fl11 r\'1mru?1:w fl11eJ'Uv1'U�?leJ-:J'l.leN 
, , 

'16'l'Ul't1?1v1{ bb6'l�fl11'Vl\916'leJ-:i ilri1hlLLv1n�1-:in'UeJ�1-:iilumh·1'1J J-:i�'el WVlJJ:W 10 bbG'l� 50 eJ-:il'\1b'l.l6'lb'l!t.1?1 'Vl�el�'elru'VlJJ:W 

J1 bb6'l�?i-:Jfl11 LSCT vl1:W�1\91'U �-:imm111?11'l.
f
lli111 ?l:Wfl11el'U\'1'U�?iel-:J?l1m1ri 1 'tll, 'Ufl111-l1'U1W'Yl111:Wbvlel4'Vl1-:J

'U , 

'16'l'Ul'\1?1vl{'l.leJ-:J1�1mb'16'l PM-PNIPAM 11i1J-:im1'Vl\916'lel-:J ru (1) elW'Vl.fl:W'VleJ-:i 25 el-:Jl'\1b'l.l6'lb'l!t.l?i (2) elill'Vl.fl:W 50 €1-:Jl'\1 
, 'U , 'U 

b'l.l6'lb'l!t.l?I (?1-:Jfl11 LCST) bbG'l� (3) elill'Vl.fl:W 10 el-:Jl'\1b'l.lm'1lt.1?1 (J1n11 LCST) 
'U , 'U 

PNIPAM b'll'U'YleJfa:weJ{�ileJru'Vl.fl:wlflfl&i'IJeJ-:J?l116'1�6'11mb'U'UJ1?1\91 (lower critical solution temperature; 
, 'll "'I , 

LCST) ilr11b'Yl1t1'U 32 -eM1'11b'l.lm'llt.1?158•59 �-:ivh 1 vf PNIPAM i'.Jl'l11:wmm1111'Um1v1ei'U?l'UeJ-:J�eJfl11b 'lJ�t.1'Ubb'U6'l-:J'elru'VlJJ:W

L\91t1fl11b 'U�tl'Ubb 'U6'l-:J�'lJ�1-:i (conformation) bb6'l�?l.fl1'\l'lN?l:Wb'U1tl'U11i1 (miscibility)60 �-:i�-:ie.JG'l L\91t1\l11�t1'Ufl6'l Lflfl11t1fl 

58 Shieh, Y.T., Lin, P.Y., Chen, T. and Kuo, S.W. 2016. Temperature-, pH- and CO2-sensitive poly(N-isopropylacryl amide-co-acrylic

acid) copolymers with high glass transition temperatures. Polymers. 8: 434. 

59 Ward, MA and Georgiou, T.K. 2014. Thermoresponsive Polymers for Biomedical Applications. Polymers. 3: 1215-1242. 

60 Yamauchi, H. and Maeda, Y. 2007. LCST and UCST Behavior of Poly(N-isopropylacrylamide) in DMSO/Water Mixed Solvents 

Studied by IR and Micro-Raman Spectroscopy. The Journal of Physical Chemistry B. 111(45): 12964-12968. 
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bri'Ubb1;1~'U1;1\9l'UG'leJml1 61 'UeJ.:!Le'lb\91'H"iJ1;1 l5.:iiin1-aialn~1 LCST 'Uel.:!1?1~ zj,:i?11m-ariV11lv'i'~-H.lb'Vlrl'Wrl Differential 

Scanning Calorimetry (DSC)62
•
63 b\9ltl DSC "11~1m'Wfl1<aialfl~1b?l~tl'afl1'V'lrl11iJ{m,.i (thermal stability) bb1;1~rl11il~ 

m1ii{eJ'U (heat capacity) nciTJAel Vl1fl bilb1;lfl1;llJfl1'ab'U~tl'Ubb'Ur;1.:i 1m.:i?1{1.:i "ll~iim-ab 'U~tl'Ubb'Ui;1.:!b?l~t1<a.rn'V'lm1ii{eJ'U 

(thermal stability)64 bb&l~n1-alm1'1Jel.:!r111ii{eJ'U (heat flow) 'Uel-:Jb'Vlelbilbbfl'ail DSC (DSC thermogram)65 zj,:i"iJ~ 

= 1" d 'l ., d O 1d O I ., ., mm-am~~~ill'Vl.!Jil LSCT \91 ru ~\9l'Vlfl1'a Vl&l'Uel.:!A11il'ael'U'Vlfl1'abu&ltl'Ubb u&l-:Jfl~'Vl'UV!'U (drop of heat flow) 

'U"li'ilt1~iit:-J&l~eJ LCST b-<l'W 6'1WleJ11mriii (stereochemistry)66 'V'lel~biid~1ii (copolymer)67 ~1'W'U'a~flel'\J 

'UB.:i1r1-a.:i6'1{1.:i 68
•
69 b'U'W\i1'W m-a1.:i~ 4.3 bb6'1\91.:!f11 LCST 'UeJ.:!Le'lb\9l'ab"llmb\il1;1~'1J'W\91 zj-:ile'IL\9l'ab"ll1;1 PM (vi"fa PM-PNIPAM 

10:0) '1'W lll-u-a1n!)f11 LCST btieJ-:i"iJ1n PM 1llii'V'lq~m-aiim<al,leJ'IJG'l'WeJ.:i\ileJ~ruV!JJ:W mh-:ihfi\,}1iJ Le'lb\9l'ab"ll&l PM­

PNIPAM '1'W b'a16'11il1'arl'Vl1f11 LCST lv'i' b\911:Jb~el61\91~1'Ubil1;1'1Je),:j PNIPAM b~ilt'U elill'Vl.!l:W LCST "\)~1;\\911;1.:! b\911:Jb'U'Ut:-Ji;I 
' \I 

'V'leJ~biJeJ{,j1m~V111.:i PM bb&l~ PNIPAM b'll'W 'V'lel~biJeJ{,j1i1bb'\J'\J\ileJ~-:J (grafting copolymer) 'V'leJ~biJeJ{~1iJbb'\J'UfltjiJ 

(block copolymer) '11;1'1 "li~lJf11 LCST ~-:Jfl11 PNIPAM70
•
71 (LCST 'UeJ-:J PNIPAM iif11b'\ll11l'\J 32 eJ.:!l"l1b'llm61it16'1) 

61 Xu, X. and Bai, B. 2017. A Near-Infrared and Temperature-Responsive Pesticide Release Platform through Core-Shell 

Polydopamine@PNIPAm. Nanocomposites. 9(7): 6424-6432. 

62 Kawasaki, H., Sasaki, S., and Maeda, H. 1998. Effects of the Gel Size on the Volume Phase Transition of Poly(N-isopropylacrylamide) 

Gels: A Calorimetric Study. Langmuir. 14(4): 773-776. 

63 Mao, H., Li, C., Zhang, Y., Bergbreiter, D.E., and Cremer, P. 2003. Measuring LCSTs by Novel Temperature Gradient Methods: 

Evidence for Intermolecular Interactions in Mixed Polymer Solutions. Journal of the American Chemical Society. 125(10): 2850-

2851. 

64 Ormategui, N., Zhang, S., Loinaz, I., Brydson, R., Nelson, A., and Vakurov, A. 2012. Interaction of poly(N-isopropylacrylamide) 

(pNIPAM) based nanoparticles and their linear polymer precursor with phospholipid membrane models. Bioelectrochemistry. 87: 

211-219. 

65 Zarzyka, I., Di Lorenzo, M.L., and Pyda, M. 2014. Phase Diagrams of Smart Copolymers Poly(N-isopropylacrylamide and 

Poly(sodium acrylate). Scientific World Journal. 2014: 8 pages. 

66 Oliveira, T. E. d., Mukherji, D., Kremer, K. and Netz, P.A. 2017. Effects of stereochemistry and copolymerization on the LCST of 

PNIPAm. The Journal of Chemical Physics. 146(3): 034904. 

67 Oliveira, T. E. d., Mukherji, D., Kremer, K. and Netz, P.A. 2017. Effects of stereochemistry and copolymerization on the LCST of 

PNIPAm. The Journal of Chemical Physics. 146(3): 034904. 

68 DeBord, J.D. and Lyon, L.A. 2003. Synthesis and Characterization of pH-Responsive Copolymer Microgels with Tunable Volume 

Phase Transition Temperatures. Langmuir. 19(18): 7662-7664. 

69 Wang, L., Wu, Y., Men, Y., Shen, J., and Liu, Z. 2015. Thermal-sensitive Starch-g-PNIPAM prepared by Cu(0) catalyzed SET-LRP at 

molecular level. RSC Advances. 5: 70758. 

70 DeBord, J.D. and Lyon, L.A. 2003. Synthesis and Characterization of pH-Responsive Copolymer Microgels with Tunable Volume 

Phase Transition Temperatures. Langmuir. 19(18): 7662-7664. 

71 Zhang, J. and Peppas, N.A. 2000. Synthesis and Characterization of pH- and Temperature-Sensitive Poly(methacrylic acid)/Poly(N­

isopropylacrylamide) lnterpenetrating Polymeric Networks. Macromolecules. 33(1): 102-107. 
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�n-n: rvi 4.3 r11eJruV1fliJinf1W1Jm?t1<al;l�fl1cJLLUU�1?1\il (Lower Critical Solution Temperature; LCST) '1JeJ-:J1eJL\il'a 
, \I "'I , 

b'<ill;l PM-PNIPAM 

1eJL\il"H'<il� PM-PNIPAM LCST 

10: 0 N/A 

9: 1 56.12 

8:2 54.37 

7:3 48.34 

6:4 42.92 

5:5 40.24 

rn1:w1:rnn-at11'um-au1:ml1�'<ijlil?t:WVll;l ru �ruVIJJf rvfeJ-:i (25 eJ-:Jl'11L'1lm�c1?1) J-:iililm-alil1l;leJ-:J?tm1�m-aL tl�m.JLL 'Ul;l-:J 

�illVIJJii� 10 bbl;l� 50 el,:Jl'\1b'1ll;lb�cl?t (�1bbl;l:::�-:Jff)7 LCST �n:wJ1vi'u) -n:w5-:im<afl1'U1illl'11rl'J1:W?l1:W1'm1'Wn1'aU1m11 

Lbl;l�G11'W\,\1-:J'1lm1-11f111:w1:nm-at11 um-au1ml1 ru eJruV1.fliimw1\ill;leJ-:J\,\7-:J61 L v\c1unueJruV1fliivieJ-:i vi'-:innv.fl u-atl� 4. 9 
, '\I I , 'U \I 

t:-mm<a'Vl\ill;leJ-:J1�tu-:i11 ru elill'Vl.fliii:1-:in11 LSCT PNIPAM G11'W'1lel-:J PNIPAM '<il:::Vl\i\�1 b�el-:J'<il1nbb'a-:J 
' 'U 'U 

�-:J�lil<a:::V1i1-:i b:Wbl;l�l;l�'hJ'!leJ'U,11 l�Lbfl Vl�leJ b'1l'l"l'aeJ'Vil;l (isopropyl group) bbl;l� L'llVl�n'lleJ-:J PNIPAM Vl1el m-a-a1:w�1 

mc11'Wbbl;l�'a�Vl11-:J L:Wbl;lnl;l 75 zj-:Jel1'<ilG1-:Jl!-Jl;l 1 meJL\il'ab'<ill;l'Ul;l\il'UcieJcJ,11eJeln'<il1n 1m-:i?t{1,:i mh-:i l-aii�1:w PM zj-:Jb'U'WmJ� 
' 'U 

72 Yamauchi, H. and Maeda, Y. 2007. LCST and UCST Behavior of Poly(N-isopropylacrylamide) in DMSO/Water Mixed Solvents

Studied by IR and Micro-Raman Spectroscopy. The Journal of Physical Chemistry B. 111(45): 12964-12968. 

73 Tsuji, S. and Kawaguchi, H. 2006. Effect of Graft Chain Length and Structure Design on Temperature-Sensitive Hairy Particles. 

Macromolecules. 39: 4338-4344. 

74 Xu, X. and Bai, B. 2017. A Near-Infrared and Temperature-Responsive Pesticide Release Platform through Core-Shell

Polydopamine@PNIPAm. Nanocomposites. 9(7): 6424-6432. 

75 Jain, K., Vedarajan, R., Watanabe, M., and Matsumi, N. 2015 Tunable LCST behavior of poly(N-isopropylacrylamide/ionic liquid)

copolymers. Polymer Chemistry. 6: 6819-6825. 
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c: 250 

c: 200 

o 150
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%carboxylic group 

iu� 4.9 G11'Uv11.:r!m.16"1�'1.Fh.nru,hrrn.11'UleJ11il1L'<il6"1 PM-PNIPAM �ii,JhJ1ru'UeJ-:JVl�r111'ue:in"li�n (%) vi1-:i1 Lde:i 

L'll�t1'ULL'll6"1-:ie:iruVJfli1m1'Vl\il6"1eJ-:i'<il1ne:iruV1fliJvie:i-:ivu'U ( • ) e:iruVlfliJ 50 e:i-:il"\1L'1lm<ilm'I LLG"l� ( o ) e:iruVJfliJ 10 e:i-:im 
'I 'U 'I 'U , 'U , 'U 

:fl'U vi'-:ii1'U Lrle:i6"\il611'U'1Je),:j PNIPAM mt11'W11'11-:J?1�1-:JL�:W:fl'U (6"\ilG11'U'UeJ-:J PM 6"1\ilG"l-:J) 6"11'Uv!1-:J'1Je)-:Jfl1�e)tl6"1�'1Je)-:J'\.P�mru 

tl11'W11'11-:i?1h:iL�:w:fl'U '1�\d\e,1\il1L'<il6"1 PM LLG"l�leJ11il1L'<il6"1 PM-PNIPAM �ii6"lilG11'Uhm PNIPAM ife:iti '<il�iiA1G11'Uv11-:i 

'UeJ-:JA1�eJt16"1�'1JeJ-:J'\.F�m rutl1 L 'U'U A1 �\ilG"lU L �eJ-:J'<il1 niinTa'UG"llil'llcie:i m!1e:ie:i n'<il1 n le, L\il 1 L '<ilG"l\911:Wm:w n�'Vl1-:i� ruVlvrnl"\1?1\911 

4.5.2 n11�ff\'}11'111:WG'l1:IJ11tl1'U011f1rnf1ULLG"l�'U6"1\il'UcieJt.11J1 

G11w!un11�m�nm1:w?11m1t11 'Wm1nn Lf1U bLG"l�'U6"l\il'UcieJt1tl1 L �eJn11'U1 l 'll1-if'Vl1-:Jn11Lff\'}\?11m1:1-J'1Je),:j 

t:-i�\9li1ill'YlbeJ L\il1L'<il6"1 le, L\il1L'<il6"l�L\?l�t1:w l�ffi�t1ntl1 l 'll1?1'1 'U�'U ru ?1m1�'<il16"leJ-:i�-:iLn\il�mJ�e:iruVJfli1v11-:i 61 zj,:i�'W�1 'Ul 'U 
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a::: 72.1, 18.5 1,1,a::: 9.4 miicl1�'U 'S1d-1'1.:Jr11fl11ill,U'Ufl'Wl�1.:J'11el.:J�'U (soil pH) r11fl1'S'U11vlvh'1Jel.:J�'U (soil electrical 

conductivity) B'U'Vl�tl1�� (organic matter) vlm'lvleJ{?t�i,U'Ull-s:::ltl'll'W (available phosphorus) L'Wl,l,'Vl?\l,'IJtid-1� 

1,1,amtl�t1'U11ii' (exchangeable potassium) 1,1,a:::A11iJ'<ij1'Ufl1-Sl,i,am tl�tJ'Ul,l,fl� Lelelel'U (cation exchange capacity) 

1,'\11111'\J 7.2, 1.42 dS/cm, 11.57%, 563 mg.kg, 5178 mg/kg 1,1,a::: 18.39 cmoVkg miicl1�'U 1�t1'Ulil�t1�SJi;,ia�eJri1 

fl11il('U1'U�'U i,'U'U elWVlflii'lleJ.:J�'U elWVlfliJ'U'SW1fl11'\ m1ii�m¾'ii�'Vlfi (relative humidity; RH)77
•

78 -s1i11tl�.:i
'I 'U 'I 'U 

tl�mru'lleJ.:JV1l-1A11'UeJfl'll�n (%) W11.:i 61 ru eJ ruV1fliim-sV1�aeJ.:i"IJ1aeJ.:i�1.:i 61 lil1ni;,iam-sV1�aeJ.:i G'l1m-sm1, -u.:i-d1.:i'11eJ.:i 'U I " 'V I 

elWVlfl:Welelfll,U'U 2 tl-s:::l,fl'Vl 1lii'1,1,n elWVlfllJfl1'S'Vl�aeJ.:i��1 1,1,a:::mn11 LCST 
, 'U 'I 'U 'U 

mti1 'ULA-S.:JG'1�1.:i1,'Vii1�'U (G1�?!1'U'1leJ.:i PM a�a.:i) �eJt1a:::tl�mruJ1�A.:i1,V1�eJ1 'U Lfl-S.:JG'1�1.:i1,'Viiit'U 1,�eJ.:Jlil1fl�'Utrn 

leJL�'Sl,li:J'\..l'S:::V111.:i LiJl,a�aJ1 1,1,a:::Vl�l,e) lii�'llel.:J PNIPAM zj,:il,U'UVl�'V1.:in-ir'U�'llel'U'1180 vh 1mii1,a�aJwih 1 'Uel�fl1t11 'U 

Lfl-S.:JG'l�1.:i LeJL�"SLlila 11ii'mnt'U 

1'U'Vl1.:Jfl�'Uf1'U'elWVIJJiifl1-S'Vl�aeJ.:i��,:jfl'J1 LCST (35 40 LLa::: 45 el.:Jl'\1L"llab�t1G'I) L�elG1�?!1'U'llel.:J 

PNIPAM mt11'W1A-s.:i6'1�1.:i1,-vli1�'U (G1�?!1'U'lleJ.:i PM a�a.:i) �eJt1a:::tl�mruJ1�A.:iLV1�eJ1'W1m.:iG'l�1.:ia�a.:i zj,:i1,n�lil1nm-s 

Vl�\ll1'lleJ.:i 1iiLana'11eJ.:i PNIPAM L�eJ.:Jlil1flLL -s.:i�.:i��-s:::V111.:i1ii1,ana -s:::V111.:iV1i11eJ L"ll'W-SeJ'Via LLa::: 1'1l'Vl�fl'lleJ.:i PNIPAM 1'U 
'I 'U 'I 'U 
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Jtl� 4.10 �e:ic.1��'lfhnruJ1�fl-:im�€lmc.11,llfl1�·wu� PAA-PNIPAM �i'h.fanru'1JeJ-:J'Vl�fl11ue:in"ll�n (%) �1-:iei L�e:i 

L'U�c.l'WLL'U�-'.lelUJ'VlflilnTl'\ll��e),'.j ru elUJ'Vlflil ( • ) 25 ( O ) 30 ( A ) 35 ( I:::.) 40 LL�� ( ■) 45 el-'.ll"l1L'IJ�L;c.li.'I 
'I 'U , 'U 

Ma LL��flru�82 (2013) LL�� Xu LL�� Bai83 (2017) v'l1nTlm1'Vl PNIPAM U'W�'W�1hm=in�'V'lel�L�'ll1
' 

i1'W (polydopamine) b'Wffifl1-:J?1{1-:iLLUULLn'Wn�1-:JLL��L'll�e:in�:w (core-shell structure) zj-:iv'l11���WVlJJil�-:i L:WL��� 

�-:inci11 6'11:IJ1'JC\'IJ��eln11'U��'llcie:ic.1m1n1��1'1�1vl'IJ LL��?l1'Jel1Vl1'J'1Je),'.jyj'IJ��'W b'W'\ll1-:Jm-:i'li1:wvi1rn�:w PNIPAM � � 

LL mm 'U11 tfl. 'W Lfl'J-'.!?1{1-:i 'iil�ifo.m 1m:wrnnmJ��'llcie:ic.1J1e:ie:im:nn Lfl'J-'.1?1�1-'.l�elUJ'Vlflilr,'l-:i84 

, , 'U 'U 
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5.1 f;l"j'U�l;I ' 

d 
U'Vl'Vl 5 

v'hm';i¥ifl�1bbi;l�i-:ibfl';i1�Vll.e'l 1111';ib'<ili;1'<il1fl 1r1';i,:i�11-1·hm Vl'l"leJ�b:WeJfa 'U'U"J1-!lbb Vl�e:J-:i.ff 'U (dual-crosslink hydrogel) �m 

'<il1fl'l"leJfo:WeJ1"J1:W (copolymer) ';i�Vl11-:Jb�'U-beJ 161f'l"l';ieJvli;leJ�l"l�i;l1b:Wlil (N-lsopropylacrylamide; NIPAM) bbi;l�fl';i\11 

el�fl��fl (acrylic acid) zj,:i PNIPAM b'U'U'l"lel�b:Wel 1�il'Vl�v1-1ni'U�'llel'UJ1bbi;l�ilr111:w�1m';i(U'U fl1'jf1flbll'Uth �fl�-:iil 

r111:w�1:1J1';if;) 1 'Ufl1';i(,leJ'U�'UeJ'1\lleJ�ruVlJJil (thermoresponsive) 'l"leJ�b:WeJ1�-:Jf1�11ilf11';ib zjeJ:W'lJ11-!I (crosslink) li11tl 

�'Ufi�'Vl1'1 bfl:W�eJ'1.ff'U bli1 bbfl (1) � 1 ';i bzjeJ:W'lJ11-!I (crosslinker) b�'W,di'U'-b:W'Vl�'U'U� el �l"l�i;l�b:Wlil (N,N'­

methylenebisacrylamide; MBA) bbl;l� (2) �'Uu:!'l111-a'l;lh'l\il (disulfide linkage) �m'<il1flfl1';i�\1lbb'Ul;l-!11fl';i'1�11-!lbfl:W 

(chemical modification) 'llel'1Vl�'f1-1ni'Wli11tlb:Welbbl"lU1\,lbeJ'Vl1'Ueli;l (mercaptoethanol) Vl�'1'<il1flfl1'H1'1bfl';i1:!Vll.e'l1111';i 

b'<ili;l �'1;j'fl1';iiJ PNIPAM el�fl1t11 'U 1m-1�11-:i be'l111l';ib'<iJl;l�'1fl�11 '1-:it:-m 1 me'l1mb'<ill;liJl"l11:W�1:w1';iCl 1 'Uf11';i\,lel'U�'Uel'1\llel 

Q.J � Q.J � V 1A fl "i V J' �I � ,d � ,:::t � 61 CV PNIPAM '<il�'llt11tl\,l1b'l"lel\11\1161f'U'U1b'lJ1 1Jb'Ubl"l';i-!l�';i1'1 'Uelfl'<il1fl'U PAA b u'U'l"leli;lb:WeJ';i'Vl'llel'U'U1 '<il'1:Wl"l11:W�1:IJ1';if;) b'Ufl1';iflfl 

t:,J�(,lnrusnte'l1111';ib'<i)i;l1m1'U1�t1d "�b'U'U'U')(,lfl'j'j:1Jfl1'jbfl�mm';i:wb�elf11';ibbnl'lJ-uqimnmb�-:i eJ�1-:it-1v'U bbi;l:! 

b 'U'Uilmn'U�-!lbb 1\111;1€]:W �'1t1'U1 'U-!11'U1�tl�'U\llel 1 tl flt\Jtl�tl�'1b�'Uel11fl1'j'<iJt:Wfl1'j¥ifl�11 'Wml"l�'U1:W b �el fl1'j¥ifl�1 
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