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Characterization of a pH/Temperature-Sensitive Hydrogel
Synthesized at Different pH and Temperature Conditions
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A hydrogel, poly(A-isopropylacrylamide-co-N,Ndimethylaminopropylmethacrylamide), sensitive to both pH and temperature, was
synthesized and characterized at 13~23°C and pH of 10.3~12.3. The gel was more transparent and mechanically stronger
at lower preparation temperature and pH. Large pores observed in scanning electron microscope seem to be responsibie for
the lower biomolecular separation efficiency. The lower critical solution temperature (LCST) decreased at a higher
polymerization temperature. At 25°C, which is lower than the LCST, the gel was swollen regardless of the solution pH. At
40T, however, the gel was swollen at neutral and acidic pH's even though the temperature was higher than the LCST. The
gel collapse pH, defined as the point at which the gel made its largest volume decrease per unit pH increment, increased

as the gel preparation temperature increased.
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250 9zt AR Aol FHHUES W & HolA lower
critical solution temperature (LCST)E uJehle dakAoln,
pHoll ®7Hek AR o] 28yt 7Hsd dRFAEA A A
of ZgHincorporation) H & W o] &3t FHI FFE F
o] A #§o] pHell &3 ke ol 24 TFA oJtH9).

€5 2 pHol FAle] AT sfol=z AL FEHEA L
el(Drug Delivery System, DDS) = MEEAGA 0 $-88
& 9tk olE 59 Q1A W 43|32 2z a9 pHYt
AEE A} pH WM Wl HEG A 287N
F&ele] ofEg HAGEAU QA Bag FHo 25N
TLHOFE LTE FAFLINUTOY AL FHEAA
e o B TEE Y & Ytk Sol=EAE
o] &3 MERYITHL UFY T (ultrafiltration) ZA
£2S 9oyt & DY (shear force)dl] A7) A &
7] el dwAe] JlE (Eie A)E WojmelA dn
2e AAE & Ae FHo] ddErk(12,13,17).

Y 2 Ao BAo] AL FAde 2o o
g wzigitte 2945 & d7xle] Rag up Ah20). &
A Me pHS & FAlol 97 sfol=24, poly
(N-isopropylacrylamide-co-N, N -dimethyl-aminopropylmethacryla
mide)E M2 T FALE(13, 155, 18, 205 2 237)s}
2 $4d pH (pH 103, 11.3 3 12.3)ell4 g3t o] As
9 9, NAH 2=, 4 9 =Y, LCST, % pH T4

L
3

o



Yoo, H.-D., Characterization of a pH/Temperature-Sensitive Hydrogel Synthesized at Different pH and Temperature Conditions 549

A8l B4 BE 54 ST

|

kU

%

Ao

250 "3l AEQl N-isopropylacrylamide (NIPAAm)E
Acros Organics (Belgium)oll4], pHoll 9743F AlE<Ql NN-
dimethylaminopropylmethacrylamide (DMAPMAAm)E
Polysciences (U.S.A.) oA FU3tTh. NN’ -methylene-bis-
acrylamide (MBAAmM)E 7}3#| £ ammonium persulfate (APS)
2 MAAZ 183 NNN’N-tetramethylethylenediamine (TEMED)
g JtEA2 AL ol A9 electrophoresis 5.2
2

sigmartolq 7Sk

slo|l=23 3y

B Aol AHES Fol=EZ AL poly(NIPAAm-co-
DMAPMAAmM) 2. 2] N-isopropylacrylamide (NIPAAm) 3.557 g3}
N,N’-dimethylaminopropylmethacrylamide (DMAPMAAm) 0.283 g
& 27 B R sho] Afe BEYe) B T
th NIPAAm-E Ao 257798 Fois DMAPMAAME: pH
U7 E Bk gAdel AMS-E DMAPMAAMS] %2 5 mol%
o]gic}. 7Fa Al = N N'-methylenebisacrylamide (MBAAm) 0.16 g&
SGFAEH A 250 mL AEATN A 20 mL goj L FH
Fo) A7l F HAR SED T (spargingydte) BFNALE
AAsAS §98 FAAE W77 36 mm, o] 191
mmZ %7 3 7EAE NNN,N'-tetramethylethylenediamine
(TEMED)E 0.25 mL 78l ohr] 5§70 A48 F-H(sparging)
3+ & 7§ A A]E ammonium persulfate (APS)E 25 mg 7 7}3}ch
Pz #e ATE Hsk] A F9E 13, 155, 18,205
23T A 3t ofdf fAle] pHE 11302 nA &AL,

94 pHol B8 A9 AHAHE stol=2 8L pH 103,
113 ¥ 12328 39 Az} FHeee Yiex
(Vision Scientific Co., Korea)oll A} 18 C & 1A 3IH T, pHE
At #ol MY A= 270y @A NIPAAmY
DMAPMAAm 183 7bmAl, 744 8 ANAE 42t &
Baz oA gole ZR4o LA HHolA 273
 pHo} 11301907] WEe] o8 F7ikez a3 ol
B35S 3 S =49 ol

gole] Wwol 3ol Wate AWAA A2E TR
(sparging) 3}%, IR HAUC]Y YES Heozn A FA
S ZEIAT. TP Fel=2AE felddndA Aol
T4 "ol FRE AHIL, "ol FF
FEE HHEAIA EEA &2 GRS AASAY. dAEE
AT Fele AE 1 mm FA AF 10 mme] A T2z
2 wrEo] WE-TH AP AMEEIA ol FA wEon
A O2age dedA tte gol2 FHuldl 48A1%
ot BEdte F83] Wy o]2A g F AFl AHEEACE

%

Szl M= H Y dlw

Tz #F AreMe o) M Azd o=
2AS feddded @A Sl otz M2y SERER
Blustek. A pHol # Aoy = T S(pH 103~

O

>

pH 123)0lH 28d 4¢ 424dn W e 202 4
23 Boes Wwsc

oA 2 =3

e FAHLEe pHolM AzH slel=zAde 7IAH 7
5 & Universal Testing Machine (UTM., Instron., Model
4201 o]&3td EA3UT dATiFulE F4d Ag F
FrE e F A7 cutter) & 83l 3] YFHE =
4gaHk HEE A9 Fole 20~30 mme]n FHFL 3
5~42 mmo|RL o|& H¥E A 1FYEYL Heo B &dA
BEAATh 500 Kg Compression Load Cell A}8-3}a] 10
mm/ming] $E2 FEAYG. SIABZIE O 4L ol
23] Al stress®} Al straingr& FEFATH

Force
Area

Stress =

of7]A], Forcex= Strength CurveZ2HE AL o] Force
(N/m*)ol3, Areats 4 ATe] 27] DE=(m)L Yepdck

(H,—H)
Ha

Strain =

oA71M Hee & A A AR x7lgolelx, He H

Force2 58 A AF9 EololH, (H-HE $Z2oF <8
#23 oo

Gel EHDY &

slol=2 AL 52 AZEF & Scanning Electron Microscope
(SEM, Leica Cambridge, Stereoscan 440)E ©o]-8-3}e] {FHS
Tk daa ge2 ddd slo|lmzde FEARE
vloj7e] @& ¥ FAARY] (EYELA, FD-81)E Al&3H
80T elA SAIZFEF FAA &, IFE A 1245
AZ3h olgd 52 AR ARA $35d 93 ¥
He MRS HAY 5 e WHoE ALREHUS).

Lower critical solution temperature (LCST) =X

Differential Scanning Calorimeter (Perkin Elmer, DSC7)Z A}
43l9] LCSTE =33t dlol=24 5~15 mgd DSCE
liquid panoll Wi B§3 F LT E 20CA S0T7A 2T
fmin®} &£E2 7}FEE HAstE 84 7)(thermal analyzer)
7} Aol £&g AFEle 2EE ENFgezd 29y
(19,20).

Ho| W U £% A& water contento] =X

Mz vE Fgexs 4 pHAA ARE dol=zA
53 Wzt 54& vm 245 Y8ty SEEN8E o) 43)
o pHE 1~128 W33 9JBeTE= 25T 2 40TolA
A5ttt pH $F8Y2Z pH 1~6 WA= 0.05M
citrate/0.0SM NaCl $}%8945 24393, pH 7~12 B
A= 0.05M phosphate/0.05SM NaCl #2898 12319t}
Zt pHe] ghx8-4S 50 mL vialel 747} 15 mLY F¢)3}o]
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25T 40T 2 A7t fA" Y2 (Vision Scientific Co. 3 9 pE
Lid)9} &&F(Dong-a Co.,, Lid)o] 2% A @7tk 3
73 10 mm, 57 1| mme] t]A= Feje sloj=z= AL 25T

1
>
o
-

X &Y pHot Bl 0jxl= A
ox

o} 40T ] golg FH ol wZE dHEste G084 F oy @4 2% pHAAM FAE Ao Fe FYLE
% WAL NEse F23] MAAT 4 g4 FEE 2 @3 pHel 3A oEstdch FAHREI w&FE AY
AFHAR FFT F o] AL Wz § P2 WA FTAFETE BEREEs SU8A 1304 A48 AL
7} pHe] vialol Fodstal F7& Baiychk Ao AHRHA7L AAZL 74 BHEga, 18T FA4E AL EyREL
Y| o]2EF 24417 7|0k Fof 7} vial &ef AL AW A Bt o, SAFEe] 3t %E—%s}ﬁq 23T A
of A HHY FEE AFAZ FFH F AEE A T AL FAU A EFEWIG 155TAM A"
(swollen weigh) & S48 th 4] 8¢ AES vE] & Ao BExE 13T 18THM 4" Ao FOALN
o] 2A4E G2uly HAll Wi SRy BT 4 & 2, 205CAM §49 A F3 18T 23ToN Y A
430} Z0E 3 Yr S THE £ O AT oven o A=Y FHEE ESirHFigure 1(a).
A 24A17F ARAZ & AZ Bi(dry weighhE Z33}9 oj9} & dAe A F4uree 27 Sl 499 97
k. 2t 59} pHollA Ao =X & ek water content, wi%)& Aol &84 W2l (cluster)E©] gel network ol A= o
e 2o Akstch A Aol EF Ui Ha olx s BFET o] ¥4
Eoll ERATH20).
swollen weight— dry weight 4 pH7E A 1% viA) FE B A pHIE &l

Water content (wt%) = *100

= 9 p
swollen weight FFE Ao] EFEYHAT M) Az WaH It pH 103
M TR AL FuAT FAFFo] 47 zEA #E
-2 Agel ofs) Ao Rt 7g 2A Hele pH HAx, 155 - 18TCelx s Aol Byrol FARBFICE
5

g Astglen olg 4% pHell Wikt pH 11.39M<= (89 iEi E}"é 3 A5 BYg xHo]
22 Ay sYstd A FHS T4 EusiAut 4R
o] %7+ BEFETh pH 123011*1 e Ao A9 23C
Ax AT A eixzpAR A WAt g1 EREsi
(Figure 1(b)).
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Figure 1. Effect of preparation temperature(a) and pH (b) on gel Figure 2. Dependence of maximum strain (a) and maximum stress

ransparency. The gel part is represented by arrows (<—). (b) on gel preparation temperature.
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Figure 3. Dependence of maximum strain (a) and maximum stress

(b) on gel preparation pH.

SHZ0l| M2 JIHH o ¥

sol=2 e HEEFA FH %‘%@ A5 @2 =
e v2a gy § H489 g2 e *}%’6}71 | 2 2

ojt}. ¥ A#eAE tza #e9 § }01‘3?_@4 71A# 7
EZ UTME o)&3dled 235tttk A stress®} Fth strain
2 FHL=(13T~23CyF REFE FUlstHet 13TA
3438 Aol A smaino] 0352 7HF A= Egkon ol
o 23T A FAE Ao Ht) strainQ) 0.289] B3l 25%
} &2 Zhojch(Figure 2(a)).

ol¥d AT S L5Q20 2 237T)eA o] FAHe
o A" Buddel A BEE A3Ave U] He
o2 HAY F A9 aEFA(network)lol]l BFUAo]
A9 AS vtme] &t Ak, o)y A & ulol of
Ago] A7IA s Yelo] "ok AulHoz @we BEH
o] A 1EZH(metworkyie] EATFE Mo AFHE
A, e TRz Bt A FAZHo
B oA 23T 49 e B 284
2 Bojel(cluster)E°] A networkjo] AgE|o] 7] o
TRACE By JAA Bmr e do} W
of B3t AL ERYAe] we Ao Hu FRAL
A A Fert B8 g

2} 3 pH 7} R&+2 Hu) stresso} At straino] F7}8F4
CHFigure 3). 34 pH7l 103 o we] Hul straing(0.326)
34 pH7E 123Y ujo] Ho strain(0.275)°] ¥ldte 18.5%
= tHFigure 3(a)).

g

N

HUFEHUHHUEMQrQJoﬂh>i0{ﬂ
g2 rﬁ.-ﬂooﬁl

O
_‘_,

(c) 237, 40%

237, 300
Figure 4. Scanning electron micrograph of freeze-dried hydrogels
(synthesized at 13, 18, and 237).

425y pH7E EE5E A9 JAY Axrt 718
ou ezt ¥4 pHY S viwstd gAHLexst 7]
AA Azo] mAE 9o zch. Hol srain®] A9 pH
103014 g4 Aol FErt 13ToA T4 Ao FER
o} S5l 15S5TelA FA" Ao Axeh fAETH
(Figure 3(a)). Hu§ stress®] 7% pH 10304 A5 A9
Zrc AL 155-18T A Ae] el fAFSg

B Z 0| M= Gel EH 0% H|w
FHZARE 2 pHyo] A HWe] Toko) ux
SEME olgdld gasigoy day e A%

m]o
s
Y of
[0
o
X,

© @ cKFigure 4). 72} @l 7] Hr) & @ £
9] poreo] #AHACh Mﬂ FAFZE Qdsta] Ao 7
GEUA dld gdo] FE2E o g¥Ho] o] pored £
g Bz Aoy ojRe g TG0 Rud EE S
(separation efficiency) #3}E FEAox 4w 4 dL&
Aoz ot}
gHax210] LCSTol| D|xj= g

=7t S7Hl wet Ao LCSTE RolAe AdE
UehA i cFigure 5(a)). FALE7} 13, 155, 18, 205 2 2
39 Ae] 79 LCSTE 382, 35.1, 345, 314 2 RNTE
ZAHAJAT ol AL xRy Ay Bt &3
© LCSTY Welv &xvizhd Ast #lusted 05~10TH

= EJFTH20).
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Figure 5. Dependence of LCST on preparation temperature (13, 15.5,
18. 21.5 and 237) (a) and preparation pH (10.3, 11.3, and 12.3) (b).

dub o Aol ol2A YFAE IR E A 4
Z(collapse)2 =7} A Z7kslAY QlolAle Aoz HiE)
oJAThO). pHYIZ AE 22 (diethylamino)ethyl methacrylate
(DEAEMA)E 3-8 pH/RE FAIYZHA Ao #¢ sidd
g9 qko] oF 25 mol% FFO02 ZAHYSL W A S
S(collapse)o] b= AL WAFHUL o]y pHRIZAS
Fojste gAY gol F/EMA, dIEAYM AHds o
SEFA A&l Al Fmoll ol2r] siA pHel w3te o
Zae] B F&(fraction)o] FAAE  gloloHdeprotonated)
st o] :Ao] FE AAOIER 3 (collapse)HE Ao
257t F71ehE AoR AWEHATO). B AFoM AlLgd
pHRUZA ©AQ] DMAPMAAME #AIR A5 Yehfo]
LCSTS] X7t Lxv1zg Ao nls) 453 ZAog 1)
o). NIPAAmO]| acrylamidel} T}E AE-o] H7ld T35 9
7% LCST7} Wisle o] &l Baiso] gIth10,21).

&4 pH7F 715t whel LCST7b ol ZHEe Hy
o1} pH 1137 12349 LCSTE Ao 2& oot
(Figure 5(b)). pH 10.30]4] A4 Ao LCST/} 365CE 7}
4 %o pH 113 9 123904 F4% e LCSTE zhz}
34.5°C e} 34.3°C ook

g

Hzzo| sjo|=2H™o| MY R-+=of D|x|i= HE

A FHLE9 FApHYE pHIRE-BA] T4 slol=2A
BE F FH vAz dFE dFetgchFigue 6,7).

- 1 - 122 WlAAey o F 2% 25T 9 40T
T 258 Aok
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ot

tHere o
pHYIZ Aol TR @e 2&vzgd somzag)
poly(NIPAAm)9] 7% pHYH3}) #AAglo] LCST (32°C ~3
3C) B v 25CoMe BAEa LCST Hih & 40T
Me 2T BIHYCKS).

B A7 AMEE pH ¥ 2&9) FAl9 97 sfoj=g
AL poly(NIPAAm)#} wla7bx) 2 25°C oA A& A pHY
23 R 90% HE2 BLE Aol AU pH7L
S e o FEIe APl WE dPoy 1 AsE
aelstgh. 28y 40T e 5 mol% e DMAPMAAmMS
Fire stelErAe pHb W7k Y9oIAE poly(NIPAAM)
3 AR Aol i) &5 Yo} pHI 24 2
A E LCSTRY £& 2x9dx Byaly Ae 53
3} K tHFigure 6,7).

o] A¥ATNE A R o]2&3} 254 (hydrophobicity)
SR AnE F Qdth dlo|=2A BE-FE WAYZL
Al 748 7, &, S 3e 32 £2A7)EE 8 nEa)
9] uFEAH@ubber elasticity), TEAL-TEAD
(polymer-polymer affinity), 12}31 44-0}2-2] 9}8(hydrogel-
ion pressure)9| &¥ WFo 2 UEPHTK3). &, sfoj=2A o)
T8 Fod AL o A YRde AL PRAHE An
FEAZIHE Fol FAlo 430 o] F A M wH
= 3 ) Bk wel AL HY v FEa)

dutHo g emwi7hyg dol=galo] LCSTHT e %
@5C)elIMe A4AE 2= el (hydrophilic state)7} o] 33
TEI, IRG & 2EolXE 2] Adol(phase transition)
7} S84 &44E 2he A (hydrophobic state)7} E)o] 43
A BS). 2y pH ¥izkA @eke)9l DMAPMAAmo] &
FEE Aol BE AFol AA ok dAsS
DMAPMAAmM®] Q= tertiary o}9l 280 1A I8
(network)Ujol] Aggozx Y& pH d9dxe ¢
A -&(protonated) ©}¥l LEE Atole) o)L  uhaE (jonic
repulsion)o] #AJste] Aol WEHA FHI, L& pH 94
M ol IFE] FAAE AR B mie $EEe
Ade] Jeh A sle Aog BTHI0).

FALErt Z7Hgel wel $% pH (He-53 AgdA
A Rzt Pt & £o2 Wdle pHy7t o %8 e UEl
WA ol o] % pH7} Eold AL Aol 3349 72
A B4oz HWE 5 Qg Aoy HAL Fe e
oA A A guHer e JAH ZE(Figure 2,
NE AN A A9 Hux ozt AAE Aol #AHY
ooolgd F=F Hsle FYAt o) nBA 18xA
(network) AlolZ HA B0 5= Qle 33973 7 2
& Zolth. wetA A9 olgl 1Fe) TUd F9 FA}
7v Agsty] H3) 283 pH ghEol e gAxe 4} g
2 2xdQA FA4H FAE (compact) WET Fg Holn
°]Z 8 4% pHY} ®old Ao g Alg¥Ch

0%

B
D

rﬂ
e g

o
—Eoox,
2L

e e AR-FE S HAsd 23S geld pHY
ollM= HwH Bo] HEHO Yu 4% pH7t BHHA
& Aol LT mE Ao FRYAL By 1370
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Figure 6. Water content in poly(NIPAAm-co-DMAPMAAm) prepared at 13°C (a), 15.5C (b), 18C (c), 20.57C (d), and 23C (e).

M2l A pHell F#st FREHFE FA5cH7t pH 8o AF
B F=eAA 7aste pH 12014 67%0]THFigure 6(a)).

o} 27t 76.3% 9} 83.1%°\R I k7t

7} pH 8~90llA] 423 pH7} Websto pH 12049 &
ghere zhzt 482%9 43.5% 2 VFERA tHFigure 6(b), (c)).
205ColME pH oA 858% % FE&zko] Htor) pH 8
AMRE FEEF] AA A7) AFEo] pH 10-11 A
ol Al ©] pHF F-R-3%F9] 77t /1 F=E|3 e pH
12014 474%712 72 chFigure 6(d)). 23T A&
pHIol A 9] E3Hdo] 87.58%0100L pHE 7} Wit +EEF

o] W3t AA @skou) pH 10~11914 F73] 7rsigon
pH 120X 9) R 465% 2 723l tHFigure 6(e)).

&4 pHel A8

3 pHY| BE-FHAFAAM FApHY Wl we} 5
pHE A W8HA| eigkor 34 pHol 7337 pH 8~9%
$loll A =% pH7} $EE AcHFigure 7).

40T 2z oA g g4 pHol 2 Ao AE-+5
As AE A3 pH 10394 4" AL pH 1M 8
gk 84.8%2 WH Hol vyl pH 8743 72.6%2 A A3
7hastdeh 1% pH 89 AlololM FZ3E| 4ZE o] pH 99|
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Figure 7. Water content in poly(NIPAAm-co-DMAPMAAm) prepared
at pH 103 (a), 11.3 (b), and 12.3 (c).

A E8teko] 46.8%F SrolF THFigure 7(a)). pH 11.3904]
4" AL pH7E 1 U 831% % AlFdte] ot dS F
olF N3] 7rasithyt pH 8~90lA £% pH7F Uegow

Korean J. Biotechnol. Bioeng., Vol. 15, No. 6

pH 12004 9] SE3taFo] 43.5%¢]%UtHFigure 7(b)). ¥/dpH
7} 1239 W pH 194 2 824%9 F&2 el
Tkt pH 7 ©]F 2 pH 10744] 7HArt @A sHA veston
pH 11914 427%8] w22 $EFHFE M HFigure 7(c)). 2
5T9 #2olMe A4 pHol #AIgle] A pH F3H1~12)9)
A 88% HFY FEFFE F A8t tHFigure 7).

2 <%

&5 2 pHell FAlY W73 sfo]=24 poly(N-isopropy-

_ lacrylamide-co-N, N’-dimethylaminopropylmethacrylamide)-& &%

(13, 15.5, 18, 205 2 23T)¢ pH (103, 11.3 = 123)& ¥
alod FHAdslal o] AL AY, VA A, 4 FUEY
LCST, % pH % A9| H& EAS ATk

FAHLes 2 @A pHIF R24E Ao ¥ FHEA
o 7|1AA ReE =sith SEM #E Az dald B o
£ poreE W Eo| BEEgo] FAHe o2 AlRHED &
ez} 34 pHY £71E LCSTE $&At. 9F2xr}
LCSTE D} @ e 25T e RE A9 FA pHA o
gl A A pHol 24 BHF AJejol ANRCH 40TAAM=
LCSTRT} && 2xddx EF31 poly (NIPAAm-co-
DMAPMAAmM) 3lo|=24& pH7l 54 2 24 F990A
BEHQt AL s S| et A ¥ g 2
Zoz Wale % pHrl ¥ Eobxith

4 Al

B dA3e d=dedgAvey "98ds #3rev|2Ed
A7n)|(H23ksl e, FAHE  1998-020-E00028)0] 2] 3t
A= AF U

REFERENCES

1. Freitas, R. F. S. and E. L. Cussler (1987), Temperature-
sensitive Gels as Extraction Solvents, Chem. Eng. Sci., 42,
97-103.

2. Tanaka, T. (1981), Gels, Scientific American, January,
124-138.

3. Tanaka, T., 1. Nishio, S. T. Sun, and S. Ueno-Nishio
(1982), Collapse of Gels in an Electric Field, Science, 218,
467-469.

4, Lee, K. K., M. Marchetti, E. L. Cussler, and M. A.
McHugh (1990), Pressure-dependent Phase Transitions in
Hydrogels, Chem. Eng. Sci., 45, 766-767.

5. Park, C.-H. and 1. Orozco-Avila (1992), Concentrating
Cellulases from Fermented Broth Using a Temperature-
sensitive Hydrogel, Biotechnol. Prog., 8, 521-526.

6. Dong, L. C. and A. S. Hoffman (1986), Thermally
Reversible Hydrogels: . Immobilization of Enzymes for
Feedback Reaction Control, J. of Control. Rel., 4, 223-227.

7. Park, T. G. and A. S. Hoffman (1990), Immobilization of
Arthrobacter simplex in a Thermally Reversible Hydrogel:
Effect of Temperature Cycling on Steroid Conversion,
Biotechnol. Bioeng., 35, 152-159.

8. Hoffman, A. S., A. Afrassiabi, and L. C. Dong (1986),



Yoo, H.-D., Characterization of a pH/Temperature-Sensitive Hydrogel Synthesized at Different pH and Temperature Conditions

10.

11.

12.

14.

15.

Thermally Reversible Hydrogels: II. Delivery and Selective
Removal of Substances from Aqueous Solutions, J. of
Control. Rel, 4, 213-222.

. Feil, H.,, Y. H. Bae, J. Feijen, and S. W. Kim (1992),

Mutual Influence of pH and Temperature on the Swelling of
Ionizable and Thermosensitive Hydrogels, Macromolecules,
25, 5528-5530.

Park, T. G. and A. S. Hoffman (1992), Synthesis and
Characterization of pH-and/or Temperature-sensitive Hydro-
gels, J. Appl. Pol. Sci., 46, 659-671.

Sassi, A. P., A. J. Shaw, S. M. Han, H. W. Blanch, and J.
M. Prausnitz (1996), Partitioning of Proteins and Small
Biomolecules in Temperature- and pH-sensitive Hydrogels,
Polymer, 37, 2151-2164.

Park, C.-H. and 1 Orozco-Avila (1993), Concentrating
Cellulases Using a Temperature-sensitive Hydrogel: Effect
of Gel Particle Size and Geometry, Biotechnol. Prog., 9,
640-646. '

. Han, J., R. R. Ruan, and C.-H. Park (1995), Prediction of

Hydrogel Pore Size by Pulse NMR and Neural Network,
Biotechnol. Tech., 9, 637-642.

Baker, J. P. and R. A. Siegel (1996), Hysteresis in the
Glucose Permeability versus pH Characteristic for a
Responsive Hydrogel Membrane, Macromol. Rapid Comm.,
17, 409-415.

Wu, J. Z., A P. Sassi, H. W, Blanch, and J. M.
Prausniz (1996), Partitioning of Proteins between an Aqueous

16.

17.

19.

20.

21.

22.

555

Solution and a Weakly-ionizable Polyelectrolyte Hydrogel,
Polymer, 37, 4803-4808.

Kotte, H., B. Grundig, K. D. Vorlop, B. Strehlitz, and U.
Stottmeister (1995), Methylphenazonium-modified Enzyme
Sensor Based on Polymer Thick Films for Subnanomolar
Detection of Phenols, Anal. Chem., 67, 65-70.

Trank, S. I, D. W. Johnson, and E. L. Cussler (1989),
Isolated Soy Protein Production Using Temperature- sensitive
Gels, Food Technol., 43, 78-83.

. Vijay. R, Patel and Mansoor. M. Amiji (1996), Preparation

and Characterization of Freeze-dried Chitosan poly(ethylene
oxide) Hydrogels for Site-specific Antibiotic Delivery in the
Stomach, Pharm. Res., 13, 588-593.

Heskins, M. and J. E. Guillet (1968), Solution properties of

_poly(N-isopropylacrylamide), J. Macromol. Sci.-Chem., A2,

1441-1455.

Rathjen, C. M., C.-H. Park, P. R. Goodrich, and D. D.
Walgenbach (1995), The Effect of Preparation Temperature
on Some Properties of a Temperature-sensitive Hydrogel,
Pol. Gels and Network, 3, 101-115.

Priest, J. H., S. L. Murray, R. J. Nelson, and A. S.
Hoffman (1987), Lower Critical Solution Temperatures of
Aqueous Copolymer of N-isopropylacrylamide and Other
N-substituted Acrylamides, American Chemical Society.
Suzuki, Y., Nozaki, K., Tetsuya, Y., Kiichi, I. & Nishio, I
(1992), Quasielectric Light Scattering Study of the Formation
of Inhomogeneities in gel, J. Chem. Phys., 97, 3808.



