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Figure 1 The relationship between tearing energy and Young’s modulus for the various soft materials, including

conventional hydrogels, DN gels, polyampholyte hydrogels, soft tissues, and rubbers. Reproduced from ref-"!,
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Figure 2 The chemical structures of monomers used for preparing PA gels

Cationic monomers: MPTC, DMAEA-Q; anionic monomers: NaSS, AMPS. Reproduced from ref?*’.
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Figure 3 (a) The effect of negative charge fraction (f) on the volume swelling ratio (blue), Q,. the weight
swelling ratio (red), Q. , Young’s modulus (black), E, and compressive fracture stress (green), ¢.m» of
polyampholyte gels synthesized at total monomer concentration C,,=2. 0 M and cross-linker density Cygsa =0. 1mol%.
(b) The true NaSS molar fraction, f.. as a function of NaSS molar fraction in feed, f. (¢) Tensile stress-strain

curves of the polyampholyte hydrogels synthesized at various charge fractions f .. Reproduced from ref"!.
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Figure 4 Effect of monomer concentration on the physical behavior of polyampholyte hydrogels.
(a) Photographs of the polyampholyte samples obtained from polymerization with different total monomer concentrations C,,.
Numbers in the images are the values of C,,(M). (b) Monomer concentration dependence of swelling volume ratio and

Young’s modulus of equilibrated sample. (¢), (d) Tensile behavior of hydrogels with various monomer concentration

in their as-prepared and equilibrated states, respectively. Reproduced from reft*-*%J,
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Figure 5 (a) Photographs of as-prepared samples synthesized at various monomer
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3 PA MR 5 AL

fE PA BEREH  AUAFAE > T NS T8 B A7 AE 0> TR S T8k 0 T N S48 A R 0 1 9 AN TR
ik Be 4 B B R L o 18] B B R N R 23 [ B0 BE BOMT B 25 S O B T e . B T A ALRT LA
A B TR B A BT LLL 2 A B X E e . T PA BEIR 7 1 BE 2 T L IE RIE L
JIr L X 86 2 o A AR AT 3 A7 AR — DRGSR Al o FE— R I WLGE IR (8] P 33K 2878 1 8 T US40
PRI 55 B RO B . 355 B A WL IRF ) P9 P AR R A B 4 AT DU PSR AT - — o T L e B £ By 2240k 4
T T A R ) 5 S 5 i T A e B ) T TR ORI 07 R R F B S BE AT . e B A LK I 1) Y
AN AR S AL TR A B SE IR AT R MRS B BT AR . i B A 2 45 BRI B 2 445 Y A A R B
Rt I8 T 73 B AR RO o 3T LT B W BRI A A AR RO () A DR Y 4 BRI L ) B U R
PRy 5 . ARG XA BUR L JAE PA BE IR IR 7 XU 265 7K BE I #4025 A AR AN — A (LA ATT B A 2R Y
BB < SR ST B I 265 P of 2 5 R IR . 559 SR A O P SR AR RO B BRI

PA BEIKE b 88 15 o B2 A7 78— R 58 B9 20 A5 0 45 28 BOHE BT iE S o PA BEIE A /N I A% I A [+ it E Y
) AR 5T AR 4 M AT 5 I i 5% 16 B (time-temperature superposition, TTS) . i il % 16 5 51 1 451 #€
T2 LA A — AR T ARG SR AE UG L ] PA BRI B TSR AR A A — DRGSR AT . ARG IR
AR KA L k2T LAAS B B B A RS AL RE . SRS AL RE WA TE — DR TE R 23 A SR/ MEAE R A
P B R /AN e R AR T TR AR B T 8 O B 1t o AR A 45 A DR IR 088 I A A 2B T2 A I 3% A RE M1 1Y 55
L e W7 2K FERLRE 1 I AL AE w5 A SR SR 4E R AR LB AR . 11 9 45 i1 P(NaSS-co-MPTO) {4 5 1 417 {11 2
E PRI B b ) g 2 MR R R SR SR C S 2. 1 MRS Se I . RE A 7E AT 58—
P AR - 1 2 A i) DU B — RO J7 27 [ SR AR T AL 1 7 rh A7 R 19 559 B A i IR R B 1

10. 14028/j. cnki. 1003-3726. 2019. 03. 001



¢ 8 . = ax ¥ i Eird 2019 4F 3 A

= Stretched |-~
sample

. Cationic group @ Anionic group
[# 8 A F AN TR B S R PA BRI 8 R B iR Y B SR A R A I ARUOR 4R SR EE I 0B AR L 58 1Y B AR AR R
IR B R E AR AR R R . X ECR [ TS SR,
Figure 8 The illustration of polyampholyte network structure with different ionic bond strength. The strong
bonds form the primary network, while the weak bonds form the sacrificial network that can rupture during

deformation. Reproduced from reft,
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Figure 9 Self-recovery behavior of P(NaSS-co-MPTC) gel with f=0.52 and C,,=2. 1M.
(a) The cyclic tensile test of hydrogel under various waiting time. (b) Waiting time dependence of residual strain and

hysteresis ratio. Reproduced from ref?*-*°1,
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Figure 10  the multi-step rupture process of PA hydrogels upon loading. Reproduced from ref%!,
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Figure 11  Self-healing behavior of PA hydrogel.
(a) Images of self-healing and adhesion behavior. (b) The demonstration of sample strength for virgin and
self-healing samples. (¢) Relationship between self-healing efficiency and G,/(G, +G,) for different PA

hydrogels mended at different conditions. Reproduced from reft?*-*",
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Figure 12 Correlation between the crack blunting behaviors and the tensile behaviors of the polyampholyte

hydrogel measured at various conditions. Reproduced from ref***,
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Figure 13 Schematic illustration of the multiscale design of tough hydrogels with fast, strong. and reversible underwater adhesion.
(a) Inspired from the geometry of the adhesive discs of clingfish. (b) A tough hydrogel with hexagonal facets
separated by grooves and dynamic bonds was surface engineered. (c-e) During stretching, the rupture of bulk
dynamic bonds dissipates energy, which delays the debonding at the interface. (f) Moreover, the independent

hexagonal facets prevent continuous crack propagation throughout the interface thus also enhancing the adhesion

strength and debonding energy. Reproduced from ref 8,
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Figure 14 (a) Photograph of the soft matrix-glass fiber composite. (b) Tearing energy of the soft matrix-glass fiber
composite materials, I'., as a function of the tearing energy of the soft matrices, I',,. In this scaling plot, PA tough
hydrogels at different conditions, polyacrylamide (PAAm) weak hydrogels at different conditions, and a commercially

available polydimethylsiloxane (PDMS) elastomer are utilized as soft matrices in the composites. Reproduced from ref"*],

6.4 HEAHEMA

PA BERE 7] LR T RACAZHE BT A i 2 R O 7 PA BEIE b 2l 25 8 5 BEAE D S8k v DLt
FEBERI G o FATT AT LIRS T 9K B I SO AT AR 22 R SRS i /K Pl A . S AT A B PO i S T
AT LA GE BT . RIMETESN AR T L BRI AR & A B L A0 T 22 BR 5 - BER AT 98 REVR &2 2 [ 5 I ) T2
Mo BEAh AZIE AR AT LUE S R R A i Y R AT SRR . FRATT A B AR BRI A AR IR L L B LA
I ARACAL RO R A AE - L] PA BEJE A ICAZ RO 2 b 8 00 75 09 . JmgalE » A0 1 BT R o ) B LI f
L IR R SRS I A PA BERE T A BUH AR RR B W b b BoA R AR ICAZ O Y o PA BEREE T LAAE
AR5 LA R L AL S A BE D7 AT TR RO o Rt BT /R (A 3 R 22 19 Chung BT, BMEE7EE R 30
£ PA BEREA AR BATARGF 9 S AL AE 0707 0 R R O RV (IR T - PA BRI AT SR A7 A AR R 45 K . T L
R -l AT

10. 14028/j. enki. 1003-3726. 2019. 03. 001



BEVES R S < i 2019 4F 3

-

7 /é‘%ﬁu%%

PA Bt F 54 5 BV BE . A& Z R TR ARICIZ TR E WA 2 R e e S A RS
M A= Wy bR 450 22 07 TR A ) WAL I P A B . 6F PA BRI AR 2 454 A vE RE B9 IR ZI B i A A B T8 &
FOBE S g I i EL X 5 T8 Y B S AL R PR R R R R R B M R 2 OCE 2, HETEATRNC &2 L iR
T PA BEWCEES R GBI BB S AL AT RAT Oy B X AR i A A B AN R, R
FRATTXS PA B —LE AT A RE B [n) A7 17 SR G045, A S e T LU R ok i 5 05 1w
7.1 PA BERKHIEN

PA BEWCAFAE 2 RS54, A6 B ROBE TR A g 4, 76 98 oK RUBE TR ol v A et ARG ASE kX3, 7 O R
JEE v A R APR A i DX SR U 2 ) 2 25 4 . 245 6 B - 0 S IR RN /N XS I AT A T fO0 XL
) 4% 25 460 1) JE B R SE . 100nm S, SR » g B o ) 4% ARG ARE 1 X 48 B T i 00 1 8 Xl 22 9, i A A1
AN E AT GG R N B TR R AR T AR SRR AT AT TC X 7 O X 4% 45 6 2 AT
LBHETE B 7 J& BRETE B 7 X S S5 02 B ) F UR S MBS S5 4, i S A SR e Ak 7 2 fh Atk
SE T IXBLSSA Y REE 7 H R I 4 ) AT ANV AL (] 25 5k 4 i) 7T R L g A IS A G
7.2 PA BRI RN KB

MBI PE BRI 454 . PA BEE i 22 RUBE S5 A 6T A48 1 B8 vh ) D 2 MR 2 A stk iy 7 2 fj B
RN RN & 38 2 22 R 25 4 22 [8] EL A D [R1 800 7 f 30 FR AT T3l 2 /I X 46 805 DA BF 58 T Al 0 XL
S [ 445 ZE KX 7 2 R RE 10 TTHR L 4 AT IR 100 1) 4% 7 A5 S i 1) ) 2 A DR I T R S 3 00N 1y g A b R A%
NEATBIAE . X AT —A 8 A A A LSS & 2 RBE M WE 9 T BOk B 25 S RESS /91T . lean it
L 53 F B GEUN A BB SR A ST BE IS S5 A B AR Al L N X SRR B R BF 5 ROUE I 2% 5 4 R
Y ZE R S AR G0 R 7R R R AR A SRR 2O S R AR A, AN s T A B S 6 1R T i R T G 2 2
4 B AR FH A 2 A TR X — ) 3 1) ARG AR
7.3 PARKHAFERER

HETEr 3 & A sh SN ERAR R B R LB T — Sy Bg R0 SR X 6 Be AR R A £ L%
& T B A0 B IR A 20 D K g BN A X 3k 2 ) 2 G A O Bl R 2 I R) A 0 . X T PACBERCIR R
DLRHESH SRR R R AT REAAAE 2 RO 2540 . X R RAE KA B T 3h S
W SR FNEE 4, i A7 A8 T RO 2509 1 28 T2 RV IR, O HAS [) 45 /) RUBE 7 728 T8 M IR AT e 2 — MR ad 2 .
Q] 48 5 A 2o RUBE 45 K 1) g 2 B Ve A5 A o 0 il A R T 3 R R ) A AT O I
7.4  PA BB IR IR A IE

FATHIBEFE R W] PA B A BEFEH (Bulk energy dissipation) % H ) v E 2] f 2 AE ] . SR, X 2
o R TR BB, 456 2 REEWH R T-B R G058 AR [FDE AS X CAn i 28 L0y I Fi it 9% 55 55
A RUBE G548 722 A0 FIRSE IR B A o X B e OB IR AT A g 7 R IR AL B 22 G 2

B AT Z B H AR 2622 (JSPS KAKENHIL 3 H 5 : JP17HO06144) 1 H 4 Py Fal RF B 2 580 049 F 58 & 4 2k i H
(ImPACT Program of Council for Science, Technology and Innovation) ¥ B, Jb i 8 K 2% 1k % ) W 8 % BF 78 5 #b
(ICReDD) /& H H 48 SCHR AL 548 [ PR 57 B (WPD S he gt vy .

%2 Uk«

[1] Costa AMS, Mano J F. Eur Polym J, 2015, 72. 344~364.

[ 2] Vermonden T, Klumperman B. Eur Polym J, 2015, 72 341~343.

[3] Ullah F, Othman M B H, Javed F, Ahmad Z, Akil H M. Mater Sci Eng C, 2015, 57; 414~433.

[ 4] Burattini S, Greenland B W, Chappell D, Colquhoun H M, Hayes W. Chem Soc Rev, 2010, 39: 1973~1985.
[ 5] Okumura Y, Ito K. Adv Mater, 2001, 13. 485~487.

10. 14028/j. cnki. 1003-3726. 2019. 03. 001



5 330 [ S S : R < 15 -

[6]
7]

[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]
[20]

[21]
[22]
[23]

[24]
[25]
[26]
[27]

[28]

[29]

[30]
[31]
[32]
[33]
[34]

[35]
[36]
[37]

[38]

[39]
[40]
[41]
[42]
[43]

[44]
[45]

Ito K. Polym J, 2007, 39: 489~499.

Sakai T, Matsunaga T, Yamamoto Y, Ito C, Yoshida R, Suzuki S, Sasaki N, Shibayama M, Chung U. Macromolecules, 2008,
41, 5379~5384.

Haraguchi K, Takehisa T. Adv Mater, 2002, 14 1120~1124.

Haraguchi K, Li H. Macromolecule, 2006, 39. 1898~1905.

Gong J P, Katsuyama Y, Kurokawa T, Osada Y. Adv Mater, 2003, 15; 1155~1158.

Gong J P. Soft Matter, 2010, 6. 2583.

Gong J P. Science., 2014, 344. 161~162.

Itagaki H. Kurokawa T. Furukawa H. Nakajima T, Katsumoto Y. Gong J P. Macromolecules, 2010, 43 9495~9500.

Haque M A, Kurokawa T, Gong J P. Polymer, 2012, 53: 1805~1822.

Webber R E, Creton C, Brown H R, Gong J P. Macromolecules, 2007, 40: 2919~2927.

Brown H R. Macromolecules, 2007, 40. 3815~3818.

Tanaka Y, Kawauchi Y., Kurokawa T, Furukawa H, Okajima T, Gong J P. Macromol Rapid Commun, 2008, 29: 1514~1520.
Liang S, Wu Z L., Hu J, Kurokawa T, Yu Q M, Gong J P. Macromolecules, 2011, 44 3016~3020.

Ahmed S, Nakajima T, Kurokawa T, Anamul Haque M, Gong ] P. Polymer, 2014, 55; 914~923.

Matsuda T, Nakajima T, Fukuda Y, Hong W, Sakai T, Kurokawa T, Chung U, Gong J P. Macromolecules, 2016, 49. 1865
~1872.

Liang S, Yu Q M, Yin H, Wu Z L., Kurokawa T, Gong J P. Chem Commun, 2009, 48. 7518.

Hu J, Hiwatashi K, Kurokawa T, Liang S M, Wu Z L., Gong J P. Macromolecules, 2011, 44, 7775~7781.

Yin H, Akasaki T, Sun T L, Nakajima T, Kurokawa T, Nonoyama T, Taira T, Saruwatari Y, Gong J P. ] Mater Chem B, 2013,
1. 3685~3693.

Ducrot E, Chen Y, Bulters M, Sijbesma R P, Creton C. Science, 2014, 344. 186~189.

Creton C. Macromolecules, 2017, 50: 8297 ~8316.

Sun J Y, Zhao X, Illeperuma W R K, Chaudhuri O, Oh K H, Mooney D J, Vlassak J J, Suo Z. Nature, 2012, 489 133~136.
Zhang H J, Sun T L, Zhang A K, Ikura Y, Nakajima T, Nonoyama T, Kurokawa T. Ito O, Ishitobi H. Gong J P. Adv Mater,
2016 4884~4890.

Ye Y N, Frauenlob M, Wang L., Tsuda M, Sun T L, Cui K, Takahashi R, Zhang H J, Nakajima T, Nonoyama T, Kurokawa T,
Tanaka S, Gong ] P. Adv Funct Mater, 2018, 28. 1801489.

Sun T L, Kurokawa T, Kuroda S, Thsan A Bin, Akasaki T, Sato K, Nakajima T, Gong J P, Haque M A, Nakajima T, Gong J P,
Haque M A. Nat Mater, 2013, 12: 932~937.

Sun T L., Cui K, Gong J P. Polym Sci Ser C, 2017, 59: 11~17.

Thsan A Bin, Sun T L, Kuroda S, Haque M A, Kurokawa T, Nakajima T, Gong ] P. ] Mater Chem B, 2013, 1. 4555.

Sun T L. Luo F, Kurokawa T, Karobi S N, Nakajima T, Gong J P. Soft Matter, 2015, 11: 9355~9366.

Cui K, Sun T L, Kurokawa T, Nakajima T, Nonoyama T, Chen L, Gong J P. Soft Matter, 2016, 12. 8833~8840.

Deplace F, Rabjohns M, Yamaguchi T, Foster A, Carelli C, Lei C H, Ouzineb K, Keddie J, Lovell P, Creton C. Soft Matter,
2009, 5. 1440~1447.

Rubinstein M, Colby R H. Polymer Physics, OUP Oxford, 2003.

Cui K, Sun T L, Liang X, Nakajima K, Ye Y N, Chen L, Kurokawa T, Gong J P. Phys Rev Lett, 2018, 121. 185501.

Thsan A Bin, Sun T L, Kurokawa T, Karobi S N, Nakajima T, Nonoyama T, Roy C K, Luo F, Gong J P. Macromolecules, 2016,
49, 4245~4252.

Luo F, Sun T L, Nakajima T, Kurokawa T, Zhao Y, Thsan A Bin. Guo H L, Li X F, Gong ] P. Macromolecules, 2014,
47 60376046.

Mechanics A, Company T D. Proc R Soc Lond A, 2003, 459; 1489~1516.

Haque M A, Kurokawa T, Kamita G, Gong J P. Macromolecules, 2011, 44. 8916~8924.

Karobi SN, Sun T L, Kurokawa T, Luo F, Nakajima T, Nonoyama T, Gong J P. Macromolecules, 2016, 49: 5630~5636.
Vanel L, Ciliberto S, Cortet P P, Santucci S. J Phys D Appl Phys, 2009, 42. 214007.

Sun T L, Luo F, Hong W, Cui K, Huang Y, Zhang H J, King D R, Kurokawa T, Nakajima T, Gong J P. Macromolecules, 2017,
50: 2923~2931.

Persson B N J, Brener E A. Phys Rev E, 2005, 71: 1~8.

Persson B N J, Albohr O, Heinrich J, Ueba H. J Phys Condens Matter, 2005, 17: 1071~1142.

10. 14028/j. enki. 1003-3726. 2019. 03. 001



i 2019 4F 3 A

-

© 16 - R S &

[46] Haag S L, Bernards M T. Gels, 2017, 3; 41.

[47] Roy C K, Guo H L, Sun T L, Thsan A B, Kurokawa T, Takahata M, Nonoyama T, Nakajima T, Gong J P. Adv Mater, 2015,
27, 7344~17348.

[48] Rao P, Sun T L, Chen L, Takahashi R, Shinohara G. Guo H, King D R, Kurokawa T. Gong J P. Adv Mater, 2018, 30: 1~8.

[49] King DR, Sun T L, Huang Y, Kurokawa T, Nonoyama T, Crosby A J. Gong J P. Mater Horiz, 2015, 2; 584~591.

[50] Huang Y, King DR, Sun T L, Nonoyama T, Kurokawa T, Nakajima T, Gong J P. Adv Funct Mater, 2017, 27. 1~10.

[51] Zhang Y. Liao J, Wang T, Sun W. Tong Z. Adv Funct Mater, 2018, 28. 1~9.

[52] LiX, Liu L, Wang X, Ok Y S, Elliott ] A W, Chang S X, Chung H J. Sci Rep, 2017, 7. 1~11.

[53] Li X, Charaya H, Bernard G M, Elliott ] A W, Michaelis V K, Lee B, Chung H J. Macromolecules, 2018, 51; 2723~2731.

[54] Long R, Mayumi K, Creton C, Narita T, Hui C Y. Macromolecules, 2014, 47 7243~7250.

[55] Guo]J, Long R, Mayumi K, Hui C Y. Macromolecules, 2016, 49: 3497~3507.

Tough and Self-healing Supramolecular Hydrogels Composed of
Polyampholytes
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Abstract; Polyampholyte hydrogels have attracted great attention due to their excellent performance. This new type of
hydrogels not only show high strength and toughness, but also show fatigue resistance and self-healing, along with
biocompatibility. Thus, those hydrogels have great potential as structural biomaterials, such as cartilage and tendon. In this
review paper, we firstly describe the factors that influence the performance of PA hydrogels, including the charge ratio of
cationic monomer and anionic monomer, the monomer concentration and the crosslinker concentration. Then we discuss the
chain structure, toughening mechanism, self-healing mechanism, fracture behavior, and some applications of PA
hydrogels. Finally, we summarize some open questions on PA hydrogels that may provide opportunities.

Key words: Polyampholyte hydrogels; Tough; Self-healing; Structural biomaterials; Fracture mechanism
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