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Robust, Self-healing Polyurethane Hydrogel Enabled by Dual
Crosslinking of Dynamic Disulfide and Hydrogen Bonds

YANG Bing', DING Xia', XU Jun®, LI Ye*, GU Rui*, ZHANG Hui', HOU Zhaosheng2*

(1. School of Intelligence Engineering , Shandong Management University, Jinan 250357, China;
2. College of Chemistry, Chemical Engineering and Materials Science ,
Shandong Normal University, Jinan 250014, China;
3. Jinan Kanggiao Pharmaceutical Co., Lid., Jinan 250101, China)

Abstract This study developed a new kind of self-healing polyurethane hydrogels (SPUGs) through a synergistic
crosslinking strategy combining dynamic covalent disulfide bonds and non-covalent hydrogen bonds. A specifically
synthesized quadrifunctional crosslinker, 3, 3’-disulfanediylbis (propane-1, 2-diol) , was employed to react with
poly (ethylene glycol )-based polyurethane prepolymers, followed by solvent-exchange method to produce SPUGs. The
physicochemical properties of SPUGs and lyophilized gels (DSPUGs) were characterized comprehensively, and the
results revealed that the dual-crosslinked systems exhibited enhanced thermal stability [ temperature at 5% mass loss
(Ty,)>250 °C ] and low glass transition temperature (T,<0 “C). With the increase of disulfide bond content, the

surface hydrophilicity and equilibrium swelling ratio of SPUGs reduced, while water-retaining capacity increased.
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Mechanical tests demonstrated that SPUGs exhibited elastic deformation and possessed outstanding tensile

properties, compressive toughness and fatigue-resistant capacities. SPUG-II with a moderate crosslinking density
achieved a maximum tensile strength of 112.2 kPa, elongation at break of 459.4% and fracture toughness of
267.6 kJ/m®. The double dynamic bonds endowed SPUGs with high self-healing efficiency (290% at 50 °C for 2 h)
and redox-triggered reversible gel-sol transitions. Methyl thiazolyl tetrazolium (MTT) assays confirmed favorable
cytocompatibility with cell survival rate exceeding 80% after 72 h incubation. The SPUG hydrogels with superior
mechanical properties, reversible gel-sol transitions, high self-healing capability, and good biocompatibility
indicated promising prospects in biomedical applications.
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1.1 RAFE5E

3-FidE-1,2-N B (TG, 4l 97%) . B Z B (PEG, M =2x10°, 3x10° F14x10°) . = FR .55 (4 i
97%) . B A HERE(DTT, 461 99%) . 5k /KB — 5 5 ER g (IPDI, 463 99% ) Fnwemp i (MTT, 2l
99%), Macklin AL RHE A PR 7] ; — I ISAL(DMSO, faikal) | N, N-—H JEH ki (DMF, 2044l |
A S (H,0,, FiEsr4030%) , E258E 250 A BR A A 5 858 4% A EEURL(Calcein AM/PL) ,
TEEER A A, S (M al) FLE P B(fk2al ), B T (i) b R a BR A
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)3 CT3BYFAN BTN, 35 [ Brookfield 24 ) 3 XPS-15C BUEIE D6 s, Fig OB UERABRA | .
1.2 LIgidiE
12,1 ZBEFDSO B A K #410. 94 g(140 mmol ) DMSO F15. 58 ¢(50 mmol) TG Tz v i FhiR-& I 56 43
VS, IR A 90 °C, B R 12 he FERVIARBEH B EIRIG, F S0 AR & H b ik
3W. PR EART S0 CFHZ THREMEE, S28 A ERARTY, 778N 93.20%. WL I
Scheme 1(A).
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Scheme 1 Synthetic routes of crosslinker DSO(A), prepolymer PU-R(B) and hydrogel SPUGs(C)

1.2.2 SPUG ZKC¥E i ol & $ERESR 1 A9 JEURHEC EU AN Scheme 1 HR A RIS ZE (B) FT(C) il £ AN [a] At 5
T SPUG ZKEEIE . F IPDI A /KIS 1) PEG B BCA B £ = VRN, AT NSRRI
I AR R ) (AT 0. 25%) , TiFEI AT, TEN, SR T 770 ‘CRU 292 h, 2—NCO %
FARIFSE (h —OF T EERE ), 158)—NCO B Ay R M Y (PU-R) IR ; KA R IR 2
TG, TEIFEAIF T IA 0. 1 ¢/mL DSO 9 DMF AW, PR 10 min f5 00 2:BR <0, Z12EIAK
PUgR St b, A DB AL, 7545 °CTF B4k 24 hJE BUEERT ; KB T 281K hiRifi3 d, &
12 h#k , 153 KEE SPUG, 23 ¥ T4 (=50 “CTA 8 h, 2~5 Pa ELZS B R T4 24 h) Kb FRA5 2 4H 1Y
1T (DSPUG ). M4 B 7 A4 22 HR 32 1650 DSO 5 52 il / NI, BT A 7K B8 e 43 3l i 44 4 SPUG-1,
SPUG-II, SPUG-IIT FISPUG-1V, AN 12435l i 44 - DSPUG-1, DSPUG-IT, DSPUG-III #1 DSPUG-IV.

Table 1 Basic compositions and component contents of SPUGs

n(PEG)/mmol n(IPDI)/ n(DSO)/  w(DSO)"  w(PEG)"  w(IPDI)"
Sample Solid content(% )
M =2000 M =3000 M =4000 mmol mmol (%) (%) (%)
SPUG-I 5.0 — — 10.0 2.5 4.19 78.40 17.41 49.58
SPUG-II — 5.0 — 10.0 25 3.01 84.48 12.51 48.64
SPUG-III — — 5.0 10.0 2.5 2.35 87.89 9.46 49.68
SPUG-IV — — 5.0 9.0 2.0 1.91 89.18 8.91 48.72

*Content in DSPUG.
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LR G, TIIE AR LRI 1K 5), FRiE (m,, g) , HRIRFIEIKCTA . Bk (SR, %)¥% T
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SR = =0 % 100% (1)
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R 12 WICH Y, BB AC R 2 R K AN R AR (my. ). KR (WRR, 945 Fabit4 s

WRR = 2 x 100% (2)

my
1.3.4 LR A8 B o R -7 o P2 4 R 1] 10 mmx3 mm BYIBAETEEERSHE AL H A 0. 5 mL
(0.3 mol/L)DTT, i 2 H 58 Ak N i ORAS | ISR BT it Il s [ oA DTT 4515 /K HY
H,0,, BRI 2, HE RS AN RRCRA , ORI . 24 h JEEAE B, HEMENAGE
TE U A 1L
135 A M EME S HER GB/T1040. 3-2006 £ 147 A FLE 48 00 3 . K 7K E I AE it 8 B 44 IR
FREEEE R S+ 4 mmx30 mm) , FLHEER K 20 mm/min. HERE S HIVER ¢12. 0 mmx12. 0 mm F BRI
FE, BB A TATOA FRK BEA TN, FRAFHERBEE N 0. 01 mm/s, e KA AL 90%. A7k
PIER I AT
1.3.6 HRAMEMK 40 mmx20 mmx3 mm B SIEKEERFE M VI E R B, Hih—BOR A S P
W B W h A (B 2T (55 AR K TG RIS 21 (Y B B AE DT R TR AR A — i . A BT
50 CORMR AR P (ML 50%) , WSS A @G OL, FFXF B @G J5 AR b E A 747 I3 (7 ff o 4
20 mm/min). FBERCHK (0, %) TR
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K : oy (kPa) Fll o, (kPa) 43 5114 B LG AR S A B 5 R R R A B

1.3.7  Zaf 3 AR KBRS B AN I FEPE AR 4 E bR GB/T 16886. 1-2022 A MTT 32 E4 T34l , SR FH 1.929
ALV A A . DR AT, KK BRI RE B 22 AR BE SR 20 min PR T KB . AT /K BRI IR H R
H 72 h G Ty, SR 5 5] B 2 B R A 2 I TR SRR

2 GRS

2.1 FEEFI DSO B ZFEEHFRAE

2L DMSO (1955 F AR T AR BRI B 4, [RlE DMSO WA 21 RIAIME R, Ja b X7 L bk
12 A9 DMSO B Al 5230 DSO gy 4iifl, . jifiik NMR, FTIR FI HRMS % DSO #E4T T 45 4E (& ST, TLA S
SREE). WH NMRSE [ E S1(A) AT IF Y, 8 2. 104 TG (—SH it TUE1 5%, 6 4. 87 Fll4. 62 kb Ky
—OH W JiT ¥V, 178 3. 65, 3.36 F12. 66~2. 94 &b 53 5| —CH—, —CH,—Fl S—CH,— 9 Jit 7 U5 . []
I, AR M TR Sss 5% Sss 367 S 662 04=2. 02: 1. 04:2. 10=2:1:2, F54 DSOALFLER . BAk, G E F AR IR
He e, R FERH N 564, 779 DSO A B &4l , WRZ 0w BAT & —rssts . &
DSO i *C NMR %K [ B S1(B) JH, 6 70. 70, 64. 93 Fi143. 54 b4y 51 )y CH,—OH, CH—OH Fl S—CH, )
BRI F ARG . S5 40, 2E DSO W FTIR FEE [ E S1(C) J, TG AY—SH FFAEME Mg (2549 em™) 5241 2k,
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(YRR I 0, BLHCSR JEE 55 IPDT Y15 AR LG B 508055 . 95 4h, 783336 em™ Ab B 7 —NH—RYFRFIE L
Wb, 7E 1536 F11 1462 em™ AbMELR T IR THT FITAHY
AW . X SR s 6 B PEG B 58 4N, AR i
I R R B, A O T —NCO g Y TR Y
(PU-R)". £ DSPUG-I1 /) FTIR 3% & ", PU-R H Ay
—NCO W Wi U6 A1 DSO H Y —OH B AL e (24 3247
em™) ¥R G AFAE, [A] B AE 3358 em™ (—NH—) |
1536 em™ (BEFETAT ) 11462 em™ (BEREITHT ) b Ao 5%
i 5 R, R —OH 5—NCO Z [0] 58 4 KL .
[F] B 7E 533 em ™ Ab WL 5% 31| —S—S— (1) FEAE W I U
WSS T Rk . (AR, TR C
=0 WIS 43 24 18 2 A4~ 43 51 BAE 1715 1 1659

Free C=0 |/ g

Y\
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i 20 43. 1%, JXUESE T DSPUGs A 1E AL Y
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2.3 DSPUG WM&+ 53 #h

BRI AR E S 2 PR A B VIOC R, 195 HEUR 1Y M2 451 2K T BEREL R 12 RE )
KHE B 278 HARIR] DSO 75 519 DSPUGs TR HIOWIEAS . vT UL, Ir s T eAEAS 2 e B vh 2 FL 1 e s
ARGEH) . EESK SEM 15 A 3% B 20 AL B i 17 FL A2 Il 5 (Photoshop CS6 K ) FlFLAZ 43 4ii 43 A
(Origin 2021 ¥f%) , 753 DSPUG-1~DSPUG-IV I~ 3414L42 53 51 (58. 5+11) , (66.9+14), (74.7+18) Fl
(88.7+24) um. FfiZE DSO & ft UMK (DSPUG-I~DSPUG-1V ) , TIEHEA LA RSP Wi K. i T
DSPUG (1 [ 75 i A —Hf , IR AL AR F2 32 sC R BE RS2 . Bl DSO 2 i M REAIR , LRSI i i i
REA, 3N AR B 38 18 SN e, AT LR R I FLAR . B0 1Y) I 8 S5 R TE A2 3 S0 7 s T LI R4
XA ST A3 L, ERE S IBUAN RS AN, TR AR B FLIE B 2N KR K Bt T
FE A, XMz R A = R K BE

il G

1200
2(0;&11‘ -

Fig.2 SEM images of DSPUG-I(A), DSPUG-II(B), DSPUG-III(C) and DSPUG-IV (D)
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2.4 DSPUG HJ#IEBED BT

L TGA FIDSC A T TRy #ERE . B 3(A)F(B)43all7R i T DSPUG T B TGA F1 DTGA Hh
2, MREHR S TR STULASCZRHME B . aTLIE 1, 76200 CLLT, T DSPUG [ 5 545 2 A Xt
BN, FEET B DS KEN Y K. & DSO & i FEAL, DSPUG R4 T ik
(DSPUG-I~DSPUG-IV ) isF| 5% Jir it 5 e it B (T, , “C) 205170 322.9, 303. 1, 264. 6 F1255.6 C, 23
H IR X AS B a3 . X — 5 B R F 28 1 5 B (W B IR (DSPUG-I~DSPUG-1V ) 5 80434 [ /E
FH 10855 , M AR T 43 f B 5 B9 IR ), (45 DSPUG T I8 1 Ty, (B F B . 24 i #4 = 600 °CHY,
DSPUGs T [ e & it i R Rl 1 95% , FBIAE LT 58 230 . I DTGA #thZe[ & 3(B) Ja] A1,
DSPUG = %2 52 B P B Br i R B  : 50 — B BE B KA (T, °C) 2920 350 °C, it k4
b, FE S PR A RN 2 B T R TR B X T 5 5 I B R IR (T, "C) 2y 420 °C, it
PRI, B PEG BkEE g #A rsl . Bk |, DSPUG TR BLH R AF e v, nE i+
TR K

- f ] DSPUGT <2
80 = - 4
& g i B
s £ 8
8 60f _§ DSPUG-II /
§ = T, T
a 40F DSPUG-III
g — DSPUG-I ——DSPUGHI S
— DSPUG-II ——DSPUG-II e — I m
20 — DSPUG-III —— DSPUG-III Dspuchf =
DSPUG-IV DSPUG-IV -
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Temperature/°C Temperature/°C Temperature/°C

Fig.3 TGA(A), DTGA(B) and DSC(C) curves of DSPUGs

& 3(C) iy DSPUG 1 i ) DSC it 2k, HAH SC R AR 2504 DL 38 S2 (WL A SC S ¢ 45 2 ). DSPUG-L,
DSPUG-II, DSPUG-III I DSPUG-IV F 3¢ 3 Ak % A2 I & (T,, "C) 4391 -2.96, -5.12, -8.28 #il
-11.01 °C, RIHZEEFEAIRA . X F 2R R R B0 5 10 H s ShRE 1 R i 2
T Ak, B PEG B i A3 o A R TR R 7,50, BRI &, TR T3 (% T PR 5 Ui
JE, XAARIE T APRE SR T RIS SR Y SR B IS SRR, AR T 3l TR A A
F, BRI E A AR TSR A TIRIEZ 45 °C(T,, “C)Ab H B~ BH S 1 sl b | i iy
M BB PEG Y df A s . B 25 5S35 B Y IR (DSPUG-I~DSPUG-IV ), 320 Rl F 4 28 (i
(AH, )J/g) B BUBHE MG R X ol IHEF AR — RS R B Bz shae i igas, A
FIFARB R EEHE, S0 T 45 RS s R A S5 AR T B PEG AEM B ) & iE g n
2.5 SPUGHIFRMEFARMEFEAMED

T LI R K A A A T BRI TR R K . W 4 7R, SPUG R FIKEEE (SPUG-1~SPUG-1V )
B K 42 fih £ 43 B Sk 52.80° , 42.90°, 34.70° 70

23.12°, RILEHI/NES, RVIRECOKIEZS  ~ 0| g
3R L 3R] U IR TR I T K PEG BEEE, B %D ol E\‘
PEG & RUGHIN, HOKRED B EIRT, Mimifg 2l 5 | }\A
INEIKBE Sl A RAE . SPUG ZR 41 /K BRI 1 5L B 4 /N § Wl |\I
PRIl AR , FRUTHEA I 5 i e T ek e E

T G (WA V3 AT Ay T 52 e AR A 3 K 2r —
Ji. BES(A)R T 45 DSPUG T IKHE i 1) SR Bl O SSeT SPUGL BRUGN SEUGEY
AR 2. S5 R, Bl T Ak o e A S 4 Fig.4 Water contact angles on the SPUG surfaces
DSPUGs ) SR Z W F IV . E 5989 50 min N , Insets: photos of water contact angles.
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DSPUGs (1) SR i # I A, R REGEHHI ISR 43 5 #2100 min B, SR ERIFIRINLE , k8
TRaE, KRN KK P-4 . 4 F DSPUGs i ESR @1 /8 5 (B) BT 7%, MWk Hy (524+39.1)% , (825+
60.3)%, (1209+101. 3) % (1738+122. 3)%, BB A3 X — G F B0 PR A 3K B A ele
Aptsey TR S RS AHIE, SRR A R T 8L AR R, N7 R KV Akt A Hp S5 BB A W A
FFAER K S, R KRR ESR. AR, SE/KEEBE PEG & EITHIRA B TR i ok
kA5 B 5(C) B R T DSPUG-IL T MK KT S B S840 . oK G AMUATR BT B 34 m, H:
HARHPIEA A 10 mm 3 2 42 mm, 1 HASS B . X R IR 5 A BER /K 5 R LB BT A K
JE, BRI TFEE I A A7 Flis B

2000 2000
A , o B
1800k 1 1| € 18002
_1600f ‘i | E 1600k ©)
€ 100} /{/‘/ ® Tk
© .. 7 I I =
- = o
o " - g L
S 600f - g b
<400} | S pspuga’| £ 801 e
2001 ——DSPUG-II | 5 400 =
ore , __—— DSPUG-TY
0 50 100 150 200 0

SPUG-I SPUG-II SPUG-III SPUG-IV

Time/min
Fig.5 Time-dependent water absorption of DSPUGs in deionized water at room temperature(A), equilibrium
swelling ratio for DSPUGs(B) and states of DSPUG-II before and after swelling(C)

2.6 SPUGSs HIRK S #7
Bl 678t T SPUG-1#1 SPUG-TTKEEfE 51548 PU G ERTE S il T I8 BV K-V 5 g Pk et 2. 7
FHXIRIE R 30% IFREE R, SXPHFPRA RHS 280 H 7K
SR S PU LR K A3 TE 2 d N BE A e
e, KAy B RALR A 2 7%, AR K RE 18K ; T
SPUG-1 1 SPUG-TTT 7K 8 Jise 114 7K 4345 i 33 %6 B i {1
T PUMEL, 6 dJi, HoKAr & w5 MR EE 78. 3%
H159. 29%. X — PG 0] 5 K F SPUG 7K B i P30 5
5 (16 [ 2 5 46 1S K M PEG % Bxd 7K 23 T AT 3K

80

60 -

40 -
—=— Commercial PU sponge
——SPUG-I

Water retention rate(%)

i ——SPUGHIII
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Fig. 7 Redox-triggered reversible gel-sol transitions of SPUG-II
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Fig. 8 Typical tensile stress-strain curves of SPUGs
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Fig.9 Typical compressive stress-strain curves of SPUGs(A) and compressive stress-strain curve of

SPUG-II under cyclic compression(B)
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Fig. 10 Images of cutting-healing-stretching procedure of SPUG-II hydrogel
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Fig. 11 Time-dependent self-healing efficiency of SPUGs at 50 ‘C(A), tensile stress-strain curves of
SPUG-II healed for different self-healing times at 50 °C(B) and tensile stress-strain curves of
SPUG-II healed at 50 °C for 2 h after multiple cycles(C)
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Fig. 13 Live/dead staining images of 1.929 cells cultured in SPUG-I(A), SPUG-II(B), SPUG-III(C) and
SPUG-IV(D) extracts at 37 °C for 72 h
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