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THE CONSTRUCTION AND PREFORMANCE
STUDY OF FUNCTIONAL CHITOSAN HYDROGEL
NETWORK

ABSTRACT

Chitosan has attracted considerable attention in the field of hydrogel
preparation due to its excellent biocompatibility, biodegradability and
functional designability. However, traditional chitosan-based hydrogels
face issues such as poor mechanical strength and limited functionality.
This study focuses on the construction and Performance Optimization of
Functional Chitosan Hydrogel Networks by incorporating molecular
structural modification and multi-mechanism synergistic crosslinking
strategies, aiming to impart stronger network structures and broader
application areas to the hydrogels. Therefore, two
high-mechanical-strength functional chitosan-based hydrogel systems
were designed, and their network construction mechanisms, mechanical
reinforcement mechanisms, and biological functionalities were
systematically investigated. The specific research work is divided into the
following two parts:

1. Acryloylated chitosan (ACCS) was synthesized by acylation of

chitosan by acryloyl chloride, which gave the chitosan molecular chain a
11
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double bond that could participate in polymerization, while retaining the
biocompatibility and biodegradability of chitosan. Using ACCS and
acrylic acid (AA) as monomers, and cystamine bisacrylamide (CBA) as a
bifunctional crosslinking agent, a single-network (SN) hydrogel with a
three-dimensional network structure was prepared via free radical
polymerization. By controlling the amount of crosslinking agent, the
hydrogel with the optimal mechanical properties was obtained, exhibiting
a tensile strength of 50 KPa and a fracture elongation of 40%. Copper
ions were then introduced to complex with the functional groups within
the hydrogel. Through the coordination between Cu*" and functional
groups such as amino and carboxyl groups in the hydrogel, the
mechanical strength and antimicrobial properties of the hydrogel were
further enhanced. The mechanical strength of the dual-network hydrogel
reached up to 520 KPa, which is 10.4 times that of the tensile strength of
the single-network hydrogel. Moreover, the dual-network hydrogel
exhibited a bacterial growth inhibition rate against E. coli and S. aureus
that was 28.15 % and 30.84 % higher, respectively, compared to the
single-network hydrogel. This work constructed the hydrogel using two
strategies: covalent network formation via free radical polymerization and
a dynamic network through metal-ion coordination, covalent
cross-linking provides stability to the internal structure of the hydrogel,
while dynamic coordination bonds impart energy dissipation and

\Y)
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self-healing capabilities. The combination of these two aspects endows
the material with high strength, toughness, and synergistic antibacterial
functions, thereby broadening the possibilities for the biological
applications of chitosan-based hydrogels.

2. Using chitosan as raw material, methacrylic anhydride was used
to add an amide group to chitosan through an amination reaction to
prepare methacrylic chitosan (CSMA), while retaining the hydroxyl
group and part of the amino group on chitosan as the active site of
dynamic bonding. The chitosan framework serves as the main structure,
and the methacryloyl side chains of CSMA form a crosslinked network
via free radical polymerization. N,N'-Methylenebisacrylamide (MBAA), a
bifunctional crosslinking agent, has two acrylamide double bonds that
copolymerize with the methacryloyl double bonds of CSMA, forming
covalent crosslinking points between the polymer chains. The acrylamide
group of 3-acrylamidophenylboronic acid (APBA) copolymerizes with
the methacryloyl double bonds of CSMA through free radical
polymerization, strengthening the crosslinked network. Meanwhile, the
phenylboronic acid group of APBA can reversibly form boronate ester
bonds with the hydroxyl groups on the CSMA backbone under neutral or
weakly basic conditions, creating a dynamic covalent crosslinking
network. The presence of reversible dynamic borate bonds endowed the
hydrogel with environmental responsiveness and excellent self-healing

\
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ability, and the shape fixation rate of the CSMA-MBAA,;APBA.10
hydrogel was as high as 82.32 %, the shape recovery rate was as high as
92.33 %, and the self-healing efficiency of the CSMA-MBAA,1APBA o5
hydrogel was 65.46 %. In addition, the synergistic effect of the dual
network not only significantly optimizes the mechanical support capacity
of the hydrogel, with a tensile strength of up to 128 KPa and an
elongation at break of 162 %, but also gives the hydrogel excellent

adhesion and broadens the application field of chitosan-based hydrogels.

KEY WORDS: Chitosan derivatives, Double network hydrogels, Metal

ion coordination, Self-healing, Antibacterial properties
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(a) Electrostatic interactions between
chitosan and lipoteichoic acids can
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Chelation with divalent cations Electrostatic interactions disrupt the
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G '~" I\,
lipopolysaccharide & ; i
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Figure 1-2 The action patterns of chitosan and oligochitosan on (a) Gram-positive bacteria and (b)

Gram-negative bacterial'”l
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Figure 1-3 The acid cleavage and enzymatic hydrolysis of chitosan
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Figure 1-4 Acylation of chitosan[?*!
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Figure 1-5 Synthesis route of N, N, N-trimethyl-O-hexanoylated chitosan quaternary ammonium
salts[?7]
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Figure 1-7 Schematic diagram of the preparation and application of viscous hydrogels (A)
Synthesis of quaternary ammonium chitosan from glycyltrimonium chloride and chitosan;  (B)
Preparation of Fe(PA); tricomplex molecule (pH=10);  (C) Double dynamic bond cross-linked

adhesive hydrogel shows application in wound closure and post-wound closure carel3?!
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Figure 1-8 Formation and mechanism of QCS/TA hydrogel and injection of QCS/TA
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Figure 1-9 Preparation strategy of ethylene glycol chitosan composite hydrogel*]
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Figure 1-10 Scheme of the preparation of HC-IPNs via photopolymerization(7!
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Figure 1-12 Rows 1 to 3 show schematic diagrams of PEC, PEO, PEC+PEO and PEC—IPN

hydrogels!s>
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Figure 1-18 Schematic diagram of the preparation and application of multifunctional composite
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A IeH Ik AR R ik F ik R A PR A
PRI AR g Rk F kR A R A T
=R AR 5] 244 1 4 2 370 BR A ]
L AR 1] 244 Ak S R0 BR A ]
LR LT AR 5] 244 1 4 370 BR A ]
oK 2.1 AR 1] 244 Ak S R0 BR A ]
s AR 5] 244 1 4 2 3704 BR 2 ]

BRI AR A T TR A IR A 7]

K2S20s FIRH: 6 238 T /IR AR 50 °C St PRI R R MALIRAS, SR
A, AR B R H, FOE 4 °C VKRS ISR, X AT HhiE
FARHIE 4 °C IR BE KTk, HRJETE 50 °C PR/ 24 h.
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22 SHERANAR

Table 2-2 Experimental apparatus

(&= i) TR

AL Anton Paar MCR 92 ZRM (i) HHARAF

4T Ity FT-IR-850 HERRHE

PRI EIRPE AL AVANCE ONE 500 MHz T8 E A& e R IR 7

A HTAL TG 209-F3 At ] Bt 30 45 ) 225 PR 7

PRI MTS CMT 8502 FEE MTS A
FEBRAX INFINITE 200 PRO Tecan B4 IR A 7
LI S-4800 HAHIL A

2.2.2 ARG TRIEACCS)HIE K

/= =
NH 2H NH =8, OH O:C<_

Ho . 0 Ho 20 0 CHCl, / NaOH NH NH
No% HO 0% T+ A 2 »  Ho o) o_Ho O
ot NH, ) Cl' 0°C 30min/25°C 24h w0 g Ho o

OH Nk OoH
cs AC ACCS

2-1 ACCS M1 B B2
Figure 2-1 The synthetic reaction formula of ACCS

H 50 mL 877K 4 g KB 7 RAEE AL 250 mL =SB I, X
1 mL WABESEUAAN 2 mL & PRI B TR, B 2 mL BLES 0N 27 %
AR ISR E T 57— N 0R - N o FEVKOKIBHERE T, 70 PR e = R
VEVRLFL I I NS R K VAT, £E 10 min P SE R DKOKIBTEEE 3 h 5, IR T4k
SipidE 16 he BJS, HESAANEBATTRA W pH 2 M, i e 28 8
WARFAE 20 mL, FRAA G, FA CEEDURVRG =R, BREiEm: HIGEIRM
MEREEAR . [EREE 45 °C B TR EH BRI, SEHIRETE ML R
NS ERRE (ACCS) .
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2.2.3 ZASELBER(CBA)RIA AR

o
o CHCI, / NaOH H
Y NH 2 N s N~
NHy S ™12 4 S P NEE ORI =
2 S e aomin/zzcion /\lor 2 N
AC CBA

Kl 2-2 CBA & U= B
Figure 2-2 The synthetic reaction formula of CBA

F 25 mL (1 B 7KK 5.6 g BEiE —EhR 2L (0.025 mol) WAARTE 250 mL 1
=R RIS . VKK FHEEE 30 min, #EEMHFF0°CH 10 mL 5FH 9.05 g
M S CH2C L A 20 mL (IEAAGERTE R (10 mol/L) [RIFH A Fl i+ .
A7 PR TR SR S BB VRO N 52 R 5, AR RFFLAE SR R ARSI 16 he g
W 18 4k FH 25 B8 F/KBEw% 3 ke G QTR CBRE 45 &, BT RIAZ 45 °C HAET
SRR B R AT . BRRILIRETE NG o GBI (CBA)
2.2.4 SN-ACCSxCBAyAA,-Gel Byl &

/= /=
0=C¢C o=c
hH on \NH H ? ?
HO o o) OHO Own + /\"/N\/\S,S\/\NJJ\/ —+ \)J\OH
0 O HO o] 5 H
oH NH; OH

ACCS CBA AA

0=C
HO
NHo MO o o NH, o
HO o} 9 O
Wo%mﬁ\»ow 2o
HN HN
\ OH
OH C=0 \C=O

m o n
KPS HOOC H s
N — A~ No~g- SN
60°C 4h N H
n O 0 m
NH s g Samn (P2 COOH
o)

O=C\ O=C\
OH NH OH NH
o Ho O
-0 O HO o) 5
(0] (e} HO (0]
HO NH
NH; OH / OH
O=%
SN-Gel

K] 2-3 SN-ACCS-Gel Fr) ] £ 1% &

Figure 2-3 Preparation route of SN-ACCS-Gel
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K —HA R G KR . 1E 25 mL BB AR — & R ACCS F
SR E B KPR AR, 1A AR IO AN F BT & 1 CBA FIUAS [ A4 AR (1
R, i PO R M. BRI KPS A ERIBAW, =itk s,
TEIBBS S 30 08k, YIS IR & U 6 4% I P 22 SR DU 98 LI AR L P
ST A 60 °C, R84 /MBS, AHIE SR IFREF 2 N, BT
% AL N SN-ACCSxCBAyAA -Gel /KB (x 10 ACCS i & (g) , yiU%
CBA iR (g) , z /0% AA R (mL) D o FAMA T 54Ut AR (1 1k
RE, 18I 121 CBA M AA HFH B £ 7 BAS AN EE A i B R 28 7K BB (a2 2-3)

2 2-3 AR S AR T e T

Table 2-3 Formulation of water gel with different components

ACCS CBA AA KPS H20

Type
) ) (mL) ) (mL)
ACCSo5CBA0.0zAA3 0.5 0.03 3 0.2 10
ACCSo5CBA.0sAA3 0.5 0.05 3 0.2 10
ACCSo5CBA1AA3 0.5 0.1 3 0.2 10
ACCSosCBA0.15AA3 0.5 0.15 3 0.2 10
ACCSo5CBA2AAz 0.5 0.2 3 0.2 10
ACCSo5CBA0.0sAA2 0.5 0.05 2 0.2 10
ACCSo5CBA0.0sAA, 0.5 0.05 4 0.2 10
ACCSo5CBA.0sAAs 0.5 0.05 5 0.2 10
ACCSo5CBA0.0sAAs 5 0.5 0.05 55 0.2 10

2.2.5 DN-ACCS:CBAyAA,-Gel B

X AN [F T B CBA FIAS AR AA (1 5L 0 25 /K B IR M LB BE IR 2R
IR S B U E BE B A S SN-ACCS0sCBAg0sAA3-Gel 255 XM 45 578 S5 i
IR I % o 3BT H SN-ACCS0sCBAo0sAAs-Gel AR T1E 24 h i, RIIRIE
ANIKEEN 0.1, 0.4, 0.7 1. 3. 5. Twt% URESED MGEALHAERT 12h. BE
J&, B IR L BRZK BRI R THI R P A B 1, BIVERAS 00 28 72 SR /K I, Ak
PEAE CuCl IR E KX 4 N DN-0.1. DN-0.4. DN-0.7. DN-1. DN-3. DN-5,
DN-7.
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2.3 MIXASFRIE
(1) ZHHRERE ("HNMR)
PUTAR K S STARE AT NI F); K AVANCE ONE 500 MHz 1% BE 3R S i A
Mg, T 25°C AT T IR SYRZRLIREGE .
(2) AL ARG (FTIR)D
HOE &R &, SR KBr R vEfIRE S, A FT-IR-850 MK, 43 #rht
B HE FEl 4000-500 cm™!, 23 HFR 4 1.5 em™s
(3) Frfiiat
I8 3-[N Ag i 2 T MTSCMT 8502 fiiL 4% ] it 5~ /3 REREGATLIN E , 200 N A% /2%
#, AR ZIR N A 5 mm/min (1R AR L E KB B B D) K 40 mm. FE 10 mm.
1 3 mm AR ST BRI, FRLERE S AN 3 AR 4% . R B A 0(2-1D
TR, B KERE AR (2-2) 1.

R ERE (MPa) =% (2-1)
A PaEEREM (N) , b NAFKAREE (mm) , d NEMPEE (mm) .
MR KR (%) =%x 100% (2-2)

e LEFE BTN AR PR (mm) , Lo AFE SR AT bR FE K
E (mm) .

(4) R4

H MTSCMT 8502 fibl4z il s /7 seikge il , £ 25 °C %4 F, H 5
mm/min ¥R BEE o REK BRI ELAR 9 10 mm. &4 10 mm FE & EAT
FEAEINR, AR DI 3 A

(5) A=K

Hi Anton Paar MCR 92 Jit B A #EATHARAT NSRS . 7E 25 °C %A+ T, SE5
EEIRG VA T T, MR ESA 25 mm FPPATHLATER . BEBR
RS A RCE AR AR ), B 1 mme ARIARETEEY 0.1-100 rad/s, HRBNFAL
HH 0.1 %, KA L.

(6) WK RENIA

VK IR e R ALK A SR ELVE, R S R R BT S50 =, = IFAT
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SEAE BT HRAE DL 45 °C In# 24 bR DK BRERE BT, 6T HUH I e

WIhEm R, B RES BN & T e R ARG T AR K L e AR, 1R

[E] 7 N 1) J5 P IR ARRE A it R T AR 3 T, TR 1R F EAR L E R I f il %

LU 35 B AN i Bk I 1T B RIAE /K AR AN [ B[R] J5 1 i, /KB VA K 26
(Swelling Rate, SR) %A (2-3) 5

K% (%) =YMo v 100% (2-3)

Mo
A Mo BT 5 T B IR AE I 5 s Mz S KP4 B K I 1D o
(7) 0B P R

PG AR : SR KT (E.coli) M4 BRI BRE (S.aureus) RiTAL/K
B BN MR . 1 S8 CH) Luria-Bertani $59%W, ARG LS AR 121 °C
KT 20 mine #HU 50 mL (¥ LB VAR 43 5ol il 88 AT Bl A0 <6 B €6 %8 6 3R 14 114 2R
WA, T 37°C, 250 rpm MIE R 12 h, TR B . —30 1 LB %
WM LA 2% [ 4A 55 77 ko K 1 3 400 81 00 0 Y PO ot A At BT 5 Y o £
HEPATEINKE 1 he 20 100 pL MW T LB [fksEsREERm, HKHE
J5 VR BRIRAT I ), T TG B $5 44 K TR 5 (R AR U 7 S o O 7 ] Ak s 97
SRR b, BRLERE A 3 AN TAT IR, BRI R K BRRE &, A SR TR
orEfil, A RRELRRE L RRES . [FI 4> B4R B — 4 E.coli A S.aureus %5
FEo SREHFAR B E BN 37 °C FITEIEES FRAE 8597 12 h, $AIORI B KB
Rl X B4R

AT A KA R INR : JRBE R E.coli A1 S.aureus 40 B A= KM U -
Gy 2 uL FANTEIETRAE LB Blaii ekt BRIk, JFAE 37 °C F#EH 16 he A
JG, FEAEVEEME] 4 mL 19 LB BAEFRE, £ 37 °C LA 190 rpm 118
FENRY 6 ho FTA BB ERKEXET, Plgidt—BE . 285, ¥ 0.5 mL K
JZ74 10° CFU/mL 4RI F] 1 mL &4 30 mg RrllFE il a7 . IR G
f£37°C FWEE 24 h, FEMEBIEE (ODeoo) - RIEBAR (2-6) HHANREEK
LIRS

_ __ODgpo(t=24)—0Dgo (t=0) )
j:[pﬁ%”% (%) - (1 OD600(t=24)C—OD600(t=0)C ) (2 4)

FH: ODgoo (t=0) FTI/RHIUE ODsoo 1H, ODsoo (t=24) EAHFHMM S5ER N B
24 /NI JE B ODeoo 1 ODgoo (t=0) ¢ /& ¥T4H ODeoo fH, ODgoo (t=24) A& 4 41
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L & 24 /NI JE R ODgoo 1
(8) HEETEREN K
ReoKBEREHEAT U], IRJE R DI 5 BBt R A — S IR S i e, AE 7K A&
o JE e R L B 7, U BRI DG A B LS K B B = TR R UK
JE AR Ak R AT S K BRI () A A B . KB I B S ORI AR (2-4) 115

mEME (%) = L‘LLO x 100% (2-5)

A L RBGERAHIEKE; LA TS ieRammgKE.
K H 75 B B AL 43 S0l %o e 1 R KB II DA B L 5 S PR K TR P o A 8 e
T THEA, HREEMEI R Cnb e . BIPIREES) 1 il LUE N
P A AR b, J1F R B A SRR AN (2-5) 5
TIERAE (%) = T2 X 100% (2-6)
1 o healed MK E & A5 MHARGEIE . o initial & A5 057 I AR S HGREE .
24 BRER
2.4.1 ACCS #1 CBA HI& B S3RAE
08 T R 0 T SRR e SR M b (R S AT R A S, B BT TR AL e 5
(ACCS) . ACCS MZEE i 2-4 (@)Fia, th#0#(0) = 4.70 ppm A D20
[P TRIE, Xk CS 5 ACCS B HEE, mTLAEH, ACCS A I 6.13 ppm Fl
5.69 ppm HiUg A PR IE G A XUk 5 0%, TEMT T RAW) ACCS
7 X4, 4.45 ppm AT 3.88-3.20 ppm AT 2.70 ppm NVHJE T 5E BB 2L 45 AN
KB AR . (*H NMR(500MHz, D20): 6H?= 6.13 ppm, -C=CH>; JH"=5.69
ppm, -CO-CH=; 0H®=4.45 ppm, -CH-; 0H%=3.88-3.20 ppm, -CH-; 6H%=3.34 ppm,

-CH2-OH; 6H"=2.70 ppm, -CH-NH>).

FE AR CBA J& Bt — Hh R #h 10 2 k-5 T 4 Tk S 1k SR A LA S
3. CBA WM EIE N 2-4 (b)), HA#A#2(6)=7.28 ppm 4y CDCl; K]
W7, CBA 4 EI4E("H NMR(500MHz, CDCl3): 6H*=6.69 ppm, -CONHCH,-;
0H"=6.30 ppm F1 6.23 ppm, CHH=CHCO-; H*=5.69 ppm, CHH=CHCO-; 6H=3.65
ppm, -NHCH>CHy-; O0H=2.88 ppm, -CH.CHS-), IESE T Hifk CBA 45 H .
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(a) (b)
D,0 a €
¢c H e o
bArN\d/\s S\/‘HJ\?
° d
d-
h
cs .thii A b
b_a
o:(:/_ -c/= c
N 0*{) "
ez tenEaer o b
d-g a 1
Accs ) b MLM_L l J
8 7 6 5 4 3 2 1 0 10 8 6 4 2 0
Chemical Shift (ppm) Chemical shift (ppm)

] 2-4 (a) CS. ACCS #(b) CBA M#ZHAREIE K (CS F1 ACCS 7E 25 °C T HIRAKIEN
KA, CBA 7E 25 °C T AURARE S E A
Figure 2-4 'H NMR spectra of (a) CS. ACCS and (b) CBA (CS and ACCS were measured with
D-O as a reagent at 25 °C, and CBA was measured with CDCl; as a reagent at 25 °C)
242 IKEEIHIE B S 3RAE
ACCS F1 AA TESIRFIBINER T LRI AE B B RS, 2 RE M — RIIK
KEERGY, ZCHE0 CBA MW/ AU, RERR AR AW EE L IRIE— S, T
R = AEAT RN 5K . T2 SN-(ACCS<CBAyAA,)-Gel. B 2-5 Jy&r oKt
IRAT T CS. ACCS Hifk. AA Hifk, CBA FAR LK BTl 15 (0 B 00 45 7K it i A
XU 2 KR AL A . G 2-5 (@)FTzR, 1551 em™ &by CBA _LRRAEVE,
1543 em™ J& CBA Wiz N-H {725 i k306 5 W] 1 SN /KB /& H1 ACCS 5 CBA
LR Wk 2-5 (b)Fis, 1633 em™ & ACCS _EANE RN ) C=C fh4EHR
B, KEERTE 1738 cm™ AbHTHE T — A&, 2IHJE TR C=0 4idka),
TG R R A AR R i T M2 4544 . Ak, KL 2-5 (b)Hitn] LUE
H, SHEFEALE, 7E 1650-1550 cm™ JEFE P, C-N BIWLIIES BT 58 .
1500-1600 e FIFE A, N-H 1925 fhIRzNIEA prigon, KRB TEES SRS
TEALFE . 1000-1300 cm™ 35 FE A (1) C-O & dh A iR a7 i & 1G5, F
—UESE T T S RIE I LG S .
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(2) (b)

AA
S
1543

ISN-Gel i
CBA : 1000-1300
IN-Ge H
:
1551 » \
- * 1500-1650
L

4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-!) Wavenumbers (cm-1)

/4 2-5 (a) AA. SN-Gel. CBA Fl(b) CS. ACCS. SN-Gel. DN-Gel HJ£L7MGiE R
Figure 2-5 FT-IR spectra of (a) AA. SN-Gel. CBA and (b) CS. ACCS. SN-Gel. DN-Gel
2.4.3 FKERBZAIHLI I BE 53 4

e RNETE KB 1) 7 2 580 P — L A B /K I FRe I 5 ) 850 R A A AR 1) A
Z—o TEMEEXEMLERT, R VERER AN 71 SN-Gel /& A TAERIHE T, &
153 A AR KB ) 5 i R 2 5 SR AE G CBA FIELAR AA A&, 41
T3 2-3 5T SN-Gel 1) 9 HAREC T, LUK ART SN-Gel Btk GE i AR
R HAHBRL . 120 2 Bk ACCS fT AA Fl &, 1 2-6 (a)fin, LR
H24 CBA FIEM 0.03 g HInE] 0.05 g, KB FIFLH5RE N 45 KPa $2 75
50 KPa, Wiz 22 A SE 1 30 % Rt 3 40 %, & & A2 BRI vT DLER FR K Bt
(RIS I o (L B A IR B RO AR SR I T, P D) 2% 7 R PR PR A 2 3 ik
s, WiR KR b 2 BRI, IX 0 BTSSRI 22 3 UK B 7 I 245 &5 40 5
ASTRBR G T SR A EE B HHIZ 3l , SR 7K I 265 75 52 31 N B AN AR AR /K
FR S IEAG RS 2 R 43 BN 7, W22 I P o WSS IR 1 s FH D 0,05 g
Wi 2-6 (b)F 7~ Ayidid [ 2 Ak ACCS 1 CBA B &, N AA 15 2 Tl
7591 SN-Gel hifi R Jg AR fi 2k, FTUABH A, 7K EEE R A s 2 AT e K
HEE AA AR, BHERERA. EFEIEIRER AA BA—E M,
JUH AR AP 2 B A, 5 B 0 B R R 4 R 2 20 p A7 T s, i L i
B AA ]S BRARIK RS (AR P R v, IXTEAR KRR E PR T /KRR IR
Ik, FEKEE I 7 Bt o, S T B ORI 10 70 2 M R Ak B TR, [ Bk g 4
AA TERSHAMEN, Z5RMA AA AEHTAN 3mL, REHEK
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SN-ACCS0sCBAo.0sAA3-Gel FLfH5RIZ N 50 KPa, Wi {HKF4 40 %.

A SR IR Y PR SR R A VAR A B SR TR 1 A B S K P R e I
RERRRE . W 2-6 (c)Fian, BEE IR CuCly iR L I N, U 2% 7 e 6 (1 4
5 P55 R I R K Rt B SR 3 K . AHEE T SN-Gel, H I 54111 DN-0.1 (14
RS /& SN-Gel [ 4.6 £, WrE 32 SN-Gel [ 1.75 ff5. W = 1) DN-7
7 {FH 588 5 w2k 520 KPa, A& SN-Gel 1) 10.4 %, B 244 K 2 51 262 %, /& SN-Gel
) 6.55 5. H:A DN-3 fhifdisafE 308 KPa, WidfK %R 232 %. K 2-6 (d)
JE7R 172 DN-Gel W45 8 7784 #i 2%, 7T LA HA B 5 BT & (0 4 55 1V 2 11 1
m, FE4asRE R EE 1016 KPao LA BRI 741 B 1 IR 2% 5 S B2 2 1 5
IR N UM RE, B2 T KBNS S AR e, h9E T /KEERIIN A .

(@) 6 (b)

— ACCS, (CBA,  AA,
— ACCS, (CBA,, AA, 80 F
50 F — ACCS, (CBA, ,AA, ,1
ACCS, (CBA, AA, P —
_ ACCS, (CBA, , AA ~ _ -~
= L (X} 0.20 ] o | p o
GEL & 60 o
) ) /
30
2 1 @ 40 /
o o
= =
- 20} - /, e -
7] wn / —— ACCS, (CBA, 4 AA,
_— 20F / —— ACCS,sCBA, sAA,
10 = /) —— ACCS, CBA, ,AA,
_ /
- | / —— ACCS, CBA, 1 AA,
{] 1 L L 'l 0 ' L L 1
0 10 20 30 40 50 0 20 40 60 80 100
s (0 _—y
(c) Strain (%) (d) Strain (%)
600
— DN-0.1 1000 | -
DN-0.4 T\
500 — pNn.os :
DN-1 800 A \
_ DN-3 = ~ \
& 400 - DN-5 a
DN-7 600
o =
~ 300 »n '
W w
& 2 400
=200t =
w
100 200 F
0 1 L 1 L 1 3 0 Il L L i 1 L
0 50 100 150 200 250 300 350 0 10 20 30 40 50 60

Strain (%)

Strain (%)

] 2-6 (a) SN-ACCSo.sCBAyAAs-Gel RN /g MAZHTZ:,  (b) SN-ACCS0.sCBAo.0sAA,-Gel

AR AR S g AR 25 (o) IRV AN R FEE CuCly VAR TS DN 7K R 82 g 38 it 2 F(d)

IR Al VA S iiES
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Figure 2-6 (a) Tensile stress-strain curves of SN-ACCS,sCBA,AA;3-Gel, (b) tensile stress-strain
curves of SN-ACCSosCBA0sAAz-Gel, (c) tensile stress-strain curves of DN hydrogels obtained
by immersion in CuCl solution of different concentrations, and (d) compressive stress-strain
curves

NGB IR BB 57 PEAN R B AR AR 7, DAL B8 11K 5L AN 7K IR FE HL
RE T EIREMAET, Xofitt, AR AR 3 0t B 8L m RA2 g 77 1) DN-1. DN-3., DN-5,
BEAT T NE-E R . A R R AREIRE JUANE P 2 (B A AR AR I ] [E) B,
2-7 ()« (b)FH(c) 9 UFI IR FE I KB LE 50 % 100 % 150 %A1 200 %K) & B
NSRRGSR, KR R (] 2 B A N ) S AR R IR, R R AR
FIASEINANKEIL 13 %, FRHKERAIFAIERE Re 08, ReRFeidl. HAEPYX
kb, WS I ABOARRE, AL T KEIR B — e RS . Wl 2-7 (d)
4 DN-1. DN-3 Al DN-5 fEAN[F] R 38 T HABHRERT LI, AT RAE Y, ZKBER b 4
JBE TG NAE— @R EXGR T KB AL LR . KRB THEZER T E&EE
TECAAE P AE RSN ASSE I s AT AT, IX LT SR 2 B4 Sy vl e Wit &
WL, XEERIZhA I fEaTEReae R, HEEERERIGN, RAErINE 2, ¥k
RE L IZ MG K

400 400
(a) (b)
——50 % — 50 %
100 % 100 %
150 % 300 F 150 %
=, 0 200 % —_ 200 %
< )
S S
! N’
o 200 > 200
wn w»n
% w
= = /
n
@ 100 // 100 + 4
DN-1 DN-3
0 L i 1 1 “ / A ' | A -l
0 50 100 150 200 0 50 100 150 200
(c) Strain (%) (d) Strain (%)
600 -
—50% & DN-1
500 100 % = 10 DN-3
150 % = DN-5
- 200 % c
£ 400 z 8t
< 5
2 300 g 6F
<]
S 7 =
&-)' 200 2 4t
2
100 e g 2t
: . . ; a,
0 50 100 150 200 50 100 150 200
Strain (%) Strain (%)
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] 2-7 (a) DN-1. (b) DN-3 Fl(c) DN-5 7EA Rl Rz R4 T (0 DY R B A n -0 gt 26, LA K (d)
A AEANIR AR hr R RE A RN EL R
Fig. 2-7 Comparison of the dissipative energy of (a) DN-1, (b) DN-3 and (c¢) DN-5 under different
tensile strains, and (d) the tensile energy of DN-1, (b) DN-3 and (c) DN-5 under different tensile
strains

2.4.4 KERZRVRE ERES A

B A B T IR KB RAEAS R AR N 1 1547 . Il 2-8 KR
ffRERE (G HHFEHE (G MHRMMEM BN R, HERTH, Tk
28 KBRS (R AR L G ], FLAh RS R G 48 K T HRFE AR, X U5 A A b A
Wi 7 5 AT . AR REROC, NIEEEGR, A5 ARTY. BEE CBA H&EHY
I, i R B AFER B A I A8 ETHE RN S, S AU e I L Ep
Ee MATHF SIS 20, B A R R TREBE D, SBUKER 15
THEARAR T MM, X PRI 7 AEERAE LS AE BT R4 Jg 1 A s ik &2 e
T30 BRI, KR 1R A B A B 2 BB A S IR R 38 KT P AIK o FE e 133
SN-ACCS05CBAo.0sAA3-Gel [)fif B & 5 i AT 1A 10385 Pa. th4h, MIEHIE AT L
B BEE IR, BURIEREE R IR RE, XRINZKEIRIN 7T
SERECN R R E, AR IE NSRS R ). Gk 2-8 (b)), BE& KL
HAA SR, KBRS ARG N, XU T AA R
JE BRI BT e AR 4 5 1

N T RN 28 KB AE S L o R AR e PE AT 52 4, AR Sz i i 45 4
FERTEE KR 1 12 o U] 2-8 (c)Ffis, T LA HEA S 1 48 A K et e
(R AR ARF It R A 3 2 AR A, SR A A 4 v ik A 2 I o 0 2 R B 1 388
ALY, U4 )8 B T EALAE A T T KERER I 7 5 5 B AR e
Horh DN-7 i e Bt = iA £ 45573 Pa. SN-Gel Al DN-Gel BT 110 A5 316 0 &
2-8 (D7, FERLSJ-NARHIZE T, AR 50 %I, SN-Gel HIfiff BER & 5 i FE
REEAHSE, SR APRLE TRGSE R I FORES, R4 & T 50 %I, SN-Gel A#E
S FEERZBNIRA LA, ML A H. 17 DN-Gel BORE S IG 7 A0 B
T SN-Gel, #E—35Utl T &8 87 I /E F RO 5 /K eI A Fs 4 M R e
B
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Gl ACCS, (CBA, AA,; G~ ACCS, (CBA, AA,
G'=@= ACCS, [CBA, 1 AA, G"=O= ACCS, CBA, AA,
G- ACCS, (CBA 4 AA, G~ ACCS, CBA,AA,
G~ ACCS, (CBA s AA; G~ ACCS, (CBA, (A A,

ded—edrsierrgir-ir—rirr—ir— ikl

107 10" 10! 10° 107 10° 10' 10?
Angular Frequency (rad/s) Angular Frequency (rad/s)
(c) ok vk g deodk ok sk g ke ok ke ok e e ok ke Rk ke ke o ok o (d)
122 2SS 2R R R R R R R R R RS RS RRE ISR S | G—= sN-Ga G"o—SNGel
10°F G+~ DN-Gel G"—+— DN-Gel
esscessssssscsccccecececeseeee
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=5 sssEsEEEEEsEEEEEEEEEEEEEEREE ﬂc:
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- G' A DN-OA G4 DN-0A o S o10Yk
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c00p nanflantldFee? aRT
F on”;ﬁ;3§4°*** £ RSN S t
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] 2-8 SRR 3K (a) SN-ACCS)sCBAyAA;-Gel. (b) SN-ACCSsCBAg0sAA,-Gel

H(c) DN-Gel [ffi# R & G'FIRAERE G"; (d) SN-Gel 5 DN-Gel 157 IR AZ $14

Figure 2-8 The storage modulus G' and loss modulus G" of (a) SN-ACCSysCBA,AA3-Gel. (b)

SN-ACCS0sCBAg.0sAA,-Gel and (c) DN-Gel were tested by frequency sweep; (d) Shear strain
scan of SN-Gel and DN-Gel

245 IKEBIRRESN

I TGA S50 50 UE XU 48 7K Bk 4 128 1 I & o R T S8 T HOBE A b
THIEZ 100 °C F£A37E 30 min B ORBETFE S I K 73 o XU 28 7K UBE IR 1 A B 2k
'l 2-9 Fror, BTV fRERT, /KB I T S EHR . iREEIAH] 503
°C I, WL KB AR AR A B 1, FTRUE B RV I S HA R
WP RIEE N, A BTt T 48 S AE T BRI 28 7K IS A 3
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— DN-0.1
— DN-04
— DN-0.7
DN-1
— DN-3
DN-5
DN-7

20

100 260 360 460 560 660 760 860
Temperature (°C)
& 2-9 DN-Gel 13 fih £&

Figure 2-9 TG curves of DN-Gel
2.4.6 IKEERHIA BRI RE ST

TR BRI (R K M e 5 LB R D SRR ARG, G BRI WR K B 70 RERS B K2 E
(o R FL R o IR A REAE /KB IR IR AR JT, 3 22 P K I 1) PA) 8 S Bk
PR R L JEORHR S K PE T 9 € . SN-ACCS«CBAVAA-Gel J& Tk 2T BEK R
FOACTR L@ 1 HH AR Ik BRI T o A 2-10 (@)F7, B SCHKH) CBA R
RIS, I B H IR G T A 2 ST AR 2, KRR PR ST I 0 445 5t B n
IR FAGIBIE N KER N, T BUKER 1K e 128 AR A
CBA WREMAR, FKEBER SRR, REWHE AR EAERESS, Koy T
G5B KRB K, BERT, B 4 KB IR A K 2 i s AT I 227 %,
SN-ACCS05CBAo.0sAA3-Gel FIVE KL F] 195.8 %. /KERIAMKE T 24 h i,
H AT DU I, S 70 AKE B TV IR T RIS, X R TR FIHENG,
VKRR A IR, I ) B S BUKBER S5 A B B0, 3 BUKBER I #E B UK A
fRESEIIR, WX EATRE, BOLEIKE T,

RTAERR T AA & =X BN 4K B IKPERE R EZ I . & 2-10 (b)AT
A~ AL AA BRI RS AUKBUR MK RS . T A EAER, AA
RS KEIREE, BB MKBRIAIRET, K TE@E iR
PR, 3 BN I TR HH B R T A B 7 A 7 AT PR 88 1 o K S A7 R AT 2 T Y i R
JFAE (R BB VA K . ERARTHBCRIEA IR, TG FER, 25 AA
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Hi 3 mL #2713 5.5 mL I, ZKEERIVEIK R & T 25 %. &R 7S
25 Y%A K AT AA TR SR A T RZ 0, AN T 7K IR I )5 2 A R AR
FT LA B K Rk 3] 195.8 %[ SN-ACCS0sCBA0sAAs-Gel. 4k, HIFE 2-10 (c)
A LAE tH SN-Gel #1 DN-3 /KERAERIE 24 h £ F/KEREKES LS T
195.8 %5 208.1 %, WFFEEERFWIH & T HIBE N SAZHAE — @R B3R T 7K
B PR ZR K RE ST o IE AT LAE BIRT 10 h W ZKEEIR ITE KR 208180, 7€ 30 h
JEIEE] T KT . BRI KEIRE 48 h WA BA WA, A
KT MRS A, 3058 T RDRHI R S0

(a) 300 (b) 300
O ACCS,CBA, jAA; —8— ACCS)CBA ;sAA; —8— ACCS;CBA, sAA, —®— ACCS,CBA,(AA;
250 O ACCS)sCBA)sAA; — & ACCS) CBA(AA, 250 O ACCSCBAjAA; — @ ACCS)CBA(sAAs5
= —o— ACCS,CBA,,,AA, = [ —e— ACCS,(CBA, AL, 5
S S =
N’ N’
< 200 < 2001
N e
z 8
I 150 o0 150
= =
= 100 = 100
& &
50 50
0 . 0
0 10 20 30 40 50
Time (h)
(©) 250 (d) ,
‘4 |
~200
S »
e i
o 3
= 150
Bt
=1
E100f
— 4
: sp ¥R
v 50 —®— SN-ACCS, ;CBA isAA;-Gel . >
—&— DN-ACCS,;CBA ;:AA;-Gel _ .
sl! uB
0 1 L " 1 1 | 3 N
S5 :
0 10 20 30 40 50

Time (h)

%] 2-10 (a) SN-ACCSosCBAyAA;-Gel. (b) SN-ACCSosCBAgosAA,-Gel 7£2 B 17K H (17 ik
P£BE; (c) DN-Gel 55 SN-Gel ¥ ik X LU B (d) SN-Gel ¥ K 71 J5 % B 5242
Figure 2-10 (a) SN-ACCS0.5CBAyAA3-Gel, (b) SN-ACCS0.5CBA0.05AAz-Gel swelling
performance in deionized water; (¢) Comparison of swelling rates between DN-Gel and SN-Gel,

(d) Comparison of SN-Gel before and after swelling
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2.4.7 IKERSHHNE M RE T

TR R ) 2% JEURL 52 SR B AL A B TR e, BRSNS SIS R B T R A
HIRRRBOR, 3 Be s /KR SIS TR« S8 SR FH 410V A7 PV R4 B 30 KT
WK B A R BAT I (E. coli) A4 (i BR1E (S. aureus) (I AE
(1) KR A0 T S5

IV P 3 AT T A0 B A S R 52 I PR ot 5 T A ot (1 9 BB /1N
SN A E) 5T R AR I KRR S R BT, 5 A0 B AR B IR e i, O AE
fRIRAEH 37 °C IR 12 /8, s ME M X (ZOD BYHIFRR /N RN A K
A TERE . ZOI FES IR RN B AR IE )G, 2 B MR XK. FAFEAR
HEE =W KB T 2-11 Fiw, BT RLUE HKEER ST Al 6
HA S AR R, JE IR KT AT B S R B . 528 A sEsaxt b,
Y1 ACCS BA —E B A, S 5ERH & MAHR =T ACCS XK
FFER B3N B AR FTIA 2.84 + 0.3 em?, S 4o (08 27 BR 1 (M 0 B T ARIA £ 2,74 +
0.44 cm?. HH ACCS il % ¥ 511 2 /K 5T E. coli FUAM R AR A 7.55 + 0.48 cm?,
Xt S. aureus [IINE AN 7.07 £ 0.47 cm?. UEAN, BT LLE HBER 51 N4 B TR
JERIHE N, DN-Gel R4 B B AR BE 2 K, Al WAE /KB 51 N4 @ BH 25
A LS R AT R AN P B . 2492 A CuCh TR BE I B 1wl , 005 Pl T 2
B 0 P T 0, B R IR A, BEEE X E. coli AN THIANA 13.41 + 0.38 cm?,
X S. aureus FIHIEA HIFA Y 12.77 + 0.36 cm?.

[ [1S.aureus
[ 1E.coli

i

ACCS SN DN-0.IDN-0.4 DN-0.7DN-1. DN-3 DN-5 DN-7

Samples to be tested
2-11 SN-Gel FIIZHA[A KR E CuCly R 1 DN-Gel X (a) A AT B A1 4 5 (20735 4 BR 3 (1400
FE Pl (b) SN-Gel AR IIAEEE CuCly I ) DN-Gel X KBz AT B A1 4 75 (68 %) BR B A4

[l ey
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Figure 2-11 SN-Gel and DN-Gel soaked in CuCl, solution at different concentrations for (a) E.
coli and S. aureus inhibition zone; (b) Quantitative statistics of the inhibition zone of E. coli and S.
aureus by SN-Gel and DN-Gel soaked in different concentrations of CuCl, solution

R o 0o A S ) TR VR 5 K BRI A L3 7R 24 b ORVFA KB E. coli
H1'S. aureus A KANHI R E . B 30 mg BIARFIIFE S5 1.5 mL (5 0.5 mL K&
4 10° CFU/mL B4 il £E 37 °C F3eREFR 24 h, FFIEMOGEE (ODeoo) - R
AR (2-6) THEAEAKIHIZRIFLH B 2-12, HETA, ZKER K
MR E B HORHMHBER . 2 SRR H] & R AR BT &1 ACCS X} E. coli 4
AN ZEN 29.5 £ 5.1 %, X S. aureus Iy 32.0 + 7.45 %. SN-Gel %} E. coli
[N % R 52.76 £ 5.7 %, Xt S. aureus FIHIH] 2K 45.05 £ 5.87 %. 4i%L CuCly
IR EE N 3 wt%H), DN-3 X} E. coli 1 S. aureus IR B L, #2551
4 80.91 + 5.35 %A1 75.89 + 2.6 %, LUAE 48 B 11 SN-Gel B 2853 7l #2 i=
T 28.15 %M1 30.84 %. 4IR UL CuCly WA FE F T+ i, 20 B AR K0 22 [
IRHIE S, & BOZ I G i D5 T BE A2 7K B P IR B iR B s, RN B VRS )
K V53 H R IR B 520 1 AR DUV OD AH .« Wil id 12 556 7T LTS HY SN-Gel
LA B T TR ML) CuCl TR R B FE IR A 3 wit%.

(a) (b)
DN-10, 30mg _ DN-10, 30mg |— g
DN-7, 30mg _ DN-7, 30mg "
DN-5, 30mg — DN-5, 30mg =
DN-3, 30mg — DN-3, 30mg —i
DN-1, 30mg — DN-1, 30mg —
DN-0.7, 30mg — DN-0.7, 30mg e
DN-0.4, 30mg — DN-0.4, 30mg —
DN-0.1, 30mg — DN-0.1, 30mg —
——1 SN-ACCS, ,CBA, . AA,, 30mg ————— SN-ACCS,CBA,,.AA,, 30mg
0 20 40 60 30 100 0 20 40 60 80 100
Inhibition (%) Inhibition (%)

P&l 2-12 SN-Gel FIHRIRHE CuCla A1) DN-Gel % (a) K HF B 71(b) 4 2 (i 475k
EIOE L e LIES
Figure 2-12 (a) Inhibition of bacterial growth of (a) E. coli and (b) S. aureus by SN-Gel and

DN-Gel soaked in CuCl; solution at different concentrations
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(2 ZKBE I AL P [ 41 I 56

AR E TABCHBE (GSH) %t DN-Gel #IEPERERISZM, Wil &
GSH VK4 5 mmol/L [l fA& LB £ 5745, X HghAT o Pl iyl sg . Wt e
FER A2 GSH &1E 50 °C R ZNETE, FrUES IR LB B 7Rl T 50 °C H.
F B RS T I GSH #2457 #H DN-0.7 1 AR IIRE S, S5 BRIk 9%
MR 37 °C fHIRARHEE 7 12 /DI, 3 3240E] 2-13 (a). R0 P AR BEAT E &
giit, SR 2-13 (b)Frax, B AH IR BE H B8 (R B 7K B TE & GSH I FR SR
R PR A SRR R AR, FEA X E. coli AU HIARIA S 14.85 + 0.34
em?, 5AE GSH A LLEE R T 1.4 % Xt S. aureus FHIEE M FLIA S 12.98 +0.37
cm?, 5AE GSH WAL T 1.5 fi5. & X —BLR MR R 7] B2 5 e H ik
RS RNHE Cu SRR Cuty B8 T4 1 RORROE R, (3 T 4 1 1) B 97
FErb G PRI 5R T KBRS BE RO o AN B H K P B e 68 5 R
TIATEYERI %G, Res 154 B 1 LASE = (MR AR L, IXFhE8 & RE% 4E
KIARBE IR BOR, $EEi 8 7 RRERTBUNBE /1, 30 56 ABEIR I R

(a) 0 mmol/L 5 mmol/L (b)
{?16 - [ ]S.aureus
E.coli I
% 514 i [ IE.co et
T
]
< Q12 .
= = .
o 10} +
g I
< 8
=
S of
.;
= 4l
: 2y
[
S 0
2 0 5

Concentration of GSH(mmol/L)

& 2-13 (a) DN-Gel 23 HI7E GSH ¥y 0 mmol/L A1 5 mmol/L HFREE N A%t K fdT 3 Al
S OMEERENANRE; (bR E e B4
Figure 2-13 (a) Bacteriostatic zone of DN-Gel inhibition zone against E. coli and S. aureus at

GSH concentrations of 0 mmol/L and 5 mmol/L, (b) Quantitative statistics of bacteriostatic zones
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248 KEIRBEA MRS

TR (0 1 J A B8 00 Tk 45 40 1) 76 B 1 R K FL AT 2 i B R 50
Wi o B SGTEIZIU AR, KR N EAEE KR ZhAHE, ERRMEAIE T, TN
T pE T IE A AL (NHD SRR FU b Af IR EE (-COOD Z [l
PR AT . A, FEREE T EMKREE RS, SIAM Co AL AT LA
IR EE 2 [ ¥ vEAH ELAE R s 245 B8 7, 345 mT DRI A TG 14 7 R0 v 1ty 2
T4 RO SR o 2 /KU 0 24 25 1y 188 BRI, Sk e 25 H HA TR s i) vl I 5
VERIE #2RE )y, (AR KB = AT . HIR, BRI R&A & I
(-S-S-) , KR—MHIWMENAILME, WEECENRE., E49MiEE. &
(¥ pH 255 4F o B RENE RIS AT e ) N R AR W R 20 . TEIZOK B R R b, 38
TP KB IZD 0.1 %ol¥) = eI A 7K B e Hh PR UL SR A8 e i B PE PR 5%, DA
R SE PR EER 1) B B, 183 5 A ae ALk ek o FEE AT 27 S A e W 4%
HEEMETRERITHEBERE.

(D) 65 BB DN-3 285 A B &E 6 J3AT AL, Sk Ki
AL ST 0.1 % = LIEIIFIHME KA, T 7K P 36— AN FIF 6
B A RIS, 129 6 h FAUH KSR, fFERE T A EARE. W
B 2-14 FroR, SEOKEERH VRIS, AR5, R A
T 2R, K KBRS R % B A EAE =R N B3, 2 JI1E 0 hy
3h. 6 hy 12 h BUH KBRS E s TS aEs, @il AN 2-5 tHEEs
E, 5K DN-3 B —EMHBE. THEAEMERIL 88.5 %.
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Figure 2-14 DN-Gel at 0 h, 3 h, 6 h and 12 h, respectively

(2) T EREIR KB H B4R/, HEI DN-3 5 SN-Gel i#id /7 fg
RIGHLIR LA UGR A& A 12 h 5 BHUGREERIPAG e AR,
K 2-15 Fios, AREZAH) SN-Gel HIFIIRHLIRGRE Y 49.73 KPa, ZHAERA 12 /)
I J5 O FEAT I, )2 B T Ik % 26.71 KPa. SN-Gel B 15 G 80%
N 53.7 %o ARZZAGH) DN-3 JKEEHIGEEE 7y 320.29 KPa, 45 @& 12 /M
PR 2 195.69 KPa. DN-3 JKEEIRI 152 8GN 61.1 %. SEIEER
VK ER BA R &), HAE FIRMAA 8t m 1K A& R0
X2 B T4 B TR P E KB TR B A SR IIME L, FESN IR, 4R T
FNZKHEEIR A B e AT LA RO, R 4504
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400
— DN-Original
350 DN-Healed
| — SN-Original
/-\300 —— SN-Healed
o]
Q 250
-’
~ 200}
o
100
0 L L L L
0 50 100 150 200 250

Strain (%)

K 2-15 24 12 h B E () SN-Gel H1 DN-3 55 JGUUEFE S (FIHL A0 S 77 N2 AR i 2%
Fig. 2-15 Tensile stress-strain curves of SN-Gel and DN-3 repaired for 12 h and the original
sample

2.5 KENGE

FEARTEAT TAEN A, b F 52 R R itk B (W 3=, ) FH P A
SO ST RBEIAT IR AL e, SINTIMGIESS, T oo BB T SR A 00, R A
AEBEAE 1. BT IR SREE (ACCS) 51 BAINIME F 5 (AA) 3t
FIRAEHBERS, BEMKEREY. BB (CBA) 1ENTBFISHE
A R, REE I I B A SR A A 2 25 SR B D REACIBG, TR AC Ik =
YERIZE . T R B 2% 7B (SN-Gel) o 3 4% fl) 22 Ik 1) B2 A0 7R 0 B VA 42
BN 2 K B B S BRAR T, AL B X 2 K B I 1) g S it e 4 s il Bl ON Cu? X
P4 N B BESEEZ &, Cu it ACCS B b f-NH, ke e i DU RS A7 45 44,
BE4h, AA [I-COOH TE ¥ fi# 3 N-COO", 7] L Cu®' N E IRt 7. CBA
MIBER3E (-CONH-) LA i 15 Cu® RAESIECALE A, BE—5mibKEE R
11775V B o 4 25— R4 L TE ZK U 1 5 A4 D0 A 5 0 B 17 P 88 SR 45 795 7 T 3504k B
T E. BRl&IERR. FRSA, BAMK. AT/EEHEL TIRIEA K
JE CuCly IR 73 DN-Gel /15 RE LA RN AR, KIHIRIKEN 3 wi%
CuCly %I, DN-3 At 56 36 T Hodpe A 2= MR e LA R 2 B AR KAk %2, % E. coli
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F1S. aureus A4 B A KA 2 EE 80.91 %H1 75.89 %, [F]i At B /N B ok 4 6
MRS Yo FEREN SN ZR 7 SRBE TS F B R R A IE FAT IR T 1 KRR
IR ThRe, MEE —EME TGRS Tt PRI AR RE T, 7S
IR 265 7K Jss e S DA o A, T T U B B 25 A 40 S L ) ARAE Y
H &SRR, 3P 5I A& BB FEAEH M B &S HUH], DN-3 7Kkt
IR 35 i R EE 61.1 Y%, G5 E PIMLE LA B 2 DIRe LR /KB,
A BT K KB (A I A, /KB 1) S FH B AL B 22 (1 mT e
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38 HEES- TR R B

3.1 3|5

IKEEAE R — s o FADRE, BRCURR (R K SO R I A A v, 7
AN, IRESARAOS ), A i TN ORI BT N o AR TAER R AR
E TS G A AT LI, AR AR S SRWE AR M AH A AN AR AT R A B R4
N, BRI AU FEASE I T REVE, AT AN [F) SIS R 7 ok . A
T B ARG LR IR BRI E RAE (CSMA) SRR, 3- T4 I Tk i 3 2 1) 1
(APBA) 1 N, N-WF XL RE (MBAA) SERVENASEER], @it E
RE 1R AR IR 5 R .

T IME BAT RAF ARV R AR S AR AR I AT ERT VA, B P SR 8 7K
(B HIRKIE TR, N T o FL R ae, A LA A 2 o S 1 i L K Vs AT
DIREVEION, APBA J&— SR i) & A IR 2k BT B p, B AR /K IR e 5 5%
VAT A AT W R B b, SCIW 2% BN AN L AH o i T 0 PR T B 1 T D 2R
MU, KEUREA T RENEEARES), B T KB REE .

STLL B, AT I B D IR T PR AL S X e SRMEIEAT oot 19
B F I NIRRT IRIE (CSMA) o 1R MNAEFTRIES T H 5 AT SRS I
i, RER SRR I S TR 1. LU CSMA Ny EL A, 3- TR I Ik i 2 2
% (APBA) Ml N, N-W LU 1Tk G (MBAA) JL[EE AT, 7E 60°C T
B SRR B RS R IR . MBAA AE 38 B3 ik 4o Uk
CSMA Jz APBA HIXUEEILER, TR AR =4EM 4. [, APBA HIZRA
PR [4] 5 70 SRME B FR FEAE SO B IE 25 1F T T s AN IR B, o 5 — E Bl gk
P2 . BT XU 25 K e e e B AR S O N LR L e 5 BB 2 Re ), H BB IR T-3)
AR M B P P 300 T SR - EE AL, X A4S CSMA-MBAA-APBA JKBEAE AP
RIS DL )32 1 e i e o4
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3.2 SCIGER4
3.2.1 SEIRT AN EE
* 3-1 LA

Table 3-1 Experimental reagents

2 i TR i R K
FeHNE (Mn = 460 kDa) Jii .1t 80.0~95.0%  THEERZ (BRHD il A A
N, N7 00 7 A7 1 e AR LRI BRA A
PR PR I R I AR g Bk B i K7 A PR A
[SpH AR g Bk B A 7 A R A )
3-EAE R — K G AR I B T 3 M A R
T B R AR iR I A R R A PR A
To/K AR 1] 244 b AT PR A ]
LR T AR Il 244 AL S R A BR A A

K2S20s HAF i JoF 2588 T/ H A 50 °C Bt 2 WmAIRE, A5
P, LEMRIA R B AR A, IO 4 °C UKFERENLE &L, R HEE T R E,
AR 4 °C B X8 F/KBEE MK, &G1E 50 °C TEZ T 24 he

* 3-2 SLERANAR

Table 3-2 Experimental apparatus

DEEA S iR CI I

ALK Anton Paar MCR 92 LR CRE SR A
LT AL FT-IR-850 HERRHY
IR IEIRPE AL AVANCE ONE 500 MHz P E A& R A PR A
A URT AL VFD2000 AE R B FESE gAY 45 PR A =
Fr R MTS CMT 8502 FEE MTS A7

BB S-4800 HAH A
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322 BERAFKERUCTEE (CSMA) BIERK

o< Ao T ox o
NH OH o O NH OH NH
e I AN
0 O || Ho
OH NH2 pH 6.0, 12h OH NH2 OH
* Y X z y-z

Kl 3-1 CSMA 4 i B3
Figure 3-1 Synthesis of CSMA
F 100 mL 1 2 % LBRIETR 1.5 g 72 BB RAE 250 mL 1) =35 i B,
Fre R WG, B 2.6 mL W AR IR AT & TR N, B A
76 SEME AV « F S E AN VRS TR SR pH B 6.0, =05 T G M 12 he
RONEER e, AEVK SBEHFITNE , FUK QBRI BRI, B 2R 584 IOV ) 44 o
ARG G, OHE BB R IRAE . ARG TSRS 77 9 F L AR IR
(Gt %

3.2.3 3-AGELIREXTIEE (APBA) HIERR

NH, Y HN

5 ¢}
_OH
B THF : H,0=95:5 B/OH
|
OH OH
PBA APBA

Kl 3-2 APBA {14 U 45
Figure 3-2 Synthesis of APBA
7 250 mL FREU I E B, 2 BRI R — /K &4 (5.0 g, 32.2 mmol)
HRREAM (5.41 g, 64.4 mmol) i FEAEM . £ 60 mL PUZMRA (THF) HIZK¥
RAW AR : VTHF : Vwater = 1:2) H1 ¥IT B TUKOKIB & T, A4 10-15
min. B 5.3 ml W/AHESES 6 mL THF AR AN, R HETE R am
b ARIRARERE TR S AR TR A T SR V22 1 TN SRR o AR i N e R R
AN IR AR FAR I A8 B I AR AR SR 6 /BT o R R R 28 B 2 DU SRR,
AH, IO 40 mL LR LESFHERE 2 /N, BB E SR RE SRS, B
WERA A AN SIS, 2 H 7K P IR [ I P AN i) 2 2 2 g
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20mL, $idE 2 DR 20N R E S E R SIFRIRITRN R
B A NAH . &P SR LB A HUARRE F /K 5 AN Eh K o JlGesk 2 Ik, Bk
A B 70 mLo W T RANIE R ZS, B2 R g, TR AR 2 70 mL
ZETKA, AR 85 °C FiHHEAR B COBTEI, ERITIE, WEIIE,
ZIGHRERIKAE, 1E 4 °C TUKFENEELR, BRBKaEMSA, &IEIE
1377 5 A R B 7K BRI, 45 °C THZ TR, FrE=#Llmi DMSO 7E
25 °C A FINA LR, SAMEIEIREIEHR N =0 3- T8 5 Tt i B 2R R
3.2.4 FKERRAVEIE

X

X,

o= OH ° NH " i i
NH
oo SR o7 on 4 Ty
WO%\HO NHO o _OH H H
OH 2 OH B
OH
CSMA APBA MBAA
% Q\L Mg 2
wo-\MHoH OW HOZ
/ -
Y c=0 \B/ C=0
H
Owe  Of e
KPS o) @) Ny H
RN NN
A\
60 C 6h NS N 3 \Cr)(\
¢ 0
0=C =0
NH OH NH
OH
0 o Ho O&@Lgo o
o0 Ho 0
HO NH NH
OH
2 OH 0 :

CSMA-MBAA-APBA-Gel
K 3-3 CSMA-MBAA-APBA-Gel ] 5% 2%
Figure 3-3 Schematic showing the preparation of CSMA-MBAA-APBA-Gel
IKEERL i 25 R — v, B JePREE € i & 1) CSMA HARIEIET 2 2 %
LRI ZE KT, SRTHIE . IPEMEZCEGT MBAA F1 APBA, A 151K
JUMAZ] CSMA VEB P =0 T HidE, PR SR Rva e/ KPS i Lk R &3
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FIRBFE ST SRR SR T B R IURM IR RN, s
60 °C, $f%k 6 h Ja, RAMEHMIFREF 2 h, iR EOEWNEK N
CSMA-MBAAAPBA, /K&t (x {8 MBAA [Jfis (g) , y 8% APBA HIJf
& (g) ) o AN T EIFHHRZKEIR M RAER L, @id#% MBAA 1 APBA
(¥ &l & 1 LA R LR [ Bl K e (nsk 3-3)

3 3-3 RIS KB T T7

Table 2-3 Formulation of water gel with different components

CSMA MBAA APBA KPS H.0
Type

9 9 9 @ (mL)
CSMA-MBAA0:APBAg 05 0.5 0.01 0.05 0.1 10
CSMA-MBAA:sAPBA 05 0.5 0.05 0.05 0.1 10
CSMA-MBAA.106APBA 05 0.5 0.10 0.05 0.1 10
CSMA-MBAA, 1sAPBA o5 0.5 0.15 0.05 0.1 10
CSMA-MBAA,1APBA 01 0.5 0.10 0.01 0.1 10
CSMA-MBAA1APBA. 10 0.5 0.10 0.10 0.1 10
CSMA-MBAA1APBA 15 0.5 0.10 0.15 0.1 10

3.3 MK 53R

(1) ZHHIREE ("HNMR)

PATARK s TR HSIE BRI 701, 48 40 M A0 A ot 3 VR 2> 5 RS At v G
VsfEPE, K AVANCE ONE 500 MHz # iR AN E, 7 25 °C %4,
MAF A DL .

(2) fSZH2rah6E (FTIRD

BUE R FE S, SR KBr iR 5, A FT-IR-850 Mk, 24
B G 4000-500 cm™, 73 #F% 4 1.5 em™;

(3) Frfiiliak

[ 3-8 i 2 Ff MTSCMT 8502 Sl ] it~ /3 BEREGATLIN E , 200 N A% /2%
#%, 7E 25 °C 26T H 5 mm/min FRASHFENGE o KB ET K 40 mm,
% 10 mm. = 2 mm FIRESEIEAT RN, AR o 2D I 3 ARAE 5% o i fifiaig
AR G- &, WRMKEHARX 32 iHH.
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FAPHEE (MPa) =% (3-1)
A PaEEREM (N, b MAHAREE (mm) , d NEMPEE (mm) .
WIZUPKZ (%) =£ﬁﬂx10m% (3-2)

A LSBT AR IR (mmD) , Lo AFES R ET bR FE K
B (mm) .

(4) JAR 2=

H Anton Paar MCR 92 Vi B (AT I ARAT N SESS . 1 25 °C 564F T, SEE
EEIRG VIS T T, MHMREAAN 25 mm BPPATHI UK. SRR
P A B AR Z T8, TEIBRA 1 mme ATRFAHEVE FEN 0.1-100 rad/s, PRaIMAR
HH 0.1 %, KA LM,

(5) HAEEMERENR

AL AR ) e B 43, P SRR X Herp— B AT e, WIRN, BE
ABHE—RE LT 8 G, WEKE 1220 B @IS I ek . @ A 7t 7
CSMA-MBAA.1APBAoos HIEEKEEIAE 25 °C F AR 85 PR i 41 41
ST KB IR MRS X 3, I A B AR (380 %) AMEMIAE (1 %) LA
S 1 Hz (6.28 rad/s) HITEEMR, BRI ST AKBEAL 1 ff BB R M AR IS &
B IR - A IRV H AT A RSB SR AS & T B IR AR, DA
JAE 25 °C RAE 0.1-1000 s7 147 B 515 2 96 [l Ay 005 BY VIR LMK B2 o K BRAR I
AR E € UIKE JG IR R 5P E N 4 iz A (3-3) 1HH:

BENE (%) = Toel x 100% (3-3)

Ar: G initial 2 ARBIA AT WG R R (IR AR RIS EMED » G recovered’
TR E I BAE R (R et i (RRAEAH R R T I&ED

(6) Hli B A

KB B AA 2.5 emy % 1 em. B 0.5 om KA TERER, JRIEHNE T
ANFERARR], $2 HAREKEER 78 7 K B EE AN R HEAL 2 8] o L 5 s 73S AL LA
5 mm/min 155 (13 B30 B IR B ARG & i B il R . A T AR
KB ORGP R, RS [RDM 3R R i 5 /KB AT RGP, R e %

(7) JeRIc iz EREm
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KK ERH BT K 3 emy T8 0.3 em. JE 0.1 em MK TR, K HAKTIR
BIAIEICE, BRI MR (pH N 12) o, EidEE 7 ih E B AR
180° 7725 HRZS T M INAEIF (1R 5 min, (/35048 E A H &R . BRI
JEICSRIRAR D A . BB EERRPEATR (pH 2y 3) HRIEIKE, #F 10 min
JE R P TGl R e A A o TR B KB AR [ 2 2 (RO FTEARRE 2

(Re) SRPPARKE ARG RE . KB IR E 2 % (3-4) ARARIK R
H(3-5) R ARIT:

TR [ 5 2 (%) = 2;7; % 100% (3-4)
AR 2R (%) = x 100% (3-5)

A 0w ABBRINI)E, ICRIRRE M MEE, 0 o WBRIEI R PRI S I
Fa € 10 min J5 P& FEC 0 B 4 A

3.4 RGN

3.4.1 CSMA #1 APBA HIA RS RIE

CS ik FRZEE T DASEAZ Mo A BE UG BRI b PR ik DU e g B, AT
LA 3-4 (a)H ) CSMA EAY). CSMA K% gongz2 it 3-4 (a)Fns,
122017 (0)=4.70 ppm A D20 FIE I, Xf L CS 5 CSMA BIZHEE RS B vl LR
H, £ 5.21 1 5.52 ppm Ak tH I RRAE U JE T 5 0 I AN L1, T AE 1.78
ppm AL JE T 5 X8 (CH3-C=CHp) FHATHIFEE. {EB TR &% CSMA IRk
4 . *H NMR(500MHz, D20): 0H3=5.21 ppm #1 5.52 ppm, -C=CHa; dH"=1.78
ppm, CH3-C=CH,; H°=2.69 ppm, -CH-NH-; 6H%=3.87-3.36 ppm, -CH-; 5H%=3.46
ppm, -CH2-OH; JH"=1.93 ppm, -CO-CHs).

B3 A 0 P 0T T S R IR R — /K S AT W e AL S L5 i T 44 APBAL
APBA I g & 3-4 (b) R, HA 7414 (6)=2.50 ppm &y DMSO i 7]
I, APBA [FJ454E 1% (*H NMR(500MHz, DMSO): §H°=10.09 ppm, -NH-; dH"=8.06
ppm, -OH; 6H%=7.89 ppm, -Ph-H; sH®=7.82 ppm, -Ph-H; 6H%=7.50 ppm, -Ph-H;
oH'=7. 29 ppm, -Ph-H; 5H"=6.45 ppm, -CHCO-; dH=6.26 ppm, =CHa; dH?=5.74
ppm, =CH), uEsZ | §4k APBA [I45H4 .
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(a) (b)
a
&b H,0
d@g )
e B.OH
f oH
h
[ £ f
d a
l I t“ a DMSO
10 3 6 r 1z 8 6 4 2 0
Chemical Shift (ppm) Chemical Shift (ppm)

& 3-4 (a) CS. CSMA F1 (b) APBA [ i3 4R A K
Figure 3-4 (a) 'H NMR spectra of CS. CSMA and (b) APBA

3.42 KERHNERSRIE

CS 1 CSMA B4 GIE E K 3-5 (@), HEA ELE H CS A1 CSMA £
1026-1151 em™ A RIRFAEMR T A C-N [ Aa R 3H0E . 2850 F1 2930 em™ UK
W Sy 576, SRR AR PR R DA J IR I 2 (4] Hh e i C-HL B 4 IR 31104 o £ CSMA oY, 7E 1563
om! Ak HY KT RS 5 ORI B C=C 4Rk 3) g, 3 FEEE, T 7E 1635 cm™!
AL B 2 I C=O (R 4RHRZNIEIESE T 52 SRME N AL R RR IR AL . 1IEB] T CSMA
(RI BT o

& 3-5 (b)#X N CSMA. MBAA. APBA RI/KEERHIZLAMER, APBA fE
3200-3600 cm™ it [ W A7 B 58 B9 MR W, S H AL W b R A T B D B
i 3 141 ) N-H A 48 4R 3 B 8500 Bt e | B C=0 M 4 9k 3 7 4E 1 1650 em?
[ W Wi 5 1350 e Ak IR SO U g TR R 1) B-O 4R 3l . APBA FIT MBAA
£ 1630 cm™ 447 C=C XU H4EIRENIE, AHLLT CSMA. APBA i MBAA,
Gel 1 1630 cm® &b A1 1562 em 4k FAFAE I (1) BH 9855, Ui B K& C=C W25
TR, RN T K S B CSMA. MBAA I APBA 517 51 -
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CS
1026-1151
MBAA 1995 Vise
1650

CSMA \ APBA
! 1630

Gel 1350

\ LV 1433 “W
-~ //

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1) Wavenumbers (¢cm-1)

& 3-5 (a) CS. CSMA #1(b) CSMA. MBAA. APBA. Gel HJZLAMGIEE

Figure 3-5 FT-IR spectra of (a) CS. CSMA and (b) CSMA. MBAA. APBA. Gel
3.4.3 JKERBSHOMUAR I BE 53 HT

FEX I LA At 45 ) e 3 /K B 1) w5 i R vh 22 5 S B2 AE 7T MBAA Al
APBA IR &, CAMCRYIPRTF KB UE R S ot v HAG BB L . &
Jalf £ CSMA #1 APBA (&, WKl 3-6 (a)fis, HEE G MBAA H & 115
I, CSMA-MBAAXAPBA0s ZKEEIZ 1 56 R — SRR B E_E IR,
X TSI (0 3G I 8 17 AR I 1A 8 D % P S K B, VR % 45 ) SE e I
A2 B R . AR AN R T4, T CSMA-MBAAXAPBA.0s 7K EEIR I AL J&
M, AKBERR B RA K R AT BT FRE . 4325 MBAA FH&IAE] 0.1 g I,
CSMA-MBAA.1APBAos FINLIRIEBE S AL, FLAd5mEE REIAF] 128 KPa, Wi
HN 162 %, SLIREERRY], EMCIEAE F Ak NS BGR &, SN As B %
1M BOKBR RG], R T 550

TEZIKBERAR R, APBA & A RBIRRIE ], W RES S5KEEIR NI B) 2552
BE, # APBA HJHIE 4 AKBER BOHLI M BE 7 AR . CAHIE 1 AR
MBAA N 0.1 g, fEIIERE FAREF CSMA HEAZS, (Vik4E APBA 15 H &k —
AN CSMA-MBAA. 1 APBA, /K& I HARRC LG . Wi 3-6 (b)FfT, BEE APBA
M 0.01 g #n%E] 0.05 g I}, CSMA-MBAA. 1 APBA, 7K 5 fi5 A 337 4H 58 A5 B 14
B IE R R4, IEI CSMA-MBAA) 1 APBA s [RIFAHGRE A 128 KPa, HrZd i
KEN 162 %, ZRHT APBA MNENIERERZ S L8RS, Hn 1 KB N
IRAER PSSR s, PRI RL AR R A LR s . (HJ2REAE APBA K& 14N,
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APBA FIZRIIIRE AT AT LA CSMA R ER B Bl 380 A shaS TR B i o b
KB BB RIERESR L, (B 2% S5 F AN FERRE , Har o o EE R I 2R 3 B ] J
B

(a) (b)
160 F —— cSMA-MBAA,, APBA, 160 F — csMa-MBAA, APBA,,,
—— CSMA-MBAA, , APBA, —— CSMA-MBAA,,APBA, o
40F CSMA-MBAA  ,APBA, < 40F CSMA-MBAA, ,APBA,
120 | — CMAMBAN, APBA, —q20 | T CSMAMBAAAPBA,
o] o~
= =
100 100 |
= £
2 8or @2 80
] 5]
E 60t = 60}
w w2
40 40
20F 20+
0 1 1 1 1 0 1 1 1 1
0 50 100 150 200 0 50 100 150 200
Strain (%) Strain (%)

3-6 (a) CSMA-MBAAXAPBA .05 7K &I I hr A 5 77 B4R {25 H11(b) CSMA-MBAA.1APBA,
TG YA N7 g A B 2
Figure 3-6 (a) Tensile stress-strain curves of CSMA-MBAAxAPBA, s hydrogel and (b) tensile
stress-strain curves of CSMA-MBAA,1APBA, hydrogel
3.4.4 IKERRHR I RE DA
A AL YA AR I X T DA T s 7K W PR RO MU B, A3 41 40 2 B P T ik K e

IRAEAS RN B 15747 9o Al 3-7 B, 7K B AE AN F R A3 51 B A £t
BE (G IRARTHFEE (G , RUDKEUREI MR 4. 3-7 ()b
A ACHA MBAA FHERIHIIN, [F— AN /KEEEE G GUAT G" B ZE (Bl Robi oKk,
X TR S LRI 0, AR AR I 28 S5 K 1B RS g « 45 ARAEHT, i
AR HSRE ) CSMA-MBAA(1APBA s /KK (1 BEAR B /2 B K, 3&
#) 11660 Pa. &l 3-7 (b)fiiid 1 /KK Ak e AN HIFERL S B APBA HI & R4,
ALY APBA IR FEBURIT, 7K B I 2 25 A (2 ma JE A B 2, {H— B APBA
W&, ATRESMBILI RN, FHBUKBHR AR TR, 5KEER KR
733078 il o AH I o
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(b)

—
&
N

G'—8— CSMA-MBAA,  APBA,  G" —*— CSMA-MBAA,  APBA, o G- CSMA-MBAA, APBA G"'%— CSMA-MBAA, APBA,,,
G o CSMA-MBAA  APBA, o3 G CSMA-MBAA, ;APBA, ¢ G'B- CSMA-MBAA, APBA . G" % CSMA-MBAA, APBA, <
G CSMA-MBAA,  APBA, (s G CSMA-MBAA,, APBA, G- CSMA-MBAA, APBA | G'—%— CSMA-MBAA, APBA,
G o CSMA-MBAA, APBA, o G % CSMA-MBAA,,APBA, G5 CSMA-MBAA,,APBA, . G"-%- CSMA-MBAA, APBA, .
4 . e}
« 10°F ...I.l Nlu-i. - s
=9 am® | Bl =9 g
N’ ......|I L N ll_._...-;....--- — .
e h =.m N 3 - -
:@ FEER R ...---I'_:--'. ****** {:5 -7..-.7::-. ammrerttt
. = Sl e e
' _*,****;;;* - ..l'-_“,l=-=l"'. panmmER
b - 5 A I I~ L = l
= PN E S A e N a = - e *ox
10 s TS N i * ¥ s
iD ek A RS < 2 b - --: s s * o
o HET R Sl
***—t*a****ﬁr,it";*; H‘*,\*_igi.it* o .
o 3| a ¥ IS A
T o e
I ol 10 Fif****'********
.;.!_*_,*.,* H e g T
L L L L L
107 10° 10! 10 107 10° 1! 10?
Angular Frequency (rad/s) Angular Frequency (rad/s)

B 3-7 3R AR 4R (a) CSMA-MBAALAPBA, o5 F1(b) CSMA-MBAA, 1APBA, [ fi it F5
B GHIHAERE G
Figure 3-7 The storage modulus G' and loss modulus G" of (2) CSMA-MBAAAPBA s and (b)
CSMA-MBAA APBA, were tested by frequency sweep
3.45 IKERBBEMERED
N TR CSMA-MBAA.1APBA s /KEHIH) H @A TERE AT IAL, A SR K

BERIIR 73 Wit , Ferb g O o — 37y F R B A HEAT S 0o R DB A 7K B
R bef, 30 min LRI DISZEDSEIL HIRBE (i 3-8 fos) o &ad 3 kDI
PRI E AR R B A atEae, I HOSERIPREIA TR T, mEmKE
RAE A AL AR T R S A iR X AR, vl BRI J A =R H R T K
Tt I T ot PN ) AR T e ) P I B - E A LA, Ak, CSMS &JE (-NH2)
AL (-OH) 5 APBA WM& (-CONH-) A, AR T /KERK AR
B5 . APBA HIZEIANE CSMA H HH 2k P 470 9 s 0 8 3l 5 it /K A R B i SR 4
X, (i S oy T Heful, ik 7 EhA R E AL,
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K] 3-8 (a) CSMA-MBAA..1APBA .05 /K& H 85 B, (b)CSMA-MBAA(1APBA .05
TKEEIR A B AT RR R B AR &
Figure 3-8 (a) Self-healing image of CSMA-MBAA(1APBA s hydrogel ; (b)Schematic

diagram of dynamic borate bond self-healing inside CSMA-MBAA1APBA s hydrogel

TS, IR I R AR R A DR 5 AR IR P e MR R A DX A B 2R R AR A
B 3-9 ()T AE H, BRI 1 %RIABAE N 378 % MiART, fif FE A S AEAH
JSLREAIC, 24 RAR R 378 ol , fiff BEAS B A5 T4 FE B IN , R A I SR A4 IR 6 A2
TR ) s R A /N T AR A R, 32 W IR K e T AR O A PR AT o B 5 5
JARIEIE 1 %3 380 Y% [8] I BNAS RLAS FRELE B BRAS R ERAE Y, 1 BN AR
B A TE D 1 min, £=1Hz. R0 3-9 (b)Frx, 24X 7K &k i = v
A5 (y =380 %) I}, CSMA-MBAAo1APBAos ZKIEEK HI it BEAR B M 483 Pa [%%
232 Pa, R THIFERERE ., URASRE D] 1 %I, KB E & KRR, bkt
A7 A AMIERIAR, 8 (A 3 3-3) TS Bt BE I B A A 2R AT X 65.46 %o
SIS 45 R W] CSMA-MBAA01 APBA . os K E R G REA M B RBE .
BeAh, BBt 7 AR, Al 3-9 (o), 25 °C I CSMA-MBAA1APBAg o5
TGRS PR RS 55 Tt 5 B DD 2 K (0.1-1000 s71) 5 ZKEERE FIRE BE N 769.07 Pars
SR 4% 1.6 Pass, RIVHBIVILHAT N
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(a) 10° (b) 1°
. G'
440000000000 000000000 04 "
_ 000...’.’. - G
< 3 = —
[~ . =5
- | bl e
b 1 = . p— pr—
O 10? , | Q
— * G ! = :
= G" | =] \ &
- X - : :
& ! O - o
378 % | 102k
1
10! L L . !
102 102 107! 10° 0 1 2 3 4 5 6 7 8
Strain (%) Time (min)
(c) 10°f
—_
b
S0k
S~
>
-
i
S
2 10 Slope = -0.67
-

10° " " " "
107! 10° 10' 10° 10°

Shear rate (1/s)

1 3-9 (a) 7£25°C #1 1 Hz FiEid AR (1-600 % SAZ) S PEAL FHSR 7K BRI (111 7t
WA, HRAEN 2380 % I, KABURBIFRIIEAL; (b)E 25 °C Ml 1 Hz &, WARTE 1 3
380 %o Al FESRWIAT BB T A1 H6; (c) 7E 25 °C B, CSMA-MBAA01APBAos H 2
SOKEEL (S A BT VIR L 5 BT DN R R AR
Figure 3-9 (a) Critical strain of damaged hydrogels assessed by strain sweep (1-600 % strain)
experiments at 25 °C and 1 Hz. When the strain is > 380 %, a gel-to-fluid transition occurs; (b)
Injury healing cycles performed by continuous variations of strain between 1 and 380 % at 25 °C
and 1 Hz; (c) Relationship between static shear viscosity and shear rate of
CSMA-MBAA APBA s self-healing hydrogels at 25 °C
3.4.6 JKEEBTRE M TE RE 53 T
N T8RRI 2 BN 75t KBRS BT BE v 2. K] 3-9 (a)
FIRNZK B AE AR B3 L R} R A AR R AEIER AL RL b B 7 RGBT PR e
P BT B BT VIR B RIS CSMA-MBAA)1APBA s 7K i 75 25 3
A T FRRG PR A BE 4 P 3-9 ()BT TR SR 3 W FLORG B 5 52 73701l N 1.68.3.49
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4.01. 4.14 fi1 15.34 KPa. HH1, CSMA-MBAA.1APBA.os 7KHEERE 5 AME 1R B
VERESCHE, X2 KR A KEN-OH AI-NH, e 5 AM A (474
PR AR MR RS EARME, MmAmaEae. o K
M Z LA RELLKERIZE R 25, TR EL B, 42 =k ak

(@) , _(b)
: B Enay 18
i B o , 15.34
] ¢ 16 l TTensile I
—~
S up
A
<1zt
123
8 10 Hydrog/c]
et lTensile
- 8F g
w >
=5 6
3 349 401 44
= 4} = I
n 1.68 I
2F .1
0
Rubber Porcine skin  Plastic Glass Wood

Material

K 3-10 () fEBATHEM AN PR BI IS DL R, W& CSMA-MBA A1 APB A o5 /KB AE AN [ ¢
R LM ERETERE, GRS, BEES. MRl REEE. RHR (b) /KB A FIA RIER THI
RiEsRBE, fhA: MEOKEERR & s E Bl
Figure 3-10 (a) The self-adhesive properties of CSMA-MBAA..1APBA 05 hydrogel on different
solid surfaces, including rubber, glass, plastic, silicone rubber, and wood blocks, were observed
without any external assistance; (b) Adhesive strength of hydrogels to surfaces of different
materials, insertion: Schematic diagram of testing hydrogel adhesion.

3.4.7 IKEERFARIZIZ I BE AR

KB RIR RZ R, BT AR APBA S55cRME 74k #2352 i sh 5
MelRsE, XSSOSR T 1 KBRS B AR T RE .l
XS ANE APBA W KB HEAT pH i SMIERICIZ 5, 70l A A 5K 3-4
A1 3-5 tHE HAAUKEIRITERE € 2% (RO FTERKEZR (Ro) , RHE REH
Rr Pl CSMA-MBAA..1APBA, /K&K IIRICIZPERE . 0 3-11 AEHAME
APBA R E /K BAAE pH i N R CAZAAE I 1, T8 B8 TR K B AE pH E
N 12 BB AR N 5 min, AEAS AN HI R B g B 2H 2 IR, BRI TR
RERTEH BRSPS 451, MECIRT R, SeERILH e EH . Bk
IR ESR R AR S A, SRR RS 2 pH AN 3 MRMEE R P RIEUR S, 12
BRVESRAT T, DIRR RS 5 R AL o 1 A K O R BAHTARTIR o alad A P I
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AN 3-4 F103-5 5, KEER CSMA-MBAA 1 APBA o ] Rf N 46.44%, Rr
N 47.82%, KEEE CSMA-MBAA(1APBA o5 [f] Rf A 53.36%, Rr N 71.86%. It
4b, IKEERE CSMA-MBAA) 1 APBA., (1) Rf 24 82.32%, Rr N 92.33%, 7Kt
CSMA-MBAA(.1APBAo1sRf N 34.07%, Rr N 79.80% . [ I8 2] /K &t i
CSMA-MBAA..1APBAo. HA AN ITRICIZIERE, ikt e at 75T
2 B AE .

I n#ESmin - KZ1min - KE3min KK 10min

K] 3-11 7K&EL(a) CSMA-MBAA) 1 APBAgo1~ (b) CSMA-MBAA(.1APBAg0s+ (c)

CSMA-MBAA1APBA, 1 F1(d) CSMA-MBAA1APBA 15 7E pH M8 N FEARAEfig it 72
Figure 3-11 Shape storage of (a) CSMA-MBAA,.1APBAy.01, (b) CSMA-MBAA(.1APBA 05, (C)

CSMA-MBAA.1APBAy.1, and (d) CSMA-MBAA(.1APBAy.i5 in pH response
3.5 REING
ARTAFFIH B B, EMRFET, SR i LR AR 5 2k
(SO« , iZH L AR TH RN (CSMA B R A IR AR R . MBAA
TN EMEE: . APBA HIPIMGEIEIZES) , ARk B i dE . Bk B b i ad e 8
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IR B TE R G EE . CSMA AE R 8B B LA Wi AL 21, MBAA {ER
TR SR A I REAC R, APBA 38 3 R F HC PR s e e Bk [41 5 I 2% A%, APBA
(2R R (-B(OH)?) A5 CSMA _EHIFITE s SRR ER 3, TR —
ENASATHRM LR . 1A PERET FUR I, I Z I (MBAA /%) 537k (APBA
IR e ) L [FIA R N 28 254, B $E T 7 KB 1) F1 2 . oo,
CSMA-MBAA.1APBAos 7K HBER A 5 BEIL ) | 128 KPa, WiZ{Hica A
162 %o HTARR DB ASTNRREEHAAAE, ABERSE HATPREE A1 7 1 H
WABES, KEHE CSMA-MBAAoIAPBAo 7E pH iR N FI IR [F 52 R F A
82.32 %, JEMRIKE =1L 92.33 %. I H I B A REWS LRI (8] K B 450911 B &
HRES, EERARNNK, THEHESRORIE ] 65.46 % SLHh, @I HEEBTYIRS
PHAER &K B CSMA-MBAA..1APBAgos ZKERIR SRR 3. B8R, R AR
PRAEIERLAA R 18] B FAT B R B e
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F4E FiLESRE

4.1 518

AR VARG BRI R AR 2 089 32 2 J5UR), 6T 0] 58 SR S R o 1) s KA
H, EXT BT, H& T B 2 B iR SRR A XU ) 58 SR
e, RN ERER T e SR 0 AL VA A PRI R W B A v o 7E LAt BB B T P ol
AT o 5 4 7 7 X Tl e X 4% 5 SRS KRR, JExf LR REHEAT T RGEAIT 5T
500#r. — Rl “IHMmAm GG CBAY 5&JERAL (Cu*) 7 WrEAE
JHI A 2 XU BRI 25 () ACCS05CBAo0sAAs-Gel, FIFH I HFE A I S BRI B —
L, HEGIN Cu¥ HKER NI E RERIIT A, TERGE ZEM L, &
IKE U RE: 3 — PR3 B (MBAA N5 HEIESHE (APBA (1
IBRTE S ) L [RIAE) ORI U 2% 28570y, [ R F BV E (T S B SR SR G 7 e T
BB HE, 5 MR T /KL AR S 1) B 1B S R

I LM AZEE CZEGR] CBA) 5&JERAL (Cu*) 7 HhIFEIE K EE i
DN-ACCS05CBA00sAA3-Gel H1, Cu®* 5 /K B P98 B e [ I BC A2 A B R 3R Cu?*
5 ACCS % I [1)-NH JE sika e ) WU EC A 4548 H 5 CBA BIBEZHE (-CONH-) il
SO LR A FIRCALAE o B IR G W@ I ML 568 S TR I ANBIE
[P £ P 358 SRS AN AR o8 1 A Gt e R KR I 1 2 1k g, & B LA s 2R T T
IR TR AL B BE /), DN-3 K& I 15 A s ai 2 7 61.1 %. Uk
Ah, FEIZERFHT AA FHRSERMESE, XU 2 KB VA K 2R fe 8 /A
208.1 %, HAE 48 h WASKAENES M. e T 5% 5. RIEN L HRA
SRR T T XU 2% K BBk IE 6 772k BE , DN-3 i i A T SN-Gel (3% T 6.16
& (M 50 KPa 34 % 308 KPa) , FFIATHACARMAENE (X E. coli A1 S. aureus
4R B AR K IR BIIE F 80.91 %A1 75.89 %) o LR A AR E F )
PEFIP RN B ST e, A5e SRR KB I A R 4 T T R

WM AR (MBAA /M3 H53hEACHE (APBA [WHIEREESE) F&[FIM Ak
XU 288 KBRS 5 SR FH 2 PRI RIS R IR 8, kb 1 R4 B R AT RE AR B b
WL 2 H A IR SRR, % CSMA HIAEMETE. MBAA HZ5H9faEES APBA (1
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AW NAEA PG, R 7B —MRMERE R . Rt AR B,
CSMA-MBAA.1APBA 05 7K B BN /5 7 ik 128 KPa, iy fifi B3R IA 162 %o
APBA HHIEIIIRAEBI TS CSMA L HFEEIE Mah S Mimemase, T shaSm
P A AEAE, K BEIR B A & BEme BV AR S i B AR T, KB
CSMA-MBAA.1APBA, [FITE pH M B R TR [ 8 #608 82.32 %, TEARIKE H A
92.33 %, HARFHIERICICHE. I, CSMA-MBAA)1APBAos 7KEEZ &L
BRCRILE] 65.46 %, WL FEFETTVIRIFT LR ] CSMA-MBAAo1APBA 05 7K ik
R EAERIRE R GE JT, 7 SRWE R KB 1 B R S 4t 7 B 2 AT Rg.
42 FREE

AT R A T T e PR RE T SRR R K B A &, (A BH IR Z R T R I
DHRETECA B AR Z AL, RS T INEL T 5 iR e (1) St 4 @ B FRehr
e, JFRZ WA CIndlR =K. K2 ) W50 4 R 27 Fo A 5 1 25
ToREY pH Wahfes), BEKIMERTSEEFHIME. Q) HiRKER
MIThRet e EAER, BR T ASSCHR RIS ERMES Co IR, & T LAEE O
P A S (R PR IR 804 KFF (I VEGE) |, SElHi (2 .
- — AR YT . (3D AR TARRIBE AN R T A AE Nk e 0 b, 18
5 B AR R — P I RS 22 A CAnd B AT AR ) BAR AR
BRCR. (4 Bl IAN SZAR RE/K B (CSMA-MBAA-APBA fA %) 14
F, APBA HHURE 5 T S5 L R 08 A 6 A 0 /pH DU S, B AS S T A4k
H &S Re JIFNEE R 2Pk R, 23R A, RORAE i R B T R T 45 B2 2 40
SRR AT RN

61



g SN e e S A7

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

B2 SRR

Yang M, Liu Y, Duan G, et al. Recent advances of biomass-based smart hydrogel
Actuators: A review [J]. Chemical Engineering Journal, 2024, 498: 155-157
Shariatinia Z. Pharmaceutical applications of chitosan [J]. Advances in Colloid
and Interface Science, 2019, 263: 131-194.

FNL, SR, AR H5e. SeRBE R ATAEYIR N [T D RE R T
%, 1999, (02): 79-84.

Li Q, Yang D, Ma G, et al. Synthesis and characterization of chitosan-based
hydrogels [J]. International Journal of Biological Macromolecules, 2009, 44(2):
121-127.

Thevarajah J J, Bulanadi J C, Wagner M, et al. Towards a less biased dissolution
of chitosan [J]. Analytica Chimica Acta, 2016, 935: 258-268.

Cohen E, Poverenov E. Hydrophilic Chitosan derivatives: synthesis and
applications [J]. Chemistry-A European Journal, 2022, 28(67).: €202202156.

Jin J, Luo B, Xuan S, ef al. Degradable chitosan-based bioplastic packaging:
Design, preparation and applications [J]. International Journal of Biological
Macromolecules, 2024, 266: 131-253.

Lin Y H, Kang P L, Xin W, et al. Preparation and evaluation of chitosan
biocompatible electronic skin [J]. Computers in Industry, 2018, 100: 1-6.

Ding S, Wang Y, Li J, et al. Progress and prospects in chitosan derivatives:
modification strategies and medical applications [J]. Journal of Materials Science

& Technology, 2021, 89: 209-224.

[10] Yang K, Wang G, Chen X, et al. Treatment of wastewater containing Cu" using

a novel macromolecular heavy metal chelating flocculant xanthated chitosan [J].
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2018, 558:
384-391.

[11] Wang J, Zhuang S. Chitosan-based materials: preparation, modification and

application [J]. Journal of Cleaner Production, 2022, 355:131825.

62



g SN e e S A7

[12] AT dkfe, A, AR, W53 M52 R 0E A 5 e A LN A (3] P Ak
1.,1997,(03):30-34.

[13] Anil S. Potential medical applications of chitooligosaccharides [J]. Polymers,
2022, 14(17): 3558.

[14] Liu H, Zhao Y, Cheng S, et al. Syntheses of novel chitosan derivative with
excellent solubility, anticoagulation, and antibacterial property by chemical
modification [J]. Journal of Applied Polymer Science, 2011, 124(4): 2641-2648.

[15] Parhi R. Drug delivery applications of chitin and chitosan: a review [J].
Environmental Chemistry Letters, 2020, 18(3): 577-594.

[16] Kong M, Chen X G, Xing K, ef al. Antimicrobial properties of chitosan and
mode of action: a state of the art review [J]. International Journal of Food
Microbiology, 2010, 144(1): 51-63.

[17] Verlee A, Mincke S, Stevens C V. Recent developments in antibacterial and
antifungal chitosan and its derivatives [J]. Carbohydrate Polymers, 2017, 164:
268-283.

[18] Takanori S, Keisuke K, Yoshio I. Study on chitin, 2. effect of deacetylation on
solubility[J]. Die Makromolekulare Chemie, 1976, 177(12): 3589-3600

[19] Chakraborty S P, Sahu S K, Pramanik P, et al. Biocompatibility of folate—
modified chitosan nanoparticles [J]. Asian Pacific Journal of Tropical
Biomedicine, 2012, 2(3): 215-219.

[20] Pandey R, Mathur G. Current trends in chitosan functionalization methods and
their Applications [J]. Starch - Stérke, 2024, 77(1): 2300248.

[217 s $E K. F 50 2 0 e SO0 1) ) 2% S ) 7 4 B0 R 0] 7K 77 B 52,1997,(05):
31-33.

[22] Aljbour N D, Beg M D H, Gimbun J. Acid hydrolysis of chitosan to oligomers
using hydrochloric acid [J]. Chemical Engineering & Technology, 2019, 42(9):
1741-1746.

[23] Chokradjaroen C, Theeramunkong S, Yui H, ef al. Cytotoxicity against cancer
cells of chitosan oligosaccharides prepared from chitosan powder degraded by

electrical discharge plasma [J]. Carbohydrate Polymers, 2018, 201: 20-30.
63



g SN e e S A7

[24] Mourya V K, Inamdar N N. Chitosan-modifications and applications:
opportunities galore [J]. Reactive and Functional Polymers, 2008, 68(6):
1013-1051.

[25] Wei X, Liu C, Gu Z, et al. Multifunctional poly(acrylic acid)/chitosan
nanoparticle network hydrogels with tunable mechanics [J]. Applied Materials
Today, 2022, 29: 101696.

[26] Liu X, Zhang Y, Ju H, et al. Uptake of methylene blue on divinylbenzene
cross-linked chitosan/maleic anhydride polymer by adsorption process [J].
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 2021, 629:
127424.

[27] £5], FHgte, FUF, & O-CBL 7o TEME T £ 1 & B S L P i i Rt
T[T THRERT L 2013,44(15): 2148-2151.

[28] Zhu A P, Ning F. Adhensiin dynamics, morphology, and organization of 3T3
fibroblast on chitosanand its derivative: the effect of O-carboxymethylation[J].
Biomacromolecules, 2005, 6(5): 2607-2614.

[29] Lin C H, Wang P H, Lee W N, ef al. Chitosan with various degrees of
carboxylation as hydrogel electrolyte for pseudo solid-state supercapacitors [J].
Journal of Power Sources, 2021, 494: 229736.

[30] Pan Y, Huang X, Shi X, et al. Antimicrobial application of nanofibrous mats
self-assembled with quaternized chitosan and soy protein isolate [J].
Carbohydrate Polymers, 2015, 133: 229-235.

[31] Andreica B I, Cheng X, Marin L. Quaternary ammonium salts of chitosan. A
critical overview on the synthesis and properties generated by quaternization [J].
European Polymer Journal, 2020, 139: 110016.

[32] Liang Y, Li Z, Huang Y, et al. Dual-dynamic-bond cross-linked antibacterial
adhesive hydrogel sealants with on-demand removability for post-wound-closure
and infected wound healing [J]. ACS Nano, 2021, 15(4): 7078-7093.

[33] Guo S, Ren Y, Chang R, ef al. Injectable self-healing adhesive chitosan hydrogel
with antioxidative, antibacterial, and hemostatic activities for rapid hemostasis

and skin wound healing [J]. ACS Applied Materials & Interfaces, 2022, 14(30):
64



g SN e e S A7

34455-34469.

[34] Vaidya A A, Hussain I, Gaugler M, et al. Synthesis of graft copolymers of
chitosan-poly(caprolactone) by lipase catalysed reactive extrusion [J].
Carbohydrate Polymers, 2019, 217: 98-109.

[35] Rahman M H, Hjeljord L G, Aam B B et al Antifungal effect of
chito-oligosaccharides with different degrees of polymerization[J] European
Journal of Plant Pathology, 2014, 141: 147-158.

[36] Mirbagheri V S, Alishahi A, Ahmadian G, et al. Recent findings in molecular
reactions of E. coli as exposed to alkylated, nano-and ordinary chitosans [J].
International Journal of Biological Macromolecules, 2023, 253:127006.

[37] Alkabli J. Progress in preparation of thiolated, crosslinked, and imino-chitosan
derivatives targeting specific applications [J]. European Polymer Journal, 2022,
165: 110998.

[38] Egorov A R, Khubiev O M, Khrustalev V N, et al. Facile and convenient
electrochemical syntheses of novel multifunctional (catalytic, antioxidant and in
vivo antimicrobial) phosphorylated chitosan derivatives [J]. European Polymer
Journal, 2024, 219: 113405.

[39] Kumar D, Gihar S, Shrivash M K, ef al. A review on the synthesis of graft
copolymers of chitosan and their potential applications [J]. International Journal
of Biological Macromolecules, 2020, 163: 2097-2112.

[40] 8w, VL. SeRBERL At A LR [T]. H A2 T, 2006, 36(4):
243-246.

[41] Elizalde-Cardenas A, Ribas-Aparicio R M, Rodriguez-Martinez A, et al.
Advances in chitosan and chitosan derivatives for biomedical applications in
tissue engineering: An updated review [J]. International Journal of Biological
Macromolecules, 2024, 262: 129999.

[42] Lv S, Zhang S, Zuo J, et al. Progress in preparation and properties of
chitosan-based  hydrogels [J]. International Journal of Biological
Macromolecules, 2023, 242: 124915.

[43] Guo H, Huang S, Xu A, et al. Injectable adhesive self-healing
65



g SN e e S A7

multiple-dynamic-bond crosslinked hydrogel with photothermal antibacterial
activity for infected wound healing [J]. Chemistry of Materials, 2022, 34(6):
2655-2671.

[44] Dutta S, Gupta R S, Pathan S, et al. Interpenetrating polymer networks for
desalination and water remediation: a comprehensive review of research trends
and prospects [J]. RSC Advances, 2023, 13(9): 6087-6107.

[45] Liu Y, Hsu Y H, Huang A P H, et al. Semi-interpenetrating polymer network of
hyaluronan and chitosan self-healing hydrogels for central nervous system repair
[J]. ACS Applied Materials & Interfaces, 2020, 12(36): 40108-40120.

[46] Dhand A P, Galarraga J H, Burdick J A. Enhancing biopolymer hydrogel
functionality through interpenetrating networks [J]. Trends in Biotechnology,
2021, 39(5): 519-538.

[47] Ayon M A G, Hoppenstedt A M, Lopez A Z, et al. Semi-interpenetrated polymer
networks based on PHEMA and modified chitosan as a potential bactericide
hydrogel for wound-healing [J]. Macromolecular Chemistry and Physics, 2024,
225(12): 2400018.

[48] Silverstein M S. Interpenetrating polymer networks: So happy together? [J].
Polymer, 2020, 207: 122929.

[49] Wang W, Hou G, Zheng Z, et al. Designing polymer nanocomposites with a
semi-interpenetrating or interpenetrating network structure: toward enhanced
mechanical properties [J]. Physical Chemistry Chemical Physics, 2017, 19(24):
15808-15820.

[50]Wu J, Xue W, Yun Z, et al. Biomedical applications of stimuli-responsive “smart”
interpenetrating polymer network hydrogels [J]. Materials Today Bio, 2024, 25:
100998.

[51] Crosby C O, Stern B, Kalkunte N, et al. Interpenetrating polymer network
hydrogels as bioactive scaffolds for tissue engineering [J]. Reviews in Chemical
Engineering, 2022, 38(3): 347-361.

[52] Wu J, Lv Z, Lei Y, et al. Chitosan interpenetrating polymer network hydrogels

for oil-water and emulsion separation [J]. Journal of Applied Polymer Science,
66



g SN e e S A7

2023, 140(29): e54058.

[53] Li D, Gockler T, Schepers U, et al. Polyelectrolyte complex-covalent
interpenetrating polymer network hydrogels [J]. Macromolecules, 2022, 55(11):
4481-4491.

[54] Gong J P. Why are double network hydrogels so tough? [J]. Soft Matter, 2010,
6(12):2583-2590.

[55] Ning X, Huang J, A Y, et al. Research advances in mechanical properties and
applications of dual network hydrogels [J]. International Journal of Molecular
Sciences, 2022, 23(24): 15757.

[56] Gong J P, Katsuyama Y, Kurokawa T, et al. Double-network hydrogels with
extremely high mechanical strength [J]. Advanced Materials, 2003, 15(14):
1155-1158.

[57] Hwang J, Cha Y, Ramos L, et al. Tough antibacterial metallopolymer
double-network hydrogels via dual polymerization [J]. Chemistry of Materials,
2022, 34(12): 5663-5672.

[58] M & MG, ZE4rom, MEEME, 5. AR A &SRt ] 3 E
14,2019,29(06):80-86.

[59] F/NGE, FRWish, BEHR, &5 AEM B @& RS BT R R[] & 71
PRI 5 T RE,2019,35(06):183-190.

[60] Xu M, Cheng B, Sheng Y, et al. High-performance cross-linked self-healing
material based on multiple dynamic bonds [J]. ACS Applied Polymer Materials,
2020, 2(6): 2228-2237.

[61] Wu J, Liu X, Chen L, et al. Rapid self-healing and high-mechanical-strength
epoxy resin coatings incorporating dynamic disulfide bonds [J]. ACS Applied
Polymer Materials, 2024, 6(8): 4778-4788.

[62] Jiang X, Zeng F, Yang X, et al. Injectable self-healing cellulose hydrogel based
on host-guest interactions and acylhydrazone bonds for sustained cancer therapy
[J]. Acta Biomaterialia, 2022, 141: 102-113.

[63] Xu Y, LiY, Chen Q, ef al. Injectable and self-healing chitosan hydrogel based on

imine bonds: design and therapeutic applications [J]. International Journal of
67



g SN e e S A7

Molecular Sciences, 2018, 19(8): 2198.

[64] Yang Y, Du F S, Li Z C. Thermally healable and reprocessable polymethacrylate
networks based on diol-mediated metathesis of 6-membered boronic esters [J].
Polymer Chemistry, 2020, 11(11): 1860-1870.

[65] Ratwani C R, Kamali A R, Abdelkader A M. Self-healing by diels-Alder
cycloaddition in advanced functional polymers: A review [J]. Progress in
Materials Science, 2023, 131: 101001.

[66] Chen G, Wen S, Yue Z. Design of robust self-healing silicone elastomers based
on multiple H-bonding and dynamic covalent bond [J]. Langmuir, 2022, 38(3):
1194-1203.

[67] Ren M, Wu Z, Wu L, et al. Polyrotaxane-modified waterborne polyurethane
based on H-bonding and metal bonding with mechanically tough and
self-healability [J]. Journal of Applied Polymer Science, 2023, 141(6): €54911.

[68] Liu J, Liu Y, Wang Y, ef al. Disulfide bonds and metal-ligand co-crosslinked
network with improved mechanical and self-healing properties [J]. Materials
Today Communications, 2017, 13: 282-289.

[69] Yuan X, Lin X, Dong F, ef al. Self-healed, tough, and highly resilient elastomer
facilitated by cooperative hydrogen-bonding interaction and =n—m stacking
Interaction [J]. ACS Applied Polymer Materials, 2025, 7(3): 1328-1337.

[70] Yilmaz-Aykut D, Torkay G, Kasgoz A, et al. Injectable and self-healing dual
crosslinked gelatin/kappa-carrageenan methacryloyl hybrid hydrogels via
host-guest supramolecular interaction for wound healing [J]. Journal of
Biomedical Materials Research Part B: Applied Biomaterials, 2023, 111(11):
1921-1937.

[71] Xia N N, Xiong X M, Rong M Z, et al. Self-healing of polymer in acidic water
toward strength restoration through the synergistic effect of hydrophilic and
hydrophobic interactions [J]. ACS Applied Materials & Interfaces, 2017, 9(42):
37300-37309.

[72] Wei Z, Yang J H, Zhou J, et al. Self-healing gels based on constitutional dynamic

chemistry and their potential applications [J]. Chem Soc Rev, 2014, 43(23):
68



g SN e e S A7

8114-8131.

[73] Zheng X, Yang H, Sun Y, ef al. A molecular dynamics simulation on self-healing
behavior based on disulfide bond exchange reactions [J]. Polymer, 2021, 212:
123111.

[74] Du L, Zhong Y, Zhao L, et al. Self-healing polyacrylates based on dynamic
disulfide and quadruple hydrogen bonds [J]. Soft Matter, 2024, 20(17):
3612-3619.

[75] Cheng H, Fan Z, Wang Z, et al. Highly stretchable, fast self-healing
nanocellulose hydrogel combining borate ester bonds and acylhydrazone bonds
[J]. International Journal of Biological Macromolecules, 2023, 245: 125471.

[76] Li Y, Yang L, Zeng Y, et al. Self-healing hydrogel with a double dynamic
network comprising imine and borate ester linkages [J]. Chemistry of Materials,
2019, 31(15): 5576-5583.

[77] Yan M, Hu S'Y, Wang Z G, et al. Antibacterial, fatigue-resistant, and self-healing
dressing from natural-based composite hydrogels for infected wound healing [J].
Biomacromolecules, 2024, 25(4): 2438-2448.

[78] Liang R, Yu H, Wang L, et al. Highly tough hydrogels with the body
temperature-responsive shape memory effect [J]. ACS Applied Materials &
Interfaces, 2019, 11(46): 43563-43572.

[79] Song Y, Lv H, Wang X, et al. Thermal- and pH-responsive triple-shape memory
hydrogel based on a single reversible switch [J]. Soft Matter, 2023, 19(28):
5244-5248.

[80] Wang Y, Wang Y, Wei Q, et al. Light-responsive shape memory polymer
composites [J]. European Polymer Journal, 2022, 173: 111314.

[81TLi Z, Cai J, Wei M, et al. An UV-photo and ionic dual responsive
interpenetrating network hydrogel with shape memory and self-healing
properties [J]. RSC Advances, 2022, 12(24): 15105-15114.

[82] Tk 4R #i, AF W W . £F 48 &R K B B AT A R U] 4 T
J#£,2022,41(06):3022-3037.

[83] La Manna S, Florio D, Di Natale C, ef al. Modulation of hydrogel networks by
69



g SN e e S A7

metal ions [J]. Journal of Peptide Science, 2023, 29(8): e3474.

[84] Edo G I, Yousif E, Al-Mashhadani M H. Modified chitosan: Insight on
biomedical and industrial applications [J]. International Journal of Biological
Macromolecules, 2024, 275: 133526.

[85] Gupta A, Briffa S M, Swingler S, et al. Synthesis of silver nanoparticles using
curcumin-cyclodextrins loaded into bacterial cellulose-based hydrogels for
wound dressing applications [J]. Biomacromolecules, 2020, 21(5): 1802-1811.

[86] Pella M C G, Lima-Tendério M K, Tendrio-Neto E T, et al. Chitosan-based
hydrogels: From preparation to biomedical applications [J]. Carbohydrate
Polymers, 2018, 196: 233-245.

[87] Chen R, Chen Q, Huo D, et al. In situ formation of chitosan-gold hybrid
hydrogel and its application for drug delivery [J]. Colloids and Surfaces B:
Biointerfaces, 2012, 97: 132-137.

[88] Ikono R, Mardliyati E, Agustin I T, et al. Chitosan—PRP nanosphere as a growth
factors slow releasing device with superior antibacterial capability [J].
Biomedical Physics & Engineering Express, 2018, 4(4): 045026.

[89] Nesic A R, Onjia A, Ostojic S B, et al. Novel biosensor films based on chitosan
[J]. Materials Letters, 2016, 167: 47-49.

[90] Chen R, Gan C, Cai B, et al. Co-adsorption and selective-adsorption of heavy
metals and dyes from aqueous solution by bio-based humus/chitosan hydrogels
[J]. Journal of Environmental Sciences, 2024, 145: 193-204.

[91] Su K, Guo S, Yang H, ef al. Novel Metallo-hydrogels as a two-in-one agent with
potent dyes removal and antimicrobial capacity [J]. Colloid and Interface
Science Communications, 2022, 49: 100644.

[92] Wang X, Chen J, Zhou J, et al. Novel carboxymethyl cellulose-based hydrogel
embedded with metal organic framework for efficient cationic dye removal from
water [J]. International Journal of Biological Macromolecules, 2024, 282:
137387.

[93] Geng Z, Wang X, Guo X, et al. Electrodeposition of chitosan based on

coordination with metal ions in situ-generated by electrochemical oxidation [J].
70



g SN e e S A7

Journal of Materials Chemistry B, 2016, 4(19): 3331-3338.

[94] Yu X, Xu M, Cai J, et al. Tunable glycyrrhizic acid supramolecular hydrogels via
metal ion complexation [J]. Giant, 2024, 17: 100240.

[95] Tao B, Lin C, Deng Y, et al. Copper-nanoparticle-embedded hydrogel for killing
bacteria and promoting wound healing with photothermal therapy [J]. Journal of
Materials Chemistry B, 2019, 7(15): 2534-2548.

[96] Wahid F, Zhong C, Wang H-S, et al. Recent advances in antimicrobial hydrogels
containing metal ions and metals/metal oxide nanoparticles [J]. Polymers, 2017,
9(12): 636.

[97] PetelinSek N, Mommer S. Tough hydrogels for load-bearing applications [J].
Advanced Science, 2024, 11(12): 2307404.

[98] Fatullayeva S, Tagiyev D, Zeynalov N, et al. Recent advances of chitosan-based
polymers in biomedical applications and environmental protection [J]. Journal of
Polymer Research, 2022, 29(7): 259.

[99] Picos-Corrales L A, Morales-Burgos A M, Ruelas-Leyva J P, ef al. Chitosan as an
outstanding polysaccharide improving health-commodities of Humans and
environmental protection [J]. Polymers, 2023, 15(3): 526.

[100] Maleki G, Woltering E J, Mozafari M R. Applications of chitosan-based carrier
as an encapsulating agent in food industry [J]. Trends in Food Science &
Technology, 2022, 120: 88-99.

[101] BRis, IR K, HE. ST LHATAYAE A VB 7 sk i B2 BT 78 2t fee
[J].:FE Z5)k, 2022,31(08):128-135.

71



g SN e e S A7

BUshn A E) & AV AR B

LARGE, fpaFs, b, S5 —FhDIREIE XU 2% 7 SR AKEEIR  Hi)#% 771k SR
KR, HIEERS: CN202411023537.X.

2R3, FREFEL, XML, S5 —FRSLIG = IEN TR E SR A (2RBD |
HHRS: 202421596200.3

3. Liu C, Liao, S, Zhong, S.et al. Fabrication of Dual-Functional Micelles Based on
Star-Shaped Copolymer for Bioimaging. Polym. Sci.Ser.A65,692-701(2023).

4. Liao, S, Zhong, S, Sun, C.et al. Biomass based functional composite resins with
recyclable and shape memory properties[J]. Biomacromolecules. (Accepted)

5. L, BB e A 5 A, A5 e I A 7 A R R A R4S Ak E o A [, v R 2
$1,2024,38(07):25-31.

6. R L XU EE FU, B e A 8, 55 . P PR A A ety 2 [ P T ) 1 A P e [0 2R
TMk,2023,51(04):25-31.

72



g SN e e S A7

B

BRI, JAKS JiGE, [BIERN 2, B8, ERKNE—
&, TREREmNEE.

TR IRRR L. BN IRSERA — D EENIRAERE, P A ZRR
FERE AR E, ERICRARH EIC RV B G TRIRAERSE L.
B2 A 2R AR B, MERTE T SCBER N o AT ERER S FF 5 oA AT H
A 7 a4 B3 MUATHIEIE BRI AT B B HLATEE . F e = A RIS 4
Py SORMBER, A1 8REMREK S, h28 M E ., IR AR ERISE
AR, RO RN SR SRR 1R RN 2, AR (AR
SRR, ARIREOA SR R

22T Z5 A5 NITAESK o SR 30 S IT MR S 22 i, AR 3R = SR I iR A 2R
SO A TR O R PRI IR, RO AL 18 U AL, 18 SO 8525 D5 T AN &F
57 HEABMPE LS. BRI BAAERER . KRG
AR ATRER B ARl B 3352 o BE A AR SRR AL, FRGETR AT i

SR 106 S8 S (AR ZLITAH « XIS PLI be LK 3H A7 ARAR B R T Bl i
PRI B2 ) BRI B, BAZ —MRIERN, BRI ANHI G
e TRIRZ, MR TR T BIIBEE], A7 R 2558, A 2 8, A
T, ORI ALK, HEZm R L, BEARITTESE, N
HAb R MBI A E R B T A R .

“CDIEERA SR, Om Ty M. 7 RERERE, FRELBEITIAN KT R
WA AT E S, ERREE-ERITRE . FPTFE CEFERER
¢, WA, ERIRMAEPREME CERMER, G, ABRLaE
HMEIRIF . DU H CARRIIRERFE A E, b, ABRL, B THC.

ELIWR RS A4, A2 — BUEIE R P 8 5 A2 .

73



