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[(HZE] B - WE—FIETB AR (hyaluronic acid, HA) Y A LA TSR AEEIE , HEITA A1 BE 4 25 1 X BRI
il S AR A A TR, AL LN IR IR B D @A AT, ik - 65 UR R 2959 MAEE T, Mt lDEIR R T
i FE W FIER (thiolated hyaluronic acid, HASH) FIPNI&EER L WUEEREL (acrylated bisphosphonate, Ac-PD) 2 [H] 14 i -
I b O, A T SUBE R ER AL % B SR (bisphosphonated hyaluronic acid, HAPD); & HAPD Al Cu™ it 4 J& B (i /E
My T A A Cu® Mk B ) HAPD-Cu 7K #E 8¢, E HAPD-Cul . HAPD-Cu2. HAPD-Cu3 [ J2 HAPD-Cud. R % HE S35 LA K 6
H 2L 6i%5HE HASH, Ac-PD. HAPD FIHAPD-Cu Y43 F45# 5 SR BE5E HAPD-Cu IWOWIE S ;s SR AR AR AL
35 1F HAPD-Cu WY BT U1 AE A6 Al F B S 4 5 SR FHIRORA 3 135 4300 72 HAPD-Cu 9 55 1 BE il 5 3 3 1% /2 41 4 £ F1 CCK-8 PEAR
HAPD-Cu iAWy AH 28 5 38 4 5% 3 ik ot A5 PR Bz 40 L %) ol /N A5 S8 3600 7 HAPD-Cu A SIMIE BRI 436 1 5 3 ik CD31 2121
Y {0 A HAPD-Cu A8 P40 B I A5 395 2 3 S AAA R LA T e A R PEAN FLSE BB A R . R - fb2fE e B b
F-BOUE AR S Hil 45 5 ROMIFSE R, HAPD-Cufs A Bids 2L piBahtey, H AR A @dE .l i gk Fn] j
Rk, AR AR 7d I A S RBAT R, W R A A AR SR, HAPD-Cu AT RAF I AE W AE %51, {H HAPD-Cu4 [H
Cu™ Ve i i B AU 8P . BRAh, 78 AR Cu M BE VIR Y, LRSI sl Y 9 B 45 50 B 25 Cu™ e JE2 1 345 0 T 144 58
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Fabrication of self-healing injectable hyaluronic acid hydrogel for promoting
angiogenesis
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[Abstract] Objective:To construct a self-healing injectable hyaluronic acid (HA)-based hydrogel (HAPD-Cu) and investigate the
effects of different copper ions on the properties of the hydrogel and its vasogenic efficacy to evaluate its feasibility for clinical
wound healing. Methods - Bisphosphonated hyaluronic acid (HAPD) was prepared via a blue-light mediated thiol-ene click reaction
between thiolated hyaluronic acid (HASH) and acrylated bisphosphonate (Ac-PD) in the presence of photoinitiator 2959. Then,
HAPD was further interacted with Cu®* through metal coordination to prepare HAPD-Cu hydrogels with different Cu*
concentrations, i.e. HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4. The molecular structures of HASH, Ac-PD, HAPD and
HAPD-Cu were verified with 'HNMR and FTIR. Microscopic morphology of HAPD-Cu was observed under SEM. The shear-
thinning and self-healing properties of HAPD-Cu were verified by rheometer. The Cu®" release from HAPD-Cu was determined with
ICP. Live-dead staining and CCK-8 assay were applied to evaluate the biocompatibility of HAPD-Cu. The in vitro vasculogenic
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activity of HAPD-Cu was determined by a tubule-forming assay with human umbilical vein vascular endothelial cells and the in vivo
vasculogenic activity of HAPD-Cu was assessed by CD31 tissue staining. A rat wound defect model was established in vitro to
evaluate its actual repair effect. Results: The preparation of the materials was demonstrated through chemical qualitative and
quantitative analytical means. In vitro studies showed that all HAPD-Cu with a loose porous internal structure exhibited outstanding
self-healing, injectability and degradability, with a one-week degradation cycle and abrupt release behavior, which can meet the
needs of wound healing cycle. All HAPD-Cu showed good biocompatibility except HAPD-Cu4, due to its high Cu®* concentrations.
Moreover, its angiogenic effect in vitro or in vivo was enhanced with increasing Cu*" concentrations within the permissible Cu*
concentration range. /n vitro wound model experiments also showed that the HAPD-Cu hydrogel significantly promoted wound
healing compared with the control group. Conclusion*HAPD-Cu hydrogel constructed via the metal coordination shows excellent
shape plasticity, allowing the filling of defective sites in a minimally invasive form, and the release of Cu** greatly facilitates the

establishment of early vascular networks, with giant potential for use in the repair of clinically irregular wounds.
[Key words] self-healing; injectable hydrogel; angiogenesis; would healing; soft tissue repair
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(vascular endothelial growth factor, VEGF) FlHk&i75S
A F-1a (hypoxia-inducible factor-lae, HIF-la) &, #R
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R TR G A R 3 3 0 [ B R AT T S 6r KU
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i 2T Bl s K BERE . i, HABR T REAE K
il 5 B &N PR B s R b & B T R
(hyaluronic acid methacryloyl, HAMA) #b, iffgi
PR ESE A S AR CRR . REE . BRI
SRR A, ARV, W
(Cu®) AT LA 3o 00038 P Rz 4 M A1 I 45 A6 . L,
LLAE 1O 0 55 i A A T Mk DY 3 5 BR T RS SR T A
KA (Cu-BG/ESM) , 1A 4h 25 3% B 5%Cu-
BG/ESM fig % it 2 i/f VEGF M HIF- 1o S5 G 11 X
FE DR 10 ek SR A A . LIU 45 T Rl T 2 -
WA R R, Tt F RS T 2 ReKEER A 1
BB, X R R IE 2SI T KBRS H Cu® AT RE
TR AE R BB R St 453 A5 28 v 58 TE AR i 5 1 e e o
FEFLLEWFSY, ML Cu™ ] Pk HA ZK B I
R E AR SRR EXAT R, AlE
S HA-Cu 2 6 K BE AR 2 3 5 R4 A= ) AR 25 Ve Fn
PEMAERHE, & TR AR A QT & A2 .

BT, fEAEETE T, FATE S T AL E
BH i i2 (thiolated hyaluronic acid, HASH), Jf7£#%
IR K i — 20 5 TN IR AL XU IR £k (acrylated
bisphosphonate, Ac-PD) & A= % 3 -Id &5 o e v 15 3]
XJBE R Eh 2 Mk By i W] BT B2 (bisphosphonated
hyaluronic acid, HAPD), &5 FlH HAPD 4T 454
HOBURE IR 5L 141 5 Cu™ 2 8] i 4 S T O A/ A 2 1 A
Al B M K B8 I HAPD-Cue B FAS [A] ¥ B 19 Cu™
WG EEMICAS B VEREZS AL 5 4B 8T 20 B RN B
JoK N B 20 55 A ] Cu® ik Bk BE I 2R %, W44
WP, FEARRINAS [R] Cu® e BE 7K B8 A T 1l Il 45 P B Y
SO 5 ARESTARAM VBT, SREERTA] Cu™ ¥k B 7K B i
IRIT RSB S DI RE 2 5+
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111 SLE K H bA Ok B R — 41 (pamidronate
disodium, PD; CSN, ZE[H), A% 4 (sodium
hydroxide, NaOH; B[4 1, ##5>97%), PIMGmES (B
T, HA%=>99.5%), —HIEEE-L, 3, 5- = HE-2-k-4- 1!
ek [4- (4, 6-dimethoxy-1, 3, 5-triazin-2-yl) -4-
methylmorpholin-4-ium chloride, DMTMM; Fiffii T ],
HA (LARIEEGHA), 3,3 -ZHA0 (IR HEF)
[3, 3"dithiobis (propionohydrazide), DTP; Fi[fii T ],
THEFI (dimethyl sulfoxide, DMSO; ZZwhk), =
(2- % & H ) W £k W [tris
phosphine, TCEP-HCI; Zvitk, Hit&98%], 2-F¥8Kk-4-
(2- 58 & 5 ) -2- W L R N il [ 2-hydroxy-4"- (2-
hydroxyethoxy ) -2-methylpropiophenone,, Irgacure 2959;
BRI T, RUA=98%], SALH (BRI T, K% 99.99%),
calcein/P1 2 Afd 1% 1% 15 4 M 3 PR A ik ) & (B8 %%
C2015M, Beyotime), ZEH [ (paraformaldehyde,
PFM; 5 P0099, Beyotime), K:fFiflE (95 354230,
HET ) . % B K (phalloiding %% %5 €2205S,
Beyotime) , 4~ Ifil 7% 1 % 1 (bovine serum albumin,
BSA; £%5V900933, Sigma), 4, 6- " JkIL-2-HE I
WE (4'6-diamidino-2-phenylindole, DAPI; %75 C1002,
Beyotime), CD31 (%%%5 NB100-2284, Novus),
1.1.2 LA BURESTE (224, LSPOI-1A),
365 nm #OGELAL (3535-ZFX; UVGO), &5
i F B 8% (scanning electron microscope, SEM;
H 57, S4800) , fE & {4 B X 4 k)63 (energy
dispersive spectroscopy, EDS; H 37, S4800), %
e HE S %Y (nuclear magnetic resonance, 'HNMR,
Ascend 600) , f# 37 i AF 4 21 b 5% i {X (Fourier
transform infrared spectroscopy, FTIR; Nicolet), TA
WAL GREFIE, ARES-G2, ), wslifim-Hl
A 55 3 R B35 AL (inductively coupled plasma
spectrometer, ICP; NexION 2000, [ ), 76
B (R, HA), MEtn{X (Infinite F50, TECAN,
Bi ), WOLH R A B S (laser scanning
confocal microscope, LSCM; #£w], f#[H),

(2-carboxyethyl)

1.2 Ac-PD ¥ 75 Y5 RAE
1.0 g PD ¥ T 30.0 mL NaOH (Ji & ¥k & Hy 2%)
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WP, KR, TR SRR 1.0 mL AR E S
LL20.0 L /min (¥ Hfl i 2 28 0 90 S B AR A v S
JEWE RS, RSP 1.5 he BRSO TR A
BO3~5 0, BRI TR R T BEJR, HIK Bt
3 W, HA TR Y Ac-PD. 43 T 45 H
it "HNMR KiF

1.3 HASH [yl % 45 £ AF

¥ 500.0 mg HA # fi# 75 40.0 mL MES 2% o ¥l
(0.0l molV/L) ", A AWMBI, AWM 1.0mLY
DTP ¥ ¥ (253 mg, DMSO), B ¥ & 1.0 mL
DMTMM % (1224 mg, EEF/K). ¥ ARMB
WOMAR LRV AR RS, = F R 12h, K5,
# 151.2 mg TCEP-HCLIF M ENR AR R b, dkekfig b
3ho feJa, FEURREERSBE A X BT 3 500
(B KA, 23511 0.1 mol/L NaCl /K ¥ ¥ il 25 25 1
KENT 1~2 do ¥R T4, 753 HASH. il FTIR
FTHNMR #i1A T3 F 4510 . 2 'HNMRIE , -SHY
BUREEZ5h 10% .

1.4 HAPD Yyl #& Y5 £ AF

I BB - M iy BB il % T HAPD. %
213.5 mg Ac-PD #i1 5.5 mg Irgacure 2959 il A HASH i#
W (0.01 g/mL, R NEETK) b EREME,
W e A BN A FR A AR D 2R R T DO B A A
25 min. Bl S, RO R BB B AR X 4 i
3 500 BB A, I 7E pH=3.5 K IE R AT 3 do
RURTH:, 153 HAPD, KU FTIR il ' HNMR 1A |
b2 450 . 2 'THNMRIE , PD BRI H~65%.

1.5 HAPD-Cu /KN ¥l 2 L5 2 AE

1.5.1 HAPD-Cu/KEER 12 545 R1E  HAPD ¥
fRAE RSB TR, RIS AR (R IE R 8%) .
SR )5 ¥ HAPD W W 40 5 5 AN R ik B2 (4. 8. 12 il
20 mmol/L) ¥ Cu* SR A 5], /milfdsl A @Al
1 4F /K Bt i HAPD-Cul, HAPD-Cu2. HAPD-Cu3,
HAPD-Cu4. Ffif5, 6l 8547 oK EERA R T8, I
53 52K F SEM FINEDS 2341 1 4% 2 /K BE I 1) 2% 1T 35 Fl1
TUENM R . S AKEER LR E—H i 13 Photoshop 3Kk
TR E RS0, i Origin 2018 5k T4
1.5.2  HAPD-Cu /K %I 119 1 # & K nT i 55 1 fg D
i 500 L HUA A K EERH T A B Ak, 4 4K EE
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JETSE I T AN B 5], B HAPD-Cul (ffa) .
HAPD-Cu2 (%8{%) ., HAPD-Cu3 (%4{%) HIHAPD-
Cud (HE€) . TE4 LKEER M g il i 1 EAR 2N
5 mm K/NAZS FIXKIE, IR 5IE0. 5. 15 min AT
] RCREERIE A, BURT B 2O mARNLAHE
TEFE 1 mL FAK 19 7F 55 25 F1 200 WL HUAS i) 7K &8 i
T ARSI, EGRT AR T,
1.5.3 HAPD-Cu /K BE ¢ iy A2 2= MK R H TA Ui
A6 200 L BRAK 1 7K BB AE 2 I T AT 40 mm P
TP TS 2E 58 o XTI 7 - AR, E
BER (0 Hz) 43050 28 A 0.1% 31315 51 800% LARA A
IKEERE G A5, EMERERL R (G SiFERIH (G")
MR ARSE IS A I TR AR o [RIRESRAE T, B BRI A2 916
e M 220t Z 4608 . 10% 048 60 s, 800% i 48
60s, B 4K,
1.5.4 HAPD-Cu /K#ERE KL 7537 °C Iy 2
B K VAL BER (R I 232, K BEIERIA% 4 200 pL.
WAURSE T RS TR0, R8RS (0, 3,
6. 8, 12, 16, 20, 24, 28, 48, 96 h) T F/KEEIK
ME R, BT
(Wt _ WO)
0

Horp, w IR BT A5 W AU It 2 B 7K

Swelling weight ratio (%) = x 100%.

1.5.5 HAPD-Cu/K&E R HIRE MRS Slih, Bk
BEIE (200 wL) BA37°CHY 1 mLEBE KPP, KRG
HTHERRG . £—ENEEL (0. 4, 8, 14,
20h AT, 2, 3,4, 5,6, 7d) #ITIE. FFiER
AT .

(WO _ Wt)

W,
Hrp, w AGRPIRKEERCE A W AR 5 20 ek Bt

Weight loss (%) = x 100%.

1.5.6 HAPD-Cu /K&ERE 1Y 25 F RS B 7E 37 °C
1Y 2% 12 /K A I Cu® A BB 100 o B 200 L #LA%
MK EERE A 1 mL KB FK T, K5 E THEERG
o FEMEE AN (0. 4, 8, 20011, 3., 5,
7d) U, SRS IS R R L R K. IR
TP Y Cu®' (&l ICP N E , B8 10 B3RSk
AT .

Vsn-]
M,=CV+ 7;c,.l/o
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Horb, M ACERTESE n N 2009 B3R s C, 0% n i)
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1.6 4NEcs
1.6.1 ARG R o0 s O B 4 I 70 o T 4t
(bone marrow stem cells, BMSCs) F1A % & bk ifiL 45
W 40 8 (human umbilical vein endothelial cells,
HUVECs) K PFAk B Rk i) A 9 A 25 1 R0 i il 75 4
AE, 2R VAL PR I 0 S R 2 I~ o B TR B 6 P e
it AMAEEE FRAE B SR E N 37 °C, 95% AU AR
JE N 5% () CO, W BE o 15 % 5& i 4l 90%Dulbecco
P B RS FR3E (DMEM; Gibco, 36[H), 10% 4
M4 (FBS; Gibco, EE) Fl1% 7 % % -5 % %
(PS; Gibco, EME) . SLH T, LM 2dHE
Bl ko BEA ML ST T, 25 4 K BE I I A% Dy
200 pL.
1.6.2 HAPD-CulW/E¥MHZTESCE  BMSCs 8 R
VA AR AR WA 25 M o I B HAPD-Cul . HAPD-
Cu2. HAPD-Cu3 Il }2 HAPD-Cu4 I i2 i, A%
Y132 R S P A5 4L A AN B B 5 L . K BMSCs
T 24 FUAR T LA 4x10° A /FL B %5 BE 43 ) 8% 35 1 45 L iR
W, DA e B R SR SR 1) BMSCs 1E b X R4 .
SPEEFR L, 3. 5dJE, BELIA 300 wL /AL 41 Y
YA, A E 20 min, SR)5, HIPBSHZEVE
W3We, FEVOG R IMER T T W R E R R . H
e, IR I sk (e, FRANIERE bR IC ALt .
K CCK-8 ¥E 61 4% 41 BMSCs (138 58 1% 100 . KF
SN TR E 96 FLAR T, B R 4x10° AL, oy
BIREFEL 3. 5d. TEAAET B, BEFLINA 100 pL
CCK-8 X F|, I THF#M T E 2 h, HEEAR AR
450 nm ALK AN % E (D) {H. H Origin
2018 HR R T4
1.6.3 HMU/NESK  HUVECs # H ok PEAG# R 1
B . B 55 200 WL KL e A% 24 FLAR
JE TR FRAE TP E 60 min, AJ5, ¥ HUVECs L) 4x
10* /LI % B2 B A B BE I iR 2 A0 . B 6 h)m
JH 4% PEM AT [5E o [ e m, BRFLIMA 200 pL
Y SE IR R 3R], IR EEEIEE 60 min. SRS
BB EEF KR, BEFLINA 200 wL (9 DAPTIRF, =
IRREHEE S min, 55 DAPI, PBSRELL 2KG,
FH WA T B B R EEA EA T B R AR

i SRR (B0 2023, 43(12) (@)
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KGR Hr, BB AL E PR LI E, DAPI
Rz bRic Wi (. i Image JARPFE BEMHTES A1
BAEREKE, JFH Origin 2018 T2

1.7 AU

1.7 ShYBimRipy s R 24 HOF YR &
180 g 11 3 J& i IEPE SD K BT 744 IRk e 45 11 k43 2
PIRERL, LIPEAS HAPD-Cu /K SR B XA A 412 B I 45 (1)
it 1. SD KR H g A m AR AR, TR
PR O 86 O L Z B R AT RIS, B A R B R Y
B, MWEXMNKK2DERERN L em WEZRFG O, I
FHBLER T & FEL AT T B

1.7.2 CD31 sty 12 2 SD K RUIFBE
M4y J 44 . XHBRZH . HAPD-Cul. HAPD-Cu2 P}
HAPD-Cu3 4 . XJ ML ARIEZIATT, 15250 20 0 9 H
TG 1 mL AR T 5 4% 34 50 Hb 3 K BE RS, A
200 pLo B ESKEER G, fE0 0 B e
A, JREERCEE 3B 1k, ARJFH 7RISR, 1
SEHBRA . PP CD3AE R G hRic P LA PFA
AN L% 2E RIS I . CD31 FHPE e o W bR ic 4L 65,
fi I LSCM X 20 23 0) F 1) e £ 245 SR kAT WL B4 0ok 4
EI4 .

1.7.3 glmsE w12 2 SD KRR IFREHL 5 4
2. XFHRZH . HAPD-Cul. HAPD-Cu2, L)X HAPD-
Cud4l. #LIFhPRIS, ¥4 525 41 200 pL 7K
8 I 1 TO T 1 mL RS T 5 45 34 50 i T SR AR A 1
FadBAr, 4 3d s XFHBLLRIEAFATLMALEE . Frfy
ZH I TE S0 B) s B HET TR B, R B ARG 56
0 RANE 14 RAA ML SR

1.8 Hilnhr

FEWFFE T, A 30 57 S5 ) Xk Ok R T A
SYBTECE o B S AT BRLER 2 0 25 0 BT AR ] 22
5o PTA Gt AR B A PR USRS al T E
Image J 3 F1 Origin #X {4 #5 3] . P<0.05 F£/n 2553 H
N -0

2 5R

2.1 HAPD-Cu KBEB M &
B ARG e v T R, K 2A B8 T Ac-
PD f#) 'HNMR 455, 7£5.6~6.2 ppm (1 ppm=10"°) 4k
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BT WM (-C=C-C) KIFFHEIE, UEM R If TG
PSS A BB ER R 4 F AR Y E2B R T
HASH /) '"HNMR %5 5, 7£ 2.6~2.8 ppm &b WL 5 5] T
-CH,-CH,-SH W45 1EIE , JIEBA By 7] HA 5 14544 h
SIAT#HE (SH), fBsritA, -SHEBEACE J~
10% "2, ¥ 2C % 7% T HAPD /iy 'HNMR %5 §, 7
2.0~2.2 ppm Ab I T BERRAR 55 H 3 [-CH,C (OH)
(POH,) ,] WYFEMEWE, JFEHI A5 5] HAPD, £
ST, BB A IE IR N ~74% P ik
JFB] T Ac-PD. HASH FTHAPD 193 i %

[ 2D g 4% ZHBE S 0 FTIR Z5 5%, 7E 1 750 em ™' 4k
A — N H W AR e Bk C=O B P 4 Ik 2,
75 1 564 cm™ b B BHT B W W bk B ke i [O=C
(CH,)-NH-] I N-H#mZ iRz, 30 7 HA 53+
BRI T MR L (\NH-C=0), WM T
HAPD Y il 45 14

2.2 HAPD-Cu /K&K 55 M &5 42

BI3A . B 53l e #5 2 7K B 5 1 4 1 1Y) SEM L5
FIrFRORE, & B HA Z 458 . HAPD-Cud 41
HFLE B, T HAPD-Cul 4 (9FLIN A M igibs . JC
FWe S ER (E3C) RUIKEER P AFEAE Cu™, IEW]
T HAPD 4> T4 I (8RR AR5 Cu™ Z [ A9 4 A 1E .
K 3D e AT R, B Cu™ W3 i, 4%
YLK I LA T T S PR /A

2.3 HAPD-Cu KEEB M A &5 Frnl i 5045 Pk

BE & A A HEDE (0. 5. 15 min), £Z/KEEK
B T R A RO (K4A), B4k gLl
& 4C it . 4h, HAPD-Cul I HAPD-Cu2 4H (1)
Atk R s TR 241, UiHEER W A & A ERE S
IKBERE 3SR BEAT G, B F Uk e, Lok (e
FR O AR R R B A i v, ML RE L, (RO A
A HUR A PTG . 8] 4B K AT S 0 S 6 IR
B4 K BE RS AR AT LA 3 A28 0.45 mm (7RG 2%
BT SRLI5) uwi  FE H Ok

2.4 HAPD-Cu KB IIHAE I 7%

HAPD-Cu /K BE B B HLBCE BE BE A& Cu® ik B2 A 18
fnmisg s (EI5A) o 18] 5B Ry 4% 2H 7K BE I Y B BR 1y 78
I 2, e SR v AR AR AR PRI SR B HAPD-Cu
IKBEHATRGE LR IERE . RS RAIER] 145 41K
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A
e 5 i
o=p-OH \)K e o o=pP~
o ————> o o
HN" 0 A 2 wt%NaOH aqueous B o= T —OH
C‘)Na ONa
PD Ac-PD
o B
H
2HN"NY\’S'S,\AN’NH2 -
G H (DTP) &F
OH OH )0
o HCX‘&/T\\ DMTMM MES buffer pH=5.5 o™ wo o™ ™ o "
- Lo} ¢} 3 g 0 SRS Q o 2
TCEP-HCI
HA HASH
ONa
| _OH
5 o=P
OH
J‘,FH 3 |
- o= ONa
H u:T—:,\r—. NH
NHCOCH, HO NHCOCH
HAPD
Note: A. Reaction equations of Ac-PD. B. Reaction equations of HASH and HAPD.
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Note: A. x150 SEM images of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4). B. x400 SEM images of the local areas of A. C. Elemental
mapping images of HAPD-Cul hydrogel samples. D. Semi-quantitative analysis of the pore diameter of hydrogels. Yp=0.004, 2P = 0.000;compared with the

HAPD-Cul group.
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Fig3 Microstructure of HAPD-Cu
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Note: A. Self-healing photographs of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4) at various time points (0, 5, 15 min). B. Injectable
photographs of samples from each group (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4). C. Self-healing mechanism of HAPD-Cu hydrogels.

4 HAPD-CuBJHEAFIRES AL

Fig4 Self-healing and injectable properties of HAPD-Cu
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Note: A. Strain scan curves of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4) with amplitudes of oscillatory strain scanned from 0.1% to
800% at constant frequency (0 Hz). B. Strain cycling curves of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4): high strain (800%) for 60 s
and low strain (10%) for 60 s, cycled 4 times.
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Fig 5 Rheology of HAPD-Cu
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Note: A. Swelling-time curves of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4). B. Equilibrium swelling rate of samples (HAPD-Cul,
HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4). C. Degradation-time curves of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4). D. Cumulative
Cu” release curves of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4).
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Fig 6 Swelling, degradation and ion release of HAPD-Cu
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Note: A. Images of live/dead staining of BMSCs co-cultured with extracts from each group of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4)
for 1, 3 and 5 days. B. Cell viability of BMSCs co-cultured with extracts from each group of samples (HAPD-Cul, HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4) for
1, 3 and 5 days (*P = 0.000, compared with the control group). C. CCK-8 results of BMSCs co-cultured with extracts from each group of samples (HAPD-Cul,
HAPD-Cu2, HAPD-Cu3 and HAPD-Cu4) for 1, 3 and 5 days ("P = 0.000, compared with the control group). Controls were cells cultured in normal medium.
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Fig 7 Biocompatibility of HAPD-Cu
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Note: A. Tube formation images of HUVECs co-cultured with the extracts of each group of samples (HAPD-Cul, HAPD-Cu2 and HAPD-Cu3) for 6h.
B. Junctions of HUVECs co-cultured with the extracts of each group of samples (HAPD-Cul, HAPD-Cu2 and HAPD-Cu3) for 6h (("’P =0.018, @p = 0.010,
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Fig8 Tube formation experiments of HAPD-Cu
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Fig9 CD31 immunofluorescence staining and optical photographs of wound repair of HAPD-Cu
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Note:A. Original wound healing model. B. Wound healing at day 14.
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Fig 10 Observation of diabetic wound healing of HAPD-Cu (n=3)
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