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Abstract: Developing a hydrogel with tumor therapy and skin wound healing is of great significance for eliminating
residual tumor cells and promoting skin wound healing after surgical resection of skin cancers. Here, copper-
incorporated calcium silicate (Cu-CS) nanorods were prepared by a molten salt method with calcium hydrate silicate
as matrix, NaCl and KCl as molten salt, and CuSO,-5H,0 as Cu source, and then incorporated into sodium alginate
(SA) hydrogel to achieve Cu-CS/SA composite hydrogel. The results showed that Cu content of Cu-CS nanorods

increased with the increase of the Cu source addition and the treatment temperature, but their catalytic activity for
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producing hydroxy radical (-OH) from H,0O, exhibited the trend of increasing and then decreasing. Nanorods,

prepared with 3% copper source (3Cu-CS) at 700 C, displayed the best catalytic performance. Cu with +2 valence

state could be uniformly distributed on the surface of Cu-CS nanorods, with Cu content as low as 0.61%. Importantly,

Cu-CS/SA hydrogel with Cu-CS nanorods less than 20% were biocompatible and could catalyze H,O, to produce

cytotoxic ‘OH in a simulated tumor microenvironment, exhibiting outstanding chemodynamic effect. Furthermore,

Cu-CS/SA hydrogel could promote proliferation and migration of human umbilicle vein endothelial cells and human

dermal fibroblast. Therefore, Cu-CS/SA hydrogel is a promising material for applying in tumor therapy and skin

wound healing.

Key words: molten salt method; copper-incorporated calcium silicate nanorods; hydrogel; chemodynamic therapy;

skin wound healing
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5 0. 5. 10, 30, 50 mg ) CuSO4 5H,0 iR &, 7E
TOHSHFER A S 40 min, MR G I92); B, #
WFEE I ST AL A i, I T U, 78
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Microscope, SEM, S-4800, Hitachi, H A)M 24,14
A 7K RS B B W TR B R O R T R R
(Transmission Electron Microscope, TEM, JEM-2100F,
H )W SR A IR TSR AN TG 3 A o K B & 55
B AR R 1 R 8% 1 (Inductively Coupled Plasma
Atomic Emission Spectrometry, ICP-AES, Varian 715-
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W 7K FH ICP-AES 777 58 7K #E I BE TR Ca.
Siv Cu B F. ¥ SA. 20%-CS/SA. 20%-Cu-CS/SA
KEEHZIEAE 37 ‘CHI Tris-HCI 0l (pH 7.4)h,
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(10 mg/mL), &M 30 min J5, FIF £ IhEER R
ASCRSE WU V5 T 1 48 4] WL IR SO 3
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pH 6.0); (e) Blank+H,O, (100 pmol/L, pH 7.4 Y
pH 6.0); (f) SA+H,0, (100 umol/L, pH 7.4 5 pH 6.0);
(g) 20%-CS/SA+H,0, (100 pmol/L, pH 7.4 8 pH 6.0);
(h) 20%-Cu-CS/SA+H,0, (100 pmol/L, pH7.4 &
pH 6.0), BARSZEPIRIITIA.
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B3 2 hy fJa, ARFLIEL 100 pL A 96 FLARH,
) FH B AR AR, 450 nm % K Ab 4 FL1% OD fH .
1.12 M FEH L

NI E Cu-CS KA & A /KB 6] 1 5 40 i it
s, AW 7% 7 HUVECs Al HDFs %18 52
. H%, % HUVECs (1x10° cells/well)a, HDFs
(1.5x10° cells/well) R 2] 24 FLAR ARG 9%, Higr—B
N TE) A5 A K R B RS #65E, fE A 200 pL
1 i % 9 A A Sk 3 B 1) R RIS — 253 A1 R,
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Fig. 1
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A 300 pL (1) 4% % 5 F R AR 2 40 30 min, H
PBS WERPEHE 3 K, BN 200 pL (145 iR
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Image] JRAFARIC B T2, I A A (0 A T T A,
THEH BT F8 2 o 40 BT 7% 22 =(] 46 A1) T T FA—F
B [50 2t 147 600 T TR AR )/ 2 ) T TR AR < 100%

2 #HR5iTe

2.1 Cu-CS #KEMHE SR

SRR IE Y, 1 ) G R R AL
T S A A 0 R g s A R % P A B 1 7 A A M
REMIPIAEE N K. Rk, ASHFFOEAS [F 4 S 7 0
RIS [ 5 26 AL 35 B R il 46 T Cu-CS Mk, FFik
ITRIES 7. B 1) & A R LA & (1 CSH 44
KEAE 700 °CHEh AR % () Cu-CS # &) XRD
BIRE . B RTgn, HSh I INEA 04 0.5% 1%.
3% 5% CSH 4 K& # AR B 1 i FZ £S5 (CaSiO;)
Pk, B 1(b)2 3% E A ME R CSH gK& & A
[E) R I b AL FEL ) 45 1) Cu-CS WA XRD [Kli,
AT LUVE &5k 650, 700 AT 750 CHAEh ALY CSH
KL M H AT Y T CaSiOs #AH. Shen Z&PYHFFT
KB, CSH fE i 2 M 2455 /KK il CaSiO;.
Ib, CSH 442Kk 28 ik g5 35 4k 28wy 75 21 58 hn A e (1)
CaSiO; ¥IHH. F— 75, 7EA R ERR = A [E
& SRR 46 1F P40 Cu-CS AR A £ XRD
Bl b B AR DG 0 AE, T B A2 T4 Eh A B A
Vb BT I R AY 08 Cu T2 R B rE ek e i Y,
RIE A B R B LAY, R H Cu JeE MK
WA, DU BURFIEIE .

®) . + CaSiO,
B
)
> * .
Z * 4750 C 3Cu-CS
2l $T T fees Te 700 C 3Cu-CS

*+% +650 C 3Cu-CS

10 20 30 40 50 60 70 80
20/ (°)

() AN 7)1 45 T 20 (b) A [t P2 4 6 AR B ) 95 1) Cu-CS i A1) XRD P %
XRD patterns of Cu-CS powders prepared by molten salt method with (a) different amounts of

copper salt and (b) different temperatures



1208

AL M OB IR

537 %

Kl 2(a~c)2r I8 CSH. CS 1 3Cu-CS #H&Hy
SEM &}, mILLEH, CSH Mgk, BA4HKK
LRIRGEH, 5 CHRIRE TS — B, b )
331 CS A1 3Cu-CS Ff it A H IR 454 I 9 K
YR LR 1) 9K T 30 S T A R T4 Rl % o
FE AP I 2R R B 20 ik P, AT Z0ph CSH gk
2k, f LW LT R KA

3 J& 3Cu-CS 44 K#E1f TEM B F & EDS fig
W5IERM. ME 3@) AT LLE H, 3Rk 45
3Cu-CS KBS EI—, HFN(T1£12) nm, K
FEN(787438) nm, FRIADGIE, A H LR #5157 4
ANk kL. EDS Eik (B 3 (b))7E 8.048 keV
AbHE Cu JTCERFHIEWE, KB 3Cu-CS 9kEH & H
Cu JLZ, 1 EDS K% /E 7.478 Fl 8.265 keV 4b Hi#
Ni JGERFAEE U K U5 TS24 3Cu-CS 4K ik 147

M. FE—3DHh, 3Cu-CS 4K# 1) Ca. Siv O, Cu JG
RO A A(E 3 (), RYIIEERIEREK Cu Tt ER 2
i AR ERE R A 9 K AR R T

AT TR XPS B 1k — 28 4 7 3Cu-CS g
KBERME Cu LEMNAE. N 3Cu-CS FKEER
Cu2p K AT 51 (& 4(a)), Cu 2pin 1 Cups, EIELE
A R8N 953.3 fi1 933.3 eV, H Culp;, Fl Cu2ps, 1
SR ZE SN 962.6 F11942.6 eV, F W] 3Cu-CS 4K
B Cu JEEMNE 2 MU, Lin P17
R, Cu™ RS T 5 Hy0, IR BIAE K +OH.
PR ik, Cu-CS 4K # 3R 1) Cu st 3= 1] DAE N iE PEAL
RAEMR R RO 5 Hy0, JRBIAE %-OH, K 4%
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Fig.3 (a) TEM image, (b) EDS spectrum and (c) elemental mapping of 3Cu-CS nanorods
The color figure can be obtained from online edition
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Fig. 4 (a) Cu2p XPS spectrum of 3Cu-CS nanorods, Cu amounts of Cu-CS nanorods prepared with (b) different copper

salt additions and (c) different temperatures by ICP-AES method, respectively. *p< 0.05, **p< 0.01, ***p< 0.001
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Fig. 5 Chemodynamic effects of Cu-CS nanorods
(a, b) UV-Vis absorption spectra of TMB solutions with pH 6.0 and H,O, (100 mmol/L) after adding Cu-CS nanorod (1 mg/mL) prepared
by a molten salt method with (a) different copper salt additions and (b) different treatment temperatures for 30 min;
(c) UV-Vis absorption spectra of TMB solutions after adding 3Cu-CS nanorods (1 mg/mL) into TMB
solutions under pH 6.0 or pH 7.4 conditions and with or without H,O, for 20 min
The color figures can be obtained from online edition
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Fig. 6 SEM images of the surfaces and cross sections for (a, d1, d2) SA, (b, el, e2) 20%-CS/SA
and (c, f1, £2) 20%-Cu-CS/SA hydrogels
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Fig. 7 Release behaviors of (a) Ca, (b) Si and (c¢) Cu ions from SA, 20%-CS/SA and
20%-Cu-CS/SA hydrogels in Tris-HCI buffer
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Fig. 8 Chemodynamic effects of Cu-CS/SA hydrogels

(a) UV-Vis absorption spectra of TMB solutions with pH 6.0 and H,0, (100 mmmol/L) after adding Cu-CS/SA hydrogel (0.1 g/mL) with different
contents of Cu-CS nanorods for 60 min; (b) UV-Vis absorption spectra changes of TMB solutions with time after adding 20%-Cu-CS/SA hydrogel
(0.1 g/mL) under a condition of pH 6.0 and H,O, (100 mmmol/L); (¢) UV-Vis absorption spectra changes of TMB solutions with time after adding

20%-Cu-CS/SA hydrogel (0.1 g/mL) under a condition of pH 6.0; (d) UV-Vis absorption spectra changes of TMB solutions with time under a

condition of pH 6.0 and H,0, (100 mmmol/L); (¢) Absorbance changes at 652 nm versus time for TMB solutions with 20%-Cu-CS/SA hydrogel
under pH 6.0 or pH 7.4 conditions and with or without H,O,; (f) Absorbance changes at 652 nm versus time for TMB solutions with different
concentrations of H,O, at pH 6.0 after adding 20%-Cu-CS/SA hydrogel (0.1 g/mL).
The color figures can be obtained from online edition
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Fig. 9 Cell viabilities of HUVECs and HDFs after 24 h
incubation with hydrogels incorporated with different contents
of Cu-CS nanorods
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Fig. 10 Fluorescence images of BI6F10 cells after different treatments for observing intracellular ROS
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Fig. 12 Cell proliferations of (a) HUVECs and (b) HDFs cultured with different hydrogels

ns: p>0.05, **: p<0.01, ***: p<0.001; The color figures can be obtained from online edition
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Fig. 13 (a, b) Cell migration images and (c, d) corresponding migration rates of (a, c) HUVECs and (b, d) HDFs
after cultured with SA, 20%-CS/SA and 20%-Cu-CS/SA hydrogels for 24 h, respectively ( **: p< 0.01)
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3 ik

AHFFCRE ik T Cu-CS GUKE, IRk
HEBERMNE S Cu-CS/SA B HIKEK.
Cu-CS 9HKFER T Cu Jo 2 7 E R £ 7N &A1
Hs 3 A0 B FE T R T 0, {H Cu-CS KR AL
H,0, A ff+OH FIEALIERENIEE Cu & B3N 2%

T Ja FREMass, Ho 394 257 hn B AHE 25 a3
EEE 700 CEAF il #4H 3Cu-CS KBTS
P, HH Cu RS EINN 0.61%. Cu-CS 44
KBS EAET 20%H) Cu-CS/SA A /KER AR
RAFIIAPIR S E . TR R 55 B8 PE AN =) HaOn 7
RIS, Cu-CS/SA & & /KR RE ML H0, 42
B 40 R R 1O T B A AL 30 1 1R T DR,
SHEORBMMBREERESE 43%. 55—,
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Cu-CS/SA B & /K& REAE 2k A Bz 4 Mo AN Rl 41 4k 41
WHEFER, A FT RGN &A . Fik, Cu-CS/SA
A KBRS T I8 va 7 A0 R kA i & A UK
(17 I FH AT 5%
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