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Active Shrinkage Hydrogel Based on Red Emissive Carbon Dots
Photosensitizers for Bacterial Infected Wound Healing
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Abstract An active shrinkage hydrogel based on red emissive carbon dots (CDs) photosensitizers (PSs) was
developed for bacterial infected wound healing. The hydrogel was prepared by using N-isopropylacrylamide
(NIPAM) , sodium alginate (SA) and CDs PSs as precursors through free radical polymerization and calcium ion
cross-linking. The hydrogel could release CDs PSs at body temperature (37 °C) due to the active shrinkage of the
hydrogel. Upon light irradiation, the released CDs PSs can generate singlet oxygen to kill bacteria effectively in the
wound site leading to rapid wound healing. In vitro and in vivo results suggest that the developed active shrinkage
hydrogel has good drug release, photodynamic antibacterial effects and the ability to accelerate wound healing, thus
providing a new type of hydrogel for clinical wound management.
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Scheme 1 Schematic illustration of the preparation of the active shrinkage hydrogel(PNSP Gel) (A)

and illustration of the PNSP Gel mechanism promoting wound healing(B)
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1.2 IR

1.2.1 CDsty# & 5o, ZROCHRI21 ] el & 1k sURTORIAR , K 30 mg SRR 53 H7E 40 mL NaOH
FEW(0. 5 mmol/L) i 75 AL BE 30 min J& , BB BIAGEMI N 22 H, 76180 ‘C T M 24 h. REHEEH
J& , FAZERAKENT LR DL BR5% B 1 NaOH.

122 PNSGel th#| % 7£25 ‘CF, B 100 mg NIPAM F120 mg SA IE/# T2 mL £ 8 7oK, RIFHIA
2 mg AZHEH MBAA F12 wL TEMED, #3515 A 2 mg APS, 152 TSR . K5 P R WL 7% B e 45 411
BLEH, BT 4 CUKH P E-E 30 min, BURJFIZHLTE 2% CaCliF H 2 h 155 PNS Gel.

1.2.3 PNSP Gel 89 #] % 7£25 °C'F, B 100 mg NIPAM F120 mg SA I/ T 1. 8 mL 2= 1ok, SR
A 2 mg ZZHKF MBAA | 2 pL. TEMED #1200 LA 1 mg/mL (% CDs W, fHEA21 5 A 2 mg APS
TR . B IR DMER AT, T4 COKR P EHE 30 min, BUHJFIRHAE 2% CaClL TR
12 h, 15| PNSP Gel.

1.2.4 PNSP Gel 898 E B R 15640 CDs A BEARME I ZE , 15 PNSP Gel BT 37 “CH;FR L
o, SR HE AR, i CDs Bk BEARE M 2t HE T 1 CDs VR, JR455-HE BRI BT SRRk 1
1) CDs o i .

1% PNSP Gel & T 37 CHFE M A 2 h IR UCAEHE VA&, BEFE 9, 10- B — LW (W7 H 3% ) —HI iR
(ABDA)E R0, EF8 875 . FFE(25 mW/em?) BREFASRIFR] . FEAS A B9 36 E iHie) A, 2066
THIU 2 5 T P 5% B ABDA 19 58 Z1- 0] WIS, G053 T 378 nm b (ABDA B S5 KR AL A ) P R S 82
H. FIH AL TR RS ABDA BIMR AR L R AR (A/A,) , 43 BT AR A%

1.2.5 PNSP Gel Wk T4 K5 PNSP Gel FESMTER A TR, BESTER IR TIRILP BR 53Rk A7, 3R
AT 4 S o FH A 7 BB A R T T 50

1.2.6  AKEREEATE AR LAKIIFTR (E. coli, H22 FCIHAMER, ATCC 8099) Fll4: B (44 25 Bk
(S. aureus, = [QPHYETH , ATCC 6538) MWFFEXT 42, #E 37 °C TSB K5 77 5 1 L) 220 v/min % #8557
18~24 h, fHZH T M B 2 2x10° CFU/mL, FAEFERKH B 2 10° CFU/mL. #f 1 mL PNSP Gel Il A 1 mL4H
AR, FRAWAE3T CRE 2 h, K5 E T 25 mW/em® 8 PG T B85S 10 min. B A0S0,
SRR, AT PARIE T

127 GEEREL AR ETA S SRR Y O o RN B b S BRI 5 S g S AR
FETRZE 23 L (I ESC S . TACUC-IPC-24019). h#Hy 236 7 vp I RF7- B BAL B AR BF 58 i A Wbt
k5 B Y7 AR U 5T A O SE AL IE H 7~8 A B Balb/c /N[ Spelford (A6 50) A= 145 AR AT PR
) AT N R R B A R TR 4 B R A A /N BRB Y . e S0 N RGE SRR 2 KA, #EC
B ST 0 S Uk 15 SRR . (P %0 8 mm 4 [RITE bk VS R IR U 80 B Bk L DA SE B8 3% 14 B2 ik
BRI . FERE /N 4R 50 WL 4 B0 R 7 BR A L PR UK (10° CFU/MmL). 4% 24 2/ BB AL
Iy A (1) XFIRZH (AFER K L JBRR), (2) PNS Gel H (OB ), (3) PNSP Gel (Light-)2H (ARG ),
(4) PNSP Gel (Light+) 20 (J6R8). 2> BIAES5 0, 3, 6, 9 F1 12 Kb 455 11 (4740 B8 300 2 55 11 76 2
FEE 6 RN 12 K, AR B i TS, FH 4% 2 R BELRAT , 1T IR AN -4 (H&E ) 4 {8 F Masson
Yeth,

1.2.8 A E AN K PNSP Gel i HFAathe/ N, DAAESER K L/E AT REAL, WallAS [R] b 25 /)N
FRPIAREE . 7E55 12K, REALFE /N EEF E Ay, A5 B0 i S5 A S AR B Dy e A il % 2B Ak bR
B, R, SRAE/INEU B E COME . I . RSUUE . Bl A B ) HEA T H 2000 B A H&E £

1.2.9 40 SEM R AE K2 1R 7E 37 °C TSB #5373 i L) 220 v/min 7% #1557 18~24 h, {# 4 3 vk & 2
2x10° CFU/mL, F4BRELKFRFESE 10° CFU/mL. #f 1 mL PNSP Gel I A | mLANREE7F W+, BHR S Y7E
37 CFEE 2 h, K5 ET 25 mW/em® 1 F156 T B 10 min; 250> (8000 r/min, 5 min) WAL, FH7E
4 CORFETIRUL2 h, RGBT 5% 1% — 1 PBS i b ad ik . [ J5 , FH AR B3R 7K 2.0 (8000 r/min,
5 min) PEISAN R 3K, FHHIFFH 30%, 50%, 70%, 85%, 95% 11 100% £ B R EAT K . B,
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2.1 JKEEMERRIERERIE

T, fils T HACE B EYERER CDs, X B CDs AKIETELT, REMS LK BEISIA R hoe 35 0. R
LS A LR AL, ¥ CDs 5 PNS Gel 254G, 4 T HAT 8 1T B TERERY PNSP Gel. 7E PNSP Gel
o, 32 Y B (V-5 N R T TR Jie ) (PNIPAM ) o0 2% ELAT 1L B8 0, 7 T 88 T 38 T L MLk e i
4520, RS T & S RIEM SATE R H A M4, SRR T KIS AR DA At FLMGR B . R TR
v K BRI B B BEE ST B S IR R AR ) 4 °C, BEE AL 30 min J5 45 3 813 B £ 5 9 PNSP Gel
[EI1(A)].
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Fig.1 Macroscopic observation of hydrogel formation of PNS Gel(above) and PNSP Gel (below) (A),
schematic illustration of the contraction mechanism of PNSP Gel at body temperature(B), SEM
images of PNSP Gel at different temperatures(C), the active shrinkage behavior of PNSP Gel at
37 °C for 2 h(D), cumulative release rate curve of CDs from PNSP Gel(E), and ABDA degradation
induced by CDs(F)

T PNIPAM HAT 0 S AR i 1, PNSP Gel A] AFEMRIE A/ R AR [ 1(B) |, R T BRIEX
— 5., K5 PNSP Gel B F 37 “CE;F#48 TP AR ITAL AL 45 Mt , 1813 SEM LSS [A]3RE R 7K
BEC AR AL, P 1(C) R I, 37 “CRY /KB IFLAR I BN, R PNSP Gel HAT 1 S5 i 5L s v
WeRPERE, B 1(D) 7% MM E/R T PNSP Gel IAFRZA /N .

1325 T CDs RAFAY/KIENE , TEMRIR (37 COAMET , KEER & AENUILER , CDs 5K &I 17K 43
[EJ S B . #5100 wg/mL CDs [ PNSP Gel B F 37 “CH5 3246 9 24 h, i1 I @ B (4 CDs
WP K BERC B CDs RE ST . AR T(E) AT IL, 7E 0~4 h P CDs s Bk, Bl vl ik 3 40%; 78
4~8 h BT I AE , 8 h )5 CDs B IR 2] TP 5 W1 (£945%). BT CDs 7EJGRASS T Al 77 A B4R
('0,), 5 PNSP Gel BF 37 CHiFAEHMFE 1 hig, M4 '0,7E68, ABDA FEfEIIZEFR T 10,04
BOEA (R ], S UBHAE 37 “CAME T, ZKEEIRIAR T80 CDs I U,
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22 FKEBSHEIMTIE 1 RE

KRR T TECE IS T PNSP Gel ARSMILRITERE . 4 T 35 3iE PNSP Gel () 5L M, 1EFH &+
22 PR PHPE T 4 W A A BRI (S, aureus ) 555 2% FRIAME A RIGHFF I (E. coli) BFFRXTS .

FI2(A) R 3t AR B8 A, BT UL BRZH A BB Al AR T K V%, B PNSP Gel H CDs 25 1)
RN, BET-AR _ B R TR EGE TR . B 2(B) R T BRI T A R, 24 PNSP Gel H CDs ¥R JE
20 pg/mL I, PNSP Gel X S. aureus 55 E. coli B A IEF] 50% LA L. 24 PNSP Gel H CDs ¥ £
100 pg/mLEf, PNSP Gel X S. aureus 5 E. coli TN R 55 99% L | . CDsH A IEHfar, Al 544 7
H ff ) 20 TR ARG A, FECHRAAMETR, CDs P74 9 'O, B3R T AN A AR A, SEUEMRSET. h T HAE
X—FERMLE, 5 100 pg/ml CDs 1Y PNSP Gel 5411 &+ 37 CR M P IFE 2 h 5B .tk
SRR S aureus[ 1 2(D)F(E) ] 5 E. coli [ 2(F) FI(G) ]y SEM FIG AT UL, 2 T 241 it RS ft
. DL S SREH, PNSP Gel HAT RAFH) SEHT A TERE .
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Fig.2 Agar plate photographs(A) and statistical analysis of PDT data of S. aureus(B) and E. coli(C)
incubated by PNSP Gel with different concentrations of CDs for 10 min with 25 mW/cm®
xenon lamp irradiation, respectively, SEM images of S. aureus before(D) and after(E) treat-
ment by PDT, and SEM images of E. coli before(F) and after(G) treatment by PDT
2.3 KEERMEG ORE
BT KBERA S0 MT B VERE , S — B TFAh T PNSP Gel 7EAH RSG5 BB th Ry RE ) . 4%
MR 3 (A B TR, N TS, aureus YA 4 B2 RIS /N UL . 6AN [RI4b RS B 81 ThT A e DA
HL 2. A /N EEEPL 420 . (1) X HREH (CEBRERK+EIR) L (2) PNS Gel GBHR)4H, (3) PNSP
Gel(Light-) CRJGER )4, (4) PNSP Gel(Light+) OGR4, 76550, 3, 6, 9, 12 FXF/NRAGH 1 X IEA 7
FARAIM [ &13(B) ], FTLAF 2], PNSP Gel (Light+) 24 9407 H AT 3 e bR, 33X AR BEREHLIRIS 4 5
Jesh Ayt RV ZER . B 3(C) Bon TR P MmN R AT 122 4E S B, PNS Gel 255 PNSP Gel
(Light-) 2 {3 F1 5 S RE DT 08 B, S 1 WY 0 1 ST ER0 KBRS/ S0k, REASTE ML A4 3 T BILARIC
4 st 1 A1G, PNSP Gel (Light+) ZH 13 1@ s fe bR, IXUEHDEs /R SRR, s 1 4 11
A S e
N T BBV T ROR , XS 6 F1 12 RICER A 11 B IRALBUHEA T IR AR & AL (H & E) B @ A
L (Masson) Y . [8] 4 2 H&E Qe A 25 5L | AT ULAE 5 6 KX HEZL . PNS Gel 2 Fll PNSP Gel (Light-)
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Fig. 3 Schematic illustration of the construction and treatment process of S. aureus infected mouse
injury model(A), representative photos of the wound healing process in mice treated with
control, PNS Gel, PNSP Gel(Light-) and PNSP Gel(Light+) (B), and relative area changes of

infected wounds during treatments(C)

Control PNS Gel PNSP Gel(Light-) PNSP Gel(Light+)

Day 6

Day 12

Fig. 4 Histological analysis of wound skin tissue collected on day 6 and day 12 from different treated
groups by H&E staining

A B R AEAE , A RS TP R AR, ROAE N B B0, R A . MHEZ T,
PNSP Gel(Light+) R T BEREHM R L5, PR I8, RRAERON /N . TESE 12K,
HEZH | PNS Gel ZH 1 PNSP Gel (Light-) 414754 A B rp ok 413231 , PNSP Gel ( Light+) 41 U W88 31 Kt
B BT A 20 R AT AR A, R SRR R 254 . K150 Masson YL 25 5L, 7655 6 KX 4 . PNS
Gel 2H . PNSP Gel(Light- ) /A6 R B PR A ILET 452 31 M Z R, PNSP Gel (Light+) £H # 4 i FUAR
K, UL R IF AR TR . 7RSS 12 K, A EL X4 B8 4L . PNS Gel 41 71 PNSP Gel (Light-) 41, PNSP Gel
(Light+) ZH ISR IR 4, IR EF4EHRS AT . X0 W] PNSP Gel (Light+) ZH BB G280 T 5
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Control PNS Gel PNSP Gel(Light-) PNSP Gel(Light+)

Day 6

Day 12

Fig. 5 Masson Trichrome staining images of wound skin tissue collected on day 6 and day 12 from

different treated groups
24 EREHETMN
J T VEAL PNSP Gel (A9 4k, DLAE BRER KA ST A MR /N BRI X BRZH, PNSP Gel 69755 12K
AN SERR A, RAED F L L i BT H&EYm . B 6RH T H&EJ LR, /R PNSP Gel
(Light+)BCA XRS50 . SRAERIEECE HE 5 . X U] PNSP Gel (Light+)i097 A LR A A
LAk

Control

PNSP Gel(Light+)

Fig. 6 H&E staining of different organs of healthy mice with different treatments

3 % P

PANIPAM, SA F1CDs Mkt it [ i 5L A S 2512l 25 7 PNSP Gel; #85% 1 /K EERCHORE
() CDs BRI RE . SEah BT it BE RN A% 1 A & vERE . WFoR 45 SRR, & A9 TE MUk s K B B
RAF B2y bERe . sh PTEERE LA RO AG O @A W RE 1 5 8 1A R A A2 ek . SR A 1)
B A ARG S K SRR e R e I R SRR A 40 101 A B3R AL TR R R A A2
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