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FISERF5E " M, %588 71K 35 1k 7K ( plasma-ac-
tivated water, PAW ) F &4 R 3 A 6 PR 9 o, 0.4 i
A b (hydrogen peroxide, H,0,) . WV fi§ Fg R B8
(nitrite ion, NO, ) . ¥3E B d1 3% (hydroxyl radical, -
OH) FIALL 254 (singlet oxygen, '0,) ; HLELAE R L
R, HEAE 5y B 7= /5 A0 75 1 g 1)
AFIT 5 0 #L G s 2 A BUR SR 1 & 2B (bletilla
striata polysaccharide, BSP) %f 81| 1fj L& $t & Ak K AR
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PEANAEAE K B PE IS 5 %058 B 72 AR PAW 15K
VR 455 BSP FZKEE SR ] 8 — BB BUK BEIK
B HAE T 4 35 075 28 BR & (staphylococeus aureus
S. aureus ) Fl/|N BB £F 4E 40 g 1929, DL 7 L i v
PAW Rk A BSP $0 0 55 1 R FR M , Sl RYA T 240
PRI P 1) T i A S AR A

1 5%

1.1 ##5iF  BSP(1%'5:20230327) It B Py
TEARZAEY) TR FRZ A5 R P48 940 ( Carbomer
940, CBM,,,) (%5 C13665313) Wy [ I i 32 vk
AW A BR 2N 7 5 R B 5L 58 BB ( carboxymethyl chi-
tosan, CMCS) ( $25-:1026K022) 4 Tt I R E £}
BABR A 55, 5- F k- 1-nit g bk-N-42 46 4 (5, 5-
Dimethyl-1-pyrroline N-oxide, DMPO) & 7] ( %% 5.
H2209374) .2,2,6,6 -PUFIJLIRIE(2,2,6,6-Tetram-
ethylpiperidine, TEMP)i&5] ( 525 . H2217779) g T
R IERATRL T A AR B A IR A ] 5 H, O, i )
& (57%5:50038 ) | — A Ak A A I IR & (18T
S00218) ., 4 Jitd 7+ % 157 & 8 (cell counting kit-8,
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CCK-8) (17'5:C0005 ) g F b5 = KA HE AN
O B2 w5 40 B8 T M 2O Y R & (B 5
L7012) 4 B 2& [ Molecular Probes /7l ; S. aureus
(PR NCTC-8325) HyZ B BE R K255 — [t E
B B 1t 5 /0> BRUBCET 48 200 it ( 40 B bk 4 5 1929) Ty
B ER B E AN
1.2 FENHEEEE b1 HRRILRIEN (elec-
tron spin resonance, ESR) (%5 . Bruker EMX plus
10/12) g F £ [E Bruker 28 A] ; HEpR X (#5 : Varios-
kan LUX) . "4 b3 35248 ( B-5 . Heracell 1501) Iy
T3 Thermo 24 ) ; %( B 7 B 45 £ ( potential of
hydrogen, pH) 11 ( #1-5 . PB-10) & ALk 5 HL {37 (oxi-
dation-Reduction Potential, ORP) Hi ¥ ( & 5. PY-
TO ) W) T 1& [ Sartorius 23 7] ; HL #APE I B 52 48 (3L
5 :DHP-9052) I - b1 —fE R} 22 A g5 A FR A 7 5 2]
EYOCE B (25 DMIL) Il T8 & Leica 23w ;
R L Y5 (28455 - CTP-2000K ) iy Rk g 5 E 4 Jox A
FE B 45 B TR S 5 T A s R ARk (B
P6021) (i RSk (5. POOISA ) (H 77 i s (Y
5 :MSO 5104) W5 T35 [E Tektronix 2\ H o

S5 T A 2 T e A SR R A
FARG R BB A AR, WL 1 PR, SRR A
SR B AR R — NS HAR 8 mm K 180 mm BEJE
1 mm YRS A SRS, M BEAA — A AR 6

mm P, Tl A TAE AR CTAERER N &
D)o BEBEEN—TER2 mm K 250 mm [F# 4
TERIANGE Y, Ha i R s B R e il 5 A 0
PR R o R A S R R, T
Uity 5 45 B TR S R I AR BE 5 mm, 3 R AR O —
B2 mm K 150 mm i ¥, IF B 240 A AL B
b 38 BCAT HE R Sk A e R R Sk OB R B AR
DUAS FE YR 5 F R B2 2R 3.6 KV L R W
170 mA DL A2y 4 38 kHz, LK 1,

1.3 KERMHES5HS4AE K10 ml LK
(deionized water, DW ) & T [z i 28 1 | S8 B {4 3
BEWEOE TR 30 mm &b, TAESE RS,
SARTLE R 40 L/h; 2 Fe R 98 OR TR, 25 7E
o HLR 5 7K T 22 TR0 R A B TR (BT 1)
JCHL 15 min B SRASAEX N B[R] () PAW, F BSP 43
5 DW PAW FE531R &, il 25 B BE hy 4% By PR
IRAE. DW PAW K W FhIR & % W o Bl e 5
CBM,,, LA 100 = 1 Y He ) 78 4 v i, It A% == CMCS,
=% 5 min, ) 1 500 r/min {433 2.0 5 min TR,
FRAG T I 5T (0 DU AR BEIE o o DO T 7K 56 M 4 B
ZH RS % 43 K VU 2H - DW-CBM,,,-CMCS 7K ¢ Ji% 40
(H 41) .PAW-CBM,,,-CMCS 7K &¢Ik (PAH) 41 .DW-
BSP-CBM,,,-CMCS 7K #E i ( BSPH ) 2, PAW-BSP-
CBM,,,-CMCS 7k #Efi (PA/BSPH) 4,
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Fig.1 Schematic diagram of the working principle of the plasma generation device
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1.4 KERKKEFMAZESELE HRIUKERK
WG Bt (m,) BT 5 mL EP 48 ) BoKBERS A 37
C L AE RIS IR N, B B8 — BB R PRI i, B
IKEERE AN AR AL e A T (my ), SRR
(%) = (mo —-m, )/mo x 100% ., % FH 32 [ B4 AH i
P34x (ASTM ) £96/E96M-24 7K 12 6 ] 7K 7% <385 1
Fo BB ToKERRIEAE O 0 5N 16
mm)3/4 b NS — 220, % H PU %+,
T mL KBRS IRRAE B IFFRE (m,) , ¥4
anCEAETE IR R AR 7 d BU, BT (m, ), K
HABENF[g/(m* ~d)] =(m, —m,) /(1 xA) (1:
REGA IR

1.5 #J H,0, #1NO; &8 H# 600 pL /KEEME
FE T 96 LAl ImAZli Kz 1 h, 3 0.22 pm
JEE T 25 B AR, SR T H,0, R ) & K — AL A
o ) 6 38 3 A (S 2, W)t Ty 9 e PR U
BAE.

1.6 #®il - OH #1'0, &8 X LAY [ e sl
$E57) DMPO 57 F1 TEMP 2571 45 4 ESR X 7K ¥ i
HEATHLIN . DMPO ] 5 45 85 A ™ £ /Y - OH
SN A B DMPO-OH, F ESR i 5] Ry tb oy 1
2:2: 1 {y U E I, TEMP 5 '0, X B A4 A
TEMPO * , H: ESR ¥[8 s b 101 0 1 =1
e, I _EARARAE R A X - OH A O, MEA7 /e 147
Bro Hob ,DW 3R ESR i &35 2R R 5L B HAE
R BT

1.7 #&i pH (&0 ORP {8 /K EEE Y R 1 15
pH T i 5 AL 5 R # B R IR T ORP B A 45
BIREE AR, 25 R W TE pH 1+ iR

1.8 #E=XI

1.8.1 BRI S. aureus 697 A 2R AT
B FTALIE I B BB 5, B 2 mL S. aureus (1. 34 x
107 CFU/mL) B2 803 I 5] 200 mL [ 7 1% 37 3
RAT, W& AR L, ¥k R BN 6 mm
f(IREFL, ¥ H 41 . PAH 41 . BSPH 41}z PA/BSPH 41
IKEEIE 53 L 200 WL Jin A7 FL A, AR 3 A
PATHEA . WG REFRR # 2 37 CHERIG FR 48
HUREE 24 h 38 AL DR A IR A Im-
age J 3P AT A RE ELAR

1.8.2 NE@BAmBBE T ERE KA LIVE/
DEAD™ BacLight"™ 41 1 1 5 9 )6 Y €2 3 57 &0 462 1
S. aureus MG AR . #F 50 pL ML P BE ( propidi-
um lTodide, P XFINE] 1 mL 835 K E G 12 42015

TR 4 W CO R A BR A B TR VR ( R Sl /KR T Y R A
RIBAPERTRE) SRS AR E R T AR EE 15 min,
ZJ5 M PBS e LSk RN Y A L Y 4 L
THTER A MR B IR 5, ) B s R i 4
JEEMGR , UGB 485 ~ 630 nm,

1.9 ZApascie

1.9.1 #&z#m K ISO/EN10993-12 #i 22,
4 H 4 \PAH 41 \BSPH 4 fl PA/BSPH 41 7K ¥ I 43
JIHL0. 1g 5 DMEM Ri 5 5085), 3 0. 22 wm B,
il 100 mg/mL IR F2 .

1.9.2 CCK-8 skt oAbt /NEUSET 4E 40 Y
PR 755 Fl DMEM 58 4368 3% 2 56 B K e, %
ANH AT 96 FLAR (1 x 10°/4L) 5557 12 h, FR 40
BEJG , W s AR 5L, A A 100 WL 32 3239, R H
DMEM $5 32308 R BAPE X IR, AR i i 3 AN AL,
B:3%12 h Jg, in A CCK-8 i 7, B 3= 4 h i & 40
min , ) ARSI 2 450 nm K WOGEE(E
1.9.3 @R EBIF~EG &AL LA
FC 5278 6 FLARJICHR Y B Ry 10 T [ B A5 )
—FH (0.5 ~1 em) WKFEFEATL (B ED 3
%) s B AR F 6 fLAR (50 J5/4L) , BT 5% CO,
BEFRAR 24 h, B T LSRN T B Ik 95% B,
10 WL 8o A Sk o 1 T broc 4k A9 3l 4 2 4] 2 41 il
J& B A AR 5P AT AR 2 1 X ARIE X, TR
FERGFRU , MR FE 5 47 HIFE 0 .24 h i, 7E 2
e T AR X AR, il 1 Image J 440 1 )
IR A AR

1.10 S4B Frga8dE i Origin2021 pro
TR HT IR SERE A 3 IR, LR R Y
FAFBIME = b2 (v = 5) F7n, 24500 LR
PP T 250 BT, 4118 9 HL 48 SR ) Tukey #6555
PP <0.05 hESAGI L.

2 HR

2.1 KERKRAKEMAZRELIRERN S HA
FHELAS : PAH 4R K R, 22 7 LG FE X
BSPH 2 #l PA/BSPH 41 2 K 2SR, 22 R A G it
2 X (P <0.05) ;5 BSPH #14] %5, PA/BSPH 44
IKRERTGIFE X 5 H A M s, PAH 4K
KBS RAIL, 25 5 TS24 3 3L BSPH 41 /il
PA/BSPH 417K 78 S i R FEAR, 22 7 A Geit2r X
(P<0.05). ‘5 BSPH 2041 Fb%¢, PA/BSPH 417k 3%
KB RERTGI B W2,
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Fig.2 Comparison of water loss rate ( A) and water vapor transmission rate (B) in four groups of hydrogels

a: H group; b: PAH group; ¢: BSPH group; d: PA/BSPH group; #P <0.05 vs H group; * P <0. 05 vs PAH group.
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Fig.3 Comparison of ORP value (A) and pH value (B) in four hydrogel groups

a: H group; b: PAH group; ¢: BSPH group; d: PA/BSPH group; *P <0. 05 vs H group; * P <0.05 vs PAH group; “P <0.05 vs BSPH group.

2.2 MZKERA) ORP #1 pH 24 5 H 4140
%5 : PAH 201 PA/BSPH 41 (%) ORP {3 & , 25 A
Yiite# 7 X (P <0.05) ; BSPH 41 ORP {H[&{%, 24 5
Agit X (P <0.05), 5 PAH ZHLLAL, PA/
BSPH 4] ORP fH ¥k, ZR A G #E L (P <
0.05) . 4, A KEERE Y pH {EAH LA, 22 5%
GiiteEE L. WK 3,

2.3 #7l-OH 'O, &8 SHLMIL:HA
F1 BSPH 41T - OH 1y ESR [BI3%4% R ) 9004 5 Lt
12201 WU, KU H 4181 BSPH 1A%
4 - OH;PAH 41 F1 PA/BSPH 41¢F - OH [y ESR
RS MBI m R 1 2222 1 (U EIE, KB H
4 F11 BSPH 4144 - OH; H 41 .PAH 4 .BSPH 41 I
PA/BSPH 4156 F'0, (1) ESR [l Lk FeA 022 31, 3¢
B DU KBEEIEA &40, WK 4,

2.4 #i H,0, 1 NO, &2 5 H 4%

PAH 411 PA/BSPH 41y H,0, &t e, Z 9465
128 X (P <0.05) ;BSPH 41 H,0, &2 %145
iR X, 5 PAH 4iAHIL %, PA/BSPH 44 H,0, &
IR, ZR A S E (P <0.05); 7540, U4
IKEERCHY NO, &l Lbig, 25 Rgiit#m L. W
K5,

2.5 JKEERRXT S. aureus HIER  SHMEXT R
AR LA H 2 S BB T 20 €8 9 Ol 1 TGt 35 22 901
BSPH Z[£1 5,5 5 s W 5 /1> PAH 2f1 F1 PA/BSPH 41
B — R BB OIS . H AMEEER N
JRATFL AR, TTHUR AR s 5 H 4148 L #%: BSPH 41
TR B B A% 25 55124 3 PAH 41 F1 PA/BSPH
AWM E B HR N, 25 A8 FE L (P <
0.05), H PAH 415 PA/BSPH 41 [ 3 1 8 1 1241 Lt
B, EFIGIE L WE T,

2.6 KERWEMREMETMN SHTEX A
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Fig.4 Qualitative comparison of + OH (A) and 'O, (B) in four hydrogel groups

a: H group; b: PAH group; c¢: BSPH group; d: PA/BSPH group; e: Baseline was acquired with DW as a negative control.
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Fig.5 Comparison of H,O, concentrations (A) and NO, concentrations (B) in four groups of hydrogels

a: H group; b: PAH group; ¢: BSPH group; d: PA/BSPH group; *P <0. 05 vs H group; * P <0. 05 vs PAH group; “P <0.05 vs BSPH group.

6 S.aureus £HIRK PI L BRI BMBH

Fig.6 Fluorescence micrograph of Pl-stained S. aureus biofilm

a: H group; b: PAH group; c¢: BSPH group; d: PA/BSPH group; e: DW as a negative control; Scale bar: 100 wm; *P <0.05 vs H group; * P

<0. 05 vs PAH group; “P <0. 05 vs BSPH group.
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Fig.7 The effects of four groups of hydrogels on the antibacterial activity against S. aureus

A: Photographs of the zones of inhibition formed around the hydrogels after incubation; Scale bar; 10 mm; B: Zone of inhibition against S. aureus;

a: H group; b: PAH group; c¢: BSPH group; d: PA/BSPH group; #P <0.05 vs H group; * P <0.05 vs PAH group; “P <0. 05 vs BSPH group.

LR, HO A 0 40 B A7 05 R 25 R0 41T 2# & X, PAH
A MLAF G R E R, 22 A Gt (P <
0.05) ; BSPH 41 #1 PA/BSPH 41 (1) 21 Jfl 4715 % 1 &
B, 22 AR L (P <0.05) . WLA8,

140

T T
1 1

120

100 |

.
|_

80 I

s b

60

Cell viability (%)

40t

20

e a b c d

E 8 MAKERRT L929 fHATFE R0
Fig.8 The effects of four groups of hydrogels
on the viability of 1.929 cells
a: H group; b: PAH group; c¢: BSPH group; d: PA/BSPH group;
e: DMEM medium was used as a negative control; *P <0. 05 vs H group;
* P <0.05 vs PAH group; YP <0.05 vs BSPH group; 2 P <0.05 vs

negative control group.

2.7 KERITAIGIE GEBEENMEmM S
X RRZ % . H 41 . BSPH 4 F1 PA/BSPH 41 41 fitd 1T
BRe g, ERA G F R L (P <0.05) ,PAH 4
TR RE I PEMG, ZZ R A ST L (P <0.05) 5
5 PA/BSPH 2 A Fb 4, H 41 . BSPH 41 41l Jifg 1T %
JIREAR, Z R A G2 E L (P <0.05) . WK 9,

3 g

YR SR YL S O G R T T Y ()

L, AT 5T R P 45 B 7 A B e L ol 4% th PAW, i
4k 4 BSP ., CBM,,, Fll CMCS 41 539 780 7K ¢ i B0k
(PA/BSPH) 25 25 H BLAL 14 B8 L T T 3 14 A JT 3K
R RIS pH EECIL @G L S &
SHVE, BRPERR B T A T AN A . DU KO
& pH {HHAAL T 4 ~ 6 AORER 1 BORE, A5 IEH K
JER BRI AR AL, XoF B Mk TG SR e , 30 AT [ AU 400 1
I A B R T A Al PR 11 Bkt pH (TR
IEEIE PR 7K 1 BB 52 30 45 L B BSP (15| A

ST K BERSBIKEE T o A OCHIFSE S B R PR IEA FiE
BB, QI K FE A it R AE 2 000 ~2 500 g/ (m?
o d) Z ) R ES  ASBF ST o, BSPH 41 fil PA/BSPH

LK BRI 17K 78338 5 R AE ILYE BB A, AT AR IE £
155 BRI B) G B 0 SRS He , DR 1 L A R
WA 10 B K, 4 e B AT
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Fig.9 The effects of four groups of hydrogels on the proliferation and migration of 1929 cells

A; Optical microscopy images showing fibroblast migration and coverage 24 h after the treatment of hydrogels; Scale bar: 100 wm; B: Migration rate
of 1929 cells 24 h after the treatment of hydrogels; a: H group; b: PAH group; c¢: BSPH group; d: PA/BSPH group; e: DMEM medium was used as

a negative control; P <0.05 vs H group; * P <0.05 vs PAH group; ¥P <0. 05 vs BSPH group; “ P <0. 05 s negative control group.

I, BSPH 41 Al PA/BSPH £H /K % i 58 35 A2 I PR
T3 FIBYT I 7K BE Ok, B2 (R ) BRI BB K

FHOCHF TP B <55 B IR FIK o F s kA —
RN, 15 PAW 7= Az 3 M I, o 24045
FeE M my K B am g YY) i H,0, FG) o il e
PEZ M A S E R - OHY | =5 585 4 4
TR 2 v R SR ) Pl e R A0 B R ) R o T2
1, AL B R R 23 T 5 IR T 40 i 4 A g
P, 3 B T RR A R R 1 R AR A B R
LA R

DR K BRI 1 R TR BIL AR, O 20 7K B I )
K A T S A K S. aureus HT B SC I
ZE W] PAH 41 fil PA/BSPH 41 /K 881 Al & A
H,0, F1 - OH X R & PE Y 5T, Bt AR T 41 147 45
P AE AN P ST 7E S A e N S K B 2 5
IR BR AR . H 4R BSPH 41K BEEAS & A
XEVE P T, Br ATChU A AR R s Horh BSPH ZH 7K 5
JE A0 TR G R A B A, nTRE R A BSP PR 28 &
BLREIRYI T, T AR S T AN A0S . BRILZ A0,
ORP {5 , S AL RE 1 B, vT DAA RO IR AR P st

RIEREVER  PAH 21 F1 PA/BSPH 41 7K %6 2 (1
ORP M & &5 F H 4151 BSPH 41 /K, Bk &
PAH ZH 1 PA/BSPH 21 7K #5380 2o 8 AL AL i) A R
S. aureus #H Y 5, 17 PA/BSPH 2H 7K ¥ I 1% ORP {H
/NTF PAH A17KEERE U AT BB h BSP HT S8 AL 1 BB Vs
BT ORP ff7AE

fdi /) CCK-8 74 347 200 1t 35 P 52 95 PP Ak 7K 3 I
f A2 A 25 R R PAH ZH /K B AT 20 i
BPE ARG AW E 2 X2 AT REE o PAH 41
TKEERE TG PR o o o v 1 A R, BT
2 3 mIRAE s R, BIVRE PAHL ZH K BERG A R
GFRRBAROR , WIS SR A 45 F 8ok, PA/BSPH
K EERE WAL ELA A2 4, HAE 20 i X R K
g R AT RS RE U7 BT PA/BSPH 41 /K
e H,0, . - OH & & F1 ORP {5 %Ik T PAH 2H /K
HEE , PR HE I BSP AR AR AT A LR, A R AIR
TOKBERE TG YY) UK T BR T PAW X 4 A )
SRR T E R T A R
BEE T2 S 58 S5 R 7 AR AR E D . RSN SR B 45
w1260 PA/BSPH 21 7K 8 1 78 S8R e v K18 1 Jak
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PeMEBI NG YT 77 T EA VLRI R R AN A

25 LT AR I & T —FP I R PAW
Pr[F] BSP 19 7K 5 i ( PA/BSPH ) | HC 5 A7 1R Bl 14 i
o R PER GBS MR Y AP RE B T T A B4
(O AR R 1 o KBS AE RSN AN 5
6 v B R S 0 AR 2 s R RN AR 45 1 A Y R
H1o JEEETT PA/BSPH 7K 5 i of o Ath 20 1 Fn 41
(AR N PR € e S VAN e P B g =
PR B E AR BB BR B8 TRk, R AN
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Antibacterial properties and compatibility of plasma-activated

water/bletilla striata polysaccharide composite hydrogel
Ren Wenxue', Cheng Cheng’, Han Wei’, Liu Taofeng®
('The First Clinical Medical College of Anhui University of Chinese Medicine, Hefei 230001 ;
*Institute of Plasma Physics, Institute of Health and Medical Technology, Hefei Institutes
of Physical Science, Chinese Academy of Sciences, Hefei 230031; *Dept of Dermatology,
The First Affiliated Hospital of Anhui University of Chinese Medicine, Hefei 230001 )

Abstract Objective To investigate the antibacterial properties and biocompatibility of a novel hydrogel fabricated
by integrating plasma-activated water (PAW ) and bletilla striata polysaccharide ( BSP). Methods The experi-
ments were carried out by dividing the hydrogels into four groups based on their compositions; the deionized water
(DW) -Carbomer 940 ( CBM,,, ) -carboxymethyl chitosan (CMCS) hydrogel group (H group), the PAW-CBM,,,-
CMCS hydrogel (PAH) group, the DW-BSP-CBM,,,-CMCS hydrogel ( BSPH) group, and the PAW-BSP-CBM,,,-
CMCS hydrogel (PA/BSPH) group. Physical properties of the hydrogels were evaluated by testing water loss rate
and water vapor transmission rate. The content of active substances was determined using a microplate reader and
an electron spin resonance spectrometer (ESR). The pH and ORP values were measured using a pH meter and an
oxidation-reduction potential (ORP) electrode. The antibacterial mechanism was elucidated by analyzing the integ-
rity of bacterial biofilms. Antibacterial activity was evaluated via the zone of inhibition assay. Cytotoxicity testing
was performed using the cell counting kit-8 (CCK-8) assay, and combined with the cell scratch assay, to collec-
tively evaluate the effects of the hydrogel on cellular biocompatibility and migration ability. Results The water loss
rate and water vapor transmission rate of PA/BSPH hydrogel were (32.3 +2.3)% and (2228.2 +181.1) g/(m’
+d). Compared with the H group hydrogel, the contents of hydrogen peroxide ( H,0,) and hydroxyl radicals
( -+ OH) in PAH and PA/BSPH groups significantly increased (P <0.05), and the diameters of inhibition zones
significantly enlarged (P <0.05). The cell viability in PAH group significantly decreased (P <0.05). The PA/
BSPH group showed non-toxicity and a higher cell migration rate (P <0.05). Conclusion The antibacterial
mechanism of the PA/BSPH hydrogel relies on the reactive species H,0, and + OH in PAW. The incorporation of
BSP enhances the water retention and breathability of the wound dressing while significantly reducing the cytotoxici-
ty of PAW. This modification endows the hydrogel with improved biocompatibility and promotes cell proliferation.
The PA/BSPH hydrogel demonstrates clinical potential by offering a novel therapeutic strategy for chronic infected
wound management.

Key words plasma-activated water; bletilla striata polysaccharide ; hydrogel ; wound healing; antimicrobial ; cyto-
toxicity
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