Research Papers FiiEkik=y

0) )L S i R
Progress in Biochemistry and Biophysics
' '12026,53(6);16994711

www.pibb.ac.cn
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E T RERIMERIPHRETHEIMAR

HO#F x| A IR— % EAZ OEFHE”
(FEHPERE FR R 5E, st 100850)

HWE B eSS RO G S (reactive oxygen species, ROS) i EEEFE| L EALN i, VEWIIEIFHZ %
SEGRIR N S EITI T, BRI — R R, AR B A TR 2 B RRL (polydopamine nanoparticles,
PDANPs) (1 ROS Wl i BUZKEERE , At e s ittt P A0 A e ek S e R DRI T . 25 2s G v 3% iAo IRl R, it
IARAMETR R G5 PTAk 2K BEIE 1) ROS M B 25 etk M Ak . iR S P Ve T, S sl i 53 47 1) S s S A0 1) 3R 9 7 29
Hehtlt, FHiE RMEAL A RA B k] % PDANPs, B 00T 1 NT-(4-0007N 55 ) -N3- (4-1 5 1,N1,N3,N3- 4 L
$¢-1,3- 4% (N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-tetramethylpropane-1, 3-diaminium, TSPBA) FI}RZ
J#ilE (polyvinyl alcohol, PVA) ZZIKTI ALY ROS M RUKEEE H o il ad WA ST . Zeta FRALAHT . HIGHE T BA0EE . B9
FL - S0 Bl B B I R (A RN 3R 2 L e g R O BOK BERE TS . ) MEfig S ROS W i B2 ek . AR RS LLHT22 MR 8T R
MR, fEBh CCK-8. IEAEANMuY e (live/dead cell staining) SZYGYGTEA: YA, A H 40 A AR 25 /42 S8 AR (oxygen-
glucose deprivation/reoxygenation, OGD/R) Tl /KEENE ROS IEBR MM LTI T AR, 256 sy ta , il sk ormve
& B R A HE W (reverse transcription quantitative real-time polymerase chain reaction, RT-qPCR) % Transwell 255 3%,
PRI HT BV-2 /NS0T 48 AR A6 10 IR 428 I (B B2 R AP 5B . 46 5R il 4511 PDA NPs b A3 — HAly 0 il A3k OE 9 oK k.,
WE BB MRAETE S E L rERE . T4 0 5128 PDA NPs ) ROS Wi i BRI K BERE , 778 ROS & 4E B A 52 Hr i i ROS Jf:
BEHPDANPs, HEIBIL R AIMERE . ARSI ES SRR, K BRI v A7 550 B i 470 OGD/R AR HY it it A=
MROS, WFMEIHEITMT, [FIFFREA L IE /N BT AR 10 5048 M2 SRAIB AL, 1IN 25 R R IG TR IA R rh 2 i 22T
BUPHT K. 518 AW Al A& B vl i B A% 7 2% PDA NPs 1Y ROS Wi i RIKBERR , 120 BT 7E ROS B SR Hh i iy
it PDANPs, FfEEML B LrERE, I AT LR /N AR A . 6190 S, i B e -Ho R MR SR ms S 1l 3
PRSI 2RI RO o 2K BRI 3R 2o U e 55 26 )3 PR A ) 1) Sk AR TR S et o Ay W ke ot 53 47 1) S R SR T 7 B8
FE T EEESI Al

XgEE  IEPEEIIRN RDKEER, RN, BRI, i
FESES Q819, R743.3, R651.1+5 DOI: 10.3724/j.pibb.2026.0094 CSTR: 32369.14.pibb.20260094

BRI Bk A= (ischemic stroke, IS) 58145 FHAZE (interleukin, IL) -1p %542 4 41 A ¥ 1F 2
PEMN 5145 (traumatic brain injury, TBI) 25 ik £ IR RIEHIE N >, BJSER R . AR %
PRI BRIAY TR AR, e aisse A AR T E B IR Tl A, Moo
RERAITITEL, BOUR AR, BE My erkeges T IARITR, UL R ITIE R b2 e
BB 1 3 B 2 — L HOR kR g P B i s L 1 5. HETHIE RIG T mImAR R APk . — 5
W 11 B R AR T RERE S, TETEA IS (reactive  » hERHEAIFT2030-F AT H (20212D0201600, 2021ZD0201604)
oxygen species, ROS) b, Al bk 41 5 “j% e
E‘*zéﬁiﬂﬁ{%”ﬂ ’ dﬂﬁ?ﬁéﬂﬂﬂﬁﬂﬁ*ﬁ’pﬁjﬂ M1 A ’ *§ Tel: OI] 0—6/6;31;77, E-mail: wey2000 zm@163.com
HUMREAE N T o (tumor necrosis factor-a, TNF-a) . Wk A 2026-02-26, 157 A0 : 2026-05-14




<1700~ EMUEEEYIEER

Prog. Biochem. Biophys. 2026; 53 (6)

R G 2P A AR BT 25 DY Il 57 B (blood
brain barrier, BBB) #3241 S EUR AR E A 2
1 AP JE G M W 5 53— 7 T JC I 7E ROS I
T PR HEREZY , W ICiE A TR A Sh 2k T,
KWl o T T g . ik, 3T
1S S8 Jiki 458 43 952 9 140 Tl B 455 Wi 17 2Rk S 3 7 N e 5
K, MRZFFY HE RE IR ROS {5 5 44 75 P R R 42 1)
BreE R, DA B RSN R
% A AT ROS 3 . SRAETOR . P& g st 245
B SR o F LR AR AT 5 | n] A A AR
2, S P R O B | e 5 I T T A
M CEEER T . I, ABFRBERRAARS M AR A
Ykt BHHTEA . BT T A R R T B A R
AT RGN, DIHREAE XS 5 220 FHAE YA BRAY T
SAEAH SRR M5 P 4 HE rT SR A

VARSI, RIS ROS i 13 1 7K 58 s 16 A= 1)
BR AN ARz T HOKBERR B AR 25 A
R R TR 0 B 46 T 45 ROS M [ PE3E ], AT7E - OH,
H,0, 85 H E L) T+ 10~100 pmol/L 7 Fel P T K
L Skl ORI P FESERTIESE TP E R
S — M TR SR (carboxymethyl
chitosan, CMCS) HY% & Z TihE ROS M i i 43
TR BRI AT LU L TE B A H A HE e 5 1
G0 CAMCHIRRY], SCHGRINT-(4-0 K 5)
-N3-(4-BIAE ) -N1,N1,N3,N3- U F BE R - 1,3- 5%
(N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1,N1,
N3,N3-tetramethylpropane-1, 3-diaminium, TSPBA)
53R )% (polyvinyl alcohol, PVA) & R LA
TSPBA Y ROS U, 768 #1800 LA
FE T Ko K R A 18 52 0 a] DL s AT A e
ROS BRI TS, TR ROS I EHEHTRAVE .

RZ UM (polydopamine, PDA) J&—F il
AIAORATRL, DR 5 A A AR 2 1 R 2 A BT
AALVERBTTZ BN 2 7. PDA 73 T4t e &
KSR "Wy, FeH A BEHE .. SRS FEE K
IELLAMEIRE A T, TR B 10
JIE T SRR e e, Ah, PDAREAGINY
AN BT R AR S A RE J7, P AR/ Ve 5 240 L A
PR 5 1 ML R [ BT 58 (1) M2 BUREAR | R 5 G e 1y
YERT, XX T80 bl 28 98 0 RN 3 b 2848 52 22 OC
R

i b, RERZEMYIKERL (polydopamine
nano-particles, PDA NPs) 1 TSPBA-PVA %t ROS

Wil 7 754 7K B J A A ) I 2 4 357 e B s g FH v
71, {6 PDA NPs 5 TSPBA-PVA 3l 45 A4/ 22 5k ¥
A I BB 55 RO R I BT R - BT R
DI R R 1 AR LA . EF X AR 45 ROS & AR 1Y
RGNS, ABFST R 171 2 PDA NPs (1) TSPBA-
PVA 2 ROS i Ji %1 7] 3 5 K BEHE - (polydopamine/
hydrogel, PDA/Gel), #|H] TSPBA (1) 2 KL il i
R 5 ROS F 5714 W7 %24 52 91 PDA NPs #4275 BERIL,
KM 16 BRRASTAL . ABFFE AT RAE T 1% KB
R Z B ROS W R 14 . Pttt . AW AH A A mT
TEHHE, 28 T B — PDA 25 24 {5 = 5 kb 30 1) 2 |
DL SR 25 T R i SR PR, 3E A ROSS i) i 14
SR PDA NPs 7 Sl i 53 97 X 1) 42 75 3 2% 5 05 458
FE, (RIS Bl KB A AR AR T+ K AU 1 Jry S i P
SAEYRRE . WA, TEARSM SR P IESE T
K RS AE S5 KL A R B8 R S 1 il B 5 % 7 ROS T
AN i il ok G A E SRS U2 s ko s K (B
Sk R L4349 %) (S G o T TR L OB A e %
Mg, Ak PDA A WIE M RHE PR Bl 2 R G
P R B2 T Ry PR AL T SR

1 #REFE

1.1 #F#
1.1.1 4 &R

ARSI BT /N B e oA &R (HT22 41
JiL) W H S DG E A R A BRA ], RV
AR (BV-2400) W [ WL dRan iRl A
PR
1.1.2 BRI SFEM

4-(TRW B ) ZEWImR . N, N-— F 3 B e |
N, N, N', N'- PO B k-1, 3-P9 e A PO &0k i i) [ 1
W22 M A R I A BRA ] s shiRZ . &
it AR (72 ku, 98%ZlfE) W[ L ikEkTHE
THAARHE R A RAF; 1 kuifEthds, i8S
Er TR A R H ST BR AR AR T &R
ALY AL (superoxide dismutase, SOD) {f
PER M & A AL B ER AR A
HT22 40 i 58 215 7230 A iR DS 58 A4 arBHE A
BN s BV-2 4 5 4 85 35 3L W [ #7710 55 AR 40 it
BHEA R A A 0.25% A (Gibeo) W A db 5K
HE LR AR ;. TUNELH &0 E e 5l
MEREAE IR A FRA R FIrA Btk [ Abcam

NG
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1.2 Ak
1.2.1  JKBERAH A

FERRME ST, SRS B R G 07 il a5
PDANPs: H(2.5 mlZK . 40 ml ZF#H190 ml 2% &
TR, BEFE30 minIR G35 B M _LRIR A%
WP A 50 mg YRR Z LU FE [ v 24 h, Bl
T 1 ku YBT3 do

ZZWE ) TSPBA il £« 1€ 60°CIZE T, #%
0.5 g 4-(JH L) ZRANAER 73 HLE) 10 ml A9 N,N-—H
J HH P e PRV o BEJS A 800 wl N, N, N,
N'-PU T EE-1, 3- N e, (HH R B . A FH O &
WRIRYE VR 3 WG, Bas T RBRAR A 10 15 21
A TSPBA. ¥l 4[4 TSPBA %t T 25 55 F Kk th
REI2% (s E st MsCBFRIA R

I EARE A PDAYEW 20 ml (MR 100 mg/L),
] AR A 1 g 9 PVA 7E 90°CHI & F IR &
B E| PVA M R 25 %, 193] % 4 PDA NPs 1y
PVA ¥ . 5 Jm BUSE AR B % TSPBA Hil 5 41 PDA
NPs 1) PVA S FEIR G, ROS M i B 7K & e BT
AR
1.2.2  GORIURR) FRAE

K #H 7 B B8 (scanning electron
microscope, SEM) (f#[E ZEISS Gemini SEM 300)
WX PDA NPs JE 50 U2 1 mg 40 K ik 43 1 T
2 ml oK Z B, #5 5~10 min, HUS5~10 pl B
THREF KT, W4 30~60s )5, H25TFRENE.
4 PDA NPs 28 £ B 7 73 BUS T T4 ), 3 e
THE, RSB BT B (transmission electron
microscope, TEM) HH 37 5% 2 XL 2 JHL P 30 faf 0L 45
F o SR JH 9N KRLE B Zeta B A3 AT AL, BX 1 mg
PDA NPs 7388 T 10 mlEZE/K , #8715 min il 35
W, VLah & B %t (dynamic light scattering,
DLS) £z (25°C, EHE 3) lkife . ELSHIZ
(25°C, HEHE3W) Ml Zeta v, X35 A it
B A . R AL . 72 B RN R &
SOD & PRI AR &, 2156 B 5410 PDA NPs 11y
ROS ¥ bR TR B8 o B 44 K J50R I il i 50, 100,
200 mg/L B HE R, s Al BHEEXT IR, 4
J) 8 3k 7 R & B N U FE L 7E 405, 536,
560 nm AN, e A qi o 2 BE bR AE T
ok,
1.2.3  JKEERLFRAE

IR BRIV VR T DR B S ab 38 5,
SEM AR R HEIE S . WAL (RN, HH

F) HEATIKBE I ) E] -S040 4, G DU Ay e A o
FFEA . W KEERIR T B A AN R it S Ak
A (20, 100, 200 1300 umol/L) ¥ PBS 2% ik
o, PR KR A ROS MR W1 . A S8 PDA NPs
() o B E i, BEC Al 0. 50, 100, 200, 400,
600 mg/L [) PDA NPs 5 #fE ¥ W, 78 £51F 3 K
300 nm AL GEWG GRS, mlbrE 2, fSEIZbE
[ 5 7 F£ 4 ¥=0.003 210X+0.328 7 (R2=0.999 5) ,
LB R 0~600 mg/Lo JEFizbrifeih gk, XFK
EE B2 T B RO B HE T, 1195 PDA NPs
1) ERRETIOR

1.2.4 4RGSR ) 5256

TE HT22 4 ffl 56 4> 4% 72 B vh 15 5% HT22 40 i,
FA AU RS 3R T 37°C . & 5% CO, B HIEE; 3548
W, A ARSI AR A S e 4 08 P A 1 X B A A BT R 4
Ji6L, A R /A 200 i 2 e S 50 T CCK-8 38 711 e A
HHEIE A7 o

CCK-8: 21 g %% B A 1x10%L i HT22 4 g
FEFF 96 FLAR . W BE 5 B 95 A [] v B 1Y) PDA
NPs ¥ FUK BERCR R, TERG AT E 24 he
Bijm, 4L 10 pl CCK-8 I, T
H4h, {IHEEARMYUAE 450 nm Ab i 5% A 4% FL IR T
.

T6/50 20 M Gy €0 S0 50 - 8 HT22 40 Jf LA 1.5%
10°/FL IR 2 BEHFP - 24 FLAR Y, WU 5 B 40K BE I
B, 7E CORG A IR 24 h F1 72 h 5 I AM/
PIYL(5,20 min, 2B
1.2.5 {RSPOGD/RIEHIfY 7~y

HT22 4 e 7E 24 FLAR Hp N BE J5 i 45 5%, JF
FHPBS A WIETE2~3 K. KI5, A TCHETC I i 1
DMEM #5555, 1F# 241 0 5 LG 3% 1 HT22 4 .
AbFEE () 240 LU T3 R 0.1% O, 5% CO, Il A,
ReEh (REYEFRAM), T4 h B bS5 1k
WA, AR, FIORRE SR 712K 100 mg/L
PDA NPs /K EERIZ P2, 4R2L155% 24 h,

1.2.6 Transwell 3557

3% 7% J VT Transwell /NE IR IE S, B PBS &b
BR BV-2 40 il . E £ KE  (lipopolysaccharide,
LPS) ¥ 0y BV-2 40l (BV2-M1) . PDA/Gel 4t
FHE BV2-M1 41 fd 43 51| 32 Fh 7E Transwell 1% 7 L1
Tz, SRIG R 2 oRE HT22 0 i Fh7E LS =
L SZER BV-2 40 AT HT22 4 s gs 4 Hms
A 12 h 5 TG /AL YL (4 F1 TUNEL Jufa, 1o
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1.2.7  HPESY

A 20 AR i PBS TR 2k, FH 4% 2R
P 4°C [ 5 30 min, JHPBS¥EH 3K, 5 min/ik., Fifi
J5, B 0.3% Y Triton X-100 5 538 15 40 if2 30 min,
FHPBS & it 3 ¥k (5 min/ik), #£37°C F
F 5B A A 60 min, B 7E 4°C T FPUARRR B
Wt 1 - 500 F R —HT (CD16/32, CD206) &
L. I PBSVERSS, H4iMiS 1« 500 7k
B —3% (Alexa Fluor® 488. Alexa Fluor® 568) %=
TRBOEEE 2 h, I DAPLATAIMIAZ I T YL (5,
FHROCHRE DI (Z8a]) WEMTHrIEE.
1.2.8 RT-qPCRAG 4 i AH O K -

1E 6 FL M P 42 FP BV-2 401 g 8x10°/4L, 435 H
PBS. LPS (1 mg/L) FILPS (1 mg/L) +PDA/Gel
(100 mg/L) AbFRZAMI 24 h, K Trizol A2 HLA |-

A MM E RNA, JERF SR A L cDNA, BEHIH
MmO 3- W R M A B (glyceraldehyde-3-
phosphatedehydrogenase, GAPDH) hHNZ, fiif]
SYBR®Premix Ex Taq™II it 57| & 7£ LightCycler 480
IIPCR A4S (FEEZIC) bkl s Sim 2t e
i R A W 4% [ Vi (reverse transcription quantitative
real-time polymerase chain reaction, RT-qPCR), i
Fl & & A2 ul cDNA, 2 ul5[# (1 umol/L) ., 10 pl
SYBREEE YR (2x) . 6 pl TR H,0, E N
BRI 20 plo WAPFATTR : 95°C30s, 95°C3's,
55°C 30's, 72°C 30's, 95°C 1 min, 55°C 30s, LA
J95°C 30 s, a2 ANEFR . dd i B A it 2k
PCR 2, Jf M PCR M SRAFAE S i CAH . fdi
2O AT IL-1B. TNF-a., IL-6 4 i A S A T
FIFIR FRBK- . SIMERTEILR 1.

Table 1 Primers used for RT-qPCR analysis

Gene Forward primer Reverse primer
GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
IL-1B TCGCAGCAGCACATCAACAAGAG AGGTCCACGGGAAAGACACAGG
TNF-a GCCACCACGCTCTTCTGTCTAC GGTTTGTGAGTGTGAGGGTCTGG
IL-6 CTTCTTGGGACTGATGCTGGTGAC AGGTCTGTTGGGAGTGGTATCCTC

1.3 Sit=4aHh

i F GraphPad Prism 10 % {F 7F 17 %046 kb #E
P2 [R] 22 S AR BC X ¢ K 3 1PAl, 224 sk
JHEAPRZ 7 229387 (ANOVA) , 45 B V- 345 +hr
22 RN . n=3 03k 3 AT B AR W) 5 2 S
P<0.05 FmBEAG 2 5

2 g B

2.1 PDA NPsi#l& 5 &4

AHBFSEE el £ 7 PDA NPs Jf-xf H B4k M fiE
HEFT T RAE . B R TR S T Ak L R G Tk
il & PDA AR, B3R Uk T 115 8 PDA NPs, i
ik SEM Al TEM MLEE 40 K Fohr i o 4544 (&l 1a),
R BN, 1451 PDA NPs b 20 B34 5 i 24—k
454, B PDA NPs (LT & B o RiAR o #r 4
RE W, PDA NPs (hi 424 (123.1£16.27) nm
(1 1b), 5 SEMZER—F, Zeta H A7 25
7N, PDA NPs 1) Zeta F1. 1/ 4 -18.52 mV (&l 1c),
FRHHEA RIFRoEt:, ik R A% S
o VERKEER %O BTGy, SRR T
ANE A BE (50, 100, 200 mg/L) f4Y PDA NPs Xif
O . -OHAIH,O,MiGEEREMN (Bl 1d). 458K,

PDA NPs i 7n T A a e tEne, HRCE R
B, %o*. -OH, H,0, iRz R W&,
HH7E 100 mg/L 44 F, PDA NPs X} O 415 % %
1K20%, -OHIERRFRIL40%, H,O,ERRFRIL53%.,
2.2 PDA/GelfI# &S5 RIE

ROS M i 74 7K ¢ Jist 56 TSPBA Fil PVA & & |
TSPBA H 9 2R S0 iR P 8 0T L5 ROS | Wz i & A
Wrsd, B A R gk ok, IR B R
FETG BB RS (K 2a) . it SEM EEK
e RIS 2L MeREs M (B 2b), — 7T
AH L0 A FLBR VR AR ORE F R, S0 — T
L FLEE R K T P85 R ROS Y322 fh T A, XoF BRBE
AR Ak o BE PR AR 2E AR R I, 7E 25°C A&
T, FEBTHER, KEERAERER R (G KT
FEALE (G "), 2 W 1125 7K 5 I 10 B I IE W (&
2¢). MEAL, BEAE ARG NN, KRR B % B R
%, RIH ORI EErE (Bl2d) . TERALSEAE
TR RS S g vh i — 2D B0 IE PDA/Gel 7EAN [R] ¥k
& H,0, (20, 100, 200 £1300 umol/L) ¥ ROS
W o, 455 @R, PDA/Gel T80 h N & ROS ik
A s B i 7 2% ) PDA NPs, 80 h J5 Bl
TRE, BIMPBEBEEANHEEE M (B 2e).
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15¢ 12+
d=(123.1%£16.27)nm -18.52 mV
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g0} 2 08f
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2 E
B o L
g 3 S 04
Z N
040 80 120 160 200 240 P I
diom P I R
Zeta potential/mV
(d)
- *E ol 100 | kK REAE 80+ Ehkk  kkkk
30 11 —r— 1 1
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40+ < 80F o |
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£ 30 2 60f !
§ z S 40t
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Fig.1 Preparation and characterization of PDA nanoparticles
(a) SEM and TEM images of PDA NPs. (b) Particle size analysis of the PDA NPs. (c) Zeta potential of PDA NPs. (d) Antioxidant capacity of PDA

NPs, n=3 for each group, data are presented as mean+standard deviation, **P<0.01, ***P<0.001, ****P<(0.000 1.

t—2 H DPPH i & PPN e b 4 PVAL - i o P
TSPBA-PVA 7K B i L K 11 28 PDA NPs [ 7 14 7K
HEE T ROS T BRAE J1 o 25 R W, Joma fy
PVA 7K B i TG B {2 i ROS 4 15 BRBE 71, i iy 1
TSPBA-PVA /KEEHE ROS T FRFH 16% (P<0.000 1),
Mk 7 PDA NPs fit] TSPBA-PVA 7K ¢ i g % 71 [
FELAETF ¥ Bt PDA, ROS %% K 37% (&
2f), B T25 TSPBA-PVA KEER (P<0.0001).
2.3 PDA/GelEF RIFHMAEMHEEMYE

R 5 3 LAY PDA NPs S256 1€ B2 IF 4/ PDA/
Gel AW % 4E, 15008 HT22 40 5 W] vk B2
PDA NPs %535 24 h, R CCK-8 146 1 41 it 1%

J1 (K 3a). 53R ER, 50 mg/L b B J5 40 7715
REEEZ85% (P<0.05), 100 mg/L PDA NPs b
J& LA TE 298 82% (P<0.05), 200 mg/L 414f
JL 3% O B & 67% 247 (P<0.001) , 3R Wi vk B
PDA NPs 2 i Z 1] 40 Hu 15 78

2 18 B K B AR 2 7P PDA NPs (1 52 PR Jic ik
FE S AR R e e —8, R A
[F] ¥ £ PDA NPs 7K BE i $2 9 5 HT22 4 e
724 hIf 04T CCK-8 4l (K13b), Z55R%EM, 5
XFRAAH I, 50 mg/L F1 100 mg/L 2H 40 i35 713476
2R, 1200 mg/L 44N MIE J1 R 2 74% e A
(P<0.01). 100 mg/L 205 50 mg/L £ 2 [a] 40 i 1% /1
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(a) (b)
(©) (d
500 - 10° -
L g3
400 .....-oooo.oooscooooo.oo't @ 10 .‘l“
& e S LYW
Z 3001 5500000000000000000000000000 E 10°F ‘%%AA
= AAAAAAAAA“‘AAAAAAA‘A‘AAA E‘ ..zAA
R s B 105} ¢
= AAAAAAAAAAAAAAAAAAAAAAAA § o Gel 'A‘
AAD Z .
> 'y
100F  »:G'Gel & :G'PDA/Gel 10°F 4 :PDA/Gel Ra,
o :G" Gel A :G" PDA/Gel
1 1 1 1 1 3 L M L M M|
0 05 10 15 20 25 % 1 10 100
#/min Shear rate/s™
(e ®
301 50
o—e 20 umol/L  =w—a :100 umol/L ks ok ok
il ]
= ol 200 pmol/L  ¥—¥ :300 umol/L 40 -
3 < :
° N
z & 2 30r
SE wr g
= > 20+
5 5 S
°% » ’ =
§ 10+
0 1 1 1 == |
50 100 150
t/h PVA Gel PDA/Gel

Fig.2 Preparation and characterization of ROS-responsive injectable hydrogels loaded with PDA

(a) Photograph of the hydrogel. (b) Scanning electron microscopy (SEM) image of the hydrogel. (¢) Storage modulus measurement of the hydrogel.

(d) Viscosity of the hydrogel at different shear rates. (¢) Cumulative release curves of the hydrogel in H,O, solutions of different concentrations over

time. (f) The hydrogel’s scavenging effect on reactive oxygen species, n=3 for each group, data are presented as meantstandard deviation, ****P<

0.000 1.

T RG22 57 . 454 5611 ¢ T ROS W Brake
fIBF5E, 100 mg/L PDA NPs %} O* . -OH F1 H.0:f)
T BRAR W T 50 mg/L 24, PRI A58 B 24 5%
I 100 mg/LAE R I 250 Bk i

FEMCEERE [, I TE AT AN e 6 S ik — 4
VN K EE RS A AR, ¥ 11280. 50, 100 mg/L
PDA NPs 7K BEIC i $2 7 5 HT22 4 il 245 5% 24 h
72 he PR BN, 100 mg/L 4 ZITAE IR
SEX AT 2ZS (Kl3c). PLESETRIES,
100 mg/L i) PDA/Gel H AT R 4F (040 i A= I AH 251

A S ARSI BR
2.4 PDA/Gel 7[5 OGD/R#EE fa fJROS FH iR )
AT

FEG | AR 2 TTA O R A B AE T R 28 R AT (R H)
BB, ROS R ZE AL A N R Z —.
RIIL, B3 B ROS T g2 3 /0 Bt 28 It 453 405 1)
RS, e T HT22 40 Y OGD/R K7 1),
BRI RAE A G, HE— P A e
(dihydroethidium, DHE) A5 I iak 71 & 4 il PDA/
Gel (Y ROSTEBRRES1 . WK 4a iR, Z/KEEE AT
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(a) sokok
1
*
1200 ns
[
100} oy |
xX
E 80
£ 60l
=
B 40r
&}
20
0 50 100 200
pl(mg-L™")
(©)

0 mg/L

Day! g

Day3

T REREMERIPETHEIMNAR -1705-
(b) o
ns
1
120F "ps s
i1
100 -
X -i- &
> 80r
£ 60f
>
T 40
&)
20+
0 50 100 200
pl(mg-L™")
100 mg/L

(a) Statistical analysis of the viability of HT22 cells cultured in different concentrations of PDA NPs solutions using the CCK-8 method, with »=3 in

each group. The data are presented as mean+standard deviation, ns not significant. (b) Statistical analysis of the viability of HT22 cells cultured in the

hydrogel extracts loaded with different concentrations of PDA NPs using the CCK-8 method, with n=3 in each group. The data are presented as mean+

standard deviation, ns not significant. (c) Representative images of live and dead cell staining of HT22 cells cultured in the PDA/Gel hydrogel extract,

red staining indicates dead cells, and green staining indicates live cells. *P<0.05, **P<0.01, ***P<0.001, ns: not significant.
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Fig. 5 The PDA/Gel hydrogel can promote the polarization of microglia to the anti-inflammatory M2 phenotype
(a) Representative images of CD16/32 immunofluorescence staining. (b) Representative images of CD206 immunofluorescence staining. (¢) RT-
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Abstract Objective Cerebral ischemic injury triggers a complex pathological cascade characterized by
excessive reactive oxygen species (ROS) accumulation, persistent oxidative stress, and sustained
neuroinflammation in the injured brain microenvironment. These events collectively drive mitochondrial
dysfunction, microglial overactivation, pro-inflammatory cytokine release, and progressive neuronal apoptosis,
ultimately leading to severe and irreversible neurological deficits. However, conventional therapeutic strategies
face critical limitations, including poor blood-brain barrier penetration, insufficient local drug concentration,
uncontrolled drug release, and off-target systemic side effects. To address this pathological process, we rationally
designed and fabricated an injectable ROS-responsive hydrogel loaded with polydopamine nanoparticles (PDA
NPs) for spatiotemporally controlled antioxidation, anti-inflammation, and neuroprotection in the ischemic injury
microenvironment. The present study aimed to systematically characterize the physicochemical properties, ROS-
responsive drug release behavior, biocompatibility, and neuroprotective efficacy of this composite hydrogel
system in vitro. Methods PDA NPs were fabricated via oxidative self-polymerization. The ROS-responsive
hydrogel was cross-linked using N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1,N1,N3,N3-tetramethylpropane-
1, 3-diaminium (TSPBA) and polyvinyl alcohol (PVA). Morphology, particle size, Zeta potential, and structure of
PDA NPs were characterized by dynamic light scattering (DLS), Zeta potential analysis, scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). Microstructure, rheological properties, shear-
thinning behavior, and ROS-triggered release profiles of the hydrogel were examined by SEM and rheometry.
Biocompatibility was evaluated using HT22 mouse hippocampal neurons with CCK-8 and live/dead staining. An
oxygen-glucose deprivation/reoxygenation (OGD/R) model was established to simulate ischemic injury in vitro.
ROS levels and neuronal apoptosis were detected by DHE staining and TUNEL assay. Microglial polarization and
pro-inflammatory cytokine expression were analyzed using immunofluorescence and RT-qPCR in BV-2
microglia. Transwell co-culture was used to verify the indirect neuroprotection mediated by modulated microglia.
Results Characterization results confirmed that the as-prepared PDA NPs were monodispersed spherical
nanoparticles with uniform diameter and negative surface potential, demonstrating favorable dispersibility and
robust ROS-scavenging activity. The TSPBA-PVA hydrogel exhibited a highly porous interconnected network,
suitable mechanical strength, and obvious shear-thinning behavior, supporting its application as an injectable
implant. More importantly, the hydrogel displayed typical ROS-responsive degradation and on-demand PDA NP
release in a ROS-concentration-dependent manner. /n vitro cellular experiments demonstrated that the PDA NP-
loaded hydrogel possessed excellent biocompatibility with HT22 cells. In the OGD/R model, the hydrogel
significantly reduced intracellular ROS accumulation and markedly suppressed neuronal apoptosis. Furthermore,
the composite hydrogel effectively redirected BV-2 microglia from the pro-inflammatory M1 toward the anti-
inflammatory M2 phenotypes, downregulated the expression of pro-inflammatory cytokines including TNF-a, IL-
1B, and IL-6, and reduced inflammatory damage. Transwell co-culture assays further validated that M2-polarized
microglia mediated by the hydrogel significantly enhanced the survival of OGD/R-injured HT22 neurons and
attenuated apoptosis. Conclusion In this study, we successfully developed a novel injectable ROS-responsive
hydrogel loaded with PDA NPs for synergistic antioxidative and anti-inflammatory neuroprotection. This
intelligent hydrogel system enables ROS-triggered on-demand release of PDA NPs, efficiently scavenges
excessive ROS, inhibits oxidative stress injury, modulates microglial polarization, and suppresses
neuroinflammation, thereby exerting robust neuroprotective effects in vitro. This biomaterial platform provides a
promising strategy for the targeted and controlled delivery of bioactive nanomaterials in the central nervous
system diseases and establishes a solid experimental foundation for the development of in situ injectable therapies
for ischemic brain injury.

Key words ROS-responsive  hydrogel, polydopamine, immune inflammatory microenvironment,
neuroprotection
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