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and its anti-ischemic brain injury
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Abstract: In this study, black phosphorus nanosheets (BP) were prepared by the ordinary liquid phase method,
and resveratrol was loaded on the BP after being modified by polyethylene glycol. The brain targeting of BP was
investigated by fluorescent protein labeling, and the effects of black phosphorus on cerebral ischemia/reperfusion
injury were studied by 2,3, 5-triphenyltetrazolium chloride (TTC) staining, neurobehavioral evaluation, and brain
edema. Protein immunoblotting analysis was used to explore the molecular mechanism of the BP drug delivery
system on ischemic brain injury. Hemolysis test and hematoxylin-eosin (H&E) staining were used to evaluate its
biocompatibility. The results showed that BP had excellent drug loading capacity, uniform drug loading system
structure and particle size, stable drug release curve, and excellent photothermal effect. Through the analysis and
comparison of fluorescence intensity, it was found that BP can increase the permeability of blood-brain barrier
(BBB) under the condition of near-infrared light assisted irradiation, and make drugs more pass through the BBB.
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In addition, the black phosphorus nano tablet drug delivery system can significantly improve the neurobehavioral

disorder of mice after modeling, and the cerebral infarction area and brain edema degree are significantly decreased.

Western blot experiments showed that the drug delivery system could play an anti-ischemic brain injury role by

activating the expression of antioxidant signaling pathway proteins nuclear factor E2-related factor 2 (Nrf2) and

heme oxygenase-1 (HO-1). The hemolysis test and H&E test results of the BP drug carrier system showed that it

had no obvious toxicity and high safety. In conclusion, the BP prepared in this study had high drug loading, good

photothermal performance, and high safety. Under the near-infrared condition, they also have certain brain targeting

ability, which can improve the therapeutic effect of drugs in the brain. Animal welfare and experimental procedures

were following the regulations of the Animal Ethics Committee of the First Affiliated Hospital of Shihezi University.
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F R W RES B AT PUEAL 518 B B b 5 10 25 9005 12,
LXK B R S 0 22 58 B A R I ek 2 DR 4 AU,
(Kt RES Jf& — F s B AR i R4 259 . R, i T
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FR 2 &]); $T4& Nrf2 (nuclear factor E2-related factor 2)
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A0 R B IR A BHR A IR A A
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BP HUHI & HUTSE-20 CCRFE T4k, B T UK
b, N 100 uL VK NMP. F) BU S 85 #5 K 30 mg, A
sk e, BEOLARIRBTEE 1 h, KB G R BB 2
EP &, IIAVKNMP 52 25 42 30 mL. F i 19 B iR &
W5y N 8 4, 7E 500 W 75 AL R 43 i) F UK K 8 Tt 6 B
7, H TR AS W7 48 7K CRUE AR IR A, B IS 70 240 o e 43
PLS00 W DR 4k S5H8 75 1 ho SEREEUHTREW, 4 °CF
FrE . WEE GRS Z, 7£2 000 rrmin’.
4 °CHAF R E0 5 min, BEER, 22K 15 000 rmin’'
4 °C 50> 5 min J5 Kf NMP B e A 2 R B8 4K, Rl
3 BPIRE K

BPHIPEGEIFREZ HUBPIRE S mL, IA
10 3% HA 5% 5 2 1) PEG-NH, (40X} 2 75 & 3 400), i3 iE
5 minJ& %), 500 W #8730 min J5 T 300 r-min™' .4 °Ci#¥
HeHRHE 24 h, 52525 LA 12 000 rmin™ 4 °C K B0 10 min,
2 bx EIG W ED43 PEG 121 J5 ) BP (BP-PEG), ¥4 HL &
BT PBSHJfA7ET 4 °C. HUER RES, HIE/K LB,
% BP-PEG JB & LA 12 000 r-min” <4 °C &[> 10 min J5
B EIE W, NN RES ¥, 300 r-min™ .4 °Ci## 4R 77
48 hJ&, LA 10 000 r'min™ .4 °C 50> 10 min, Y8 % W
FA T PFAS BP 2R 24 5, 0N B 24 /K 21 Vi Ak R 45 BE
A% (BP-PEG-RES) ¥ -

BP UMM AR LR AT HAE . IW A,
QW H. FAAWE I mLiBAiKE T EPEH, 1WA,
2W ZH N EL A 1 mL BP VR &, K EP 5 T 4 °C R 2%
FHAAE . WATIELAMEOE RS AR IIEZE 1 W-em? I
BRELIHEEPE 73 em i, lBE 2= A4 1WA,
FTF 1.3.5.7.9.10 min it UL EEHE . 2W 4T

LANBOC R 28 TR 2 2 Weem? HE iR,

RSN SLI 5L 4> N RES 41 . BP-PEG-RES
#H .BP-PEG-RES+IT ZL 7 (near-infrared, NIR) [t 4] 4 .
W BRI I ZR AT A R, A8 B O3 A A AT 4R
PN, F v BP-PEG-RES+NIR 45 76 3% A7 i 72 7T 46 51 2k
47808 nm~2 W-cm™. 10 min [AIT LT AP EIRST . W34
[E] I i T35 99 mL B 24l /K (K5 AR 1, F 50 r-min
37 CHEIRTIEE - T 1.5.30 min A1 1.2.4.8.12.
24 h IR ER 1 mL A0SRV (CHE 52 R KB #NR),
PEAL 306 nm 4b IR G (A4) 1H LR L RES BEiCE, 1%
AT (1) THE SR S ZPREBUR

YRR = 2RI R | R A& (1)

EMBAKANEEMER RIEBPHPEGHE
T 2 Bk 257 T ) 5 VA BRI R R B 1 CyS.5, 3R AR
BP-PEG-Cy5.5. BHNLPkIERE Y25 + 5 g HENE /N R
N3 IR L. © & EXT IR REEIKIE S S mgkg!
Cy5.5 % & H ; @ BP-PEG-Cy5.5 41 2 % ik vE 5
5 mg-kg' Cy5.5 5l & (] BP-PEG-Cy5.5; 3 BP-PEG-
Cy5.5+NIR 4 R ## ki 4 S mg-kg" Cy5.5 77 & 1) BP-
PEG-Cy5.5, ¥4 J5 Sz B HE 5 808 nm 2 W-em™ ] NIR
10 min. 235 T4 245 )5 1.2.3.6.12.24 h 47 /N 5h W
TEREAZIE RS2 . EE I T 6 hif St/ R,
FE I USCER O T I L B LB G 2L SRR AT /N Bh D AR R
B, 8 Image J EMG A0 FRFR AR Ab PR 45 5

ERPEAERMBMME R GRENER

o 2 /0N BRIt P G 4515 (MCAO) B [ WL Bk
AR N 25 £ 5 g MHEME /N R 8 4 A IR ARl © )
FARZEA; @ MCAO H#EiE i 4l; @ RES 41:
MCAO F#EFIE R 5, LB R # kiR S 30 mg-kg' RES
VR BV I R S 808 nm .2 W-em™ [ NIR 10 min; @ BP-
PEG-RES #H: MCAO i ¥ 7 it 8 5 57 B 2 & ik i 45
30 mg-kg' RES 7| & [f] BP-PEG-RES i & (PBS) J
[E 55 808 nm<2 W-em™ ff) NIR 10 min.

TTRNFEN TFARE 24 hWENRAT N, 1%
Longa ZE"PE o0 AR, 0 70 A IEH R I, T &EAT N
FEIER I 143 N/ RAE IR BMAE AL N ASRE 52 & H B A2
WHT G 2 43 /0y BRHH BZ6 O SR A OIR 285, | 24T 7
B A ) A2 AR B, 5B A B BILE; 30N
/INERAT B 1) 22 AR AR, B/ BRAS el | el s HLAB A
] — U BHR R 4 70 N E H B3GR, BT R
et 24 AT ARG 24 hidb AT N0 .

& KR RJE 24 hibr =k U, #R0E @ H, 100 °C
HEFE T8 24 h J5 Pk T8, 8 id A 0 () v & 4w
BIKE .

i & K& (%) = (Ciy = Cpg) / Cgg X 100%  (2)
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TTCHett  RJ5 24 hIbr B, 2 BP s E T-80 °C
A% 30 min, FJ] A B4l RSB S0 R 5 B, IR EAE 2%
TTC ¥, #9537 °CHF E 30 min, H 18] & F% 5 min §H
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BA, # BN A LRSS KB R, 2
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BEFEHREAEBREMRIE R L, /5%
BSA T 4 °C4 M FEHA 2 h, B 5INPT Nrf2 . HO-1 J%
f-actin—P, 25 °CHF H 30 min, F45 4 °CRLK I F J5 I
A 4025 °CHiE F 2 h, £ ChemiDocXPS &t & 4t &
5. HEIAE A Image J BG4 B AR 0T B GEAT 43
Fr, LLH (475 5 p-actin £5 15 )6 55 10 LA AR v H B
RAMMNTRIES &,

BP R EHAFIFIMAMMEER  FEYLPE M
INER, B/ BRI 7 ) B 4% O ZE 4N B 2. BUEP A, [
FPMN 100 pL 2020 B 228 FH o I ISR 4y 9 S 2,
a3 @ BHEZR: [ H N 100 pL 4K, @ B
PEZH: [ HOIMN 100 uL 1) PBS; @) RES 2H: 43l )
HOIN 100 pL AR 9K B2 B RES 38 W @ BPAH: 47
A1 T & AN 100 pL AR L R K BP IR B ©
BP-PEG-RES 41: 43l [ & H NN 100 pLAK 1 L =ik
J% ) BP-PEG-RES VR B . H A b i A S
¥1225.45.9mgmL". &4 T 37 °CHEE 3 h 5l
A 800 uL PBS, IR A]J5, LL2 500 r-min 4 °C& 4
B0 5 min, A5 25 W E 200 pL _EE T 96 FLAR 1, 15
AR AR 540 nm ARG o KA A (3) THEE
M2 (hemolysis, %):

BILZE (%)= (4, - A4,)/ (4, - 4,) x 100% 3)

Horb, A NSRS BEAE, A, N BH 5% HE ZH %
FEEEAR, A, BT HE LR ' FE AR

HAOTRIEFEME  FEHLPOE AR 25+ 5 g1k
HNRIFR S . LI 42H: O 2 AXTIEZH; @ RES4H;
@ BP 4; @ BP-PEG-RES % . %24 44 K 5E i 43 5l
i i R i ik I 5T 30 mg-kg! RES.BP 5 BP-PEG-RES
(RES &) 0.2 mL, 75 [ 5% #8241 v 5 25 48 #L f) PBS.
— R JE AL BE, fd ) I 43 B H 0 BB LB A,

JE I AR O U) Fr RE Ge, IEHDG A A
BREAT IS L

GAFESH BRI £ FREE (x+9), K
FI SPSS 24.0 HAFREAT G vt o0 M, PILEL ) HE AR Y A ST
FEA i 56, P < 0.05 Ron Hdls 2 5 A Geit 48 o

ER
1 BP REBHGHIFIMNREMRR

N T e A N I, AR ST 3 s AN [ R R
I [A) N R VR B B R I B gk AR . Horh, Rk
P& J5 TEB 7S 5 h R FRPRL AR DK /0N I8 55 168 7 B[] 385 0 i
Jll R B, TERE 7S 6 h 5 R AR AR Ak 22 R ek /)N, 36 B G R B
() Sk B K28 1 #E 6 h B B A] 3RA5 0042 RS/ T 300 nm
HIBP (K 1A),

AR FEASF 25 FE 5 BP Wk FE LU ) A A 324
R, B 54T BPIREEM 1.2.3.4.5 1% 11
RES Fl&E# 2. 45K KW], Y RES:BP =311, #%]
KL R m (P<0.01, B 1B).

X} BP f1 48 PEG &1 [ #¢ 24 Jo 1) il 77 35 47 2R AL,
T SR FH 5 IR SORLBEAX 75 %E 3 PR A& Bk AR R &
zeta HLO7 ({784, it BP £ PEG 1&4fi 5 T B 2 AR FR AR
th, TE#Z G R AERES KA TS /R O A R
X (B 10), 1 BP fE 434 PEG 151 o A s 48 Jin, 15
ER ARG G, f g G I T % (B 1D). X il AT
A, S5 IR, Bt o hilBH G A HRER
FrRGE R, 2r Bk BT, PEG 1841 M #8024 5 #5245 AW
o, SR RS, ERE AR AL (Bl 2A~D).

N PEAG ) 2% 1R BP BIOG A R SLRE, 52T AN A )
RN I 2T AN B G T BP VR 2 VR S B2, 45
BRW, 5EAHAME, 1 Wem? R B 5 10 min 1)
BP i JE W E#E (P<0.01); 52 AHAM 1WA ML,
2 Weem” B R B 10 min 355 B E 25 (P <0.01) (K
2E). RANREZG4E KM, RES A 7E 1 h N 1] 58 4 VA filt
FENT A SN AW 2, T NIR B 5 fE & 25 12 50 BP 1R
Zifie 11 (P<0.01, FE2F),

2 NIRXI BP fN#E @88 DR R0

J9HIE 5T NIR HE S X BP i 2 ) 68 7 (52 M, >R FH ¢
HehriciE 58 7 BP ££ NIR JESF 4640 1 14 I v JF e 3%
Tk e % i ) P ) 22 S I A P B TR e 5
X b gk (B 3), A IS BRAE 6 b ) A 350 ¢ 6 5 e
151, BT LAIE 3 6 h B[R] st /)N BROZEAT A 51 R 30 AT B2 235
JE5E S BT (B 4A). T8I % 2H 4158 ' 5 B 1 S it
OIHT, S5 RZ W] (K 4B), BP ELAT — 5E 0 I v 7 [ 35 3
P S R P (P < 0.01), 17 NIR FE 5 8 2 25 52 = L
HUE P (P <0.01).
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Figure 1 A: Effect of ultrasonic time on the particle size of black phosphorus nanosheets (BP). B: Effects of different concentrations and
concentrations rate of BP on drug loading rate (w/w, %). P < 0.01 vs RES:BP = 1. C: Effect of PEG modification and drug loading on the
particle size of BP. D: Effect of polyethylene glycol (PEG) modification and drug loading on the stability of BP. “P < 0.01 vs BP. n = 3,
x % 5. RES: Resveratrol
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Figure 2 Electron microscopic observation of BP modified with PEG and before and after drug loading. A: Scanning electron microscope
(SEM) of BP; B: Transmission electron microscope (TEM) of BP; C: BP modified by PEG; D: BP after drug loading. Scale bar: 500 nm; E:
Effect of near-infrared (NIR) light irradiation on the temperature of BP. "'P < 0.01 vs water/I W; F: Effect of NIR irradiation on drug release
rate of BP. "P<0.01 vsRES.n=3,x=*s

3 EBEARRmEmMMRIRGeE NE R 4 (P<0.01).
30 ARAHEMNNRMFERERNOEE HEL 32 ARAHEMNPRHEITANER AR E

AN [7) & 245 200 i 50 A5 0 T AR 1 222 S A, ok % /N BB 28
AT TTC Yy, 3l 3T Image J #AF5%F B F 3347 20 b Ak
H, 1R (K 5AB), N MCAO R #EVE 24 h
J, T A SR LA i 4 23 B R SR R, SR
FiLt, RES 41 J2 BP-PEG-RES 41 figi 5 FF {4 A5 1]\ 45 /)
(P <0.01), BP-PEG-RES 41 5 il 5t [l # {2 % /N T RES

Tl 3R 25 7k 2 06/ B MCAO 38 B 5 AR 4 2247 2 B 24
R RE, AN F AL N BUBEAT AT R E VRO, A5 R R
(KB15C), 5 A i, BARHNRASS 24 h HILH
B2 47 N RS (P < 0.01); RES 41 /% BP-PEG-RES
AN BAEMAAT NIERISAER, (2 5B LLEL, RES
A fe B /N R 2 AT A BERSAE R (P < 0.05), 11 BP-
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Figure 4 Fluorescence signals of main organs of mice at 6 h after injection. A: Fluorescence imaging of main organs; B: Fluorescence

intensity of main organs. P < 0.01 vs Cy5.5 + NIR; “P < 0.01 vs BP-Cy5.5.n=3,x £

PEG-RES 4158 & 2 FF K/ AP 24T ARG (P < 0.01).
33 FELEBAXMNPMERMSKENEM HFTE
YIS K B 25 5, K 5 /N RO L SR AT TR R
STEegE R E ], 52 G i, BAH/NR ARG 24 h
B 0000 G 2H 23 K BB B A B (P < 0.01); ST 4 L
%, RES 2 )2 BP-PEG-RES 2H /)> 5% i 2H 21 & 7K 2 1) W
S (P <0.01), H BP-PEG-RES 413677 BUR W & 5
FRES 41 (K 5D).

34 EEAREENESH NEESH/DNRMKHLA
Nrf2 .HO-1 5 AR IEH) £ 57, @it Western blot 5245 i3
1750 ¥, FFil Il Image TR BRGE SR 25 R (K
6), 52 AL, BEALZH Nrf2 JHO-1 28 [ 215 B B 1

& (P <0.01), 58841t %%, RES 415 BP-PEG-RES
#H Nrf2 HO-1 85 A R A B 23 & (P < 0.01), H BP-
PEG-RES 4 Nrf2 . HO-1 &£ H R A & & T RES A
(P<0.01).

4 BPREFZHEXRRZZEMHIFMN

41 BPREZBAHERZRBFMMEER NiF(RES.
BP 5 BP-PEG-RES W LfE 71, 7351l % 5% 7 HAK
R (2.25.4.5.9 mg-mL™") T AVAE AL . 8@ 0
AR I, B BH 2 LA B AR A, A 2 1 IE TR
5% BT (ORAS, B % b &4 4 1 45 B, £ B RES.
BP.BP-PEG-RES 7Efi& /. ik % N AR L H B B
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Figure 5 A: 2,3,5-Triphenyltetrazolium chloride (TTC) staining results of each group. B: Effect of each group on cerebral infarct volume.

C: The effect of administration on postoperative neurobehavior of mice. D: Effect of each group on rain water content. n = 6, x £ 5. *4P <

0.01 vs control; "P < 0.05, ™

P <0.01 vs model; “P < 0.05, “P<0.01 vs RES
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Figure 6 A: Nrf2 and HO-1 protein expressions in brain tissues of mice in each group. B, C: Effects of different treatment groups on Nrf2

and HO-1 protein expression in mouse brain tissues. n =3, x £ 5. 4P < 0.01 vs control; ™
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Figure 7 Effects of different concentrations of each component on hemolysis test results. A: Hemolysis rate of RES; B: Hemolysis rate of

BP; C: Hemolysis rate of BP-PEG-RES. n =6, Xts

42 HARBREER NERSUHASERSSH

FUEN ) H TR, 8 A e K5 25 70 B IE ST 4
1 A J5 If) RES.BP } BP-PEG-RES [ 24E¥) 2 41, 45 1
FW, AE 1 JE I 8] P9 1 A R B4 SRV S A R 57 B 1) RES

BP J& BP-PEG-RES A~ 237 4E B Wi () 4 2L B3 1% (&1 8)

g
?'\JTE&%RES F IR 8 A FEE T4 1A~ 2 300 L 1)
HAEMAI R, TR 3t — 25 T R eGR40 75 B
ﬁﬁ?ﬂ&%ﬂf%ﬁﬁ‘]ﬁﬁ%, AR T T AR A
0 B 26 2598 71 B HEGUR MR —BP B A R . %4k

m, PR

s



TRYBTNAS: PN 824 0 2 10 ] o B HLrtashe o 78 o 453 5 140 4% 11 - 3667 -

BP RES Control

BP-PEG-RES

Figure 8 The effect of each component on the hematoxylin-eosin (H&E) staining results of each tissue after one week of injection. Scale

bar: 50 pm
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