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Abstract

Black Phosphorus (BP), a new 2D material that owns many unique and excellent properties, has
gained increased attention in the past years. In particular, its layer-dependent bandgap, large
surface-area-to-volume ratio, biodegradability and biocompatibility make it an ideal candidate for
photothermal therapy, photodynamic therapy and drug delivery. Compared to other 2D materials,
BP is constituted by Phosphorus (P), which is required by the human body and thus it is expected
to be biocompatible after suitable engineering of its formulations. Although black phosphorus has
many advantages, it's surface instability due to chemical degradation, which hinders its application.
This review not only provides a comprehensive summary on BP preparation and biomedical ap-
plications but also looking forward the future possibilities.
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B (Black Phosphorus, BP)2 —FrBU ) —4epbkl, BFHEHMER. RRRHEeE, RS2 AE K
RVE. BB R R BRME RS, B EARIHRER. R B AV S M A Y] R .
IXSLAR ) MERe A BRI AE N U R & T ERR B 77, B #YEYT (photothermal therapy, PTT).
M3 773677 (photodynamic therapy, PDT). Z#8AEEHHE. AT HM -4, BRBSHbBTE
VIR, 4R R A T2 A B AT DA 280 S A\ A A 30 R AR S R N AR OB R B AT Re . B
B AR RN AR R, HEEMESSTREA e DA HENMARRN, ZE™EIRS T 28k
FIRLF o ARXANEE T BBEYUK R B RIH &7 K By 1L gk i BE 7, T BN BBE
AW 277 TH R B U R A AR SR R BRI BUEAT T 4R R .
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1. 518

H M Novoselov Fl Geim 7E 2004 £ER I T 47 880, e RHE SR OB RIAL S MR R, 7R 2
BRSO R BEMEA[L]. SESPIMERL, 49K AR LRI, TH
T ORI “ Y7, HHEPEFZAANRROCY R R, X AR T IR HE RIS T
R Z RN T G (2] FRARIEAEME LTI, —HGPKM R % . B, 7. $Ems
PSR A BRI L 7. SR, 4RI SR 8 52 310 5 A BREE PR . ansif A B0
(Graphene Oxide, GO) [3] [4]. 7~/ &ALl (hexagonal boron nitride, hBN) [5]. R34 @ A A ALY (layered
double hydroxides, LDHs) [6]. 4 % HLHE4E (covalent-organic frameworks, COFs) [7]45 — 4kt BHi T R 4
BB ELE T NRTCIEBE ARG TG R, TR R B BR ) T B AT 7R A e 7 T (S

W, AEME YUK 6 R E AR RS A B R R R TSR — AR, A1E&
TER T V2776, e MAEIR I a] . PROEHEHARSNE, SRy /D i 28 B A H B . 5 (P) s
MR T TCR, L0ERER 1%/ A5, XU T 3L BB AU i) = BV AT e (1 = AR AR S [8]
BEBEE A =MERTIAAR, 2002 A8, 2026 . 2i5(Black phosphorus, BP) & i 1) i fa 52 1) R &=
SIAR[9], B FHRILT 1914 4[10], BA N R EYAN S R A T B, IF AR 204 Bt
BB ST, AT AR B A4 E B3 (Reactive oxygen species, ROS) 7 AL i, IX (815 SR /E L PGB IT
(photothermal therapy, PTT)#15%5h /13477 (photodynamic therapy, PDT) 4 E 3L H T TEBR AT 77

otk B ah AR T] LA R B RS M N R T R IR Fr, BT ARIE E R, M 0.3 eV (ButR)E
2.0 eV (BREYPKA)ASE[1L]. [FIN Bt R4 T 4R L SR —— I LU R AN, X S v 1)
WRPIKH D eI [12] [13]. IR RARE[14] [15]. HLTOt s SRR 161 A AR A& AR 1715577 T A
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HITZWIB . XS 5 DA S M B AT R GUK B R A R A TR IR A . BV AN At — b Rl 55
WARFMETTUMEEZ R “W” . FEEE TR f&ZIhEE - R Fa. 24581k, o
FUAE R BB A AR A T T T RGN, ASCEAN A T 2RSSR, e TP R R
WEPE 2 SR A R I 5 1 S LA E AR D B ek R it e it e, L R E VR TT O VBT . JeBlIieIT . 4
VIS AN A DDA, 0 SR E AR SR I A R AT e ff T R B

2. PIEERMPAKREDTR:

PR B e BN ZL I SR s D £, 1914 A BLar 2RI E 200°C, K77 1.2 GPa 2
T B A Ay B, HOIR R R — R AL R AR SR ARL[10] . i) BREBEANK = BT VE R A
43~ Top-Down 32:(21,  HUBR] B2 A 3 2535 A1 Bottom-Up ¥2:(1h 22 DTRR I (CVD) AR AL 2495) [18].
H AT CAARE T 2 Fhifi] 288 3 B Ak 2 7B 1),

Red &
ohosphaus
O e

\J
2 D
Bottom-u o

£ Mechanical exfoliation

s AMm
’
Bulk BP

" i cvD

Plasma etching

- S
B Wet-chemistry ' RS
BPNSs

2 Fip
" LR
v ‘e Liquid-phase exfoliation
BPQDs o
P source

Figure 1. Scheme of the synthetic method for nanosheets-BP
1. BBKR ERFI& S R[18]

2.1. Top-Down JEHIEBBEMNKEE

2.1.1. HWRIEE

S e T LR R AR g, BT LA I U 7 AT DASRAS R 0 SR . MR R 3R
R EM B F R Z — o R IR RESh 1 70T LA 46 L2 0.85 nm [ L2 B9k, Holid
SO RIS E B 1 SR 1) s LR Bl 2 B AR AT AR A [ 141 AR, S AL 282 (1 7= AR, 17 B
BRI BBEGK A ZESEAL S BGHRZ .

2.1.2. BERFEE

2014 4F, Brent At ¥ [ 95 B IRHRIE T R FBUAH 3 BEH A3 2] T BEEPK FE[19]. AR N-H &
ML R e R (NP YA R AT 75 R B, 80 5 3 mT LA B 1) RSF 2078 200 nm RSB BEGIK )2 . 5164
(HUBR R BV AR L, VBAH ) B2 — b TG R vk, Ty ELAZ v n] DAE — s FE LA B gk A2 1
TESUFIRAZ K N TEBE S IR Fe AR, BRSO B AR I R) . T2 I35, 40 NMP [20]. DMSO [21]
SIS AR BB YUK 2 BRSE, H H R IUVEIAMIN. NaOH 3 fa o] W 52 i SR 9ok 2 = 2R,
XA R R A AN T DA R0 e SR B K J2 BRI A% [22] . Wang S8 IR 72 3R BHHCR BB ZE NMP
VI h UK HE TS 8 h J5 SEREANK 2 B R~ 2924 200 nm [20]; Tao ZokHutk SR B T 2818k b 348 34T
HE 12 h 5, REEGK R EBIRSTZ579 100 nm [23]: Sun S5 I F0 WA A VRO SR B V0 4% AR Jr
JEIT, G5-E KR RS FOERET 8 75 1T LA 25 ) SRR Aok R RS, (3 SR Bk 2 S ), PR e
7 3h (1200 w). 7KIGHE 10 h (300 w)if HERELAK F 2 B RS AT LA ) ik 31 2.6 £ 1.8 nm [24] (1] 2).
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(a) Synthesis and surface modification. (b) TEM image. (c) Magnified TEM image. (d) HRTEM image. () AFM image. (f) Height profiles

along the red lines in (e).

1’0@:

Figure 2. Synthesis and characterization of the BPQDs
2. ERYNKE T RS & FIRAE[24]

2.2. Bottom-Up JEHIZF B#EAKEE

2.2.1. ESHERFECVD)

CVD VAT VZ ML 41 5807 A1 TMDCs S RHA KMBLaS PR . SR1TT, {3 CVD Jy il & BBk
JRiEMART A o FLJRR T B A SR R T B R A, B BTSSR, RS ERARAERN,
SREBRMAEE T, ARTBBEEK. R, BRI & A B A R RS R B2 2D MRk
FEM . 52 A1E9)¥5 4 BP 1) CVD 2E K345 #[25]. CVD v 1] LA HI BB 15 B AR, 3345 5k
KLU I B [26] -

222 BWEE
UEAh, MRACEEGGE — A A B R A R R BRI U5 . Zhang S DB AL ST R
JSit A5 8] T RBEAAK R R [27].

3. BRIERERAR BRI

RRBEE AR AL AE VR AR, 5 T IR P IR UK A IR BT A P A IR B, T LA T FR 1ok
A DA () PR A7 FFE— 2 4 i S Y B, 7T DO SRR oK J2 EAT 38 A i SR B s i ek, ERR
MBI AT LAAT 280 1 RR W RR AR, (R I E PR SR T2 U T RE 2 X RR AR B (K0 B 7 A B i b o

2RI TR AUk, FREEAOK F R R R AR BRI 8, PR A AT e
PSSR MRCR LR 2 SBUEMR SR B IRERE . Rl RER 5K, A0 TR
ORI BE R BEAOK T (KR AR . DRIE, K SRBRGAOK P L TR B2 2 Uk K (R PR A G o 7 A B
IRB Rk SRR Py AR, B T DA AT 4% K 2GR 1 SRR T (B o

FUAG, FREEABEMR— O A S BRBET P JEL (Po) RIS L 5 A e M A G LA 18, 1 B AL AR
BEAWORDTERE, FrC BB TP P RFEL AT R O 1 ORFFRR BRI E AR NE,  PRARAT
BHOERTE, PCRCH B VE AL BBEANR 23R 0 LA 27 814 T D3 K0 1m0 T PRREAT R 21,
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W% .04 — 1 (polyethylene glycol, PEG) [23] (1€ 3). % £.J# % (polyethyleneimine, PEI) [28] [29]1% . i4)
TR 5 B R A T LA KB AR, T SR T 1 s AR T DUAERAN 2 S B 2 SRR B 2
SNAL S, TE— B R m A EMA R 32 .

Al
Y
Exfoliation : g
; -
Bulk BP BP NSs BP-PEG-NSS
Agents
PEGylated BP Theranostic Delivery Platform Loading
[
: s 2
Qe S S @2
% 3
C &7
il ¢ P S < ¢ 2
BP-PEG/Cy7 NSs 24
BP-PEG/DOX NSs BP-PEG-FITC NSs FA-BP-PEG NSs g
Photothermal & Photothermal & Photothermal & ? 5
Drug Delivery System Bio-Imaging System Targeting Delivery System )

1: PEG-NH, (surface modification), 2: DOX (therapeutic agents), 3: Cy7-NH, (NIR
imaging agents), 4. FA-PEG-NH, (targeting agents), 5: FITC-PEG-NH, (fluorescent
imaging agents).

Figure 3. Schematic representation of the PEGylated BP theranostic delivery
platform

3. 1% PEG 13 Z BH4K H B RIS IR E RN F 5 LE &A% 23]

4. BN EEEVEFTEHNA

AWy gz A PE R AR A U B B R R, AR A AR SR A AR A RHE RE— 25 B Z A et
PRSI 2 A BIHATNIE, Lee AR AIRISEAE A MTT el 1 BRWEANK i 2 IO BRIk, 45
KU1 mo/mL (¥ BBEEBAS X LS A0 AR B PE[30], R WIRRBEAK A RN RAF I E VIR 1
AR A4 B

4.1. FBRITE

J6 IR T (Photothermal Therapy, PTT). Y3h 777477 (Photodynamic Therapy, PDT){E N &AL Gt ih
ST, BAERZEMN. WITREREER A, BT AREIT R N SRR (4 . ). ARl
(8. BAKES). B SESEILAEERIE . RIS K ma Tk . X RIS
PP TEVE A IR 1) R, T PR O — BB B ) A k), EAR AT DL SE A BE AR, i L RE S R BB 2
HI AT AR, 6T B AT i T 1T AR GO

4.1.1. X&NETr

80 737697 (Photodynamic Therapy, PDT) & V677 it FIHT A 732, FOLBORIE AN BN FEfL B, A
S (5 IO6 B B a2 X3k, 33k 1T 22 A2 48 i 3 (Reactive oxygen species, ROS) A% AL fi 2 41 Jifd .

Wang 25 5% R ) 853 4% 7 RSP 200~500 nm [ B BEgK 2, R 1,3- 2R R R IE
5 (diphenylisobenzofuran, DPBF)REfE ROS 177 AR E, 45 R PR T BEGUK 2 1)
ROS 7= A 8 il Fisf [ Fr) 38 K 1 38 < FLZE T Otk JBBE I ROS P2 AR 280, M7ERARAUR T, BBEgK A
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JEILVTRA =4 ROS, R EBBEGK v E A BETEA U 55 vh (R AE T 7E WG MR AU AR 3 0 24 R AR RS E
[20] (A 4).

Lv 25 i Dl & T 2L B9k A 2, I 650 nm. 808 nm. 980 nm K I 4L P HE i
WK 21 DPBF RAE ROS [/ A 40 3% . 45 R WIFE =P K I T, ROS B A EEAK A
Ak, RO BB LA G O IR S R P LR ROS,  H =4 ROS MEAZMA K[31].

RN

a ) 2.04 B.P. nanosheet + O, b ) 2.0 B.P. nanosheet + N,
——0 min . _g :‘"I:
5 1.5 — 3 min 3 1.5 Al
d —6 min s — g min
% —9min ® =
o : ——12 min
£ 1.0 — 12 min S 1.0
8 — 15 min 8 ——
= o
2 2
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o-o T T T T T T 0-0 T
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. - S ——0 min
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8 1.5 o i 3 —3min
2 ——6 min § e g min
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(a) Ultrathin B.P. nanosheets in O, atmosphere; (b) Ultrathin B.P. nanosheets in N, atmosphere; (c) Ultrathin B.P. nanosheets with adding 5 mg
NaNs; (d) Bulk B.P. in air; (e) Blank; (f) Illustration of the reaction from DPBF to DPBF endoperoxide by singlet oxygen
Figure 4. Degradation degree of black phosphorus under the different atmosphere. The reactions were conducted under Xe
lamp with 600 nm cut-off filter in ethanol

& 4. 7£ 600 nm BT, EMAETRRSFPHIMERIZE[20]
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4.12. FHGRIT

JG#RTT (Photothermal Therapy, PTT) 244 B A 4 m G AV e AR AP RHAE SN AR 3, 4 HTRE )
PRGN B AR ZA R SR GETE IR 2 2RI, SR 5 7R MO Y BRI K o't R Ak S R4 B8 T 2% B89 48
(1 — PR IT 71

Wang 5544 HobR 8 9 3 B 5 2 IR g oKy JE o HOHEAT 1 PEI SR THMZ 1 (BP-PEI), 01X 1 BP-PEI
IKIERAE 808 nm KGRI N ARk, S5 R 10 20 8h 5, /KRR BT 18°C A A,
HLBEAE BP-PEI IR FERIIG R, GRS R B LT8G 2200 . Bl JE X BP-PEI ZKIEHOEAT E LI - JaK
S, RRAER OSBRI ER IS EAA R, R B HGN B A G [29] (&
5(a)~(b))-

Yang 55 Uil £ H 2 B0 BRI Fr, IR0 AT 1R A HE i 444 %% T BP@PDA-Ce6&TPP
NS E AR T ZAM R DR L R, Seab g TR ITE 660 nm B KIGIIRS T, AWHREN
T 5 K 5 VA VRO 1 KT 8 K, 49K EE A B 50 pg/ml I, YEHE 10 min J&, KIRATLA LT 17°C AL . %R
T [R5 T IR BER P B R 1 s, BT SRR T, BRI 2L ORI FEIE R, fEAH
[ (R AR FE A HRTRIAR S DL R V0™ AR I P A AN T 3G I [28] (] 5(c)~(d))-

a ) 25 b ) 45
-a- Water -
201 -e-25pg/mL O 401
—& 50 pg/mL bt
o 154 £ 35
= £
< 107 2, 30
g
51 = 254
0% . . . . . 20—
0 2 4 6 8 10 0 20 40 60 80 100 120
Time (min) Time (min)
¢) d) 5
—-50 pg/mL —=—1.00 W/icm
201 _,_ 25 ugimL 204 ——0.75 Wicm?
——12.5 pg/mL ——0.50 Wicm®
154 _+6.25 pg/mL 154 —~—0.25 Wiem?
o ——PBS o
L L
P 10+ ~ 10
g q
54 5.
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Time (s) Time (s)

Figure 5. (a) Photothermal heating change curves of pure water and BP-PEI nanosheets solution at different concentration
under 808 nm laser irradiation (1.0 W/cm?) for 10 min; (b) Heating of the BP-PEI (50 pg/mL) nanosheets five cycles of NIR
laser on/off (Laser: 808 nm, 1.0 W/cm?); Photothermal heating profiles of BP@PDA-Ce6&TPP NSs in agueous solution at
(c) different concentrations (660 nm, 1.0 W/cm?, 10 min); and (d) different power density (50 pg/mL)

5.(a) 7€ 808 nm KK NABH TEMBREE LEAE; () BIMRE, RPEHANHAGRNEEAERMER29]; () #
F 660 nm B A EIIRE R BP@QPDA-Ce6&TPP NS /AR, PEREMNEMEEN LAZEM; (d) FATREN
BB EE AL BRST 50 ug/ml B9 BP@PDA-Ce6&TPP NS 35K, REJCIRZRE ISR E M EAS1EN[28]

4.2. ZRE
PR — R L) iR R, B R & AR S —— BRI ELR R, B AR T
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DTG R, GBS EAARIR, EEET L AEE 2 A, DERERITRCE: B TEEEAK R,
RAEAMCE T, T H B AN 2UH 5 BEME . IRE I MERE, X1 B BETE 25 A 77 1
KA R&BERMERE

Chen %4%57%%(Dox)ﬁ$ﬁ§ﬁéﬁéﬁﬂﬂéﬁ%ﬁ%ﬁﬁi, Ihil % 1 BP-DOX EA&MEL, R T%EE
MRHOPUM R M RE . SCIhah FR I, Bt DOX 3k 28 Bz T A sid . i b2 —gedrkl, 10 22
WBEIIA 2 RGRDU pHAGIA N R FBURR I, TERR T R A BT T 29RO, 1T 24K 1 2 1)
FEHRE, 7E 808 nm OGBS T AT LUE— D AR HEZG R . EEEEMR, BABEYNK 2 R A A A R
RES [m] IS AE A 20 PDT A PTT R ¥ [FDGEh IDGRALTT T — R I SR 9K B8R &, Sl |
R4 AR N B R Ve 97 BOR [32] (14 6(a)~(c))-

Yin 878 BP-QDs £ [ I 1k T /M RNA (SiRNA), FEK I BP-QDs-LSD1 siRNA & & k%
Wids B RIZG70M H 1% A bR AT DUSE 2 &40 LSD1 mRNA 19335, HAEWRE mEik 5 mg/ml N33
BRI BN A A 2, HAE IR LLAM ISR RS, 40 AR K 4 1 2278 80% LA 1-[33] (& 6(d)~(e))-

a) 0s 120s 180s 300s b) c)(1)

—=— (1) Control

—— (2) BP

—— (3) 660/808 nm

—v— (4) DOX

—— (5) BP-DOX

—— (6) BP-DOX + 660 nm @

808 nm

—e— (7) BP-DOX + 808 nm
—e— (8) BP-DOX + 660/808 nm 4

BP + 808 nm
N
o

-—
P i

Relative Tumor Volume (V/V,)

E |
0 o
o o g
m 4
NE
d) e)
100 10 €3 Blank

< = &8 QDs@PAH

& & QDs@PAH/scramble SIRNA

2 2> @D QDs@PAH+NIR light

S 50 = &2 QDs@PAH/LSD1 SiRNA

© T &S QDs@PAH/LSD1 siRNA+NIR light

> >

% % *%

(] (]

0+ T T 1 (1]
0 2 4 6
QDs@PAH (mg/mL) 4 hours 48 hours

Figure 6. The in vivo antitumor study of BP-DOX. (a) In vivo photothermal effect of BP and BP-DOX with 808 nm laser
irradiation as control; (b) Tumor growth curves of tumor-bearing mice after different treatments; (c) Digital photo of rep-
resentative tumor in mice with different treatments. Cell viability tests of different BP-QD nanocomplexes with NIR light;
(d) Viability of cells after incubation with BP-QDs@PAH at varying concentrations up to 5 mg/mL for 48 hours. (e) Relative
cell viabilities of PA-1 cells treated with different BP-QD nanocomplexes without or with NIR light for 4 and 48 hours

[%] 6. (a) 808 nm B HR G BP F1 BP-DOX BIKRPISEAIEL; (b) (¢) AEIMKBIEREIR KBRS, 1FIE
REVEKIER[32], (d) (e) KMAERE BP-QDs@PAH KRR E14([33]
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4.3. IR I%

43.1. ERIE

SRR R ERR T T PPT. PDT FIZGWEk kg, B n] DU TR i s sed% . e %2 —Fhim
STLCRE . R R A GUSG H AR, ERA T e G A RS A ARG A R AR . RS gk
IR, GG AT DRSO AT P2 AR K, RIS P2 e e, AR P 1S S 9K 2 AT iR A
Bitgo BT BB E RS S,  EBEAT FHTAR A OE R R

2016 4, Sun ZEil & 1 KT MR AR A 20 e HL VR £ AL SRR 9K BURL (BP-PEG), I ER T
BP-PEG 4K ki) PA B . AAITHRE T 9K BRL IR FE S PA (55 ISR R 2R MR R . Sk 5T R 2
CRALEBEGCK RS, PR S SRR T B, R PR BP g K URL L T R
HE PR 12 o X — 45 SR BoR T R £ WA BB R BURLAE iR R B I TR, 5 MU

H[34] (K 7).
5.6 31.25 250 (pg/mL)
Liver

mH
jL
WH
L
WH
L

4h 6h 24 h
Figure 7. In-vitro photoacoustic images of PEGylated BP nanoparticles solutions (first row), and in-vivo pho-

toacoustic images of liver, kidney, and tumor obtained at different time intervals after intravenous injection of
PEGylated BP nanoparticles, in comparison with the corresponding pre-contrast images

B 7. REREREEE BP-PEG 41K Bk M 5 E&[34]

Pre 15 min 30 min

4.32. A

RRWEDK R B R 26, BOE K BBEGK A EAE 775 nm AR ZR I AR 2R AW IR A H
S, MR I BBEGR 7 W B X FPRFAL -

Lee 5K SOk FRVRURE 30 B934 1 PSS EAR N 10 nm BB EANKE T 5. eIk aRAS 1) BBk
BT R DAE HeLa 41 v & Hh 22 Mg € (R D6 BUR 6 (23 31 79 488 nm A1 358 nm TE’J%@?’M@@;‘&@ZE%&)
BB E T SR RIFHEY A EA BRI E, JFRA B RFBMIE, XRURBENKRET S
FELE W RAG AN 2R M PR R U FL AT R4 ) S 71[30] (K 8).
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é%%’

LS

Confocal microscopy images of live HeLa cells after 12 h incubation with 1 mg/mL BP-nanodots suspension. (a) (d)
bright field (BF); and (b) (e) fluorescence (FL), and merged (c) (f) images. Detection of BP-nanodots fluorescence was
achieved by excitation at (b) 358 nm and (e) 488 nm, with a 30 mW Argon laser

Figure 8. Cell bioimaging of BP-nanodots.
8. BWMKE T RHITOEAE E[30]

4.3.3. AR

T HA R R, Bl T4 A 8 2 1. Shao %5l % T A= 90 ] B& AR 1)
BPQDs/PLGA K Fiki, AR B#EAEHFEE M. K BPQDS/PLGA 4 KBRS 72 /INRAAR Y, /N BRI
T AT DALE 10 4%f Py ifas A 32.5°C FFi %) 58.5°C, 1fii PBS 1Tt 6.2°C [35]. Yang Z:7E DhREIL B mE 4N
KRR B, R T — R A e 680 J R R R DI R i A s il 2 ELRZ(PDA) K 2
BEELEESS, PR SR T (Ceb) Fl = 2R BB (TPP) kL B M RHMA R b IR ZLAMGIESS 10 min J&, R AL
(5L P G T =i [28] (1] 9(a)) .« Sun 851 escsk AU 1 2572k 45 43 51 T PEG Ak SR B AN KIURL . AR AT
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Figure 9. (a) IR thermal imaging of mice after injection of BP@PDA NSs or BP@PDA-Ce6&TPP NSs under laser illumi-
nation for 10 min. In-vivo photothermal therapy using PEGylated BP nanoparticles. (b) Thermal images of mice bearing 4T1
tumors after injection of phosphate buffered saline (PBS) (column 1) or PEGylated BP nanoparticles (column 2), followed
by exposure to 808 nm laser irradiation (2.0 W/cm?, 5 min)
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