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Abstract Photoacoustic imaging, a novel biomedical imaging technique that combines the advantages of optical
imaging and acoustic imaging, offers high-resolution biological tissue imaging to facilitate the observation of deeper
imaging sites. In other words, it breaks the “soft limit” of conventional optical bioimaging techniques. However,
many diseases, especially in the early stage, present no obvious photoacoustic contrast; therefore, it is crucial to
identify effective exogenous photoacoustic contrast agents. Here we introduce a novel two-dimensional material,
antimonene nanoflakes (AMNFs), which demonstrates great optical absorption from 300 nm to 900 nm as well as
excellent photothermal conversion efficiency and photoacoustic performance. This material is expected to be useful
as a contrast agent, helping to achieve excellent photoacoustic imaging of ultra-small tumors in vivo .

Key words biological optics; photoacoustic imaging; contrast agent; two-dimensional materials; tumor imaging
OCIS codes 170.6280; 040.5160; 130.6010; 140.3945

] = PRI TR Sy A XS L R BRI S .
T AR Sy — R AR R A ELAR o B =i A A

PR R R E T R RS RS T B R M A A T A s AR 1
KHEPEAR —~HZBRENG ) ZRE. AR BERMAR 2 R R 2 A dE 6, M 1
BT B Moy TGN YO E R A A SV R ALY B AR LT AR B O
BRI Xeray B OHT BUCRDY W OB R R THEON/D A EOR GO — R R BB

YR B 2019-10-21; 1EE HHI. 2019-11-27; A B 2019-12-16
EEWB: HXHKBEES (61527822) H X | AW & X1 (2017YFB0405201) . b 50 7 [ 48 Bl 2% % 4 (4192013,
L182011)
* E-mail: wxh2012@bjut.edu.cn

0207033-1



th i

i ot

FRE T A% 58t 2% BUAR 1 AR R DO B Gk
1 mmiX —“S BR 750 e gt R 3 K
Tl RO, R & Ge v i ik o o' U5 30 38 iR Ar
Ji » FL T HE A 1 0 B8 R B AR AL A Y TR / AP
T 5 R i MR T, AR FR AT A IR S T ik = AR
AR B AR N B SRR IR A DT 7 A i AR
AU R P B N B S B S B T S
PR T AR A 0 A TR A0 D 4 2 B O (] T
R o B et AR . 3X R R ik R T T I 1 e K
Jay BRAEAE T, H AR RORAR KR B b e 7 A 5 1
R AT R MERE . P TT & 3E RN RO
PR B AN R B 2, 5L R, 4k
RN TC I8 2 76 M4 RE R 27 4088 I8 2 7E 9 K = 25
W00 R SR B o TR BRI AF ST I . 2004 4, Geim
ANEE R T A AR B T )R A SR A V-
Mt H RIS SR S R R B R T B
FEAH L2 0F 58 M8 41, 38 A6 38 15 | Aif e M i kA%
JRRET) S A s L AT TR AE I ) R . RO A SRR
— AT B A AR, i R K BR I T AR L &
S HL U Y SR AR PR A T
W =4k N 07 BALT (hBND ULALLE A7 805 | L Br 5
(1) 7 JoT 235 /) 25 7 2B )23 ) s Bt X (A5 7S T A AR Bl —
JE 1R BIE 5 B AR, s e A 5T N B A e R I R
J& 1Y B AR ) CTMDs) B A B K /) Fifi J2 )8 AT
PREIE S 2 — P HE S T 2 AR 4 2 AR MR BIF 5
PR, 2006 45, Li Z0Y 15 8 TR T RS
PERESCHL T &, NI BB BEARAS T 2 e, ik
TR AR A R AR SR D AR T
SRR ) B 2 S ) FR AR T 4 2 TR L SR T B AE K
MR AT E B B A, B T B i ik — 20
NP o PRI, T 2t 1 R T 00 S 194 3 2 — 4 b ) gl
A s bl, bR, 5 — VO T R B
(antimonene) R AT T A 854 19 )2 IR 44544 |
PR 0 F B RS A R R 2 B e, D)2
B — AR IR SR RN R AR R
SRR BECY L TE O L A T B R T
T AR W S 2 AT, 55 A 2 A R L, BRI K 2
F RLELAG R 2 R T AR A 259 A A
ARG T B0 T T U s 1. AT
AF R 75 B R T A5 15 B B R 90 K 2 i (AMINFs) L 45
AR M R T EEAORZ R
A 0 B4R KON 7 e B LR S O S B T XA P i
A7 b JeA ) A e R LU BE O P R AR . A5 R R B
Wi A0 K 2 VR — Tl 9 1 JC AL KO P 15

=

F B S 1R 3 R RIOR S LR R R
TeAE AT W S 19 B AR, 0] 22 A R N O 2R A AT HE
H SR — b RE L A LT A R i R

2 SRR RALA B A

BRI AN K Z R A B B R R A
T N-FH 3 0t o B (NDMIP) i, 50 B o vk
30 mg/mL YRR L R FH R B R 5 O
FAZE G B J5 0 AR VKR SN GG BR R S IR BT R
5 h-YAI#E R 6 h-4K£EH 75 3 h, 600 W) &b P 5 7
2B HLE L (3000 r/min, 5 min) . #] 15 2] /0 2 £
WA OK )2 R b0 VR DO VE B E R o T
afi Ko 4l 2 BE(99.9 Y0 Hr

BRI AN K JZ 7 BB« R T A T AR 0 B A
YK B T S 0 43 EOPE R AR W A L AR
SCHIFH 38.8 mmol/ L 1Y #7462 R 41 ¥ W x| 3A i 2%
R R BRI AN Ok 2 R BEAT B M B . %
11.4 mg/mL A o0 et v B8 4 7 A6 TR B by oK s it T 25
B KR AR A S — R B 4K 2 R oK
VSWAE 30 CTRIRG . BiFE 2 h, ZJFAEE 0P L
3000 r/min(3 min) [ 38 BE XFAE af 6 47 250 AL 3, 25
il T VR K T A 1 T UE TR 43 B K W DL A%
Ja H

20 M 15 7% <8 FL R A0 i MCE-7 . AR iR 5 41
e 293 T K N FLAR & 4 i T-47D it T DMEM
Fege gk 4 37 °C 500 RGO 19 CO, Sk
WH .

/0N B PR B R . LR g A MCF-7 % HLRE 3% .
WL 11074 MCF-7 40, j2 T #:FF BALB/c
PREH S A R . 2 1~2 JR e E S
P8 K /N R 0.1~0.3 em® B4 % BALB/c # B
A 5255 3l ) UG ALY

S BT A - R A 43 TS YRR R I
B, 4l B 3% 5546, i Thera Medical /N3l % 1 26435
DG W E AR R 5L (MSOT)

3 SRR EIE

3.1 BEBMKRERBGEFRIERERIE

AR SCRI T e S S B8 JR0AH 340 8 TR0 A 4 B A
AOKIZ R . o AEoK | L S N-FR 3 it g Jo
A 23 BRI 2 BGRB8 4 28 K 2= R K 7
SRR A E O T RO A R 2 2
YT e T 1] 26 15 B A TR J2 I8 AN TR) R A2 R/ B 6 0
GOKIZ R SR A B, B T IN-F 3R i s e 44 Sy

0207033-2



th i

i ot

Sy HORIAS B 7= R E L R e (0S8 60%0)
3 S 7 S I B AR BRI AN oK 2 R e 3, R 81
S A5 15 2 A RE A S B0 I F IR g A R B
B 1] RS R HB 43 A6 T 50 ~55 nm 5 Fl N . ) 5
T 1 U5 CAFMD I 245 2 FEF- 2 JE B 25 nm.,
1R 2B G 9OK 2 2 R FEZ) R 0.4 nm"™
SR, HOK G2 EZ R 4 nm, H A1

il F BRI AR BB K 2978 7 )2 424 . BT 90k M
PERST A8 /0n o b2 T AR 00 T B, 3% TR B AL A
FARR AR, ARV WP i 5 LR X 2
M J5 2k B9 S K. b T R g HOR. AR SC R A
38.8 mmol/L (11.4 mg/mL) ¥R 4h % W A5 M
il £ BT AT B0 B0 0 AR K )2 e, il D AT 34 50 B A Bl A3 1
Fiaaikp,

§
30 35 40 45 50
Size /mm

B 1 BEImAUK)Z R RAE 8T . (O BB G AR )2 B 1035 51 B BT 1] 5 (b) R As R A 06 1 04 B0 0 4R K )2 19385 B F R 11 5
O 1) B K2 R R T 1 B I (D B 1) 3851 3 U R R 48 (50~55 nm) 8 0 40K )2 B RLAR 43 A
Fig. 1 Characterization of AMNFs. (a) Transmission electron micrograph (TEM) of AMNFs; (b) TEM of AMNFs

modified with sodium citrate; (c) atomic force micrograph of AMNFs in Fig. 1 (b); (d) size distribution of

uniformly dispersed large-scale(50—55 mm) AMNFs in Fig.1(b)
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Fig. 2 Optical properties of AMNFs. (a) Absorption spectra of AMNFs with different concentration;

(b) photothermal conversion performance of AMNFs
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Fig. 3 Photoacoustic performance of AMNFs. (a) TEM of AMNFs; (b) size distribution of AMNFs in Fig.3 (a);
(¢) photoacoustic signal of AMNFs at 808 nm; (d) photoacoustic signals of AMNFs and graphene oxide (GO) at 808 nm

0207033-4



L

3.4 TEURBRE R AL E KB

B R ANK 2 R B B O A RO R
R 7 i R ROR L R T 2 AL 2R B i e B AT B R
W e 25 R B o DR I AR SR 6 0 N oK 2 R AR
Ry 7 R AG A S 7R R L R 4 i MCF-7 £ 98 /s B
HEAT T A i g SR A O A . TN B PN T A
200 pL(3 mg/mL) (56 94 K B EL, PR R S5 1A 988 1
o 30 37 R AR B AR O L B M A K R R s A g
PE A, 43I 808 nm Ml 680 nm (LG TR . 7E
N [ ] 5% /0N B Py 350 007 06 A7 AR . A AT AR
SENLE LB ST 1 h S i 5 R AR iR A Y B AR
IR B T R R R A S L B A L BE S X R
ANZY R 100 mm?® B iR SR A v T A ) O RS AR
AT R 6% 52 B 6F 458 /N ek 9 A A 0, an ) 4 o T

SPIE 48 h PNAS R ] a) s A A5 285 5 s, i g 8
()6 A5 5 o B Bl 5 Ao (R 1% 2 K T 92 T ek 55, A
24 hiy HA AR By b kL% B8 7 g 3847 . T AE 48 h
B RT3 2 JL-F TC I A0 oK 2 R ik Ax . Ah AR S
AT T 0T ARSI AR ) B R S 5 S AN [
W B B M 98 Ok )2 A (100, 200, 500, 700,
1000 pg/ml) 5 5000 4~ 7L 98 40 fid MCF-7 3t 5% 3%
24 h, FFIF Calcein-PI Xt HEAT XL L 4R 5 1 0%
IR A 0 GBS, R AN 18] 5 iR . HHIEL 5 AT
LR A0 AT LA A %) A0 3 12 L 3R PR B 0 A oK 2
FOE A A A W d . DL b A SR R B A 4 ok )2
J VB — i SRR TC L 52 700 AT S B0 R A6 1
SR A E Y IR T T BEAE AR 3 B
TEI R G HE T JCH R RIEH .

2500-(1))

2000 } 7'\

1500 F

[ photoacoustic signal

1000 f

Amplitude

500

0

blank 1 4 8 12 24
Time /h

Pl 4 A [] e ] 4y 98 /08 BRUBRLAL G 75 AR . (@) TEST 200 pL 3 mg/mL i B8 49 K2 )5 A TR i 2]
/N BRI R AL B S A D' A AR s (B IS 200 p 3 mg/mL B 91K 2 F IS AN 8] 220 /0 B i e 96 A 19 J A7 016 A 5 1

Fig. 4 Photoacoustic imaging of tumor site at various time. (a) Photoacoustic imaging of tumor site at various time

after 200 pl. 3 mg/mlL AMNFs injection; (b) photoacoustic signal of the tumor site at various time after

200 pLL 3 mg/mL AMNFs injection

dead

overlay - *© .'“' 5 o) 3 t
M S
. aalts ‘:‘}‘%:QF‘ o
o : < g '8 X iy
e € 5 e )
bright field| © o= gfes o Jlop 75
100 pg-mL" 200 pg-mL? 500 pg-mL-!

700 pg-mL!

1000 pg-mL-! phosphate buffer
saline

B 5 IR BRI BEG 90K 2 5 MCFE-7 2 ML 55 5% 24 h 5 B9 XUR RO 36 2R £ R 18

Fig. 5 Laser confocal microscopy imaging of MCF-7 cells cultivated 24 h with AMNFs in various concentrations

=

0207033-5



M

G

4 4 1w

I FHAE B8R 7 YR ) B 0 4 A 3 D SR B I N
KJZ R A6 K8 HAE 300~900 nm 4 I Byl [ AL
S WP BE B L AL b AR SO — 2 R T BEAS
5 S B A S A ST O L IR E T B 0 A8 ok
J2 R B 5 006 #4380 RO R AR, T AR
— Bk RE PG S EL R L S 1 T ALY KO e R R
FRI o S BT L 98 s 98 /0N BB 2R PR ) R O A D
TR AR B 38 T AR 1 6 P A% 1 52 500 0 B0 T
HtE—25TF & T 37 50 4 bRl 0 76 25 ) B 24 1R
I 1 10 FH W B .

2 % X #

[1] Hahn M A, Singh A K,

Nanoparticles as

Sharma P, et al.

contrast agents for in-vivo
bioimaging: current status and future perspectives
[J]. Analytical and Bioanalytical Chemistry, 2011,
399(1): 3-27.

[2] Michalet X, Pinaud F F, Bentolila L A,
Quantum dots for live cells, in wivo imaging, and
diagnostics[J]. Science, 2005, 307(5709): 538-544.

[3] Freudiger C W, Min W, Saar B G, et al. Label-free
biomedical with  high
stimulated Raman scattering microscopy[J]. Science,
2008, 322(5909): 1857-1861.

[4] Hong G S, Antaris A L, Dai H J. Near-infrared
fluorophores for biomedical imaging [ ] ].
Biomedical Engineering, 2017, 1: 0010.

[5] Hyun H, Owens E A, Wada H, et al. Cartilage-

biomedical

et al.

imaging sensitivity by

Nature

specific near-infrared {luorophores for

imaging [ J ]. Angewandte Chemie International
Edition, 2015, 54(30): 8648-8652.

[6] Hyun H, Wada H, Bao K, et al. Phosphonated near-
infrared fluorophores for biomedical imaging of bone
[J]. Edition,
2014, 53(40): 10668-10672.

[7] Giljohann D A, Seferos D' S, Daniel W L, et al. Gold

R
Angewandte Chemie International Edition, 2010, 49
(19): 3280-3294.

[8] Gupta A K, Gupta M.
engineering of iron oxide nanoparticles for biomedical
applications[]]. Biomaterials, 2005, 26 (18): 3995-
4021.

[9] Roca G, Costo R, Rebolledo F,et al. Progress in the
preparation of magnetic nanoparticles for applications
in biomedicine [J]. Journal of Physics D: Applied
Physics, 2009, 42(22): 224002.

Angewandte Chemie International

nanoparticles for biology and medicine

Synthesis and surface

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

0207033-6

Hell S W, Wichmann J.

resolution limit by stimulated emission: stimulated-

Breaking the diffraction

microscopy [ JJ.
Optics Letters, 1994, 19(11): 780-782.

Larson D R, Zipfel W R, Williams R M, et al.
Water-soluble

emission-depletion fluorescence

quantum dots for multiphoton
fluorescence imaging in wvivo [J]. Science, 2003, 300
(5624): 1434-1436.

Dutta A, Pal G, Mitra K, et al. Fluorescence life
time imaging from neurons and subcellular
components during low intensity laser therapy using
fiber-optic nano-probes [J]. Laser in Surgery and
Medicine, 2006, 38: 11-11.

Flusberg B A, Cocker E D, Piyawattanametha W, et
al. Fiber-optic fluorescence imaging [ J].
Methods, 2005, 2(12): 941-950.

Talley C E, Cooksey G A, Dunn R C. High

resolution fluorescence

Nature

imaging with cantilevered
near-field fiber optic probes [J]. Applied Physics
Letters, 1996, 69(25): 3809-3811.

Chatterjee D, Rufaihah A, Zhang Y. Upconversion
fluorescence imaging of cells and small animals using
lanthanide doped nanocrystals [ J]. Biomaterials,
2008, 29(7): 937-943.

Xiong Q Z, Wang N' S, Liu X Y, et al. Constrained
polarization  evolution  simplifies  depth-resolved
retardation measurements with polarization-sensitive
optical coherence tomography[J]. Biomedical Optics
Express, 2019, 10(10): 5207-5222.

Correia T, Aguirre J, Sisniega A, et al. Split
diffuse

tomography using anisotropic diffusion regularisation

operator method for fluorescence optical

with prior anatomical information [J]. Biomedical
Optics Express, 2011, 2(9): 2632-2648.
Correia T, Koch M, Ale A, Patch-based

anisotropic diffusion scheme for fluorescence diffuse

et al.

optical tomography: part 2: image reconstruction
[J]. Physics in Medicine and Biology, 2016, 61(4):
1452-1475.

Gaind V, Tsai H R, Webb K J, et al. Small animal
optical  diffusion  tomography  with  targeted
fluorescence [J]. Journal of the Optical Society of
America A, 2013, 30(6): 1146-1154.

Milstein A B, Oh' S, Webb K J, et al. Fluorescence
optical diffusion tomography [J]. Applied Optics,
2003, 42(16): 3081-3094.

Milstein A B, Stott J J, Oh S, et al. Fluorescence
optical diffusion tomography using multiple-frequency
data[J]. Journal of the Optical Society of America A,
2004, 21(6): 1035-1049.

Milstein A B, Webb K J, Bouman C A. Estimation



h | i bl
of kinetic model parameters in fluorescence optical 0207017.
diffusion tomography [J]. Journal of the Optical [33] Chen Y, Wang L W, Song J. Multifunctional
Society of America A, 2005, 22(7): 1357-1368. nanophotonics technology for precise biomedical

[23] Pfeiffer F, Weitkamp T, Bunk O, et al. Phase applications[J]. Chinese Journal of Lasers, 2018, 45
retrieval and differential phase-contrast imaging with (3): 0307003.
low-brilliance X-ray sources [ J]. Nature Physics, MRk, EHEEE, K. |G LAY E S £ 6k
2006, 2(4): 258-261. ARt T BOR [T T EBOGE, 2018, 45 (3):

[24] Wang L B, Frost J] D, Lai J S. Three-dimensional 0307003.
digital  representation  of  granular = material [34] ZhangJ Y, Xie W M, Zeng Z P. Recent progress in
microstructure from X-ray tomography imaging [J]. photoacoustic imaging technology [ J]. Chinese
Journal of Computing in Civil Engineering, 2004, 18 Optics, 2011, 4(2): 111-117.

(1): 28-35. A, WSO, B AR . LT AR R B R

[25] Kim D, Park S, Lee J H, et al. Antibiofouling (7. HEDEE, 2011, 4(2): 111-117.
polymer-coated gold nanoparticles as a contrast agent [35] Wang L V. Multiscale photoacoustic microscopy and
for in vivo X-ray computed tomography imaging[J]. computed tomography[J]. Nature Photonics, 2009,
Nanomedicine: Nanotechnology, Biology  and 3(9): 503-509.

Medicine, 2007, 3(4): 352. [36] Miao S F, Yang H, Huang Y H, et al.. Research

[26] Wei K, Jayaweera A R, Firoozan S, et al. progresses of photoacoustic imaging [ J]. Chinese
Quantification of myocardial blood flow with Optics, 2015, 8(5): 699-713
ultrasound-induced  destruction of microbubbles Wi, T, B, 5. O R R R T].
administered as a constant venous infusion [J]. drEYGAE, 2015, 8(5): 699-713.

Circulation, 1998, 97(5): 473-483. [37] Luke G P, Yeager D, Emelianov S Y. Biomedical

[27] Yang K, Zhang S, Zhang G X, et al. Graphene in applications of photoacoustic imaging with exogenous
mice: ultrahigh in vivo tumor uptake and efficient contrast agents [ J ]. Annals of Biomedical
photothermal therapy [J]. Nano Letters, 2010, 10 Engineering, 2012, 40(2): 422-437.

(9): 3318-3323. [38] Pumera M, Sofer Z. 2D monoelemental arsenene,

[28] LiC H, Wang L. H V. Photoacoustic tomography antimonene, and  bismuthene: beyond black
and sensing in biomedicine [J]. Physics in Medicine phosphorus[J]. Advanced Materials, 2017, 29(21):
and Biology, 2009, 54(19): R59-R97. 1605299.

[29] Wang L HV, Hu S. Photoacoustic tomography: in [39] Moghimi S M, Hunter A C, Murray J C.
vivo imaging from organelles to organs[]]. Science, Nanomedicine: current status and future prospects
2012, 335(6075): 1458-1462. [J]. The FASEB Journal, 2005, 19(3): 311-330.

[30] Li H, Xia X Y, Chen T A, et al. Applications of [40] Ferrari M. Cancer nanotechnology: opportunities and

two-photon excitation fluorescence lifetime imaging in challenges[J]. Nature Reviews Cancer, 2005, 5(3):
tumor diagnosis [J]. Chinese Journal of Lasers, 161-171.
2018, 45(2): 0207010. [41] Horcajada P, Chalati T, Serre C, et al. Porous
g Jeh, BIEE, & SOE TG E ey AR TE metal-organic-framework nanoscale carriers as a
Jihgeg iz Wi i 5T o A (I, E O, 2018, 45 potential platform for drug delivery and imaging[J].
(2): 0207010. Nature materials, 2010, 9(2): 172-178.

[31] Lin H X, Zuo N, Zhuo S M, et al. Application of [42] Farokhzad O C, Cheng J, Teply B A, et al. Targeted
multiphoton microscopy in disease diagnosis [J]. nanoparticle-aptamer  bioconjugates  for  cancer
Chinese Journal of Lasers, 2018, 45(2): 0207014. chemotherapy in wivo [J]. Proceedings of the
Mz, T, HRUK, . 26T BRI E 2 National Academy of Sciences, 2006, 103(16): 6315-
Wb i 8 [T b B Ok, 2018, 45 (2): 6320.

0207014. [43] Cameron D J A, Shaver M P. Aliphatic polyester

[32] LiuL X, Li M Z, Zhao Z G, et al. Recent advances polymer stars: synthesis, properties and applications
of hyperspectral imaging application in biomedicine in biomedicine and nanotechnology [J]. Chemical
[J]. Chinese Journal of Lasers, 2018, 45 (2): Society Reviews, 2011, 40(3): 1761-1776.

0207017 [44] LiD, Kaner R B. Materials science: graphene-based
XUSEoHT, FAER, BEN, AF. RO R R AR materials[J] . Science, 2008, 320(5880): 1170-1171.
PrBe s gk R [T] . i B o6, 2018, 45(2): [45] Stankovich S, Dikin D A, Dommett G H B, et al.

0207033-7



th i

G

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Graphene-based composite materials [J]. Nature,
2006, 442(7100): 282-286
Son Y W, Cohen M L, Louie S G. Half-metallic

graphene nanoribbons [ J]. Nature, 2006, 444
(7117): 347-349.

Bunch J S, van der Zande A M, Verbridge S'S, et al.
Electromechanical resonators from graphene sheets
[J]. Science, 2007, 315(5811): 490-493.
Bonaccorso F, Sun Z, Hasan T, et al. Graphene
photonics and optoelectronics[[J]. Nature Photonics,
2010, 4(9): 611-622.

Vakil A, Engheta N. Transformation optics using
graphene[J]. Science, 2011, 332(6035): 1291-1294.
Giovannetti G, Khomyakov P A, Brocks G, et al.
Substrate-induced band gap in graphene on hexagonal
boron nitride: Ab
calculations [J]. Physical Review B, 2007, 76 (7):
073103.

LiLK, YuY ], Ge Q Q, et al. Black phosphorus
field-effect transistors [J]. Nature Nanotechnology,
2014, 9(5): 372-377.
Kou L Z, Chen C F,

fabrication,

initio  density  functional

Smith S C. Phosphorene:
properties, and applications [ J]. The
Journal of Physical Chemistry Letters, 2015, 6(14):
2794-2805.

Ji J, Song X,
antimonene single crystals grown by van der Waals

2016, 7:

Liu J, et al. Two-dimensional

epitaxy [ J]. Nature Communications,
13352.
Zhang S 1., Yan Z, Li Y F, et al. Atomically thin

arsenene and antimonene: semimetal-semiconductor

LJ1.
Angewandte Chemie International Edition, 2015, 54
(10): 3112-3115.

Ares P, Aguilar-Galindo F, Rodriguez-San-Miguel

D, et al. Antimonene: mechanical isolation of highly

and indirect-direct band-gap transitions

stable antimonene under ambient conditions [J].
Advanced Materials, 2016, 28(30): 6515.

Gibaja C, Rodriguez-San-Miguel D, Ares P, et al.
Few-layer antimonene by liquid-phase exfoliation[J] .
Angewandte Chemie International Edition, 2016, 55
(46): 14345-14349.

Keller A A, Wang H T, Zhou D X, et al. Stability

and aggregation of metal oxide nanoparticles in

[59]

[60]

[61]

[62]

[63]

[64]

[65]

0207033-8

natural aqueous matrices[J]. Environmental Science
&. Technology, 2010, 44(6): 1962-1967.

Yang S H, Yin G Z. Photoacoustic angiography for
mouse brain cortex using near-infrared light[J]. Acta
Physica Sinica, 2009, 58(7): 4760-4765.

TR, BITTRR . RIHE Z0 A GOR B 6T i A8 i s
W& 0. PELEAR, 2009, 58(7): 4760-4765.
Jain P K, Huang X H, El-Sayed I H, et al. Noble
metals on the nanoscale: optical and photothermal
properties and some applications in imaging, sensing,
biology, and medicine [J]. Accounts of Chemical
Research, 2008, 41(12): 1578-1586.
Agarwal A, Huang S W, O’ Donnell M,

Targeted gold nanorod contrast agent for prostate

et al.
cancer imaging [J].
Journal of Applied Physics, 2007, 102(6): 064701.

Yang K, Hu L L, Ma X X, Multimodal
imaging photothermal  therapy

detection by photoacoustic

et al.
guided using
functionalized graphene nanosheets anchored with
magnetic nanoparticles [ J]. Advanced Materials,
2012, 24(14): 1868-1872.

Zhou C Y, Zeng L, Ji L, et al. Research on the
thermal conductivities of graphene and graphene
based on composite materials [J]. Development and
Application of Materials, 2010, 25(6): 94-100.
FIBRE, Bt WH, % ARG EHEEME SR
TERERY AIF S BLAR L] A RHIF & 5 0%, 2010, 25
(6): 94-100.

Xu M H, Wang L V. Photoacoustic imaging in
biomedicine [ J|]. Review of Scientific Instruments,
2006, 77(4): 041101.

Shi Y J, Xing D. Study on photoacoustic effect in
nanoscale and photoacoustic conversion mechanism of
nanoprobes[J]. Chinese Journal of Lasers, 2018, 45
(2): 0207026.

AR, JRIK . WK R 190 R RN R 4 K B A
PR AL B ST (0], b EEO6, 2018, 45 (2):
0207026.

Fang J, Nakamura H, Maeda H. The EPR effect:
unique features of tumor blood vessels for drug
limitations and
augmentation of the effect [J]. Advanced Drug
Delivery Reviews, 2011, 63(3): 136-151.

delivery, factors involved, and



