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Abstract

With the rapid development of nanotechnology, the novel nanomaterial-based biomaterials can
effectively overcome the disadvantages resulted from traditional biomaterials to promote the de-
velopment of biomedicine, therefore have received wide attention from researchers. Because of
their good biocompatibility and excellent physicochemical properties such as optical, electrical
and magnetic characteristics, bismuth-based nanomaterials have been extensively studied and
reported in biomedical fields such as drug delivery, antibacterial, tissue engineering, biosensors,
tumor treatment, especially in bioimaging and theranostics applications. Combined with the re-
ported studies, this paper briefly reviews the common types and synthesis methods of biomedical
bismuth-based nanomaterials, and summarizes the latest research progress in bioimaging (such
as computed tomography (CT) and photoacoustic imaging) and in theranostics (such as photo-
thermal therapy (PTT) and radiotherapy). Finally, on this basis the prospects and challenges of
bismuth-based nanomaterials for the biomedical applications in the future are expected.
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1. 518

BEEAARBORE Gl L 54l M, AV TREFZRN 2 ME, RME R
FORRS R BRAL 2 R RN 5 T 3R AL 2B A R, AEAE W 5 U ) S AR KRR 2, 9 RS R
PRI (U iR 297 SR 0t 18 BB AT ik o AREEARARL R R A U D B 22 e b, A2 E R 2290
SRS Cg W FEANRAE, R AR AW AR S AE TR YT S5 N 5 TR B T BRI Ao AR
MR R AR A 7 & A B (bismuth, Bi) T I EHLAKAEE. AR 2 ML 20T, b Ees) ZH
TRIT B IEAN . = IR R 258, HARIUH R H0E T BOR A AEY 2 e [1]. I8k, £k
BT AR R HESD T, BEGORAR AR A W BR 2 U BL ) 2 OB AR, ik ies . &
SR TR PUREHIR . VR MA TR R, R BIEGRAT R AR R T e (B
TN Z 8 (CT) AR 6 (PA) AR A RE IR BUR (MRI)AE) A1 T Ho o i6 7 T Br (e g
J7 TEEHNAIT SRS &, MR GIKIZ ST T S AME T CLSEBUS S WG T — 4k, JE 7T PSS IT R 13
JEVHE, f8 IR T R, B, BTRUKISIT T 6 A SO PR RHE DR A 1 — A
RBFFETT I o AL PRI B ) 26 T7 1%, B B LA IR 27 vh ORIT FERE fE, s B3
ZRPTRHE AW B 22 B (R S S A Bl HEAT T A R

2. SEEAARMBINERS K

H AT A8 B AUR M BRI R 2, WIRSORE, EEGRBANRE T R JUORBRL. 99KH. 40K
e GUKE S GURFRS N AUIREESRA; WA RE, T2 BB (RN SMIH K  45)
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B B (BLHE BipO3, BiO,-, (BiO),CO3%5) SRIET I 1k & W(Bi,Ss, BiSes ) 4k Ak xi 1k 4 (2.4 BiOCI,
BiOBr, BiOl £%). 4h3t% 4 @1k &4I(Bi,WOs, BiPsW3, BiFeOs, BiGdO;, CusBiSs, CusBiSes %), 4hdtE &
YI(BiOI@BI,S;, Au-Bi,Ss, Bi,S3-MoS,, BiVO,@Bi,Ss, Bi,S;@Ta0y, g-C;N4@Bi,S;, MnSe@Bi,Se; 25). N[
IR S5k B RSIG RECR R ES . AR S5 VE T, DR o] DR 75 SR 151l & A AN
[F D RE IR EE R RL, DAV R LA AE AR . 29idik. P HSUTRE . AWk, ogaia T 440
WR 2]
3. SERM R EERIETSE

B B IEGURATRL 1 7 R B FE K B FGE . R I AL B TR ik - L L
B SR O R 7B D6 5 B O S o AN [ R 1) 4 72 0] LA B 450 5 1R R 52 4 AN [R] AR AR 4 KA R
DAL, T DURR R I PR R R B TR 3R, e 350 i il 46 7 AR SRR 1297 7 6, DSBS g 24y i
JRCWANGETT . NIRKE A E =R R B RITE .

3.1 KABFIAREGRE

IK ST i 2 BLIE A N B R A K AR BIGOR G5 M, A2 B B g Ko ) e FH ) 7
TEME T, R L P 2 G BB FE KA R ) B #E54(100°C~200°C) . TERARIRE T, ROBCHEENS, W]
DAAS EI/N RS BEGORARE, (R L2 R 2 TERURIEE T, BB RM R4 s . ik
SERIEINECE, (HRLRSTEOR, mja s MRSy &M Rk, $l8 8GR R B AR 35 7
SRARA SOSIIREE o 25 RS 3 i A s e X 2% A, A9 S 1 3 B v b R PRI AR PRV TR S IS I A I
[ B T2 Fs 7510 SR SE ) 8% ) DA RE AR R ORE R A 4G, 2 B P A R B8 K . NON- R B i . —H
WO FE. LR, L. MR MEREEEN . B, Guo 25 AR FIMUELER. KA H ek 4k &
AR St W 2 K G T BiOI@BIpS; 7 it 45 40 K kL, PRl I 4= L7 A &5 1 (BSA) 878
BiOI@Bi,S; 5% BiOI@Bi,S;@BSA(SHNPs) (] 1(a)f11& 1(b)) [3]. [, Liu Z AFIFH#H+ —BREE N
Bi IEAIRIBRAR ZBERZAE AN S IR, {EIMBR. LA ZEE IR A AR Rl AT OB, Hil %45 3 7 ik Rir 2
I LLAN A TE BRI V) BioSs MK HE[4]. Zang 55 AFI FRHIREA1E 9 Bi YEANESRRENIES W IR, FIH]
KOH ¥ 1H™T pH, 7£ 180°C NI 2 h J&, ZEl#&15 3] 74t BIWOs 4K A [5]. th4h, 7E Fidx
A R B N o T R A AT LA RO B GRERE RS RS, (RN St HL 3R Ak 45
Hi[2].

32. BRASBERNE

Fe i A3 AR P A B I N B IR S A S A KA R AR A AR T AR K AR B GRRL, B2 A
S N wll W 210D 1 AN 78 e A AR NI 3 1 7y X R e | s Rl AR o e it Lo
WG e R A, HIEEEET 100°CHIEE FEHMT. bR, s 7 m Lo 2H
IR ARAE K, TR 5 7K SR AR B AR LU il o v o] 4% 19 28] () Bl A R AR 1) RUST A8 /IMEL &5 o
TR, AR SRS M R AR T VR . A SR NTE R ZUE T R S BN N B R A U 1
REHH, REEGSRY FRZIESERINAE 165°C, fR%F 20 min J5AEIZ 105°C, 7ERIZIH £
NP S IR SR B I, AR IR BN RS 1 min 5 AT A3 3 RSE 2~3 nm ) BipSs 44K £([6]

3.3. WEREEME

MEAIE S5 B PR AR R TR (S EL e R B, 2 v R S BB R RL T7iR 2 — o H I S 3
FEEALEN . N, N- FRE PRI . DUR IR BASE, A€ A ORI + —hehi. + —hile. S0 R,
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RS

TEE SRR, WHOK TR A SR N, 38 I AT R AR IR A BB SRR =4 Billn, Lei S8 ATEIRAN
IFGEAETR, RIS POROE SRR AL & A3 21 7 RS /NI 5 ARtk s be i €078 (0 5Bk o, I
RINHEA RIFH) CT BB MEREFIIT LLAM A HAL R (~30%) [7]. 2B, Zhou 55 AR A ACANIL R
TS T /N TR IR L £ R B A SR (GO) R IHT, DA S B Bi 4K IR i 4 HEL M e
TS IR ZAR LR e (PVP) R A AR AR A 251445 B 2474 PVP-BIIGO (1] 1(c)ATE] 1(d)) [8]-

; 1 A ::::
Figure 1. (a) TEM image of as-prepared SHNPs. The scale bar is 200 nm [3]; (b) HAADF-STEM image and elements map-
pings of SHNPs. The scale bar is 50 nm [3]; (c) TEM image of PVVP-Bi/GO [8]; (d) HRTEM image of PVP-Bi/GO [8]
[# 1. (a) SHNPs & TEM El(#7R: 200 nm) [3]; (b) SAIFFEEIAIIIEEST B FRHIEEGRMENLK EDS TR HE
(¥8R: 50 nm) [3]; (c) PVP-Bi/GO By TEM Ef&[8]; (d) PVP-Bi/GO BJ HRTEM El{&[8]

4. FhELRARMEIA ST R
4.1. IR &

41.1.CT &

X G iU Z #3948 (Computed Tomography, CT) BAR A FH AN I AE M AL SR TR 22 (0 XS4 y
SRS IS RE I AN I, 3d s s AR B S AR A 48 8 IRV E AR R, BT ORI R A IR
eI, BARHEHE) . AR SR il WA CT & 32 &l
(NG, ABAREGRZ F R . 5 T 9 B SRR . SR I B S AN 52 50 R e 1 B A2 0 53
AEFGRIG, ACORRIRR G T R H[9]. BEEGURARMED Y CT &AMt FaRix Se e f it 1B B .
BTG X BT R B0 K (Bi: 5.74 cm®.g Y Au: 5.16 cm?.g % Pt:4.99 cm®.g % Ta: 4.3 cm?.g™* at 100
keV), HHHAELEM K LLEEE, Hit, SRR BRI T ik i s g e g, 2 208
W AR B2 550 BN, Kinsella &5 N il 4 (1) 5% FHRE 5] IOAR 10 PRI A0 B8 (B S) 44 K MUK 28R 381 i 76
PR, RESF=A RS IOXT LR, B EIE R CT EUE[10]. Liao 25 A —Fh a5 4 (it —Hevkiil &
4 - 2= L ORE Y, WIVENmEERE CT &R, RN AT gl HE AR AL, 8 G0 1 B 1A
WATRE™ A MEIERT, B IRR N W 71[11]. Wang %5 A fil % (1) BiOl gAKMok 42 22 Al LI BT B ey
() CT A, HIHE BiOl KR ER N, H CT (553 S s, JmMEa s M@ EE CT 55
£ 0~2 h WAREAEAE (] 2(a)~(c)) [12]-
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4.1.2. RFERIR

.75 (Photoacoustic, PA)RAR— Rk i 85 UM pug 77 20, 18 B FE o e B B 6 A VG TG 3 L
BRAE, HAMH AR Jo AR AAE  . IZUR T B A T R A R R 1 A, R
UE R A A R AR AN FIERE, (EMR . M ARSI R DL 2 S R 5, 52 3
Ktk 22 B TAEF R IREEAE )2 500 T e i A 5 AL e IR AT AL Ak 2P, [
b, BAT G Mt BE (BRI B HE R BAT Y6 g MERE . B, Tween-20 &1l Bi,Ss 49K
BRTERPRI AL 20 P R B AR 7 (0 PA R RE Sy, BT RS IKES 3 h 5, T 0@ v R B 2% (EPR),
JHORE A G A (S S B B v, WIHRLE 24 h [4]. Zheng 25 N4 1) SiO, BLA 1) BiySs 40K AE B g B A
BRI S, FIEE AR AT W, 7T LU T34l BiSs /ETHALIE RS L [13] . Park 25 A&k
(1] Bi,Ses 44K 1 7E 1064 nm bR I HEHR) PA (S5, o LUSEELX /N RUBEME. B st ikl PA &,
FAEPRIERE_E T T O6RE B IE PR R BORIAIT RGE[14]. Zhou 25 N K HIINEALENIE SR 04 153 e &7 1)
PVP-Bi/GO, I G g FH o i it Jed s A 4 A i 21 2 1 104 5 9 (1] 2(d)) [8]-

a b
5‘800‘ « lopromide
mg/mL 0 025 25 5 10 20 %500. _Llnear Fit of lopromide _*
o = Linear Fitof BiOI .~
lopromide @ @ =
P . s’ @ . 2400 ¥=31.30700 204543 ’
ko] e
BiOI o) 22001 o
€ . . . 3 : £11.80330x+1.2781
o 0. R2=0.99769

5 0 15 20
Concentration (mg/mL)

Control 10 min

Control PVP-Bi/GO PVP-Bi/GO+NIR \ 3

Figure 2. (a) CT images of BiOl QDs and iopromide in vitro at various concentrations [12]; (b) Corresponding CT value of
BiOl QDs and iopromide [12]; (c) In vivo CT images taken at different time after intratumoral injection of BiOl QDs [12]; (d)
PA analysis of oxyhemoglobin (red) after mild photothermal [8]

[ 2. (a) FREIRER) BiOl & F R AL ZRRAESN CT BIR[12];(b) BiOl & F = AN#E ZRZAAR Y CT M EME[12];
(c) JEAERRIGHERES BiOl EFRERAERESE/NR CT BR[12]; (d) EMATEEAERESTESENIER
TIBER (AR ET) [8]

413. BEXRE

TR UG HAREAT % H LB T, 2 PGB R 45 S N 2 S R BRI A BLAh, SR ALK
BRI (R RE IS W . T ILIT A AN e G S v BE AT =y X S 3B iAe 71, AT 2 ARG I B S 40 KA
ROl ST R T E Y g Bk — 538 SRR TT . Li 28 AR A 1055 AR B R K R R6/E N CT
IR I R A 66.7 HU-mL-mg ™, ] DLSEELIT LT AMAEAG . Y6 g CT if% =% & —[15]. Lei
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RS

S NI Y¥ A1 Er BB A il 4 1) #4078k BiO3 NPs 7E 980 nm OB HES AT LUK S5 ZU A 400k,
I AT DAL ER 2 825 (1 CT 55, RUIW] DU TH@ SO CT WM& T G [16]. Li 8 Nilid b
2] % A% 5E MnS@BI,Ss K 45 AT LA TR RIILIR KR . CT MR LSOt g = mifg, IF Sl
2R EE 5 3 RO HGR S 00 R R IR Y T (171

4.2. BIERTT

BRIEGURA R 7 6 ZEVIAR A E R AP A HAR AR, 0 b I il 20 SRRt BEAT e X AR 23 ik
REAI[18], L) V2 N HI - E (1 e #aa 7 ARG T

4.2.1. XHETr

JeRRIT FEERF AR ROG R F O SR T REE I LR SE R A, SR XA
1BIT o ML RE SR ML A A o TR 20 AP 62 T 11(700~1100 nm) (1R ORI EBCH #46%
N, RSN EA ERKBERE . Wik, FETARIEARI T 20 AN R e IR Va7 s 5 |
TR KRR A I SCHRIRTE, B 5 1) G AR 383 (n) /2 32.2% [19], BioSs 4K UKL R FA A 4t
RN 21% [20], BinSs KA K HEE Wl R =15 64.3% [21], BiSs 4K A i A 34.6% [22], CusBiS;
KSR n 9 27.5% [23]. EIREREG KO L HATTIZE 808 nm OGRS, TR HWa T A m R it
RETEPIR A = AR R ks, TERUM B BB A2 T 8 42°C UL b, SR AMA I AR,
TR AL, SEEUMRE R RYATT . B0, Guo 25 \JEid A i (15K 11 (BSA) 178 BiOI@Bi,S; 5
#| BiOI@Bi,S;@BSA (SHNPs), {EF|HiZA BHEARBAY FA3 2] 18U r R ia 7 8CR (5 3(a)~(d)) [3]

As & § QY PBS b
® o0 ®
SHNPs }
0204 Bt .
Bt 5
s EN € ‘ : X-ray -] . [ 1 $
ERE "' wauPBS
=Y NIR = e SHNPs
9 q ® ® =
2 ——NIR
= 9 . @ SHNPs+Xcray (@ e SHNPs+X-ray
e SHNPs+NIR
L ¢ v SHNPs+NIR " s SHNPs+NIR+X-ray_
0 3 6 9 12 15 18 21 24 27
’ . SHNPs+NIR+X-ray Time (day)
c il :;~ 2 - ' E HI i
., 8 ! ! “
d 2 - . 8 B N s
Yo R s R SO & R RCEX
- J “ @ ,‘* g 8 o LS L T b |
I A2 088 > U QU Bttt ) N i b
I A i PR .
PBS X-ray NIR SHNPs+X-ray SHNPs+NIR SHNPs
+X-ray
C Control o f, T
~2000f — Bi,WO;, ! I
£ X-ray C} 0.8
£ Bi,WO +X-ray e
< 1500 | .2
/ oo
£ ! 5 0.6
s | z
2 1000 | 1%
= g 04
E 500 18
= v 0.2
0 PR 22 St
0
0 5 10 15 20 25 30 Control Bi,WO,  X-rayBi, WO, +X-ray
Time (day) Groups

Figure 3. (a) Photograph of tumors after treatment [3]; (b) Body weight curves of mice in each group during 27 day treat-
ment [3]; (c) Photography of mice at the end of treatment [3]; (d) H&E staining of tumor [3]; (¢) Tumor growth curves of
different groups of mice during 30 days treatment [5]; (f) Tumor weights [5]

3. (a) AFTERE/NEMBER(3]; (b) 27 REVAT IR NRHEETL3]; (o) BTEREDMRERES] (d)
BRERY H&E R EEIR[3]; () MEIATTLER 30 RAVAEKHILZL[5]; (f) FEIAE(S]
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iy
=
P
&

42.2. HEHATT

SR YT F BRI SRR 2o (n X SFERAN p HELREE) SR ERva T IR, SRR R LR A R va T
FRZ— EEBUHAIT IR, mRes 2] DL E 5 S 5T DNA i s (4= A2 K E s A B B
H:(ROS), BmASFEAMMZIRBII T BhEEGIRA RN F X X S 4R 32 I B8 /T 3R (B 7E 100 keV B 1) X 5
28 R RN AR KON 5.74 cmPlg [24]), T LA BAT WO I ROT R . A X SHERARIRR, PR KR
M R PEP (U B ) R LA — 2P 5 H,0 S5 TR AR EAEFI[8], 3 a7 & e s N R, kT
SEPLTEBARFE T ARSI AR,y X 2ot IEH AL TRRIER . B, BEEgKBoT S HoR i
BT AR AR AE TR RS . B, Zhou S N IE I Ak 20 ) 45 TR 3R 0 g S U1 PR B A R R —
A BT E AR A SO s MR B B R A R BL O GSH HTHAE. F4E G mTEUcE Bi A5 R
A I LM EIR IS B 5 X SRR, I AT LSRR e HE ST S U TT B FR YT, HRTETE AR
JE U R T HR SR T A A, AR B RO T B BORER AL T YEI[8]. 2 BAMh, Zang S5 A&
133 7 AAHR) BIWOs 492K Fr[5],  FEIE A BURHE YT v HUAS B 2 AR (] 3(e) FIA] 3(f)).

5. RS RE

LR PR, SIEGURARL R T BA R IR K B AR5, B AR IR 2T 35 U8 2 ST, B 4n
VRGN CT Bt 675 Bulg & 2 B R ) FMR 1297 (B C IR T RBUR R YT) . R TEIX S )y
I s 1T E R, EUSEAE T Z W SO R BRA, DR EEBBIE G R AT R RIS 51 8 1297
FIN I FIRPRSEER: 1) BUHSBIEAURMRHN 75 25 FE R E T 2RI AT T Rk, DU A 75 m] LASE L
TR 2) WEAURMBI A e, WREEIRE AR S, AR, 3) BEEARH
FBHERIGESAS T o, 2 REh 1 MR W RARIE f it — 2D IR R 4) IRECRIMEMJ 7% LA b
SEPURNP R A BRI 0 B AR E 1, RINHR R A 4t 5) BREEGUKATRHE g S g 12
7 IR SRR AL TR0 TR B, KR T S P RE 2T IT Rob ik — PR R, NN
i AP A B A ST 6 JEE it A 0l S 4

EEMA
A TAEAF 3 E 2K B AR5 42(32071403) 3 #F .

&E 3k
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