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Abstract: Sulfur quantum dots (SQDs) have been widely used in fluorescent probe detection, cell imaging,
photoelectric conversion, chemical catalysis, and other fields due to their advantages of high luminescence
intensity, low toxicity, no heavy metal pollution, good biocompatibility, and stable photochemical properties.
Herein, the synthesis methods, properties, and applications of SQDs were reviewed. The synthesis methods
could be divided into bottom-up and top-down methods, with SQDs synthesized top-down showing higher
fluorescence quantum yield. The optical properties, luminescence mechanism, low cytotoxicity, and
antibacterial properties of SQDs were then emphatically introduced, followed by summarization on the
important applications of SQDs in the fields of fluorescence probe, biological imaging and light-emitting
device manufacturing. Finally, the existing problems that needed to be solved in the frontier applications
and the future development direction was discussed.
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Fig. 2 TEM image (a), XRD pattern (b), FTIR spectra (c) of SQDs, Raman spectra of sublimated sulfur powder (d) and

SQDs (e), as well as XPS spectra (f, g) of SQDs?**
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Fig. 4 Schematic diagram of synthesis of SQDs with controllable emission wavelengths
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Table 1 Summary of synthesis methods of SQDs
FIAIREN PR /mm RSB /Mm% il i 4 Z: 75 3Cik
CdS &F 45 1.6+£0.4 428 0.549 HNO; v [28]
FHAEf Y 6.94+0.43 400 10.3 NaOH. H,0, PEG-400 [29]
THEBR 2.80+0.52 440 3.8 NaOH PEG-400 [34]
THEGR 3.5 440 23 NaOH. H,0, PEG-400 [40]
THERR#Y 5.5+1.7 460 2.1 Na,$ PEG-400 [35]
THEm#Y 1.5~4.0 490 215 NaOH. O, PEG-400 [39]
THEm Y 6.2 524 4.02 NaOH PEG-400 [36]
A BR RN 9.88+2.10 461 4.8 NaOH. H[i#% PEG-400 [33]
TRARHR BR #h 4.76+0.42 462 25 H,C,0, PEG-400 [32]
THER#Y — 450 32.8 NaOH, Cu(NOs), PEG-400 [42]
THAEmR A — 650 7.2 Na,S — [47]
THEGK 2.8+0.6 434 7.1 NaOH. O, CMC [38]
THERR#Y 4.3+0.4 432 — NaOH PEG-400 [50]
FHERT B 3~5 450 45 NaOH PEG-1000 [37]
FHAEGA — 420 5.13 NaOH. H,0, PSS [30]
THEm Y 2~20 420~515 21.5 NaClO PEG-400 [41]
FHAEf Y 2~5 430 14.22 H,0, EDA [51]
FHAEG Y 1.7 427 6.8 NaOH S AR R OK H [52]
THEBK 3.78 445 49.25 H,0, PEG-400 [43]
THEGK 2.22+0.60 440 58.6 H,0, PEG-400 [44]
THER#Y 11.7543.74 420 7.04 L. H0, PEG-400 [45]
THER#Y 3.5 423 87.8 EDA EDA [46]
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Fig. 8 UV absorption spectra of sample with reaction time
of 30 ht*¥
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Fig. 9 Schematic diagrams of samples emission wavelengths with different reaction time

R AR 2 RO A R e A 1 U 3 T T
SC, BT RS RO R R e R TR ] R
T, X L8 F iy FE A A S 2 ROt i PR AR

[34]
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HEES ST, MiMAS STHRTIR ISR, SQDs
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PERTAREE 5 d DLEPY, SAMT ISR K SQDs
ek E R TB . W 10 s, LI %0287 ] &
AT (365 nm ) LRG3 h, WELH] SQDs ¢
JE LR EREE s IR IRAFSE T pH X2t B Y
W, 24 pH<7 B}, ¢ ¢5m I JLF A3 pH 2R
Wi, JFAE pH=7 Ak ElH K, 24 pH M 7 392 9 fad
FErp, DCHREIFIRFEAR, XA B, PEG-400 2§
B AR T A - i 3 SQDs, B 11 %8 5B 5 R 58 e 1
K, MIMTERECSHIE . ETERAMGT, 90K
WA RE, WDEAIEE R, 25080 R
AR, WA DOEEME . X TF SQDs Ji
sralifb b B B 2 X
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*-= < ~—g——o — o
-\'
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FE 10 2EAMEIETT pH XHGEEUR R 1 5 2
Fig. 10 Effect of pH on photoluminescence intensity under
ultraviolet light!*®
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Sublimation sulfur

Ry: 2(CH,-NH,) + S —> (CH,-NH)(CH,~NH-S;)
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TAPAERE TR, BALRH SQDs JF TS
ARG LR, B T R T L1
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E
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SQDs
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R,: S Oxidation SQDs

K11
Fig. 11

23 WREEESHREMNE

VG200 6 P 2 4 ARG B A A SR 1 S Al
o LT 2508 YR A v 20 AT 35 R0 S ik
SQDs WA EEMEUEAT I E , Kk AR Y SQDs
SN B #i98 ( HeLa ) 41 i FO T 2010, /EFH 24 h
JE W23 SQDs X 4L A JC I R M 5 Y T A
R ek R, RIS SQDs 78 i i i e
(100 mg/L ) T, SQDs it /2 A BH 2 i 4 g s
AN IEFE L9 (CCK-8) FTLIE/R SQDs RYAEHIH
bk, RIBEHRA LSS R4 ( BEAS-2B ) 4
MH SQDs A YA Z M, 4 SQDs [l fa i B ik

MRSA

Sulfonyl groups

EDA 5 H,0, fEFF SQDs # fi 25 45 fL AL FE Y
Mechanism of surface state change of SQDs under the action of EDA and H,0,

[51]

375 mg/L B, HMILAETEHEH 85%, FFE LY EFE
SRS, Sz bR R T P R R T 20 3 P B B
QIAO % B 5% T SQDs HYKSMNE I, E+% HeLa 4
A I (KS562) 4015 SQDs fEH, i i il
TR RRAARIR A A, S5, BN IR AR L
Xof S0 25 SR TG

HEFHICE A HPTE M, WANG ZP05 bt
£ SQDs, FEAIE F B AN AR T X B 4P g
FOE R ERE (MRSA ) JRYL 1) KT R RLIR YA R
SRR R, K 12 7R . SQDs KA AN AT 71 |
RCEE R A B 2 o A BRI T DA i 5

Day8 Dayl0 Dayl2 b

LMY

PBS

PSS

PSS-SQDs PSS-SNPs

PBS PSS PSS-SNPs  PSS-SQDs

F 12 R AR thil (PBS ), PSS. PSS-SNPs Fil PSS-SQDS Xt/ MRSA /NRIIAITIER (a). B s A4
KA MRSA (b), REAIT T 1 MRSA JES R RS (RARE LD R ARG ) ILHEUF 4007 () BY

Fig. 12 Therapeutic effect of mice infected by MRSA in the presence of phosphate buffer (PBS), PSS, PSS-SNPs, and

PSS-SQDs (a), MRSA of secretions grew from infected wound secretions (b), and histological analysis of skin

tissues (hematoxylin-eosin staining and Masson staining) infected by MRSA with different treatments (c)

[30]
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Zi I, SQDs £ S. CHl O JLERH M, &—Fb
TR R B RS 05, X & SQDs M HfE5i 4
BT B R, I H PR R, Y
B0 A & B RE

3 SQDsHIM A
SQDs M TE AR Al Bufs e A= P AH 251

RAFSERAPE T2 22 R, EPOCREr . A

BRI G SEUAT B )2 N

31 WEREHKWNEREETF
RN T B R I TR R A R A

ARE e, DRI TT AR 9 SR A A 42 T 5 1 i

AHVINTT, BATPITAT LISCE SQDs Y2 i ]

sREEH, T B8 B AR K O, DL 2.

F 2 SQDs Xk L 4x J8 B i i
Table 2 Detection of common metal ions by SQDs

BT AR 4 £V FBl/(umol/L) H H BR/(umol/L) R 2% 3Lk
Fe** BECIEKR 0~187.26 — 0.9870 [28]
Ag+ TR 0~280.8 0.81 0.9939 [62]
Ag+ HLAF S0 0.1~3 7.1x107° — [65]
co* PEIEK — 1.57 0.9969 [32]
crt PR K — 0.56 0.9937 [32]
Pb** PR K — 1.72 0.9863 [32]
cr® TOLHEK 0.5~225 2.4x107 0.9964 [37]
Hg*' PR 0~0.1 (Ft%) 6.5x107% (B Hek) 0.9800 (371

0~10 (b i) 1.86 (Lb i) 0.9970
Co™ PR 0~40 (F63:) 0.16 (F3:1%) 0.9970 [50]
0~200 (Fbaik) 1.8 (Hefaik) 0.9990
Co** PR 0~90 2.0x107? 0.9485 [61]
Zn* PR IR 0.024~0.2 1.5x1072 0.9920 [56]

3.1 RAEBERE

FEF T ABE R AL B S, L1 2P SQDs 1
R NARER B A Fe¥t, Fe T it ik BE7E 0~3x1072
g/L Z[A], SQDs fl Fe’*Jii mm vk i 2 ] HLAT #55i A 28
PERR, PLTILR B/, SQDs Xf Fe' A M4k
Pt Fe¥'5 SQDs i i AR T 5w i sE R T,
NI e A= 45 5 T, A R BEIR K, SEBL T Fe™
1) e R ABCPEAS U

E ﬁﬁ , E:é’é@gf)rﬂ,TXﬂL C02+[50,61] \Hg2+[37]ﬂ] Cr6+[38]
S DUES T A . LT ZEBOF ] L-cysteine 15
i SQDs, F Il B i 485 45 %) 4 TS T 4 A 000 S
H Co*", Co”"5 SQDs fEFTE LAY Co,S AWrRE
PENHEK, % SQDs X Co™  HA MM Mtk [
FEH, BT JE B ] USEEL He ARG, A
MSZPRFE S A He™, 15 He™ B9 [BDCRAE 98%~
102%2Z 18], FF3RAS K47 AR bR o f 22070
3.1.2 &AM EE

AL B T AURN SR K SQDs 15 G50 BE
R A B SR AR . SQDs 5 CQDs —#E, 7E%
KW A SR E TR IR R, A Ag's
HBURER, BERT LM SQDs 5T
HAEH, SQDs B L A fig 2 A g A e ik i K
THFE, DOCTRBERGN, M FAT Ag'O, SLi
iR WoR, BASTRIER (0~280 umol/L) LA

KA AR A R (0.81 pmol/L ), i FHA I R,
SQDs Xt Ag"HAT KA sk £ 1E CHEN 2519258 i
SIS R, Ag IIMASESE T SQDs BZOETR A, {2
WEAT AR Fe A & B B, T A D Y R T ) SR
A R RRAR T AR R A R, 1O R R AT S
MBER ., ZHAO VLB, 16 SQDs il ABSER
BE KA YT LU D58 BE SR, SQDs 114l iR Jik [
5 zn® kA A, ROLREEE, M SEELNT Zn*
ARSI
3.1.3 R EEA

AR TAE T A58 R 2 B T iR, (B TGRS
MH IR HETIRE, I HZ B SNA TR sh oK,
XoF B PRGN T AR SRR . ZHANG 2595y
R, Cu* i LI SQDs i AR i (OPD ),
MIIE A LA OPD, #EMikgsm = Y, it o
Mroe e F e &, Cu” A9 A AT LLsE Ak B o5 =22 1]
AN IERN , BE—E ¥R K SQDs MYZE R E . Cu®”
FFERT, SQDs e K, {H CQDs % i FE 2 1M 3
i, RRBE A IR, IS
0.1~5.0 umol/L, FfIAIRF X} Eb He e f e (a3
ARG R 7091 31 1 47 nmol/L, 55K, [k
RO G T =

SQDs J& L 5 A DO CHREN MR, 8 31 DR
IEB A DO kR BRI RSB s, I



= 1906 *

A% 4m 4 T FINE CHEMICALS

540 &

BAT BRI BRI MR, DB A1)
Pt a] LUARAS B 58 19 £ 1 Y B R BRI A PR, 31X
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555 U AL SRE I i L R R R L SR LA 45 A
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IR 5 AR 202 B, TAN 25958 54 '
PO A2 5 4 114 S 07 B T A I T I0 L e , sz 3 B
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ok, —Se 4wl LIS SQDs Y& ERL
B, AT R MR AL Lk A Wk B . ZHAO
FOVRHL, Zo* I LIMf SQDs DGR, FF A
s 5z PR SR AN BT T — R I SR
B, R BRAKZ 0.015 pmol/L.

YR, H5ETRIZML, 5L BT
B R ARG R, I HARAS I ar A O R B, 5K
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e 22 T AW ik e 4 v 36+ “IF-56-T17
HLEL, W SQDs H{EMAGI/NyrF1ib &9, ksE
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3.3 EYIRK
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A R B RIE T

ZHANG ZPV% 3 . SQDs 7] 5 BEAS-2B 41 il
YER, 38 ot e R A s g 2, A
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AR EICP R, FiE 25, BRE THWZ40
AR A L T R 1 2 v 3 T B R T R AT A
M, SQDs X HiHIAR Kz 4 ( PNT2 ) i 51 ix J
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gL H], SQDs 1 5 H 4 M 16 % 4351 5 ik 92%
1 72%, WE 13 Fras, o] RUOIEE S 40 pE % & 5w 5
2%, U] SQDs AIAE M AW UG M B, {HSCHR[33]
FISCHR[3STE A BT 2s AXTHRSCES, S T A i
WMl SQDs T HITAEM A%, DUAN 2550 SQDs
5 HeLa 41HE/EH 2 h, Wiz SQDs, 7E 3 Ff
ANFEHCR DA T O E] 3 AN EIE G, it B R
WL E| KIS, E—EERH, SQDs 1 LIAE Ky 41 it
AL R, B 1A A% 2 A B T A i N
fEF, J& SQDs #E A 4R Y FBLUE3E , HeLa 40 AN
K562 4 A ) 4B s AS AL Bt 2 Qi o RF 4n iR A
SQDs 1 24 h, IR EEZZ hif vy 20 B, WL 3] 4
J R B S, WLE 145 RS E AR TR A
Hg™, KD EH B FL, WESE SQDs il T
N Hg” Ay ke 57,

B 13 EEgui (a) K SQDs ZhHS4iiE (b) MEDE
PR R £ L 15

Fig. 13 Confocal laser scanning microscopic images of ordinary
cells (a) and cells (b) treated with SQDs!*
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[: 4,6-— k-2 LM EE; 1.
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Fig. 14 Confocal microscopy images of HeLa cells and
K562 cells cultured with SQDsm]

HESe IO, SO TIOCRA FIERE
K POGE A%, GAO ZIFIH] HeLa 41i 5
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Schematic diagram of photoluminescence mechanism of dual-network luminescence film
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