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Abstract: Combined with the research hotspot of material, chemistry and life science, a comprehensive experiment on the
preparation, characterization and biological properties of single element sulfur quantum dots was designed. Polyethylene glycol
modified sulfur quantum dots (PEG-SQDs) were obtained by the top-down method. The morphology, elements, functional groups,
particle size, potential and fluorescence properties of PEG-SQDs were comprehensively characterized and analyzed by various
characterization methods. Meanwhile, the biocompatibility, fluorescence imaging ability and cell entry behavior of PEG-SQDs were
also studied. This experiment includes several steps such as the preparation, characterization and biological property analysis of
quantum dots, involving the basic knowledge of materials, chemistry and life science. It not only expands students’ scope of
knowledge, but also helps to cultivate students’ comprehensive practical ability and problem-analyzing and solving ability.

Key words: sulfur quantum dots; biological properties; comprehensive experiment

DG H A A TR B ROST RN 2 A R
RUFptbeta e th . 50z PR ik S 3 — X AR Y
KA | KB P A B ST SRR
& Aot AWkl ARG, &
W) I 2 S AT AT VTR RO RN R, A%
GNP TR S — L E 4R E T (CdTe.
CdS. HgS. PbS Z)™ i T 4 )8 B TV 1E
YRR RIMR G, AR M BRI T AR #5403k
JUHRAY 2GR BN H . s, Ik
S B T HAAGEENIOLE TR BiFn

IS HER: 2023-04-10; 1EEIEHA: 2023-07-17

PE A 5 T SR LRI T A W R 1% 45
B, MRS AT E AT Y . BT A
BN EWED ) (HR ISR RS 2k
1k e 2 LR AR TS Je e k. PR, T4
K T4 I BATE B A T A A U A M RE B A
BT W HRICTE, kAT A (CQDs) | Bt
T (PQDs) ™| Bk T A (SIQDs) . i AT
(SQDs)!"" 45,

BiEE T 4(SQDs) i THEURR I 57 . T3
b2 a5 Ve U B RARPUB G M o 1,

HEWME: wil kFeBHopErtas y R L8 %R B (RD-02-202105); w)| K5 523 AR B (SCUL076) .,
TEEE N BRaf(1991-), 4, Ald, ST, EBRF oG %RE 7 @,
*BEEE: MW (1987-), &, WL, ZBRERM, T EARNFHEAHMAG KRS EB 5 @WK, Email

haoliying2008163@163.com


https://doi.org/10.12179/1672-4550.20230195
mailto:haoliying2008163@163.com

55 2 4]

WRELA], A% FROGE BT A a5 SO YRR T 2n 5 L9t 95 -

LR AR ST I — R U R FRATE 2014 4R,
SCHR [13] B UK R Al BR 1 sk J7 ¥k ML CdSQDs
il & 1 SQDs, FFHFFE T SQDs Y &5 44 e 2k
FT; BfJE, SCHR [14] @t [ BT FAES T PEG
B SQDs, FFRIFSE T A A A HOG i 1 5 1)
SN 5 SCHR [15] SRASEERAEE T 50 SQDs, Jfiit
9% T HBOEHE I S F300% s STk [16] R A4
LS B B T SQDs BIA v Sk [17)
PEAT T SQDs £ 43 AR I Jy 1ol () . FH A 92 % . H
HIXT SQDs M 5T fRIEMK IR 3D, H FZAE R LE
B ROTEREGE  ERE R AR A, XHAY
PERE BIFST 10 A HiR

BRI, A8 SCR R T S A ) B 22 4
N, B T 1A B AE W e A S
KA THER A MR, S H R R ITE A K
R B R 5 (PEG-SQDs) , R ZFh
FRIEFBAMMIES . TR, BhgH . kit ki
BLEFT AT RAE . BLAh, AN TF B R
PEG-SQDs % GET, FFE AR ERE
S0 R AN B B 1 S B I S SLAE AR A . e
FIH DGR, 38 3 20 M 45 B SE 5 FF 5T PEG-
SQDs [5G RR I RE M AMIAT R, AHAEEY R
F ST N FH BEE H AR Al . AR SCE A S T
MR A Y 2R 2 B, MR,
R AR . 24, . nlfT, ARFRFREAR
2 Tl S B4 AR S R RE 1 AN 40 M A e [ R 255
1, IR T2 R GERFER 2R bl

1 SEBTR

1.1 35

FHERE . WA IR (HNO;) . S A L5 (NaOH)
FIE 2 T 400( PEG-400) (L # R fo 4k 2t 5]
T ED B o pral, SEEG R A B K R I
gk Zadefit . Ja 4 T (FBS) MIBEIR £h 22 vh i
W (PBS)(PAN A W], f8E), HERMEHEE. K
A RPMI 1640 3555 (Hyclone 4w, £H),
CCK-8 i 7 £ (Solarbio A &, W), BLiLAKE
(Propyl iodide, PI)(Solarbio 23vF], H[E),
1.2 &RAEE

R B R B T A T R LR
[P

1) ks Foiib 3t

FRHL 1.0000 g F 46 By 5 40 mL ¥ fil§ 1R 1

&, PEFESAIEFET 70 °C RV 48 he U 4s R
Ja B OTRRE M

2) — A

# 40 mL Z51% /K . 2 mL PEG-400 £l 3.0000 g
NaOH R UK AR BR AL BLS AR A H, 70 °C R4k
SERN 72 h, TERMNESHRIE, BT 3500 Da i
PragigE T 2 b e, ar 4 o IR O B R B
F 15 (PEG-SQDs) .

FABERAEME 1 s,

L

ﬁﬁﬁro%‘

e |48 h

70°C | BT
72h | bk

1 PEG-SQDs & RimE R

1.3 WETERRIE

% FH ¥ [F Malvern 2 &) Nano ZS90 %I 5 5%
PR ASGIE AT B £ A 2% 1T FE o7 FURLAR /)N 18 U
E; KFHZEE FEI A F] Inspect F %137 & 8F 14
F B 5% (FE-SEM) A1 H A< & 23 7] SPM-9 700 7Y
JE 7 S A0 CAFMY) a2 47 5 3 T 0 T 35 1 6
fif s R JHZEE Thermo 2 7 Nicolet 1S10 % { B -
A LT NGB AL (FTIR) W H B fig B R 47 70 b7 %
it 5 >R F 9% [F Kratos 2\ #] AXIS Ultra DLD %Y {4
X-HHH FREIE U (XPS ) FEATIC R T R AE; 2R
FH H A B 83 7] RE-5301PC B39 AN g A7
TR TERE M 43 B s >R 35 [ Thermo 2\ ]
VariOskanFlas 3001 7 i b5 {50347 40 s 7 M4 09 2
BT SR A4 Nikon 23 7) Ni-E B0 H B
T UB% (CLSM) 254 Tt - A A AR
1.4 RREFHMARIET

W IR A7 1 AR 1 4 A0 /DN BB &F 28 40 i A
(L929) E 7T RPMI 1640 552391 (10% FBS+1%
HEEEER), WEEEK 2405, 4 PBS
W RN, EERK WA, WA
RGN BRI, &H.
1.5 EHREMT

PEG-SQDs I A4 Y HZ M AR 1 Fn 4 it 244
W7 TP



£ 96 - SRR AR

22 %

1) ot

53 9% PEG-SQDs Fli7K . PBS. RPMI 1640 #l
& ML ) RPMI 1640 UL 1:1 LIRS, # &
3 A A MEEHAES A B S O

2) AfEEErE

B 38 A J B9 1929 40 it #5 A T 96 FL A
(2x10"4L), HiFRid Rl HIB A KRS BLAF, &
J& A [E)#& B B9 PEG-SQDs(0, 50, 100, 200,
300, 400, 500, 800, 1000, 2000, 3000 pg/mL)
K324, 48, 72h)5, @il CCK-8 Il s #ic
SRAE 450 nm ARPWOEEE , AR [RIAR R A& DA
B S B T A LA SR

AMIAFIEFE = [(As — Ap) /(A —Ap)] X 100% (1D

e 4, RFRAL, 4, AFRAL, 4, FEAAL.
1.6 #MRINBESLIE

W TH AL 1Y 1929 $E A T2 50 A 3 5 1Y Bl
A AHIE 14 24 FLB (4x10%4L) , B3R5 el
HBEA K5 AR5 ¥ 200 pg/mL ) PEG-SQDs fill
AFLH, S4udtiisE 6 h A1 12 h J5, M PBS
PEBILK; FHZ BHF EEE ZE 15 min, &5
PBS Wik, %M U A PLY R, PR

Ta¥it

Y A

c) SEM (Rif£/NF- 100 nm) (x80 000)

PBS Y 3K s fix o i i O 3 R AR R .
561 nm ¥ &, ZLEAPEEACER PLYL @ 1 40 g 4% ;
405 nm Uk, LRI PEG-SQDs AN

2 FER5THE

2.1 BZZEREHHREFRNTRIE

1) TSR FEAR

%M SEM #1 AFM i#17 PEG-SQDs Y O JE
FiWEL, E 2 (a). (c) B SEM EIiR, R1SHY
b L2 B R R BLIRAS, m R, 2
PRAKIFRIESE, RiA/NT 100 nm, AFM #F—4
T A SR A B O S5 SR AR RN
K 2 (b). (d)fs, PEG-SQDs & Hl—fi/Nuiki gk
FLE RS e, HodE &
#” NEURL R A, RARZ0h 10 nm, JE [
“EHARX” MEMAMEE PEG, R R T S b
PEG & 1fi , #k15 PEG &1 19 it & T &% ( PFG-
SQDs) kif2 2k 80 nm. LAl 2 3 #r B, Rife
10 nm Z2 47 (S i 25 8% PEG LI igM, 3K
13 PFG-SQDs, FEAIL T HiE T A pIFIE, DR
HAEYIAEAE

2.5 pmx2.5 um

(b) AFM (x60 000)

(d) AFM (Fi42%] 10 nm) (x100 000)

0.625 pmx0.625 pm

Kl 2 AR[FE#HT PEG-SQDs ] SEM Al AFM &



55 2 4]

WRELA], A% FROGE BT A a5 SO YRR T 2n 5 L9t 97 -

2) JLER K ERERIFRAE

K H XPS il FTIR #£ 17 PEG-SQDs FJ L &K K&
ERed . A 3 (a) XPS LR, PEG-
SQDs FIFEESFA C. S A0 JLE, HTF PEG-400 /Y
B4, AITEAEIEEE] C Ao PifocR., K3 (b) FT-
IR /37 PEG-SQDs BT AER], 45H5R: 3433 cm |
#1647 cm ' AL W EEH] H,0 h O—H 911 45 4% 2
FH—O—H 25 ififRahg™™ ™, s, i PEG-
SQDs A PEG-400 AYRFAF I [RIBTom g2, 45
S 2866 cm A C—H PRI ; 1452 cm!

v
o
. w
5 =z
i &)
i A
iy 3
= v
a3 o
=
a&
v N

1200 1000 800 600 400 200 0

5 HeeV

(a) XPS

#1348 cm ' 4b C—H 25 IR ; 1093 cm |
b C—O—H i35 | AN ; 943 cm ' 4k
O—H it ahs A ss™ . Horb, 35401y
AN B e e e 22, (ER AT DL ey 7
ZER AL . AR TAE7E 669 cm ' b WLEE
B—AVINE, FERHT S—O masiRas m
IEAh, FTIR & R LEE 21557 ) W Wic e B, 5B
PEG-400 ¥JH FI7E SQDs 41, A w7 Fl
FaEFEMT SQDs, 35 PEG-SQDs, & T SQDs
AR, (A PPR AT BRI AR E P

B /%

1093
4000 3500 3000 2500 2000 1500 1000 500
WA/ em™
(b) FTIR

K3 PEG-SQDs [f] XPS fll FTIR

3) HLff FIRIAS FAE

K FH 3 25 06 BUS AU 4T PEG-SQDs A ki 12 Al
HLHEA T T R AE . A&l 4 (a) Fi7R, PEG-SQDs
T2 H 80 nm, 5 AFM RU4S W4, B8

18
16
14 +
12 ¢
10 +

S
B 8t
X ¢l
4
2+
0 L
-2
40 60 80 100 120 140 160 180 200 220 240
HA%E/Mmm
(a) Fife

1k 45 5 .75 PEG-SQDs 2 i & b, Wi faf 29 K
—26 mV, "fgSEH T PEG-SQDs £ %A KL
AL, nE 4(b) Ui . BLAh, BRI G fa L
{EZ20] T PEG-SQDs ELA BT ffa e

200 + 7=~-26 mV

-150 -100 —50 0 50 100 150
L7 /mV
(b) AL

K 4 PEG-SQDs {145 A1 i {7 &

4) BENERERAE
K F 986U PEG-SQDs #4798 61 it

VAL M S () B, SR 280-360 nm

i}, PEG-SQDs W7 G Bl i, H YAk
PR N 360 nm 950 B e K H LA 35
kS 3G IR WK 2 380 nm I 2GR B H B



.98 - TRFIE GHA

22 %

ARG MOk DK Ak S Kt (405~480 nm)
POLMmE AR TR, WE 5 (b) fin, &4 EE
B, PEG-SQDs H A #PERE, IfEM AWK N

— 280 nm
—— 300 nm
—— 320 nm
—— 340 nm
360 nm

AHXT R /a.u.

400 420 440 460 480 500 520 540
P /mm
(a) B & Wik g 280~380 nm

360 nm, fe KRS KN 446 nm, SN iE A58
(K5 () 4B, R H 285 A% i g FH 25
%ﬁﬂo

Ex 405 430 450 480

— 405 nm

X5 /a ..

390 420 450 480 510 540 570 600
WA /mm
(b) &P 405~480 nm

K5 PEG-SQDs fEA FIWUR A T 12K

22 EYERMTG

PEG-SQD 1A= A0 751 DA 14 At it 2
Wiy T PFAR

1) etk

¥ PEG-SQD 5 AR BN A RIS, fE
3MAJE, MEHAESA TG DL, i 6 (a)
i, #E 3N HE, W E PEG-SQD 7EK |
PBS. RPMI il PRMI+FBS {4 2 i 4 HAT B 4F (3
fiftE, AWML RTIESEIE, FW PEG-SQD HA
KRR e

", ‘ J -
(a) PEG-SQDs 7EA A& F it fase
= 24h
120 B 48 h
— N
100 |
&
s 80f
42
E 60}
=
5 40t
20t
0_
(=) (=) (=3 (=) f=] (=) o (=3 o (=2 [
vy S (=] (=) (=] (=} (=] (=} (=] (=]
— o o < v o0 (=} S (=}
— o on

P (ug-mL™)
(b) PEG-SQDs Xt 41t ) i A 5%

B 6 PEG-SQDs 4#H 2 A%

2) AfEEEE

16 /N UG ET - 41 (1929 ) X PEG-SQD ##:47
9B B PE R PEAS . W 6 (b) FTaR, 4 PEG-
SQD e i T+ = %) 3000 pg/mL, 72 h Y4047
FAIKIRE T 90%, ELTE 24 h I BAT — & 2 1
B H, W] PEG-SQD X} L929 JL-F- 1% A3 #1k ,
HA MMM, 25 L4558 %EW, PEG-SQD BA
RAFRAEIARA M, Sy AR A W 1 2 s ) 1o
BESE T Hh
23 ABEITANM

200 pg/mL ) PEG-SQDs 5 1929 41l it /3 51 &
Figk oh M 12 h 5, RABOGIE SR AR Wi 8
BoAR, WA R E] R PEG-SQDs Y A MiH% 4 .
A R 9 S M i (& 5) m 1, PEG-SQDs 7E
405 nm AL FT BRI S A A% LR DAPT i
KEMEFHAES, HEERIOCRGERRA, &
SO SR PY YRk E AT [ 2 40 MO 40 M A% 1) e £
It 405 nm ¥ %, W T A RS2, 561 nm
Wk, WMT MO @, RERKER, It
RAEWMAGRMF—2, SR B R 5 e
A [B] 422 52 e AS A B (3]~ PEG-SQDs 9 A i 3 .
mE 7R, aal R s 6 h M 12 h 5, PEG-
SQDs £ DAPI i ifi 7] LA & £ B 8 19 & 6. 58
HA A4 BRE, B PEG-SQDs 1] LA A A
M 7 (a)~E 7 () FIIE 7 (D~ 7 () AME
EIXF, SL[EFE 6 h )5, R0 A% i 2 ] Ul 4k
ot HLEREIR 120 )5, 74N N ] i g



552 39

WRELA], A% FROGE BT A a5 SO YRR T 2n 5 L9t 99 -

Bk, 25 3R, PEG-SQDs A # 1929
AN, FLBEE IR R AR ERZ, 12h

J5 AT HEA A IAZ N, T A AR R AR ST A
A AN E

PI PEG-SQDs Merge

()6 h (b)6h

(d12h

(e)12h

(©)6h

(H12h

K7 AENE T PEG-SQDs A Fil%

3 4ERIE

Yoy N A VA /L AN TRANIRA B /) Lo o B
Nz R, H, OTRE AR THEEE
I . e PR A A 2 G HL LR R OE 9 e
A, CB A T — A B 1 5L 9K
o ARSCLLE BT S DA B ——fi i A
WSS, B A B BB T A A
FEREAT A AR, TR B X TR R . A A
PERASIEOL AT o . 255320

1) st [ B R 5T LAk PEG B4
FITER R T4, iC4 PEG-SQDs;

2) R L P R AEF Bk A7 BAL 1 5 o B
FAE, PEG-SQDs ¥ PEG 0 fi it T A “X9
E 45K, RRZY 0 80 nm, FTHHA 7 AT
(26 mV), E.7E 360 nm ¥4 % F ik 8 e Kk 50
FE, [RIE 405 nm #K% R REH R ADO LI ;

3) PEG-SQDs fEA AR & h B R 4F i fa e
PE, HAEEWE T (3000 pg/mL) & & 38 40 i 55
P, 0 PEG-SQDs HAT KAy YA 24 5

4) PEG-SQDs 7] F| 1 F 5 i 2 6 #E 47 4t g

DENCHUG, BEE B[R] 0 HERS S Y 3 22
WAL 12 h 5, PEG-SQDs 7] LAiE A 4HIE4% .
SERT NV B RE . BT AeE L AER AT
A sl R 2Ry SIR AN = B S ey B L S PN E -
RHZRG k. SCEEMERI L . R, %4, E T2
AR ARSI A A 2R A T R 2 2R
AR KA AR TF-Be, B5 3R 4t i 4 AR B 25 5 SE B
N HRES, TR DS R T2 B R .

2 % X

L] XVEERR, 2R, B, S5, it R i ST I
PR FE L (3], 3 A= 241, 2022, 38(1): 108-114

[2] LIU L L, ZHANG Y, YUAN R, et al. Ultrasensitive
electrochemiluminescence  biosensor using  sulfur
quantum dots as an emitter and an efficient DNA
walking machine with triple-stranded DNA as a signal
amplifier[J]. Analytical Chemistry, 2020, 92(22):
15112-15119.

[3] POOJA, CHOWDHURY P. Optical and electronic
properties of CdTe quantum dots in their freezed solid
matrix phase and solution phase[J]. Materials Today:

Proceedings, 2020, 28(1): 201-204.


https://doi.org/10.1021/acs.analchem.0c03311

- 100 -

TR GHA

22 %

[4]

[5]

L6]

(7]

(8]

9]

[10]

(11]

[12]

YAN X, PEI Y F, CHEN H, et al. Self-assembled
networked PbS distribution quantum dots for resistive

switching and artificial synapse performance boost of

memristors[J]. Advanced Materials, 2019, 31(7):
1805284—1805293.
LEE M H, SHARMA A, CHANG M J, et al.

Fluorogenic reaction-based prodrug conjugates as

targeted cancer theranostics[J]. Chemical
Reviews, 2018, 47(1): 28-52.
BEZNE B J, RYAN L S, LIPPERT A R. Reaction-based

luminescent probes for reactive sulfur, oxygen, and

Society

nitrogen species: Analytical techniques and recent

progress[J]. Analytical Chemistry, 2020, 92(1):
309-326.

ZHOU L, HE B Z, HUANG J C. Amphibious
fluorescent carbon dots: one-step green synthesis and
application  for nanocom-
posites[J]. Chemical Communications, 2013, 49(73):
8078—-8080.

SUN Z B, XIE H H, TANG S Y, et al. Ultrasmall black

phosphorus

light-emitting  polymer

quantum dots: Synthesis and use as
photothermal agents[J]. Angewandte Chemie, 2015,
54(39): 11526—-11530.

ARl BT R A PERERFSE 5 ] (D] TN : BT
2%, 2016.

WANG Y, ZHAO Y N, WU J L, et al. Negatively
charged sulfur quantum dots for treatment of drug
resistant bacterial infections[J]. Nano
Letters, 2021, 21(11): 9433-9441.

RAO K J, PARIA S. Use of sulfur nanoparticles as a
green pesticide on Fusarium solani and Venturia
inaequalis phytopathogens[J]. RSC Advances, 2013(3):
10471-10478.

XERK, FIE, AT 2%, 45 G T R AR e

77 [J]. RIUKRZF2AR, 2021, 67(1): 75-80.

pathogenic

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

LI S, CHEN D, ZHANG F Y, et al. Water-soluble and
lowly sulphur quantum dots[J]. Advanced
Functional Materials, 2014, 24(45): 7133—7138.

SHEN L H, WANG H N, LIU S N, et al. Assembling of

sulfur quantum dots in fission of sublimed sulfur[J].

toxic

Journal of the American Chemical Society, 2018,
140(25): 7878—7884.

SONG Y H, TAN J S, WANG G, et al. Oxygen
accelerated scalable synthesis of highly fluorescent
sulfur quantum dots[J]. Chemical Science, 2020, 11(3):
772-777.

WANG H G, WANG Z G, YUAN X, et al. Hydrogen
peroxide assisted synthesis of highly luminescent sulfur
quantum dots[J]. Angewandte Chemie, 2019, 58(21):
7040—-7044.

TAN Q, AN X X, PAN S, et al. Hydrogen peroxide
assisted synthesis of sulfur quantum dots for the
detection of chromium (VI) and ascorbic acid[J].
Acta Part A: Molecular
2021,  247(2):

Spectrochimica and
Biomolecular
119122-119131.
HU Z, DAI H Q, WEI X, et al. 49.25% efficient cyan
emissive sulfur dots via a microwave-assisted route[J].
RSC Advances, 2020(10): 17266—17269.

QIAO G X, LIU L, HAO X X, et al. Signal transduction

from small particles: Sulfur nanodots featuring mercury

Spectroscopy,

sensing, cell entry mechanism and in vitro tracking
performance[J]. Chemical Engineering Journal, 2020,
382(2): 122907-122918.

WANG Z G, ZHANG C C, WANG H G, et al. Two step
oxidation synthesis of sulfur with a red aggregation-
induced emission[J]. Angewandte Chemie International
Edition, 2020, 59(25): 9997-10002.

mE KR


https://doi.org/10.1002/adma.201805284
https://doi.org/10.1039/C7CS00557A
https://doi.org/10.1039/C7CS00557A
https://doi.org/10.1021/acs.analchem.9b04990
https://doi.org/10.1039/c3cc43295e
https://doi.org/10.1002/anie.201506154
https://doi.org/10.1021/jacs.8b02792
https://doi.org/10.1039/C9SC05019A
https://doi.org/10.1002/anie.201902344
https://doi.org/10.1039/D0RA02778B
https://doi.org/10.1002/anie.201915511
https://doi.org/10.1002/anie.201915511

