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SERS Nanoprobe for the Detection of Reactive Oxygen Species
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Abstract  Electrostimulus (ES) is an important therapeutic method for diseases caused by abnormal intracellular
electrical activity. Also, ES can induce apoptosis of cells, which is a potential tumor treatment method. At present,
there are no relevant studies on the intracellular reactive oxygen species (ROS) levels produced in the process of ES,
and what effects will be brought by the simultaneous implementation of conventional antioxidant inhibitor drugs and

ES therapy. In this study, a kind of gold/silver core-shell nanorod-based surface-enhanced Raman (SERS) -active
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probe with good biocompatibility was designed for the detection of intracellular ROS generated during ES. The

sensing mechanism realized the quantitative analysis of ROS based on the principle that ROS could etch the silver
shell, leading to a decrease of the SERS signal of the SERS probe. The probe was co-incubated with cells and was
internalized into cells. The cells were then electrically stimulated for different periods of time. Finally, the signal of
the SERS probe was detected in vivo. The experimental results show that the SERS signal weakens with the extension
of ES time, indicating that the amount of ROS produced in cells increases significantly. In addition, two antioxida-
tion inhibitors, ascorbic acid (AA) and glutathione(GSH) , were studied when combined with ES. It was observed
that they could eliminate reactive oxygen species (ROS) produced by electrical stimulation. This study developed a
new method for intracellular ROS detection and suggests a combination of drugs for abnormal oxidative stress and
tumor therapy. Also, ES can induce apoptosis of cells, which is a potential tumor treatment method.

Keywords Reactive oxygen species; Surface-enhanced Raman spectroscopy ; Electrostimulus; in situ Detection
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Scheme 1 Process of electrostimulus after the probe and cell incubation and SERS sensing of ROS

1 SLIGES

11 iXF 5

KA A AR (HAUCL,-3H,0, 48r4l) | +o5kedd = I SLRALEZ (CTAB, 4 99%) . /N kidk —
H LG4 (CTAC, 41 99% ) | 4-5i 7RG (MBN, 4l 96% ) A1 — H 3L AR (DMSO , 43448 ) 1) 15 Brf
Pr TG A A A L (NaBH,, 205 98%) 14 A Kt i R Ak 240 )5 PUIR MR (AA, 45 98%)
i FAL R (H,0,, FUER5M5030%) FIRSERER (AgNO,, Z3#r4l) 350 B btk T 5 0. 25% B B IR
(EDTA) . ZF IfiL 3% 25 11 (FBS) . 40 Jifl % 37 5 (DMEM, Invitrogen) . B2 £h 2% vl W (PBS, 0.1 mol/L,
pH=7. 4) Fll Hank V-5 £h 7 7 (HBSS) 28 tPiA K (0. 1 mol/L) ¥ [ FEER G IR A= My Ak 27 AT BR S W)
BEMETE (MTT, 405 989% ) W [ Sigma /3wl 5 20 L2 200 181 52 W (5 4340 4% 22 TP ) I H 2R3 5851 5
TGV (ROS) R AR £ (DHCFH-DA) W 115 DURA Wy A PR ] 5 L0 i A4S ok H AR (GSH, 4
J&98% )4 [ Sigma-Aldrich 24 7] ; H AR 2 ZFE-HiFE (mPEG-SH, 43T 5000) W F K HET A PH4: 1
SAEYIFARBRR A A FALEE (1TO ) T B A SR EH A BR A Al .

JEM-2100F #4375 i Hi - S U358 (TEM, H ACH FPRU 234 ) 5 LAMBDA365 #Y 58 4k- 1] WOt 1
(UV-Vis, Z£ [ PerkinElmer 2 7 ) ; Zetasizer Nano ZS %I 3 25 Y6 HUHR AL (DLS, 92 [E Malvem 2\ 7 ) ;
LabRAM Aramis B3R A2 478 2258 (Raman, 3% [H Horiba Jobin Yvon 22 ] ) 3 FV1000 %I 3t 38 29 5 i 1
B2 (H A Olympus 23w ) ; GF-M3000 B B4 (1L AR 18 B AT e A A e A PR A |]) 5 CHIG60E AU LAk 2 T
Ve (R IR A BR A FD).

1.2 SERS #XKIRETHIE K

B, WIESCER 2417 A R T 495 K4 (Au NRs). #£5.0 mL Au NRs /il A 16. 4 pL 1. 0 mmol/L
MBN A8, $iE4E 12 h. B0 (6000 r/min, 8 min) Z5BEA N 1) MBN, #il#5 MBN@Au NRs i1

ERHE T, M 12 mL 80 mmol/L CTAC W H N A 1.2 mL 1. 8 nmol/. MBN@Au NRs, 0.9 mL 10
mmol/L AgNO, /KIEA10. 9 mL 0. 1 mol/L AAIE . B IR-GHE RN E 60 CIRFFI N 3 h. $H% L
VW 50> (5000 t/min, 5 min) PE¥ . FITCHEH K Z 4. 0 mL, HEF AT Au/MBN/Ag NRs.

J T H55 Aw/MBN/Ag NRs B4 WA 23, 16 Au/MBN/Ag NRs Z &1 T mPEG-SH %3 F. 1] 3 mL
Au/MBN/Ag NRs A 3 wL iR 5, $5FE 20 min. 400 r/min 2.0 5 min Z2BR 2 400006 SR )G mA
3 L 1 mmol/L mPEG-SH ¥EW , $4F 12 h J5 25.0> (4000 r/min, 5 min) I3 ; ¥R BMRE EEFE T 1.0
mL7KH1, 735 1. 0 mg/mL SERS #K#%H (AwWMBN/Ag NRs@PEG ).
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1.3 ZHfaSH ML

K MTT 2 56 5% BFAl SERS 4 EF %5 4 M (0 85 Pk . 55 5%, K 2L IR 40 B (MCF-7) A9 40 B
(HepG2) 43 BRI TE 96 FLGGE TR i b . AR N FLH A 200 wL40AE, SR/ 7E37 CTFIFE 12 h. ffiH]
Y5 PBS 28 WA MR PRI AN M 3 Y . RS AR B Al SERS 40 K841 (0, 0.1, 0.2, 0.4 mg/mL, 45100 wL)%>
BIIAZFLR . B AR 246, 7637 "C R 537 24 he TV PBS 2 nPis M vE i A0 3 W, 1)
FENFLAAIAS WL 5.0 mg/mL MTTVW , ZJ57E37 CRIFHE 4 h. B2 FR&H MTT 3RS, 1)
FLA A 150 L DMSO. 38 i BRI LR 2 AR I 578 nm T ARG RE(E . DI IMAKERET (14 40 g
AR S O BRZE . A 220 A (%) =(S2 50 OD YA /%] BEZH OD 34{E)x100%, HHr, OD Ak
JCREPR A2, TR AR AR A
1.4 ROS 3t SERS ZK IR TR {255z

TETK WO H,0, B 56 31E SERS 4 KR T ROS AL IRy Al 470k . 14 S ic il A [ 2 (0, 200,
400, 600 F1 1000 wmol/L) () H,O, %W . #% 20 wL H,0, 75 5 20 wL SERS 44 K 3R EH 16 2 0 N IR A U
30 min. FAAESETESERS b, 7E60 CRHET . MO RER 2 RGREME AL SERS il . R
154 551 SERS Y 8O- # 4b 28
1.5 E RIS MAE o ROS BIZE L AL R A& )

W Scheme 1 F/R, & 0K MCF-7 40380 T 1TO SFHLBEES |, SRIGH450. 3 VgL E, HLHIEATR
BEFE (0, 1, 3, 5, 7H19 min). FERE4S 5 30 min, HIA 2 pL DCFH-DA 2 6H 415 30 min,
PBS 28 MR PE I 3 UK, A ZH 2 81 5 1 7 20 min, 5 PBS 28 A e 14 3 Wk . O G LR 45
B BABE AT DAL R WK K 488 nm). DCFH-DA 28 CHREN A B A 986 . Yk AN 1%
211 G A 17 TR T /K g 2B B DCFHL 1 DCFH ASBE 28 i A MBS, R idnic 24NN . 7 ROSTEFE T,
DCFH 8 A A R S (086 DCF. S (056 a0 B -5 A N 19 ROS K- E HE
1.6 EBRIBUS LA A K ROS B SERS &)

FEITO LIS (EAR 1 em WIE T ) W T/ FLAR A, R A MO0 T ITO 33 1 . Fr4i a5 % 1TO
BEHEY) 80%, 6] 2 mL 5532 I i A SERS Il PE4RET (1. 0 mg/L, 800 wL). FAANMETFE4E HiFH 6 h)5,
FH PBS 2 i MR 4 3 1K

i 12 Scheme 1 Fi7R A&, X ITO BEHS b A9 A0 BEEA TAS [T A B E] O, 1, 3, 5, 7 F19 min) (1 HEL
B, HEBEE N 0.3 V. 251530 min 25, FH PBS 22 MR UL 31K . AL 4L 2L [ 52 WS 20 min,
FEH PBS & wP s e 3 Uk . IeJam , A0 E LR AR L & R 00 Ha iR 12 ML 7E PBS ZZ bW (pH=7. 4)
WA ES T SERS KGN . BELLAE SR HC 104~ DL B, B4R bR 4E 5~8 1~ 5 1Y SERS Y6, M
K ab B
1.7 Z59iE Rk ER A B R4

OB AR T ITO BEE F, AR BE 1Y SERS R4 6 h i, FH PBS 28 M il v 4 3 1K .
SRJG IR BE 1 AA 5 WEH Bk (GSH) (0. 1, 0.5, 1. 0 mmol/L) & 20 min, Z J5 T PBS 2 mhiA ik
PR3, RAT0.3 VAHL R IEA TS min. 5515 30 min Z )5, R PBS 20 e % 3 UK, A4
i ZH 2H ] 7 VSV 20 min, T PBS 22 mA TR VR 3K . B, FHBOCI R A2 R G050 i 3 o 4
JHLEA T SERS K6 .

2 HR5HR

2.1 SERS #XKERFTRIRAE

KT AL 4 AN KR A S e T AN AR T4 SERS ¥R 4T . TERRSEFIE R Z M5 IA T Hi @R 540 1
MBN. 5%, X-&MIRPRE #E1T 1 5 50- i WOGIERAE . AnFE 1(A) P, il 48 0 94 oK B i 55 o it
PR T 645 nm AL . &4 MBN J5 , Au NR B2 853t L3R 16 M 645 nm W52 2 635 nm. 7EM LR 4
PTG, AE 400 nm ZEA7 B TARAGIRICH . 1B mPEG J5 , AwMBN/Ag NRs #5451 2 nm.
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Fig.1 UV-Vis spectra(A) and Zeta potentials(B) of Au NRs, MBN@Au NRs, Au/MBN/Ag NRs, and Au/
MBN/Ag NRs@PEG, and the SERS spectra of MBN@Au NRs(az) and Au/MBN/Ag NRs(5)(C)

K FH S GBS K B A% Au NRs, MBN@Au NRs, Au/MBN/Ag NRs il Au/MBN/Ag NRs@PEG #E{ T
THRAE. HEI1(B)H Zeta WA 45 R AT W, , &1 MBN HijJ5 9 Au NRs . 5 5% Au/MBN/Ag NRs P &
&4 mPEG J& i) AwW/MBN/Ag NRs #574 1E H, . MBN@Au NRs (7.2 mV) i) Zeta B v #1%% F AuNRs (6. 4
mV)I K T 0.8 mV, KW MBN@Au NRs 2 [ (9 fb 27 PR 858 & AL T/ NAE 4K, MBN B HAE 1 7E Au NRs
F. Aw/MBN/Ag NRs {4 Zeta L0 (9. 4 mV) A% T MBN@Au NRs (7.2 mV)# K T 2.2 mV. Au/MBN/
Ag NRs@PEG [#] Zeta HL137. (4. 1 mV ) #H%Z T Aw/MBN/Ag NRs Y Zeta FA7(9. 4 mV) /N T 5.3 mV, FH
m-PEG & Mi7E Au/MBN/Ag NRs [IZ% 1 .

X} MBN@Au NRs 1 Au/MBN/Ag NRs #4717 SERS #AIE. & 1(C) 78, AwMBN/Ag NRs 1) SERS {5
550 i H MBN@Au NRs B 38580 . AR 46 SCHik [ 25 15 i ok ik i UE4 705 8 o] A1, 587 em™ Ab () 14 Oy
Au—CN FEE2HE BN, 1072 em™ ALY IE R ER C—C IR AN R B, 1178 em™ A AR C—N 43R 3,
1580 em™ ALY Ky C=C 4R 5, 2226 em™ AbAYIE Jy C=N iR 5h .

K TEM SFARAS A 4 8 K 2 LA K Au/MBN/Ag NRs HEATRAE . IR 2(A) AT WL, 4 i Au NRs fY
SEHI RS2 4 55 nmx23 nm. 8] 2(B) A Au/MBN/Ag NRs f TEM B& F. 7] L, 7E AuNRs fIZMIll Sz 3 17—
JEEIERE A 6 nm FIARFEAIZE . FIFAiAS Aw/MBN/Ag NRs [ R 5124 60 nmx38 nm.

@)

'8

Fig.2 TEM images of MBN@Au NRs(A) and Au/MBN/Ag NRs(B)

22 WRERSTMEH

WFFERER T MCF-7 F HepG2 HEA T4 MIAH G SZ0G . B 58, R MTT LB PFA T il 75 1% SERS 4 K45
EFXTANMIREYE . DI SERS K IREF AL s ildl . B 3(A) Fud T84 T mPEG-SH fij & MCF-7 41 g
TEERINZES . @i AT & B, Au/MBN/Ag NRs@PEG 55 4l L0 75 J5 19773 B 42 &, 350 PEG
REFE R ZE YA . 76 AwWMBN/Ag NRs@PEG R4 0. 4 mg/mL I, ZHHEAAE 2RIk 5] 80%. 4 3N
TRET e BEF , AHIAETS AR T 80%. [Hitt, HEHL0. 4 mg/mL ) Au/MBN/Ag NRs@PEG 41 ¥ & HEF 75
2528y . K 3(B) N HepG2 5 AR HE (0, 0.1, 0.2, 0.4 mg/mL) i) AuMBN/Ag NRs@PEG & 24 h 7
0 200 LA 2205 R I, T L, B %5 Aw/MBN/Ag NRs@PEG ¥ B 9 59 011, 40 I 1) 47 3% SR B A, I 24
Au/MBN/Ag NRs@PEG ¥ 54 0. 4 mg/mL IS, AL 246 80% LA I, Ui BHHE HAT (IR H1% .
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Fig.3 Cell viabilities of MCF-7 cells after incubated with different concentrations of Au/MBN/Ag NRs,
and Au/MBN/Ag NRs@PEG for 24 h(A) and cell viabilities of HepG2 cells after incubated with
Au/MBN/Ag NRs@PEG for 24 h(B)

2.3 ROS X KERSTRIZIHIERA

EA R R, ROSXHARFEA 21 EH , S EARSEAS T, SERS5 50557, FIH H,0,/t#%
ROS, #E4T ROSAE AT AT IE BT . 1009547 0. 4 mg/mL AR ST 5 240 15 9% KL v il AR R ¥E 9 1,0, #F
PR XA 7S 2 A Z s R . W 4(A) R, Bl H,O, He B B3 in e AN s AL 5 . i TAR TSR
L, SEOLEEHOTH AR, 9K SR Z R Atk , dE— SRR = s 43719 SERS
55 Wit , AT LAE &F SERS SGiE 38 B2 (9 F R AL H,0,. HHIF14(B) AT, & H,0, W 138 fin,
SERS {5 S W55 . K 4(C) 2 SERS HEIEAE 1072 em™ AL AR IR, [RIREAR IR H SERS 15 5 B H,0, e &
Ay o ek sS FRRRAE . %4 R R, FIF Aw/MBN/Ag NRs@PEG X H, 0, [ F5c K 3¢ & >4 200 wmol /L.
TEM 8 7R, £ 1. 0 mmol/L H,0, ZI0US 4R 7222, HIEEAY 6. 0 nm [543, 5 nm 247 [ [E1 4 (C) A& .

9000

5
5 -
0.25(A) 4949 200 S 000 ©
; . 5400 5
5 o000k 487.7 o g 7
s 2 2 9000[ 50 nm -
S 015 1800 = &
g ZN Z 6000 —i fia._
5 0.10 770 umol/L % (z?’\f g ; 50 nm
2 / v s £ 3000F
2 005F MY 400 imort \\ oQi’;\ = g é i
- \\\ Q,\. O_ 1 1 1 1 1
0 A AL L 2/%, §°§

200 300 400 500 600 700300 900 1500 2100

Anm Raman shift/cm™!
Fig.4 UV -Vis spectra(A) and SERS spectra(B) of Au/MBN/Ag NRs@PEG after incubated with different
concentrations of H,0,(0, 200, 400, 600, and 1000 pmol/L) for 30 min, histogram of SERS intensities

at 1072 em™ and TEM images(inset) before and after the nanoprobe etched with 1 mmol/L of H,0,(C)

2.4 HERIBEHAR D ROS B350 SERS 1l

g T W4 M 28 at B RIS 2377 A2 ROS, {8 ROS #6528 £ (DCFH-DA ) &6 41 At P £ ROS, F:
R RV C G MEL ROS 74 . K 5(A)~(F) 2 MCF-7 4 e 283 A [l % F B st 1] (o, 1, 3,
5,7, 9min)J5, MIA DCFH-DA ek} 3R AEGSCRRIE Fr. w0, Bl ORI BRI e, 404074
DCF 2GR B3R . 16 5(G) Rt B geitiEl . mI UL, BfE fo RN RS, ROS 7™ AE 15 ok
(e

4 SERS 1E HEREL 5351 5 MCF-7 Fl HepG2 AL 6 hJm , XFAHMLES T 1 A [RI A a) g e SRR . )
UG A2 1 ROS X SERS T VEFRET 64 T 20 Bl S 1, . R 7 30 min J , FHIEOGHE R AE RS R Geki 1%
P ERET I SERS 155284k, AERI ROS & i i s 284k . Bl 6 (A) F(C) 435 MCF-7 1 HepG2 4
J b AR A B H B SERS HREHE S . Bl HRIBLRT T IE K, SERS R 5o 855 . I’ 6(B) FI(D) %y
R SERS JEHEFE 1072 em™ Zb AR E . [RIAE S/ H 41 B Bl 25 H B R] A K, SERS 15558 U
55, WERH T ROS Y™ A it K, 5 DCFH-DA JURh i 3SR A2 5 pU G 25 R (1 5) A — 2. fRtkrT LA

0, I 0 200 400 600 1000
% § ‘
§ Concentration of HO,/(umol L")
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Fig.5 Confocal fluorescence images of MCF-7 cells after different ES time of 0(A), 1 min(B), 3 min(C),
5 min(D), 7 min(E) and 9 min(F) and stained by DCFH-DA Kit, and corresponding statistics of

the mean fluorescence intensity (G)
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Fig. 6 SERS spectra of MCF-7 cells(A) and HepG2 cells(C) after different time of ES(0, 1, 3, 5, 7, 9 min),
and the histograms of SERS intensity of MCF-7 cells(B) and HepG2 cells(D) at 1072 cm™
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Fig.7 SERS spectra of nanoprobes obtained from HepG2 cells after incubated with AA(A) and GSH(C),
and ES for 5 min, the histograms of SERS intensity of AA(B) and GSH(D) at 1072 cm™
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