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Surface-enhanced Raman scattering technology-based graphene oxide/gold nanorods in detection of circulating
tumor cells
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[Abstract] Objective To develop a method combining surface-enhanced Raman scattering (SERS) spectrum and
electrostatic adsorption for detecting circulating tumor cells. Methods Graphene oxide was non-covalently functionalized
by poly(sodium-p-styrenesulfonate) (PSS), and graphene oxide/gold nanorod (GO/GNR) hybrids were in situ synthesized
via gold seeding growth approach. Then, GO/GNR hybrids were non-covalently functionalized by poly dimethyl diallyl
ammonium chloride (PDDAC) to make the surface of GO/GNR positively charged. GO/GNR hybrids would target the tumor
cells by electrostatic interaction. SERS technology was used to detect the composites of GO/GNR-tumor cells. The blood
samples of healthy volunteers were collected, and the tumor cells of different densities were added to the blood samples
to make simulated blood samples. The tumor cells in simulated blood samples were detected using the above methods.
Results Positively charged GO/GNR hybrids could efficiently target the tumor cells. SERS spectroscopy could detect tumor
cells within 50 to 10 000 cells. However, white blood cells might interfere the detection of tumor cells. Conclusion GO/GNR
hybrids may serve as SERS probes for detection of circulating tumor cells via Raman spectroscopy.
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AL PR R S N R A, T e
T8 T R8s X g 1) S LA ) e R R R R AT
JRAM S AR MG ER IR 400 ( circulating tumor
cell, CTC) nJWLFififi . FLI%IE < 2 Rk vk b
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A, I HikZ REAE nl AR Ui X LA pO bR RN, X
ARSI T BE v 2 R R AR T, PR,
TF A RBUE R R 2 1Y CTC KB AR BA &

R R B2 {4 (surface-enhanced Raman
scattering, SERS) HARK I HA P . JoHi .
PLOE T REEWR A TP A I A5 0, 2 BeAs
Yy R TR AR 46 J 2% TNy L SO i o I S 4
10°~10° £ ', e FE ., SERS Al 7yl
AZN Ay B I AN R A I P2, E A e
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THZARER A B FHRNE AT,
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0 1) B 240 B (S A TSI AR Y
T H R S B A7 B KA A5 i A s e
G54, A AR R A 05 ] 2 A T ok 93 £
JL, TR —Rhiag B PR A TR I 22 Aol e 2
MR TT 1%

1 #MEFnTE %

1.1 E&XA, NBEL5HB@EE =KAE
2 (HAuCl,»3H,0, 4% =>99.9%) 1 A Jtxt
HEEBFHE TAHRA A, A (NaBH,,
aiEHN 98% ) . MMM (AgNO;, 4if =
99.0% ) . L-BUIRILAR (26 =99.0%) . K
LIEtEmR 4 [poly(sodium-p-styrenesulfonate),
PSS; B4 F i 7 000] SFLH B A E
R IR ARAA; RB-Z WAk
A L% (poly dimethyl diallyl ammonium
chloride, PDDAC) . T75kedE = H 3R b &
( cetyltrimethylammonium bromide, CTAB ) 3l
FuA%I ( L) ARRAR, Haik (ffHRR

18.2 MQecm) . ##i DMEM RiFiik . BEH
fitf . WL F SEE Gibeo AR, WEERERLE v
( phosphate buffer saline, PBS) Il4 H 3¢[E HyClone
3w, Percoll AUMEI T BEIWL . 47,6- JpkHk-2- 4Kk
WE (4°,6-diamidino-2-phenylindole, DAPI) 4{f
. FHEERY P B (Rhodamine B, RhB) 4§
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A ), I RER 2615 (Renishaw in
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wl ), HEROE RS (KQ-5200, ELILTHE S {LE:
BBRAT) , BERL (MK3, VSRR
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B U A0 M0 2R HeLa 1AL IR I8 20 i £
MCF-7 ¥ | orb E R 22 e Bl di i 2e , &
10% fad- S A 1% S5 RIEA W (100X )
) DMEM 525 5E T & 5% CO, MIbRiER: I
.
1.2 #AHh &t Az fe i gl an A g i
fith LA UN L, B E A A S5 4 (graphene
oxide, GO) /4&41K# ( gold nanorod, GNR ) &
G K
1.2.1 GO i PRt 10 mg GO, )G
WT 10 mL 257k, #EASE; REL0.8 g
PSS, AP AT 50 mL BTk AN
B (880 W, 10 min ) ¥ GO /KIS M PSS
IR s i s g0 (21 130X g, 10 min)
alifk GO, FBrZEL AN PSS, 43ELT 10 mL 25
Tk,
1.2.2 GNR & RIZME) NaBH, ik
B AT, FREC 182 mg CTAB MK, fii Hiy
T 2.5 mL KK, A 1.5 mL HAuCl, 7K¥%
W (1 mmol/L) , #RJS/NA 600 uL NaBH, /KIF
(10 mmol/L ) , RIS, WA P2 hy ik
B, 76 25 COKIETRFE 2 h, A 4 C WKFE&
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1.2.3 GO/GNR & & #kth ] % FREL 3.64 ¢
CTAB, & TRUKFEMS, A 72 mL E&FK,
ARG R 2 E R, IKIKIMA S mL GO
(0.1 mg/mL) ., 5 mL HAuCl, 7/Ki&# (15 mmol/L)
A1 3.1 mL ASERER (4 mmol/L) , 7EE IR FHEHIRA,
A 1 mL L-BLIRIALER (88 mmol/L) HHEAJIRA,
ks 1 mL GNR P in A R5485) 30 s,
FEMEIR 28 C AKIATERE 8 ho il P T s
JURIUBESIZ 78

1.2.4 GO/GNR Z A& ##A#f GNR k@
Bt (1) 4359PKA i GO/GNR & A R
GNR i 2 W 0 (21 330X g, 20 min) B
RZRM CTAB, IF40 0T 20 mL 251K
(2) 43BIHL 600 mg PSS % T 30 mL 25 &7k,
INAA I GO/GNR B A1 EHT GNR, #H7#8 75
JE (880 W, 2h) , dflid 2 IRES.LalifkBr L2 4t
B PSS, FIIAT 20 mL £ 1ok (3) B
5 mL PDDAC % 20 mL /K, SRIGZEMAL
B (2) Wl mrRh, QR 2 h, i
Oalifbli 2 £ 4% PDDAC,

1.2.5 Zeta B AN (1) 43 HIBGE B4R
SPHCPE 1 mL B2k (2) B TR GRS
HOEAVEE 2 ming  (3) 08U 194 Fha K41
AR EE R RS (4) i zeta
FLASE 3 B S AN [ AR A LA

12,6 #EEAM 1. 10, 100, 1 000 pg/mL f¥)
GO/GNR & &M kH4raifE PBS (0.1 mol/L, pH
7.4) " 24 h, 1500Xg B0 10 min, 830 5E &
RN NS RO NP SN W F =N
JRZES, UK IRENFE PBS AUK Y225 .
1.2.7 FMAN A CCK-8 ikfl& ( HAIRN
AR 2EWFSERT ) P GO/GNR &4 41 REAY 40 il
FPE. #+ HeLa 4L FN MCF-7 40143 535 F0 T
96 fLARH, FfL 8 000 AU, BT AN R4
Hs A3 100 puL AN ] B oK A Al i) A i 455
FEW (0. 1.5, 25, 125, 225 pg/mL) H T4
Mok5 3746 24 hy A 10 L CCK-8 75 21 i 3t
F:3% 2 by fEHZD0EREAA U E 450 nm AbGEE
(D) A, AN . iEE T (%) =
[D (Jn#kL) —D (ZF) VD CARIkE) —

D (ZH) 1X100%, HH D (k) A
i, CCK-8 I MM BHFLI N EE, D (%5H)

A BRSO CCK-8 a7 M Ve A 4 At 1) FL A Y 2%
B D (CARIsERL) MA 4. CCK-8 ik Miss
PRI C R .

1.2.8 GO, GO/GNR & & # # 41 GNR fi #
RhB K& (1) &L PDDAC &ifiid
) GO. GO/GNR E A # KA GNR 4 1 mL, il
A 9 mL EBF/KES S, 4&MA 500 pL RhB
(1 mg/mL) , MAEHIRAGIUES 5hy (2) &
L (21 130X g, 20 min) 2 i, IIAXGEKHE
FOHG (3) EEAE (2) 2 K, AR
£ 1 mL XWZEK, #EHradfE: (1) K5 RhB 45
411 GO Fl GO/GNR & & A EHIA B B AR X 43+
JitE oA 10 000 RYENTESE, B T4 5 L iyalik
HOBEHT 24 hy (2) BG4 h e 1 ok, RATEERR
FAiE S 0)/Nr+ RhB.

13 mfaded it 7E 24 FLARDAEFLP R 1}10*
A~ HeLa 4fiffl, & THEFAETIEE 24 h; L84
Mk, H PBS Uk RNl R M2 A MR TR, 7
HINABCHI GO/GNR ZA+#K . GNR il RhB,

4 °C W¥E 15 min; 5% FVEWR, A PBS ¥k 3 K IMA
500 puL 4% Z 5PV W 181 40 s in A 500 mL
DAPI, ##& 10 min, ] PBS YEELZARIYL AR, T
WOGCIEER 25O S LI 25 ZH 2.

1.4 SERS #£4t47i¢ Hela o5 3 2 ki
el (1) B RARZSIER ) Hela 41 H B
B ALAL S, SR 5 EREHE PBS Hf s
s (2) KRR —E m) GO/GNR &
ARV 10 000, 5000, 1250, 250, 50 4
YRR ST, 4 °C &M T8 10 min, AEFE—E
AR 2421 4T, 15 min J5E.05F B, FH PBS
Ye2k; (3) 1100 uL PBS AN, B EH
7R 1 om REEFRILY, #ERPAMAET; (4) fif
FH SRR ROCHL SO 10 F5HOEHE: i
RSk 1T SERS JEiEkall, L 633 nm WHOEAEN
PRI

1.5 dfmfptyo B SLRIGERFAREZE N Sd
o, ARBUE R EE (25 %, B A bs
A, Bl 5 2 Percoll 4N E W, &2 00E
75%. 62.5%. 50%. 37.5%. 25% Percoll i, ¥
Tc Tl 4 0 43 B RN A IR AR R, 3 e 23 P A
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YL, AT SERS SGIERRN .  (2) BELnAE AL
SOGTERI KA ] 5 B2 A iR L (10 000,
5000, 1250, 250, 50 i~ MCF-7 4iffl ) JMA ML
PrAS il AL A, 23S AT e 04 4 L 3 2
W, 3E I AR R O VE AR R R B A, 3
1T SERS JEiEAG

1.7 %it5 42  {li[H Origin, Graphpad Prism Fl
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LA [ 3 M R 5 e A e RS 5 AR R R R
SOCTERAIEIEESE B Z AR

2 &% R

2.1 #MAtEIE

2.1.1 MR ERA BHETRMEE T WA
1 GNR K/NE—, SRR 31 nmX 8 nm,
KBEMERLA, 3.9 (B 1A) ; Hifid B
BE T AWK E R GNR H5) 104 T GO K (1A
1B) , 5] WG OLIERH R GNR 5 GO
gifikse (K 1C) 5 20t PDDAC &5, &
()22 TH 4 AT IE LAY GO/GNR AR zeta
A2 40mV (K 1D) .

400 nm

L B

GO/GNR-PSS-PDDAC
40 GO/GNR  PDDA

fin, il
=0 L

Go Pss
GO-PSS D

Zeta potential p/mV
=)

_60 L

B 1 GNR fl GO/GNR E & #BIHRIE
Fig1 Characterization of GNR and GO/GNR hybrids

A: GNR morphology under transmission electron microscope; B: GO/GNR morphology under scanning electron microscope;
C: Ultraviolet-visible spectroscopy of GO/GNR hybrids and GO; D: The zeta potential of GO/GNR hybrids during modification.
GNR: Gold nanorod; GO: Graphene oxide; PSS: Poly(sodium-p-styrenesulfonate); PDDAC: Poly dimethyl diallyl ammonium

chloride. n=3, x*£s
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FE PBS HORITE K Hp R A R, il R AF,

TEMREE T A ADIE (K 2B) 3 GO/GNR B&

R zeta FEOLZE 4 d AR RE, 2 THE
ST zeta HLAZMIRENL (K 2C) ; GO/GNR
BAMEX HeLa A1 MCF-7 W37 i 40 i i 257
RN, TEEWE GO/GNR B4 EIEE T, Mg
R TEPEITE 90% LI (K 2D) .
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1.0 GO/GNR in water Before centrifugation After centrifugation
—— GO/GNR in PBS '
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Fig 2 Stability and cytotoxicity of GO/GNR hybrids
A: Ultraviolet-visible spetroscopy of GO/GNR hybrids dispersed in water and PBS; B: Different concentrations of GO/GNR hybrids
(from right to left 1, 10, 100, 1 000 pg/mL) dispersed in PBS; C: The change of zeta potential of GO/GNR hybrids with time; D:
Cytotoxicity of HeLa cells and MCF-7 cells. GO: Graphene oxide; GNR: Gold nanorod; PBS: Phosphate buffer solution. n=3, x s
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(me, 0k & JE A B M Bt &y GNR B
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MEHYZECCIEEIAE 580 nm AR 218, L1088

10 nm Z247 (& 3A) . % RhB #BH#EER)A, GNR %%¢
SEHREEARSS, T GO/GNR EAREHAHE Y68 BE AL
ARG EL & A T W%, - H PO CRHEIETRE =T GNR
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71, MFEE A RhB 2GR 72 2K, 1))
SREADOEREE, HILH# RhB 1 GO/GNR &4
BB T I UEA BRI A A RUR
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Fig3 Fluorescence spectrum of GO/GNR hybrids and GNR modified with RhB and the changes before and after dialysis
A: Fluorescence spectrum of GO/GNR hybrids and GNR modified with RhB; B: Fluorescence spectrum of GNR modified with
RhB before and after dialysis; C: Fluorescence spectrum of GO/GNR hybrids modified with RhB before and after dialysis. RhB:
Rhodamine B; GO: Graphene oxide; GNR: Gold nanorod
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HeLa cell

RhB

GO/GNR -RhB

GO/GNR " -RhB

B4 REHHE. HEBEFHN GO/GNR E45H1#0E HeLa AL

DAPI Merged

REXAEEFHIETXLLE

Fig4 Confocal fluorescence microscope images of treated HeLa cells with GO/GNR * and GO/GNR ~
DAPI is used to stain the cell nucleus, RhB is labeled in GO/GNR™ and GO/GNR ~. RhB: Rhodamine B; GO: Graphene oxide; GNR:
Gold nanorod; DAPI: 4’,6-diamidino-2-phenylindole; GO/GNR": Positively charged GO/GNR hybrid; GO/GNR: Negatively

charged GO/GNR hybrid
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5 GO/GNR £&##. M4AAEF1BREMEM AR 2 ik
Fig5 Raman spectroscopy measurement of GO/GNR hybrids, blood cells and tumor cells
A: SERS spectra of GO and GO/GNR hybrids; B: SERS spectra of GO/GNR hybrids with different concentrations; C: SERS spectra
of blood cells; D: SERS spectra of HeLa cells incubated with GNR, GO and GO/GNR hybrids. GO: Graphene oxide; GNR: Gold
nanorod; SERS: Surface-enhanced Raman scattering; RBC: Red blood cell; PMNC: Polymorphonuclear cell; MNC: Mononuclear cell
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Fig 6 Raman spectroscopy measurement of tumor cells in simulated blood samples
A: SERS spectra of tumor cells in the range of 50-10 000 HeLa cells after incubated with GO/GNR hybrids; B: Plot of the SERS
intensity at 1 350 cm™ " as a function of the concentration of HeLa cells stock solution; C: SERS spectra of WBC mixed with MCE-7
cells and single WBC incubated with GO/GNR hybrids; D: SERS spectra of simulated blood samples. GO: Graphene oxide; GNR:
Gold nanorod; SERS: Surface-enhanced Raman scattering; WBC: White blood cell
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