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A 5 4R 4

RELRAL S BT MK A T REME AR TR

R MMt TR X FH BRAEH Y
VB R, 7 T2y MY N HE T E SR E (G k),
B S A R AR 25T LR A R R R L, A 264005)
2Oh E R A BEUR AIE FEREEET, h E R B A PR B AR AR BB N G, I 264003)
SONZRA M A B P T S S0, MG 264003)

B OE RmERSS HUT (SERS) AOREN ISR —JC AL MroBr A , 70 40 P9 BRI RS0 7 40 A= L
W57 A RAFRYN T J1 . i1 T SERS QKBTI AT T8 i 53 4 Jabr - e /b TR, Ot R A oy
SERS 45 fE 1 A AKRL T2 B ORI R AR A SCHE . ABIESEHI 8 T — M- TURZSHI Y Au KR T, 51
WURLAR SRR Au ZOKERFT Au 9K 2 28 3 o R IHoRE T TR BEAE QU AR 2978 200 nm (B BANE &
i1, B SERS ZAEHIR , BE— LI REM B MR AR BUR AL T S 4 15 23, M H A A X BRI R pH{EAT O,
FIRETT o VR HITEREE 4, SR H] SERS UKEHIRSEH 1 B4 HL-7702 4/ pH (A AR AECIRZS M I . AT
FEARR T ALGUURLAS SERS FREH T 240 34 T8 I 14 BHECRTL 3R SR R LIRSl S 07 5 LS ) T, DAy P 40 P
SR IN TR T —FiEr A Hr TR

KSR RIS B AR AKREHS; dMIpHIE; ZRARBRA

PTG P G RS T A s A B R AR R A R TG SRS U (Surface
enhanced Raman scattering, SERS ) ¥4 1 J&— 0 51 22 (1) B4 B 2087 T H5L 38 % i 53 4 Jm 9 oK ook Fiir 2 i
oA S A P R T IR T 5 AR S 20T & A G5 , 51 & T Raman {55 FOZAE{L, AT 5
R, SEiF . ShASHL RIS Y BRI 23 AR AL L AR GRS AR & AR BT, SERS $REFH T
RSB B4 3 LT BB AR T 5 AR B 0 1% Tk AR T (EAAAE A R . 4ok Tt
WA 7 R AR PRSI N BEAIL AT | MELLSE IR 8 A0 ML GRS B L e e 60 5 AR N R AR A1 2R -
SIECRESAEEE P H M SERS 155 0 H U AIESRE ;A0 092 ] 23 A B THO G BER /(1
KIUEE ), X L2 B %) A 1 B o 5 4 v

SERS AYKATARIEHE SERS A AARET (R AE AR AT IR A FT LT AL RRARIE T | T e 0 TN B
P S BRI K A AR 3o 5 20 MR S ) 07 B S [ O 4 2, SRR P RS B 6
THPKRL T O WG E TEEHIAL , i 1 BERL P SR 3 A0 A I B B 22 A TR0 R, 53 b oK RUBE B2
G TS T 20 3 B B AR, 38 T B A ) S ) 0 R 0L B 1S SERS 4K AR R BN
BT bR B RS AT O Zhao S5 45 T 4-SIEMLIE B9 SERS AUKETR, IFH A
TN Ag'F1 Hg™ i ZL AN, o B I 7 4 J B T PO A M R PR AR A T A 2505 8 . Liu 2511085
SERS R ISEARTT K 1 —Ff HAR I 55 B MG = WA 0Bk (sePISA) Tk SEBL T FAAS % 4R v
RS DUBCE 1R e A 4878 T A0 P9 AR B R A A 1 S B, D B AR DG 1 & A FUR g 42
7 HEEAE L (B2, HAT SERS K EH S AR i — 26 () @ mz A5 g ok, angt 2o B it . R
N TR B SR B D ARG SRR R SR AE T e AU M A SR BE ) 4K
W SRR ) ) B
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AWFFE A8 T H%- TREGERIE) A POKKLT, FLEISURLAE 5 08 B AL 48 Au J0OKBRER Au 90K B B 3
P BRI AR AR AR 2 200 nm BB BN R, JE AL SERS ZKEHR, IF 1 T sk
TIPS AR5 FIIReA B | (B RUX IR B P pH (BRI O, ARSI GRE 1. B4 R 455 SERS 44
KEFJRARIE, ST AR A M ARG B 7, A i — 20 IF R ERS HL-7702 AR pH A AR o)
W2 T A

1 SCIGESY

1.1 {XSFE5KF

S-4800 Fi FL T 18 ( H AR Hitachi 247] )5 DXR BOGHRE BRSO . RAh-1] W6
I (ZEE Thermo Fisher A]); KR GF I —4EEEF 5 (H A Narishige A7) 5 FrHX (3EH Sutter Instru-
ment 23 ) )

HAuCly-3H,0 (AR 2%) . BUIRIMER (L-AA, AR Z%) . NaBH,(98%) . XFAHIEARMIE (NT, 90%) . X135
SRR (MBA, 99%) . PUSWEIG (THF , AR 2%) . NaBr(AR %%) . ¥R (CoHsNasO;, 99%) . AgNO,
(AR ) F1 HCI(AR 20) 30 A B 25 A0 A BR A | oS bk = H R BEEE (CTAB, 99%) Fil+
ANIERE = RS AL S (CTAC, 97%) 1 [ Sigma-Aldrich( F7) S5 A RAE] ;s = BNER L 38 B 408 W 1 26
[E Sutter Instrument 23 A} ; RESZSEMN H HAR =32 MGC A F]; BAROM-F 4- L i B R Y)
(PS-b-P4VP) Il [ P4 % St A R A IR R 5 B HCEAR (Lipoid  E80) W H ZUMiHh ( 11 ) R RHE AR
NEl; PBS Z2il . DMEM (Dulbecco’s modified eagle medium) . B A BEFIIG A L1510 B PEERAHE
Al AEEIOELAMIE T oyT IR E A M. SC5 /K 2t IR Eifb 2818 /K (18.2 MQrem) .
1.2 LBRR
1.2.1 #Z-DEAuHKKFHIERK

Fi- T Au PURRT G 32255 3 5 BRI T4 A 80 nm Au 9KER . A BN AUZ
LHE) 80 nm Au KRS A - TUR Au PRORLT

KR A KA B 80 nm Au 49K 3R. ¥ 0.6 mL NaBH, 53 (0.01 mol/L) LA %] 10 mL HAuCl,
(0.25 mmol/L) Fil CTAB(0.1 mol/L) &G HHF , P it H: 2 min &5, £ 27 CFHFE 3 ho HUSO L Frisi
W5 1.5 mL AA0.1 mol/L)fE 27 C . BEFFAAF T IA 2 mL 0.2 mol/L CTAC #H P, FEAIA 2 mL
0.5 mmol/L. HAuCly W, KU 15 min J& , 14000 r/min B5.0> 45 min, 725 EVR, ULFEM 1 mL 0.02 mol/L
CTAC YA, 135 10 nm Au FhFH . ¥ 40 mL 0.1 mol/L CTAC ¥ . 3 mL 0.01 mol/L AA ¥FR5
100 wL 10 nm &R P RAERPE FIRS , SR )5 LA 40 mL/h (93 5 5) 3 1A 40 mL 0.5 mmol/L HAuCl, %
W, 27 CN 30 min, 53] 80 nm Au 4HKER .

FREL 0.2 ¢ AR T 40 mL LI, HEZE S5 I AFHRLARFR 7K, 8 75 (5 A0, SR FH 40 M e ke
75 (200 W, 30 min) 1S 2 IE BRI . #F 40 mL 80 nm Au 2 KBRIE W LA 3200 r/min B5.L> 10 min, 32
TR, VAR TRIAER G R AR T B BT, IR P B A5 , LA 3200 r/min B0 10 min, A 20 mLL
IKEEH A HOTVE , WIS 2 BERR SUZ 2L 80 nm Au ZKERIET -

W15 mL B3R TR MG RE A=1.0 (W, 78 27 CF5I0A 1.5 mL 0.1 mol/L AA &% 1.5 mL
Au* JFI (0.1 mol/L, 60 wL HAuCl, HFAIA 2.04 mL 7K, BEPESA4 FHILA 300 L 0.2 mol/L NaBr, Z i il A
0.5 mol/L AA, LB ICE ) , FEE M T+ 5 min, EISEIZ-TLA Au4PKKF
1.2.2 ZAKAIFSERSHEIEAE /LI

HRAESCHR T 245 545 1 100 nm Au 20K ERUSF0 Au 206 2120, B 1 mL Au 49K B 5, L) 7000 t/min
B0 10 min J57 , UIREMAEARBUK G 1 mL Au 49KERLL 3200 t/min #0010 min J5 , UIHE M AFIK 5>
Bl AR 3 FhAKR FHRAS 1 mL, A 10 WL AR5 50T oy 7 S (107 mol/L), B FIRAT, HCE
B 2he WHELE , DIVEMZK S8, F B 2000 4%, N IS 5B 38 7 F LT 1 FH s 47 A% 0 126 PR JoUkE
FEHELT SERS YA



358 o M Ak 551 3%

1.2.3 REtRMH&

T HLEHL(P-1000) XK FE N 10 em B = BRR 35S B AR SEA TR . AR TIN 15 min J5 P 305
BYNEHCE T RAE RS WS L BB IR R TE AL AR B SET R R R M ETR
TR e R B 35 T A0 A P P AR B . AR AR G IR 26 240k« Pull, 1005 Vel, 40;
Time, 250 s; Pressure, 250,

1.2.4 #Z-DEAuKAFSERSHKETRHIHIE

25 YKL E TR AR (M Hy,804-30% H,0,(7:3, VIV)IRGHWR) FHiEH 60 min, F/KMIEE
VEIG 0. BE v TS 9K 5T 912 T PS-b-PAVP (1 THF 159 (0.1 mol/L) 1 5 min J& , FHAKIH¥EIH T
P BUZ- TR Au 9PKRKF 30 mL, A 1.2 mL CeHsNasO; & (3 mmol/L)IRS , B, 575 FIE W, TTTE
PL 1.2 mL KAMBUG A 1.8 mL CgHsNasO; I (3 mmol/L) . MR AN | AR 2 pH=4.7. BUZEW
0.15 mL ¥ iR R IAEM PS-b-PAVP MIGKEHRIZHIAE L 24 h 5, 4y B TOK OB 57K G UeEF e 3
17, I, BIA - TR Au 90K T SERS ZKEN4R . #4 SERS AR AR5 IR A MR R 5%107° mol/L
() MBA FI NT ZBEER W 3 h, FIKTEEH-T4, RIfS 2] hfefk SERS 4hk4er4R T pH (A4t
1.2.5 SERS#KEtREMERAFERE

PFF W2 LRI DXR Raman Microscope FUFE i 5 , 38 18 8] 2 b B2k SERS GKEH R0
S = HERET B BRUELE Y G M. P = 4ERRET- & RS0 SERS 9K ETH R 23 [R5 &, 5¢ L4l
L ZE T SERS {55 & Al
1.2.6 #HREEESE

HL-7702 (QE# AF A0S ) B E S A G 2F 175 (FBS, 10%, m/m) M1 %2R (1%, m/m) ) DMEM 3375k
T FER 5% COL(VIV) BB EE SR T 37 C R R SR, TRANMGEE S | DL PBS Ve, - FH A BT £k
AOFR IR R R IR B B R R R . HL-7702 40 RE RN FE K 3% A 4595 24 h, LA PBS i3k
3WIEETHEI A L, T b .

1.2.7 BN pHEKT

FMHEFN HL-7702 02535 b & Thi 806 & & L. ¥ MBA B SERS 4K4EH4R
2 T =466 A5 RS g OF 1 5 300, 78 40 154085 R RS SERS 40K 4T R 20 fil ik A HL-7702
AL AS BBV AIRET ISR R PR B, 8 5 min J5#EFT IR AL SERS SEI R . 5% B O6 IR 5 o
M 20 mw , BEGHTTE] R 1 s,

1.2.8 HRZAMEERESEN

HL-7702 AR R A=A R 9% 12 h, SRR E] 0.1% LA R BOH 3588 7, FF DLE #8594
P A2 REAE X B 4350 B T S0 & E e RICS BRIy pH (A A I0AR [0 5 12
FIFH NT B SERS GRS IR0 Gl T 8 2H (25 SR A, SR EE R 21% ) S 4 1Y SERS i

2 GRS

2.1 SERS#KSTRRBPEMNER

SERS 94 KT B S B ANAS 9K ET 23 K 2 1Y SERS $RER TR o HAQ SRS X ok 2 1 AR/ )N
AR /D, R I 8 ELA 5 SERS 458 B8 1 19K TR 25 5 RABUE SERS K EF I 4t .
ARIFFEHNEE T IR SFAIE (2950 100 nm) B9 Au ZKEBR . Au 99K B (B 4R3E T 45 SERS gk eF 4tk
TN 5 TR Au 48RRI IR 3 AR T SERS BESR BT (AEF)2M318 1.1x10°, 4.8x10° #I
2.5x10°(HL TR SO S M5 B ST, R IARE- TR YR T HA I B A9 R . vE— A T
FARGURT ) SERS 155 B9 A8 7 , 18 1k i 5 BUG TE I e A0 3 388 e b i e Jotkr (141 1), i RS2 RY SERS
FS5 A BART . FEMEIRREINEAAT, Au 9PKERS Au 99K BRI IS F ey7 BIERIENE | 1M
K-TA Au 90Kk TR 2B B RRIE(E S o UL IR SERS PEREIH P FHAZ O 5L AR T
Z I AR Z BN St TR GG s BEAh , RO IR BN IR A B TR B 2 f b 2 4l 1 IF
L3 BNPE X TR B KR5S Hgam 0
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BT (A)AuZKER(a). AuZik A (b)FI-TAE Au GKRT (¢) BT R EE (SEM) B R 4R 42540 T cy7
BITE2EZE R (d) s (B)AuGKER . (C)Au PR B K (D)AZ-TLE Au 94K B J00k 14 25 T 5 437 2 1L

55 (SERS) Vi B (e i 701 ey 7) PR IMAE B8

Fig.1 (A) Scanning electron microscope (SEM) images of 100 nm Au nanospheres (a), Au nanostars (b) and

core-satellite Au nanoparticles (c), and chemical structural formula of cy7 (d); Surface enhanced Raman

scattering (SERS) spectra and dark field images of reporter molecule cy7 on the surfaces of single Au

nanospheres (B), Au nanostars (C) and single core-satellite Au nanoparticle (D)

PS-b-P4VP

W1
e

= 3
T 5 '///y-m\\‘\\'

Loading thin polymer film

~+ + + Electrostatic adherence

100 nm

K12 (A)SERS AKRAEH M il BN EIET s (B) = ABHBAEOKREHR M A (C)SERS 49K %
IR s (D)SERS PKREHR M- TR Au HOKRR T i Bl
Fig.2 (A) Schematic diagram of preparation process of SERS nanotips; (B) Photograph of a blank glass capillary

nanotip; (C) SEM image of a SERS nanotip; (D) SEM image of core-satellite Au nanoparticles adsorbed on a

SERS nanotip
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2.2 SERS#HKET MG & SRIE

SERS 4K EH AR Al 2 L FRUNIE 2A FT7R o B JC P il B B8 B AN 9K | b — A fE HER B i 7Y
SEVEIR AW PS-b-PAVP IR 2. PAVP it BESMILE MR QUK T (pH=4.7) TR T4k, 51 R %
[ (E LT, AT 5 A%- TR Au GKRE T A R RO VR & A i A R L B B R 3R 1T . PS B 54
BAHKYE A B T8 IR EH R I R K AR S S5 RGN 501 . 18] 2B A BB B 408 9 oK
A SR A 1] 2C F1 2D 439108 SERS GKEFI LA B ok (43 3 AR IR 7, 51> SERS 4K4E!

JRRFZ°R 200 nm, FRTATR B RE 1A% -T2 Au 99Kk F B EEZR 27 particles/umzo

2.3 BELAREAp

HIESEREREEN

240 P %) pH LT 18] 290 0 DTy e A 94

%24

AL, AN TS R R O R AR

20 M R S 2 A A P A TR A, T EAR M PN T SR AR ) AR 5
G R, SR AE AR, SRR D S S 8 A O

o AR
ABIFTE 3 531 LS4

pH F ARSI 5 i E0IR A5 ) W A 461, JR s SER'S GRS 20 It N PR 458 43 BT P (1 FH

2.3.1

pH {E-5 B

il R
53 | MBA (pH {EL M )i

)5 NT (5l S M) 1

WWERBLE 53 FFric SERS QUK EHIH T .40 il
W (151 3A) , MBA 55 NT Al5d i Au—S B3R ZZE S AEAORET IA% - T Au ORKL 3L

B % 5T SERS K4 pH (EHUENE, 4nE 3B Fis, i35 pH [ETH5 , MBA 1 1070 cm ™' ZM4FFI4
SREENAR T 1392 em ! AL AT VRO RS & 1408 em ! Ak, FF ELBR BRI, SR AR ST,

Reporters RO i
A =) B t 00 pH or hypoxia SERS spectral change
MBA or NT
B 6000 C 020
3 0.16 F é Alkallmty é {
<
2 4000 l'l “
& 0121 iy Qi
5 ~ S SN
= b
= 20.08 |
£ 2000 =
<
4 0.04
(]
0 1 1 1 O(X) I 1 1 1 1 1 1 1 L
1800 1500 1200 900 600 45 50 55 60 65 70 75 80 85 9.0 95
Raman shift/cm™ pH
D 1000
— Air21%0)
5 800F 1380 —— By (B0 kir]) NO, .
= Hypoxic N=N
} © reduction
Z
= y Nk
=400 N N
=] k, A ”.
: SN SON=
,3‘2 200 = —
0 1 1 1
1800 1500 1200 900 600
Raman shift/cm™
3 (A)SERS GKEFRAM pH (H5 5 A R~ K 5 (B)SERS 9KEHRYEANT pH E A/ T HY

SERS GG s (C) SIEI B AN R A bR EHIZ P 5

30 min J5 /Y SERS JGiE AT, LK e S0 i i 2
Fig.3 (A) Schematic diagram of detection of pH value and hypoxia with SERS nanotip; (B) SERS spectra of
SERS nanotip under different pH values; (C) Standard curve corresponding to Fig.B; (D) SERS spectra of SERS

(D)SERS #RET A (R THIE 21%) I N, L

nanotip in air (Oxygen concentration 21%) and N, for 30 min, and schematic diagram for hypoxia detection
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MBA H1—COOH 2T FALIE —CO0 ™, S:8—CO0 11y SERS {52143 7 I, LI—COO0 1 1070 cm™!
BV BE I LUAE (Leoo- Thoro) 5 pH A HIBRHEM 2R, W& 3C PR, 7E pH5.0~9.0 Z[AIAF, Leoo /11070 5 pH
HRIUFZIELR (R = 0.97),

FESRESRME T, NT HAY—NO, 5 Bk JF A RV T AR 4, 4'- 3L E2K (DMAB) . 4/ 3D fir
7, SERS #KAH R E TR S04 30 min J5 , 70 HIHEZ) 1170, 1380 A1 1420 em ™' 40 H BUHI1) Raman 15| 178
F—N=N—, 5T4RHE I DMAB PR AE I A4F 2
2.3.2 ERIBEE

M T RO SRR SR TR (K 4A) o TR GE RO S S e R S AL fi
SERS ZHKEHJ 0] 8 i o't 5 AR SR o 5 ARSI DX I, FH [ e [ 10 5 o A T
TR = 4R B 3 DT (x . z), ATSZEINT SERS 9K 25 (Al B AAS S HME . 76 B4 i 25
SR R D T AE 10 A5 EE B IR T GO IE T 5 2 Bl R B2 HARAN A7 & P81 4ok At
I 5 U] — AR A -1 B 228 g R A . PR OO REE S SERS GOREHRE A FE 40 59
B R REAT RN SERS YK . SERS 4K ATk A BAAN LS B FH 7 MR AN 4B Bz, A (43 B4
RAS . B 4C K MBA B SERS 4K AT SR 7E 4l 5 (1 SERS Y6ii% , 78 1408 em ™ bt 30 T B &k (1)
COO M550 | & 3C fldmii 2R 1144 HL-7702 4 i pH=7.78 , 5 EL 48 A9 40 pH {EAHIE
NT &M () SERS GKEF A IEH MBI ASME T 53R 12 h 5, 4 AN AS 21 SERS S an (&l 4D firs,
BRAEAR RS E 1170 F1 1380 em™' Ab HYBL T BT AOFAF G , S5V A 45 SR — 35, UESE T SERS 44K 4T4R

B
C 600 D 400
i 7 —— Control group
=] = .
X < 300} ——Hypoxia culture
2400+ z
[72] [72]
b= <
5} 5}
E E
g 200t g
£ g
5 5
~ 4
0 L L L 0 . . ,
1800 1500 1200 900 600 1800 1500 1200 900 600
Raman shift/cm™ Raman shift/cm™

K4 (A)SERS HOKEHRHIT AN B 5 (B)SERS KFHAZFRIBE A SRARMIAI IR (C)X)
Hi B HR (MBA ) &M SERS AKEHJRE A7 T HL-7702 A5 SERS G Rl (D) X i KA 1t 19
(NT) 24 SERS ARSI i TIEH S HEITIF 12 h 7 HL-7702 4IH5iRg SERS il

Fig4 (A) SERS nanotip detection module for single cell analysis; (B) Bright field image of SERS nanotip
punctured in a single cell; (C) SERS spectrum of an mercapto benzoic acid (MBA) modified SERS nanotip
located in the cytoplasm of HL-7702 cell; (D) SERS spectra of p-nitrobenzenethiol (NT) modified SERS nanotips
located in the cytoplasm of HL-7702 cell under normal or hypoxia culture condition for12 h

TS AR S I A T A5 . D AR B0IE T SERS 9K ETH I S5 BE ) ROAR AR e . T
SABMPE RS S PR BE ) (F 3 WOCR SCHRHE B I 82~84) 45 2R WoR T SERS AKAHR BA R AFH SR
S E
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3 #Fit

ABIFFETF A T 3 T B2 L P9 B8 23 A 1 T R A SERS AR EHAR LIRS ELAR 28 200 nm FY B
B B RETRE A SR 25 SR T R - TR Au QKRR T 78 Au GKKL T R B 1
MBA I NT #f¢ #5737, T SERS ZKEHAXS pH (EFN O, AIRHINRE ST o 9K ST IRUURAEBUE S REEHY
SHEPRPET- ST AT AR A LR X N BORE B 5 oL LSO BN HL-7702 AP pH (B A BRACIRZS 7Y
W o ARTTIE SR T AR URL SERS PREH T 20 PN 0 B i T s 1) PR 1 SRR L X LUK fl E 37 25 )
AL AR R i e B 22 BRI AR 1, F0 R TN GRS 7 B i AR 2 S AR Iy
Mreb BAT R A BRI
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Detection of Single Cell Intracellular Environment by
Surface Enhanced Raman Scattering Nanotip

CHEN Ying'?, MEI Rong-Chao®, WANG Yun-Qing **, LIU Wan-Hui', CHEN Ling-Xin"*’
'(Collaborative Innovation Center of Advanced Drug Delivery System and Biotech Drugs in Universities of
Shandong, Key Laboratory of Molecular Pharmacology and Drug Evaluation, Ministry of Education, School of
Pharmacy, Yantai University, Yantai 264005, China)

*(CAS Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Yantai Institute of
Coastal Zone Research, Chinese Academy of Sciences, Yantai 264003, China)
3(Shandong Key Laboratory of Coastal Environmental Processes, Yantai 264003, China)

Abstract Surface-enhanced Raman scattering (SERS) nanotip is a kind of new technique for single cell analysis,
which shows excellent application potential in detection of intracellular environment and study of cell physiological
function. Due to the small number of noble metal particles that can be loaded on SERS nanotips, screening and
modifying nanoparticles with high SERS enhancement ability is the key to ensure their detection sensitivity. In this
study, core-satellite Au nanoparticles were prepared, and the single particle signal was significantly higher than
that of traditional Au nanospheres and Au nanostars. The particle was coated on the surface of glass capillary
with tip diameter of about 200 nm to form SERS nanotips, which further functionalized and modified with
target-sensitive Raman reporter molecules, enabling them to detect pH value and O, content in micro-area
environment. As application performance investigation, SERS nanotips realized pH value and anoxic state
monitoring in single HL-7702 cell. This study solved the bottleneck issues such as random aggregation and
difficulty in precise localization faced by traditional granular SERS probes for cell analysis, providing a new
analytical tool for detection and analysis of single cell environment.

Keywords Surface enhanced Raman scattering; Single cell detection; Nanotip; Cell pH value; Cell hypoxia
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