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Fig. 1 SEM images and particle size distribution of Au NPs. (a)—(d) SEM images; (e)—(h) particle size distribution
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Fig. 2 SERS performance test of Au NPs with different particle sizes. (a) SERS spectra under different Au NPs particle

sizes and R6G concentrations; (b) SERS peak area at 1363 cm™ ' under different Au NPs particle sizes and R6G

concentrations; (c¢) UV spectra of Au NPs with different particle sizes

0311003-3



F£48%E 5 3 H1/2021 £ 2 A/HRERHE

K ORL 5 44T 43 22 18] 04 P 3R 3RS R00 9d /0 T
M R6G AR FEFAR B o AT 3R A0 sl /) Ao A2 A R
7 B4 38 i SR ] S, 6 B T 5 Y H R Y S (EMD
ROR MBS (CDOROE ., Ko ki#E 45 nm /Y
Au NPs I T R A7 A 38 o 8O AR e M .

T HRFE Au NPs 11 Jay 38 3 1 45 B 7 Ik 36 g
(LSPR) H¢ 4 A ST T B ik 4 Fpoki42 Au NPs
(1 58 A0 A] DLW WO 3 25 SR A 2 (o) TR . AT R
KL B E YR B &= 3, & A Au NPs
FIR) L A28 325 T DR /)N o O F G 5 €0 380 I AR Ol A R A
1M H LSPR & {7 A Wr ) 4 X 7% 5 kB 42
45 nm ¥ Au NPs 1y LSPR & 47 & 4 532 nm, 7£ 4

Fi & Au NPs B A7 fe s 1 LSPR., A, 28 3C
PRI 45 nm B Au NPs 1E Ry 38 o8 %) S, 347 )5

Sy R N 4 5 KR IS L 2 A 5 B 2 A 1 R R B
AR SCINR T R4 N 45 nm B Au NPs RJEFEHL 20
ARTE B AR BE R 10° mol/L 19 R6G L 8 4%
Sk g A & 3 Ca) Fron. B3 (h) IR K
1363 cm ' AL AR BE AT IH — AR AL LS L A )
(9 20 I BEMLRFE S AL R6G AT 2 14 08 15 5 Al +H %)
Fr#fE22(RSD), ATLLE ],1363 cm ' 4bAY RSD &
H6.65% , /NT 1500, X KWL Au NPs 3 5 J K
L2 A 5 11 B B S M A

1.0 » (b)

1363 cm™! RSD: 6.65%

=
o

2
600 800 1000 1200 1400 1600 1800 2000
Raman shift /cm™!

(=}

[\Y]

R:
Raman intensity

o
o

1 3 5 7 9
Location No.

11 13 156 17 19

B3 45 nm Au NPs #3835 H0 2 (55 035 M R EIEN . (O FEILIK 1 20 AR WA BEAMAZ R 10 ° mol/L
R6G iy SERS 5 (b)i+55158 29 SERS I7F 1363 cm™ ' Ak B MI X AR #E 22
Fig. 3 Uniformity and reproducibility of Raman signal of 45 nm Au NPs enhanced substrate. (a) SERS graphs of R6G

with a concentration of 10 °

mol/L tested at 20 different substrate locations; (b) calculated relative standard

deviation (RSD) of SERS peak at 1363 cm '
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Fig. 4 pH sensing using R6G molecules adsorbed on the surface of Au NPs. (a) SERS spectra of R6G at different pH
levels; (b) SERS spectra within the range of stretching vibration spectra of C—N and C—C bonds; (c¢) mechanism
of molecular structure transformation of R6G at different pH levels; (d) schematic of pH-dependent SERS

measurement, pH-induced orientation change of R6G molecules and schematic of molecular protonation
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Table 1 pH test results of real samples
Sample pH Present probe(SERS) Absolute error Relative error/ %
Mineral water 7.10 8.08 0.98 13. 80
Hand sanitizer 4.15 4.48 0.33 7.95
Tea water 5.44 5.79 0. 35 6.43
Environmental water(Dianchi lake) 9.28 8. 40 —0.88 —9.48
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K R I 7K ) 3345 32 3T v P 1) R i 15 25 AR XV 45
Ko XEIFTA pH 55 R 0 I 1 FR L 485 52 30 45

0311003-6



F£48%E 5 3 H1/2021 £ 2 A/HRERHE

MY E . XU IHZ RS O ROE & W TR & 1F T
i pH A

4 4k w

ARSCERIE T AW B 72 Au NPs | R6G 4
FibAT pH B W Jr k. 76 pH H/hE KT R,
R6G 731 I LLIT 3008 =77 78 19 B2 11k 728 46 ) L ]
WL AR L T4k, 0 FAE Au NPs & i (1 9
AR SRR C N K& &3
C—CHmMaiRshZ 3 T+, pHE C—C.C—N
iR R Z M AEAE R MR . MHKZS SRR,
AREN HLAT R 0 AP | B L T 1k RN R
PR AT DL B S BRR M A B pH 1 ARk

FHEE FALGE Y pH kI J7 3 DL S Al 1) 2 1
B R EOGIE I B YOG 2 pH AR IS L A S 4 1Y
pH &% BLAT i 2 805 L 28 W R e M DL R e 4
Rl A DL 8 40 58 T pH AR IR I S . 1E Y
PREL 53 F 5 AR, A0 FH AR 341K o ELAS: I o
Gy R CREFICIEE . B PRI L 7 AR B TR
) SERS 55 HA 58 98 %, 78 SERS 8 R fi{
A3 F B LA R A0 R RO S R A ) B 2 R AR
SR h I B RV T, B 0 A B Sy F RN 2 LA
Jid pH AR Ak i BRI 7 T EL A B A N AT . AR
1T, R4 v pH A% I ) o i 1 L SO L BRI 5 A
O3 F W B o B 38 5] RO RS 4 DA ot pH i
TR BB R G S AR AR i — DT

2 % X #

[1] LiF M. 4 #r4k 2 [M]. 6th ed. Beijing: People’s
Medical Publishing House, 2007: 49-57.

ZRFE. piifEIM]. 6 R, dbat: AR IR
#t, 2007: 49-57.

[2] Li G L, Zhang B, Song X B, et al. Ratiometric
imaging of mitochondrial pH in living cells with a
colorimetric fluorescent probe based on fluorescein
derivative[ J]. Sensors and Actuators B: Chemical,
2017, 253: 58-68.

[3] Niu W F, Wei Z W, Jia J, et al. A ratiometric
emission NIR-{luorescent

probe for sensing and

imaging pH changes in live cells [J]. Dyes and
Pigments, 2018, 152: 155-160.

(4] LiJ Y, Zhuge X X, Yan X Z, et al. Two pH-
responsive fluorescence probes based on indole
derivatives[J|. Optical Materials, 2019, 90: 257-263.

[5] Pourreza N, Golmohammadi H. Application of

curcumin nanoparticles in a lab-on-paper device as a

(6]

7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

0311003-7

simple and green pH probe[]J]. Talanta, 2015, 131:
136-141.

Fang W, Wang Z, Zong S, et al. pH-controllable
drug carrier with SERS activity for targeting cancer
cells[J]. Biosensors & Bioelectronics, 2014, 57: 10~
15.

Cheng SY, Pan X H, Shi M Y, et al. Naphthalene-
benzoindole derived two novel fluorometric pH-
responsive probes for environmental systems and
bioimaging[J]. Talanta, 2019, 203: 90-98.

Yang G H, Zhang Q, Liang Y, et al. Fluorescence-
SERS dual-signal probes for pH sensing in live cells
[J]. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 2019, 562: 289-295.

Zong S, Wang Z, Yang ], et al. Intracellular pH
sensing using p-aminothiophenol functionalized gold
nanorods with low cytotoxicity [ J]. Analytical
Chemistry, 2011, 83(11): 4178-4183.

Chen P, Wang Z, Zong S, et al. A wide range optical
pH sensor for living cells using Au@ Ag nanoparticles
functionalized carbon nanotubes based on SERS
signals [J]. Analytical and Bioanalytical Chemistry,
2014, 406(25): 6337-6346.

Liu XY, Wang X Q, Zha L. S, et al. Temperature-
and SERS

efficiency of the silver nanoparticles within the dual

and pH-tunable plasmonic properties
stimuli-responsive microgels [J]. Journal Materials
Chemistry C, 2014, 2(35): 7326-7335.

Liang Z H, Wang Z, Peng L, et al. Detection of
miRNA-106a based on dual SERS amplifications of
SIC@Ag
nanoaggregates| ] ]. Acta Photonica Sinica, 2019, 48
(7): 0717002.

PE, £, 2K, F. ET SiIC@Ag HJR AR
WR-BEE KR QKR E K WE SERS iK1
miRNA-106a &  [J1. & F %4, 2019, 48 (7):
0717002.

Fu H, Li W F, Gao Y F, et al. Highly sensitive

detection of tumor marker miRNA-21 based on

substrate and  silver-biotin-streptavidin

sandwich SERS structure and enzymatic cleavage
technique[J]. Acta Photonica Sinica, 2019, 48(7):
0717003.

W, Bk, wokiE, 5. 5T = HIh SERS 451
IR BY U1 HA B9 8 A A5 ) miRNA-21 19 5 R ks
M. YeF2HM|, 2019, 48(7): 0717003.

Chen Y, Yan X, Zhang X, et al. Surface-enhanced
Raman  spectroscopy  quantitative analysis  of
polycyclic aromatic hydrocarbons based on support
vector machine algorithm [J]. Chinese Journal of
Lasers, 2019, 46(3): 0311005.

PREE, ™82, K0, 4. JEF 37 Rpm HLA i i 2 30



E48%5 F3H/2021 F£2 A/HEHN

JF KRR NG B B 2Ok e T 1] P EDEOE, Raman evidence for Rhodamine 6G and its derivative
2019, 46(3): 0311005. with different adsorption geometry to colloidal silver

[15] Wang T Y, Wang Y Y, Lin X L, et al nanoparticle [J]. Journal of Raman Spectroscopy,
Ultrasensitive quantitative detection of alpha- 2013, 44(7): 999-1003.
fetoprotein based on SERS spectroscopy[J]. Chinese [21] Hofmann O, Doblhofer K, Gerischer H. Infrared
Journal of Lasers, 2020, 47(2): 0207026. reflexion-absorption measurements on emersed gold
TR, Tz, MeEsm, % LT SERS JGig AR electrodes[J]. Journal of Electroanalytical Chemistry
MPREABAGSEEKRMT]. P EEE, 2020, and Interfacial Electrochemistry, 1984, 161(2): 337-
47(2): 0207026. 344.

[16] Yaseen T, Pu H B, Sun D W. Fabrication of silver- [22] Li J F. Coreshell nanoparticles enhanced Raman
coated gold nanoparticles to simultaneously detect spectroscopy[ D] . Fujian: Xiamen University, 2010:
multi-class insecticide residues in peach with SERS 40-57.
technique[J]. Talanta, 2019, 196: 537-545. ZEGIEE . B 5T 45 G R BT B SR B &0k [D]. R

[17] Eggeling C, Widengren J, Rigler R, et al. @ JHIT kA, 2010: 40-57.

Photobleaching of fluorescent dyes under conditions [23] LeiSJ, TaoC]J, LiJ L, et al. Visible light-induced
used for single-molecule detection: evidence of two- charge transfer to improve sensitive surface-enhanced
step photolysis[J]. Analytical Chemistry, 1998, 70 Raman scattering of Zn(O/Ag nanorod arrays []].
(13): 2651-2659. Applied Surface Science, 2018, 452: 148-154.

[18] FuY, Jiang XJ, Zhu Y Y, et al. A new fluorescent [24] Ma P Y, Liang F H, Wang D, et al. A novel
probe for AI’" based on rhodamine 6G and its fluorescence and surface-enhanced Raman scattering
application to bioimaging [J]. Dalton Transactions, dual-signal probe for pH sensing based on Rhodamine
2014, 43(33): 12624-12632. derivative[J]. Dyes and Pigments, 2015, 122: 224-

[19] Tang G C, Du L P, Su X G. Detection of melamine 230.
based on the fluorescence resonance energy transfer [25] Pristinski D, Tan S L, Erol M, et al. In situ SERS
between CdTe QDs and Rhodamine B []J]. Food study of Rhodamine 6G adsorbed on individually
Chemistry, 2013, 141(4): 4060-4065. immobilized Ag nanoparticles[J]. Journal of Raman

[20] Li P, Zhou X, Liu H L, et al. Surface-enhanced Spectroscopy, 2006, 37(7): 762-770.

pH Sensing Based on Surface-Enhanced Raman Scattering Using
R6G Probe
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Abstract

Objective In some research fields and practical applications, the accurate determination of pH is extremely
important. For example, in biology, the change in intracellular pH plays an important role in cell growth, apoptosis,
ion transport, homeostasis, and enzymolysis. There are three main methods for traditional detection of pH: pH
indicator; pH test paper; glass pH electrode. The principles of the pH indicator and test paper are essentially the
same, and the pH value is determined from color change after the reaction using the indicator and test paper.
However, because of the color change, the pH value of the solution is determined according to a standard
colorimetric card, which is easily affected by subjective consciousness. At the same time, the detection target range
is small; for example, pH test paper cannot display the pH value of oil. Furthermore, the accuracy of the pH value is
limited by the method used. The use of a glass pH electrode is the main method for accurately determining pH, but
it is not suitable for long-term use owing to susceptibility to mechanical damage, electrical interference, long
preparation time, complex calibration, and other reasons; moreover, the detection targets are limited. Therefore, it
is necessary to find a simple, noncontact, and reliable method to detect pH. In this study, a pH optical probe with
good sensitivity, selectivity, reversibility, and stability was constructed using SERS technology, Au NPs as
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reinforcement substrate, and R6G as a probe molecule. Our basic strategy and research results are expected to be
helpful for the combination of pH detection with other fields and the tracking of pH changes in single molecules and
tissue cells.

Methods In this study, Au NPs were used as the enhancement substrate and R6G was used as the probe molecule to
output SERS signals. The pH value of the sample solution was rapidly and conveniently measured. First, Au NPs
were prepared via chemical reduction, and the silicon wafers were modified using the soaking method to obtain four
types of dispersed distributions; the particle size of the SERS-enhanced substrate was within the range of 30-
100 nm. Second, the morphology, particle size, particle dispersion, and LSPR resonance frequency of Au NPs were
characterized using scanning electron microscopy (SEM) and ultraviolet visible absorption spectroscopy. We explored
the uniformity and reproducibility of the enhanced Raman signal and the influence of different R6G concentrations and
Au NPs size on the SERS spectrum and finally select the appropriate molecular concentration of Au NPs and R6G
probe for subsequent experiments. Subsequently, we measured the SERS spectrum changes of the probe molecules
under different pH conditions and determined the linear relationship between the peak area ratio of SERS and the pH
value of R6G at 1363 and 1314 cm ' so as to design the pH sensor. In addition, we conducted experiments on
recovery, stability, H™ selectivity, and real sample pH value to explore the performance of the pH sensor.

Results and Discussions The 45 nm Au NPs substrate exhibited better enhancement effect, stability (Fig.2) and
uniformity of the Raman signal (Fig.3). Because of the different inclination orientation of the deprotonated and
protonated R6G molecules adsorbed on the enhanced base surface in closed- and open-loop forms, R6G exhibited
different SERS activities at different pH levels (Fig.4). We found a linear relationship between the SERS spectral
peak area ratio of R6G and pH value at 1363 and 1314 ¢cm ' to design the pH sensor. Experimental results show that
the SERS signal of R6G can be stabilized for more than 2 h at room temperature. The sensor showed good
recoverability when the pH value of the sample solution was changed back and forth between 7 and 3 (Fig.5). After
the introduction of other interfering metal cations in the pH detection process, the probe showed better selectivity of
H' (Fig.6). The detection of the actual sample pH revealed that the probe has good analytical performance and that
it is easy to detect the pH value in acidic mediums (Table 1).

Conclusions We explored the method of pH sensing using R6G molecules adsorbed on Au NPs. In the process of pH
increasing from small to large values, R6G molecules changed from protonation in the form of an open ring to
deprotonation in the form of a closed loop, and the angle between the R6G molecules on Au NPs' surface increased
gradually, resulting in the interference of stretching vibration of the C—N bond connected with the benzene ring and
C—C bond of the aromatic ring. We found a linear relationship between pH and the C—C and C—N frequencies.
Results show that the probe has superior sensitivity, selectivity, reversibility, and stability. The SERS signal can be
stabilized for more than 2 h at room temperature. Moreover, the probe has the ability to detect dynamic changes in
pH, which can reflect the change in pH in actual acidic mediums. Compared with traditional pH-detection methods
and other optical pH sensors based on the spectral response of synthetic probes, the pH sensor prepared in the
present work has the advantages of high sensitivity, nondestructive detection, and good biological stability. The
application range of the pH sensor is widened, the selected probe molecules are easy to obtain and economical, and
the phenomena of photolysis and photobleaching do not occur easily in the detection process. The rhodamine group
produces cationic stimulated SERS signals with strong fluorescence; this has good application prospects in SERS
ultrasensitive single-molecule detection. Moreover, it is easy to be combined with other fields and has greater
application prospects in tracking the pH changes in single molecules and tissue cells.

Key words spectroscopy; surface enhanced Raman scattering (SERS); pH sensor; R6G; gold nanoparticles (Au
NPs)
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