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Chemicals

Chloroauric acid (HAuCly), silver nitrate (AgNO;), sodium borohydride (NaBHj),
sodium hydroxide (NaOH), L-ascorbic acid (AA), crystal violet (CV), and malachite
green (MG) were purchased from Sinopharm Chemical Reagent Co., Ltd.
Cetyltrimethylammonium bromide (CTAB), 4-nitrothiophenol (NT), 3,3’-
diethylthiadicarbocyanine iodide (DTDC) were obtained from Sigma-Aldrich. m-
cresol purple was obtained from shanghai Macklin biochemical Co.Ltd.. Deionized
water was used in all of the experiments.

Characterization

SEM images and energy-dispersive X-ray spectra of the samples were obtained by
using a field-emission microscope (Hitachi S-4800, Tokyo, Japan) equipped with an
EX-350 energy-dispersive X-ray microanalyzer (HORIBA EMAX Energy). UV/vis
absorption spectra were obtained on a Thermo Scientific NanoDrop 2000/2000C
spectrophotometer. All pH measurements were performed on a pH meter (PHS-3C,
Shanghai, China). The SERS spectra were recorded by using a DXR Raman
Microscope (Thermo Scientific, USA). A 632.8 nm, 5 mW He—Ne laser was focused
by a microscope with a 10x objective lense for sample solution and chip SERS signal
measurements. When measuring the pH sensitive SERS spectra, the chip was
immobilized in a plastic cell that adhered on the objective table of the microscope,
which ensured that the signal was collected from a specific position of the chip and
reduced the signal interference resulted from the NP distribution variation on the chip.



Preparation of AuNRs

AuNRs were synthesized by using the seed-mediated growth method. Briefly, the
seed solution was prepared by reducing HAuCl, (0.5 mM, 2 mL) in CTAB (0.2 M, 2
mL) with freshly prepared ice-cold NaBH, (10 mM, 0.24 mL). After 2 h, 3.6 mL of
the resultant seed solution was added into a growth solution of HAuCly (23 mM, 13
mL), CTAB (0.2 M, 200 mL), AgNO; (4 mM, 11.2 mL), and AA (80 mM, 5 mL).
The mixture was stored overnight at 27-30 °C.

Preparation of AuNR@Ag NPs

The AuNR was centrifuged at 9100 rpm for 15 min, washed twice with water, and
then redispersed in 1 mL of water. The absorbance at 750 nm was approximately 1.7.
One milliliter of CTAB (0.2 M) was added to 300 pL of this seed solution, followed
by the addition of water until the total volume was 6 mL. Then, 20 uL of AA (0.1 M)
and 100 pL of AgNO; (10 mM) were added in sequence at room temperature while
stirring. Finally, the pH of the mixture was adjusted to approximately 10 by adding
NaOH (0.1 M). The solution color immediately started to change from pink to red,
which indicated the formation of AuUNR@Ag100 NPs. After stirring for 20 min, an
additional 20 puL of AA, 200 uL of AgNO; and 100 pL. of NaOH was added. The
color of mixture turned to yellow, indicating the formation of AUNR@Ag300 NPs.

Preparation of AuNR@Ag@Au NPs

2.0 mL of 0.5 M NaOH solution, 2.0 mL of 0.5 M ascorbic acid solution and 26 mL
of water were mixed. Then 1.0 mL of the AuNR@Ag300 NP solution was added into
2.0 mL of the above mixture, followed by the addition of different volume of a
growth solution prepared by the reduction of HAuCl, (0.1 M, 0.2 mL) in CTAB (0.2
M, 9.8 mL) with freshly prepared AA (0.1 M, 0.2 mL). The color of the solution
turned from yellow to blue immediately, and the mixture was further stirred at 28 °C
for 15 min complete the reaction. The obtained NP was denoted as
AuNR@Ag@AuX and X was the volume of growth solution (uL).

Preparation of of Au nanospheres (NSs)

Briefly, freshly prepared NaBH, solution (1 mM, 0.6 mL) was rapidly added into a
thoroughly mixed 10 mL of aqueous solution containing HAuCl, (0.25 mM) and
CTAB (0.1 M). A brown solution immediately formed upon the introduction of
NaBH,, which indicated the formation of Au clusters. The formed Au clusters was
stirred at a speed of 300 rpm for 2 min, and then kept undisturbed at 27 °C for 3 h.
Aqueous solutions of CTAC (0.2 M, 2 mL), AA (0.1 M, 1.5 mL), and Au clusters (50
uL) were mixed, followed by the injection of HAuCl4 solution (0.5 mM, 2 mL). The
reaction was allowed to continue at 27 °C for 15 min. The product was AuNS with a
diameter of 10 nm. The AuNS (10 nm) was collected by centrifugation at 14 000 rpm
for 30 min, and then washed with water once. Then, CTAC (0.1 M, 2 mL), AA (10
mM, 130 pL), and the 10 nm seeds (10 puL) were mixed, followed by dropwise
addition of HAuCl4 solution (0.5 mM, 2 mL) using a syringe pump at an injection
rate of 2 mL/h. The reaction was allowed to proceed at 27 °C for 10 min after the



injection had been finished.

Fabrication of the pH sensitive SERS paper chips

2.0 mL of the AUNR@Ag@Aul1000 NP solution was centrifuged at 5000 rpm for 10
min to remove excess CTAB and redispersed in 0.1 mL of water. The NPs were
loaded in a laboratory filter paper (Whatman No. 1 grade) by immersing a 0.5 cmx0.5
cm paper in the concentrated AuUNR@Ag@Aul1000 NP solution for 12 h. Upon being
removed from the solution, the paper was gently rinsed with water to remove the
loosely bound NPs, leaving a highly dense layer of NPs on the paper chip surface.
Subsequently, the prepared chip was dipped in an m-cresol purple solution (10* M)
for 1 min, followed by rinsing with water to remove excess reporters. The chips were
dipped into phosphate buffer solutions with different pH values or lake water
followed by the Raman signal measurements.
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Fig. S1 SEM images of AuNR@Ag NPs (A), AuNR@Ag@Au300 NPs (B) and
AuNR@Ag@Aul000 NPs (C). Scale bar: 300 nm. (D) UV-vis spectra of
AuNR@Ag@Au NPs prepared from different amount of Au® growth solution. The
inset images showed the color of of AuNR@Ag NP colloid (left) and
AuNR@Ag@Aul000 NP colloid (right). (E) SERS spectra of NT obtained from
AuNR@Ag@Au NPs prepared from different amount of Au® growth solution. (F)
SERS spectra of DTDC (107> M), MG (107° M) and CV (1075 M) in AUNR@Ag@Au
NP and Au NS colloids of the same concentration.
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Fig. S3 SEM image showed the formation of NP clusters on the surface of the paper
chip.
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Fig. S4 The plot of the MG concentration vs. 1360 cm™! peak intensity (n=3). The
inset showed the quantitative calibration curve of different MG concentrations. The
linear equation was lgy= 1.56x + 2.206 (R? =0.991, n=3).
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Fig. S5 The plot of the absorbance of m-cresol purple (the absorption band centred at
578 nm) as a function of pH value.
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Fig. S6 pH sensitive SERS signal response of m-cresol purple in AuNR@Ag@Au
NP1000 colloid. The pH of the colloid was adjusted to different values by the addition
of HCI1 or NaOH followed by SERS measurement.
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Fig. S7 Raman spectra of m-cresol purple (A) and MG (B) for evaluating the



detection reproducibility of the SERS chip. The spectra were obtained from a specific
site on one chip.
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Fig. S8 SERS spectra of the pH sensitive chip when it was alternatively placed pH 7.0
and pH 8.0 PBS solutions.
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Fig. S9 Response of the Raman intensity at 453.9 cm! as a function of pH obtained
from three chips. The line connecting the data points is added as a visual guide.
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Fig. S10 (A) UV-vis spectra of m-cresol purple with the addition PBS buffer (pH 9.18). 750 pL
(10 M) of was added in 15 mL of pure water to make the absorbance at 415 nm around 0.36,
followed by the addition of different volume (0 to 80 pL) of PBS buffer. (B) An enlarged UV-Vis
spectra of m-cresol purple in (A). (C) The SERS signal response of the chip upon PBS addition.

Table S1 Comparison of the detection performance with reported SERS based pH sensors

Raman reporter Lous/Ione O Lye/lI,ys ~ Responsive pH range  Ref.
MBA 1.2 5-8 1
MBA 2 4-9 2
MBA 3 5-8 3
MBA 1.2 2-7 4
MBA 1.4 6-13 5
MBA 2.8 5-9 6
MBA 1.1 3-8 7
MBA 7 6-8 8
MBA 6 6-8 9
MBA 5 2-8 10
ATP 43 3-8 11
MBA 3 7-9 12
ATP 1.1 3-8 13
ATP 1.1 3-8 14
DMBA 2.1 4-8 15
DMBA 1.2 2-10 16
ABT 1.1 3-6 17
ABT 1.6 2-10 18
AMT 4.5 2-10 19
MPy 1.4 4-9 20

\S)
—

biotin-fluorescein 3 5-8




Methyl yellow 1 2-5 22
m-cresol purple 20 6-8 This work

Abbreviations: MBA, 4-mercaptobenzoic acid; ATP, 4-aminothiophenol; DMBA, 3,5-
dimercaptobenzoic acid; ABT, 2-aminobenzenethiol; AMT, 3-amino-5-mercapto-1,2,4-triazole ;

MPy, 4-mercaptopyridine. In the second column, the ratio of /,us/,n6 s Written in standard style

and the ratio of I,,¢/1,s1s written in Italic style.

References

1.

hed

IO

10.

11.

12.

13.

14.
15.
16.
17.
18.
19.
20.

21.
22.

P. Chen, Z. Wang, S. Zong, D. Zhu, H. Chen, Y. Zhang, L. Wu and Y. Cui, Biosens. Bioelectron., 2016,
75, 446-451.

X. Han, H. Wang, X. Ou and X. Zhang, ACS Appl. Mater. Interfaces, 2013, 5, 5811-5814.

L. E. Jamieson, A. Jaworska, J. Jiang, M. Baranska, D. J. Harrison and C. J. Campbell, 4nalyst, 2015,
140, 2330-2335.

S. Bilint, S. Rao, M. Marro, P. Migkovsky and D. Petrov, J. Raman Spectrosc., 2011, 42, 1215-1221.

H. Wei, M. R. Willner, L. C. Marr and P. J. Vikesland, 4nalyst, 2016, 141, 5159-5169.

A. Pallaoro, G. B. Braun, N. O. Reich and M. Moskovits, Small, 2010, 6, 618-622.

F. Wang, R. G. Widejko, Z. Yang, K. T. Nguyen, H. Chen, L. P. Fernando, K. A. Christensen and J. N.
Anker, Anal. Chem., 2012, 84, 8013-8019.

C. E. Talley, L. Jusinski, C. W. Hollars, S. M. Lane and T. Huser, 4Anal. Chem., 2004, 76, 7064-7068.

R. Luo, Y. Li, Q. Zhou, J. Zheng, D. Ma, P. Tang, S. Yang, Z. Qing and R. Yang, 4nalyst, 2016, 141,
3224-3227.

A. Jaworska, L. E. Jamieson, K. Malek, C. J. Campbell, J. Choo, S. Chlopicki and M. Baranska, Analyst,
2015, 140, 2321-2329.

P. Chen, Z. Wang, S. Zong, H. Chen, D. Zhu, Y. Zhong and Y. Cui, 4nal. Bioanal. Chem., 2014, 406,
6337-6346.

P. Pienpinijtham, S. Vantasin, Y. Kitahama, S. Ekgasit and Y. Ozaki, J. Phys. Chem. C, 2016, 120,
14663-14668.

D. Ma, J. Zheng, P. Tang, W. Xu, Z. Qing, S. Yang, J. Li and R. Yang, Anal. Chem., 2016, 88, 11852-
11859.

S. Zong, Z. Wang, J. Yang and Y. Cui, Anal. Chem., 2011, 83, 4178-4183.

L. S. Lawson, J. W. Chan and T. Huser, Nanoscale, 2014, 6, 7971-7980.

L. Lawson and T. Huser, Anal. Chem., 2012, 84, 3574-3580.

Z. Wang, A. Bonoiu, M. Samoc, Y. Cui and P. N. Prasad, Biosen. Bioelectron., 2008, 23, 886-891.

K. Kim, K. L. Kim, D. Shin, J.-Y. Choi and K. S. Shin, J. Phys. Chem. C, 2012, 116, 4774-4779.

P. Piotrowski, B. Wrzosek, A. Krolikowska and J. Bukowska, Analyst, 2014, 139, 1101-1111.

X. S. Zheng, P. Hu, Y. Cui, C. Zong, J. M. Feng, X. Wang and B. Ren, Anal. Chem., 2014, 86, 12250-
12257.

L. Zhao, Y. Shingaya, H. Tomimoto, Q. Huang and T. Nakayama, J. Mater. Chem., 2008, 18, 4759.

R. A. Ando, N. P. W. Pieczonka, P. S. Santos and R. F. Aroca, Phys. Chem. Chem. Phys., 2009, 11,
7505-7508.



