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Methods 

Reagents and Instruments 

Poly dimethyl diallyl ammonium chloride (PDDA), acetylcholine (ACh), choline (Ch), 

rhodamine 6g (R6G), 4-mercaptobenzoic acid (4MBA), 5-hydroxytryptamine (5-HT), levo 

dopamine (L-DOPA) and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich. 

Silver nitrate (AgNO3) and dopamine (DA) were purchased from Alfa-Aesar. Sodium 

citrate, methylene blue (MB), ethanol (EtOH), tetramethylammonium hydroxide 

(TMAOH), magnesium chloride (MgCl2) and calcium chloride (CaCl2) were purchased 

from Sinopharm Chemical Reagent Co., Ltd. Phosphate buffered saline (PBS, 10 mM, 

PH=7.4) was purchased from Wuhan Boster Biological Technology., Ltd. Hydrochloric 

acid (HCl) was purchased from Shanghai Lingfeng Chemical Reagent Co., Ltd. Sodium 

hydroxide (NaOH) was purchased from Xilong Chemical Co., Ltd. Glycine (Gly), 

acetamide (ACa) and collagenase type 1 was purchased from Aladdin Reagent (shanghai) 

co., Ltd. Betaine (Bet) was purchased from Wokai Reagent co., Ltd. Glucose was purchased 

from Biosharp. Tetramethylammonium bromide (TMAB), Tetraethylammonium bromide 

(TEAB), Tetrapropylammonium bromide (TPAB) and Tetrabutylammonium bromide 

(TBAB) were purchased from Adamas Reagent Ltd. Neostigmine was purchased from 

Maya Reagent co., Ltd. Quinacrine hydrochloride (QH) was purchased from Shanghai 

Yuanye Reagent co., Ltd. 4-bromophenacyl bromide (BPB) was purchased from Macklin 

Reagent co., Ltd. All solvents and reagents were of analytical grade and used without 

further purification. PC12 cells, fetal bovine serum and RPMI1640 were purchased from 
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Jiangsu Keygen biotechnology co. LTD. Glass slides were purchased from Haimen 

Xinxing experiment company. PDMS microfluidic chips were purchased from Suzhou 

Wenhao chip technology Co., Ltd.  

SERS spectra was measured with a confocal laser scanning microscope (FV1000, 

Olympus, Japan) and spectrograph (Sharmrock, Andor, UK). TEM images were obtained 

by a transmission electron microscope (FEI Tecnai G2T20). SEM images were obtained 

by a scanning electron microscope (Zeiss Ultra Plus). UV−Vis spectra were recorded by 

UV-Vis spectrometer (UV-3600, Shimazu, Japan). Injection pump (LSP04-1A) was 

purchased from Longer Precision Pump Co., Ltd. AFM images were performed by a atomic 

force microscope (Bioscope, Bruker). 

Synthesis of Ag nanospheres 

  Ag nanospheres were prepared according to the procedure developed by Lee.1 Briefly, 

44 mg of AgNO3 was dissolved in 245 mL of deionized water in a erlenmeyer flask, then 

50 mg of sodium citrate dissolved in deionized water was added into the erlenmeyer flask. 

The mixed solution was heated to boiling under stirring conditions for 45 min and then 

naturally cooled. Ag nanospheres were ready for use after centrifugation (8000 rpm, 15 

min). 

Fabrication of SERS substrate in a microfluidic chip 

  The PDMS chips with microfluidic channels (width:500 μm, height:100 μm) on the 

surfaces were first sonicated with EtOH for 30 min. Then, the microfluidic chips were 

prepared by bonding PDMS chips with the glass slides that previously sonicated with 
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piranha solution. The SERS substrate inside the microfluidic chip was prepared by 

electrostatic interaction between negatively charged Ag nanospheres and positive charged 

PDDA using the following steps. First, 30 μL of 1% w/t PDDA solution was injected (0.5 

μL/min) into the microfluidic chip, followed by 3-min of water washing with a flow rate 

of 2 μL/min. PDDA molecules were adsorbed on the glass slides because of the presence 

of hydroxy on glass surfaces. Second, the solution of Ag nanospheres were injected (0.5 

μL/min) into the microfluidic chip to be deposited on the PDDA layer due to the 

electrostatic force, followed by a wash of 3-min of deionized water at a flow rate of 2 

μL/min. Then, a layer of Ag nanospheres was successfully assembled on the bottom of the 

microfluidic chips for further SERS measurements. 

Mechanism analysis 

1. Reaction sequence 

Experiment 1 (ACh first). 10 μL of ACh aqueous solution (1 mM) was injected (0.5 

μL/min) into the microfluidic chip to react with the SERS substrate and then washed with 

deionized water. Then 10 μL of MB aqueous solution (1 μM) was injected (0.5 μL/min) 

into the microfluidic chip and washed with deionized water. Finally, SERS spectra were 

measured with a Raman spectroscopy. 

Experiment 2 (MB first). 10 μL of MB aqueous solution (1 μM) was injected (0.5 μL/min) 

into the microfluidic chip to react with the SERS substrate and washed with deionized 

water. Then 10 μL of ACh aqueous solution (1 mM) was injected (0.5 μL/min) into the 
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microfluidic chip and washed with deionized water. Finally, SERS spectra were measured 

with a Raman spectroscopy. 

Experiment 3 (mixed). 10 μL of the mixed solution of MB (1 μM) and Ach (1 mM) was 

injected (0.5 μL/min) into the microfluidic chip to react with the SERS substrate and 

washed with deionized water. Then, SERS spectra were measured with a Raman 

spectroscopy. 

In the experiments of using other neurotransmitters instead of ACh, DA (1 mM), L-dopa 

(1 mM) or Gly (1 mM) was used to replace ACh in the experiment 1 and experiment 2. 

In the experiments of using other QA molecules instead of ACh, QA molecules were 

used to replace ACh in the experiment 1 and experiment 2. 

2. Fluorescence analysis 

Experiment 1. The glass slides were decorated with Ag nanospheres to form the SERS-

active substrates, followed by an immersion of ACh solution at different concentrations for 

1 h. Afterwards, the glass slides were rinsed with deionized water and subsequently 

immersed into MB solution for a fixed time span. Finally, the glass slides were removed 

from MB solution and the fluorescence spectra of MB in the remained solution were 

measured. 

Experiment 2. The glass slides were decorated with Ag nanospheres to form the SERS-

active substrates, followed by an immersion of MB solution for 1 h. Afterwards, the glass 

slides were rinsed with deionized water and subsequently immersed into ACh solution for 



 

S6 
 

a fixed time span. Finally, the glass slides were removed from ACh solution and the 

fluorescence spectra of MB in the remained ACh solution were measured. 

3. SERS analysis 

To characterize the amount of residual MB after reacting with the SERS substrate in the 

microchannels, the solution of MB or the mixed solution of MB and ACh was injected into 

the microchannels, the outflow was collected and then mixed with Ag colloids respectively. 

Eventually, a droplet of the mixed solutions was dropped onto the glass slides for SERS 

measurements. 

To verify if MB molecules could cause the desorption of ACh on Ag NPs, the solution 

of ACh was inject into microchannels to react with the SERS substrate, then the first SERS 

spectra of ACh was obtained. Afterwards, the solution of MB was injected into the same 

microchannels for a certain time, and the second SERS spectra of ACh was obtained after 

washing. 

4. The chemical structures of molecules were drawn using the software of Chemoffice. 

SERS quantification of ACh 

  The detection of ACh using SERS spectra were easily realized as follows. First, ACh 

aqueous solution was mixed with MB aqueous solution. Then, 15 μL of the mixed solution 

was injected (0.5 μL/min) into the SERS-active microfluidic chip, which was then washed 

with deionized water (2 μL/min, 3 min). After that, the SERS spectra of MB were obtained 

by a Raman spectroscopy. In the case of using MB solution at a concentration of 0.01 μM, 

in order to increase the SERS intensity, the incubation time for the adsorption of PDDA 
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and Ag nanospheres was increased. Then 30 μL of the mixed solution was injected (0.5 

μL/min) to react with the SERS substrate. The remained other procedures were the same. 

To investigate the feasibility of the quantification of ACh in the presence of other 

neurotransmitters, the solution of dopamine, levodopa or glycine at a final concentration 

of 1 nM was added to the mixed aqueous solution of ACh and MB (1 μM), respectively. 

Then 10 μL of the mixed solution was injected (0.5 μL/min) into the SERS-active 

microfluidic chip, which was then washed with deionized water (2 μL/min, 3 min). After 

that, the SERS spectra from the microfluidic chip were obtained by a laser scanning 

confocal microscope. 

To confirm the feasibility for the detection of ACh in the environment with serum, ACh 

solution at different concentrations were added to serum. Then MB solution was added 

with a final concentration of 10 μM. The mixture was injected into the microfluidic chip to 

react with the SERS substrate. Finally, the SERS spectra of MB in the microfluidic chip 

were measured after the chip was rinsed with PBS. 

Culture of PC12 cells and monitoring of the secretion of acetylcholine 

PC12 cells were cultured in fresh RPMI1640 containing 5% fetal bovine serum. Prior to 

the extraction, cell culture medium was replaced with medium A (10 mM PBS, 1 mM CaCl2, 

0.5 mM MgCl2, 10 mM glucose and 500 nM neostigmine, pH 7.4) and cultured for a 

required time. After incubation, the medium A was extracted and centrifuged (3000 rpm, 

20 min) as the sample solution. In a stimulated or inhibited ACh release experiment, K+ or 

drug at certain concentrations was added into medium A to culture PC12 cells. 



 

S8 
 

Then, the quantitative analysis of ACh secreted from PC12 cells was performed as 

mentioned above by mixing MB solution with the sample solution. The mixture was then 

injected into the microfluidic chip to react with the SERS substrate. 

 

 

 

 

 

Figure S1. Characterization of the Ag nanospheres and SERS substrate. (a) Extinction spectrum of Ag 

nanospheres  with  a  surface  plasmon  resonance  (SPR)  peak  at  405  nm;  (b)  TEM  image  of  Ag 

nanospheres; (c) SEM image of the SERS substrate self‐assembled with Ag nanospheres, showing the 

uniform distribution of the Ag nanospheres; (d) AFM image of the SERS substrate self‐assembled with 

Ag nanospheres, showing the mono‐layer distribution formation of the Ag nanospheres; (e) uniformity 

of the SERS intensity using MB (1 μM) as the Raman reporter and (f) peak intensity at 1617 cm‐1 in (e), 

the relative standard deviation (RSD) was as low as 6.92 % which indicating that the prepared SERS 

substrate has a good reliability uniformity of SERS enhancement and can be used for the quantitative 

SERS detection. 
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Figure S2. (a) Real‐time evolution for the SERS spectra and (b) SERS intensity of MB at 1617 cm‐1 peak 

during  the  injection  of ACh  solution  into  the microchannel  adsorbed with MB molecules.  The  SERS 

intensity at 1617 cm‐1 peak dramatically decreased and then gradually saturated. 
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Figure S3. The fluorescence spectra of MB solution after being immersed with glass slides‐based SERS 

substrate which has been previously immersed with the solution of (a) Gly and (b) DA; 

 

 

 

 

Figure S4. The chemical structure of (a) ACh, (b) DA, (c) Gly and (d) L‐dopa. 
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Figure S5. (a) The molecular structure of ACh. (b‐e) SERS spectra of MB influenced by ACa, Ch, Bet and 

TMAOH with different reaction orders. 
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Figure S6. Variations of SERS spectra of MB after involving of (a) TMAB, (b) TEAB, (c) TPAB and (d) 

TBAB. 
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Figure S7. SERS spectra obtained when using Au NPs instead of Ag NPs. 
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Figure S8. SERS based quantification of ACh with MB (1 μM) in the presence of other neurotransmitters. 

SERS spectra(a) and calibration curve(d) between the concentration of ACh and the SERS intensity of 

MB with respect to 1617 cm‐1 in the presence of DA (1 nM); SERS spectra(b) and calibration curve(e) 

between  the  concentration  of  ACh  and  the  SERS  intensity  of MB with  respect  to  1617  cm‐1  in  the 

presence of L‐dopa(1 nM); SERS spectra(c) and calibration curve(f) between the concentration of ACh 

and the SERS intensity of MB with respect to 1617 cm‐1 in the presence of Gly (1 nM). The results show 

the possibility of detecting ACh in much more complicated environments. 
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Figure S9. The feasibility of ACh sensing in the presence of 0.1 mg/mL bovine serum albumin (BSA) and 

0.1 mg/mL salmon sperm DNA (ssDNA). The concentration of MB and ACh is 1 M and 1 mM. 
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Figure S10. SERS based quantification of ACh at different R6G concentrations. (a) SERS spectra and (b) 

calibration curve between the concentration of ACh and the SERS intensity of R6G(100 μM) with respect 

to 1507 cm‐1 peak; (c) SERS spectra and (d) calibration curve between the concentration of ACh and the 

SERS intensity of R6G(1 μM) with respect to 1505 cm‐1 peak. The results show that R6G can also be 

used as the Raman reporter for the detection of ACh, which indicates of the optional diversity for the 

selection of Raman reporters. 
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Figure  S11.  SERS  based  quantification  of  ACh  with  R6G  (100  μM)  in  the  presence  of  other 

neurotransmitters. (a) SERS spectra and (b) calibration curve between the concentration of ACh and 

the SERS intensity of R6G with respect to 1507 cm‐1 in the presence of DA(100 μM); (c) SERS spectra 

and (d) calibration curve between the concentration of ACh and the SERS intensity of R6G with respect 

to 1507 cm‐1 in the presence of L‐dopa (100 μM). (e) SERS spectra and (f) calibration curve between the 

concentration of ACh and the SERS intensity of R6G with respect to 1507 cm‐1 in the presence of Gly(100 

μM). 
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Figure S12. Bright image of PC12 cell in a petri dish. The inset shows an enlarged one. Scale bar = 100 

μm. 

 

 

Figure S13. (a) Time‐dependent evolution of the secretion rate of ACh from PC12 cells in PBS. (b) Time‐

dependent evolution of the secretion rate of ACh from PC12 cells under the stimulation of 80 mM K+. 

𝑆𝑅   , SR: secretion rate, S: secretion, t: time. 
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Figure  S14.  The  response of  the  SERS  intensity  of MB  to different  concentrations of ACh  in  serum 

environments. 

 

 

 

Table S1 Raman peak assignments of MB.2‐4 

Peaks(cm‐1)  Band assignments 

1617(s) 

1445(w) 

1396(m) 

1322(w) 

1232(w) 

ν(C-C)RING 

α(N-C-H)AMG 

β(C-H); ν(C-N)RING 

ν(C-N)RING 

β(C-H) 

1040(w) 

769(m) 

β(C-H) 

ν(C-N ring)AMG; α(C-N-C)RING 

ν:stretching; α, β: in-plane bending; AMG: attached to methyl group; 

s: strong; w: weak; m:medium 
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Table S2 Comparison of different ACh sensing methods. (HPLC: high-performance liquid 

chromatography; TMS: tandem mass spectrometry; GACh: genetically encoded G-protein-coupled 

receptor activation-based sensors for ACh; SRS: stimulated Raman scattering.) 

Methods Linear range LOD Ref 

Electrochemical 
4 - 800 nM 4 nM 5 

100 pM - 10 mM 100 pM 6 
Enzyme degradation 

& Fluorescence 

1 – 100 nM 0.21 nM 7 

0.1 - 20 nM 5 pM 8 

HPLC & TMS 
* 28 pM 9 
* 100 pM 10 

HPLC & Electrochemical * 700 pM 11 
Genetically encoded (GACh) 0.01 – 100 μM 10 nM 12 

SERS * 4 μM 13 
SRS * 20 mM 14 

QAM-SERS 10 fM - 100 μM 10 fM  

 

 

Table S3. Calculated average ACh secretion of PC12 cells in petri dish (unit: fmol /106 cells).  

Time 5 min 10 min 15 min 30 min 60 min 

Secretion (in PBS) 80±31 165±25 266±57 450±38 741±119 

Average secretion rate/min (in PBS) 16±6.2 17.8±2.6 20.2±4.3 12.2±1.03 9.7±1.55 

Secretion (80 mM K+) 184±55 460±70 570±83 --- --- 

Average secretion rate/min (80 mM 

K+) 

36.8±11 55.2±8.4 18±2.6 --- --- 

𝑆𝑅  , SR: secretion rate, S: secretion, t: time. 
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Table S4. Calculated average ACh secretion of PC12 cells in 10 min under different treatment. 

 ACh Secretion 

(fmol/106 cells/10min) 

PBS 165±25 

80 mM K+ 460±70 

80 mM K+ + 20 μM QH 285±26 

80 mM K+ + 100 μM QH 205±65 

80 mM K+ + 5 μM BPB 290±47 

80 mM K+ + 30 μM BPB 185±25 
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