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S1. Comparison of the main technologies for single-cell secretion analysis 

Platform  Flexibility  Sensitivity  Throughput  Target compound 

Cell biosensor assay 
[1,2] 

Medium (need 
to modify cell 
metabolic 
circuits) 

0.1 mM High ~103 cells/sec p‑Coumaric acid, D-allulose 

Immunosorbent assay 
on microtiter plates 
(ELISpot) [3]  

High  
Spot 
numbers per 
experiment 

Medium ~103-104 
cells/experiment  

Cytokines (IFN-γ, IL-2, 
TNF-α, etc) 

Microwell array with 
barcode lines [4,5]  High  ~1-267 pM Medium ~102-103 

cells/experiment  
Cytokines (IFN-γ, IL-2, 
TNF-α, etc) 

Fluorescence-
activated cell sorting 
(FACS) [6]    

Indirect 
secretion assay  ~3 μM Ultra-high ~103-104 

cells/sec  Trans-cinnamic acid 

Mass spectrometry 
(GC‒ MS) [7]  High  1.72 nM Low ~1- 

cell/experiment  Carbonic anhydrase 

High-Performance 
Liquid 
Chromatography 
(HPLC) [8]  

High  

10.4 nM 
56.7 nM 
42.4 nM 
4.4 nM 

Low ~1- 
cell/experiment  

Epinephrine 
Norepinephrine 
Dopamine 
5-hydroxytryptamine 

Droplet enzyme assay 
[9-12]  Low  ~1 nM High ~102 cells/sec   

Enzyme activities, 
intermediate compound, etc. 
 

Droplet RNA-aptamer 
assay (RAPID) [13]  High  0.3 mM 

Ultra-high (~103-104 
cells/sec) Tyrosine 

Droplet whole cell 
biosensor [14] 

Medium (need 
to modify cell 
biosensor) 

183.65 μM High (~100 cells/sec)  Naringenin 

This work: Droplet 
GO aptasensor High  ~10 μM Ultra-high (~103-104 

cells/sec)  Naringenin  

 

 

 

 

 

 

 

 

 

 

 

 



S2. Droplet microfluidic device. 

 

S2. Design of the droplet microfluidic device: The droplet microfluidic device was designed to 
incorporate a co-flow droplet generator for the encapsulation of individual cells within water-in-oil 
droplets. The nozzle diameter of the generator was approximately 40 µm, ensuring precise control over 
droplet formation. The microchannel featured a width of 40 µm and a height of 30 µm, providing the 
necessary dimensions for the generation and manipulation of droplets during the experiment. 

 

 

 

 

 



S3. Pico-injector device  

 

 

S3. Design of the Pico-injector Device: The pico-injector device was engineered for the precise injection 
of GO aptasensors into the droplets containing single cells, facilitating the analysis of single-cell 
secretions. The injector nozzle exhibited a diameter of 20 μm, ensuring accuracy in the injection process. 
The microchannel was designed with a width of 25 μm and a height of 25 μm, providing the necessary 
dimensions for efficient fluid flow and injection of the aptasensors into the droplets. 

 

 

 

 

 

 

 

 

 

 

 

 

 



S4. The correlation between GO/aptamer ratio and quenching efficiency 

 

S4. The correlation between GO/aptamer ratio and quenching efficiency is illustrated. It is evident that 
the quenching efficiency exhibited an upward trend with the escalating GO/aptamer ratio, ranging from 
1.3 to 2.6. Subsequently, the quenching efficiency approached saturation levels when the GO/aptamer 
ratio reached approximately 3.2. Error bars in the figure denote the standard deviation derived from 
three parallel experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S5. The fluorescence recovery at different GO concentrations 

 

 

S5. Optimization of GO Concentration: (a) The time-dependent fluorescence recoveries at various GO 
concentrations were analyzed. The experiments were conducted with a fixed AATP concentration of 
160 nM and ATP concentration of 100 μM. It was observed that the fluorescence recovery intensity 
increased over time, stabilizing at approximately 20 minutes for all GO concentrations. Notably, within 
the same incubation period, higher GO concentrations led to a decrease in fluorescence recovery 
intensity. (b) A correlation analysis between GO concentration and fluorescence recovery rates was 
performed using the plateau fluorescence signals obtained from the experiments. This analysis provided 
valuable insights into the relationship between GO concentration and the fluorescence recovery 
efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S6. The specificity tests to differentiate ATP and ADP 

 

 

S6. Specificity in Distinguishing ATP and ADP by the ATP GO Aptasensors: The ATP GO aptasensors 
demonstrated a high specificity in distinguishing between ATP and ADP. When testing ATP at a 
concentration of 2000 µM, a strong fluorescence signal of approximately 6600 arbitrary units (a.u.) was 
observed. In contrast, when testing ADP at the same concentration of 2000 µM, the fluorescence signal 
was significantly weaker, measuring around 3400 a.u. These results highlight the aptasensors' ability to 
selectively detect ATP over ADP. The standard deviations were calculated based on three parallel 
experiments to ensure the reliability of the measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S7. ATP droplet GO aptasensor assay 

 

S7. ATP Droplet GO aptasensor assay: The ATP droplet GO aptasensor assay was conducted to assess 
droplets containing different ratios of ATP concentrations (100 µM and 2000 µM). For each mixing 
condition (0% : 100%, 30% : 70%, and 50% : 50%), approximately 250 droplets were analyzed. (a) In 
the case of 0% : 100%, only one distinct droplet population was observed, indicating the absence of low 
ATP concentration droplets. (b) For the 30% : 70% mixing condition, two separate droplet populations 
were discerned. Approximately 29.3% of the droplets exhibited low fluorescence intensities, while the 
remaining 70.7% of the droplets displayed high fluorescence intensities. (c) Similarly, in the case of 
50% : 50% mixing, two distinct droplet populations were observed. Around 48.3% of the droplets 
exhibited low fluorescence intensities, while approximately 51.6% of the droplets displayed high 
fluorescence intensities. This demonstrates the aptasensor's capability to effectively distinguish between 
different ATP concentrations within mixed droplets. 

a

b

c



 

S8. The pH stability tests of Alexa647-aptamers 

 

 

S8. pH Stability Tests of Alexa Fluor 647-Labeled Aptamers and FAM-Labeled Aptamers: The pH 
stability of both Alexa Fluor 647-labeled and FAM-labeled aptamers was evaluated. As the pH was 
varied from 4.5 to 8.3, the fluorescence signals of FAM-labeled aptamers exhibited a noticeable change, 
ranging from approximately 135 a.u. to 992 a.u. In contrast, the fluorescence signals of Alexa Fluor 
647-labeled aptamers remained remarkably constant, with an average intensity of about 2900 a.u., 
indicating high pH stability. Error bars represent the standard deviation of three parallel experiments. 
This underscores the suitability of Alexa Fluor 647 as a pH-insensitive dye for the GO aptasensor assay. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

S9. Fluorescence recovery rates to measure naringenins via microplate reader 

 

S9. Naringin GO aptasensor characterization: The naringin GO aptasensor was thoroughly 
characterized using a microplate reader. The results demonstrated a clear linear relationship between 
naringenin concentrations and fluorescence recovery as the naringenin concentration increased from 0 
to 400 µM. At a naringenin concentration of 600 µM, the fluorescence recovery reached an approximate 
value of ~26. The standard deviations were determined based on data obtained from three independent 
experiments. This characterization underscores the aptasensor's capability for accurate and reliable 
naringenin detection over a range of concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

Y = 0.0486*X + 0.4329
R2 = 0.9967
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S10. The specificity tests to differentiate naringenin, luteolin and apigenin 

 

 

S10. Specificity of GO-Aptasensors: The specificity of GO-aptasensors hinges on the aptamer's 
capacity to selectively bind to target compounds. This study observed that compounds with similar 
molecular structures, such as naringenin, luteolin, and apigenin, could not be effectively differentiated 
using the GO-aptasensors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S11. The HPLC spectra to measure naringenins in Gib supernatants 

 

 

S11. HPLC Analysis of Gib Supernatants: To validate the accuracy of the detection results obtained by 
the droplet GO aptasensors, conventional High-Performance Liquid Chromatography (HPLC) with an 
absorbance range of 240-500 nm was employed. The HPLC spectra confirmed naringenin 
concentrations in the Gib supernatant at approximately 104 µM, while no detectable naringenin was 
found in the WT supernatant. This concurrence between HPLC analysis and aptasensor measurements 
further attests to the reliability and precision of the droplet GO aptasensor in quantifying naringenin 
concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S12. E. coli encapsulation rate in the droplets 

 

 

S12. Poisson distribution of E. coli encapsulation: The encapsulation of single E. coli cells in the 
droplets followed a Poisson distribution, with an encapsulation rate of approximately 15%. This 
distribution model provides valuable insights into the statistical nature of the encapsulation process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S13. The relation between pico-injector droplet flow rates and GO aptasensor concentrations in 
the droplets 

Flow rate of 
droplet (µL min-1) 

Droplet diameter 
before injection 
(µm) 

S.D. Droplet 
diameter after 
injection (µm) 

S.D. Aptamer final 
concentration in 
GO-aptasensor 
after injection 
(nM) 

0.5 39.80 0.09 48.30 0.28 251.13 
0.6  47.19 0.14 213.12 
0.7  44.83 0.08 160 
0.8  43.20 0.12 116.29 
0.9  41.31 0.13 56.25 

* GO and aptamer concentrations of the GO aptasensors loaded in pico-injector were ~1739.7 nM and 533 nM. Flow rates of injector and spacing oil were 0.25 
µL min-1 and 1.2 µL min-1, respectively. Droplet flow rate was finally set at 0.7 µL min-1 for the most stable and consistent injections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S14. The droplet size change after pico-injection 

 

 

S14. Droplet Size Change after GO Aptasensor Injection: (a) Prior to pico-injection, the droplets had a 
diameter of ~40 µm. (b) After pico-injection, the droplet diameter increased to ~45 µm. This increase 
in droplet size corresponded to a change in volume.  
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