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Figure S1 Structural formula of PEI group 

  



 
 

Figure S2 Absorption spectra of the mixed solution before and after being washed with deionized 

water were measured. 

 

CEA antibody was added to as-prepared UCNPs solution followed by stirring 4h at the room 

temperature, and then was washed with deionized water to remove the unconjugated antibody. The 

absorption spectra of the mixed solution before and after being washed with deionized water were 

measured. From the absorption spectra, the adhesion efficiency of CEA can be calculated as 
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where A1 and A2 represent the intensity of the absorption of the mixed solution before and after 

being washed with deionized water. From the equation, the adhesion efficiency of CEA is 

calculated as 87.66%.   



 

Figure S3 Absorption spectra of Anti-CEA (blue line), UCNPs (green line), and the conjunction of 

Anti-CEA and UCNPs (yellow line) 

  



 

 

 

Figure S4 Digital photo of the test paper. Each spot on the paper was isolated with CuS 

nanoparticles and had a diameter of 1 cm 

  



 

 

Figure S5 SEM characterization of UCNPs printed on the test paper  



 

 

 

Figure S6 Distribution of the test zone and the analytes on the multi-channel PAD 

  



 

Figure S7 FRET spectra of PAD at different concentrations of CEA in human serum 

 

 

  



 

Figure S8 FRET spectra of liquid biosensor at different concentrations of CEA 

 

The liquid biosensor was 3mL PBS buffer solution containing CEA antibody-UCNPs coalition, 

certain concentration of FITC-CEA was added drop wise to the solution, and then the UC spectra 

were measured under the same condition as the mini test paper system. 


