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Scheme S1. (A) The schematic representation, size and shape of this disposable microfluidic PEC origami device; 

(B) One side of the μ-PECOD with the screen-printed reference and counter electrode; (C) The reverse side of (B) 

with the screen-printed working electrode; (D) Schematic representation of the assay procedures for this µ-

PECOD.

Preparation of the -PECOD

The preparation of this -PECOD was similar to our previous work1 with modifications and a 

detailed procedure was described below. Wax was used as the paper hydrophobization and 

insulation agent in this work to construct the hydrophobicbarrier on the paper. As shown in 

Scheme S1A, this origami device was comprised of a square auxiliary tab (15.0 mm  15.0 mm) 

and a square sample tab (15.0 mm  15.0 mm). An angle of the square auxiliary tab was cut off 

for exposure of the contact pad of the screen-printed carbon working electrode. The shape of the 

hydrophobic barrier on the origami device, which contains a paper auxiliary zone (8 mm in 

diameter) on the auxiliary tab, and a paper sample zone (6.0 mm in diameter) on the sample tab, 

respectively, was designed using Adobe illustrator CS4. The entire origami device could be 

produced in bulk on an A4 paper sheet using a commercially available solid-wax printer (Xerox 

Phaser 8560N color printer). Owing to the porous structure of paper, the melted wax can penetrate 

into the paper network to decrease the hydrophilicity of paper remarkably. After the curing 

process, the unprinted area (paper auxiliary zone and paper sample zone) still maintained good 

hydrophilicity, flexibility, and porous structure and will not affect the further screen-printing of 

electrodes and modifications.

Between the sample tab and auxiliary tab, the unprinted line (1 mm in width) was defined as 

the fold line, which could ensure that the paper sample zone on the sample tab was properly and 



exactly aligned to the auxiliary zone on the auxiliary tab after folding (Scheme S1A), due to the 

difference of flexibility between the printed and unprinted area after baking. The unprinted 

hydrophilic area (paper auxiliary zone and paper sample zone) constituted the reservoir of the 

paper PEC cell (40 L) after being folded at the predefined fold line. Then, the wax-penetrated 

paper sheet was ready for screen-printing of the electrode containing the wire and contact pad on 

its corresponding paper zone (Scheme S1B and S1C). Due to the small size of the origami device, 

the silver wire and contact pad in a traditional screen-printed electrode can be directly replaced by 

carbon ink and Ag/AgCl ink respectively. The electrode array consisted of a screen-printed 

Ag/AgCl reference electrode and a carbon counter electrode on the auxiliary zone (Scheme S1B) 

and a screen-printed carbon working electrode (6 mm in diameter) on the reverse side of the paper 

sample zone (Scheme S1C), respectively. After folding, the three screen-printed electrodes 

(working electrode, reference electrode, and counter electrode) will be connected once the paper 

PEC cell has been filled with solution. Finally, the paper sheet was cut into individual origami 

devices for further modifications.

Optimization of the experimental conditions

To optimize the experimental condition for CEA measurement, the effects of incubation 

temperature and time for the antibody-antigen interaction, applied potential and the concentration 

of AA were investigated. Considering the immunoreaction, the region of 20-55 °C was chosen to 

investigate the effect of reaction temperature (Fig. S1A). The photocurrent responses decrease 

with increasing temperature up to 37 °C, which was attributed to the increasing immunoreaction 

rate between anti-CEA antibodies and CEA. The higher temperature caused an irreversible 

denaturation of proteins, thus, photocurrent responses increase. In the following experiments, 37 

°C was employed as the optimal incubation temperature for further studies.

The influence of the immunoreactions time on response signals was also investigated (Fig. 

S1B). With the increase of incubation time at 37 °C, the photocurrent intensity decreased. When 

the interaction time was over 300 s, the photocurrent response of the immunosensor was constant, 

indicating that the interaction reached equilibrium. Thus, 300 s was chosen as the immunoreaction 

time. 



Applied potential was an important factor relevant to the photocurrent response. As shown in 

Fig. S1C, with an increase of potential from -0.4 to 0 V, the photocurrent increases sharply. A 

negative potential can inhibit the electron driven to the electrode, which may lead to the electron 

hole recombination. In the potential range from 0 to 0.2 V, the photocurrent also sharply 

improved. However, the photocurrent at 0 V showed acceptable sensitivity for the PEC detection 

of CEA. The low applied potential was beneficial to the elimination of interference from other 

reductive species that coexisted in the real samples. Therefore, 0 V was selected as the applied 

potential for the determination of CEA.

In the experiments, changing the concentration of AA, different photocurrent was obtained 

(Fig. S1D). As a hole scavenger, when the concentration of AA was lower than 0.1 mol L-1, the 

photocurrent increased with increasing AA concentration; when the concentration of AA was 

further elevated, the photocurrent would decrease with increasing concentration of AA. This may 

be attributed to a much higher concentration of AA would result in the increase of the absorbance 

of AA in solution, as a consequence, the intensity of the irradiation arriving at the electrode 

surface decreased and the efficiency of excited ZnNc-COOH would decrease. Therefore, 0.1 mol 

L-1 AA was chosen for the following experiments.

Fig. S1. Effect of (A) incubation temperature, (B) incubation time, (C) applied potential and (D) concentration of 

AA on photocurrent responses of Ab1/ZnNc-COOH/ZnO NRs/Au-PWE after incubated in CEA solution (1.0 ng 

mL-1).



Table S1. Comparison of analytical properties of different immunoassays toward CEA

Measurement protocol Linear
(ng mL-1)

Detection limit
(pg mL-1) References

Electrochemical immunoassay 2.0-20 1000 2

Chemiluminescent immunoassay 0-50 5.0 3

Surface plasmon resonance immunoassay 3-400 3000 4

Flow injection electrochemical 0.5-25 220 5

PEC immunoassay 0.05-20 10 6

-PECOD 0.005-100 1.6 This work
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