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1. Characterization of H–rGO–Pt@Pd nanocomposites

TEM is used to reveal the morphology and structure of the prepared product. The 

TEM image (Fig. S1A) shows that the rGO has lamellar structure, H–rGO (Fig.S1B) 

are single layers, with random folds and curls.

Fig. S1 TEM image of rGO (A) and H-rGO (B)

SEM is used to display the morphology of different materials. The SEM image 

(Fig. S2A) shows that the rGO surface is relatively flat, and the SEM image of (Fig. 

S2B) H–rGO shows a fold membrane-like structure pattern.

Fig. S2 SEM image of rGO (A) and H-rGO (B)



3

Fig.S3 is an analysis of the FT-IR of Heme (Fig.S3, Curve a), rGO (Fig.S3, Curve 

b), H-rGO (Fig.S3, Curve c), H-rGO-Pt@Pd NPs (Fig.S3, Curve d). Heme (Fig.S3, 

curve a) -OH telescopic vibration peak at 3425cm−1, C=C vibration peak at 1630 cm−1, 

1384 cm−1 and 1087 cm−1 curves represent the peak vibration C-H and C-C. rGO 

(Fig.S3, curve b) −OH telescopic vibration peak at 3425cm−1, C -C vibration peak at 

1630 cm-1, C-C vibration peak at 1107 cm−1. H-rGO (Fig.S3, curve c), H-rGO-Pt@Pd 

NPs (Fig.S3, curve d) at 3425cm−1, 1630 cm−1 and 1384 cm−1 respectively appeared the 

same -OH telescopic vibration peak, C=C vibration peak and C-H vibration peak, C-H 

vibration peak position change at 1116 cm−1 and 1076 cm−1, C-H vibration peak 

position may be the offset caused by the binding of several materials, therefore, the 

above infrared spectral characterization results fully indicate the successful preparation 

of H-rGO-Pt@Pd NPs nanocomposite materials. The FT-IR of the H-rGO-Pt@Pd NPs 

is consistent with previous literature [1, 2]. 

Fig.S3 The FT-IR of Heme (a), rGO (b), H-rGO (c)and H-rGO-Pt@Pd NPs(d).

2. Electrochemical performance of H–rGO–Pt@Pd NPs
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CV method and EIS method are used to verify the function of the above different 

materials and the results are shown in Fig. S4. The CV scan of Au NPs/SPE (a), rGO/Au 

NPs/SPE (b), Pt@Pd NPs/Au NPs/SPE (c), rGO-Pt@Pd NPs/Au NPs/SPE (d), H-rGO-

Pt@Pd NPs/Au NPs/SPE (e) was carried out in the voltage range from –1.0 V to +1.0 

V with a scanning rate of 100 mV⋅s-1 in PBS solution (0.2 M, pH 6.0) including 5.0 

mM K3Fe(CN)6/K4Fe(CN)6 and 0.1 M KCl. Besides, the EIS scan of the different 

electrodes mentioned above was measured in PBS solution (0.2 mol·L−1, pH 6.0) 

including 5.0 mM K3Fe(CN)6/K4Fe(CN)6 and 0.1 M KCl using the following 

parameters: direct current potential, 0.12 V; frequency range, 0.1 Hz and 105 Hz; 

amplitude, 5 mV. As seen from Fig. S4A, the current value of rGO/Au NPs/SPE is 

higher than that of the Au NPs/SPE. This is because rGO has excellent catalysis and 

conductivity, which enhances electron transfer efficiency. When Pt@Pd nanoparticles 

are incubated on the surface of Au NPs/SPE (Fig.S4A, curve c), the current peaks 

increase again because bimetal nanoparticles have better conductivity. After incubating 

rGO-Pt@Pd NPs on Au NPs/SPE, the oxidation peak current is further enhanced 

(Fig.S4a, curve d). This is because the bimetallic Pt@Pd NPs are combined with rGO, 

it can effectively prevent rGO from agglomerating, making rGO exert better 

performance. After the Au NPs/SPE electrode is incubated with H-rGO-Pt@Pd NPs 

(Fig.S4A, curve e), the current value reaches the maximum due to better conductivity 

of the H-rGO-Pt@Pd NPs. 

The corresponding EIS scan is shown in Fig.S4B. When rGO is added dropwise, 

the Re value of rGO/Au NPs/SPE (Fig.S4B, curve b) is sharply reduced compared to 

Au NPs/SPE (Fig.S4B, curve a) due to the large surface of rGO and thus facilitating 

the electron transfer. When replacing rGO with the bimetallic Pt@Pd NPs, the Re value 

of Pt@Pd NPs/Au NPs/SPE (Fig.S4B, curve c) is smaller than that of rGO/Au NPs/SPE 
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due to the excellent conductivity of the bimetal. Since the electrode has both rGO with 

large specific surface area and bimetal with excellent conductivity, the Re value of 

rGO-Pt@Pd NPs/Au NPs/SPE (Fig.S4B, curve d) is reduced. Further, when replacing 

rGO-Pt@Pd NPs with H-rGO-Pt@Pd NPs, the Re value of H-rGO-Pt@Pd NPs/Au 

NPs/SPE (Fig.S4B, curve e) become smaller due to the increased catalytic performance 

of Hemin.

Fig.S4 The (A) CV graph and (B) EIS graph of Au NPs/SPE (a), rGO/Au NPs/SPE 

(b), Pt@Pd NPs/Au NPs/SPE (c), rGO-Pt@Pd NPs/Au NPs/SPE(d), H-rGO-Pt@Pd 

NPs/Au NPs/SPE (e).

3. Optimization of experimental conditions

For the sake of achieving the best sensing performance, some key experimental 

conditions have been optimized including the concentrations of H–rGO–Pt@Pd NPs 

composites and the GPC3 aptamer, the incubation time and the temperature of GPC3, 

the pH of PBS solution are evaluated. All the results are shown in Fig.S5.

Fig. S5A shows the current change of GPC3 incubation temperature between 4°C 

to 37°C. This is due to the fact that incubation temperature affects the protein activity 

and thus the binding between the aptamer and the protein. It can be seen that the DPV 

peak current increases first and then decreases. And the current response is maximum 
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at 15°C (1.922 μA). Suitable temperature increases the GPC3Apt-GPC3 binding rate, 

increases GPC3Apt-GPC3 complexes taken away by washing, and increases the current. 

Therefore, 15°C is the optimal incubation temperature for GPC3.

Fig. S5B is the optimization of H–rGO–Pt@Pd NPs concentration. The change in 

the DPV peak current increases from 0.1 mg·mL−1 to 0.2 mg·mL−1, and then decreases 

gradually from 0.2 mg·mL−1 to 0.5 mg·mL−1. The current peak is maximum (2.116 μA) 

when the composite concentration is 0.2 mg·mL−1, suggesting that the H–rGO–Pt@Pd 

NPs composites reached saturation on the surface of Au NPs/SPE. It could be due to a 

larger surface area and higher conductivity. On the other hand, at a higher concentration 

(higher than 0.2 mg·mL−1), a significant decrease in current occurs due to a decrease in 

the exposed electroactive surface area and a slowing down of the electron transfer rate 

as the adsorption sites on the material surface area covered or aggregated. Therefore, 

0.2 mg·mL-1 is used for the follow-up experiments. 

Fig. S5C shows the optimization of GPC3Apt concentration. With a slight decrease 

in the concentration of GPC3Apt from 0.5 μmol·L−1 to 1.0 μmol·L−1, the peak current 

increases from 1.0 μmol·L−1 to 3.0 μmol·L−1 and reached a maximum at 3.0 μmol·L−1 

(2.678 μA), and then the peak current from 3.0 μmol·L−1 to 10.0 μmol·L−1 is gradually 

reduced to a stable state. The result reveals that excessive GPC3Apt concentration can 

cover the electroactive sites on the surface of the material resulting in reduced effective 

area for electron transfer and lower current. As can be seen from this, 3.0 μmol·L−1 is 

the optimal concentration of GPC3Apt.

Fig. S5D depicts the optimization of incubation reaction time for GPC3 and 

GPC3Apt in order to ensure sufficient time for antigen GPC3 and GPC3Apt binding and 

to generate the maximum current response signal. The peak current increases slightly 

from 10 min to 20 min, from 20 min to 40 min, from 40 min to 60 min, then reaches 
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the maximum value (2.793 μA) within 60 min, and gradually decreases from 60 min to 

120 min. The results show that the formation of the GPC3-GPC3Apt complex is 

completed after 60 min. Therefore, 60 min is the best incubation time for GPC3 and 

GPC3Apt.

Fig.S5E shows the optimal pH of PBS solution. This is due to the pH will affect 

the activity of the GPC3 protein, thus the response signal. The peak current increases 

significantly with the pH increase from 5.5 to 6.0, and then reaches the maximum value 

at 6.0 (14.6 μA). The peak current gradually reduced from 6.0 to 7.5. It turns out that 

6.0 is the optimal pH of PBS solution. 
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Fig.S5 Optimization of (A) Incubation temperature, (B) Concentration of the H–rGO–

Pt@Pd NPs, (C) Concentration of GPC3Apt, (D) Incubation time, (E) pH value of PBS, 

by using 10.0 μg·mL−1 GPC3 as an example. All the above values are expressed as the 

median of three independent analyses, the error bar represents the relative standard 

deviation from three independent measurements.
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