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2

3

4

5 Fig. S1 TEM images of Au-Au-UCNP trimers assemblies with different time. (A) 0 h, 

6 (B) 2 h, (C) 4 h, (D) 8 h, (E) 12 h, (F) 16 h.
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1

2 Figure. S2 (A) Representative TEM images of Au-Au-UCNP trimers in buffer. (B) 

3 Statistical analysis of different products in the reactions of trimers assembly. 

4 Notations “sp” , “dm” , “tm” , and “mp” stands for single-particles, dimers, Au-Au-

5 UCNP trimers, and multiparticle assemblies (>3), respectively.
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1

2 Fig. S3 DLS of Au NPs, UCNPs and Au-Au-UCNP trimers assemblies in the 

3 absence/presence of AFP and Mucin-1.
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1
2 Fig. S4 Higher magnification TEM images of Au-Au-UCNP NPs trimers assemblies.
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1

2 Fig. S5 AFP and Mucin-1 simultaneous detection based on luminescence and Raman 

3 with Au-Au-UCNP trimers. (A) luminescence spectra for different concentration of 

4 AFP and Mucin-1, (B) Standard curve for AFP detection with corresponding peak 

5 intensities at 542 nm, (C) Raman spectra for different concentration of AFP and 

6 Mucin-1, (D) Standard curve for Mucin-1 detection with corresponding peak 

7 intensities at 1084 cm-1.
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1
2

3 Fig. S6 The UV-Vis spectra for Au-Au-UCNP trimers assemblies with different 

4 concentration of AFP.
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1
2

3 Fig. S7 The UV-Vis spectra for Au-Au-UCNP trimers assemblies with different 

4 concentrations of Mucin-1.
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1
2
3 Fig. S8 Specificity of the luminescence active platform for the detection of AFP.
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1

2 Fig. S9 Specificity of the SERS active platform for the detection of Mucin-1.
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1

2

3 Fig. S10 Luminescence spectra of human serum samples diluted 105 times.
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1

2 Fig. S11 Raman spectra of human serum samples diluted 105 times.
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1

2
3 Fig. S12 (A) TEM of Upconversion nanoparticles. (B) TEM of Au nanoparticles.
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1

2 Fig. S13 (A) Luminescence spectra and (B) Raman spectra of human serum samples ( 
3 AFP and Mucin-1 both coexist ) diluted 105 times.
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1 Table S1 DNA sequences for self-assembled Au-Au-UCNP trimers and applied in 
2 detection.
3

Types Sequences

AFP-aptamer

5’-SH-GGCAGGAAGA CAAACAGGAC CGGGTTGTGT 

GGGGTTTTAAGAGCGTCGCC TGTGTGTGGT 

CTGTGGTGCT GT-3’

Mucin-1-aptamer 5’-GCAGTTGATCCTTTGGATAC  CCTGG-SH-3’

Complementary 5’-GATCAACTGC ACAGCACCAC AGACC-SH-3’
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19
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24
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27
28
29
30
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1 Table S2 Practical analysis of AFP in human blood serum (n=3).

Serum samples Original 

concentration

(pM)

Diluted 

concentration

(aM)

Detected 

concentration

(aM)

1 12.9 1.29 1.31±0.21

2 17.1 1.71 1.73±0.32

3 19.8 1.98 2.01±0.24
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1 Table S3 Practical analysis of Mucin-1 in human blood serum (n=3).

Serum samples Original 

concentration

(nM)

Diluted 

concentration

(fM)

Detected 

concentration

(fM)

1 6.1 0.61 0.62±0.13

2 3.3 0.33 0.36±0.32

3 1.6 0.16 0.14±0.24
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1
2 Table S4 Practical analysis of AFP and Mucin-1 in human blood serum (n=3).

Serum samples Original AFP 

concentration
(pM)

Diluted AFP

concentration
(aM)

Detected AFP

concentration
(aM)

1 13.2 1.32 1.29±0.17
2 15.3 1.53 1.57±0.26
3 17.5 1.75 1.73±0.22

Original Mucin-1

concentration
(nM)

Diluted Mucin-1

concentration
(fM)

Detected Mucin-1

concentration
(fM)

1 5.8 0.58 0.55±0.21
2 4.3 0.43 0.47±0.34
3 2.1 0.21 0.18±0.18
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1 Table S5 Other sensing systems of AFP detection.

Detection Method Detection 

Limit

Detection 

Mode

Reference

Quantum-dot-based homogeneous

time-resolved fluoroimmunoassay

0.4 ng/mL singlet [1]

Electrochemical immunosensor 

based on graphene nanocomposites

0.05 ng/mL multiple [2]

Gold Nanowire-Functionalized

Carbon Nanotubes

0.01 ng/mL singlet [3]

Surface plasmon resonance imaging

immunoassay

100 pg/mL singlet [4]

Homogeneous immunoassay and DNA 

hybridization assays using GNPs

714 fM multiple [5]

Photoelectrochemical Immunosensing 0.13 pg/mL Singlet [6]

 Electrochemiluminescence biosensing

Electrochemiluminescent immunosensor  

based on Graphene–Ruthenium(II)  

Composites

Au@Ag nanorod-based colorimetric 

sensor

Carbon Nanotubes Multifunctionalized by 

Rolling Circle Amplification

SERS-active silver nanoparticle trimers

0.031 ng/mL

0.2 pg/mL

30 pg/mL

70 aM

0.097 aM

Singlet

Singlet

Singlet

double

Singlet

[7]

[8]

[9]

[10]

[11]
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1 Table S6 Other sensing systems of Mucin-1 detection.

Detection Method Detection Limit Detection 

Mode

Reference

Electrochemiluminescence System 

Coupled with Target Recycling 

Amplification Strategy

2.8 fg/mL double [12]

SERS active bimetallic core-satellite 

nanostructure

4.3 aM multiple [13]

Electrochemical aptamer biosensor 

based on an enzyme–gold 

nanoparticle

2.2 nM singlet [14]

Carbon Nanospheres

Featured Fluorescent Aptasensor

6.52 nmol/L singlet [15]

Impedimetric aptasensor based on 

gold nanoparticles

0.1 nM singlet [16]

Aptamer-based electrochemical

Biosensor

SERS Encoded Silver Pyramids

Electrochemiluminescence 

immunosensor based on 

AuNPs@Fe3O4 nanocomposite

Electrochemiluminescence Biosensor 

Based on Au-ITO Hybrid Bipolar 

Electrode

50 nM

9.2 aM

4.5 fg/mL

0.5 fM

Singlet 

Multiple

Singlet

Singlet

[17]

[18]

[19]

[20]
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