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Figure S1 UV-visible absorption spectrum analysis for optimization of HAuCl4 

amounts in the preparation of MOF@AuNP. 
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Figure S2 TEM imaging analysis for optimization of HAuCl4 amounts in the 

preparation of MOF@AuNP at a concentration of 10 mg/mL with different volumes, 

including 10 μL (A and F), 20 μL (B and G), 40 μL (C and H), 60 μL (D and I), and 

80 μL (E and J). 
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Figure S3 XPS spectrum analysis of MOF@AuNP. High-resolution XPS spectra of C 

1s (A), N 1s (B), O 1s (C) Zr 3d (D) and Au 4f (E). 
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Figure S4 Comparison of fluorescence quenching efficiency of FAM-labeled ssDNA 

(1 nM) by using four MOF-based nanoquenchers, including MOF (A and E), 

MOF@GO (B and F), MOF@AuNP (C and G), and MOF@AuNP@GO (D and H) at 

the same MOF concentration of 25 μg mL−1, respectively. Fluorescence quenching 

efficiency (QE) was calculated using the following equation: QE (%) = (F0 - F)/F0 × 

100%, where F0 and F are the fluorescence intensity of FAM-labeled ssDNA in the 

absence and presence of nanoquenchers, respectively. The value of QE50 was used to 

compare the fluorescence quenching ability of these four MOF-based nanostructures, 

where QE50 is the required nanoquencher amount with the fluorescence quenching 

efficiency at 50%. Amongst these four nanoquenchers, MOF@AuNP@GO showed 

the lowest required amount, with a QE50 of 1.5 μL compared with the other three 

nanomaterials, which indicated that the MOF@AuNP@GO exhibited the strongest 

fluorescence quenching ability. Moreover, the maximum fluorescence quenching 

efficiencies for MOF, MOF@GO, MOF@AuNP, and MOF@AuNP@GO were 81.08 

± 3.07%, 89.29 ± 1.86%, 92.87 ± 2.51%, and 98.84 ± 2.81% at the nanoquencher 

amounts of 40, 30, 20, and 20 μL, respectively. 
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Figure S5 Stern-Volmer plots of FAM-labeled ssDNA (1 nM) quenching by varying 

amounts of MOF-based nanoquenchers including MOF alone (A and E), MOF@GO 

(B and F), MOF@AuNP (C and G), and MOF@AuNP@GO (D and H) at the same 

MOF concentration of 25 μg mL−1, respectively. Stern-Volmer equation: F0/F =1 + 

KSV*[Q], where F0 and F are the fluorescence intensity of FAM-labeled ssDNA in the 

absence and presence of nanoquenchers, respectively; KSV is the Stern-Volmer 

quenching constant; and [Q] is the concentration of the nanoquenchers. Here, the 

concentrations of four MOF-based nanoquenchers are the same at 25 μg mL−1, and 

the curve slopes represent the KSV values. According to this picture, we can find 

among these four nanoquenchers, MOF@AuNP@GO possesses the largest curve 

slope of 0.5, indicating that MOF@AuNP@GO exhibits the strongest fluorescence 

quenching ability relative to the other three nanomaterials. 
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Figure S6 Fluorescence spectra of MOF, MOF@GO, MOF@AuNP, 

MOF@AuNP@GO, and TCPP in aqueous solution, with an excitation of 485 nm. 

Compared with the free TCPP, all four MOF-based nanostructures exhibited two 

blue-shifted fluorescence emissions at 594 nm and 704 nm, respectively. Additionally, 

the typical fluorescence emission at 650 nm from TCPP disappeared with the Zr-MOF 

synthesis. These results indicated the presence of TCPP in the developed Zr-MOF 

nanostructures. 
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Figure S7 Kinetic study for time-dependent fluorescence changes of FAM-labeled 

ssDNA under the presence of different nanoquenchers. (A) Fluorescence quenching 

analysis of FAM-labeled ssDNA by these four MOF-based nanoquenchers, and (B) 

Fluorescence recovery analysis of the prepared FAM-labeled ssDNA/nanoquencher 

complex by target DNA (p53 gene) at the concentrations of 0.8, 8, 8, and 8 nM, 

respectively. 
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Detection of BRCA1 gene by using our proposed fluorescence biosensor based on 

MOF@AuNP@GO 

Toward this end, the complementary Cy5-labeled ssDNA was designed as a 

fluorescence probe of BRCA1 gene, and the developed MOF@AuNP@GO with the 

highest quenching efficiency was selected as the fluorescence nanoquencher. The 

fluorescence spectra of Cy5-labeled ssDNA probe under different experimental 

conditions were recorded with an excitation at 633 nm, and results were shown in 

Figure S8. As illustrated, the Cy5-labeled ssDNA probe exhibits a strong fluorescence 

emission at 662 nm. However, the significant fluorescence quenching with the QE of 

95.5 ± 1.53 % was observed in the presence of MOF@AuNP@GO. Subsequently, 

with the addition of target BRCA1 gene, an obvious fluorescence recovery was 

obtained due to the formation of dsDNA that can detach from nanoquencher surface. 

These results indicate our developed nanosensor can also determine the presence of 

target BRCA1 gene. Figure S9A indicates fluorescence spectra of Cy5-labeled 

ssDNA probe at different concentrations of target, where the fluorescence emission 

intensity at 662 nm gradually increased with the increase of target BRCA1 gene 

concentrations, and an unchanged fluorescence emission at 840 nm was observed and 

used as a reference fluorescence signal for ratiometric measurement. By using the 

ratio of I662nm/I840nm as a signal readout, the corresponding variations of ratiometric 

fluorescence signal against target concentrations were presented in Figure S9B, and 

an excellent linear relationship between the ratio of I662nm/I840nm and target 

concentrations was obtained ranging from 0.001 to 5 nM with a LOD of 0.001 nM 
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(S/N = 3) (Figure S9C). This LOD was close to that obtained for p53 gene detection. 

These above findings demonstrated the feasibility of our proposed fluorescence 

biosensor for detecting other cancer-related gene biomarkers. 
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Figure S8 Fluorescence spectrum assay under different experimental conditions, 

including Cy5-labeled DNA probe, Cy5-labeled DNA probe + MOF@AuNP@GO, 

Cy5-labeled DNA probe + target BRCA1 gene + MOF@AuNP@GO, and 

MOF@AuNP@GO (A), and the corresponding fluorescence intensities (B). The 

concentrations of FAM-labeled DNA probe, target BRCA1 gene, and 

MOF@AuNP@GO in the final solution are 1 nM, 2 nM, and 2.5 µg mL−1, 

respectively. Fluorescence spectra were collected with an excitation of 633 nm and an 

emission of 662 nm. 
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Figure S9 Fluorescence spectra of MOF@AuNP@GO in the presence of different 

concentrations of target BRCA1 gene (A), the corresponding relationships between 

the ratio of I662nm/I840nm and target concentrations (B), and the corresponding 

calibration curves at low target concentrations (C). All experiments were carried out 

at 37 ℃ in 10 mM Tris-HCl buffer (pH 7.4, containing 100 mM NaCl, 5 mM KCl and 

5 mM MgCl2) with the concentration of MOF@AuNP@GO at 2.5 µg mL−1. 

Fluorescence spectra were collected with an excitation of 633 nm. Error bars were 

obtained from three repeated experiments. 
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Figure S10 Fluorescence spectrum assay under different experimental conditions, 

including FAM-labeled aptamer probe, FAM-labeled aptamer probe + 

MOF@AuNP@GO, FAM-labeled aptamer probe + target PSA protein + 

MOF@AuNP@GO, and MOF@AuNP@GO (A), and the corresponding fluorescence 

intensities (B). The concentrations of FAM-labeled aptamer probe, target PSA protein, 

and MOF@AuNP@GO in the final solution are 1 nM, 20 ng mL−1, and 2.5 µg mL−1, 

respectively. Fluorescence spectra were collected with an excitation of 485 nm and an 

emission of 516 nm, respectively. 
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Figure S11 Fluorescence spectra of MOF@AuNP@GO in the presence of different 

concentrations of target PSA protein (A), the corresponding relationships between the 

ratio of I516nm/I704nm and target concentrations (B), and the corresponding calibration 

curves at low target concentrations (C). All experiments were carried out at 37 ℃, 20 

mM, pH 7.4 Tris-HCl buffer solution with the concentration of MOF@AuNP@GO at 

2.5 µg mL−1. Fluorescence spectra were collected with an excitation of 485 nm. Error 

bars were obtained from three repeated experiments. 
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Figure S12 Specificity assay of our designed fluorescence biosensor using PSA (1 

ng/mL), and other common protein biomarkers at 10 ng/mL including HSA, CRP, 

AFP, CEA and PCT, respectively. In addition, a negative sample was used as control 

only using FAM-labeled aptamer probe and MOF@AuNP@GO (A), and a correlation 

analysis of our proposed fluorescence nanosensor with a commercial ELISA kit 

method for PSA quantitative detection in thirty independent human serum samples 

with the PSA concentrations ranging from 0 to 120 ng mL−1, respectively (B). 
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Figure S13 Fluorescence emission spectra of FAM-labeled DNA probe (P) under 

different conditions: (1) FAM-labeled p53 gene probe + MOF@AuNP@GO + 

complementary target p53 gene (T); (2) FAM-labeled p53 gene probe + 

MOF@AuNP@GO + single-base mismatched target p53 gene (T1); (3) FAM-labeled 

p53 gene probe + MOF@AuNP@GO + double-base mismatched target p53 gene (T2); 

(4) FAM-labeled p53 gene probe + MOF@AuNP@GO + triple-base mismatched 

target p53 gene (T3); (5) FAM-labeled p53 gene probe + MOF@AuNP@GO + 

non-complementary target (T4); and (6) Control (FAM-labeled p53 gene probe + 

MOF@AuNP@GO). The concentrations of T, T1, T2, T3, and T4 are 10 nM. The 

concentrations of FAM-labeled p53 gene probe and MOF@AuNP@GO are 1 nM and 

2.5 μg mL−1, respectively. (B) The corresponding histograms for the ratio of 

I516nm/I704nm from (A). Fluorescence spectra were collected with an excitation of 485 

nm and an emission of 516 nm, respectively. 
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Figure S14. Standard curve of commercial ELISA kits for PSA detection at the 

concentrations ranging from 0 to 120 ng mL-1. Error bars were obtained from three 

independent repeat experiments. 
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Table S1. DNA sequences employed in this study 

Name Sequence (5’-3’)* 
FAM-labeled P53 probe CCTGGTGCCGTAGAT-FAM 
Cy5-labeled BRCA1 probe Cy5-GATTTTCTTCCTTTTGTTC 
FAM-labeled PSA aptamer probe FAM-ATTAAAGCTCGCCATCAAATAGC TGC 
Target p53 gene ATCTACGGCACCAGG 
Target BRCA1 gene GAACAAAAGGAAGAAAATC 
Single-base mismatch p53 gene (T1) ATCTACGGGACCAGG 
Double-base mismatch p53 gene (T2) ATCTAGGGGACCAGG 
Triple-base mismatch p53 gene (T3) ATCTAGGGGACGAGG 
Non-complementary p53 gene (T4) GCAGAGCTAGTTACA 

*The mutated bases are in underlined and bolded text. 
 
 
 

Table S2. Fluorescence intensity of Figure 3E in the main body of manuscript 

 Nanoquencher type 

No* MOF MOF@GO MOF@AuNP MOF@AuNP@GO 
1 829.1±24.6 860.1±25.8 890.2±26.7 895.2±21.3 
2 764.5±15.3 826.2±16.5 847.8±16.9 852.9±17.0 
3 237.5±11.9 123.5±6.2 57.6±2.9 40.24±2.0 
4 61.6±3.9 39.6±2.0 43.9±2.2 35.6±1.8 

*1, FAM-labeled DNA probe; 2, FAM-labeled DNA probe + target DNA + 
Nanoquenchers; 3, FAM-labeled DNA probe + Nanoquenchers; 4, Nanoquenchers. 
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Table S3. Comparison of existing nanoquencher-based no-wash fluorescent 
biosensors for target DNA detection 

Nanoquencher type Target 
Sensitivity 

(nM) 
Detection range 

(nM) 
Detection time 

(min) 
Multiplexed 

detection 
Ref 

ZIF-8 NP HIV DNA 
Not 

reported 
2.5 to 1000 20 Not reported [1] 

Cu(H2dtoa) HIV DNA 3 10 to 100 240 Not reported [2] 
MIL-101 HIV-1 DNA 0.073 0.1 to 14 40 Not reported [3] 
Cu-MOF HIV-1 DNA 0.073 0 to 50 30 Not reported [4] 
Zn-MOF HIV-1 DNA 0.01 1 to 80 80 Not reported [5] 

MIL-88B nanorods HIV DNA 0.01 0 to 5 4 Not reported [6] 
Cd(L)(HDMA)2 
(DMF)(H2O)3 

DNA 0.05 0 to 125 Not reported Not reported [7] 

2D Zn-TCPP  
nanosheets 

H1N1, H5N1 
DNA 

0.02 0 to 5 5 Yes [8] 

TaS2 nanosheets 
H1N1, H5N1 

DNA 
0.05 0 to 5 5 Yes [9] 

MoS2 nanosheets DNA 0.05 0 to 50 Minutes Not reported [10] 
Graphene oxide DNA 0.1 0 to 25 1 Yes [11] 
Graphene oxide DNA 0.00025 0 to 10 10 Not reported [12] 

g-C3N4 

nanosheets 
DNA 0.081 0.2 to 30 30 Not reported [13] 

Graphdiyne 
nanosheets 

H1N1, H5N1, 
M13 DNA 

0.025 0 to 5 Instant Yes [14] 

2D COF nanosheets DNA 0.02 0 to 1 240 Not reported [15] 
Graphene oxide 

and AuNPs 
HIV-1 DNA 0.000015 0.00005 to 1 5 Not reported [16] 

MoS2 nanosheets p53 0.5 0 to 15 5 Not reported [17] 
Zr-MOF p53 0.2 0.4 to 20 

10 Yes 
This 
work 

Zr-MOF@GO p53 0.08 0.1 to 20 
Zr-MOF@AuNP p53 0.02 0.02 to 10 

Zr-MOF@AuNP@GO p53 0.005 0.01 to 10 
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Table S4. Recovery of p53 gene in human serum (n = 3) 

Spiked p53 
concentrations 

(nM) 
Detected (nM) Recovery (%) 

Relative standard 
deviation 
(RSD, %) 

0 — — — 
0.1 0.092 ± 0.01 92 10.8 
1 0.97 ± 0.09 97 9.28 
5 5.17 ± 0.41 103.4 7.93 

10 9.52 ± 0.69 95.2 7.25 

 
 
 

Table S5. Comparison of our developed nanosensors with existing 
nanoquencher-based no-wash fluorescent biosensors and the widely-used commercial 
ELISA kits for PSA detection 

Methods Target 
Sensitivity 
(ng mL−1) 

Detection 
range  

(ng mL−1) 

Detection 
time 
(min) 

Ref 

Existing nanoquencher-based no-wash fluorescent biosensors 
MoO3 nanosheets PSA 0.4 0 to 4 40 [18] 
MoS2 nanosheetS PSA 0.2 0 to 60  40 [19] 
Graphene oxide PSA 0.05*10-6 (0.1 to 3) *10-6 120 [20] 

Commercial ELISA kits 

Abnova Corporation. PSA 
Not 

reported 
0 to 120 140 KA0208 

Arigo biolaboratories 
Corp. 

PSA 0.2 1.56 to 25  85 ARG80649 

Elabscience 
Biotechnology Inc. 

PSA 0.19 0.31~20 270 E-EL-H0091 

Crystal Chem Inc. PSA 0.1 0.5 to 100  
Not 

reported 
80976 

Enzo Life Sciences, 
Inc. 

PSA 0.024  0.12 to 28 150 ENZ-KIT146-0001 

MyBioSource, Inc. PSA 0.01 Not reported 75 MBS723076 
Thermo Fisher 
Scientific Inc. 

PSA 0.008  0.008 to 20 300 EHKLK3T 

Abcam plc. PSA < 0.008  0.01 to 25 90 ab113327 

Zr-MOF@AuNP@GO PSA 0.01 0.05 to 10  35 This work 
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