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1. Materials and reagents

The HPLC purified DNA sequences used in this work were purchased from Sangon Biotech 

Co., Ltd. (Shanghai, China) (Table S1). Thiazolyl blue tetrazolium bromide (MTT) was 

supplied from Beyotime Biotech. Co., Ltd. (Shanghai, China). Chloroquine (CQ), ATP and 

nigericin were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). 

Lysotracker Green and Mitotracker Green were purchased from Meilunbio Co., Ltd. (Dalian, 

China). DNA ladder and DNase I were from TaKaRa Bio Inc. (Dalian, China). Cell lines were 

purchased from Gaining Biological Co., Ltd. (Shanghai, China). Dulbecco’s modified Eagle’s 

medium (DMEM), fetal bovine serum (FBS) and penicillin-streptomycin were from Biological 

Industries (Israel). All solutions were prepared using deionized water (≥18.2 MΩ, Milli-Q, 

Millipore). 

2. Cell lines and cell culture

NIH 3T3 cells (embryonic mouse fibroblast) were cultured in DMEM with 10% FBS and 1% 

penicillin-streptomycin. Cells were cultured in a humidified atmosphere (5% CO2) at 37°C.

3. Image Analysis in Lysosome Imaging Experiment

Each endosome in the merged image was selected by the ROI plugin in Image J/Fiji. The 

fluorescence intensities of the vesicles in the FRET image (Cy5) and the donor image (Cy3) 

were measured to provide a FRET ratio (Cy5/Cy3). 
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Table S1. Oligonucleotide sequences used in this work

No. Name Sequence (5’ to 3’)

(1) L1 ACATTCCTAAGTCTGAAACATTACAGCTTGCTACACGAGAAGAGCCGCCATAGTA

(2) L2-5A
Cy5-AACCCCTTTCCCCCGGTTTTTTTTTTTTTTCAACTGCCTGGTGATAAA

ACGACACTACGTGGGAATCTACTATGGCGGCTCTTC

(3) L3-3A
TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC

TTTTTTTTTTTTTTTCCCCTTTCCCCC-Cy3

(4) L4 TTCAGACTTAGGAATGTGCTTCCCACGTAGTGTCGTTTGTATTG GACCCTCGCAT

(5) L2-5A-1
Cy5-AACCCTTTCCCCGGTTTTTTTTTTTTTTCAACTGCCTGGTGATAAAA

CGACACTACGTGGGAATCTACTATGGCGGCTCTTC

(6) L3-3A-1
TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC

TTTTTTTTTTTTTTTCCCTTTCCCC-Cy3

(7) pH-i Cy5-AACCCCTTTCCCCCTTTCCCCCTTTCCCC-Cy3

(8) pH-i-1 Cy5-AACCCTTTCCCCTTTCCCCTTTCCC-Cy3

(9) pH-5a Cy5-AACCCCTTACCCCCGG

(10) pH-3a TTCCCCATTCCCCC-Cy3

(11) pH-5-1 Cy5-AACCCTTTCCCCTATTTTTTTTTTTTT

(12) pH-3-1 AAAAAAAAAATTCCCTTTCCCC-Cy3

(13) pH-5+1 Cy5-AACCCCCTTTCCCCCCTATTTTTTTTTTTTT

(14) pH-3+1 AAAAAAAAAATTCCCCCTTTCCCCCC-Cy3

(15) pH-A TAMRA-AACCCCTTTCCCCCTATTTTTTTTTTTTT

(16) pH-B AAAAAAAAAATTCCCCTTTCCCCC-FAM

(17) pH-5 Cy5-AACCCCTTTCCCCCTATTTTTTTTTTTTT 

(18) pH-3 AAAAAAAAAATTCCCCTTTCCCCC-Cy3

(19) AT-5s Cy5-ACCTGGGGGAGTAT 

(20) AT-3s TGCGGAGGAAGGT-Cy3

(21) ATP-53 Cy5-ACCTGGGGGAGTATTGCGGAGGAAGGT-Cy3

(22) ATL2-5
Cy5-ACCTGGGGGAGTATTTTTTTTTTTTTTTCAACTGCCTGGTGATAAAAC

GACACTACGTGGGAATCTACTATGGCGGCTCTTC 

(23) ATL3-3
TATCACCAGGCAGTTGACAGTGTAGCAAGCTGTAATAGATGCGAGGGTCCAATAC

TTTTTTTTTTTTTTTGCGGAGGAAGGT-Cy3

(24) 7L1 GAGCGTTAGCCACACACACAGTC 

(25) 7L2-5A Cy5-AACCCCTTTCCCCCGGTTTTTTTTTTTTTTTAGGCGAGTGTGGCAGAGGTGT

(26) 7L3-3A CGCCTAAACAAGTGGAGACTGTGTTTTTTTTTTTTTTTCCCCTTTCCCCC-Cy3 

(27) 7L4 AACGCTCACCACTTGAACACCTC 

In all probes, the Cy5 was used to label the 5’ end, and the Cy3 was used to label the 3’ end.
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Table S2. Probes designed in this paper and the DNA strands used to construct the probe

Probe name DNA Strands No.

pH-s-1 (11),(12)

pH-s (17),(18)

pH-s+1 (13),(14)

pH-i-1 (8)

pH-i (7)

pH-Td (1),(2),(3),(4)

pH-Td7nt (24), (25), (26), (27)

pH-ss (9),(10)

pH-Td-1 (1),(4),(5),(6)

ATP-i (21)

ATP-Td (1),(4),(22),(23)
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Figure S1. DNA sequences and the structures of the pH-responsive probes used in this work.

(a) The probes pH-i, pH-s and pH-ss were designed to study the influence of the distance 

between two split parts on the pH-response ability. (b) The probes pH-s-1, pH-s and pH-s+1 

were designed to investigate the influence of C-tracts length on the pH sensing. (c) DNA 

sequences and the structures of pH-Td-1, pH-Td, pH-Td7nt.
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Figure S2. Fluorescence intensity and ratios of Cy3 at 568 nm and Cy5 at 668 nm in different 

pH conditions. (Sequence No. 19 used for Cy5, Sequence No. 20 used for Cy3)
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Figure S3. Fluorescence performance of the designed probes at different pH conditions. (a) 

Fluorescence emission spectra of pH-i. (b) Fluorescence emission spectra of pH-s. (c) 

Fluorescence emission spectra of pH-ss. (d) Fluorescence emission spectra of pH-s-1. (e) 

Fluorescence emission spectra of pH-s+1. (Ex = 525 nm; Em = 540 nm–750 nm)
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Figure S4. Fluorescence emission spectra (a) and the ratios curve (b) of the FAM and TAMRA 

dual-labelled pH-s in the buffer with indicated pH values (n = 3). (pH-s was constructed by 

using the strand No. 15 and 16)
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Figure S5. Fluorescence spectra (a, b) and normalized ratio plots (c, d) of the pH-i and pH-s in 

the fluorescence melting experiments at pH 5.5. 



S-11

Figure S6. Fluorescence spectra (a) and normalized ratio plots (b) in the fluorescence melting 

experiments of pH-Td at pH 5.5. 
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Figure S7. Agarose gel electrophoresis image to confirm the structural stability of the pH-Td 

in different pH.
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Figure S8. Agarose analysis and FRET-response properties of pH-Td7nt in pH sensing. (a) 

Agarose electrophoresis image of the step-by-step assembly of pH-Td7nt: lane 1, 7L1; lane 2, 

7L1 + 7L4; lane 3, 7L1 + 7L2-5A + 7L4; lane 4, 7L1 + 7L2-5A + 7L3-3A + 7L4. (b) 

Fluorescence emission spectra of pH-Td7nt at different pH values (Ex = 525 nm; Em = 540 

nm–750 nm). (c) The plot of fluorescence ratios of pH-Td7nt versus the pH conditions (n = 3). 

(d) The summary of Rmax, Rmin, S/N and pHt results of pH-Td7nt in the pH sensing.
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Figure S9. Agarose analysis and FRET-response properties of pH-Td-1 in pH sensing. (a) 

Agarose electrophoresis results of the step-by-step assembly of pH-Td-1: M, 25 bp DNA 

marker; lane 1, L1; lane 2, L1 + L4; lane 3, L1 + L2-5A-1 + L4; lane 4, L1 + L2-5A-1 + L3-

3A-1 + L4. (b) Fluorescence emission spectra of pH-Td-1 at different pH values (Ex = 525 nm; 

Em = 540 nm–750 nm). (c) The plot of fluorescence ratios of pH-Td-1 versus pH changes (n = 

3). (d) The summary of Rmax, Rmin, S/N and pHt results of pH-Td-1 in the pH sensing.
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Figure S10. Application of the i-motif split design (ATP-i) in the sensing of ATP. (a) 

Conformational change of the ATP-i in the ATP sensing. (b) Fluorescence ratios and (c) spectra 

of the ATP-i versus ATP concentrations. (d) Specificity of the ATP sensing by the ATP-i (n = 

3). 
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Figure S11. Application of the i-motif split in the Td (ATP-Td) in the sensing of ATP. (a) 

Conformational change of ATP-Td for the ATP sensing. (b) Agarose electrophoresis of the 

step-by-step assembly of the ATP-Td. (c-e) FRET response of the ATP-Td versus ATP 

concentrations. (f) Specificity of the ATP sensing by the ATP-Td (n = 3).
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Figure S12. Structural stability evaluation by agarose electrophoresis analysis of pH-Td (a), 

pH-s (b) and pH-i (c) in 10% and 50% FBS at 37°C for different time. The red rectangle 

indicated the position of the corresponding band.
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Figure S13. Biostability analysis of pH-Td in nucleases and cell lysates. (a) The agarose 

electrophoresis image of pH-Td incubated in DNase I (0.25 U/mL, 0.5 U/mL, 2.5 U/mL) for 

different time. (b) The agarose electrophoresis image of pH-Td incubated in Exo III (0.25 U/mL 

and 2.5 U/mL). (c) The agarose electrophoresis image of pH-Td incubated in cell lysates for 

different time.
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Figure S14. The viability experiment of NIH 3T3 cells against pH-Td (n = 6). 
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Figure S15. Intracellular imaging analysis of pH-i, pH-s and pH-Td. Scale bar: 10 μm.
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Figure S16. Demonstration of receptor-mediated internalization of the pH-Td in NIH 3T3 cells 

pretreated with 10 mM M-β-CD. 
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Table S3. Comparison of i-motif-based FRET sensors for lysosomal pH imaging

Structure of sensor
Working 

range

Sensitivity

（S/N）
Tunable ability of pH response Validated stability Ref.

Tetrahedral DNA pH 

sensor (pH-Td)
5.4-6.8 ~10

 Yes (pHt
a from 5.71 to 6.81)

 By controlling the split 

sequence distance and 

altering the pH responsive 

sequence

 In DNase I (0.5 U/mL) 

for 1.5 h

 In Exo III (2.5 U/mL) and 

cell lysates (5×104 

cells/mL) for 2 h 

 In 50% FBS for 3 h

This 

work

DNA triangular 

prism nanomachine 

(TPN)

5.0-7.5 ~3 N/Ab

 In DNase I (0.25 U/mL) 

for 1 h

 In 10% FBS and cell 

lysates (2×104 cells mL-1) 

for 6 h

1

dsDNA pH sensor

(ChloropHore)
5.5-6.5 5.5

 Yes

 By modifying the C-rich 

region with 5′-bromocytosines

N/A 2

Spherical nucleic 

acids
5.4-7.0 ~4

 Yes

 By tuning the mismatched 

based number

N/A 3

dsDNA pH sensor

(I-switch/I4)
5.0-7.0 ~4

 Yes (pHt from 6.3 to 7.3)

 By altering the pH responsive 

sequence.

N/A 4

dsDNA pH sensor

(I-switch)
5.5-7.0 ~5.5 N/A N/A 5

a pHt means the pH transition midpoint.

b N/A means not available.
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