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Supplementary Note 1
Immobilization of pDNAs on LRET donors
We conjugated the LRET donors with the pDNAs complementary to their respective target miRNAs through a series of surface modifications: amine-modification, maleimide-modification, and DNA-conjugation (Supplementary Fig. 8a). Water-soluble amine-modified donors (amine-donors) were prepared via a surface ligand exchange of the as-synthesized UCNPs, capped with hydrophobic oleic acid ligands. The amine ligands were then replaced with maleimide ligands, which enabled subsequent conjugation to thiolated pDNAs via thiol-maleimide reaction. The DNA-modified donors (DNA-donors) were characterized by FT-IR analysis, zeta potential measurements, and ultraviolet-visible (UV-vis) absorbance analysis. The FT-IR peaks corresponding to each ligand exchange step, from the oleic acid-capped donors to DNA-donors, confirmed the successful conjugation of pDNAs onto the donors (Supplementary Fig. 8b). Two new peaks at 1078 cm-1 (for PO2- groups) and 1682 cm-1 (for C=O groups) appeared, which are indicative of pDNA immobilization 1. The zeta potential of donors shifted from +33.9 mV to -38.3 mV after maleimide modification, then to -31.3 mV after DNA conjugation (Supplementary Fig. 8c). Additionally, the DNA-donors exhibited an absorption peak at 260 nm (Supplementary Fig. 8d), consistent with DNA absorption. 
[image: ]
Supplementary Fig. 1. SEM images of synthesized UCNPs. a-c Series of core/shell/shell UCNPs with different Yb3+ doping ratio (x in EM core and y in ETU shell) and Tm3+ doping ratio (z in shell). UCNPs have identical core size and similar thickness of each shell. Scale bar: 50 nm.
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자동 생성된 설명]
Supplementary Fig. 2. XRD analysis of NaYbF4@NaYF4:10%Yb,1%Tm@NaYF4 and NaYF4@NaYbF4:2%Tm@NaYF4 NPs. The typical XRD patterns of hexagonal phases of NaYbF4 (#27-1427) and NaYF4 (#28-1427) are included at the bottom for reference.
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자동 생성된 설명]
Supplementary Fig. 3. NIR luminescence intensity at 800 nm using series of UCNP samples with different x and y. a Structure illustration of NaYF4:x%Yb@NaYF4:y%Yb,1%Tm@NaYF4 (x = 0, 50, 100; y = 10, 50, 99). b,c (b) Luminescence intensity values at 800 nm, and (c) luminescence spectra of UCNP samples with different sensitizer distribution in the EM core. d Structure illustration of NaYF4:x%Yb@NaYF4:y%Yb,2%Tm@NaYF4 (x = 0, 50, 100; y = 10, 50, 98). e,f (e) Luminescence intensity values at 800 nm, and (f) luminescence spectra of UCNP samples with different sensitizer distribution in the EM core. 

[image: ]
Supplementary Fig. 4. NIR luminescence lifetime at 800 nm of UCNP samples with different x and y. a Structure illustration of NaYF4:x%Yb@NaYF4:y%Yb,1%Tm@NaYF4 (x = 0, 50, 100; y = 10, 50, 99). b-d (b) Luminescence rise and (c) decay time value at 800 nm, and (d) luminescence decay profiles of UCNP samples with different sensitizer distribution in hell. e Structure illustration of NaYF4:x%Yb@NaYF4:y%Yb,2%Tm@NaYF4 (x = 0, 50, 100; y = 10, 50, 98). f-h (f) Luminescence rise and (g) decay time value at 800 nm, and (h) luminescence decay profiles of UCNP samples with different sensitizer distribution in shell. 
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Supplementary Fig. 5. Schematic diagram of energy transfer of L-donor with IRDye800 on the surface, under short pulse and CW excitation.
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Supplementary Fig. 6. Emission and absorbance properties of LRET donor and acceptor. a Schematic representation of LRET between donor (UCNP) and acceptor (IRDye800). b Absorbance spectra of acceptor and emission spectra of S-donor and L-donor (under 980 nm excitation).
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자동 생성된 설명]
Supplementary Fig. 7. NIR luminescence decay profiles of LRET donor. Luminescence decay of Tm3+ at 800 nm as a function of excitation pulse width at a fixed frequency (50 Hz) for (a) L-donor and (b) S-donor.
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자동 생성된 설명]
Supplementary Fig. 8. Surface modification of the LRET donor. a Schematic illustration of conjugation path of LRET donor to pDNA. b FT-IR spectra of oleic acid capped, amine-modified, and pDNA-modified donor. c Zeta potentials of amine-modified, maleimide-modified, and pDNA-modified donor. d UV-vis spectra of pDNA and pDNA-donor. The observed peak of 260 nm indicates the immobilization of pDNA.

[image: 스크린샷, 블랙, 흑백, 모노크롬이(가) 표시된 사진

자동 생성된 설명]
Supplementary Fig. 9. PAGE image of the products after hybridization between pDNA-D, pDNA-A, and target miRNA. The final concentrations of pDNA-D, pDNA-A, and target miRNA are 10 µM and the reaction time is 10 min.
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Supplementary Fig. 10. Specificity of the LRET systems. a, b Specificity of LRET assay using L-donor under (a) steady-state, and (d) time-gated detection conditions. c, d Specificity of LRET assay using S-donor under (c) steady state, and (d) time-gated detection conditions. L(S)-SS-LRET indicates conventional steady-state detection using L(S)-donor under 980 nm CW excitation and L(S)-TG-LRET indicates time-gated detection using L(S)-donor under 980 nm pulse excitation.
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자동 생성된 설명]
Supplementary Fig. 11. Calibration curves for PCR. a-c Ct (threshold cycle) as a function of -Log concentration of (a) miR-21, (b) miR-155, and (c) miR-375. All reported values represent the mean ± SD, n =3 independent experiments.
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자동 생성된 설명]
Supplementary Fig. 12. Detection of miRNA in cancer cell lines. a-c Detection of (a) miR-21, (b) miR-155, and (c) miR-375 in cell lines (HCC1954, MCF7, A549, HL60, and HaCaT) obtained by L-TG-LRET and PCR. The left-side y-axis denotes the scale for the concentration of miRNA obtained by L-TG-LRET and the right-side y-axis denotes the scale for the concentration of miRNA obtained by PCR. Concentrations of miRNAs were calculated from the calibration curves in Fig. 4 and Supplementary Fig. 11.
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자동 생성된 설명]
Supplementary Fig. 13. Correlation between L-TG-LRET and PCR results for the detection of miRNA. a-f Correlation between L-TG-LRET and PCR for (a) miR-21, (b) miR-155, and (c) miR-375 in the plasma of lung cancer patients and of (d) miR-21, (e) miR-155, and (f) miR-375 in the plasma of breast cancer patients. Data points represent the mean of three replicates of each measurement for each method. Linear fitting of data points was performed to generate linear correlation curves. Dashed lines represent 95% confidence bands of the best fit line.
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자동 생성된 설명]
Supplementary Fig. 14. Detection of miRNA in plasma samples. a-c Detection of (a) miR-21, (b) miR-155, and (c) miR-375 in plasma samples from healthy donors (n = 12), lung cancer patients (n = 12), and breast cancer patients (n = 12) obtained by PCR and L-TG-LRET. The left-side y-axis denotes the scale for the concentration of miRNA obtained by L-TG-LRET and the right-side y-axis denotes the scale for the concentration of miRNA obtained by PCR. Concentrations of miRNAs were calculated from the calibration curves in Fig. 4 and Supplementary Fig. 11. 
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자동 생성된 설명]
Supplementary Fig. 15. ROC curves obtained by PCR. a, b ROC curves for differentiation of (a) lung cancer patients from healthy donors and (b) breast cancer patients from healthy donors by PCR detection of miR-21 (p ≤ 0.0001 and p ≤ 0.05), miR-155 (p > 0.05 and p ≤ 0.0001), and miR-375 (p ≤ 0.0001 and p > 0.05). The AUC is annotated in the graph.
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Supplementary Fig. 16. Detection of miRNA in exosome samples. a-c Detection of (a) miR-21, (b) miR-155, and (c) miR-375 in exosome samples from healthy donors (n = 5), lung cancer patients (n = 5), and breast cancer patients (n = 5) obtained by the L-TG-LRET and the PCR. The left-side y-axis denotes the scale for the concentration of miRNA obtained by L-TG-LRET and the right-side y-axis denotes the scale for the concentration of miRNA obtained by PCR. Concentrations of miRNAs were calculated from the calibration curves in Fig. 4 and Supplementary Fig. 11.

Supplementary Table 1. Upconversion luminescence lifetimes of core@shell@shell NPs. Rise lifetimes (τR) and decay lifetimes (τD) for 3H4 → 3H4 energy level transition (800 nm).
	
	τR (μs)
	τD (μs)
	
	τR (μs)
	τD (μs)

	Y@10%Yb,1%Tm@Y
	367
	1301
	Y@10%Yb,2%Tm@Y
	186
	467

	Y@50%Yb,1%Tm@Y
	135
	499
	Y@50%Yb,2%Tm@Y
	119
	293

	Y@99%Yb,1%Tm@Y
	176
	424
	Y@98%Yb,2%Tm@Y
	128
	250

	50%Yb@10%Yb,1%Tm@Y
	495
	1494
	50%Yb@10%Yb,2%Tm@Y
	361
	671

	50%Yb@50%Yb,1%Tm@Y
	296
	784
	50%Yb@50%Yb,2%Tm@Y
	303
	547

	50%Yb@99%Yb,1%Tm@Y
	212
	443
	50%Yb@98%Yb,2%Tm@Y
	138
	259

	Yb@10%Yb,1%Tm@Y
	498
	2080
	Yb@10%Yb,2%Tm@Y
	291
	464

	Yb@50%Yb,1%Tm@Y
	358
	917
	Yb@50%Yb,2%Tm@Y
	279
	490

	Yb@99%Yb,1%Tm@Y
	233
	482
	Yb@98%Yb,2%Tm@Y
	151
	256




[bookmark: _Hlk175685886]Supplementary Table 2. Qualitative comparison of luminescence decays of LRET donors. Decay lifetimes (τD) for two photoexcitation types for 3H4 → 3H4 energy level transition (800 nm).
	
	
	Short pulse (5 ns)
	Long pulse (5 ms)

	
	IRDye (μM)
	τD (μs)
	τD (μs)

	L-donor
	0
	1066.55
	723.44

	
	10-0.5
	1021.03
	713.68

	
	100
	956.894
	689.45

	
	100.5
	870.335
	651.69

	
	101
	725.36
	608.83

	S-donor
	0
	131.69
	168.16

	
	10-0.5
	127.18
	166.08

	
	100
	120.88
	156.53

	
	100.5
	111.72
	149.6

	
	101
	100.6
	142.13




Supplementary Table 3. Oligonucleotides used in this work.
	Name
	Sequence (5'3')
	Modification

	miR-21
	UAG CUU AUC AGA CUG AUG UUG A
	

	miR-155
	UUA AUG CUA AUC GUG AUA GGG GUU
	

	miR-375
	UUU GUU CGU UCG GCU CGC GUG A
	

	pDNA-D21
	TCT GAT AAG CTA
	Thiol (3’)

	pDNA-A21
	T CAA CAT CAG
	IR800 (5’)

	pDNA-D155
	C GAT TAG CAT TAA
	Thiol (3’)

	pDNA-A155
	AAC CCC TAT CA
	IR800 (5’)

	pDNA-D375
	A ACG AAC AAA
	Thiol (3’)

	pDNA-A375
	T CAC GCG AGC CG
	IR800 (5’)

	SL primer miR-21
	CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG TCA ACA TC
	

	SL primer miR-155
	CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG AAC CCC TA
	

	SL primer miR-375
	CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG TCA CGC GA
	

	F primer miR-21
	ACA CTC CAG CTG GGT AGC TTA TCA GAC TGA
	

	F primer miR-155
	ACA CTC CAG CTG GGT TAA TGC TAA TCG TGA TA
	

	F primer miR-375
	ACA CTC CAG CTG GGT TTG TTC GTT CGG CTC
	

	R primer
	CTC AAC TGG TGT CGT GGA GTC GGC AA
	





Supplementary Table 4. Comparison of L-TG-LRET assay with alternative assays for miRNA detection
	Donor/ Acceptor
	Measurement strategy
	Target
	LOD
	Dynamic range
	Assay time
	Ref

	UCNP/ Dye (Cy3.5)
	Time-resolved 
	DNA
	7.8 pM
	0 to 50 nM
	30 min
	2

	UCNP/ Dye (Cy3)
	Steady-state
	miRNA
	30 pM
	10 pM to 1 nM
	30 min
	3

	UCNP/ Dye (Cy3.5 or Cy5.5)
	Steady-state
	miRNA
	1 nM
	0 to 10 nM
	30 min
	4

	UCNP/ Graphene oxide
	Steady-state
	mRNA
	5 fM
	5 fM to 6 µM
	40 min
	5

	UCNP/ Dye (Cy3)
	Steady-state
	miRNA
	95 pM
	200 pM to 1.4 nM
	90 min
	6

	Tb complex/ Quantum dot
	Time-gated
	miRNA
	80 fM
	3 pM to 500 pM
	280 min
	7

	Dye (Cy3)/ Dye(Cy5)
	Steady-state
	miRNA
	9 pM
	9 pM to 500 pM
	180 min
	8

	AIEgen/ MoS2
	Steady-state
	miRNA
	20 pM
	100 pM to 1 nM
	60 min
	9

	Dye (AMCA)/ Dye (Cy5.5)
	Steady-state
	miRNA
	3.5 pM
	10 pM to 1 µM
	120 min
	10

	Dye (Cy3)/ Dye(Cy5)
	Steady-state
	miRNA
	1 nM
	0 to 80 nM
	2 min
	11

	UCNP/ Dye (IRDye800)
	Time-gated
	miRNA
	1.6 aM
	10 aM to 100 fM
	10 min
	This work
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Figure S9. Surface modification of the LRET donor.
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Figure SX. Cancer cell lysate samples
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Figure S14. Correlation between TG-LRET and RT-PCR results
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Figure SX. Serum sample tests
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Figure S14. ROC curves for differentiation by RT-PCR.
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Figure SX. Exosomal miRNA tests
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Figure SX. XRD
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NaYF,@NaYbF,:2%Tm@NaYF, nanoparticles. The typical XRD patterns of hexagonal phases
of NaYbF, (#27-1427) and NaYF, (#28-1427) are included at the bottom for reference.
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