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Chemicals

All DNA utilized were synthesized by Integrated DNA Technologies (Coralville, IA), with
their respective sequences detailed in Table S1. Streptavidin-coated agarose resin possessed a
loading capacity of 1-3 mg biotinylated BSA per milliliter was bought from Thermo Scientific
(IL, USA). 6% BCL agarose bead standard (50-150 puM) was purchased from Agarose Bead
Technologies (Spain). Scandium(IIl) chloride hydrate, yttrium(III) chloride hexahydrate,
lanthanum(III) chloride hydrate, cerium(IIl) chloride hexahydrate, ammonium cerium(IV)
nitrate, praseodymium(III) chloride hydrate, neodymium(III) chloride hydrate, samarium(III)
chloride hydrate, europium(III) chloride hydrate, gadolinium(III) chloride hydrate, terbium(III)
chloride hydrate, dysprosium(I1I) chloride hydrate, holmium(III) chloride hydrate, erbium(III)
chloride hydrate, thulium(III) chloride hydrate, ytterbium(III) chloride hydrate, lutetium(III)
chloride hydrate, calcium chloride, chromium(IIl) chloride hexahydrate, manganese(Il)
chloride hydrate, Iron(Il) chloride tetrahydrate, iron(IIl) chloride hexahydrate, cobalt(Il)
chloride hexahydrate, nickel(Il) chloride, copper(Il) chloride dihydrate, zinc chloride,
cadmium chloride hydrate, barium chloride dihydrate, mercury(Il) acetate, lead(Il) chloride
and 2-mercaptoethanol were bought from Millipore-Sigma (Oakville, ON, Canada). The dNTP
mix, Taq DNA polymerase with ThermoPol buffer, and a low-molecular-weight DNA ladder
were obtained from New England Biolabs (Ipswich, MA). Micro Biospin chromatography
columns and SsoFast EvaGreen supermix were procured from Bio-Rad Laboratories (Hercules,
CA, USA). Thioflavin T (ThT), Amicon ultra-0.5 centrifugal filter unit (with 3K and 10K
molecular weight cutoffs) were acquired from Millipore-Sigma (Oakville, ON, Canada). 2-(N-
Morpholino) ethanesulfonic acid (MES) sodium salt, MgCl2-6H20, NaCl, EDTA-2H>0O, HCI
and NaOH were obtained from Bio Basic Inc. (Toronto, ON, Canada). Milli-Q water (18.2 MQ

cm™) was used in all experiments.
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Figure S1. The real-time PCR results of the Tb*" aptamer selection. Ideally, the green bars
should be lower than the orange bars since we expect more DNA to be eluted by target metal
ion than by the buffer. In the first five rounds, the opposite was observed and this was attributed
to PCR inhibition by Tb**. In the later rounds, the released DNA became a lot more and the

expected PCR cycle different was observed.
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Figure S2. The response of different aptamers to various concentrations Tb*" (aptamer: 0.5
uM, ThT: 1 uM) in 10 mM MES buffer (pH 6) with 100 mM NaCl and 2 mM MgCla. Fy and
F denote the fluorescence before and after adding Tb**, respectively. Without any metal added,
the F/Fo ratio is 1. A lower ratio indicates more fluorescence quenching attributable to metal
binding.
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Effect of salt for lanthanide binding

Most aptamer-target bindings depend on metal ions, particularly divalent metal ions.! 2

To investigate whether the binding of the Tb-1 aptamer requires metal ions, we employed the

fluorescence assay to study the effects of Mg** and Na* on Tb-1 binding. First, we fixed the

Na" concentration at 100 mM and varied the Mg?* concentration at 0.1, 1, 5, 10, and 20 mM.

The Mg** concentration of 1 mM showed the best fluorescence drop rate ((Fo-F)/Fo) (Figure

S3A), so the Mg?* concentration was ultimately set to 1 mM for further experiments. Then, we

fixed Mg®" concentration at 1 mM and varied Na* concentration from 0 to 200 mM. At Na*

concentration of 10 mM, the fluorescence intensity and drop rate were relatively optimal, but

overall, the buffers with varying concentrations of Na* exhibited similar fluorescence drop rates

(Figure S3B), suggesting that Na* has no significant impact on the binding of Tb-1.
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Figure S3. (A) The effect of Mg?" concentration on Tb-1 binding in the presence of 100 mM

Na®. (B) The effect of Na' concentration of Tb-1 binding in the presence of 1 mM Mg?*. While

higher salt concentration led to lower initial fluorescence, the relative fluorescence drop

induced by Tb** did not change much.
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Figure S4. (A) Fluorescence response of different ions to the Tb-1/ThT mixture in 10 mM
MES buffer (pH 6) with 100 mM NaCl and 2 mM MgClz (Tb-1: 0.5 uM, ThT 1 uM). (B)
Fluorescence changes upon adding different ions to 10 nM FAM Tb-land 40 mM quencher
labeled strand in 10 mM MES buffer (pH 6) with 100 mM NaCl and 2 mM MgCl. -SH means

2-mercaptoethanol.
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Figure S5. Kinetics traces of 20 nM FAM-based strand displacement biosensor in the presence
of various concentrations of (A) Y**, (B) La**, and (C) Lu*" in 10 mM MES buffer (pH 6)
containing 100 mM NaCl and 2 mM MgClz. Note that lanthanide ions were added at the 5 min
mark. Calibration curves of the biosensor for (D) Y**, (E) La**, and (F) Lu*".
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Figure S6. Fluorescence quenching of 5 nM of FAM Tb-1 with increasing concentrations of
Quencher-cDNA in the SELEX buffer. This experiment allows us to obtain the K4 of the

original aptamer based on Easley’s work.?

The reaction of FAM Tb-1 (F) and Quencher-cDNA (Q) to form the FQ DNA complex as

reaction 1, and the K4 for the reaction can be defined as K41 = %
Similarly, the reaction FQ and Tb*" to form F-Tb and Q as reaction 2, and the Kq for the
. [FQI[Tb]
t be defined as Kix= ———.
reaction can be defined as K= = o

Therefore, the true Kd of reaction 3 (FAM Tb-1 and Tb to form F-Tb, the aptamer binding
Kai Ky = (FI[Q] [FQI[Tb] _ [FI[Tb]

[FQ] [F-Tb][Q] [F-Tb]*

Initially, we used 5 nM of FAM-labeled Tb-1 with increasing concentrations of Quencher-
cDNA in the SELEX buffer. Ka1 was directly fitted to be 2.8 nM (Figure S6). Ka2 was using the
apparent Kqa2 obtained from the calibration curve in Figure 3C. With 20 nM FAM Tb-1 and 40

reaction) can be defined as Ka3 =

nM Quencher-cDNA applied in the sensor, [Q] was 30 nM when Tb*" matched the apparent K.

Thus, Koy = LTl _ Kap apparent _ 5 4 1,M/30 nM = 2.41. Therefore, the true Ka, Ko =Kai

[F-Tb][Q] [Q]
Kp=241 X 1.6 nM =3.9nM.
Similarly, the true K4 value for Y3*is 2.7 nM, for La*" is 26.9 nM, and for Lu*" is 2.3 nM.
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A Ce Family 1
Ce-1 GACGAC CCGCG-CAGTGTAATTG---GTGAAAA--CAATTAC GTCGTC 89reads
Ce-7 GACGAC CCGCGATAGTGTCTTGT---CCAATA---ACAAGAC GTCGTC 35reads
Ce-11 GACGAC CCGCGTAAGTGTTTGAGG---CTTG---CTTCAAAC GTCGTC 28reads
Ce-12 GACGAC CCGCG-TAGTGTTCTGAA---TGCAT--TTCAGAAC GTCGTC 26 reads
Ce-14 GACGAC CCGCGATAGTGCAGG---AATGTAAGTG---CCTGC GTCGTC 23reads
Ce-15 GACGAC CCGCGCAAGTGTTTCAC---TTAGAT---GTGAAAC GTCGTC 20reads
Ce-16 GACGAC CCGCGTAAGTAAACACC---TTTAAT---GGTGTTT GTCGTC 20 reads
Ce-17 GACGAC CCGCG--AGTATATCATACGAGTGCCGTAGGC---- GTCGTC 20 reads
Ce-20 GACGAC CCGCGTAAGTGTAGTG---GCAATTGG---CACTAC GTCGTC 19reads

Ce Ungrouped Sequences

Ce-2 GACGAC ACACAACTCGTGTTTTTTAAAGACTTGGGC GTCGTC 87 reads
Ce-3 GACGAC GAATCGAGGTAGTAAGTACTAGAAGACGA- GTCGTC 70reads
Ce-4 GACGAC GGAAGTAGGGTACAAGGGCGGTAACTCTAG GTCGTC 56 reads
Ce-5 GACGAC GTGGGACGAAATCGCAGCATGAGACAGCAT GTCGTC 53 reads
Ce-6 GACGAC GCCGAGTGGAACGAAGGTGATCTGATCACA GTCGTC 46 reads
Ce-8 GACGAC AGCGAAGCCGAGTGATATCTACCACGAGTC GTCGTC 34reads
Ce-9 GACGCA CTGCTGAAGGAATACATGGACGAACGTAGC GTCGT- 29reads
Ce-10 GACGAC AGGTTGACTCAAGGATAGCGAGTACGACAT GTCGTC 29reads
Ce-13 GACGAC GAGAAGCAAAACCGAAGTGTGACGGTTTAA GTCGTC 24 reads
Ce-18 GACGAC TGGCCCGCGTCTAGTATCTGAAAGATGCAA GTCGTC 20 reads
Ce-19 GACGAC CATGCGGAGCCTAACTCTCTCAGAGTTAGT GTCGTC 20 reads
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Figure S7. (A) Alignment of the top 20 sequences of Ce selection. Ce** selection Family 1 and
Tb selection Family 1 belong to the same family. (B) The secondary structure predicted by
mFold for the Ce-2 aptamer. (C) Binding of Ce*" and Yb** to the Ce-2 aptamer.



Table S1. The DNA sequences used in this study.

DNA name Sequences and modifications (5’ to 3’)

. GGAGGCTCTCGGGACGACN;30GTCGTCCCGATGCTGCAAT
Library 1 CGTAA
Library 2 GGAGGCTCTCGGGACGACN;3)GTCGTCCCGCCTTTAGGAT

Biotin-column
Forward primer

Reverse primer

Biotin-reverse
primer

P5-501

P5-502

P7-701

P7-702

FAM-Tb-1

Quencher-cDNA

Tb-1a

Tb-1b
Gd-1
OTC43
IBF-1

Sc-1

TTACAG
GTCGTCCCGAGAGCCATA/3BioTEG/

GGAGGCTCTCGGGACGAC
TTACGATTGCAGCATCGGGACG

/SBiosg/TTACGATTGCAGCATCGGGACG

AATGATACGGCGACCACCGAGATCTACACTAGATCGCAC
ACTCTTTCCCTACACGACGCTCTTCCGATCTTTACGATTGC
AGCATCGGGACG

AATGATACGGCGACCACCGAGATCTACACCTCTCTATACA
CTCTTTCCCTACACGACGCTCTTCCGATCTTTACGATTGCA
GCATCGGGACG

CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCTGGAGGCTCTCGG
GACGAC

CAAGCAGAAGACGGCATACGAGATCTAGTACGGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCTGGAGGCTCTCGG
GACGAC

/56-
FAM/CTCTCGACGACGGGGTAGAGGGTACGTAGTAATCCG
GGTTAGTCGTC

AGTCGTCGAGAG/3IABKFQ/

GACGACGGGGTAGAGGGTACGTAGTACCCGGGTTAGTCG
TC
GACGACGGGGTAGAGGGTACGTAGTAATCCGTTGGAGTC
GTC

CTCGGGACGACCAGTTGGTCCCGCTTTATGTGTCCCGAG

GAGGACTGGACCCTTCTCTGGTAGATTCTATCTAATGTCG
TC
GACGACCAAAGGTAGCTTACGGTGGACCTGGGTTTGGTC
GTC
GACGACGGACCATTCCCGTGGAATGACTACGTATATGTCG
TC

Note: /3BioTEG/ is biotinylation at the 3'-end with extended spacer and /5Biosg/ is

biotinylation at the 5'-end.
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