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A DNA aptamer for trivalent lanthanide ions with
low nanomolar affinity†
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Juewen Liu *b

Lanthanides are extremely important for a variety of technological applications. In this work, DNA apta-

mers were selected using the library-immobilization method (capture-SELEX) with Tb3+ and Ce3+ as

target metal ions. The Tb3+ selection yielded a new sequence named Tb-1 that has a Kd of 26.9 nM for

La3+, 3.9 nM for Tb3+, and 2.3 nM for Lu3+ as determined by a DNA strand displacement assay. Non-

lanthanide metal ions did not induce a fluorescence enhancement. Therefore, it is a general lanthanide

binding aptamer. Another aptamer Tb-4 (Kd 290 nM) has some sequence similarity to a previously

reported aptamer selected using Gd3+ (Kd 1.5 µM), as determined by a thioflavin T fluorescence assay.

Compared to a previously reported aptamer named Sc-1, Tb-1 has faster exchange with EDTA for lantha-

nide binding, suggesting that Tb-1 is an outer-sphere ligand. By comparing different aptamers, we have

gained fundamental insights into aptamer binding to lanthanide ions. Finally, using the strand displace-

ment reaction, a detection limit of 0.5 nM Tb3+ was achieved in Lake Ontario water.

Introduction

Lanthanide ions comprise a group of 15 metal ions within the
f-block of the periodic table. They are extremely important in
modern technologies.1,2 With rich f-orbitals, lanthanide ions
have unique optical and magnetic properties, allowing them to
be used in magnetic imaging contrast agents, permanent
magnets and upconverting nanoparticles.3,4 Yet, they all have
similar chemical properties since electrons in the f-orbitals are
shielded and do not usually participate in chemical bonding.
Lanthanides are further categorized based on their atomic
numbers to be light (from lanthanum to europium) and heavy
(from gadolinium to lutetium).5

Lanthanide ions can be accurately measured by inductively
coupled plasma optical emission spectroscopy (ICP-OES),6–8

and ICP mass spectrometry (ICP-MS).9,10 However, these tech-
niques require expensive instruments and can hardly be
implemented for on-site and real-time detection. Many chemi-
cal probes have been developed for the detection of lanthanide

ions,11,12 but most are less sensitive or selective. Lanthanide
binding proteins have also been discovered with high binding
affinity, although using them for detecting lanthanides could
be challenging due to cost, stability and signal transduction
considerations.13–15

DNA is composed of four types of nucleosides attached to a
phosphate backbone, and both nucleobases and phosphate
can bind to lanthanide ions.16–18 Attempts have been made to
use DNA to detect lanthanides. Using a method called in vitro
selection, our lab previously isolated five DNAzymes that can
cleave an RNA substrate in the presence of trivalent lanthanide
ions.2,19–22 These DNAzymes have different activity trends
cross the lanthanide series, and in general they do not
respond to non-lanthanide ions. Other groups also used
lanthanide ions to catalyze reactions such as DNA cleavage.23

DNAzymes catalyze chemical reactions and they may not
directly bind to lanthanides. It is important to isolate
aptamers24–27 for lanthanide ions to achieve advanced appli-
cations such as separation, enrichment and detection.

A DNA aptamer named Ln-aptamer for Gd3+ was reported
by Edogun and coworkers. To avoid confusion, in this work,
we renamed it Gd-1.28 Their goal was to use this aptamer for
the detection of free Gd3+ ions to ensure the safety of gadoli-
nium-based contrast agents. The authors speculated that this
aptamer can bind to all the lanthanide ions but they only
measured binding using Gd3+. Our lab recently used the
capture-SELEX method to isolate aptamers for Sc3+.
Interestingly, this Sc3+ aptamer named Sc-1 can bind to all the
trivalent lanthanide ions, and binding is stronger for heavier
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lanthanide ions. Based on the binding affinities and kinetics
of Sc-1, rare earth elements were categorized into three
groups.29

Since we already have an aptamer that binds to heavier
lanthanides more strongly, in this work, we selected aptamers
using terbium (Tb3+) and cerium (Ce3+). Tb is in the middle of
the lanthanide series and is best known for its optical property
with strong green emissions. Ce is a light lanthanide and it is
often used in catalysis. In the end, we discovered an ultrahigh
affinity aptamer that can bind to all the lanthanides with a
similar affinity, so that the lanthanides can be detected as a
group.

Materials and methods
Systematic evolution of ligands by the exponential enrichment
(SELEX)

The SELEX experiments were conducted using the library
immobilization following established procedures.30,31 The
SELEX buffer contain 10 mM MES, pH 6.0, 100 mM NaCl,
2 mM MgCl2. TbCl3 hexahydrate and CeCl3 heptahydrate were
dissolved in Milli-Q water at 100 mM. Then, they were diluted
with SELEX buffer. The Tb3+ concentration was 10 µM for
rounds 1 to round 7, 2 µM for rounds 8 and 9, 200 nM for
round 10, and 100 nM for rounds 11 and 12. For the Ce3+ selec-
tion, the Ce3+ concentration was 10 µM for rounds 1 to 14 and
2 µM for rounds 15 and 16. The PCR products from the last
rounds were deep sequenced at the facility in McMaster
University.

Thioflavin T (ThT) fluorescence-based binding assays

ThT fluorescence assays were conducted using a variant
eclipse fluorescence spectrophotometer. A mixture containing
2.5 µL aptamer (100 µM), 5 µL ThT (100 µM) and 492.5 µL
SELEX buffer was prepared. The mixture was then transferred
to a quartz cuvette followed by titration with Tb3+ or other
metal ions. The fluorescence intensity at 490 nm was recorded
for analysis. The dissociation constant (Kd) was determined by
fitting the equation: F = F0 + AKd/(Kd + x), where x denotes the
concentration of the metal ion, and A denotes the maximal
fluorescence variation upon full binding.30,32

Fluorescent DNA strand-displacement sensor

The strand displacement sensor was tested in a 96-well micro-
plate using a microplate reader (Tecan Spark F200Pro). 1 µL of
FAM-labeled Tb-1 aptamer (100 µM) and 2 µL of quencher-
labeled DNA (100 µM, Table S1†) were mixed in 97 µL SELEX
buffer. This mixture was annealed at 85 °C and gradually
cooled to room temperature, followed by incubation at 4 °C for
30 min and storage at −20 °C for an additional 30 min. The
background fluorescence of the sensor was stabilized and
recorded for 5 min before adding 2 μL Tb3+ or other metal
ions. The kinetics of fluorescence signal change were then
monitored for 10 min (Ex: 485 nm, Em: 520 nm). Each experi-
ment was performed in triplicate.

Results and discussion
Selection of aptamers for Tb3+

The capture-SELEX method was employed for aptamer
selection,29–31 which started by the immobilization of a DNA
library containing 30 random nucleotides via hybridization to
a biotinylated capture strand (15 base pairs) bound to strepta-
vidin agarose beads. After washing away unbound DNA, the
immobilized library was then incubated with Tb3+. Some apta-
mers might be released from the capture strand upon binding
to Tb3+, and the released DNA strands were amplified by PCR.
We monitored the progress of the selection using real-time
PCR by comparing the released DNA concentration eluted by
buffer elution and by the same buffer containing Tb3+. The
Tb3+ concentration was gradually decreased from 10 µM to 100
nM during the 12 rounds of selection. In the first 5 rounds, it
appeared that more DNA was released by the buffer (Fig. S1†),
suggesting that Tb3+ might have inhibited PCR. This phenom-
enon was also observed in our previous Sc3+ selection.29 Since
round 7, the Tb3+ eluted DNA caught up and the PCR cycle
difference reached 5, indicating the enrichment of Tb3+

binding aptamers. The PCR product of round 12 was deep
sequenced.

We ranked the sequences and the most abundant sequence
named Tb-1 has only 218 copies (∼1% of the sequence
obtained), whereas the rest of the sequences were all below
100 copies. Therefore, there were still a lot of diversity in the
library, suggesting a large sequence variety of Tb3+ aptamers.
To have an overall understanding, the top 10 sequences were
aligned. We observed one family and some ungrouped
sequences as shown in Fig. 1A. This family comprises 7
sequences, featuring conserved regions marked in red, and
complementary base pairs highlighted in yellow. The first
sequence in this family is named Tb-4. Tb-4 has a very clear
secondary structure containing a large hairpin region and a
conserved loop (Fig. 1C). Binding of Tb3+ likely takes place in
the loop region. We also studied Tb-1, since it is the most
abundant sequence, although it cannot be assigned to any
family based on the top ten sequences. The mFold predicted
secondary structure of Tb-1 is shown in Fig. 1B, which has two
loops connected by two stem regions.

ThT fluorescence based binding assays

To evaluate the binding property of the aptamers, we first used
thioflavin T (ThT) as a fluorescence probe. ThT is most well-
known for its ability to bind G-quadruplex structures,33 but it
can also bind to other DNA structures.27,34 Free ThT is almost
non-fluorescent, and its fluorescence increases upon binding
to DNA. As a DNA aptamer binds to its target, a fraction of the
bound ThT molecules might be released, leading to decreased
fluorescence (Fig. 2A).33 The ThT fluorescence assay has been
widely applied to the study of binding to many aptamers.35,36

To evaluate whether the Tb-1 and Tb-4 aptamers can bind, we
titrated Tb3+ ions into aptamer/ThT mixtures. The Tb-1
aptamer exhibited over 90% fluorescence drop with a fitted Kd

of 106 nM, whereas Tb-4 showed only about 50% fluorescence
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drop with a Kd of 290 nM (Fig. 2B). The lower Kd indicates that
Tb-1 has superior binding for Tb3+ compared to Tb-4.

To confirm specific binding, we then performed some
mutation studies on Tb-1. First, we mutated the “AT” high-
lighted by the red circle (Fig. 1B) by a “C” to form a “C–G” pair
in the top stem region, and named this mutated aptamer Tb-
1a. The ThT fluorescence assay showed that Tb-1a could still
bind to Tb3+, whereas the Kd value increased slightly to 244
nM (Fig. 2B). Therefore, we believe that this aptamer has a
simple structure with two loops connected by two base paired
stems. Furthermore, we replaced the “GGTT” sequence with
“TTGG” in the loop region (blue box at position b, Fig. 1B),
and named the resulting mutant Tb-1b. This mutant showed
significantly weakened binding to Tb3+, and the Kd increased
to 1910 nM (Fig. 2B). Nevertheless, 90% fluorescence quench-
ing was still observed upon the addition of 20 µM Tb3+. To test
whether such a fluorescence drop was due to nonspecific fluo-
rescence quenching by Tb3+, we tried two unrelated aptamers,
OTC4337 and IBF-138 (see Table S1† for their sequences). For
these two control aptamers, the fluorescence drop was less
than 20% even with 500 µM Tb3+ (Fig. S2†). Therefore, Tb-1
and Tb-4 are true aptamers. We then studied the effect of salt

and discovered that Mg2+ and Na+ ions had little effect on the
binding property of the Tb-1 aptamer (Fig. S3†).

Tb-1 is selective for lanthanide ions as a group

We then assessed the selectivity of the Tb-1 aptamer. All triva-
lent rare earth metal ions (excluding radioactive Pm) were
tested. Most of these metal ions, except for Sc3+, exhibited a
similar degree of fluorescence drop of around 80%, indicating
that they can all bind to Tb-1. The fluorescence decrease by
Ce4+ was insignificant, suggesting this aptamer can only bind
to trivalent lanthanides.

Finally, other non-rare-earth metal ions, including Ca2+,
Cr3+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Ba2+, Hg2+,
and Pb2+, were assessed at a higher concentration (5 µM).
Among these, Cu2+ and Hg2+ exhibited a significant fluo-
rescence decrease (purple bars, Fig. 2C) attributable to their
strong fluorescence quenching properties. Since Cu2+ and
Hg2+ are strongly thiophilic metals, for analytical applications,
2-mercaptoethanol can be used to chelate them, and this thiol
compound should not affect the binding of Tb3+. Indeed,
when Cu2+ was mixed with 2-mercaptoethanol, no fluorescence
decrease was observed. However, upon the addition of Tb3+,

Fig. 1 (A) Alignment of the top 10 sequences from the Tb3+ selection. Some ungrouped sequences and one well-aligned family were identified. The
nucleotides in the primer-binding regions are underlined, the conserved nucleotides are marked in red, and the yellow highlighted regions can form
a stem region in the middle hairpin. The secondary structures predicted by mFold for the (B) Tb-1, (C) Tb-4, and (D) Ce-1 aptamers. Two mutants of
Tb-1 are also designed as indicated by the base substitution in red and blue colors.
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fluorescence quenching occurred again (cyan-blue bars,
Fig. S4A†). Similar results were obtained for Hg2+ (gray-blue
bars, Fig. S4A†). Additionally, a slight fluorescence decrease
was observed with Fe3+, Co2+, Ni2+, and Cd2+, which was also
attributed to fluorescence quenching as confirmed through a
strand-displacement assay (vide infra) (Fig. 2C). Therefore, Tb-1
is a general lanthanide binding aptamer.

A light-up DNA strand-displacement biosensor

The ThT fluorescence provides a simple and rapid binding
assay, but it is in a signal turn-off mode. Certain metal ions
such as Cu2+ and Hg2+ can strongly quench the fluorescence,
leading to false-positive results. A turn-on design can overcome
this problem. Therefore, we used a strand-displacement assay,
which can also serve as a biosensor. Firstly, the 5′-end of
aptamer Tb-1 was labeled with a carboxyfluorescein (FAM)
fluorophore (Table S1†). The fluorescence of FAM was quenched
upon hybridization with a short quencher-labeled complemen-
tary strand. In the presence of a lanthanide ion, binding of the
aptamer led to the release of the quencher-labeled strand,
resulting in an increase in fluorescence (Fig. 3A).29,39–41 We
used 20 nM FAM-labeled strand and 40 nM quencher labeled
strand to achieve a low background. When Tb3+ was added, the
fluorescence immediately increased, indicating a rapid binding
and subsequent release of the quencher-labeled strand. A series
of concentrations of Tb3+ were tested (Fig. 3B), and a calibration

curve with (F − F0)/F0 was fitted, and an apparent Kd of 72.4 nM
was obtained (Fig. 3C). This is not the true Kd of the aptamer
due to the presence of the quencher-labeled competing strand.
Based on chemical equilibrium, we then calculated the true Kd
for Tb-1 to be 3.9 nM, considering the quencher-labeled strand
as a competitor (Fig. S6†).42 Similarly, titration experiments
determined the true Kd values for Y3+, La3+, and Lu3+ to be 2.7
nM, 26.9 nM, and 2.3 nM, respectively (Fig. S5 and S6†).

The selectivity of aptamer Tb-1 was further tested using the
strand-displacement biosensor. Similar to the ThT assay, all
rare earth metal ion (0.5 µM each), except for Sc3+, showed a
similar fluorescence enhancement. In contrast, Sc3+ did not
exhibit fluorescence enhancement, suggesting that Tb-1 does
not bind to Sc3+, attributable to its much smaller size.
Moreover, other metal ions were assessed at higher concen-
trations (5 µM), and none showed an increase in fluorescence.
Notably, Cu2+ and Hg2+ continued to exhibit fluorescence
quenching. Consistent with the ThT assay, 2-mercaptoethanol
can mask Cu2+ and Hg2+ (Fig. S4B†).

Aptamer selection using Ce3+ as a target metal ion

So far, Tb3+, Gd3+ and Sc3+ have been used for aptamer selection.
The resulting aptamers either have a similar affinity to all the
lanthanide ions or have stronger affinities to heavier ones.
Therefore, we wondered whether there are aptamers that can
bind to light lanthanides more strongly. So, we chose to use a

Fig. 2 (A) Fluorescence spectra of titrating Tb3+ to a Tb-1/ThT mixture. (B) Titration curves of Tb3+ into the Tb-1 aptamer, its two mutations Tb-1a
and Tb-1b, and the Tb-4 aptamer. (C) The selectivity of the Tb-1 aptamer against various metal ions using the ThT assay. The reactions were per-
formed with 0.5 µM aptamer, 1 µM ThT in 10 mM MES buffer (pH 6) with 100 mM NaCl and 2 mM MgCl2.
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light lanthanide, Ce3+, for a new selection. Using 10 µM Ce3+

(later reduced to 2 µM), we performed 16 rounds of selection. We
aligned the top 20 sequences and found that the top family in
the Ce3+ selection belonged to family 1 in the Tb3+ selection (e.g.
sequence Ce-1 is very similar to Tb-4, Fig. 1D and Fig. S7A†).
Therefore, we did not study this family any further. We picked the
first ungroup sequence (Ce-2, Fig. S7B†) for further studies. Using
the ThT fluorescence assay, the Ce-2 aptamer showed comparable
Kd for Ce3+ (169 nM) and Yb3+ (343 nM, Fig. S7C†). Thus, it is
indeed difficult to find an aptamer that can bind to light lantha-
nides more strongly. In contrast, the Lu12 DNAzyme reacts faster
in the presence of light lanthanide ions.21 This is an interesting
comparison of lanthanides binding by DNAzymes and by apta-
mers. In DNAzyme catalysis, metal ions only need to serve as a
cofactor and they mainly interact with the scissile phosphate
group. In aptamers, a stable binding pocket involving nucleo-
bases needs to form. It also needs to be pointed out that a faster
DNAzyme cleavage rate does not mean tighter binding.

Comparison of lanthanide binding aptamers: Tb-1, Tb-4, Gd-1
and Sc-1

In this work, we obtained two aptamers: Tb-1 and Tb-4. We then
compared them with two previously reported aptamers obtained

using Gd3+ and Sc3+ as target ions. We first used ThT fluorescence
to measure the binding of Tb3+ by the Gd-1 aptamer and
obtained a Kd of 1.5 µM (Fig. 4A). The secondary structure of Gd-1
(Fig. 4A) is quite similar to that of Tb-4. In both aptamers, two
base paired stems are right next to each other, and they both con-
tained CCGC in their loop regions. That being said, Tb-4 has a
longer conserved loop (mostly purines), which is different from
that in the Gd-1 aptamer (mostly pyrimidines). So, the Tb-4 and
Gd-1 aptamers are related but different. Overall, the Tb-1 aptamer
has higher affinity than both Tb-4 and Gd-1. From the base com-
position, Tb-1 is rich in guanine in the loops, Tb-4 has a balanced
base composition, while Gd-1 is rich in pyrimidines. There are
different ways for DNA to bind to lanthanide ions, and guanine-
rich aptamers have higher affinities.43

Then, we compared Tb-1 with Sc-1. Sc-1 was previously
obtained using Sc3+ as the target. Unlike Tb-1, Sc-1 binds to
Sc3+ and exhibits a significant difference in Kd values between
light and heavy lanthanide ions, with a Kd of 258.5 nM for La3+

and 0.6 nM for Lu3+ (a 475-fold difference). In contrast, Tb-1
does not bind Sc3+ and shows a much smaller difference in Kd

values for light and heavy lanthanide ions, with Kd values of
26.9 nM for La3+ and 2.3 nM for Lu3+ (a 12-fold difference)
(Fig. 4B).

Fig. 3 (A) A scheme of the strand-displacement biosensor featuring a covalently attached fluorophore and quencher. (B) Response of the strand-
displacement biosensor to various concentrations of Tb3+. (C) Calibration curves of the biosensor for Tb3+. (D) The selectivity of the Tb-1 strand-dis-
placement biosensor against various metal ions.
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Binding and dissociation kinetics indicating outer-sphere
coordination

To gain insights into DNA coordination with lanthanide ions,
ligand exchange kinetics is a simple experiment but it can
provide key information. For example, inner-sphere co-
ordinated water molecules exchange more slowly with bulk
water than outer-sphere coordinated water, which is attribu-
table to the stronger interactions and the need for a more
complex mechanism for the inner-sphere exchange.44 Our pre-
viously reported Sc-1 aptamer is featured with slow binding
kinetics to heavy lanthanide ions and resistant to dissociation
in the presence of EDTA, even though EDTA has over 10 orders
of magnitude higher affinity to the lanthanides than Sc-
1 has.29 Such slow binding and dissociation is attributable to
an inner-sphere coordination leading to a higher activation
energy barrier. To further investigate the binding mechanism
of Tb-1 to lanthanide ions, we performed a kinetic assay using
ThT fluorescence. After the aptamer/ThT fluorescence stabil-
ized, the addition of 2 µM Lu3+ caused a significant fluo-
rescence decrease. Subsequent addition of 100 µM EDTA
immediately restored the fluorescence of the Tb-1 sample to
its initial level, whereas the Sc-1 fluorescence recovered much
more slowly (Fig. 4C and D). Here, we used EDTA to exchange
the aptamers for Lu3+ binding. This experiment suggests that

Tb-1 binds lanthanides via outer-sphere interactions, while Sc-
1 engages in inner-sphere binding. Further structural biology
experiments and advanced spectroscopy studies are needed to
confirm this hypothesis.

Regardless of the aptamers, they all showed tighter binding
to heavier lanthanide ions. The hydrated ionic radius of
lanthanides decreases gradually from 1.16–1.22 Å for La3+ to
0.97–1.00 Å for Lu3+.45,46 This decrease size leads to a higher
charge density for heavier lanthanides and thus stronger
binding interactions with the aptamers.

Detection of lanthanide ions

In this work, we have obtained an interesting aptamer, Tb-1,
which has a high binding affinity to all the lanthanides. To
evaluate the analytical performance of the Tb-1 aptamer, we
further challenged our strand-displacement biosensor with
Lake Ontario water samples. To remove potential interference
from unknown substances in lake water, we filtered the
samples by using a 0.2 μm membrane. Different concen-
trations of Tb3+ were then added to the filtered water, and each
concentration was tested three times. As shown in Fig. 5A,
higher Tb3+ concentrations resulted in a stronger final fluo-
rescence. We then plotted the final fluorescence as a function
of the Tb3+ concentration (Fig. 5B). The results demonstrated

Fig. 4 (A) Titration curves of Tb3+ into the previously reported aptamer Gd-1.28 Inset: predicted secondary structures from mFold. (B) Kd values of
the Tb-1 and Sc-1 aptamers for La3+, Tb3+, and Lu3+. Kinetics of fluorescence change of 0.5 µM (C) Tb-1 and (D) Sc-1 aptamer along with 1 µM ThT
binding to 2 µM Lu3+, followed by the addition of 100 µM EDTA. Panel (D) adapted from ref. 27 with permission. Copyright 2025 American Chemical
Society.
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that the sensor developed based on aptamer Tb-1 enabled
stable and highly sensitive detection of Tb3+ in lake waters,
with a LOD of 0.5 nM (inset of Fig. 5B). Therefore, this sensor
held significant potential for the detection of lanthanide ions.

Conclusions

In this work, we used Tb3+ and Ce3+ as target metal ions for
aptamer selection, and obtained a new high affinity aptamer
named Tb-1 that has 3.9 nM Kd for Tb3+. It has slightly higher
binding affinity for heavier lanthanides and the Kd difference
between La3+ and Lu3+ is within 12-fold, which can be
explained by the size difference of the lanthanides. Upon the
addition of EDTA, the fast dissociation of lanthanides from
Tb-1 is consistent with an outer-sphere coordination binding
model. This is in sharp contrast to the Sc-1 aptamer, which
showed a much larger affinity difference for different lantha-
nides and a very slow EDTA displacement kinetics for Lu3+. We
attributed these properties of Sc-1 to inner-sphere binding to
heavy lanthanides. Tb-1 is a general lanthanide binding
aptamer motif, and we also showed its application for lantha-
nide detection using a fluorescence DNA strand displacement
assay.
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