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ABSTRACT: Rare earth elements (REEs) are critical components BT
in emerging technologies, but their mining and refining processes
are often laborious, costly, and environmentally damaging. H,0
Developing green and efficient separation methods for REEs is — 8%
crucial. Biomolecular approaches using lanthanide-binding proteins L2 % £,
and peptides show promise for selective REE extraction and Ca® oFp Dy**
separation. In this study, we present the design and character-
ization of a genetically encoded fluorescence indicator (GEFI) Quenched Baseline :
fluorescence fluorescence High fluorescence

construct that combines a superfolder green fluorescent protein
(sfGFP) with a dual lanthanide-binding tag (2XdLBT). The
2XdLBT insert induces conformational changes in sfGFP upon lanthanide binding, modulating the fluorescence intensity. The
sfGFP-2XdLBT biosensor exhibited distinct fluorescence responses to different lanthanide ions, with the highest dynamic range
observed for heavy REEs like dysprosium (Dy*"). Interestingly, the sensor displayed an antithetical response, where low
concentrations of lanthanides initially quenched the fluorescence, but higher concentrations led to a significant fluorescence increase
(1.5-fold). The Ca*" ion on the other hand showed only a dose-dependent quenching of the fluorescence response. Based on these
observations, the biphasic response of the biosensor to lanthanides was eliminated by pretreating the sensor with calcium, which
further expanded the dynamic range up to 3-fold for Dy*". The lanthanide-selective and concentration-dependent fluorescence
changes of the sfGFP-2XdLBT biosensor demonstrate its potential as a platform for developing specific sensors for various REEs.
These sensors could enable rapid and cost-effective determination of REE composition in complex mixtures, facilitating the
separation and recovery of critical REEs from electronic waste and other REE-containing sources.

B INTRODUCTION In this study, we present a genetically encoded fluorescence
Rare earth elements (REEs) that mainly constitute f-block indicator (GEFI) construct that combines superfolder green
elements such as lanthanides are essential components in fluorescent protein (sfGFP)'’ with lanthanide-binding tags

emerging technologies for defense, renewables, medical
applications, and electronics.”> However, lanthanide mining
and refinery operations have proven not only laborious and
costly due to the chemical similarities of lanthanide ions (Ln**) binding.
but also highly damaging to the local environment as they domain and is inserted near the chromophore of the sfGFP to
generate a significant amount of hazardous waste.”* Therefore,
new approaches are necessary for the “green” and efficient
separation of lanthanides.

Solid-state extraction using biomolecules and biological affect the fluorescence (Figure 1). Furthermore, the engineered
ligands shows great potential for environmentally sustainable sfGFP-2XdLBT biosensor exhibited distinct responses to
lanthanide separation process development. The discovery and
engineering of lanthanide binding proteins and peptides such o .
as Lanthanide-Binding Tags (LBTs) and Lanmodulin (LanM) REE-specific binding peptides.
have enabled the bioengineering of a lanthanide-specific

(LBTs).'" Engineered GFPs have been used as reporters for
proteins that undergo conformational changes upon ligand

'3 In our design, the LBT serves as the Ln** binding

induce conformational changes upon Ln® binding, which

modulate solvent access to the chromophore and consequently

different Ln*" ions, offering a potential platform for developing

bioadsorbent with high binding affinity and selectivity toward Received: September 29, 2025
lanthanides over other metal ions.”~” Recent studies have Revised: ~ February 27, 2026
applied them in the reversible separation of lanthanide from Accepted:  March 10, 2026

nonlanthanide metals.”” However, the selective separation of
individual lanthanides remains challenging, despite its
importance for element-specific applications.
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Figure 1. Genetically encoded fluorescence indicator. (A) A cartoon
of sfGFP/LBT chimera perturbing the chromophore (shown as a
star) environment. (B) AlphaFold2 model of the chimera, sfGFP
(light gray) with labeled native F145 and V150 between which the
LBT was inserted; single LBT (dark gray) with negative charged
amino acids (aspartate and glutamate) that would coordinate with
trivalent cations are shown in sticks. (C) Amino acid sequence of
LBTs. The repeating metal coordinating segment is shown in bold.
sLBT: single lanthanide-binding tag, 2XdLBT: 2-fold double
lanthanide-binding tag.

B RESULTS AND DISCUSSION

Green fluorescent protein (GFP) molecules have been used as
the scaffold of biosensors for multiple target molecules
including PFAS and metal ions.'”"> A binding domain is
inserted into the GFP, which undergoes a conformational
change upon binding to the target molecule and consequently
alters the fluorescence intensity. Biosensor LanTERN showed
comparable binding and fluorescence response to light REEs
such as La’" and Nd*" and heavy REEs such as Dy’* and
Tb*>".'* Furthermore, the detection module in LanTERN
consists of a calmodulin binding peptide (CBP) in the N-
terminus and Ca®" binding calmodulin (CaM) in the C-
terminus with key residues from a lanthanide binding protein,
LanM,” transferred to CaM for altering the specificity broadly
to Ln*. To reduce the dependency on the two fragmented

modules of CaM/CBP, we chose lanthanide-binding tags
(LBTs), which have been reported to exhibit high specificity
for different REEs. LBT's exhibit approximately 50-fold higher
dissociation constants (K;) for light REEs (e.g., La*") than for
heavy REEs (e.g, Dy’"), indicating weaker binding affinity to
light REEs."® This approach has an advantage over the CaM/
CBP format as it circumvents the potential disruption of CaM/
CBP interaction critical for fluorescence gain during any
envisioned mutagenic study for generating specificity in
biosensors for each REE.

We first created a chimeric GEFI protein, sfGFP-sLBT, by
inserting a single LBT (sLBT) peptide on strand 7 (between
residues 145—150) of the sfGFP protein, a site very close to
the GFP chromophore, such that lanthanide binding perturbs
the solvated environment of the chromophore, affecting the
fluorescence response (Figure 1A, Table S1). Figure 1B shows
a structure of sfGFP-sLBT predicted by AlphaFold2.'’
However, upon addition of lanthanides (La**, Nd*"), we did
not see any fluorescence increase (Figure S1), though minor
quenching effects were observed especially for Nd** at
increasing concentrations. Divalent calcium ions (Ca**) were
also tested and showed no appreciable change in fluorescence
above the baseline. These results indicated that lanthanide
binding did not trigger an appreciable conformational change
on the sLBT that would be needed for a significant change in
the solvent accessibility of the GFP chromophore.

With the unpropitious results from sfGFP-sLBT, we
hypothesized that a longer lanthanide-binding insert could
help perturb the fluorophore environment further, which will
allow a larger dynamic range of the biosensor. Therefore, we
replaced the sLBT with a much larger 2XdLBT module
(Figure 1C, Table S1), consisting of four Ln** binding sites
and inserted at the same site on strand 7 (between residues
145—150) of the sfGFP. A similar 2XdLBT domain had
proved to be efficient for lanthanide sequestering when
displayed on the cell surface.’” The AlphaFold2 structure
predictions indicated that 2XdLBT is highly unstructured
(Figure S2), indicating the possibility of further exposing the
sfGFP fluorophore with this inset in a metal-free state. Since
2XdLBT has four Ln** binding sites, the conformational
changes induced upon Ln** binding would be more dramatic,
causing a substantial change in the chromophore environment
affecting the fluorescence intensity in the biosensor. To
validate our hypothesis, we tested the sfGFP-2XdLBT
response to various lanthanides, including La*, Nd*, and
Dy**, which exhibit different ionic radii (La** > Nd** > Dy**).
Compared to the sLBT insertion, 2XdLBT showed approx-
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Figure 2. The antithetical effects of alkaline earth and lanthanide on the sfGFP-2XdLBT biosensor at 0.5 uM protein concentration. (A) Dose—
response of Dy>* that shows fluorescence quenching at low concentrations but an increase in fluorescence response at higher metal concentrations.
(B) Dose—response of Ca?* that shows fluorescence quenching. (C) Dose—response of Dy** in the presence of 2 mM Ca®*. F, is the baseline
fluorescence signal of sfGFP-2XdLBT in the absence of any metal.
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Figure 3. Spectroscopic characterization of lanthanide-bound and unbound sfGFP-2XdLBT. (A) UV—visible (320—520 nm) absorption spectra of
the chimeric protein in the absence and presence of Dy*". The characteristic sfGFP absorption bands are shown for reference. Two absorption
maxima at 390 and 490 nm are indicated by dotted lines. Full UV—vis (300—700 nm) spectra are available in the Supporting Information. (B)
Emission spectra of sSfGFP-2xXdLBT upon excitation at 390 nm, showing a fluorescence maximum at 510 nm (dotted line). (C) Emission spectra
upon excitation at 490 nm, exhibiting a maximum at 520 nm (dotted line). (D) Fluorescence response of the biosensor (10 #M) in the presence of
4-fold molar excess Dy** and/or 2 mM Ca®*, measured at excitation/emission pairs of 390/510 nm and 490/520 nm. (E) Lanthanide dose—
response curve for stGFP-2XdLBT (S M) monitored at 390/510 nm in the absence and presence of 2 mM Ca?*. (F) Lanthanide dose—response
curve monitored at 490/520 nm in the absence and presence of 2 mM Ca?*. All experiments were performed with n = 3 independent replicates.

Data are presented as mean + standard deviation. Error bars are omitted from spectral scans for visual clarity.

imately S-fold lower fluorescence intensity under metal-free
conditions, possibly due to the quenching effect induced by
higher structural perturbation and solvation of the chromo-
phore of the chimeric protein sfGFP-2XdLBT. While we
observed different dynamic range of responses for these
trivalent ions (highest in Dy’ and lowest in Nd**) (Figure
S3), the dose—response of sfGFP-2XdLBT appeared to be
two-phased: a drop in fluorescence from the baseline at a low
concentration of lanthanide (such as 10 M) and then a dose-
dependent increase in the fluorescence intensity with
increasing lanthanide concentration. For example, Dy>*
showed a 50% drop at 10 uM but an ~50% increase at 2000
UM over its baseline fluorescence intensity (Figure 2A). The
higher response for Dy*" than that for La®" is consistent with
LBT showing stronger binding affinities to heavier REE ions
over light REEs."”

To determine the specificity of the sfGFP-2XdLBT design,
we tested the fluorescence response of sfGFP-2XdLBT to
calcium ions. Compared to the buffer control, a decreasing
trend in the fluorescence intensity of the sfGFP-2XdLBT
sensor was observed with the dosage of calcium ions. The
signal dropped by ~60% at 2 mM concentration of Ca®"
(Figure 2B). Other alkaline earth metals or transition metals
such as Mn?, Mg*, Zn?, and Ni** did not show any
significant difference in fluorescence intensity at 2 mM
concentration. A few divalent and trivalent metals such as
Cu?*, AI**, and Fe?* (susceptible to oxidation to Fe**) showed
quenched fluorescence in the chimeric biosensor (Figure S4),

which could also be as a result of an induced precipitation/
aggregation, post addition of metal.

We hypothesized that the conformational changes of stGFP-
2XdLBT upon metal ion binding would first lead to an
increased opening of the chromophore to the aqueous
environment, quenching its fluorescence further compared
with that of the apo-state. With the increase of metal ion
concentration such as Ln**, 2XdLBT becomes more structured
and consequently reduces solvent access to the chromophore.
As a result, the fluorescence signal elevated significantly when
the Ln®" concentration was further increased from the
concentration that showed the initial decline. While 2XdLBT
showed negligible binding affinity to most other metal ions, it
is known to bind the calcium ion with a weaker affinity than to
any lanthanides.” Therefore, Ca*" was able to trigger the first
stage of conformational changes and quench the biosensor.
However, the fluorescence would not revert in the case of
calcium because of its relatively low binding affinity to
2XdLBT, which prevented the stabilization of the conforma-
tion even when its concentration was further increased.

While the sfGFP-2XdLBT biosensor exhibited dose-depend-
ent, lanthanide-selective fluorescence responses, the signal was
nonlinear to lanthanide concentration, and the dynamic range
was still relatively low compared with the buffer control (~50%
increase in fluorescence for Dy**). In order to see if we could
introduce an antithetical response to improve the dynamic
range of the biosensor, we included 2 mM calcium in the
HEPES buffer to bring the initial fluorescence signal of the
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biosensor down by quenching the chromophore with Ca’**
binding. With the addition of lanthanides, Ca®" is expected to
be outcompeted by any other lanthanide due to its relatively
lower binding affinity. Our results showed that the dynamic
range expanded dramatically with the pretreatment of calcium
from a S0% increase to an over 200% increase (3-fold change)
with the dosage of Dy** (Figure 2C). While La*" sensing did
not show an appreciable gain in response upon fluorescence
quenching using calcium ions, Nd** showed a dose-dependent
fluorescence increase by 150% in the sfGFP-2XdLBT
biosensor (Figure SS).

Overall, we observed a correlation between the biosensor
response and the intrinsic binding affinity of each lanthanide to
the LBT motif. As reported by Nitz et al,’> LBT binding
affinity scales with ionic radius, with Dy** and Tb** exhibiting
the highest affinities and La®* the lowest. This relationship is
reflected in the ionic radius trend (Tb** ~ Dy** < Nd** <
La*") and the corresponding affinity trend (Tb** ~ Dy** >
Nd* > La*")."” Consistent with these properties, our sfGFP-
2XdLBT biosensor shows the strongest fluorescence enhance-
ment with Dy** (Figure 2C) and Tb** (Figure S4B), followed
by Nd*" and La’" (Figure S5).

Encouraged by these observations, we next examined
whether chimeric sfGFP-2XdLBT retained the excitation and
emission properties of stGFP or whether these features were
altered. We reasoned that identifying the most accurate
excitation/emission wavelengths would improve the biosen-
sor’s sensitivity and dynamic range. Spectroscopic analysis of
purified sfGFP-2XdLBT (10 M) revealed the appearance of a
new absorbance peak at 390 nm in addition to the expected
~490 nm peak (Figure 3A). No other absorption maxima were
detected within the 300—700 nm UV—vis range (Figure S6).
The absorbance of sfGFP-2XdLBT increased upon the
addition of lanthanide ions (40 uM Dy**), with an even
more pronounced increase when Ca’* (2 mM) was present
along with lanthanide. As controls, UV—vis scans of stGFP and
FR-GFP (folding reporter)'’ showed only the characteristic
~490 nm peak (Figure S7). Upon addition of Dy’*, FR-GFP
exhibited an increase in absorbance, along with a blue shift to
~480 nm. Both GFP variants displayed similar emission
spectra, although sfGFP showed a higher fluorescence intensity
than FR-GFP, and neither was perturbed by Dy**.

In contrast, sfGFP-2XdLBT exhibited a distinct behavior.
Under 390 nm excitation, the biosensor emitted maximally at
510 nm and showed a substantial fluorescence increase in the
presence of Dy*" (Figure 3B). This signal was quenched by
Ca?", but quenching was relieved upon the addition of 40 uM
Dy**. Under 490 nm excitation, the emission maximum was
red-shifted to 520 nm, but the metal-dependent effects were
similar: Ca** (2 mM) quenched the fluorescence, whereas
Dy** enhanced the overall signal (Figure 3C). Thus, the
antithetical effects of Ca** and Dy** were consistently observed
at both excitation/emission pairs (390/510 and 490/520), and
the fold-change in Dy’*-dependent fluorescence increased
when the protein was pre-exposed to Ca** (Figure 3D).

To further characterize biosensor performance, we carried
out a Dy’ dose—response analysis using the optimal
excitation—emission pairs identified above. For improved
signal-to-noise ratio, 5 M protein was used. Given the four
metal-binding sites of 2XdLBT, we anticipated incomplete
conformational activation below ~20 uM Dy**. Consistent
with this hypothesis, fluorescence increased proportionally
with Dy** concentration at both excitation/emission settings.

Although Ca** reduced the baseline fluorescence at low Dy’*
concentrations, similar fluorescence intensities were reached at
Dy** > 500 uM, resulting in an enhanced fold-change in
biosensor activation (Figure 3E,F).

The relatively high ECg, values observed for our biosensor
can be explained by the stoichiometry of the sfGFP-2XdLBT
construct, which contains four lanthanide-binding sites and
therefore requires approximately a 4-fold molar excess of
lanthanide to achieve full saturation and the associated
conformational change. This is consistent with the response
profiles observed at protein concentrations of 0.5 and 5 uM,
which correspond to expected saturation points near 2 and 20
H“M of lanthanides respectively, and limits of detection of ~10
uM (Figure 2C) and ~20 uM (Figure 3E,F), which translate
to approximately 1.5—3 ppm of lanthanides in a solution.
Many low-grade secondary resources such as acid mine
tailings, phosphogypsum, e-waste leachates, and coal fly ash
often contain total REEs in the range of 20—200 ppm.'’
Although not yet optimized for direct deployment in
environmental matrices, the biosensor exhibits sensitivity
within the relevant concentration range of lanthanides present
in various secondary sources.

Our chimeric protein-based biosensor that responds to REEs
can be genetically encoded and used to screen LBT variants
that bind with a stronger affinity or react more efficiently to a
specific REE, allowing development of a simple chemical
reagent-free bioseparation process from samples that contain a
mixture of several REEs such as phosphogypsum, acid mine
drainage, and electronic waste leachates. In addition to mining
and separation of electronic wastes, we envision that sfGFP-
2XdLBT and its engineered derivatives would allow the
determination of REE composition and the identification of
REE-rich sources in an economic and rapid manner.

B MATERIALS AND METHODS

Plasmid Construction

The expression plasmids for sSLBT and 2XdLBT were constructed
using the NEBuilder HiFi DNA Assembly Kit (New England
Biolabs). The vector backbone, pET-28a(+) (Novagen), was
linearized with Nhel and BamHI, and the DNA fragments encoding
sLBT and 2XdLBT sequences were prepared with DNA synthesis
(TWIST Bioscience). The assembled plasmids were transformed into
NEB Turbo Competent Escherichia coli (New England Biolabs)
according to the manufacturer’s protocol. Transformed cells were
grown overnight in lysogeny broth (LB) supplemented with SO ug/
mL kanamycin (LB-Kang,) at 37 °C and 250 rpm for plasmid
amplification. Plasmids were extracted using the Monarch Plasmid
Miniprep Kit (New England Biolabs) following the manufacturer’s
instructions.

Protein Expression and Purification

For recombinant protein expression, plasmids encoding sfGFP-sLBT
and sfGFP-2XdLBT were transformed into E. coli BL21 (DE3) cells
(New England Biolabs). Transformed colonies were initially cultured
overnight in 3 mL of LB-Kang, at 37 °C and 250 rpm. The overnight
culture was diluted to an initial ODggy, of 0.1 in 200 mL of LB-Kan,
and incubated at 37 °C and 250 rpm until the ODyy, reached ~0.8.
Protein expression was induced with 1 mM IPTG, and cells were
further incubated at 30 °C for 5 h. Cells were harvested by
centrifugation at 4000g for 1S min and resuspended in lysis buffer
(buffer A: 300 mM NaCl, S0 mM K,HPO,, pH 7.2) containing 10
mM imidazole. Cells were lysed by sonication on ice in BugBuster
MasterMix (Novagen) with EDTA-free protease inhibitor cocktail
(Roche), clarified by centrifugation at 20,000g for 30 min at 4 °C, and
the supernatant containing the soluble protein fraction was collected.
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The proteins were purified using nickel affinity chromatography with
a HisTrap High Performance column (Millipore Sigma) on a FPLC
system. The column was equilibrated with Buffer A containing 10 mM
imidazole, washed with Buffer A containing 20 mM imidazole, and
eluted with Buffer A containing 300 mM imidazole. Following
purification, the eluate was buffer exchanged into the assay buffer (50
mM HEPES, 150 mM NaCl, pH 7) using a desalting column.

The sfGFP-2XdLBT protein used for absorption—emission
measurements and for evaluation at excitation—emission pairs of
390/510 and 490/520 nm was prepared as described above with
additional purification steps. To prevent any unintended metal
interactions, the 8 X His tag was removed by TEV protease digestion.
The tag-free chimeric protein was then incubated with EDTA at an
8:1 molar ratio (EDTA/protein) at 25 °C for 10 min. Finally, ~1 mL
protein sample was dialyzed three times against 500 mL of assay
buffer (50 mM HEPES, 150 mM NaCl, pH 7), resulting in a greater
than 100-million-fold dilution of EDTA.

The GFP controls for the assays were also expressed in E. coli. 6 X
His-tagged folding reporter GFP (FR-GFP) was purified using Ni-
NTA affinity chromatography. The tagless superfolder GFP (sfGFP)
was enriched from the cell lysate by briefly heating at 60 °C for 10
min, followed by centrifugation at 20,000g for 20 min to remove the
aggregated bacterial proteins. The proteins were run on SDS-PAGE,
and purity was evaluated using Image Lab software (Bio-Rad). The
protein concentrations were measured using Abs,g, on a nanodrop
and corrected for percent purity based on densitometry.

Metal lon Solution Preparation

Rare-earth element (REE) nitrate [lanthanum(III) nitrate hexahy-
drate (>99.9%), neodymium(IIl) nitrate hexahydrate (>99.9%),
dysprosium(III) nitrate hexahydrate (>99.9%), terbium(III) nitrate
hexahydrate (>99.9%)] and calcium chloride dihydrate (>99%) stock
solutions (Sigma-Aldrich) were prepared at a concentration of 100
mM in Milli-Q water. For REE—protein binding assays, the stock
solutions were serially diluted in 10-fold steps using the reaction
buffer. The solutions of other non-REE metals were also made in
Milli-Q_ water using nickel(II) chloride (98%), manganese(II)
chloride tetrahydrate (>99%), copper(Il) chloride dihydrate
(>99%), aluminum potassium sulfate dodecahydrate (>98%), iron(II)
sulfate heptahydrate (>99.9%), magnesium sulfate heptahydrate
(>98%), and zinc sulfate heptahydrate (>99%) salts.

Metal lon Binding Assay and Fluorescence Analysis

Metal-binding fluorescence assays were performed in black 96-well
microplates to minimize signal cross-talk and background fluores-
cence. Each well contained 100 uL of purified protein diluted to a
final concentration of 0.5, 5, or 10 uM in the assay buffer (50 mM
HEPES, 150 mM NaCl, pH 7). REE solutions were added at 0.5—2
uL per well to achieve the desired final REE concentrations, which
gave Ln**/LBT ratios of 100—4000 for sfGFP-sLBT and 5—1000 for
2XdLBT (considering four LBT sequences per 2XdLBT). For
negative control wells, 1 uL of assay buffer was added in place of a
metal solution. Plates were incubated at room temperature for 30 min
with gentle shaking. Fluorescence measurements were recorded using
a Synergy H4 Hybrid Plate Reader (BioTek) using settings for GFP
fluorescence (excitation wavelength: 485 nm; emission wavelength:
528 nm). To ensure comparability across plates, fluorescence values
were normalized as fold-changes relative to the corresponding
negative controls (protein without any metal) on each plate.

Each well contained 100 uL of 0.5 uM sfGFP-2XdLBT and 2 mM
Dy** with or without 2 mM Ca?* and incubated at room temperature
for 30 min with gentle shaking. The absorption (excitation) and
emission spectra of Dy**-bound sfGFP-2XdLBT in the presence and
absence of Ca®* were measured on a Synergy H4 Hybrid Plate Reader
(BioTek) over a range of 300—700 nm. All fluorescence values were
normalized as fold-changes relative to the corresponding negative
control.
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B ABBREVIATIONS

CBP  calmodulin-binding protein

GEFI genetically encoded fluorescence indicator
GFP  green fluorescent protein

IPTG isopropyl-p-1-thiogalactopyranoside

LBT lanthanide-binding tag

PFAS per- and polyfluoroalkyl substances

sfGFP superfolder green fluorescent protein
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