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Abstract

We present here a cyclic peptide ligand, cy(WQETR), that binds to terbium ion (Tb3+) and 

enhances Tb3+ luminescence intensity through the antenna effect. This peptide was identified 

through screening a cyclic peptide library against Tb3+ with an apparent EC50 of 540 μM. The 

tryptophan residue from the peptide directly interacts with the Tb3+ ion, which provides access to 

a low-lying triplet excited state of the tryptophan. Direct excitation of this triplet state enables 

energy transfer to the Tb3+ ion and enhances Tb3+ luminescence intensity by 150 fold. We further 

showcase the application of this cy(WQETR)-Tb3+ system by demonstrating the detection of 

tromethamine with a detection limit of 0.5 mM.

Keywords

Cyclic peptide; Terbium; Luminescence enhancement; Antenna effect

Introduction

As a luminophore, Tb3+ ion has many unique and outstanding features: the luminescence 

peaks are narrow, the intensities are stable, the Stokes shifts are large, the emission 

wavelengths are insensitive to the environment, and most importantly, the luminescence 

lifetime is long.1, 2 However, there is one detrimental problem with Tb3+ ion - it has very 

small extinction coefficients in the UV region. For instance, TbCl3 has molar extinction 

coefficients of 320 M−1cm−1 at 220 nm and 1.8 M−1cm−1 at 260 nm in water.3 

Consequently, direct excitation of Tb3+ ions is difficult and yields very weak luminescence.

As a strategy to overcome the weak absorption, a “photo antenna” design is often 

implemented.1 In this scenario, an aromatic group absorbs a photon and transfers its excited 

state energy to a nearby Tb3+ cation. This energy transfer can take the format of a long-
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range nonradiative transfer or a short-range Dexter exchange mechanism. This process 

causes the excitation of the Tb3+ cation and leads to luminescence. Because the selected 

aromatic groups have much higher extinction coefficients and absorb photons much more 

efficiently, the luminescence intensities are strongly enhanced.

There are two types of antenna design strategies. In the chromophoric chelate configuration, 

the antenna group contains coordinating atoms that directly bind to the Tb3+ cation. A 

representative example is the bipyridyl cryptand-based structures that were developed by 

Lehn and co-workers.4 The other design is the pendant chromophore strategy, where the 

antenna group is not directly bound to the Tb3+ cation. A prominent example here is the 

carbostyril antenna on a diethylenetriaminepentaacetic acid scaffold developed by Selvin 

and co-workers.5 Both strategies have proven effective and have enabled various types of 

Tb-based bioanalytical methods.6–10 A particularly successful application is the 

homogenous time-resolved fluorescence assays,11–13 where the long luminescence lifetime 

of the Tb3+ ions allows facile suppression of the background, especially the interference 

from intrinsic fluorophores in complex biological samples.

Despite their superior performance and commercial availability, Tb-based assays are not 

widely used as organic fluorophore-based ones. A limiting factor here is the cost. High-

performance antenna ligands, such as the 2-hydroxyisophthalamide (IAM)-based ones 

developed by Raymond and co-workers,1, 14 are relatively expensive and challenging to 

synthesize. Therefore, there has been a constant need for new antenna ligands. Nevertheless, 

creating antenna structures is not a trivial task. Most of the studies focus on modifying 

existing ligand scaffolds in the hope of improvements. Indeed, such exercises have yielded a 

panel of novel antenna ligands, but they all root from very limited chemical space.1, 6, 15–19 

On the other hand, de novo identification of antenna ligands is often incidental and difficult 

to predict, as demonstrated by the IAM antenna’s discovery process.1 Therefore, there is a 

pressing need to address the lack of new antenna ligands through a more systematic 

approach, such as high-throughput screening campaigns.

Inspired by the recent advances in peptide library screening technologies and successful 

examples of cyclic peptide-based affinity probes,20–23 we hypothesized that we could 

identify new antenna ligand scaffolds through performing cyclic peptide library screening 

against Tb3+. The rationale that motivated us contained five aspects. First, Tb3+ was known 

to bind to some proteins,24–26 especially metalloproteins, through interacting with carboxyl 

and hydroxyl residues. Second, such binding could often lead to enhanced Tb3+ 

luminescence, which was due to the exclusion of solvent molecules as well as antenna 

effects from tryptophan and tyrosine residues. Third, the conformational constraints could 

enable cyclic peptides to mimic the metal-binding sites in metalloproteins. Fourth, many 

types of cyclic peptides were able to bind with metal ions and enable bioanalytical 

applications.23 Fifth, Tb-binding sequences have been identified through residue-targeted 

screening approaches based on metal-binding linear peptides.27, 28

Herein, we report a cyclic peptide sequence, cy(WQETR), identified through a library 

screening campaign against Tb3+ ions. We show that this peptide can bind to Tb3+ and 

enhance Tb3+ luminescence through antenna effects. We further demonstrate that this 
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peptide can enable the detection of tromethamine in complex biological systems such as 

serum-containing cell culture media.

Results and Discussion

Cyclic peptide library screening identifies ligands that enhance Tb3+ luminescence

We chose a one-bead-one-compound monocyclic peptide library containing five modular 

amino acid residues as our model system.20 This library was used by other groups and us to 

generate affinity probes for challenging protein epitopes.20, 29 To construct the library, we 

first prepared a linear peptide library according to well-established split-pool protocols.29 

We then cyclized the peptides through a copper(I)-catalyzed azide-alkyne cycloaddition 

reaction. The fully assembled library contained approximately 1.8 million unique sequences, 

which established a large chemical space.

The screening process was described in Fig. 1A. We first removed sequences with high non-

specific binding properties by pre-clearing the library.29 Subsequently, we incubated the 

library with 20 μM of TbCl3 in Tris buffer (10 mM, pH 7.4). After incubation and washing, 

we illuminated the beads with a hand-held UV lamp to identify potential hits. Indeed, we 

found ~20 beads that were luminescent brightly with a pale green hue – the signature of 

Tb3+ luminescence. These beads were picked out from the library, and their sequences were 

identified through established mass spectrometry-based methods.29

To validate the hit sequences, we synthesized those cyclic peptides in milligram quantities 

and tested if they were able to enhance Tb3+ luminescence. As shown in Fig. 1B, eight 

sequences showed enhanced luminescence compared with TbCl3. This enhancement was 

homogeneous across the signature Tb3+ emission bands at 490 nm (5D4-7F6), 545 nm 

(5D4-7F5), 588 nm(5D4-7F4), and 620 nm (5D4-7F3). Among the sequences, cy(WQETR) 

exhibited the highest enhancement – the resulting luminescence intensity was 150 times of 

that from TbCl3 alone. Fig. 1C showed a comparison of Tb3+ solution and Tb3+ incubated 

with cy(WQETR) excited using a hand-held UV lamp, in which the cy(WQETR) greatly 

enhanced the luminescence intensity. Based on this result, we chose cy(WQETR) as the best 

candidate and used it to perform all subsequent studies. The peptide of cy(WQETR) was 

purified using RP-HPLC (Fig. S1) and validated with MALDI-TOF MS (Fig. S2).

cy(WQETR) binds to Tb3+

We sought to validate if cy(WQETR) was indeed binding to Tb3+. To test the proposed 

binding, we incubated TbCl3 with varying concentrations of cy(WQETR) solutions and 

measured the resulting luminescence intensities. As shown in Fig. 2A, while the Tb3+ 

concentration was kept constant, increasing cy(WQETR) concentrations led to growing 

luminescence intensities. Because the data points followed a sigmoidal growth trend, we 

were able to fit them using a Hill function. Such a nonlinear response curve supported our 

theory that there was binding between cy(WQETR) and Tb3+, and the apparent EC50 was 

determined to be 540 μM.

To further validate the observed binding and to refute the alternative hypothesis that the 

enhanced luminescence was due to altered ionic strength in the solution, we performed 
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isothermal titration calorimetry experiments. Here, we titrated a solution of TbCl3 with a 

solution of cy(WQETR) and measured the resulting heat change. As shown in Fig. 2B, the 

generated isotherms exhibited a biphasic structure. The first few injections led to 

increasingly negative enthalpy changes, and after the 1.0 cy(WQETR)/Tb3+ molar ratio, 

further increasing the peptide concentration caused an obvious positive trend. This result 

proved that there were binding events during the titration course. We identified multiple 

binding sites (Fig. 2C) through data fitting, which were consistent with results generated 

from similar metal-protein binding experiments.30

The tryptophan residue in cy(WQETR) directly interacts with the Tb3+ ion

To better understand the binding between cy(WQETR) and Tb3+, we studied this 

interaction’s photophysical properties. We first checked if the tryptophan residue was 

involved in the Tb3+ coordination, which would dictate whether the potential antenna ligand 

belonged to the chromophoric chelate or pendant chromophore configuration.1 As shown in 

Fig. 3A, cy(WQETR) displayed an absorption band around 280 nm, a tryptophan residue 

signature.31 Upon adding Tb3+, this tryptophan band showed a hyperchromic shift with a 

10% increase of absorption. This change was indicative of the direct interaction between the 

tryptophan group and the Tb3+ ion. On the other hand, the absorption peaks’ positions did 

not change, and the overall peak shape also remained the same. Based on these observations, 

we inferred that the tryptophan residue was likely interacting with the Tb3+ through a cation-

π mechanism.32 Therefore, if the tryptophan residue was serving as an antenna, it would be 

categorized as a chromophoric ligand.

It is also worth pointing out that a prominent tail emerged in the UV-vis spectrum at 

wavelengths immediately higher than the expected tryptophan absorption band. This new 

absorption peak was interesting because it hinted at the existence of a transition from the 

singlet ground state to a low-lying excited state of tryptophan.24, 33, 34 Most likely, a 

transition to a triplet state was promoted as the result of the tryptophan-Tb3+ interaction. 

This result also supported our theory that the tryptophan residue was directly interacting 

with the Tb3+ ion.

We then examined if the Tb3+ binding affected the tryptophan fluorescence. If the 

tryptophan residue directly interacted with the Tb3+ ion, the corresponding tryptophan 

fluorescence intensity would decrease because such an interaction would promote additional 

nonradiative relaxation pathways from the singlet excited state of tryptophan. In addition, 

because the UV spectra hinted at additional low-lying excited states (Fig. 3A), we also 

expected an increased intersystem crossing efficiency, which would lead to decreased 

tryptophan fluorescence. Indeed, we observed that the addition of Tb3+ ions caused the 

tryptophan fluorescence intensity to decrease by 5% (Fig. 3B). This result further proved 

that the tryptophan residue in cy(WQETR) directly interacted with the Tb3+ ion.

Besides the tryptophan residue that directly interacted with the Tb3+ ion, the glutamic acid 

and threonine residues should also interact with Tb3+ through the hydroxyl group. The 

glutamine residue could also bind with Tb3+ through the side-chain amide group. The 

arginine residue was less likely to bind because of its positive charge in buffer. Nevertheless, 
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the arginine residue might help with solubilizing the ligand and assist the binding through 

promoting a privileged conformation.

cy(WQETR) enhances Tb3+ luminescence through tryptophan-based antenna effects

It is well-known that polydentate ligands that bind to Tb3+ could enhance Tb3+ 

luminescence by excluding solvent molecules, i.e., water, from the coordination sphere.
1, 35, 36 This repelling effect prevents water molecules from quenching the Tb3+ excited 

state, thereby increasing the luminescence quantum yield. However, such an interaction does 

not solve the lack of photon absorption and therefore has limited enhancing abilities. The 

greatly enhanced luminescence intensity resulting from cy(WQETR) hinted against the 

simple coordination effect and pointed to antenna effects. Moreover, tryptophan groups are 

proven antennas in the Tb-protein binding scenarios. Therefore, we hypothesized that 

cy(WQETR) enhanced Tb3+ luminescence through antenna effects.

To validate the antenna effect, we obtained the excitation profile of the cy(WQETR)-Tb 

system by scanning different excitation wavelengths and recording the corresponding 

luminescence intensity at 545 nm as the readout. The result is shown in Fig. 4A. There was 

an obvious peak in the excitation profile, which pointed to the existence of a prominent 

energy transfer-based antenna effect that led to the enhanced Tb3+ luminescence. 

Nevertheless, we needed to validate that this peak was indeed an energy transfer rather than 

a unique coupling of states specific to the Tb3+ 5D4-7F5 transition. We obtained the 

excitation profiles corresponding to the other emission bands at 490 nm, 588 nm, and 620 

nm, and we found the same excitation peaks in all of them (Fig. 4B). Taken together, these 

results proved the existence of the antenna effect.

Interestingly, the excitation profiles did not overlap with the tryptophan absorption peak at 

280 nm. Instead, the excitation peak maximum was at 308 nm. This result contained rich 

information about the photophysical processes manifested in the antenna effect. As solid 

evidence, it proved that tryptophan’s singlet excited state did not directly transfer energy to 

Tb3+. This result was consistent with the common mechanism of antenna effects: the energy 

transfer usually originates from the antenna’s triplet excited state rather than its singlet state.
24, 37, 38 Similarly, the lack of an excitation peak at 280 nm also proved that the intersystem 

crossing between the singlet and triplet excited states of tryptophan was of low efficiency 

and that this intersystem crossing was incapable of contributing significantly to the antenna 

effect. More importantly, the excitation peak at 308 nm seemed to overlap well with the 

newly emerged absorption band between 300–340 nm. This overlap indicated a direct 

excitation from the tryptophan ground state to its low-lying triplet excited state, and a 

subsequent energy transfer to Tb3+ led to luminescence. Such a process was consistent with 

tryptophan’s known photophysical properties: multiple low-lying triplet excited states exist,
33, 34 and a direct transition from the ground state to the triplet excited states is possible.34

cy(WQETR) does not saturate the Tb3+ coordination sphere

As mentioned above, ligand binding to Tb3+ can prevent solvent molecule-induced 

luminescence quenching.35 Therefore, it is beneficial to occupy all the coordination sites of 

Tb3+. To test if cy(WQETR) was able to saturate the Tb3+ coordination sphere, we tested 
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how different buffer solutions affected the cy(WQETR)-Tb luminescence. As shown in Fig. 

5, HEPES buffer led to the highest luminescence intensity, followed by Tris (tromethamine 

hydrochloride) and sodium acetate. This result proved that cy(WQETR) did not occupy all 

the Tb3+ coordination sites and that there were water molecules in the coordination sphere. 

Because Tb3+ has a high affinity towards oxygen atoms,1, 2 it was not surprising that 

oxygen-containing species (HEPES, tromethamine, and acetate) were able to replace water 

molecules and enhance the luminescence. As expected, ammonium chloride had minimal 

interaction with Tb3+ and did not enhance the luminescence.

cy(WQETR)-Tb3+ as a luminescence sensor for tromethamine

Inspired by the results above (Fig. 5), we envisioned that the cy(WQETR)-Tb3+ system 

could serve as a sensor for auxiliary ligands such as tromethamine. We tested how different 

concentrations of tromethamine affected cy(WQETR)-Tb3+ luminescence, and we found 

that increasing tromethamine concentrations led to consistently growing luminescence 

intensities, with a detection limit of 0.5 mM (Fig. 6A). This trend proved that we could 

analyze tromethamine concentration using cy(WQETR)-Tb3+ as a sensor. We then tested if 

such a relationship would survive in complex biological samples. We performed similar 

experiments in cell culture media, with and without fetal bovine serum. As shown in Fig. 

6B, the trends were well-retained in these systems, albeit with increased detection limits 

(~30 mM). This result further validated the potential of using the cy(WQETR)-Tb3+ system 

to quantify tromethamine. Furthermore, it demonstrated the stability of the cy(WQETR)-

Tb3+ interaction in complex biological samples.

Experimental

Chemicals and reagents

TentaGel S-NH2 resin (0.28 mmol/g) was purchased from Rapp Polymere GmbH 

(Tübingen, Germany). Rink amide MBHA resin (0.678 mmol/g) was purchased from 

Aapptec (Louisville, KY). Fmoc-protected amino acids otherwise indicated were purchased 

from Anaspec. Fmoc-L-propargylglycine (Pra) and Fmoc-L-azidolysine (Az4) were 

purchased from Combi-Blocks (San Diego, CA). Piperidine was purchased from Alfa Aesar 

(Ward Hill, MA). Trifluoroacetic acid (TFA) and Hexafluorophosphate azabenzotriazole 

tetramethyl uronium (HATU) were purchased from Oakwood Chemical (Estill, SC). 

Diisopropylethylamine (DIEA), Cyanogen bromide (CNBr), and Terbium (III) chloride 

hexahydrate were purchased from Acros Organics (Fair Lawn, NJ). Triisopropylsilane 

(TIPS) and phenyl isothiocyanate (PhNCS) were purchased from TCI (Portland, OR). 

Cuprous iodide (CuI), Penicillin-Streptomycin (PS), and α-cyano-4-hydroxycinnamic acid 

(CHCA) were bought from Sigma-Aldrich (St. Louis, MO). N,N-dimethylformamide 

(DMF), acetonitrile, ethyl acetate (EA), diethyl ether (Et2O), dichloromethane (DCM), 

ammonium chloride, hydrochloric acid, HEPES, and L-ascorbic acid were purchased from 

Thermo Fisher Scientific (Waltham, MA). Sodium acetate was purchased from Macron Fine 

Chemicals (Radnor Township, PA). 1X Dulbecco’s Modified Eagle Medium (DMEM) and 

Fetal Bovine Serum (FBS) were purchased from Corning Cellgro. Tris hydrochloride was 

purchased from MP Biomedicals (Solon, OH). All the chemicals were used as received.
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Synthetic procedures

Solid-phase peptide synthesis.—Peptides were synthesized on Rink Amide MBHA 

resin via the standard Fmoc SPPS method either manually or with the CSBio CS336S 

peptide synthesizer (Menlo Park, CA). Briefly, to connect an amino acid to the resin, the 

Fmoc group on the resin was removed by 20% piperidine/DMF solution (10 min, three 

times). The resin was then washed and drained with DMF for 5 times. Fmoc-AA-OH (3 

equiv.), DIEA (5 equiv.), and HATU (2.8 equiv.) were mixed in DMF for 10 min. The 

mixture was then introduced to the deprotected resin and gently agitated for 1 h at room 

temperature. Afterwards, the resin was washed with DMF for five times and ready for the 

next amino acid. For click cyclized peptides, the cyclization was performed through a 

copper(I)-catalyzed azide-alkyne cycloaddition reaction. Specifically, resins were agitated in 

20% Lutidine/DMF with CuI (2.5 equiv.) and L-ascorbic acid (5 equiv.) at room temperature 

overnight. After cyclization, the resins were washed with 5% w/v sodium 

diethyldithiocarbamate and 5% v/v DIEA in DMF to remove copper. The deprotection and 

cleavage of the peptides were performed in a TFA cleavage solution (TFA:TIPS:ddH2O; 

95:2.5:2.5) gently stirred for 2 h at room temperature. The crude peptides were purified 

through the RP-HPLC (DIONEX Ultimate 3000; Thermo Scientific, Idstein, Germany) with 

a C18 reversed-phase preparative column (Kinetex® 5 μm EVO, 250 × 21.2 mm). The final 

product’s mass was confirmed with MALDI-TOF MS (AB SCIEX TOF/TOF 5800; 

Framingham, MA).

One-bead-one-compound (OBOC) cyclic peptide library construction.—A 

randomized one-bead-one-compound library of cyclic peptides was synthesized with split-

and-pool strategy on TentaGel S-NH2 resins. Az4 and Pra were introduced at the C-terminal 

and N-terminal, respectively. Eighteen natural amino acids (except Methionine and 

Cysteine) were used as building blocks at five randomized positions. The library was then 

cyclized and deprotected with the methods described previously. Afterwards, the deprotected 

resins were washed with DMF, methanol, and DMF, and stored under Argon for further use.

OBOC library screening.—The library was precleared following the established 

procedures.29 Then 500 mg of resin from the library was swelled in tris buffer for 2 h and 

then incubated with 20 μM of TbCl3 in tris buffer for 6 h. After incubation and washing, the 

beads were illuminated with a hand-held UV lamp. All luminescent hits were picked out; 

washed with water, DMF, and DCM; and dried under vacuum for the following sequencing.

Sequencing of the hits.

Edman degradation.: The Edman degradation was performed with the method adapted 

from the literature.29 The hit beads were transferred to a glass vial with 50 μL of 2.5% 

PhNCS in pyridine/water (1:1). The vial was flushed with N2 for 10 s, sealed with a stopper 

and then put in a water bath at 50 °C for 30 min. Afterwards, the solution was removed, and 

the beads were washed three times with ethyl acetate and once with DCM. Then the beads 

were air-dried and mixed with 100 μL of TFA, flushed with N2 for 10 s, sealed with a 

stopper and then incubated in a water bath at 50 °C for 10 min. The solution was then 

diluted with 200 μL of ethyl acetate and removed. Afterwards, the beads were washed with 
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ethyl acetate twice and DCM once. Then the beads were incubated with a 20% TFA/water 

solution at 60 °C for 20 min, washed with ethyl acetate and DCM, and then air-dried.

Cleavage of the peptides from single beads.: After the Edman degradation, each individual 

hit bead was transferred to a microcentrifuge tube with 10 μL of water. Then 10 μL of CNBr 

(0.5 M in 0.2 N HCl solution) was added. The vessel was purged with argon and placed in a 

microwave oven for 1 min. Afterwards, the solution was dried with a centrifugal vacuum 

chamber at 45 °C for 2 h.

Sequencing by MALDI-TOF MS/MS.: 0.55 μL of CHCA solution (4 mg/mL in v/v 1:1 

ACN/H2O containing 0.1 % TFA) was added in each microcentrifuge tube. The mixture was 

spotted onto a MALDI plate and air-dried. Then the sample was analyzed by MALDI-TOF 

to obtain the MS/MS spectra. The spectra were analyzed to determine the sequences.29

Luminescence measurement.—TbCl3 was incubated with various hits of cyclic 

peptides in 0.1 M of Tris buffer. The final concentration of Tb3+ is 0.5 mM, while the 

concentration of peptides was 5 mM. Then, 65 μL of the mixed solution was added into a 

Greiner black 384-well plate and incubated for 30 min. The luminescence intensity was 

measured using a Synergy H1 microplate reader with time-resolved mode. The delay time 

was set to be 75 μs and the data collection time was 1 ms. For different solvents, 0.1 M of 

Tris, NH4Cl, and NaOAc, and 0.02 M of HEPES were used at pH 7.4. For cell culture 

media, DMEM and 10% fetal bovine serum were used.

Photophysical characterizations.—The UV-vis absorption of cy(WQETR) and 

cy(WQETR)-Tb3+ mixture was measured using Cary 5000 UV-vis-NIR spectrophotometer. 

The fluorescence intensity of tryptophan was measured using Horiba PTI QM-400 

Fluorescence spectrophotometer.

Isothermal Titration Calorimetry (ITC) analysis.—The ITC analysis of cy(WQETR) 

and Tb3+ was performed on a MicroCal iTC200. In particular, the Tb3+ solution was placed 

in the sample cell, and 0.5 mM of cy(WQETR) was loaded into a syringe. A series of small 

aliquots were injected into the sample solution with a 180 s interval between each injection. 

Heat changes were measured, and the data were analyzed with MicroCal ITC-Origin 

analysis software and fitted with a two sequential-binding sites model.

Conclusions

In conclusion, we have identified a cyclic peptide ligand, cy(WQETR), that could bind to 

Tb3+ and enhance Tb3+ luminescence via an antenna effect. The tryptophan residue 

interacted with Tb3+, which provided access to a low-lying triplet excited state. This triplet 

excited state could directly rise from the tryptophan ground state, and it could transfer 

energy to the Tb3+ ion, leading to enhanced Tb3+ luminescence. We further demonstrated 

that this cy(WQETR)-Tb3+ interaction could be utilized for analyzing tromethamine in cell 

culture media, even in the presence of serum.
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Our results also demonstrated the feasibility of de novo discovery of antenna ligands through 

a library screening approach. Performing screening campaigns using more complex peptide 

libraries could yield additional ligand structures. Moreover, incorporating unnatural amino 

acid modules, especially those with appropriate triplet excited states, promises even better 

antenna groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) Schematic illustration of the peptide library screening strategy and the structure of 

cy(WQETR). (B) Luminescence emission spectra of Tb3+ incubated with various hits. (C) 

Digital images of 0.5 mM of Tb3+ solution (left cuvette) and 0.5 mM of Tb3+ incubated with 

5 mM of cy(WQETR) (right cuvette) excited with a hand-held UV lamp at 365 nm.
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Fig. 2. 
(A) Binding affinity of cy(WQETR) to Tb3+. (B) ITC titration raw data for sequential 

injections of 0.5 mM of cy(WQETR) to Tb3+ solution and (C) the heat evolved (kcal) per 

mole of cy(WQETR) added. The data (filled squares) were fitted with a two sequential-

binding sites model, with K1=750±18 M−1, ΔH1=−818.4±18.5 cal∙mol−1, ΔS1=10.4 cal∙mol
−1∙K−1; K2=679±16 M−1, ΔH2=−1832±38.8 cal∙mol−1, ΔS2=6.81 cal∙mol−1∙K−1.
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Fig. 3. 
(A) UV-vis absorption and (B) Tryptophan fluorescence intensity of 50 μM of cy(WQETR) 

and 50 μM of cy(WQETR) incubated with 5 μM of Tb3+.
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Fig. 4. 
(A) Absorption and excitation spectra of the cy(WQETR)-Tb system. (B) Excitation profiles 

of cy(WQETR)-Tb system corresponding to different emission bands.
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Fig. 5. 
Luminescence emission spectra of Tb3+ incubated with cy(WQETR) in Tris, NH4Cl, 

NaOAc, and HEPES buffer. All buffers had a pH of 7.4.
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Fig. 6. 
Luminescence intensities of 0.5 mM of Tb3+ incubated with 5 mM of cy(WQETR) at 545 

nm under various concentrations of (A) Tris buffer, and (B) Tris in cell culture media 

DMEM with or without fetal bovine serum (FBS).
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