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SUMMARY

Precise stoichiometric control in multimetallic lanthanide nanosystems is essential for optical devices, 

sensing, and bioimaging applications owing to their composition-dependent emission properties. However, 

controlling metal composition, spatial distribution, intermetallic energy transfer, and colloidal stability re

mains challenging. Here, we report a liposome-based nanoreactor platform that enables the in situ formation 

of multivariate TbxEuy-dicarboxylate complexes, enabling finely tuned lanthanide stoichiometry within atto

liter-scale confined volumes. Liposomes pre-loaded with specific Tb3+:Eu3+ ratios are combined with a syn

thetic anion transporter that mediates dicarboxylate transport through lipid membranes, enabling controlled 

coordination reactions in aqueous solution. This method, coupled with the use of a blue-emissive ligand, sup

ports continuous color tuning across the entire RGB spectrum. Real-time emission spectroscopy reveals 

faster photoluminescence appearance for Eu3+ than Tb3+, providing experimental insight into lanthanide 

reactivity under nanoscale confinement. These findings position liposome-based nanoreactors as a versatile 

platform for investigating coordination reactions and engineering multimetallic luminescent colloidal mate

rials in aqueous media.

INTRODUCTION

Lanthanide-based systems possess exceptional luminescent 

properties, making them uniquely suited for optical applica

tions.1–3 These properties arise from the open-shell 4f orbitals 

of lanthanides, resulting in narrow emission bands, high color 

purity, and long luminescence lifetimes. Precise control over 

emission color is essential for advancing a wide range of 

emerging technologies, including information encryption,4,5

light-emitting diodes (LEDs),6 optical thermometers,7 sensing,8

and bioimaging.2,9

The rational integration of multiple lanthanide ions, such as 

terbium (Tb3+) and europium (Eu3+), into a single system enables 

multicolor emission spanning the visible spectrum.10 However, 

the formation of multivariate lanthanide complexes remains chal

lenging, and the major limitation lies in the difficulty of distin

guishing genuine heterometallic assemblies from physical mix

tures or phase-segregated domains.11 Moreover, intermetallic 

energy transfer from Tb3+ to Eu3+, commonly observed in 

solid-state materials such as metal-organic frameworks 

(MOFs),12 often leads to quenching of Tb-based green emission, 

compromising color tunability and spectral precision. Further

more, the stoichiometric ratios of lanthanide precursors do not 

always reflect the final product composition,13 introducing 

further variability and uncertainty in the design of multimetallic 

emitters. To mitigate undesired energy transfer and improve 

control over emission profiles, strategies such as core-shell 

nanoparticles,14–16 core-shell MOFs,13,17–19 and layer-by-layer 

films20,21 have been employed to spatially isolate different lan

thanides. Although effective, these approaches often involve so

phisticated fabrication protocols and are generally limited to 

solid-state systems, hindering their use in aqueous or biologi

cally relevant environments.

To address these challenges and enable the formation of wa

ter-compatible, luminescent nanomaterials with color-tunable 

properties, we propose the on-demand assembly of lantha

nide-carboxylate complexes within liposomes. Drawing inspira

tion from synthetic ion transport strategies commonly applied in 

the context of channelopathies,22,23 we have pioneered the 

controlled transmembrane transport of organic ligands into lipo

somes pre-loaded with selected metal ions to drive the formation 

of hybrid metal-organic colloidal materials.24
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In this work, we exploit the liposome-based nanoreactor (LNR) 

platform to tune the luminescent properties of colloidal multivar

iate TbxEuy(BDC) complexes assembled within attoliter (10− 18 L) 

confined volumes (TbxEuyBDC@LP; LP, liposome). This level of 

synthetic control is achieved by encapsulating predefined 

Tb3+:Eu3+ ratios in liposomes, followed by the assisted transport 

of benzene-1,4-dicarboxylate (BDC2− ) using a bisurea-based 

transporter (T1), to afford colloidal TbxEuyBDC@LP systems 

with a bilamellar structure (Figures 1 and S2; Note S1). This 

methodology offers precise control over the stoichiometry ratios 

of encapsulated lanthanide ions, and the fluorescence 

properties of the lanthanides allow for real-time monitoring via 

fluorescence spectroscopy. The successful formation of co- 

encapsulated TbxEuyBDC@LP systems can be confirmed by 

steady-state photoluminescence spectroscopy using the 

distinct emission profiles of both lanthanides. Real-time tracking 

of the 542 (from Tb3+) and 614 (from Eu3+) nm emission bands al

lows us to study the emission evolution kinetics of Eu3+ and Tb3+ 

in competitive mixtures, providing direct experimental insight 

into the reactivity of lanthanides in confined nanospaces. 

Furthermore, by employing the blue-emissive 2-amino-1,4- 

benzenedicarboxylate (NH2BDC2− ) ligand, the system could be 

extended to achieve full RGB color tunability.

RESULTS AND DISCUSSION

Preparation and characterization of luminescent 

multivariate TbxEuyBDC@LP nanosystems

Liposomes were prepared using a 7:3 molar ratio of 1-palmitoyl- 

2-oleoyl-sn-glycero-3-phosphocholine (POPC) and cholesterol. 

The lipid film was hydrated with a 7 mM aqueous solution of 

TbCl3 and EuCl3 in predefined molar ratios (Tb:Eu = 100:00, 

90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90, 

and 00:100). Then, lipids were subjected to freeze-thaw cycles 

and extrusion through a polycarbonate membrane with 200 nm 

pores to afford uniform TbxEuyCl3@LP vesicles. Non-encapsu

lated lanthanide ions and chloride were removed by dialysis 

against a 10.5 mM Na2SO4 solution. The resulting vesicle sus

pensions were diluted in Na2SO4 medium to achieve a final lipid 

concentration of 3 mM.

The encapsulation efficiency was confirmed using a chloride 

ion-selective electrode (Cl-ISE) by measuring the chloride con

centration in a 3 mL liposomal suspension. All TbxEuyCl3@LP 

samples displayed residual chloride levels below 0.07 mM. After 

lysing the liposomes with Triton X-100, the chloride concentra

tion increased significantly (0.36–0.45 mM; Figure S1; Methods 

S1), which corresponds to an estimated total lanthanide 

concentration of 0.12–0.15 mM. This confirmed that chloride 

and, consequently, the lanthanide ions were successfully 

encapsulated.

To induce the in situ formation of lanthanide-organic com

plexes within the liposomes, BDC2− was transported through 

the membrane by the anion transporter T1 (Figure 1A) at a trans

porter-to-lipid molar ratio of 1:10,000. The integration of T1 in the 

lipid membrane triggers the dissipation of the BDC2− gradient via 

the BDC2− /Cl− ion-exchange process.25 Dynamic light scat

tering (DLS) measurements confirmed that the resultant 

TbxEuyBDC@LP systems exhibit a monodisperse size distribu

tion and high colloidal stability, with an average hydrodynamic 

diameter of approximately 170 nm (Figures 2A and S3), which 

is consistent with our previous reports.24 Additionally, scanning 

electron microscopy coupled with energy-dispersive X-ray 

spectroscopy (SEM-EDX; Methods S2) analysis of selected 

samples revealed the co-localization of both Tb3+ and Eu3+ 

within individual liposomes (Figure S4).

The successful formation of the luminescent TbxEuy(BDC) 

complex inside the liposomes was confirmed by steady-state 

photoluminescence spectroscopy in solution. Emission spectra 

were recorded from 450 to 750 nm upon excitation at λex = 

285 nm, using a 450 nm long-pass filter. The excitation 

Figure 1. Liposome nanoreactor strategy to control multivariate lanthanide complex formation 

(A) Schematic illustration of the liposome-based nanoreactor (LNR) strategy, showing the controlled transmembrane transport of benzene-1,4-dicarboxylate 

(BDC2− ) and subsequent coordination with encapsulated lanthanide cations inside 200-nm liposomes. 

(B) Tuning of Tb3+:Eu3+ ratios to achieve color-tunable luminescent nanomaterials in aqueous solution.
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wavelength was selected based on the excitation spectra of 

reference samples Tb100Eu00BDC@LP and Tb00Eu100BDC@LP 

(Figure S5). The Tb100Eu00BDC@LP sample displayed charac

teristics terbium transitions 5D4→7Fj (j = 6, 5, 4, and 3), while 

the Tb00Eu100BDC@LP sample exhibited europium transitions 
5D0→7Fj (j = 1–4), which are consistent with carboxylate coordi

nation (Figures S6 and S8).26 Samples containing both Tb3+ and 

Eu3+ ions displayed both sets of transitions, in agreement with 

the co-encapsulation and implication of both lanthanides in the 

coordination reaction with BDC2− (Figures 2B and S9).

Notably, the terbium transitions 5D4→7Fj exhibited higher 

emission intensity than the europium transitions 5D0→7Fj. This 

trend is consistent with the generally more efficient sensitization 

of Tb3+ by BDC2− ligands than of Eu3+, as reported for related 

lanthanide-carboxylate systems.27 To further support this inter

pretation, we measured the photoluminescence quantum yields 

of representative samples (see Methods S3). The 

Tb100Eu00BDC@LP, Tb00Eu100BDC@LP, and Tb50Eu50BDC@LP 

systems exhibited quantum yields of Φ = 0.049, 0.016, and 

0.011, respectively. Interestingly, the strongest Tb3+ emission 

at 542 nm (5D4→7F5) significantly decreased with increasing 

Eu3+ contents (Figure 2C), consistent with quenching via inter

metallic energy transfer from Tb3+ to Eu3+ (Figure S6). This 

behavior is in line with previously reported Tb3+→Eu3+ energy 

transfer in mixed-lanthanide MOFs12,28 and molecular lantha

nide systems.29

Comparison of the emission properties of co- 

encapsulated TbxEuyBDC@LP systems and controlled 

mixtures of monometallic systems

To gain deeper insights into the intermetallic energy transfer from 

Tb3+ to Eu3+ in multivariate systems, we also prepared physical 

mixtures of Tb100Eu00BDC@LP and Tb00Eu100BDC@LP samples 

in mole fractions that matched the Tb:Eu ratios used in the 

TbxEuyBDC@LP series. These mixtures ensured equivalent total 

lanthanide concentrations but maintained spatial separation be

tween Tb3+ and Eu3+ within distinct liposomes, thereby mini

mizing direct intermetallic interactions.

Under UV illumination at 254 nm, these differences were visu

ally apparent. The co-encapsulated TbxEuyBDC@LP samples, in 

which intermetallic energy transfer is active, exhibited a color 

gradient from green (Tb rich) to red (Eu rich), with prominent yel

low to orange hues observed at intermediate compositions 

(Tb:Eu = 80:20–10:90) (Figure 3A). In contrast, the physically 

mixed systems, which maintained spatial separation between 

lanthanides and thereby suppressed energy transfer, displayed 

predominantly green-yellow emission at Tb:Eu ratios of 

100:00–40:60 (Figure 3B), with significantly reduced orange- 

red colors.

Quantitative analysis of the emission intensities at 542 (from 

Tb3+) and 614 (from Eu3+) nm revealed pronounced differences 

between co-encapsulated (Figure 3C) and physically mixed 

(Figures 3D and S10) systems. In the TbxEuyBDC@LP series, 

terbium emission showed an exponential decrease, while euro

pium emission increased logarithmically with increasing Eu3+ 

mole fraction (Figures 3C and S11). This behavior is consistent 

with the intermetallic energy transfer from Tb3+ to Eu3+ within 

the confined environment of the liposomes. In contrast, physical 

mixtures displayed linear emission trends for both lanthanides 

(Figures 3D and S12). This linearity indicates a simple dilution ef

fect rather than an energy transfer process, suggesting the pres

ence of independent, non-interacting luminescent species.

These findings demonstrate that spatial confinement within li

posomes enables controlled localization and distribution of 

lanthanide ions, thereby governing intermetallic energy transfer 

and resulting in tunable luminescence. Notably, while co-encap

sulation promotes energy-transfer-based modulation, physical 

mixtures yield more predictable and finely tunable color due to 

the absence of intermetallic coupling. Overall, the liposomal 

membrane functions as a versatile nanoscale scaffold that 

Figure 2. Characterization of TbxEuyBDC@LP systems 

(A) DLS measurements of TbxEuyBDC@LP samples in aqueous Na2SO4 solution. 

(B) Emission spectra of TbxEuyBDC@LP samples upon excitation at 285 nm, displaying characteristic terbium and europium transitions. 

(C) Zoom of the emission band around 542 nm as a function of terbium mole fraction.
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supports either synergistic or independent luminescent emis

sion, depending on the spatial arrangement of the lantha

nide ions.

Monitoring lanthanide emission appearance in lipid 

nanoreactors with real-time steady-state 

photoluminescence spectroscopy

To further assess changes in the emission behavior of Tb3+ and 

Eu3+ within the LNRs, we performed real-time steady-state pho

toluminescence measurements. Emission intensities at 542 

(Tb3+, 5D4→7F5) and 614 (Eu3+, 5D0→7F2) nm were simulta

neously recorded over 30 min, upon the addition of BDC2− . 

These measurements allowed us to monitor both the transmem

brane transport of BDC2− within the vesicle interior and the 

subsequent linker coordination with the encapsulated lanthanide 

ions.

Initial experiments were performed on the single-lanthanide 

reference samples Tb100Eu00BDC@LP and Tb00Eu100BDC@LP, 

using T1 at a 1:10,000 transporter-to-lipid molar ratio. Upon 

BDC2− addition, the europium-containing sample exhibited an 

immediate increase in emission intensity at 614 nm, indicating 

rapid complex formation (Figure 4F). In contrast, the terbium- 

containing sample displayed a delayed onset emission at 

542 nm, with a pronounced increase occurring ∼5 min post- 

addition (Figure 4A). These differences could, for instance, be 

due to intrinsic variations in the coordination kinetics of Eu3+ 

and Tb3+ with carboxylate ligands or to different thresholds in 

local coordination geometry required for each lanthanide to 

become efficiently emissive.

In multivariate systems such as the Tb80Eu20BDC@LP sample 

(Figure 4B), the initial emission was dominated by the Eu3+ band 

centered at 614 nm, which increased faster and reached a 

plateau earlier than the emission associated with Tb3+ at 

542 nm. Thus, despite the higher Tb3+ mole fraction, europium 

emission clearly appeared faster. This trend persisted across 

all TbxEuyBDC@LP samples (Figures 4B–4E and S13–S18), 

where the emission of europium increased consistently at a 

faster rate than that of terbium. Photoluminescence data across 

the TbxEuyBDC@LP series revealed a systematic reduction in 

the Tb3+ signal intensity and a corresponding increase in the 

Eu3+ signal as the mole fraction of Eu3+ increased. Furthermore, 

the presence of quenching throughout the kinetic profiles of 

Figure 3. Emission properties of co-encapsulated lanthanides and physically mixed systems 

(A and B) Photographs of liposome suspensions under 254-nm UV illumination, showing tunable emission colors in (A) the TbxEuyBDC@LP series and (B) their 

analog physical mixtures. 

(C) Emission intensities for TbxEuyBDC@LP samples collected at 542 (Tb3+, green) and 614 (Eu3+, red) nm reveal an exponential decrease in terbium emission and 

a corresponding increase in europium emission with rising Eu3+ content. 

(D) Emission intensities for physical mixtures of Tb100Eu00BDC@LP and Tb00Eu100BDC@LP at equivalent Tb:Eu mole fractions for reference.
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TbxEuyBDC@LP systems suggests the formation of a multime

tallic coordination complex.

The earlier appearance of Eu3+ compared to Tb3+ emission 

may arise not only from faster coordination kinetics, as in the pre

sent system, the time-dependent photoluminescence response 

reflects the convolution of several coupled processes. These 

include the evolution of ligand-to-metal sensitization pathways 

and structural rearrangements of the coordination assemblies 

Figure 4. Real-time monitoring of emission changes following BDC2− addition 

(A–F) Emission intensities at 542 nm (green line) correspond to the Tb3+ 5D4→7F5 transition, while those at 614 nm (red line) correspond to the Eu3+ 5D0→7F2 

transition. Kinetic data were collected for (A) Tb100Eu00BDC@LP, (B) Tb80Eu20BDC@LP, (C) Tb60Eu40BDC@LP, (D) Tb40Eu60BDC@LP, (E) Tb20Eu80BDC@LP, and 

(F) Tb00Eu100BDC@LP. Each image includes control experiments without transporter T1, represented by light green and light red. Shaded areas represent the 

standard deviation of three independent measurements.
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to obtain strong emission. To understand such contributions in a 

quantitative manner would require detailed theoretical modeling 

and/or advanced kinetic analysis, which are beyond the scope of 

the present work.

Control experiments conducted in the absence of T1 

confirmed that no change in emission intensity occurred upon 

BDC2− addition, supporting the role of T1 in actively mediating 

ligand transport and indicating the integrity of the liposomal 

membrane, confirming the absence of Ln3+ leakage and the 

impermeability of the lipid membrane to BDC2− in the absence 

of an anion transporter.

We have attempted to study the changes in the coordination 

of Tb3+ during the formation of Tb100Eu00BDC@LP systems in 

more detail using X-ray absorption spectroscopy (XAS; see 

Methods S4 and Note S3). While the Tb3+ signal was clearly 

observed, the changes in the coordination sphere were too 

small to result in significant differences in the near-edge region 

of the spectra (Figure S29A), and only minor differences were 

detected in the extended X-ray absorption fine structure 

(EXAFS) spectra (Figures S29B and S30; Table S1). This can 

be explained by the first coordination sphere most likely being 

made up exclusively of oxygen atoms throughout the coordina

tion process. At the start, the encapsulated Tb3+ will be sol

vated by water molecules, with potential interactions with 

phosphate groups from the lipids, and after the transport of 

BDC2− into the liposomes, the water molecules are (partially) 

replaced by the coordinating carboxylate groups. The coordi

nation of the carboxylates to Tb3+ or Eu3+ cations in the lipo

somes was confirmed by infrared spectroscopy (see Methods 

S5; Note S4; Figures S31 and S32).

Extending emission to cover the RGB spectrum

To expand the potential versatility of our system, we used the 

blue-emissive ligand NH2BDC2− to achieve full RGB color 

coverage, which represents an essential feature for advanced 

display technologies and optical probes within biological envi

ronments.30,31 NH2BDC2− is known to exhibit blue fluorescence 

(∼460–480 nm; Figure S19) in ligand-based MOF systems,32,33

making it a suitable complement to the green (Tb3+) and red 

(Eu3+) emissions within our nanoreactor platform.

Initial attempts to form Tb(NH2BDC)@LP and Eu(NH2BDC)@LP 

resulted exclusively in intense blue emission, with no detectable 

Tb3+ or Eu3+ transitions, indicating that the NH2BDC ligand 

strongly quenches lanthanide-based emission. This behavior is 

consistent with previous reports on Ln-NH2BDC-based MOFs 

suspended in dry organic solvents, where even small amounts 

of water (<5%) cause significant quenching of lanthanide emission 

due to Ln3+→ligand energy back-transfer processes.34,35 To mini

mize quenching, the excess of unbound ligand was removed by 

introducing an additional post-complexation dialysis step for the 

Ln(NH2BDC)@LP and Ln(BDC)(NH2BDC)@LP systems (see the 

methods section).

Mixed-ligand systems with varying BDC2− :NH2BDC2− mole 

fractions were then prepared (Figure 5A). Compositions con

taining ≥20% NH2BDC2− significantly suppressed lanthanide 

emission (Figures S21 and S22), whereas samples containing 

≤10% NH2BDC2− retained characteristic Tb3+ and Eu3+ 

bands. Based on these results, selected reference composi

tions exhibiting green (Tb100Eu00BDC@LP), yellow (Tb80Eu20 

BDC@LP), orange (Tb30Eu70BDC@LP), and red (Tb00Eu100 

BDC@LP) emissions were further modified by replacing the 

ligand pulse with BDC2− :NH2BDC2− mixtures at 95:05 and 

90:10 ratios (Figures 5B and 5C). In all cases, a reduction in 

lanthanide emission intensity was observed, more pro

nounced for Tb3+ than Eu3+ (Figures S23–S26), while blue 

emission from NH2BDC2− became dominant. The resulting 

chromaticity enabled the acquisition of additional colors, 

such as gray-blue (Tb100Eu00(BDC)95(NH2BDC)05@LP) and 

pink (Tb80Eu20(BDC)95(NH2BDC)05@LP). Although the addi

tional post-complexation dialysis step and Fourier transform 

infrared (FTIR) measurements (Figures S31 and S32) support 

coordination of NH2BDC2− to the lanthanide cations, the 

confined and dynamic environment inside liposome nanoreac

tors may allow the coexistence of multiple coordination spe

cies. Therefore, the present experiments cannot completely 

exclude the presence of mixed assemblies or minor fractions 

of uncoordinated ligand. Additionally, DLS analysis confirmed 

that the introduction of NH2BDC2− did not affect colloidal 

integrity, as all samples remained monodisperse with hydro

dynamic diameters comparable to the TbxEuyBDC@LP sam

ples (Figures S21B and S22B).

Furthermore, to explore whether spatial separation could 

mitigate quenching, physical mixtures were prepared using 

Tb100Eu00BDC@LP and the highly violet-emissive Tb00Eu100 

(BDC)95(NH2BDC)05@LP. As anticipated, the liposomal mem

brane prevented detrimental quenching of the Tb3+ transi

tions, and the 542 nm emission band decreased linearly with 

the volume fraction of the violet-emissive partner, consistent 

with a dilution effect (Figure S27). This mixing strategy 

enabled a controlled color shift from green to cyan and ulti

mately to near-white emission at a 70:30 ratio (Figure S28), 

demonstrating precise RGB balance through nanoscale 

spatial control.

In summary, this study establishes LNRs as a powerful and 

versatile platform for the synthesis and study of multimetallic 

lanthanide complexes in aqueous conditions. By precisely con

trolling the Tb3+:Eu3+ stoichiometry and spatial co-localization 

within attoliter-scale vesicles, we achieved the in situ formation 

of TbxEuy(BDC) complexes with composition-dependent, 

tunable emission profiles. The use of a synthetic bisurea as 

an anion transporter enabled controlled ligand delivery and 

real-time steady-state photoluminescence monitoring, reve

aling that Eu3+ exhibits faster emission increases than Tb3+ un

der nanoscale confinement. Comparative studies with physi

cally mixed monometallic systems confirmed that efficient 

Tb→Eu energy transfer requires co-encapsulation and demon

strated the suitability of LNRs to resolve subtle differences in 

reactivity and complexation. Extending this strategy to blue- 

emissive NH2BDC2− ligands enables full RGB coverage, ex

panding the photonic versatility of the platform. Notably, the 

liposomal membrane ensures colloidal stability, prevents ag

gregation, and provides a biologically relevant aqueous envi

ronment. Overall, this study highlights LNRs as an adaptable 

nanoscale scaffold for engineering multimetallic luminescent 

nanomaterials with precisely controlled spatial organization 

and optical output.
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METHODS

General experimental information

The reagents and solvents were obtained from Sigma-Aldrich 

and used without further purification unless otherwise specified. 

POPC and cholesterol were purchased from Sigma-Aldrich and 

Acros, respectively. Chloroform was deacidified before prepar

ing lipid solutions by passing it through a column containing 

basic alumina. POPC solutions were stored at − 20◦C, while 

cholesterol solutions were freshly prepared. All aqueous solu

tions were prepared using deionized water, and the pH values 

were 6.5–7.

Liposome preparation

Liposomes were prepared from a lipid mixture of POPC and 

cholesterol at a 7:3 molar ratio, dissolved in deacidified chloro

form. The total lipid amount was calculated to achieve a final 

concentration of 3 mM (POPC + cholesterol). Chloroform was 

removed by evaporation under a gentle stream of nitrogen, fol

lowed by overnight drying under vacuum to ensure complete 

solvent removal. The dried lipid film was rehydrated with 

500 μL of a 7 mM aqueous solution containing TbCl3 and 

EuCl3 in predefined molar ratios (Tb:Eu = 100:00, 90:10, 

80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 20:80, 10:90, and 

00:100). The resulting suspension was sonicated for 1 min 

and stirred for 1 h at room temperature to promote vesicle for

mation. To obtain predominantly unilamellar vesicles, the sus

pension underwent 10 freeze-thaw cycles, followed by extru

sion 29 times through polycarbonate membranes with a pore 

size of 200 nm at room temperature.

Unencapsulated lanthanide chloride (LnCl3) outside the lipo

somes was removed by dialysis using Biotech CE Tubing dialysis 

membranes (molecular weight cut-off [MWCO] 20 kDa) against a 

10.5 mM Na2SO4 solution. The final LnCl3@LP suspension was 

then diluted in the external solution to achieve a final lipid con

centration of 3 mM for fluorescence experiments.

Figure 5. RGB emission tuning using mixed-ligand systems 

(A) Extension of emission tunability to cover the full RGB spectrum through the use of mixed BDC2− /NH2BDC2− ligand pulses. 

(B) Emission spectra of representative systems: Tb100Eu00BDC@LP, Tb00Eu100BDC@LP, Tb100(BDC)00(NH2BDC)100@LP, and Tb30Eu70(BDC)90(NH2BDC)10@LP. 

(C) Mixed-ligand systems generated by replacing the ligand pulse with BDC2− /NH2BDC2− mixtures (95:05 and 90:10), expanding chromaticity. Photographs are 

of liposome suspensions under 254-nm UV illumination.
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Liposome preparation for RGB systems

Liposomes were prepared following the methodology described 

above, with modifications introduced to minimize the quenching 

effect of the NH2BDC2− ligand. Specifically, the total concentra

tion of the BDC2− :NH2BDC2− mixture was reduced to 0.33 mM, 

and the resulting Ln(BDC)(NH2BDC)@LP suspensions were 

diluted in the external solution to achieve a final lipid concentra

tion of 1 mM. The concentration of transporter T1 was main

tained at a transporter-to-lipid molar ratio of 1:10,000. To remove 

excess unbound ligand remaining in the external phase after 

complex formation, a post-complexation purification step was 

included, consisting of dialysis against a 10.5 mM Na2SO4 solu

tion using Biotech CE Tubing (MWCO 20 kDa) (three cycles, 

150 mL each).

DLS

DLS measurements were carried out using a Malvern Zetasizer 

Ultra instrument at 25◦C. Samples were loaded into disposable 

cuvettes, and measurements were performed using a standard 

refractive index of 1.45 for lipid-based systems.

Steady-state photoluminescence spectroscopy

Steady-state photoluminescence measurements were carried 

out using a Horiba Fluoromax-4. Emission spectra were re

corded from 450 to 750 nm upon excitation at 285 nm, using 

a 450 nm long-pass filter (Figure S20; Note S2). All measure

ments were performed in quartz cuvettes containing a mag

netic stir bar. The cuvette holder temperature was maintained 

at 25◦C using a water-circulating bath, and the sample 

compartment was allowed to equilibrate for 3 min before 

each experiment.

For complexation experiments, 3 mL of a LnCl3@LP suspen

sion was placed in the cuvette, and T1 (3.3 μL, 0.27 mM in meth

anol) was added to achieve a transporter-to-lipid molar ratio of 

1:10,000. Then, 60 μL of a 50 mM BDC2− solution was added, re

sulting in a final BDC2− concentration of 1 mM. Emission spectra 

were recorded until no further changes in intensity were 

observed, typically within 1 h. Additionally, control experiments 

were conducted to verify that the emission results directly from 

the coordination of BDC2− with the lanthanide cation inside lipo

somes (Figure S7). For kinetics experiments, the emission inten

sities at 542 and 614 nm were recorded simultaneously over a 

30-min period following the addition of BDC2− and T1.

Photographs

Photographs of the liposomal suspensions were captured using 

a Samsung A4 smartphone under illumination from a handheld 

UV lamp (254 nm). The images were taken inside a custom-built 

wooden black box to eliminate ambient light interference.36–43
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16. Huang, D., Li, F., Ågren, H., and Chen, G. (2025). Inhibiting concentration 

quenching in Yb3+-Tm3+ upconversion nanoparticles by suppressing 

back energy transfer. Nat. Commun. 16, 4218. https://doi.org/10.1038/ 

s41467-025-59452-4.

17. Chen, L., Wang, H.-F., Li, C., and Xu, Q. (2020). Bimetallic metal–organic 

frameworks and their derivatives. Chem. Sci. 11, 5369–5403. https://doi. 

org/10.1039/D0SC01432J.

18. Da Luz, L.L., Lucena Viana, B.F., Da Silva, G.C.O., Gatto, C.C., Fontes, 

A.M., Malta, M., Weber, I.T., Rodrigues, M.O., and Júnior, S.A. (2014). 

Controlling the energy transfer in lanthanide–organic frameworks for the 

production of white-light emitting materials. CrystEngComm 16, 6914– 

6918. https://doi.org/10.1039/C4CE00538D.

19. Abdallah, A., Daiguebonne, C., Suffren, Y., Rojo, A., Demange, V., Bernot, 

K., Calvez, G., and Guillou, O. (2019). Microcrystalline Core–Shell 

Lanthanide-Based Coordination Polymers for Unprecedented Lumines

cent Properties. Inorg. Chem. 58, 1317–1329. https://doi.org/10.1021/ 

acs.inorgchem.8b02815.

20. Chen, D., Sedykh, A.E., Gomez, G.E., Neumeier, B.L., Santos, J.C.C., Gvi
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