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anide emission via a pH-sensitive
and switchable LRET complex†

Tamara Boltersdorf,a Felicity N. E. Gavinsb and Nicholas J. Long *a

Lanthanide-based luminescence resonance energy transfer (LRET) can be used as a tool to enhance

lanthanide emission for time-resolved cellular imaging applications. By shortening lanthanide emission

lifetimes whilst providing an alternative radiative pathway to the formally forbidden, weak lanthanide-

only emission, the photon flux of such systems is increased. With this aim in mind, we investigated

energy transfer in differently spaced donor–acceptor terbium–rhodamine pairs with the LRET “on” (low

pH) and LRET “off” (high pH). Results informed the design, preparation and characterisation of

a compound containing terbium, a spectrally-matched pH-responsive fluorophore and a receptor-

targeting group. By combining these elements, we observed switchable LRET, where the targeting group

sensitises lanthanide emission, resulting in an energy transfer to the rhodamine dye with an efficiency of

E ¼ 0.53. This strategy can be used to increase lanthanide emission rates for brighter optical probes.
Introduction

Fluorescence microscopy has been widely used in biomedical
research settings for cellular imaging due to its high sensitivity
and spatial resolution.1,2 The technique is oen combined with
carefully designed uorescent molecular probes to gain insights
into physiological and pathophysiological mechanisms.3

Although a variety of organic uorophores (such as derivatives
of cyanine, rhodamine, coumarin etc.) have been developed
previously, their utility for imaging is limited by low photo-
stability, small Stokes shis and spectral overlap with biological
autouorescence.

Signals from emissive lanthanide probes have the potential
to overcome these limitations. Specically, lanthanide species
have sharp emission proles, high photostability, large Stokes
shis, and long lifetimes, which can be temporally separated
from autouorescent background signals.4,5 Therefore, these
compounds should enable more sensitive detection of biolog-
ical targets that are otherwise swamped with short-lived back-
ground signals.6 However, the ability to use lanthanide probes
for sensitive imaging is compromised by (1) inefficient excita-
tion pathways at cell-compatible excitation and (2) a low photon
ux resulting from long metal-based lifetimes with low emis-
sion rates. As a result, either high concentrations of the probe or
longer acquisition times become necessary7,8 and there is little
e London, Molecular Sciences Research

imperial.ac.uk

ammation Research and Translational

n, Uxbridge, Middlesex, UB8 3PH, UK

tion (ESI) available. See DOI:

45
or no improvement in sensitivity when comparing lanthanide-
based cellular microscopy with conventional uorophores.9–11

One way to address point (2), is to employ a resonance energy
transfer in order to increase lanthanide photon ux. Resonance
energy transfer can occur between two luminescent molecules
in sufficient proximity when there is a spectral overlap between
donor emission and acceptor absorption.12 The interaction
oen proceeds via nonradiative dipole–dipole interactions
(Förster mechanism).13 The energy transfer leads to a reduction
in donor lifetime as well as a simultaneous increase in the
acceptor's uorescence intensity and drops off with distance.14

As a result, such donor–acceptor pairs have been mainly used in
the context of biological assays to gain information on nano-
metre scale distances.15–17 In the context of lanthanide photo-
physics, energy transfer where an organic chromophore donor
can sensitise lanthanide-acceptor emission are commonly
used.18,19 In these cases, the short-lived organic moiety acts as
the donor and long-lived emission from the excited lanthanide
state is observed. By constructing an energy transfer from
a lanthanide to an organic dye, the donor luminescence is
shortened and an alternative radiative deactivation pathway to
metal-based emission becomes available, both factors that
should increase emission.

Lanthanide-based luminescence resonance energy transfer
(LRET), where the long-lived metal acts as the donor and an
organic dye as the acceptor, has been previously reported, for
example, to measure voltage-induced changes occurring in
potassium ion channels,17,20 elucidate the geometry of DNA
double-helix formation,21 study protein–protein interactions22

and detect ligands binding to cellular receptors.23 Similarly,
lanthanide complexes have been used as donors for quantum
dots or dyes in specialised assays, where the proximity to an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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acceptor indicates a binding event.24–27 In self-assembled tran-
sition metal-lanthanide constructs, energy transfer from
a lanthanide to a d-block metal has given rise to interesting
optical properties, for example, where Cr(III) acts as an acceptor
to a lanthanide donor.28–31

However, in these examples the energy transfer between two
separate donor and acceptor molecules is used to assess prox-
imity or binding events but does not look at combining donor
and acceptor into the same molecule to enhance long-lived
emission properties. To the best of our knowledge, the idea to
improve lanthanide photon ux using LRET has only recently
been demonstrated for the rst time by Cho et al.8 who showed
that co-injecting an energetically-matched organic uorophore
with a separate Eu(III)-based probe can greatly enhance emissive
properties in vivo. However, in their system, the metal donor
and uorophore acceptor are not incorporated into the same
molecule but interact only when they diffuse near each other. To
build upon and improve the concept, we have combined a long-
lived donor and a short-lived acceptor lumiphore into the same
molecule to create a “switchable” intramolecular LRET.

Further to the donor and acceptor unit, we incorporated
Quin C1,32 a Formyl Peptide Receptor 2 (FPR2/ALX, also known
as FPR-like 1 [FPRL1]) ligand into the samemolecule. FPR2/ALX
is expressed on the cell surface of immune cells33 and is known
to produce ligand-dependent responses that can be both pro- or
anti-inammatory,34,35 and thus is an interesting target for
preclinical studies. Assembled together, these units create
a targeted, responsive cellular probe.

Results and discussion

As the acceptor unit, we chose a rhodamine B derivative with
pH-dependent emission and absorption bands,36,37 to enable
the same system to be studied with the LRET “on”, when the
acceptor can absorb in the relevant region or “off”, when the
uorophore is non-emissive. The Tb(III) donor emission is
energetically matched with the absorbance of the chosen
rhodamine acceptor (Fig. 1A). When combined and excited, our
system should result in long-lived donor-only signals, short-
lived acceptor-only emission and donor-excited acceptor emis-
sion at low pH (Fig. 1B). We further incorporated Quin C1,
a FPR2/ALX ligand into the same molecule. Apart from binding
Fig. 1 (A) Emission profile of a Tb(III)-complex (red, lexc ¼ 350 nm, tim
emission profiles (blue, lexc ¼ 350 nm) of rhodamine-B. The spectra de
tation. (B) Schematic representation of donor-only (red), acceptor-only
Schematic of processes determining emission in LRET systems. Total e
lanthanide sensitisation energy transfer, ETLRET ¼ efficiency of LRET, QY

© 2021 The Author(s). Published by the Royal Society of Chemistry
to a cellular receptor, the targeting group can sensitise
lanthanide-donor emission, which in turn enhances the energy
transfer between Tb and rhodamine (Fig. 1C and D).
Varying intramolecular donor–acceptor distances

To investigate how the relative magnitude of energy transfer
varies with distance in our system, we prepared three rhoda-
mine–terbium compounds with varying linker lengths: an eth-
ylenediamine bridge (1),38 a diethylenetriamine bridge (2), and
a combination of the two (3, Fig. 2A, synthetic details and
characterisation given in the ESI†). All three compounds con-
tained a spiro-cyclisable, rhodamine B-derived motif as the
acceptor. The chosen rhodamine dye is strongly uorescent in
its ring-opened analogue (at low pH) but neither absorbs nor
emits at relevant wavelengths in its cyclic form (at neutral and
high pH), effectively enabling the acceptor to be turned “on” or
“off”, depending on pH conditions.39 Time-gated emission
measurements, that exclude short-lived, acceptor-only signals
were recorded at pH 7, when the acceptor is “off” and at pH 3,
when the acceptor unit is “on” (Fig. 3). The energy transfer was
quantied by comparing percentage increase in luminescence
intensity ratios at 580 nm (maximum of acceptor-based emis-
sion) and 490 nm (local maximum of terbium-based emission)
at pH 3 (containing donor-only and sensitised acceptor emis-
sion) compared to that at pH 7 (containing donor-only signals),
as outlined in eqn (1).

% LRET increase ¼
I580 nmðpH 3Þ
I490 nmðpH 3Þ � I580 nmðpH 7Þ

I490 nmðpH 7Þ
I580 nmðpH 7Þ
I490 nmðpH 7Þ

� 100

(1)

No communication between the two units was found in
compound 3, indicating that the linker length was too long for
efficient energy transfer. In fact, hardly any terbium-based long-
lived signals were observed. The absence of terbium signals may
be due to a combination of inefficient lanthanide excitation,
with little or no sensitisation occurring and increased solvent
quenching effects when the ion is less shielded by a proximal
hydrophobic dye. For compounds 1 and 2, the percentage
e-gate: 0. ms) and steady state excitation (green, lem ¼ 580 nm) and
monstrate good overlap between donor emission and acceptor exci-
(blue) and sensitised emission (green) lifetimes in an LRET system. (C)
mission consists of EC ¼ extinction coefficient, ETsens ¼ efficiency of
¼ quantum yield. (D) Molecular structure of final compound 9.
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Fig. 2 (A) Molecular structures of rhodamine–terbium constructs 1, 2 and 3 with varying chain lengths between donor and acceptor unit. The
rhodamine fragment is depicted in its cyclic, non-emissive form. (B) Overview of synthetic pathway. Reagents: (i) chloroacetyl chloride, trie-
thylamine, dichloromethane, 24% yield, (ii) tert-butyl DO3A, triethylamine, acetonitrile, 79% yield, (iii) Quin C1, N,N-diisopropylethylamine,
acetonitrile, 54% yield, (iv) conc. hydrochloric acid, 60% yield, (v) Tb(III) trichloride hexahydrate, water, pH 5.5, 51% yield.
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increase in intensity ratios observed at pH 3 compared to pH 7
was calculated as 74% and 26% respectively using the proce-
dures described above. The observed trend is consistent with
a drop-off in energy transfer as the donor–acceptor chain length
is increased and demonstrates that in both compounds 1 and 2
the donor–acceptor pair can still communicate, whereas the
distance in compound 3 is too large. Notably, terbium-based
emission intensity (e.g. at 490 nm) decreased in compound 1
as the pH was decreased, but increased in compound 2 with
decreasing pH. This may be a result of varying steric constraints
around the metal centre between the two compounds, which
has been shown to be related to DOTA conformational pop-
ulations.40 Non-radiative deactivation pathways will differ
depending on the metal chelator conformation as well as
proximity of the hydrophobic dye.

Preparation of a receptor-targeted, LRET complex

With these results in hand, we concluded that the intermediate
chain length compound 2 could simultaneously enable
coupling of the FPR targeting group Quin C1, while still holding
the energy matched lumiphores in sufficient proximity for an
energy transfer to occur. We have previously shown that Quin
C1 acts not only as a targeting group, but can further function as
an antenna, providing a more efficient route to populate the
lanthanide emissive state.41 Accordingly, the combined
8742 | Chem. Sci., 2021, 12, 8740–8745
compound should result in an increase in LRET. To test this
hypothesis, Quin C1 was reacted with the chloroacetone moiety
on compound 2 before complexation with terbium to obtain
LRET complex 9 (synthetic route detailed in Fig. 2B, synthetic
details in ESI†).

The choice of a switchable rhodamine analogue within
compound 9 has two key advantages. Firstly, the same system
can be studied with the energy transfer “on” (low pH) or “off”
(high pH), enabling separate detection of donor and acceptor
signals and, as a result, direct quantication of the energy
transfer. Secondly, inammation and associated disease states
are oen accompanied by a local extracellular environment with
lower pH ranges.42 We have previously shown that the rhoda-
mine fragment in combination with Quin C1 binds to neutro-
phil FPR2/ALX and switches “on” in vitro under stimulated
conditions that mimic acute inammation.43 In an extension,
this complex could nd future application as a switchable LRET
sensor for inammatory environments.

Photophysical properties of compound 9

Excitation of compound 9 at 350 nm in a 1 : 1 water/methanol
solution at pH 7 produced one emission maximum at 454 nm
that was assigned to the organic targeting group component
(Fig. 4A). The excitation spectrum of 9 (lem¼ 450 nm) resembles
that of Quin C1. As the pH is decreased, the rhodamine
© 2021 The Author(s). Published by the Royal Society of Chemistry



Fig. 3 Switchable LRET between terbium donor and rhodamine dye
acceptor with three different linker lengths in compounds 1, 2 and 3 at
pH 7 (left) and pH 3 (right). Emission recorded in 0. mM solutions with
0.2 ms delay (lexc ¼ 350 nm).

Fig. 4 (A) Steady state emission (red, lexc ¼ 350 nm) and excitation
(blue, lem ¼ 450) spectra of compound 9 (0. mM) in 1 : 1 water/
methanol (v/v) mixtures at pH 7. (B) Steady state emission (red, lexc ¼
350 nm) and excitation spectra (lem¼ 450 in blue and lem¼ 580 nm in
pale blue (5 nm slit width) and green (2.5 nm slit width)) of compound 9
(0. mM) in 1 : 1 water/methanol (v/v) mixtures at pH 3. (C) Time-gated
emission spectra (lexc ¼ 350 nm, delay ¼ 0.2 ms) of 9 (0. mM) in 1 : 1
methanol/water solutions at pH 7 and (D) pH 3.

Fig. 5 Time-gated emission lifetime decay components of 9 ( mM) at
545 nm (lexc ¼ 350 nm, 0. ms delay) in 1 : 1 water/methanol solutions.
Data and biexponential fit using eqn (S1) (ESI†) obtained at pH 7 (A) and
pH 3 (B).
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spirocyclisation equilibrium becomes increasingly shied to
the ring-opened form, resulting in characteristic absorption,
excitation and emission bands of both the rhodamine unit and
© 2021 The Author(s). Published by the Royal Society of Chemistry
the dihydroquinazolinone-derivative at pH 3 (Fig. 4B). Upon
application of a 0.2 ms delay to ensure that short-lived acceptor-
only signals had decayed, time-gated emission spectra at pH 7
and pH 3 were collected. At 0.1 mM concentrations, changes in
emission signal resulting from diffusion-related, intermolec-
ular energy transfer should be minimal.44 At pH 7, the spectrum
features a characteristic terbium emission prole (Fig. 4C). At
pH 3, the lanthanide emission appears to be superimposed on
donor-excited long-lived rhodamine luminescence with
amaximum at 580 nm, representing the LRET-based dye signals
(Fig. 4D). The percentage increase in intensity ratio (580 nm to
490 nm) between the compound at pH 7 and the compound at
pH 3 was determined as 113% using eqn (1). In line with
expectations, the value has increased compared to that found
for compound 2, which has the same donor–acceptor linker
length but does not contain the Quin C1 moiety. This was
attributed to the fact that the 2,3-dihydroquinazolinone deriv-
ative acts as an antenna and enhances ETsens (Fig. 1), resulting
in increased donor emission and a larger LRET.
Determination luminescence lifetimes

Long-lived luminescence lifetimes of compound 9 at pH 3 and
pH 7 were acquired. The short-lived acceptor-only signals were
excluded by the 0.1 ms time gate. Using the in-built OriginPro 8
curve tting function, we found that the data obtained for long-
lived signals were not in agreement with a single exponential
decay, implying the presence of two long-lived components. A
bi-exponential t was achieved (eqn (S1), ESI†) with lifetime
components of s1 ¼ 100 � 4 ms (21.8% fractional intensity) and
s2 ¼ 1544 � 8 ms (78.2% fractional intensity) at pH 7 (Fig. 5A, c2

¼ 0.9998) and s1¼ 107� 3 ms (45.0% fractional intensity) and s2
¼ 721 � 8 ms (55.0% fractional intensity) at pH 3 (Fig. 5B, c2 ¼
0.9997). s2 was assigned to terbium-based signals, whereas the
assignment of s1 proved more complex. One possible assign-
ment is donor-excited acceptor emission from a minor pop-
ulation of the donor with a high rate of resonance energy
transfer, as has been previously described in intermolecular
LRET systems where biexponential decay was observed.45

Another option is that a solvated species of the lanthanide could
result in a terbium lifetime decrease as reected by s1.4 At pH 7,
the rhodamine is predominantly in its non-emissive, cyclic form
and the contribution of s1 to the overall decay is small (as
Chem. Sci., 2021, 12, 8740–8745 | 8743
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reected by the A1 constant, eqn (S1) (ESI)†). At pH 3, donor-
based lifetimes (s2) are substantially decreased (to less than
half the original value) and the contribution of s1 to the overall
decay is raised (as reected by the A1 constant, consistent with
lanthanide-based LRET at pH 3).
Determination of LRET efficiency

Finally, the efficiency of an energy transfer can be calculated
based on experimentally derived lifetimes of the donor-only (sD,
which was approximated as s2 at pH 7) and the donor in pres-
ence of the acceptor (sDA, which was approximated as s2 at pH 3)
according to the following relationship –eqn (2):12

E ¼ 1�
�
sDA

sD

�
(2)

By this method, we were able to determine the LRET effi-
ciency as E¼ 0.53 for compound 9. The energy transfer rate was
calculated as 740 s�1 (eqn (S2), ESI†). It should be noted that
shortening the molecular distance between donor and acceptor
can lead to substantially higher energy transfer rates (see eqn
(S3), ESI†).
Conclusions

Here we describe the design, preparation and characterisation
of a compound with switchable LRET. First, donor–acceptor
distances within the same molecule were varied and the relative
energy transfer was quantied. Results informed design choices
of a more complicated molecule balancing synthetic accessi-
bility with proximity of the lumiphore pair. A terbium chelate as
the long-lived donor was combined with a pH-responsive
organic dye (LRET acceptor) and a receptor-targeting group
(Quin C1). Quin C1 acts as a lanthanide sensitiser and enhances
LRET donor emission via energy transfer to the emissive
terbium state. By using a pH-switchable uorophore as the
LRET acceptor, we were able to compare the same compound
with and without acceptor-based emission as a convenient
strategy to examine photophysical properties. In the nal
compound 9, we observed the desired lifetime decrease in long-
lived emission when the acceptor is “on” (from 1544 ms to 721
ms), and showed that we have an efficient energy transfer system
with an LRET efficiency value of E ¼ 0.53 (113% increase in
intensity ratios from pH 7 (no LRET) to pH 3 (LRET)). These
results suggest that LRET can be used as a novel strategy to
develop brighter complexes for lanthanide-based cellular
imaging applications.
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