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hogonal macrocyclizations in the
nuclear envelope of live cells using on/on
fluorescence lifetime microscopy†

Sebastian Pim,‡ Anäıs C. Bourgès, ‡ Dan Wu, Gonzalo Durán-Sampedro,
Massimiliano Garre and Donal F. O'Shea *

The reactive partnership between azides and strained alkynes is at the forefront of bioorthogonal reactions,

with their in situ cellular studies often achieved through the use of off to on fluorophores with fluorescence

microscopy. In this work, the first demonstration of a bioorthogonal, macrocycle-forming reaction

occurring within the nuclear envelope of live cells has been accomplished, utilising on/on fluorescence

lifetime imaging microscopy for real-time continuous observation of the transformation. The

fluorescent, macrocyclic BF2 azadipyrromethene was accessible through a double 1,3-dipolar

cycloaddition within minutes, between a precursor bis-azido substituted fluorophore and Sondheimer

diyne in water or organic solvents. Photophysical properties of both the starting bis-azide BF2
azadipyrromethene and the fluorescent macrocyclic products were obtained, with near identical

emission wavelengths and intensities, but different lifetimes. In a novel approach, the progress of the

live-cell bioorthogonal macrocyclization was successfully tracked through a fluorescence lifetime

change of 0.6 ns from starting material to products, with reaction completion achieved within 45 min.

The continuous monitoring and imaging of this bioorthogonal transformation in the nuclear membrane

and invaginations, of two different cancer cell lines, has been demonstrated using a combination of

fluorescence intensity and lifetime imaging with phasor plot analysis. As there is a discernible difference

in fluorescence lifetimes between starting material and products, this approach removes the necessity

for off-to-on fluorogenic probes when preparing for bioorthogonal cell-imaging and microscopy.
Introduction

Bioorthogonal transformations are an elite subset of two-
reagent reactions that occur with extraordinary selectivity for
one another, with high efficiency in biological systems and
typically at physiological temperature conditions of 37 °C.1–3 To
date, the most successful reaction classes have been the 1,3-
dipolar and inverse electron demand Diels–Alder (DA) cyclo-
additions.4,5 Over the past two decades, the pioneering work of
Bertozzi with such reactions has delivered a deeper insight and
understanding into chemical biology and the roles of biomol-
ecules within living systems.6–8 Yet, the monitoring of bio-
orthogonal reactions in living systems can pose a signicant
challenge, as the conventional analytical techniques of
synthetic chemistry are not suitable. The high sensitivity of
uorescence spectroscopy and microscopy have made these the
most common analytical approaches adopted to address this
reland. E-mail: donalfoshea@rcsi.ie
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the Royal Society of Chemistry
issue. Practically, this is achievable by having one of the two
bioorthogonal reagents being emissive such that an intensity
(uorogenic) change occurs as a consequence of the reaction
(Fig. 1A).9 In this way, conrmation that the reaction has
occurred can be achieved through spectroscopic measure-
ments, and the bio-location of the reaction product can be
determined through microscopy imaging.

Two of the most widely used uorogenic-responsive bio-
orthogonal reactions are the azide–alkyne dipolar,10–20 and
1,2,4,5-tetrazine–alkene (or alkyne) DA cycloadditions.21–31 The
uorogenic triggers in these cases being the conversion of
azides to triazoles, and tetrazines to pyridazines, causing
excited state changes to the uorophore. Notwithstanding the
success of these uorogenic probes, there exists a bottleneck in
their development, as gaining off to on control of excited states,
in addition to achieving bioorthogonal reactivity can be both
synthetically and photophysically challenging. A further limi-
tation exists in that a uorogenic approach necessitates the
starting reagent be in a non-uorescent off-state, meaning that
no information or data can be gathered until aer the reaction
has occurred (Fig. 1A). In this work, an alternative approach was
explored, utilising an emissive starting material and product,
while leveraging changes in uorescence lifetimes to conrm
Chem. Sci., 2024, 15, 14913–14923 | 14913
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Fig. 1 Schematic of bioorthogonal reaction observation through
either off/on fluorescence intensity or on/on lifetime changes. (A)
Bioorthogonal fluorogenic reactions monitored through turn on of
fluorescence intensity. (B) Bioorthogonal fluorescence lifetime reac-
tions monitored through change in lifetime from starting material to
product.
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the occurrence of a bioorthogonal reaction while also moni-
toring its progress in real-time (Fig. 1B). Conceptually, this
relieves the burden of engineering an off to on response,
allowing both the starting reagent and product to be strongly
emissive, such that data and images could be acquired before,
Fig. 2 (A) General structure of the BF2-azadipyrromethene fluo-
rophores. Compound 1, bis-azido substituted fluorophore used in this
study. Compound 2, Sondheimer diyne structure. Compound 3,
anticipatedmajor macrocyclic product from the reaction of 1 and 2. Ar
= pMeOC6H4.

14914 | Chem. Sci., 2024, 15, 14913–14923
during and aer the intracellular reaction. Importantly, this
concept could be generally applied to any uorescent bio-
orthogonal reaction in which a distinguishable change in life-
time occurs.32

To rst develop this bioorthogonal lifetime concept, we used
the BF2-azadipyrromethene class of uorophores as they are
a highly robust and emissive platform which are readily syn-
thesised.33 With uorescence wavelengths in the near-infrared
range of 650–850 nm, they are ideally suited for imaging
within living systems (Fig. 2, structure A).34,35 The bis-azido
substituted uorophore 1 was selected for this study in antici-
pation that it would be emissive, with the azide groups elec-
tronically disconnected from the uorophore by a three-carbon
methylene chain (Fig. 2). As such, no signicant change in
emission intensity or wavelengths would be expected upon 1,3-
dipolar cycloaddition reaction of the azides. Our complemen-
tary bioorthogonal reagent of choice was a strained alkyne, but
rather than employing a single alkyne substrate, the Sond-
heimer diyne 2 was selected, which has been shown to effec-
tively undergo sequential cycloadditions under mild catalyst
free conditions.36–48 It was anticipated that upon reaction with 1,
the major product would be the 17-membered macrocycle 3 as
its ability to formmacrocycles with bis-azido dipyrrins has been
previously reported (Fig. 2).49
Results and discussion
Synthesis and NMR analysis

The 1,9-substituted bis-azido functionalized BF2 azadipyrro-
methene 1 was synthesised via a four-step synthetic route from
6-hydroxy-1-(4-methoxyphenyl)-3-(nitromethyl)hexan-1-one 4,
which itself can be generated from readily available starting
materials (Scheme 1).50 Reaction of 4 with methanesulfonyl
chloride at 0 °C in DCM for 30 min converted the primary
alcohol moiety to a mesylate leaving group.49 Without isolation
following a solvent exchange, this was treated with sodium
azide in DMF for a further 16 h, forming 5 in a high yield of
92%, following purication by silica gel chromatography.
Heating of 5 under reux in MeOH with NH4OAc for 9 h
generated an aza-dipyrrin, which upon conversion to its BF2
chelate by stirring in DCM for 3 h with BF3$Et2O and base, gave
the targeted uorophore 1 containing 3-azidopropyl substitu-
ents on the C-1 and C-9 b-pyrrole carbons (Scheme 1). Following
Scheme 1 Synthesis of the 1,9-substituted bis-azido BF2-azadi-
pyrromethene fluorophore 1. (i) Methanesulfonyl chloride, Et3N, DCM,
0 °C, 30 min; (ii) NaN3, DMF, 16 h; (iii) NH4OAc, MeOH, reflux, 9 h; (iv)
BF3$Et2O, diisopropylethylamine, DCM, rt, 3 h. Ar = pMeOC6H4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a subsequent purication by silica gel chromatography, char-
acterization of 1 with 1H, 13C, 19F NMR and high-resolution MS
conrmed its structure.

With uorophore 1 in hand, its double 1,3-dipolar cycload-
ditions with Sondheimer diyne 2 were explored under conven-
tional reaction conditions (Scheme 2). As such, the equimolar
reactions of 1 and 2 at concentrations of 4 and 1 mM in
dichloromethane (DCM), methanol and toluene were investi-
gated. Encouragingly, it was found that at the higher concen-
tration, the double cycloaddition reaction proceeded most
efficiently at rt, reaching completion within 3 h to produce
uorescent macrocycles 3 and its trans isomer 6 in excellent
yield (Scheme 2, entry 1). The sequential cycloadditions, which
form a dibenzo-cycloocta-bis-1,2,3-triazole capped macrocycle,
proved a remarkably efficient transformation with no oligo-
meric products isolated, negating the need for low concentra-
tions typically required by other cyclization methods. In each
solvent, the favoured isomer was cis-3, with it being most
predominant in DCM, with a 3/6 ratio of 2.6 : 1 (entries 2 and 3).
This isomeric ratio was determined at the second cycloaddition,
with the rst cycloaddition expected to be the rate determining
step. Separation of the minor trans product was achievable
using silica gel chromatography, allowing full characterization.

Isomeric cis-3 and trans-6 can be structurally differentiated
based on the position at which the methylene linker is N-
attached to the triazole rings of the dibenzo-cycloocta-bis-1,2,3-
triazole unit. For the major product, cis-3, the methylene
substituents originate from adjacent-facing triazole nitrogen
atoms, resulting in the two fused benzo substituents of the cap
being non-equivalent. This is notable by the four sets of dd
peaks, attributable to the two non-equivalent benzo-fused rings
of 3 (Fig. 3A). As both rings have separate C–H environments,
the COSY spectrum coupling showed d 7.23 and 7.07 ppm on
ring (i), and d 7.61, 7.46 ppm on ring (ii) (Fig. S1†).
Scheme 2 Synthesis of macrocycles cis-3 and trans-6 (Ar = pMeOC6H

© 2024 The Author(s). Published by the Royal Society of Chemistry
Comparison of 1H NMRs for starting material 1 and cis-3
product was consistent with the formation of a macrocycle, with
themethylene protons of the (CH2)3 unit in 3 being diastereotopic
(Fig. 3B). Nuclear Overhauser effect spectroscopy (NOESY)
showed through-space interactions between the bridging
macrocyclic N–CH methylene protons at 4.36 ppm to one of the
protons (HA) at 7.07 ppm of the dibenzo-cycloocta-bis-1,2,3-
triazole unit, with interactions also seen between the b-pyrrole
C–H and its methylene substituent (Fig. 3A double headed
arrows, Fig. S1†). An interesting consequence of the macro-
cyclization conversion of 1 into 3 could be seen by comparison of
their19 F NMR spectra. As both uorine atoms are equivalent in 1,
a single peak at d−133.2 ppmwith quartetmultiplicity (due to 11B
coupling) was recorded, whereas for 3, the spectrum was more
complex with two peaks centred at d−131.3 and−133.7 ppmwith
double quartet multiplicity due to inequivalent uorine atoms of
the macrocycle, resulting in coupling from both 11B and 19F
(Fig. 3C). It was also of interest to investigate the aromatic solvent
induced shis (ASIS) by C6D6 on 3 as an indicator of regions of
transient, weak complexation of themacrocycle with the electron-
rich benzene ring.51–53 ASIS values were calculated by rst
recording chemical shis in CDCl3 and then in amixture of C6D6/
CDCl3 in a 1 : 5 v/v ratio (ASIS = dC6D6 − dCDCl3). It was antici-
pated that ASIS would occur due to intermolecular electrostatic
interactions from the benzene orientating itself around the polar
solute-3 dipole (Fig. 3D). This analysis showed that protons at
electron rich regions, such as the ortho C–H of the methoxy-aryl
ring and the b-pyrrole C–H, had large negative ASIS values of
−0.14 and −0.31 ppm, respectively (Table S1†). Interestingly, all
four non-equivalent saddle protons had ASIS responses, with
three having large negative values (−0.38, −0.19, −0.14) and one
positive (+0.12) (Fig. 3D). The largest negative value was from C–
HA of the aromatic ring (ii) and the positive value was for C–HD of
ring (i) (Fig. 3A and Table S1†).
4).

Chem. Sci., 2024, 15, 14913–14923 | 14915
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Fig. 3 1H and 19F NMR spectra of 1 and cis-3. (A) Macrocyclization
transformation of 1 into 3. (B) 1H NMR spectra of 1 and 3 showing
aliphatic region from 2–5 ppm. (C) 19F NMR spectra of 1 and 3. (D) 1H
NMR spectra of 3 showing aromatic solvent induced shifts.

Fig. 4 X-ray crystal structure of 3. (A) View showing the fluorophore
tethered into a 17-mer macrocycle, with a saddle-shaped, dibenzo-
cycloocta-bis-1,2,3-triazole cap (double headed arrow indicates nOe
between b-pyrrole and methylene protons). (B) Side view showing the
saddle-shaped, dibenzo-cycloocta-bis-1,2,3-triazole, with nOe
between C–H aromatic and methylene protons, and non-equivalent F
atoms indicated by arrows.
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X-ray structure of 3

Macrocycle formation was also conrm by X-ray structural
analysis of 3. Metallic gold-blue crystals suitable for diffraction
were grown by the slow evaporation of a chloroform solution at
rt, and found to have crystal system and space group as triclinic
and P�1, respectively (Table S2†).54 The 17-membered macrocycle
was comprised of a saddle-shaped dibenzo-cycloocta-bis-1,2,3-
triazole, N-linked through appended three-carbon methylene
chains to the C-1/9 b-pyrrole carbons of the uorophore (Fig. 4A
and S2†). Planarity of the central 5-6-5-fused heterocyclic rings
of the uorophore was not affected by the constraining mac-
rocycle, with the largest deviation from this 12-atom plane
14916 | Chem. Sci., 2024, 15, 14913–14923
being 0.1 Å for the N(6) atom (Fig. S2†). Similarly, the 1,2,3-
triazole bond lengths and angles were consistent with other
triazole rings in non-macrocyclic dibenzo-cycloocta-bis-1,2,3-
triazole derivatives.45

Several H to H distances within the X-ray structure of 3 were
consistent with the NOESY through-space cross-correlations,
such as the averaged aliphatic C–H/HA–Ar measured as 2.5
Å, and the C–H/H–C–pyrrole measured as 2.65 Å (Fig. 4A and
B, double headed arrows). Examination of the diuoro
substituents on the tetrahedral boron showed that the F atoms
are orientated to either side of the macrocycle. As the macro-
cycle faces of 3 are non-equivalent, the F atoms are rendered
non-equivalent, consistent with the 19F NMR data (Fig. 4B,
single headed arrow).
Bioorthogonal reaction conditions

The efficiency of bioorthogonal reactions is inuenced by the
biological setting in which the transformation takes place. For
live cellular work, this would be a heterogeneous, mixed
aqueous-lipid solvent system with low reagent concentrations
and an upper temperature limit of 37 °C.55 When transitioning
from round bottom ask to intracellular reactions, the twomost
striking differences in conditions are concentration and
solvent. While ask conditions would typically employ mM
concentration of reagents, this option is not viable for intra-
cellular reactions for which the practically useable upper limit
of concentrations is mM. Moreover, the change from a uniform,
organic solvent to a heterogeneous, aqueous-lipid environment
of a cell must be considered. In order to approximate an
aqueous lipid environment for test reactions, solutions of the
readily available excipient polysorbate 20 (PS20) in water were
utilised (Fig. 5, panel A).

PS20 is a non-ionic, amphiphilic, polyethylene glycol sorbi-
tan fatty acid ester, with a critical micelle concentration (CMC)
of 0.08 mM.56 When dissolved in water, amphiphile PS20 self-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 HPLC monitored reactions of Sondheimer diyne 2 with benzyl
azide and 1 in MeOH and H2O/PS20 at 37 °C (Fig. S3†). (A) Structure of
polysorbate 20. (B) Conversion plot of the reaction of benzyl azidewith
diyne 2. (C) Conversion plot of the reaction of 1with diyne 2. Data is an
average of three independent experiments.

Table 1 Photophysical characteristics of 1, 3 and 6

Entry Comp. Solvent Abs (nm) Flu (nm) fu s (ns)

1 1 CHCl3 658 683 0.25 4.5
2 1 Toluene 661 685 0.4 4.4
3 1 EtOH 657 679 0.21 3.6
4 1 H2O/PS20 665 686 nd 4.1
5 3 CHCl3 666 690 0.23 5.1
6 3 Toluene 670 688 0.21 5.0
7 3 EtOH 668 687 0.17 4.5
8 3 H2O/PS20 666 692 nd 4.7
9 6 CHCl3 657 679 0.25 5.2
10 6 Toluene 658 678 0.24 5.0
11 6 EtOH 652 677 0.19 4.7
12 6 H2O/PS20 668 682 nd 4.8
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assembles into micelles, of which the hydrophilic head inter-
acts with the aqueous phase and the lipophilic core can accu-
mulate water-insoluble reactants due to the hydrophobic effect.
For example, the advantage of this solvent system has been
exploited by others for the Pd catalysed C–H arylation of aryl
carboxylic acids.57 In addition to the macrocyclization, a second
previously known reaction of 2 with benzyl azide was also tested
(Fig. 5, panel B inset).46,48 In MeOH, at 2 mM concentration and
37 °C, the double cycloaddition of benzyl azide proceeded to
completion within 160 min, but when carried out at a low
concentration of 5 mM, less than 10% conversion was obtained
(Fig. 5, panel B dashed and solid black traces). A similar
concentration effect in MeOH was seen for the reaction of 1 and
2, which reached completion at 150 min at 2 mM but, again,
had very low conversion at 5 mM (Fig. 5, panel C, dashed and
solid black traces). Remarkably, when the reaction of diyne 2
with test substrate benzyl azide or 1 was carried out at 5 mM
concentration in aqueous PS20, both reactions were highly
effective (Fig. 5, panels B and C, solid blue traces). The benzyl
azide reaction reached over 90% completion within 120 min
and the bis-azido uorophore 1 within 15 min, strongly indi-
cating its suitability for intracellular use. This extraordinary rate
acceleration could be attributed to the effective reaction volume
being reduced, resulting in higher local substrate concentration
and giving rise to micellar catalysis.58,59 The reactivity
© 2024 The Author(s). Published by the Royal Society of Chemistry
performance observed between 1 and 2 under pseudo-cellular
conditions shows the potential for the use of these two
reagents in bioorthogonal chemistry.

Photophysical characterisations

Next, the photophysical characteristics of the emissive starting
material and products 1, 3 and 6 were explored. Spectroscopic
analyses were performed in both organic (CHCl3, EtOH, toluene)
and aqueous media (water/PS20), to allow an overview of the
solvent effects on their key parameters. A cross analysis of
absorption maxima data for the three dyes showed little differ-
ence between them and only very small solvent effects on their
lmax. The mean and standard deviations (SD) of absorbance lmax

across the different solvents were 1: 660 SD 3 nm; 3: 667.5 SD
1.6 nm; 6: 658.75 SD 5.8 nm. In an analogous fashion, the
emissionmaxima were very similar, with little solvent variance as
follows 1: 683.25 SD 2.7 nm; 3: 689.25 SD 1.9 nm and 6: 679 SD
1.9 nm, and each compound having good uorescence quantum
yields (Table 1, Fig. 6 and S4†). An off to on uorogenic moni-
toring would clearly not be possible as both startingmaterial and
products have very similar absorbance, uorescence and
quantum yield characteristics (Fig. 6).60 However, an examina-
tion of the uorescence lifetime values revealed an alternative
opportunity to achieve this goal. A notable increase in lifetime
was recorded upon going from starting material to products,
with the mean lifetime in three different solvents for 1 as 4.0 (SD
0.37) ns, with 3 and 6 as 4.8 (SD 0.25) and 5.0 (SD 0.35) ns,
respectively (Table 1). This difference could be rationalised by the
increase constraint imposed by the formation of the macrocycle
and is consistent with radiative and non-radiative decay values
(Table S3†). Experimentally it was anticipated that the lifetime
difference between starting material and products would be
sufficient to monitor the reaction progress in real-time.

In advance of conducting intracellular experiments, uo-
rescence lifetime monitoring of the reaction between 1 and 2
was carried out in aqueous PS20. First, the tted uorescence
lifetime of a solution of 1 (mono-exponential tted decay) was
repeatedly measured every 30 s to establish a starting baseline,
then diyne 2 was added with measurements being acquired
every 30 s for 45 min. While the lifetime remained unchanged at
3.9 ns prior to the addition of 2, once added it immediately
Chem. Sci., 2024, 15, 14913–14923 | 14917
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Fig. 6 Absorption (solid traces) and emission (dashed traces) spectra
of 1 (black) and 3 (blue) in (A) EtOH and (B) H2O/PS20 at 5 mM
concentration.
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began to increase, reaching a plateau at 4.5 ns by 20 min. To
conrm the reaction had reached completion, a second equiv-
alence of 2 was added at 25 min, with no further change in
Fig. 7 Fluorescence lifetime monitored reaction of 1 with diyne 2 in
H2O/PS20 at 10 mM concentration at 37 °C. (A) Plot of fluorescence
fitted lifetimes (black circles, mono-exponential fitted decay) versus
time as reaction proceeds; pink dashed line indicates time at which 2
was added to the solution of 1; pink star indicates time at which
a second equivalent of 2was added. (B) Overlaid phasor plots showing
phase lifetime at Tzero (green circle) and T45min (red circle) see Movie
S1† for continual tracking of intermediate time points.

14918 | Chem. Sci., 2024, 15, 14913–14923
lifetime occurring (Fig. 7, panel A). In addition to the tted
lifetimes, the graphical phasor plot is a powerful method to
spatially and temporally represent lifetime data within
images.61 Using this approach, the uorescence lifetime of each
pixel within the image is displayed such that pixels with anal-
ogous decay curves have comparable positions in the phasor
plot (with an average lifetime, sphasor). For this work specically,
the reaction could be monitored in real-time once the starting
and nishing lifetimes of the transformation are distinguish-
able from one another. Fig. 7B shows overlaid phasor plots for
the start (Tzero) and end point (T45min) of the reaction between 1
and 2 in H2O/PS20, conrming through the increased phasor
lifetimes that the reaction progress can be tracked in this way
(for Movie of phasor lifetime changes see Movie S1†).
Bioorthogonal reaction of 1 and 2 in live MDA-MB 231 and
HeLa Kyoto cells

The nuclear envelope (NE) separates the contents of the nucleus
from the cytoplasm, acting as a barrier for the movement of
molecules between them and maintaining the nucleus as
a distinct biochemical compartment. It has a complex structure,
consisting of two concentric inner and outer nuclear
membranes (NM), of which the outer is continuous with the
endoplasmic reticulum (ER).62 It has underlying nuclear lamina
with nuclear pore complexes being the passage way across the
Fig. 8 (A) Graphical representation of NE, NI and ER cellular regions of
interest. CLSM images of live MDA-MB 231 cells following a 90 min
incubation with 0.4 mM concentration of (B) 1, (C) 3 and (D) 6. 3D CLSM
images of nuclear topography following incubation with 1 (0.4 mM) in
live (E) MDA-MB 231 and (F) HeLa Kyoto cells with NIs indicated by
arrows (see Movies S2 and S3† for the 3D nuclear representations of E
and F, respectively). Scale bar 10 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Intracellular photophysical characteristics of 1, 3 and 6 taken in
MDA-MB 231 cells (standard deviation calculated from 4 different
regions). (A) Intracellular emission spectra of 1 (green), 3 (pink) and 6
(grey). (B) Intracellular fluorescence lifetime decay curves of 1 (green),
3 (pink) and 6 (grey). Mono-exponential decay, best fitted with a single
component (reported as the fitted lifetime).
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membranes. Nuclear invaginations (NI) are another feature of
the NE and come about when the nuclear membrane forms tube
like channels of varying size criss-crossing the nucleus. The
function(s) of these channels remain under active investigation,
though they are thought to carry out similar roles to the NE
itself which is linked to intranuclear transport, cell signalling
and migration.63,64 It has been shown that the existence of NIs
transecting the body of the nucleus signicantly reduces the
distance between nucleoli and the NE which could enable
mRNA transport in and out of the nucleus.65 Increased numbers
of NIs is associated with several disorders including cancers
and neurodegenerative diseases. With regards to cancer, highly
differentiated cells are known to have signicantly more NIs
than non-transformed or mildly differentiated cell lines.66

While much uncertainty remains, a possible explanation for
this phenomenon could be that highly proliferative cells need
more access to transport of mRNA and proteins, in and out of
the nucleus. As such, tools to investigate the NE and NIs are of
Fig. 10 Bioorthogonal macrocyclization of 1 and 2 in MDA-MB 231 (left)
image at Tzero. (C) Expanded region of the phasor plot at Tzero. (D) Intensity
the phasor plot at T45min (see Movies S4 and S5† for phasor plot changes o
with pixels coloured depending on their phasor position plot such that pix
in B and E. Same intensity scale for all images of the same region. Bar sc

© 2024 The Author(s). Published by the Royal Society of Chemistry
growing importance and the ability to carry out bioorthogonal
reactions within these key cellular regions has not been previ-
ously established. Accordingly, the highly aggressive triple-
negative metastatic mammary epithelial MDA-MB-231 and the
cervical HeLa Kyoto cancer cell lines were chosen for this
study.67

Initially, it was necessary to establish the subcellular loca-
tions, intracellular emission and lifetime characteristics of the
pre-synthesised uorophores 1, 3 and 6. All three were indi-
vidually incubated with MDA-MB 231 and HeLa Kyoto cells for
90 min, following which live-cell confocal laser scanning
microscopy (CLSM) images were acquired. The subcellular
localizations were the same for each with the NE, NIs and ER
clearly stained (Fig. 8 and S5† for HeLa Kyoto cell images). The
localization of 1 to the NM and NI was further conrmed
through co-staining experiments with the antibody CF 594
against nuclear lamin B1 in both cell types (Fig. S6†).

Typically, microscopy imaging of the NE and NIs is carried
out by immunostaining lamina proteins located on the nuclear
body side of the NE through antibody specic bindings.68

Notably, no such recognition exists for the uorophores of this
study, yet effective live-cell labelling was readily achievable. As
NIs can transect the nuclear body either horizontally or verti-
cally relative to the imaging focal plane, optical sectioning of
cells was carried out to produce a 3D reconstruction of the
nucleus. Encouragingly, in MDA-MB 231, and to a lesser extent
in HeLa Kyoto cells, numerous NIs could be seen penetrating
through the nuclear topography (Fig. 8 panels E, F, Movies S2
and S3†).

Further analysis of the intracellular emission spectra and
lifetimes of 1, 3 and 6 in MDA-MB 231 cells conrmed that their
photophysical characteristics were comparable to those
and HeLa Kyoto (right) cells. (A) Intensity image at Tzero. (B) FLIM phasor
image at T45min. (E) FLIM phasor image at T45min. (F) Expanded region of
ver time). B and E Correspond to the intensity image shown in A and D
els inside the green or the red circle in C or F are coloured accordantly
ale 10 mm.
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recorded in solutions (Fig. 9 and S7† for HeLa Kyoto cell data).
Importantly, while the emission maxima and intensities were
similar for all three uorophores (lmax 681 nm), the longer
lifetimes for the macrocycles (4.8, 4.6 ns) in comparison to the
bis-azido uorophore 1 were measurable and consistent with
the values obtained for the solution measurements taken in
H2O/PS20 (Fig. 9).

With the intracellular characteristics of the starting bis-azido
and product uorophores understood, the bioorthogonal mac-
rocyclization of 1 and 2 was tested in both cell lines. Experi-
mentally, cells were incubated with 0.4 mM of 1 for 90 min, cell
medium was exchanged to remove extracellular 1 and confocal
and lifetime images acquired (Tzero) giving a measured expo-
nential lifetime of 4.1 ns (Fig. 10, panels A and B). Cells were
then treated with media containing 0.4 mM of diyne 2 and
uorescence lifetime imaging microscopy (FLIM) images
Fig. 11 (A) Comparison of fitted lifetimes for a triplicate of indepen-
dent bioorthogonal macrocyclization experiments in MDA-MB 231
cells and controls of 3 and 6. Solid green bars: Tzero data of entire cell
FOVs. Hashed green bars: Tzero data of NIs. Solid red bars: T45min of
entire cell FOVs. Hashed red bars: T45min data of NIs. Solid pink bar:
control data of 3 alone acquired from entire cell FOVs. Hashed pink
bar: control data of 3 alone acquired from NIs. Solid grey bar: control
data of 6 alone for entire cell FOVs. Hashed grey bar: control data of 6
alone acquired from NIs. (B) Fitted lifetime tracking of bioorthogonal
macrocyclization of 1 and 2. Traces show three independent experi-
ments with an averaged value from a minimum of seven FOVs
acquired for each time point. Dotted vertical line indicates time at
which diyne 2 was added. Representative FLIM phasor images from
one experiment shown at different time points. Bar scale 10 mm.

14920 | Chem. Sci., 2024, 15, 14913–14923
recorded every 3 min for 45 min (T45min). Comparison of
intensity images at the starting Tzero and 45min later showed no
signicant changes, but the tted lifetimes of entire cells
showed that it had increased by 0.6 ns from 4.1 to 4.7 ns (Fig. 10,
panels D and E). This change to a longer lifetime, consistent
with that of the macrocycles, conrmed that the macro-
cyclization had occurred throughout all regions of the cell (ER,
NM and NI) with the lifetime value in agreement with both
solution and intracellular measured values of 3 and 6 (for
representative images from repeat experiment see Fig. S8†).
Phasor plot representations of the lifetime changes allowed for
the progress of the intracellular reactions to be continually
observed as they proceeded (Fig. 10, panels C, F, Movies S4
and S5†).69

Control experiment in which cells containing 1 were treated
with aqueous PS20 solution without diyne showed no change in
lifetimes until subsequently being treated with solutions con-
taining diyne (Fig. S9†). The level of reproducibility was tested
through repetition of the experimental process in triplicate with
averaged measured lifetime data at Tzero and T45min accumu-
lated from multiple entire cell elds of view (FOV) and specic
subcellular regions such as the NIs, as represented in the bar
Fig. 12 3D Fluorescence lifetime imaging of the NE and NIs in MDA-
MB 231 cells. (A and C) Representative FLIM phasor cell images at Tzero.
(B and D) Corresponding cell images at T45min. Pixels are coloured as
previously described in Fig. 10. (E) Measured fitted lifetimes for each
optical slice at Tzero (green trace) and T45min (red trace) for cell A/B
(solid line) and for cell C/D (dotted line). See Movie S6† for the 3D FLIM
sectioning of the nucleus of A to B and C to D. Scale bar 5 mm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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graph in Fig. 11, panel A (see Fig. S10† for HeLa Kyoto data). In
all experiments the averaged starting lifetime was 4.1 ± 0.1 ns
when measured for both whole cells and individual NIs.
Following 45 min incubation with 2, the lifetime values had
increased by 0.6 ns for NIs, conrming that the bioorthogonal
reaction had in fact occurred within these subcellular regions.
The power of combining intensity and lifetime data comes to
the fore for continuous dynamic recording of intracellular
events. As both the starting and product uorophores are highly
uorescent, the change in lifetimes can be monitored in real-
time as the reaction proceeds. For example, in Fig. 11B the
plot of recorded lifetime versus time shows the kinetic prole of
the bioorthogonal reaction as it proceeds, which can be directly
equated to the time stamped images (for HeLa Kyoto cell plots
see Fig. S11†).

In order to conrm that the bioorthogonal driven changes in
lifetimes could be detected throughout the NE and NIs, live-cell
3D FLIM experiments at Tzero and T45min were carried out.70 As
such, a series of uorescence lifetime images comprising 20
individual focal planes separated by 0.31 mm was acquired to
capture the entire nucleus (Fig. 12, panels A to D and Movie 6†).
The measured tted lifetimes of each optical slice at the two
time points are shown in Fig. 12E, conrming that the reaction
was uniform throughout both the NE and all NI regions (see
Fig. S12† for additional repeat experiment data).

Conclusion

The use of live-cell FLIM to track the spatial and temporal
progress of a bioorthogonal macrocyclization has been pre-
sented. Macrocyclization to generate a 17-mer ring was achieved
by sequential azide dipolar cycloadditions through the reaction
of a bis-azido uorescent substrate with Sondheimer diyne. The
unique, double strained triple bond architecture of the diyne
reagent was well suited for this purpose with aqueous solution
reactions occurring within minutes at 37 °C. Photophysical
measurements showed that both the starting bis-azido uo-
rophore and product macrocycles had very similar emission
maxima and quantum yields and could be readily distinguished
from each other by the difference in their uorescence life-
times. Confocal microscopy imaging in cancer cell lines showed
that both starting and product uorophores localized to the ER,
NE and NIs and that their emission and lifetime characteristics
were comparable to those in solution. Treatment of cells with
bis-azido substrate 1 and subsequently with equimolar diyne 2
showed a readily observable change in lifetime over 45 min as
the macrocyclization took place in each of these subcellular
regions. Using both 3D intensity and lifetime imagery it was
clearly discernible that the bioorthogonal macrocyclization had
occurred in the NE and NIs. It could be anticipated that the use
of measured lifetime decays in conjunction with phasor plots
could become a powerful analytical method, further pushing
the scientic boundaries of bioorthogonal chemistries and
delivering new insights at the frontiers of chemical biology.
Ongoing synthetic efforts are directed towards generating
functionalised diyne derivatives for tracking small molecule
entry into the nucleus.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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S. J. Siegl and M. Vrabel, Angew. Chem., 2017, 56, 1334.

24 C. Domnick, F. Eggert and S. Kath-Schorr, Chem. Commun.,
2015, 51, 8253.

25 T. Plass, S. Milles, C. Koehler, J. Szymański, R. Mueller,
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