Chemistry WILEY. vcH

Europe

European Chemical
Societies Publishing

Excellence in Chemistry Research

Chemistry
Europe

Excellence in Chemistry Research Worldwide

journal.chemistry-europe.org

el

Announcing
our new
flagship journal

® Gold Open Access
® Publishing charges waived
® Preprints welcome

® Edited by active scientists

WILEY #vcH

Meet the Editors of ChemistryEurope

0

e |

Luisa De Cola Ive Hermans Ken Tanaka
Universita degli Studi University of Tokyo Institute of
di Milano Statale, Italy Wisconsin-Madison, USA Technology, Japan


https://chemistry-europe.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Af80b6240-3b1d-4763-ae3f-c76104165b56&url=https%3A%2F%2Fchemistry-europe.onlinelibrary.wiley.com%2Fjournal%2F27514765&pubDoi=10.1002/chem.202203468&viewOrigin=offlinePdf

Chemistry—A European Journal

Research Article

W) Check for updates

doi.org/10.1002/chem.202203468 Socienes puiehing

www.chemeurj.org

Excited-State Dynamics in Borylated Arylisoquinoline
Complexes in Solution and in cellulo

Tingxiang Yang,™" Abha Valavalkar,”® Antonio Romero-Arenas,” Anindita Dasgupta,®
Patrick Then,”™ 9 Avinash Chettri,® Christian Eggeling,”®“*" Abel Ros,*” Uwe Pischel,* and

Benjamin Dietzek-lvangi¢* > "

Abstract: Two four-coordinate organoboron N,C-chelate com-
plexes with different functional terminals on the PEG chains
are studied with respect to their photophysical properties
within human MCF-7 cells. Their excited-state properties are
characterized by time-resolved pump-probe spectroscopy
and fluorescence lifetime microscopy. The excited-state
relaxation dynamics of the two complexes are similar when
studied in DMSO. Aggregation of the complexes with the
carboxylate terminal group is observed in water. When
studying the light-driven excited-state dynamics of both
complexes in cellulo, i.e., after being taken up into human
MCF-7 cells, both complexes show different features depend-
ing on the nature of the anchoring PEG chains. The lifetime of

~

a characteristic intramolecular charge-transfer state is signifi-
cantly shorter when studied in cellulo (360+170 ps) as
compared to in DMSO (~960 ps) at 600 nm for the complexes
with an amino group. However, the kinetics of the complexes
with the carboxylate group are in line with those recorded in
DMSO. On the other hand, the lifetimes of the fluorescent
state are almost identical for both complexes in cellulo. These
findings underline the importance to evaluate the excited-
state properties of fluorophores in a complex biological
environment in order to fully account for intra- and
intermolecular effects governing the light-induced processes
in functional dyes.

/

Introduction

Four-coordinate organoboron complexes are attractive lumino-
phores for bioimaging, due to their highly emissive nature."
Consequently, the photophysical properties, for example ab-
sorption and emission spectra in solution, as well as when taken
up into cells have been studied.” Spectroscopic studies
revealed that the excited-state properties of such dyes are often
determined by the presence of intramolecular charge-transfer
(ICT) transitions, which are highly sensitive to the local environ-
ment of the fluorophore.”> A shortened ICT lifetime is present
in polar solvents for some of the four-coordinate N,C organo-

boron complexes.™ The polarity dependence of the ICT states
causes a red-shifted and weakened emission as the polarity of
the surrounding environment increases.” Solvent-induced ag-
gregation also impacts the fluorescence of such organoboron
compounds.®

Integrating an electron-donor-substituted arylisoquinoline
as a chelate ligand, the ICT state, in which charge density is
shifted to the isoquinoline part, constitutes an ‘energy sink’ and
causes the large Stokes shifts beneficial for bioimaging.”
Compounds following such design principles have been
synthesized and studied for bioimaging by some of us:7*®
However, an in-depth time-resolved photophysical study of the
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complexes in the environment of live human cells has not been

reported so far.

In this contribution, we report on time-resolved spectro-
scopic studies of two borylated arylisoquinoline dyes. The
complexes bear polyethylene glycol (PEG) chains with different
(~NH,, —COOH, Scheme 1) to
improve their water solubility.”) This study presents a new
viewpoint on spectroscopic-mechanistic research on organo-
boron fluorophores by observing the ultrafast light-induced
dynamics when incorporated into live human cancer cells (MCF-
7) and hence, exploring the effect of the dyes’ interaction with

functional terminal groups

the biological environment.
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Scheme 1. Structures of the complexes 1 and 2 used in this work.

0" \_-NH,

Results and Discussion

The dyes 1 and 2 were prepared in good yields (50-70%) by
coupling of the corresponding alkyne (6)" or azide derivatives
(7) of the borylated arylisoquinolines with PEG-azide or PEG-
alkyne derivatives, respectively, using a copper-catalyzed click
reaction (see Scheme 2). The dyes were characterized by 'H, "°C,
and "B NMR spectroscopy as well as by high-resolution mass
spectrometry (see Supporting Information).

The discussion of the photophysical properties of the
investigated organoboron dyes starts with the characterization
of their steady-state absorption and emission. The absorption
spectra of 1 and 2 show similar shapes (Figure 1) with maxima
at 423 and 421 nm (Table 1) in DMSO, respectively, i.e., the PEG
substituents do not alter the absorption and emission spectra
of the fluorophore significantly."” The spectrum of 1 in water
includes a small low-energy tail at ~480 nm, which is not
present for 2. Such solvent dependence can also be observed in
the emission spectrum: in water, the emission spectrum of 1
becomes more structured with a maximum at 521 nm and a
shoulder at 550-600 nm (Figure 1). These spectroscopic differ-
ences between 1 and 2 indicate the lower water solubility of 1
and its tendency to form aggregates.!"” The fluorescence
quantum yields (®,,) of 1 and 2 in water are similar, 0.10 and
0.15, respectively. However, in DMSO the compounds exhibit
significantly higher @, i.e, >0.9 (see Table 1). The difference
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Scheme 2. Synthesis of the dyes 1 and 2. For the compounds 3-6 see reference”.
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- T P fluorescence lifetimes in water of 1 and 2 are much shorter
' ' than those recorded in DMSO. In addition a biexponential decay
of the fluorescence of the compounds in water is observed. This

g L -o.sé might be an indication for aggregation taking place in water,
g I significantly shortening the lifetime of the emission and
00— o O-OL; rendering its decay more complex.
§ 1.0 g 1.0%

051 105 Transient Absorption (TA) Spectroscopy

0.0 s 0.0 Before considering in cellulo transient absorption kinetics of 1

400 450 500 550 600 650 700
wavelength / nm

Figure 1. Normalized UV/vis absorption (solid line) and emission (dot line)
spectra (A, =420 nm) of 1 (top) and 2 (bottom) in DMSO (red) and in water
(containing 0.5 vol % DMSO, blue).

Dq,o in DMSO and water is also reflected in the fluorescence
lifetime kinetics (Table1 and Figure S2). Overall, the

and 2 in MCF-7 cells (see below), we recorded transient
absorption data in solution. As both complexes show very
similar transient absorption signatures in DMSO solution (Fig-
ure S3, S4 and S6), we will discuss the data obtained for 2
(Figure 2a and 2d for fs-transient absorption data). The data for
1 can be found in the Supporting Information (see Figure S3).
The fs-transient absorption data show two positive AAbs bands
at ca. 450 and 600 nm, while two minima are visible at ca. 420
and 510 nm (Figure 2a). The negative band at ca. 420 nm

Table 1. Photophysical properties of 1 and 2.

Dye Solvent habs [NM]? hem [NM]®! Do Tauo [NS]@ Al k [s7'19

1 DMSO 423 501 0.93 7.1 100% 1.3x108
water 423 521 0.10 0.5/1.5" 62%/38% 6x107

2 DMSO 421 497 0.99 7.2 100% 1.4%108
water 421 498 0.15 0.3/1.9% 76 %/ 24% 8x107

[a] Maximum of the steady-state absorption band. [b] Maximum of the emission band. [c] Absolute fluorescence quantum yield measured with an
integrating sphere. [d] Fluorescence lifetime. [e] A bi-exponential decay of the respective signal is observed. [f] g; is the amplitude of the corresponding
fluorescence lifetime component, and A is the percentage weight of the amplitude, A = a;/(a, + a,) x 100 %. [g] Radiative decay rate constant, k.= ®@q,./
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(a) fs transient absorption spectra (2 ns scaled) (b) kinetics of 2 in DMSO (c) decay associated spectra
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Figure 2. (a) fs-Transient absorption spectra of 2 in DMSO with L., =400 nm at different delay times as well as the transient absorption spectrum of 1 at 10 ps
in grey; (b) Kinetic traces of selected wavelengths in the 2-ns time window; (c) Decay associated spectra of 2. (d) Transient absorption spectra of 2 in DMSO in
10-ns time window; (e) Kinetic traces of 2 at 450, 485, 505 and 600 nm recorded in DMSO in 10/ns time window; (f) Kinetics of the decay at 600 and 700 nm
for 2 in deaerated and aerated conditions. The spectra are smoothed by the Savitzky-Golary method to reduce the electronic noise (the original data are

shown in Figure S3, S4, and S5). Concentration: 20 pM.
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coincides with the inverted steady-state absorption spectrum
and reflects the ground-state bleach (GSB). The negative band
between 470-550 nm spectrally conincides with stimulated
emission as seen from the inverted emission spectrum. During
the first ca. 50 ps after photoexcitation, this negative differential
absorption band shifts from 490 to 510 nm. At the same time
the prominent excited-state absorption (ESA) band at the
wavelength longer than 550 nm decreases, while differential
absorption features at 450 nm and 700 nm increase (Figure 2b).
The changes are highlighted in the decay-associated spectra
(DAS) (Figure 2¢), which are based on multi-exponential fitting
of the experimental data. The time constants shown on DAS are
determined by global fitting of the transient absorption data,
i.e., the kinetic traces at all probe-wavelengths. The previously
described spectral changes are associated with two decay
components in the fit, characterized by time constants of 0.5
and 7 ps. We interpret the processes as a relaxation of the
system from the Franck-Condon region (representing a locally
excited state, LE) populating an ICT excited state. In the latter
state electron density is shifted from the alkoxynaphthalene
unit to the isoquinoline moiety of the complex.” Similar
assignments have been done for related N,C organoboron
chelates.”®'? This ICT state is emissive, as indicated by the
strong negative differential absorption band in the spectral
region of the complex’s fluorescence at 500-510 nm. Its decay
appears to be biexponential with two very similarly shaped DAS
in the kinetic modelling (see Figure 2c). While the shorter
component, reflecting the decay of the ICT state, is associated
with a characteristic time constant of 960 ps, the residual decay
is too slow to be appropriately modelled from the fs-transient
absorption data recorded on a 2ns delay line. However,
transient absorption data recorded on a 10-ns delay line reveal
a 74ns decay component during which the stimulated
emission features disappear (see Figure S5), while a new ESA
band at 485 nm forms (see Figure 2d, 2e and Figure S5). Thus,
we associate the 7.4 ns process with 'ICT—°ICT intersystem
crossing (ISC) and hence, quenching of the emission."? The
formation of a triplet state is corroborated by the oxygen
sensitivity of the transient, observed on the ps timescale
(Figure 2f): the population of the long-lived state is effectively
quenched under aerated conditions; the lifetime under deaer-
ated condition is 15 ps, whereas it shortens to ca. 1.9 ps in
aerated DMSO. To estimate the order of magnitude of the ISC
quantum vyield (D) from the transient absorption data we
regard the transient absorption signal recorded after 7 ps.
Considering the singlet ICT lifetime of 7.4 ns, the excited-state
population remaining after 7 us will be the population of the
triplet state (see the Supporting Information for details). Taking
into account the number of photons per pulse and the
molecular absorption cross section as well as the experimentally
observable GSB at 7 ps, we conclude that @ is ca. 0.2 for 1
and 0.1 for 2. This defines a conservative estimate for @
Taking into account the error margin for @, and @, (ca. 10—
20% error), it remains clear that no other excited-state
processes interfere in the decay of the ICT state, because both
quantities add up to about 100%. The main excited-state
pathways, discussed above, are summarized in Scheme 3.

Chem. Eur. J. 2023, e202203468 (4 of 7)
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Scheme 3. Photophysical model for 2 in DMSO.

Intracellular Photophysics

To investigate the impact of the local environment on the
excited state relaxation processes when 1 and 2 are taken up
into human breast cancer cells, MCF-7 cells were dosed with
20 puM of either of the dyes. The uptake of 1 and 2 into MCF-
7 cells was monitored by Lattice-SIM microscopy after a 3-h
incubation period (Figure 3 and Figure S8). The compounds
show effective permeability into the cells and are mainly
localized in the cytoplasm. Similar observations were made for
other four-coordinate organoboron complexes with the poten-
tial to be used in bioimaging.”*'® Figure 3 further indicates that

Figure 3. Cellular accumulation of 1 (a) and 2 (b), scale bar: 10 um. (c) and
(d) are the zoom-in images at the selected positions for 1 and 2, respectively
(scale bar: 2.5 pm). Representative Lattice-SIM images of live MCF-7 cells.
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1 and 2 exhibit a tendency to bind to the nuclear membrane, as
highlighted by the strong large ring-like central pattern in the
Lattice-SIM images, which is slightly more pronounced for 1
compared to 2. Apart from the nuclear membrane staining, the
images disclose different cytosolic patterns for both com-
pounds, suggesting that they bind to slightly different
components within the cellular environment. 1 shows many
roundish patterns, characteristic for staining of the membrane
of cytosolic vesicles, whereas 2 elicits dotted patterns indicating
staining of the matrix of such vesicle.

The fluorescence lifetimes of 1 and 2 in cellulo were
obtained by fluorescence-lifetime imaging (FLIM). 1 and 2
feature a similar distribution of emission lifetime in the range of
4-8ns and an average emission lifetime of ~6 ns (Figure 4).
This in cellulo emission lifetime corresponds to the fluorescence
lifetime of the dyes in DMSO (ca. 7+0.2 ns), which indicates
that the radiative pathways of 1 and 2 are not significantly
affected by the local environment in cellulo. Noticeably, the
emission lifetimes do not resemble those recorded in water,
indicating that the dyes’ tendency to aggregate in water is
counterbalanced in the cellular environment,”*' and hence,
emission lifetimes resembling those of isolated 1 and 2 are
observed.

To interrogate the ultrafast dynamics, i.e., with the higher
lying electronic state of the excited-state potential energy
surfaces of the dyes in MCF-7 cells, 1 and 2 were excited at
400 nm in cellulo and the photoinduced dynamics were studied
at various probe wavelengths in the visible spectral range. This
technique is rather singular and has been used for only few
examples reported in the literature.™™ The data and insights
that are obtained are of high value for dye design and provide
a very detailed picture of the dyes’ photophysics in the actual
cellular environment. To check if the cells were damaged by the
light-induced processes, trypan blue staining was used as a live/
dead cells agent after each of the measurements. No significant
number of cells stained by trypan blue was observed (Fig-
ure S15), reflecting the only marginal photocytotoxicity of the
complexes under the experimental conditions used.

Figure 5 shows the transient absorption kinetics recorded
from live MCF-7 cells dosed with 1 (first row) or 2 (second row).
The third row in Figure 5 reports on control measurements,
essentially showing the transient absorption background, which

i 1(515 nm) 1 (580 nm) 1(600 nm) 1(650 nm)
0"\._\;___‘_/_-’/-—-‘____‘_&’/‘%“/%
-30
2 30 2 (515nm) 2 (580 nm) 2 (600 nm) 2 (650 nm)
= LA R o SV VW
% 0= ik L o
2 L Al ARt
<30 f

- (515 nm) (580 nm) W (650 nm)
v \"'M.’WM
quf ey
-30

10°10" 102 10°  10° 10" 102 10°
delay time / ps

10° 10" 102 10° 10° 10" 107 10°

Figure 5. Kinetic traces of 1 (first row) and 2 (second row) at selected
wavelengths were measured with live MCF-7 cells (cyan line), and recorded
in DMSO (blue line). The dash black line is the fit data. The control
experiments (only MCF-7 cells without complexes) are shown on the third
row (grey line).

is obtained from live unstained MCF-7 (the small feature at
pulse overlap stems from the coherent artifact)."® The highest
signal-to-noise ratio for the in cellulo transient absorption
kinetics is obtained with a probe wavelength of 600 nm. This is
in line with the transient absorption spectrum of 1 and 2
recorded in DMSO, which peaks at this wavelength. However,
also at different probe wavelengths the kinetics can be
resolved, i.e.,, probing at 580 nm as well as 650 nm yields
positive differential absorption kinetics in cellulo. These experi-
ments allowed for capturing excited-state absorption kinetics of
the LE and ICT states (Figure 5). The kinetic traces of 1 are in
good agreement with those recorded in DMSO at these three
probe wavelengths, indicating that the overall nature of the LE
state and ICT state is not impacted by the local environment
provided by live MCF-7 cells in this particular example. On the
contrary, differences are observed when comparing the tran-
sient absorption kinetics recorded for 2 at 600 nm in cellulo and
in DMSO. The kinetics indicate that the sub-ns characteristic
time constant reflecting the fast component of the decay of the
emissive ICT state appears shortened from about 960 ps in
DMSO to 360+ 170 ps (Figure $13). The signal-to-noise ratio of
the kinetics recorded at 650 nm is insufficient to conclude if the

! (c) =

0.84

0.6

norm. Int. counts

0.4+

0.2

0.0 T T v T T ——
3000 4000 5000 6000 7000 8000 9000

time / ps

Figure 4. FLIM micrographs of 1 (a) and 2 (b), respectively (Scale bar: 5 um). (c) Fluorescence lifetime distribution for 1 and 2.
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same observation can be made at this wavelength (see
Figure S14). By probing the excited-state kinetics at 515 nm we
expected to see also contributions from stimulated emission
based on the transient absorption spectra recorded in DMSO.
For 2 in live cells, slight indications for such a negative
differential absorption signal are observed, while the low signal-
to-noise ratio does not allow for such conclusions when
studying 1 in MCF-7 cells.

The difference in the decay of the ICT state when comparing
1 and 2 (see deviations in the transient absorption kinetics
measured in cellulo at 515 and 600 nm) provides an indication
that the different local environments of the dyes in MCF-7 cells
(i.e., 1 is located in the membrane of cytosolic vesicles, while 2
is found in the vesicle) lead to slightly different ICT stabilities
and hence lifetimes. Apparently, only the higher lying electronic
parts of the potential energy surface seem to be affected by the
(slightly) different localization within the cells. The radiative
lifetime, on the other hand, reflecting the time of ISC, which
ultimately quenches the fluorescence of the complexes, remains
the same for 1 and 2.

Conclusion

In this contribution four-coordinate organoboron N,C-chelates
were studied with respect to their excited-state relaxation
pathways in solvents and when incorporated into human
cancer cells (MCF-7). The different terminal groups (NH, or
COOH) of the PEG chains, that were attached to the dyes, do
not affect the excited-state relaxation pathways of the dyes
when studied in DMSO. A slightly different distribution of the
dyes within the MCF-7 cells was noted, which led to alterations
of the decay kinetics of the emissive ICT state. Despite this
observation, fluorescence lifetime imaging reveals the same
distribution of emission lifetime for both dyes (which match the
emission lifetimes of the dyes in DMSO). However, the fast
relaxation component of the ICT state appears to be longer in 1
compared to 2 when both systems are taken up into MCF-
7 cells. This indicates that the two PEG chains affect the
localization of the dyes in cells, causing them to experience a
distinct microenvironment, which in turn leads to slight differ-
ences in the slow structural relaxation of the emissive ICT state.

Experimental Section

The starting materials 3-6 (Scheme 2), 2-azidoethyl methanesulfo-
nate, and the PEG-linkers were synthesized according to the
procedures described in the literature.”>'”

Fluorescence lifetimes in solutions were measured with a Hama-
matsu HPDTA streak camera. The excited wavelength was set at
400 nm with a repetition rate of 400 kHz. The response function is
ca. 250 ps. Sample were measured in 1 cm quartz cuvettes.

Transient absorption spectra were obtained with a home-built
setup."® 400 nm pump pulse of ca. 110fs pulse duration with
500 Hz repetition rate and a white-light with 1 kHz repetition rate
are focused on the sample position. The polarization between the
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pump and probe beam is set at the magic angle (ca. 54.7°). The
solvent samples were measured in 1 cm quartz cuvettes.

For the in cellulo experiments, the single wavelength probes (515,
580, 600 and 650 nm) are employed instead of the white light. The
cellular samples were measured in glass bottom p-dishes. The MCF-
7 cells were treated with final concentration of 20 uM of 1 and 2 in
media. The MCF-7 cells were measured in 1 mL Hanks' balanced
salt solution (HBSS). Following the measurements, the cells were
treated with Trypan Blue solution and imaged by a combination of
a Raspberry Pi camera and Carl Zeiss Axiovert 25 microscope with
the objective EC Plan-Neofluar 10X/0.30M27 (Figure S15).

Nanosecond transient absorption spectroscopy was used to
obtained the kinetics at long delay time. The pump pulse was set at
430 nm produced by Surelite Nd:YAG laser system with a pulse
duration of 5ns and a repetition rate of 10 Hz. The white-light
probe is provided by a xenon arc lampand samples were measured
in 1cm quartz cuvettes. Oxygen-free solutions were prepared
inglove box.

Fluorescence lifetime images were obtained from a custom
Abberior Expert Line laser scanning STED microscope with 100 x
/1.4 oil immersion objective lens from Olympus. The MCF-7 cells
were seeded on a glass coverslip with 20 uM concentration of each
of the dyes. The cell samples were excited at 440 nm pulses with a
repetition rate of 40 MHz.

Lattice-SIM images were acquired on a Zeiss Elyra 7 microscope
equipped with a Plan-Apochromat 63X/1.4 Oil DIC M27 objective
and a pco.edge sCMOS (version 4.2 CL HS) camera. The 405 nm
laser was used to excite the dyes in cellulo.
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Four-coordinate organoboron N,C
Chelates are used as fluorescence
dyes in biological environment. Their
excited-state properties within human
MCF-7 cells are characterized by time-
resolved pump-probe spectroscopy
and fluorescence lifetime microscopy.
Two chromophores show different
features in cellulo depending on the
nature of the anchored PEG chains.
These findings underline that our
approach can extend the information
from FLIM and evaluate the excited-
state properties of functional fluoro-
phores in a complex biological envi-
ronment.
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