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ABSTRACT: Unprecedented circularly polarised luminescence bioimaging (CPL-bioimaging) of live cells using small full-organic
probes is firstly reported. These highly biocompatible and adaptable probes are pivotal to advance emerging CPL Laser-Scanning Con-
focal Microscopy (CPL-LSCM), as an undeniable tool to distinguish, monitor and understand the role of chirality in the biological pro-
cesses. The development of these probes was challenging due the poor dichroic character associated to the involved CPL emissions.
However, the known capability of the BODIPY dyes to be tuned to act as efficient fluorescence bioprobes, joint to the capability of the
BINOL-O-BODIPY scaffold to enable CPL, allowed the successful design of the first examples of this kind of CPL probes. Interestingly,
the developed CPL probes were also multiphoton (MP) active, paving the way for envisioned MP-CPL-bioimaging. The described full-
organic CPL-probe scaffold, based on an optically and biologically tunable BODIPY core, which is chirally perturbed by an enantiopure
BINOL moiety, represents therefore a simple and readily accessible structural design for advancing efficient CPL probes for bioimaging

by CPL-LSCM.

INTRODUCTION

Most building blocks of Nature, such as amino acids and sugars,
are chiral, therefore, probing the interactions of these molecules,
and/or tracking their origin and fate in living organisms is of great
importance in both biology and medicine.l! For instance, even
though both enantiomeric versions (L and D) of the chiral natural
amino acids exist, all life on Earth is based on the L enantiomers.
Thus, understanding the origins of Nature’s homochirality and the
key roles played by it within living systems is of key importance.

Luminescent chiral emitters, like chiral BODIPY's (boron dipyrro-
methenes) BOD1-3 presented here in Fig. 1, display a unique opti-
cal fingerprint, their emitted circularly polarised light. This circu-
larly polarised luminescence (CPL) can be used to carry infor-
mation about the chiral molecular environment, as well as about
the conformation and binding state of the chiral CPL emitter (i.e.,
the CPL probe). Although in the last few decades there has been a
surge in the development of chiral molecules, complexes and pol-
ymers as CPL emitters, the technological advancements to charac-
terize the CPL signal coming from these luminescent entities in
complex environments, like the biological ones, were stagnant.

(S)-BOD1 R = Br
(S)-BOD2 R =CN

(S)-BOD3

Figure 1. Small full-organic CPL probes based on BINOL-O-
BODIPY (BOD1-3). Only the S enantiomers are depicted.

CPL spectroscopy is a well-established technique, with CPL emis-
sion maximized for electronic transitions that are magnetic-dipole
allowed and electric-dipole forbidden. CPL emission is most com-
monly quantified in terms of the emission dissymmetry factor, gim,


about:blank

as defined by Eqn. 1, where 71, and I are the intensities of the emit-
ted left- and right-handed CPL (L-CPL and R-CPL, respectively).
Thus, gum = +2 indicates 100% L-CPL emission, gum = —2 indi-
cates 100% R-CPL emission, and gum = 0 indicates net-zero circu-
lar polarisation in the emitted light. The strongest CPL signals to
date have been generated from purpose engineered chiral lantha-
nide coordination complexes, specifically europium complexes,
exhibiting |gum| up to 1.38 for simple systems, and up to 1.45 for
chiral supramolecular polymers.™!

_ 2(L-Ir)
Gum = (IL+IR)

Eqn. 1

Triggered by the development of CPL emitters in recent years,
there have been significant advancements in CPL instrumentation
and techniques, including solid-state time-resolved CPL spectrom-
eters,®) CPL photography,™ and CPL-Laser Scanning Confocal
Microscopy (CPL-LSCM).) CPL-LSCM represents a particularly
exciting development, as it enables us, for the first time, to probe
the chiral subcellular environment using CPL probes, offering a
unique opportunity to investigate how different enantiomers can
differently interact with other chiral biomolecules and molecular
systems within cells.”’

For efficient excitation and detection with CPL-LSCM, the CPL
probe used must possess a high molar absorption coefficient (&us),
along with a favourable photoluminescence quantum yield (@em)
and a significant gium value. This can be quantified by the Circularly
Polarised Brightness (CPB) (Eqn. 2), which serves as a compara-
tive metric for the total number of circularly polarised photons
emitted and, therefore, acts as the figure-of-merit to compare CPL
emitters.[>¢

CPB = Eabsd’em(lgluml)

. Eqn. 2

The capability of CPL-LSCM to enable CPL-based bioimaging
(CPL-bioimaging) of cell systems, by differentially detecting sim-
ultaneous L-CPL and R-CPL emissions by Enantioselective Dif-
ferential Chiral Contrast (EDCC) imaging, has been recently
demonstrated by us using purpose-engineered CPL probes based
on chiral lanthanide complexes exhibiting both high |gium| and high
CPB .1 These CPL probes have shown the potential of CPL-LSCM
imaging technology to study key diastereomeric interactions taking
place in the living systems, as those enabling the observed differ-
ential accumulation of the used CPL-probe enantiomers in differ-
ent cell organelles.

A step forward in the use of CPL-LSCM is to image biological
systems by using small full-organic CPL probes. Fluorescent small
full-organic probes are commonly used in bioimaging by fluores-
cence microscopy due to key advantages derived from their organic
nature and small size, such a high capability for cell-membrane
permeation, notable biocompatibility, or easy adaptability by
workable organic chemistry.”? In this context, pioneering small
full-organic CPL probes should pave the way for unprecedented
studies on the role played by chirality in the biological processes,
based on more accurate and biocompatible CPL-bioimaging exper-
iments using CPL-LSCM. However, the design of these probes is

challenging, since a precise molecular engineering of a small or-
ganic chromophoric scaffold is needed to achieve the required
proper CPB without losing biocompatibility and organelle selec-
tivity. Specifically, achieving favourable CPB values is highly de-
manding due to the poor |gum| values of the small organic chiral
molecules, falling within the 10107 interval in most of the
cases.®I To face this challenge, pioneering the first workable small
full-organic CPL probes, we selected the small full-organic
BODIPY (boron dipyrromethene) chromophoric scaffold.

BODIPYs have been chosen for the development of a plethora of
light-triggered applications and tools.”!” The main strength of the
BODIPYs relate to their high fluorescence brightness, facile syn-
thesis, and easy adaptability by a number of well-known BODIPY
chemical transformations (BODIPY chemistry),!'"'? including
derivatisations at the boron atom.['3] This adaptability includes the
position of the emission bands (e.g., from ca. 395 nm for the 8-
aminoBODIPYs reported by Bafiuelos et al.'¥, to ca. 910 nm for
the n-extended BODIPYs reported by Harriman et al''!%), the
possibility of enabling efficient, selective bioprobing,['*!7 or the
possibility of enabling efficient CPL.!®]

On the basis of the high adaptability of the BODIPYS, herein we
report the design, synthesis and CPL-bioimaging capability of en-
antiopure (R)- and (S)-BOD1-3 (Fig. 1), as the first small full-or-
ganic CPL probes enabling CPL bioimaging by CPL-LSCM. These
CPL probes are based on the readily-accessible CPL-enabling
BINOL-O-BODIPY scaffold (BODIPY functionalized at boron
with a 1,1’-bi-2-naphthol moiety).!"!

Results and Discussion

As above mentioned, to pioneer the first small and full-organic
probes for CPL-bioimaging we selected the chiral BINOL-O-
BODIPY scaffold. This selection was made on the known potential
of this scaffold to rapidly develop small and full-organic CPL emit-
ters from readily available both F-BODIPYs (4,4-difluoro-
BODIPYs) and enantiopure BINOLSs."*2* The restricted confor-
mational mobility of the BINOL moiety in these dyes (e.g., see in
Fig. 1) is key to assure CPL emission with significant |gum| value
from the inherently achiral BODIPY chromophore,!'” whereas
their fluorescent capabilities can be strongly enhanced by properly
selecting the substituents at both the BODIPY and the BINOL moi-
eties, in order to diminish BINOL-to-BODIPY charge trans-
fer,2%24271 a5 well as internal conversion by conformational mo-
bility.?® The selection of the BINOL-O-BODIPY scaffold was
also made with consideration for the potential to achieve photo-
stable dyes under the severe laser irradiation required by CPL-
LSCM, as well as its recently demonstrated capability to generate
efficient fluorescent bioprobes in living mammalian cells, due to
their high biocompatibility and ease for permeating cell mem-
branes.!?*!

Synthesis

Harnessing the above-mentioned advantages of the BINOL-O-
BODIPY scaffold, we selected the known BINOL-O-BODIPY-
based fluorescent bioprobes BOD1 and BOD2 (see Fig. 1)? to
investigate the possibility of detecting the expected weak, green
CPL signals coming from the marked cell organelle (lipid droplets
and lysosomes, respectively), using CPL-LSCM.



For this purpose, and also to test possible diastereomeric effects
similar to those described when using lanthanide-complex CPL-
probes,™ we synthesized the two enantiomers of each probe from
commercial 1,3,5,7,8-pentamethyl-F-BODIPY and the corre-
sponding enantiopure BINOL. This was made following the de-
scribed synthetic procedures.?>%]

Additionally, in order to explore the potential of the BINOL-O-
BODIPY scaffold to rapidly develop CPL probes, we synthesized
both enantiomers of BOD3 (see Fig. 1), which was rationally de-
signed to act as an efficient red-fluorescent CPL probe for lyso-
somes. Thus, BOD3 is based on 1,3,5,7-tetramethyl-F-BODIPY
(FB1) (see Scheme 1), which is a known, efficient green-fluores-
cent lysosome probe (note the presence of the basic morpholine
moiety promoting its accumulation into acidic lysosomes).[*]

For BOD3 preparation, we firstly synthesized FB1 according to the
known procedure,”? and then extended the BODIPY -chromophore
T conjugation to enable emission in the red region. This n-exten-
sion was done by well-known Knoevenagel-like distyrylation in
3,5-dimethylBODIPYs (see Scheme 1).3% The obtained red-emit-
ting F-BODIPY FB2 was then endowed with CPL capability by
standard at-boron BODIPY BINOLation.!'! This BINOLation was
done using the marketed enantiomers of 3,3 -dibromoBINOL to
construct the corresponding BINOL-O-BODIPY enantiomers
BOD3 (see Scheme 1).

Scheme 1. Synthesis of red BINOL-O-BODIPY BOD3 (exem-
plified for the S enantiomer) as a red-fluorescent lysosome CPL
probe.
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CPL spectroscopy

Firstly, we verified the CPL activity of BOD1-2 enantiomers by
CPL spectroscopy.! As expected, the corresponding enantiomers
displayed weak mirror-image visible dichroic signals in diluted
chloroform solution (see Fig. S1 in the SI). The calculated small
gum values (Table 1) are in line with the typical values found for
other enantiopure BINOL-O-BODIPYs.!'"-21: 1 Despite these small
values, we trusted to take advantage of the known, high fluores-
cence efficiencies of BOD1-2 (see @em values in Table 1),1??! ena-
bling the consecution of a moderate CPB value for BOD1 (ca. 12
M 'em™! in chloroform solution; see Table 1).

Expectedly, photoluminescent (PL) and CPL spectroscopies of un-
precedented BOD3 demonstrated chir(optical) behaviours compa-
rable to those exhibited by BOD1-2 (see Table 1, and Figs. S1 and
S2 in the SI), and related distyrylated BINOL-O-BODIPYs,!%-2!:23]
resulting in a relatively high CPB value (ca. 34 M'cm™ in chloro-
form solution; see Table 1).

The different CPB values recorded for BOD1-3 in solution support
their use to investigate the possibility of CPL-bioimaging live cells
by small full-organic CPL probes using CPL-LSCM.

CPL-bioimaging of live cells

To test the capability of BOD1-3 to act as a small full-organic CPL
probes enabling bioimaging using the CPL-LSCM, NIH 3T3
(mouse skin fibroblast, ATCC-CRL-1658) cells were selected and
dosed with 10 uM of the corresponding BODIPY dye enantiomer
for 24 h incubation time.

After initial imaging experiments with 5 pM dosing concentration,
we found that the probe concentration needed to be increased at
least two-fold in order to obtain desirable brightness, especially
when using selective narrow wavelength range bandpass (BP) fil-
ters. This is in agreement with both the small |gum| values and the
modest CPB values of the small full-organic BOD1-3 when com-
pared to the seminal lanthanide-complex CPL probes.[”

Interestingly, despite the CPB values of BOD1-3 are significantly
lower than those of the lanthanide-complex CPL probes,™ it was
possible to record CPL signals from cells with the used concentra-
tions. Noteworthy, BOD1-3 did not trigger cytotoxicity to the na-
ked eye (cell morphology changes) under the selected probe con-
centration, staining conditions and imaging protocol.

The resulting CPL-based images were analysed using EDCC pro-
tocols as introduced by Frawley et al.,?? and further developed by
Stachelek et al. and De Rosa et al.l*%! In brief, EDCC imaging is
realized by subtraction of the simultaneously recorded L-CPL im-
age from the R-CPL one (and vice versa). This was done using Im-
agel software (v1.49),* and it allows determining whether the
major CPL component consists of L-CPL or R-CPL.

To our pleasure, we were able to record R-CPL and L-CPL images
of'lipid droplets in living NIH 3T3 cells by using small full-organic
(5)-BOD1 as the CPL probe (see Fig. 2). The L-CPL images were
of higher contrast (cf. Figs. 2B and 2C) in agreement with the pos-
itive sign of the CPL emission of (S)-BOD1 in solution (see Table
1), corresponding to preferential emission of L-CPL. However, this
imaging contrast is striking when considering the small |gum| value
exhibited by (S)-BOD1 in solution (see Table 1), which anticipates
almost identical R-CPL (Fig. 2B) and L-CPL-based (Fig. 2C) im-
ages. We suggest that chiral amplification in cellulo could be be-
hind this observation. Thus, the recorded CPL signal, coming from
the BINOL-O-BODIPY probe, could be amplified by the local cell
environment, helically-chiral organized due to “the Sergeants and
Soldiers principle”.**34 Thus, close abundant molecules in the bi-
ological environment (e.g., lipids) could be helically organized
with a preferred helical configuration induced by the enantiopure
chiral probe (chiral templating), enabling the amplification of the
CPL signal. Nevertheless, this is still a relatively unexplored area
of science that has to date focused on the synthesis of the chiral
materials used as CPL bioprobes, and requires more insight to



Table 1. Key (chir)optical signatures of small full-organic (5)-BOD1-3 recorded from diluted CHCl; solution (ca.
for the corresponding (R) enantiomers are almost identical, with the exception of the gum sign.

. 107 M). Data

probe Aaps /nm | &aps/ Mlem™ | A, /nm dem Jlum CPB (Aey) / M7 lem™
(5)-BOD1 | 503.0° 66 000° 52850 0.620° | +6.0 x 10* | 12.3 (528.5 nm)
(S)-BOD2 503.0¢ 50 800 529.0¢ 0.870¢ | +2.0 x 107* | 4.4 (529.0 nm)
(S)-BOD3 635.0 64 000 653.0 0.770 +1.4 x 1073 | 34.5(653.0 nm)

“Data collected from ref. 22.

Figure 2. First CPL-bioimaging using a small full-organic CPL probe. Localisation of enantiopure (S)-BOD1 in living NIH 3T3 cells by
LSCM (A), CPL-LSCM (B and C) and CPL-LSCM/EDCC (D and E) (10 uM, 24 h loading, x631.4 NA oil objective, 96 x 96 um FOV,
100 avg., 790 nm axial section). A: Total-emission LSCM image (Aex = 355 nm, 20 mW; Aen = 570—800 nm). B and C: R- and L-CPL-
LSCM images obtained by using the R- and L-CPL channel, respectively (Aex = 355 nm, 20 mW; Aem = 589-599 nm). D: Right — Left
EDCC. E: Left — Right EDCC. F: B+C merged image. Scale bars = 20 um. Numbers in red are avg. §-bit pixel intensity values for each

image region.

obtain in-depth understanding of the amplification of chirality by
chiral templating in cells.>"! Interestingly, no change in the intra-
cellular localisation of the probe was detected when using (R)- in-
stead of (S)-BOD1, and only the contrast of the corresponding R-
CPL- and L-CPL-based images was switched (cf. Fig. 2, and Fig.
S3 in the SI).

Analogously, we were also able to record R-CPL- and L-CPL-
based images of lysosomes in living NIH 3T3 cells by selecting
green-emitting (R)- or (S)-BOD2 (see Figs. S4 and S5 in the SI),
or by selecting red-emitting (R)- or (S)-BOD3 as the CPL probe
(see Fig. S6 and S7 in the SI). Once again, the L-CPL images were
recorded with higher contrast for the S enantiomers, and vice versa,

in agreement with the signs of the CPL emissions of the enantio-
mers in solution (see Table 1).

The obtained CPL-based images (Figs. 2, and Figs S3-S7 in the SI)
confirm that CPL-LSCM can be applied to CPL-image living sys-
tems with small full-organic CPL probes exhibiting small CPL
brightness, even as small as ca. 4 M 'cm ™!, under reasonable probe
concentrations (around 10 uM) and incubation times (ca. 24 h), and
despite the very small |gum| values (ca. 0.001) displayed by this
kind of CPL probes (small full-organic molecular emitters). More-
over, they demonstrate the capability of the chiral BINOL-O-
BODIPY scaffold to rapidly develop specific CPL
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Figure 3. Key 2P-activity parameters and spectra of BOD1 in chloroform. A: Excitation power dependency of the 2P-induced emission (2PE)
intensity (slope 1.9 + 0.1; 6> = 21 + 3 GM). B: One-photon excitation (hem= 527 nm, solid blue line) and two-photon excitation (Aem = 527 nm,
dark cyan dots) spectra. C: One- (hex = 350 nm, solid red line) and two-photon induced (Aex = 700 nm, solid blue line) emission spectra of BOD1.

Figure 4. Localisation of enantiopure (S)-BOD1 (5 uM) in living NIH 3T3 cells. A: LSCM image (Aex = 488 nm, 6 mW; Aem = 500-600
nm). B: Two-photon fluorescence image (Ax = 960 nm, 36 mW; Aeyy = 500-600nm). C: Transmission image (Aex = 488 nm). D: A+B+C

images merged (calculated Pearson’s coefficient = 0.73). Scale bar = 20 pm.

probes (with different probing behavior, different positions of the ~ The BINOL-O-BODIPYs presented herein were purpose designed

key spectral bands, and different CPL signs), for CPL imaging. for CPL-bioimaging, hence we endeavoured to test whether they
Multiphoton activity are multiphoton (MP) active. It must be noted that MP microscopy
techniques reduce cellular phototoxicity by harnessing a tightly fo-

cused biologically safe near infrared laser pulse (typically



femtoseconds) to stimulate emission from fluorescent molecules
that would otherwise require absorption of a single high-energy ul-
traviolet photon. The tightly defined spatial constraints of MP mi-
croscopy additionally offers both improved axial (z-axis) resolu-
tion and sub-cellular sectioning capability for imaging, as well as
enhanced tissue penetration for photodynamic therapy applica-
tions.[*¥4% For efficient two-photon excitation, the probe must have
a high two-photon absorption (2PA) cross section (¢?) (typically
100-1000 GM; 1 GM = 107° cm*s photon™") with a favourable
emission quantum yield.[*]

To our satisfaction, we were able to determine the o> values of
BODI1-3 according to established procedures (62 =21 +3 GM, 12
+3 GM, and 17 + 3 GM respectively, in chloroform).”! Unfortu-
nately, these o? values are relatively small when compared to those
recorded previously for F-BODIPY dyes.*! As an example, Fig. 3
shows the key MP signatures of BOD1 (for BOD2 and BOD3 sce
Figs. S8 and S9 in the SI).

MP event due to 2PA was verified by the quadratic dependence of
the recorded maximum-emission intensity (I™*,pg) on the excita-
tion power (Pex) (e.g., see Fig. 3A for BOD1). It is important to
note that, due to the involved nonlinear effect (non-degenerate two-
photon absorption), the wavelength of the 2PA-enabled excitation-
spectrum main band is lower than the expected, and extremely
rarely double of the 1PA-enabled excitation-spectrum maximum
(e.g., see Fig. 3B for BOD1). This is especially true for organic
compounds.?l Moreover, due to the quadratic relationship be-
tween the intensity of the 2PA excitation and the triggering of a
fluorescent event, the shape of 2PA-induced emission band is in-
herently always far narrower, and also sharper than the obtained by
1PA excitation (e.g., see Fig. 3C for BOD1).

The collected MP spectroscopy results suggest that our BINOL-O-
BODIPY-based CPL probes could be excited with physiologically
safer NIR to bioimaging purposes.*”) Indeed, in spite of the small
o2 values determined for these probes, we were able to bioimage
lipid droplets by dosing live NIH 3T3 cells with 5 uM of BODI,
under 2PA NIR excitation at 960 nm (Fig. 4). However, it is im-
portant to note that the determined o values are on the lower end
of the spectrum of values for workable MP probes.[****! This fact
coupled with the small |gim| and modest CPB values of BOD1-3
make them unlikely candidates to act as workable CPL probes for
MP-CPL-bioimaging, and superior full-organic small probes
should be designed for investigating this possibility.

CONCLUSION

It is demonstrated that the small |gi,m| values associated to the CPL
emission of the small full-organic chiral molecules are not neces-
sarily a limitation for CPL-bioimaging when these materials are
used as CPL probes. Thus, only moderate CPB values seem to be
needed, which can be easily achieved due to the high fluorescence
efficiencies of these materials.

It is encouraging that the associated imaging technique and proto-
col (CPL-LSCM) is able to utilize the weak CPL emission from the
small full-organic chiral emitters to obtain CPL-based bioimages
of high quality and contrast. We suggest that chiral amplification
by chiral templating of abundant biomolecules in cellulo could be
behind this fact. Thus, the CPL signal recorded by us from the de-
veloped CPL probes based on chiral BINOL-O-BODIPY could be

birefringently amplified by the local cell environment, helically-
chiral organized due to “the Sergeants and Soldiers principle” as
discussed above.}+3!

We have additionally shown the potential of using the readily-ac-
cessible CPL-enabling BINOL-O-BODIPY scaffold to rapidly de-
sign and develop enantiopure small full-organic CPL probes work-
ing in different spectral regions. Interestingly, both enantiomeric
versions of the probe can be easily obtained by simply selecting the
BINOL precursor enantiomer, without the need of using expensive
asymmetric syntheses or tedious racemate resolutions. All this
make possible easily constructing complementary CPL bioprobes,
with complementary CPL signs and colours, paving the way for
envisaged multi-CPL-bioimaging experiments based on multi-
staining.

Interestingly, the BINOL-O-BODIPY-based CPL probes studied
herein are not significantly affected by biological diastereomeric
interactions resulting in enantiomer-dependent differential bio-ac-
cumulation, as it occurred in the seminal lanthanide-complex-
based CPL probes.d This fact highlights the importance of devel-
oping families of structurally-related CPL probes of different na-
ture, molecular, polymeric, full-organic, organometallic, etc., in or-
der to unveil, through comparative CPL-bioimaging experiments,
the key roles of chirality in the mechanics and dynamics of the bi-
ological processes.

It is also demonstrated that the developed BINOL-O-BODIPY-
based CPL probes can be activated by near-infrared 2PA, which
reinforces their potential as CPL probes. However, these materials
still require much improvement in CPL emission (gum and CPB)
and 2PA emission (particularly ¢?) to allow MP-CPL-bioimaging.

Overall, we have demonstrated the possibility of CPL-bioimaging
using small and full-organic CPL probes. Moreover, the outstand-
ing accessibility, adaptability and workability of the chiral-
BODIPY scaffold selected for such a demonstration (BINOL-O-
BODIPY) support it can be used to advance bioimaging by CPL-
LSCM by the design of superior CPL probes. Thus, further studies
are now in progress to enhance the level of CPL in this kind of
probes, as well as to increase the capability of 2PA-induced emis-
sion for MP-CPL-bioimaging. We anticipate that the developments
presented herein will open uncharted research avenues for funda-
mental studies of chiral interactions in the domains of chemistry
and molecular biology, aided by the development of future small
full-organic CPL bioprobes.

EXPERIMENTAL
Synthesis of (R)-BOD1

According to the general methods and general synthetic procedures
reported for rac-BOD1,*2%! commercial 1,3,5,7,8-pentamethyl-F-
BODIPY (PM546; 25.0 mg, 0.095 mmol) was reacted with com-
mercial (R)-3,3’-dibromoBINOL (84.7 mg, 0.191 mmol) to obtain
(R)-BOD1 (61.5 mg, 97%) as an orange solid. [a]p®® —3230 (c
0.011, CHCIs). The spectroscopic data agree with those previously
reported for rac-BOD1.1>

Synthesis of (S)-BOD1

According to the above described for (R)-BOD1, commercial
PM546 (25.0 mg, 0.095 mmol) was reacted with (.5)-3,3°-dibromo-
BINOL (84.7 mg, 0.191 mmol) to obtain (S)-BOD1 (60.2 mg,



95%) as an orange solid. [a]p** +3665 (¢ 0.040, CHCI5). The spec-
troscopic data agree with those reported for rac-BOD1.1*

Synthesis of (R)-BOD2

According the above described for (R)-BOD1, commercial PM546
(29.0 mg, 0.111 mmol) was reacted with (R)-3,3’-dicyano-
BINOL™ (44.7 mg, 0.133 mmol) to obtain (R)-BOD2 (35.2 mg,
57%) as an orange solid. [a]p?® =618 (c 0.042, CHCI5). The spec-
troscopic data agree with those reported for rac-BOD2.1%

Synthesis of (5)-BOD2

According to the above described for (R)-BODI1, commercial
PM546 (30.0 mg, 0.114 mmol) was reacted with (5)-3,3’-dicyano-
BINOLM (46.2 mg, 0.137 mmol) to obtain (S)-BOD2 (40.4 mg,
63%) as an orange solid. [a]p?® +587 (¢ 0.039, CHCI5). The spec-
troscopic data agree with those reported for rac-BOD2.1%

Synthesis of FB2

A mixture of FB1?! (74.6 mg, 0.176 mmol), benzaldehyde (56.1
mg, 0.529 mmol), piperidine (75.0 mg, 0.881 mmol) and acetic
acid (52.9 mg, 0.881 mmol) in dry DMF (2 mL) was submitted to
microwave irradiation for 1 h at 120 °C. Then, the mixture was
diluted with ethyl acetate (30 mL), washed with water (4 x 20 mL)
and brine (1 x 20 mL), and dried over anhydrous Na,SO4. After
filtration and solvent evaporation under reduced pressure, the ob-
tained residue was purified by flash chromatography (silica gel;
hexane/AcOEt 9:1—4:6) to obtain FB2 (71.0 mg, 67%) as a blue
solid. Ry = 0.27 (hexane/AcOEt 3:7). '"H NMR (CDCls, 300 MHz)
67.75 (d, J=16.3 Hz, 2H), 7.68-7.60 (m, 4H), 7.50 (d, J= 7.7 Hz,
2H), 7.44-7.37 (m, 4H), 7.36-7.21 (m, 6H), 6.65 (s, 2H), 3.77 (t, J
= 4.6 Hz, 4H), 3.65 (br s, 2H), 2.51 (br s, 4H), 1.45 (s, 6H) ppm.
3C NMR (CDCls, 75 MHz) & 152.8 (C), 142.2 (C), 139.1 (C),
137.0 (C), 136.7 (C), 136.4 (CH), 133.5 (C), 130.1 (CH), 129.1
(C), 128.9 (CH), 128.6 (CH), 127.7 (CH), 119.4 (CH), 118.0 (CH),
66.9 (CH»), 63.1 (CH>), 53.6 (CH>), 14.8 (CH3) ppm. FTIR v 1538,
1499, 1486, 1445, 1162, 1110, 1069, 990 cm ™.

Synthesis of (R)-BOD3

According to the above described for (R)-BOD1, FB2 (20.0 mg,
0.033 mmol) was reacted with (R)-3,3’-dibromoBINOL (29.6 mg,
0.067 mmol). The reaction residue was purified by column
chromatography (neutral alumina; AcOEt) to obtain (R)-BOD3
(21.8 mg, 65%) as a blue solid. Rr = 0.46 (AcOE). [a]p* +8600 (c
0.002, CHCl;). "H NMR (CDCls, 300 MHz) & 7.95 (s, 2H), 7.50
(d, J=8.1 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 7.37 (d, /= 8.0 Hz,
2H), 7.06 (ddd, J= 8.1, 6.8, 1.2 Hz, 2H), 6.97 (d, J = 7.9 Hz, 4H),
6.91 (d, J=16.2 Hz, 2H), 6.84-6.74 (m, 6H), 6.63 (d, /= 16.2 Hz,
2H), 6.51 (d, J=7.8 Hz, 4H), 6.48 (s, 2H), 3.76 (t, /= 4.6 Hz, 4H),
3.64 (s, 2H), 2.50 (t, J = 4.7 Hz, 4H), 1.47 (s, 6H) ppm. *C NMR
(CDCls, 75 MHz) & 154.4 (C), 150.8 (C), 141.9 (C), 139.1 (C),
138.6 (C), 136.0 (C), 135.1 (C), 134.7 (C), 134.4 (CH), 132.9 (C),
132.3 (CH), 130.6 (C), 129.9 (CH), 128.8 (CH), 128.1 (CH), 128.0
(CH), 127.5 (CH), 127.0 (CH), 126.9 (CH), 125.2 (CH), 124.7
(CH), 123.3 (C), 119.9 (CH), 119.5 (C), 119.0 (CH), 67.1 (CH>),
63.3 (CH>), 53.7 (CH,), 15.0 (CH3) ppm. FTIR v 1546, 1499, 1488,
1446, 1193, 1158, 994 cm ™.

Synthesis of (S)-BOD3

Following the synthetic procedure used for (R)-BOD3, FB2 (29.0
mg, 0.048 mmol) was reacted with (5)-3,3’-dibromoBINOL (43.0
mg, 0.097 mmol) to obtain (S)-BOD3 (28.3 mg, 58%) as a blue
solid. [a]p*® —8600 (c 0.002, CHCls). Spectroscopic data agree with
the above dated for the R enantiomer.

UV-Vis absorption and photoluminescent spectrometry

Photophysical signatures were recorded using the previously de-
scribed equipment and methods.?? Likewise, fluorescence quan-
tum yields (¢e,,) were determined using the previously described
methodology.!*?! Zinc phthalocyanine in toluene with 1% (v/v) of
pyridine (¢g e = 0.30)**4) was used as the reference.

CPL spectroscopy

CPL was measured with a home-built (modular) PEM-CPL spec-
trometer. The excitation source was a broad band (200—-1000 nm)
laser- driven light source EQ 99 (Elliot Scientific). The excitation
wavelength was selected by feeding the broadband light into an
Acton SP-2155 monochromator (Princeton Instruments); the colli-
mated light was focused into the sample cell (1 cm quartz cuvette).
Sample PL emission was collected perpendicular to the excitation
direction with a lens (f = 150 mm). The emission was fed through
a photoelastic modulator (PEM) (Hinds Series II/FS42AA) and
through a linear sheet polariser (Comar). The light was then fo-
cused into a second scanning monochromator (Acton SP-2155) and
subsequently on to a photomultiplier tube (PMT) (Hamamatsu
H10723 series). The detection of the CPL signal was achieved us-
ing the field modulation lock-in technique. The electronic signal
from the PMT was fed into a lock-in amplifier (Hinds Instruments
Signaloc Model 2100). The reference signal for the lock-in detec-
tion was provided by the PEM control unit. The monchromators,
PEM control unit and lock-in amplifier were interfaced to a desk-
top PC and controlled by a Labview code. The lock-in amplifier
provided two signals, an AC signal corresponding to (/i- /r) and a
DC signal corresponding to (/. + Ir) after background subtraction.
The emission dissymmetry factor was therefore readily obtained
from the experimental data, as 2 AC/DC.

Spectral calibration of the scanning monochromator was per-
formed using an Hg-Ar calibration lamp (Ocean Optics). A correc-
tion factor for the wavelength dependence of the detection system
was constructed using a calibrated lamp (Ocean Optics). The meas-
ured raw data was subsequently corrected using this correction fac-
tor. The validation of the CPL detection systems was achieved us-
ing light emitting diodes (LEDs) at various emission wavelengths.
The LED was mounted in the sample holder and the light from the
LED was fed through a broad band polarising filter and A/4 plate
(Ocean Optics) to generate circularly polarised light. Prior to all
measurements, the 4/4 plate and a LED were used to set the phase
of the lock-in amplifier correctly. The emission spectra were rec-
orded with 0.5 nm step size and the slits of the detection mono-
chromator were set to a slit width corresponding to a spectral reso-
lution of 0.25 nm. CPL spectra (as well as total emission spectra)
were obtained through an averaging procedure of several scans.
The CPL spectra have been smoothed using Savitzky-Golay
smoothing (polynomial order 5, window size 9 with reflection at
the boundaries) to enhance visual appearance; all calculations were
carried out using raw spectral data. Analysis of smoothed vs raw



data was used to help to estimate the uncertainty in the stated gem
factors, which was typically £10%.

Emission dissymmetry factor determination

Emission dissymmetry factors (gum) were determined from the
measured L-CPL and R-CPL light intensities according to above-
mentioned Eqn. 1.

CPL-laser scanning confocal microscopy

Details of the CPL-LSCM set up are available in publication by
Stachelek et al.") In brief, light from the sample plane of the CPL-
LSCM exits the microscope via an output port and into an external
CPL analysis module, which is adapted from the rapid CPL spec-
trometer that we recently reported.”! First, the waveband of interest
is selected by a switchable band-pass filter. Then, an achromatic
wave plate converts left and right circularly polarised light into or-
thogonal linearly polarised states. The light is then split into two
analysis pathways by a 50:50 non polarising beam-splitter cube.
The two linear polarised light states generated (horizontal and ver-
tical polarisation) corresponding to left or right CPL are selected
by a carefully aligned linear polariser, housed in a high-precision
computer-controlled rotation mount.”®! Emission intensity of each
pixel is quantified in a conventional CPL-LSCM scanned manner
by a dedicated high sensitivity avalanche photodiode pair. Whilst
each detection arm can operate independently, both components
are matched in alignment and specification to enable rapid and sim-
ultaneous acquisition of left and right CPL images. Full technical
details of the CPL-LSCM system and the applied image processing
methodology are provided in the supporting information.

EDCC imaging was realized by subtraction of the simultaneously
recorded left-handed CPL image from the right-handed CPL image
(and vice versa) using ImagelJ software (v 1.49).

MP spectroscopy

Two photon CPL spectroscopy has been achieved by a tunable
femtosecond pulsed laser (680—1300 nm, Coherent Discovery
TPC, 100 fs, 80 MHz) to an Ocean Optics HR2000Pro (2048-pixel
linear CCD Sony ILX5 chip, 200 pm slit, H3 grating, 350-850 nm
spectral region) spectrometer. The spectrometer has also been
equipped with a perpendicularly mounted 365 nm LED (nichia,
1W) and been operated using custom time resolved detection and
accumulation algorithm written in Labview2013 program. In order
to eliminate unwanted artefacts associated with stray light from MP
excitation each spectrometer have been equipped with a rotating
filter wheel (Thor Labs, CFW6) housing an LP420 (Comar Optics,
for 365 nm UVLED excitation) and SP650 and SP700 (Edmund
Optics, 8472 and 8474 for MP excitation) filters.

Cross section determination

The cross-sections (¢?) were measured according to established
procedures, according to Eqn. 3, where S is sample, R is reference,
¢ is the total emission quantum yield of the compound, C is the
concentration, n the refractive index and F(A) is the integrated PL
spectrum. Additionally, we have demonstrated that the excitation
process is most definitely a two-photon event by recording an ex-
citation power dependence; the resulting line has a slope of two on
a logarithmic scale. The cross sections were calculated with refer-
ence to Rhodamine B in ethanol.

_ CrnsFS(D)
= ComFR ) Eqn. 3
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Statistics and reproducibility

Where instruments incorporating a scanning monochromator have
been used (absorption, emission, and excitation spectra) each sam-
ple have been recorded and averaged as triplicate measurements.
Spectra, where CCD detectors have been employed, such as CPL
spectroscopy, have been measured as an average of a thousand
spectra on triplicate samples.

Microscopy images presented herein are representative images of
the experiments discussed. Each experiment has been repeated in
triplicates and each sample have been recorded and studied record-
ing a minimum of five separate imaging sequences.

Imaging parameters presented, such as brightness and chiroptical
contrast have been calculated on each individual imaging sequence
according to the protocols above detailed.

ASSOCIATED CONTENT

Supporting Information. Additional figures concerning (chir)optical
characterisation and bioimaging experiments, as well as 'H and *C
spectra for new compounds. This material is available free of charge
via the Internet at http://pubs.acs.org.
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