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Fluorescent molecules play a crucial role in biomedicine by facilitating the visualization and tracking of biological
processes with sensitivity and specificity. However, tailoring their structure to meet the demands of live cell and in vivo imaging
presents a significant challenge due to the intricate interplay of factors governing their structural and photophysical properties. In this
study, we explored the potential of using multivariate linear free-energy relationships (mLFER) to optimize a multicomponent
fluorescent platform. We prepared a small library of 20 fluorescent boronic-acid-derived salicylidenehydrazone (BASHY) complexes
using a versatile reaction protocol and characterized their chemical stability in water-containing media. The obtained data served as
input for the development of an mLFER model, enabling the prediction of a new BASHY dye and unraveling previously unknown
mechanisms governing the stability of this unique platform of fluorescent dyes. The optimized dye was successfully employed in live

cell experiments and in zebrafish larvae.
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Fluorescent dyes are a highly valuable class of functional
molecules, extensively used to interrogate the complexity of
biological processes.'~ In recent years, many efforts have been
made to expand the chemical space of these compounds,
namely by designing chromophores with structural and
photophysical properties tailored for bioimaging.° >* In this
quest, the diversification of the dye architecture is frequently
necessary to meet the biological requirements of the specific
application. However, this may be a particularly difficult task,
since molecular diversification often interferes with the
electronic structure and thus, the photophysical properties of
the chromophore. Hence, the discovery of synthetic methods
to generate easily tunable dyes with predictable fluorescence
properties is pivotal to support the imaging of complex
biological processes.

In this context, the high structural diversity offered by
multicomponent reactions (MCRs) can be a particularly useful
strategy to discover and diversify functional fluorescent
molecules.”>** However, while the current use of MCRs has
resulted in the facile conjugation of chromophores to other
functional units,” the application of these reactions in the
discovery and optimization of chromophores, has been far less
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explored.”**” This lack arises from the fact that very few MCRs
generate fluorescent cores with suitable properties to be used
as dyes.

An interesting example for an MCR-based fluorophore
family is the BASHY (boronic-acid derived salicylidenehy-
drazone) dye platform.”® >* These chromophores show bright
(¢ X @ of up to 40000 M 'cm™) and environmentally
responsive emission in the green-to-red spectral range
(emission maxima between 510 and 620 nm). However,
their use in bioimaging applications of more complex biological
systems has been limited by their suboptimal hydrolytic
stability under physiological conditions.

Foreseeable, the hydrolytic stability of the BASHY dyes is
guided by an intricate pattern of interconnected electronic and
steric factors. Therefore, dye optimization would benefit from a
rational design that goes far beyond a trial-and-error based
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approach. Data science and artificial intelligence, including
machine learning, are powerful tools to accelerate development
in several applications within the broad field of organic
chemistry.”™>” Specifically, multivariate linear free-energy
relationships (mLFER), using physical-organic molecular
descriptors, have been applied quantitatively to describe and
predict mechanistic nuances and reactivity patterns of complex
chemical structures.*”*" This has been used successfully in the
context of orgamc reactivity, " catalyst design/catalytic
processes,”* ™% and occasionally in the predlctlon of optical
spectroscopic properties of chromophores.”* In the present
work we demonstrate that the mLFER approach is suited for
the design and fundamental understanding of a BASHY lead
structure (see Figure 1), featuring photophysical properties
and hydrolytic stability in accordance with the demands of live
cell and in vivo imaging studies.
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Figure 1. Workflow for the discovery of optimized BASHY dyes,
using multivariate linear free energy relationships (mLFER).

Based on our previous experience with the BASHY platform
and the main factors that govern the fluorescence character-
istics, the following inputs were employed to narrow down the
vast potential pool of dyes i) Dyes with a strong electron-
donor group (substituent R* Scheme 1) were considered. 28,33
This setting has been shown previously to possess the most
appealing photophysical properties in the context of a push—
pull mechanism (fluorescence extending to the green-to-red
spectral window, strong solvatofluorochromism). ii) Extension
of the salicylidenehydrazone axis with one or two conjugated
exocyclic double bonds leads to further red-shift of the
absorption and fluorescence features, according to cyanine-like
excited-state characteristics.””””> iii) The modification on the
“vertical positions”, i.e., alkylation at the iminium carbon
(substituent R'; Scheme 1) and the use of a substituted
phenylboronic acid component (substituents R Scheme 1)
are known to have generally none or only minor influence on
the fluorescence properties of the dyes.”””* With these
fundamental concepts, a series of compounds with ample
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Scheme 1. Construction of a Small Library of BASHY Dyes”

HO ~OH
N N

OH HO™ O
BASHY
R! HO\B,OH
n
2 X
K Ok \R3 HO' (]
R!
+ N + N
\SN2 SN
R? 0°[T07S0 1 OMe H  EtN T 0 2ve
2 OMe Me H 2-OMe
3 OMe Et 10 H 2.CN
4 NEt, H \\ , 11 H 26Me,
5 NEt, Me R 12 H 4-Me
6 NEt Et 13 H 3-vinyl
7 NEty, i-Pr 14 H 4-vinyl
15 H 2-vinyl
16 Me 2-vinyl
R4 17 Et 2-vinyl
- predicted structure = =========--
"Tl NS \ i-Bu
|
o B0 SELN
1

\
0+ +
/

-

@
NNA =

IT

CF3

“See details in the Supporting Information and in refs 28 and 31.

variation of electronic and steric properties, but highly
predictable photophysical characteristics was designed.
Building on the multicomponent modularity of BASHY
dyes, a small library of 20 members was prepared (Scheme 1),
which forms the initial chemical space of our optimization
study. The dyes contain electron donors (i.e., MeO or Et,N) at
the R? position and alkyl substituents of varying electronic and
steric demand at the R' position (Me, Et, i-Pr). Further, the
phenyl ring of the boronic acid component was decorated with
groups (R*) of varying steric demand (e.g., 2-Me, 2-OMe, 2,6-
Me,, 2-vinyl). The compounds were synthe51zed according to
our previously reported reaction protocol and were obtained
in generally very good to excellent chemical yields. However,
bulky ortho-substituents on arylboronic acids and isopropyl
alkylation at the iminium carbon resulted in somewhat reduced
chemical yields (<50%; see the Supporting Information).
The main photophysical properties of the small library of
BASHY dyes are compiled in the Supporting Information. For
experimental convenience these data were collected in toluene,
as it guarantees solubility and high chemical stability across the
complete set of compounds. Albeit these conditions do not
reflect the intended use of the optimized lead dye under
physiological conditions, it provides an informative snapshot of
the general photophysical trends that are observed in the
synthesized library. These observations are in conformity with
the previously drawn conclusions about the photophysical
scope of the BASHY platform (see above).”**”*" As opposed
to the optoelectronic properties, the structurally and electroni-
cally diverse nature of the investigated set of BASHY dyes is
clearly visible in the differentiated hydrolytic stability, resulting
in halflives ranging from 2 to 6175 min (t,,,; see the
Supporting Information). This parameter was evaluated in
buffered aqueous solutions, containing some organic cosolvent
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for solubility reasons. The obtained half-lives were then
converted into the corresponding Gibbs free energies of
activation, which span from 20 to 25 kcal mol™" (see the
Supporting Information). This provided the relative hydrolytic
reactivity of the dyes under nonphysiological, but consistent
conditions, enabling us to identify a lead candidate by mLFER
that could then be further tested under more biorelevant
conditions (see below).

To account for the factors that govern hydrolysis and to
arrive at pinpointed predictions of water-stable BASHY dyes,
we performed a multivariate linear regression analysis on the
data set employing DFT-calculated descriptors, such as steric
(Sterimol L, B;, and Bs, being the length, minimum and
maximum width of a particular substituent, respectively) and
electronic parameters (NBO charges); see Figure 2. To
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Figure 2. (A) Multivariate model for BASHY hydrolysis. (B)
Parameters and visual analysis of the model terms contributions to
AG*. SHY: salicylidenehydrazone, KA: a-ketoacid, BA: boronic acid.

diminish the computational cost and exclude the dependence
of these descriptors on conformational variations of the
BASHY structure, we obtained them directly from truncated
models of the three individual components that merge into the
BASHY architecture (see Figure 2B and the Supporting
Information for more details).

The multivariate linear regression analysis of a pseudor-
andomly generated training set of 14 BASHY dyes produced a
model featuring i) electronic parameters of the substituents
responsible for the push—pull mechanism and ii) steric
parameters of the substituents R' and R* at the “vertical
positions”. The goodness-of-fit R* of 0.94 points to a highly
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significant correlation between the selected descriptors and the
hydrolytic stability (Figure 2A). Further, our confidence level
into the developed mLFER model and its predictive robustness
was reinforced by evaluating an external validation set
(consisting of six dyes that were not included in the training
set) and standard cross-validation analysis, which yielded
consistently good scores (R* = 0.82, LOOCV = 0.84,
and 5-foldCV = 0.70).

Noteworthy, parameters of all considered structural frag-
ments (see Figure 2B) were found to be statistically relevant
for framing the hydrolytic stability of the dyes. This
quantitative observation corroborates the need for a holistic
approach toward BASHY probe design and stresses the
importance of having access to the fluorophore platform in a
versatile synthetic protocol, thereby allowing the straightfor-
ward and systematic modification of the BASHY core.

From the multivariate model (Figure 2A) it can be observed
that the most relevant electronic factors, “ANBO and SH#YNBO,
correlate negatively with AG?, suggesting that electron-donor
substitution (R?) and a less electrophilic a-keto acid (KA)
component improve the hydrolytic stability. The electronic
manipulation of the phenyl boronic acid component is not
expected to affect the hydrolytic hotspots of the BASHY dye.
This is because the boron-appended aryl residue is electroni-
cally decoupled from the rest of the BASHY skeleton, being
oriented out of the plane of the salicylidenehydrazone
backbone. Hence, modifications at this moiety can be used
to introduce protective steric modulation with generally
negligible effects on the photophysical properties of the
chromophore itself (see data in the Supporting Information).
Indeed, the Sterimol B, (iminium substituent R') as well as By
and L (referring to the boronic acid component) correlate
positively with hydrolytic resistance. We postulate that the
steric conflict between the ortho-substitution on the phenyl
ring that is introduced with the boronic acid component and
the bulky salicylidehydrazone scaffold might contribute to
steric/hydrophobic shielding of the hydrolytic hotspots (see
below for DFT calculations on the optimized dye 21). A
possible common hydrophobic protective mechanism involv-
ing aryl ortho-substitution and alkylation at the iminium carbon
can be suggested by the discrete improvement of the stability
upon alkylation of the salicylidenehydrazone in dye 1S versus
17 (~2.7-fold improvement) or dye 4 versus 6 (~30-fold).
However, the combination of both strategies provides
synergistic effects, thus, suggesting the involvement of
additional factors.

To validate the importance of such synergistic stability
enhancement, we tested BASHY scaffolds in a cellular
environment. To this end, we developed a direct dual-color
imaging assay to detect BASHY hydrolysis in cellulo (see Figure
3A). This assay is based on the inverse electron-demand
Diels—Alder (iEDDA) reaction of a CyS-labeled tetrazine
(TzCyS) with 2-vinylboronic acid (2VBA). Using a previously
reported multivariate model, trained to predict iEDDA
reactivity,”” we identified the dyes 15 and 17 as effective
bioorthogonal cages (low reactivity toward tetrazines due to
the spatial proximity of the small vinyl rest and the bulky
salicylidenehydrazone backbone of the dyes) and 2VBA as an
adequate dienophile; see experimental verification in the
Supporting Information. On hydrolysis of the BASHY dyes,
2VBA is released and the subsequent iEDDA reaction should
trigger an ON-switching of the fluorescence of the CyS label
(Figure 3A).

validation
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Figure 3. (A) Working principle of the fluorescence assay for
following the hydrolysis of BASHY in cellular environments. HMC3
microglial cells (nuclear stain DAPI, blue) were cultured for 24 h and
subsequently incubated with (B) 2VBA (positive control) or BASHY
dyes 15 and 17 (green) for 1 h, after which they were incubated with
TzCyS for another hour. Representative images showing a marked
turn-on of CyS (red) in the presence of 2VBA, an evident TzCyS
reaction in the presence of BASHY dye 15, and an only minor turn-on
effect in the presence of BASHY dye 17. Scale bar: 25 ym.

HMC3 microglial cells were selected for this study, due to
their capacity to effectively internalize BASHY dyes.”” The
incubation of the BASHY dyes 15 or 17 in HMC3 microglial
cells followed by incubation with TzCyS highlighted the
influence of BASHY stability on their bioimaging suitability.
BASHY dye 15 showed a notable CyS turn-on response
(Figure 3B), corroborating the significant hydrolysis of the dye,
accompanied by the release of 2VBA. In contrast, the
hydrolytically more stable BASHY 17 (see data in the
Supporting Information) showed remarkably low tetrazine
reactivity (Figure 3B) and hence, no red CyS emission was
detected.

Considering these results, we strived to apply the mLFER
model for the prediction of a new lead BASHY dye with
sufficient hydrolytically stability. BASHY dye 21 (see Scheme
1), featuring an isobutyl substituent as R' and a nitrile group in
the ortho-position of the phenylboronic acid component (R*),
was predicted as potential hit. This dye is expected to display
the highest AG¥ calculated for this series (AG* = 23.83 kcal
mol™") and was synthesized in high chemical yield (see the
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Supporting Information). Having dye 21 at hand, its hydrolytic
stability was evaluated in aqueous solution (PBS, pH 7.4),
containing 5% (v/v) DMF as cosolvent. Under these specific
conditions, the dye features a significant hydrolytic stablhty,
characterized by a half-life of 95 h. This corresponds to AGEXP
= 24.85 kcal mol™', which agrees within error limit with the
value predicted by mLFER (see above). In addition, the
stability of 21 in human blood plasma (no degradation during
a 70-h observation range) and in Dulbecco’s Modified Eagle
Medium (DMEM; halflife of 128 h) points to an elevated
biocompatibility of the dye.

On a side note, 21 practically equals the performance of dye
20, which was included in the original library. However, dye 21
features less rotational freedom than 20, disfavoring non-
radiative deactivation of its excited state. In addition, dye 20
populates the excited triplet state to a significant extent.”” This
is showcased by a significantly higher fluorescence quantum
yield and lifetime of 21 as compared to 20 (see data in the
Supporting Information).

The significant hydrolytic stability of 21 was rationalized by
transition state analysis using density functional theory (DFT).
Intuitively, the iminium carbon (a), along with the imine (b)
and the carboxylate (c) carbons are predicted to be susceptible
to the nucleophilic attack of water (see assignments in upper
left structure in Figure 4). Computational studies of Fukui

Et,N

21 CCDC: 2355014 proposed TS

transition state structure identified by DFT calculations

sHYg, :%‘ i
o /%{:\
BAB, \'\“ N\ , "

maximum _
width

©

' view

TS side view

TS front view

the higher the B4B5 & SHYB,, the greater the steric clash,
leading to increased hydrolytic stability

Figure 4. DFT-optimized transition state structure for the attack of
water at the iminium carbon in dye 21 and implications of some
parameters from data analysis on the hydrolytic stability. In the upper
part also the crystal structure of 21 is shown.

indices f* show that the carbon atom (a) is the most
electrophilic site in the dye [f*: 0.21 (a), 0.16 (b), 0.00 (c)].
The transition state structure for the attack of water at the
iminium carbon (using an H-bonded dimer of water molecules
to facilitate proton transfer), computed at MO06-2X/def2-
TZVPP/PCM-SMD (water)//M06-2X/6-31G(d,p) level of
theory, is depicted in Figure 4. Similar transition states were
located for other model nucleophiles such as MeSH and
MeNH, (see the Supporting Information). However, despite
this reactivity profile and the stability in the presence of GSH
(see the Supporting Information), the possibility of degrada-
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tion of 21 with more complex and reactive endogenous
nucleophiles such as protein thiols could not be excluded.
Noteworthy, the position of the nitrile group oriented toward
the iminium carbon is in agreement with the X-ray crystal
structure of BASHY dye 21 (see Figure 4 and the Supporting
Information). A steric clash between the substituents of the
iminium carbon (R' = i-Bu) and phenylboronic acid (R® =
ortho-CN) is detected, being consistent with the previously
discussed interaction entailing the maximum width of the
substituted phenyl ring of the boronic acid moiety and the
minimum width of the i-Bu group. Furthermore, the computed
Gibbs free energy of activation of 31.6 kcal mol™" decreases to
27.7 and 24.0 kcal mol™" by replacing the nitrile group by H in
the phenyl boronic acid moiety and substituting i-Bu (R') by
Et or H, respectively (see the Supporting Information).
Indeed, this trend is consistent with the experimentally
observed reduced hydrolytic stability of the dyes 4 and 6.

The optical spectroscopic characteristics (see Figure SA) of
21 in toluene confirm the photophysical integrity of the
chromophore properties, regardless of the substitution pattern
for R' or R’ see data in the Supporting Information.
Moreover, due to its hydrolytic stability, this dye was also
characterized in 10 mM PBS (pH 7.4), containing 5% (v/v)
DMEF as cosolvent. As expected for a push—pull fluorophore,
the absorption and fluorescence spectra in aqueous solution
are red-shifted (A,pgmax = S04 nm, Ag ., = 562 nm) with respect
to nonpolar toluene. For the fluorescence quantum yield (®;)
a value of 0.03 was determined. This value is considerably
lower than observed in toluene (® = 0.67). As can be deduced
from the tailing and slight broadening of the absorption
spectrum, aggregation phenomena may play a role in aqueous
solution. This provides a plausible explanation for the reduced
fluorescence quantum yield.

Encouraged by the significant stability and favorable
fluorescence properties of dye 21, we performed the labeling
of fixed HMC3 microglial cells. For comparison, dye 6 was
used, having an Et substituent in the R' position and lacking
the additional nitrile group at the boronic acid aryl moiety. As
can be appreciated in the corresponding images in Figure SB,
the hydrolytically far less stable 6 (t,/, = 150 min) enables the
observation of some emission 2.5 h after incubation. However,
after 24 h only a very faint fluorescence signal was notable. On
the contrary, dye 21 continues to show readily detectable
emission after 24 h. The same observations were made
qualitatively for the imaging of live AS49 lung adenocarcinoma
cells (see the Supporting Information). This result underpins
that the mechanistic implications of the predicted hydrolytic
stability are valid across several cell lines. Noteworthy, dye 21
presents low cytotoxicity against the two cell lines (ICs, > 100
uM; see the Supporting Information), being negligible at the
applied concentrations for the imaging experiments (typically
5—10 uM).

The stability of a chromophore defines the level of detail
during bioimaging that would otherwise be lost during
hydrolysis. This loss of information is not only restricted to
steady-state confocal imaging, but also to the time-resolved
component of the chromophore. The observed stability of the
BASHY dye 21 enables the in cellulo investigation in live AS49
lung adenocarcinoma cells via live-cell phasor fluorescence
lifetime imaging microscopy (phasor-FLIM); see Figure 6.°
Assisted by fit-free phasor analysis of photons obtained from
time-correlated single-photon-counting (TCSPC), BASHY dye
21 exhibits two different fluorescence lifetime components,

4216

0.75

(norm.)

0.50

Aor Iy, (norm.)

Aor g,

025

0.00
300

Control

6

25h 24 h
5 -
~

P 4 ‘»
2 s S0 b . ” “ :
21 , v < p 4 v
. Bl

0.8
* Kk
0.6
0.4
0.2
0.0 nd.

Control 6

Fluorescence intensity per cell (a.u.)
Fluorescence intensity per cell (a.u.)

Control 6

21

Figure S. (A) UV/vis absorption (solid line) and fluorescence spectra
(dashed line) of dye 6 (left) and 21 (right) in toluene (black) and
PBS (pH 7.4, 5% (v/v) DMF as cosolvent; red); dye concentration
ca. 10 uM. Note that for dye 6 no spectra in PBS were measured due
to the instability of the compound. (B) Fluorescence microscopy
images of fixed HMC3 microglial cells, incubated with the dyes 6 or
21, after 2.5 and 24 h. Images show microglial cells with probe
fluorescence (green) and nuclei staining with DAPI (blue). Graph
bars represent the fluorescence intensity by cell (arbitrary units—a.u.)
following analysis of images using Image] software. All images were
acquired with the same fluorescence intensity gain at the confocal
microscope and positive threshold defined equally for all images as 40.
As shown dye 21 has a much higher fluorescence intensity than dye 6
for both 2.5h (p < 0.0001, ***%) and 24h (p < 0.0001, **¥*)
incubations, although a slight decrease of fluorescence is seen at 24 h.
Scale bar: 100 pm.
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Figure 6. Phasor-FLIM of dye 21 in live A549 cells. (A) Phasor-FLIM
image and separation of fluorescence lifetimes in the bulk (z;= 1.0 ns)
and within vesicles (z; = 1.9 ns) after treatment with dye 21 at 4 h.
(B) Zoomed image showing vesicle transport within tunneling
nanotubes (white arrows) connecting between two living cells.
Scale bar: S0 ym. (C) The spread of fluorescence lifetime across the
phasor plot. The phasors are set to show the lifetimes of dye 21 in the
cytosol and within intracellular vesicles.

namely in vesicles (1.0 ns) and around the perinuclear region
(1.9 ns) (Figure 6C). Noteworthy, these lifetimes are different
from the ones measured in PBS solution [biexponential decay:
1.62 ns (80%) and 6.48 ns (20%)]. Within cells, the
heterogeneity in the microenvironment due to compartmen-
talization makes it substantially different from bulk water.>®
From the phasor plot, the linear spread of photons shows the
dynamics of the dye and the spatial distribution/mixture
between the two lifetimes within the cell. During time-lapsed
capture, the vesicles associated with the shorter lifetime of 21
are of particular significance as they are observed to be
transported within tunneling nanotubes as a form of cell-to-cell
communication and content transfer (Figure 6B and video in
the Supporting Information).59

With the aim of increasing the complexity of the biological
object that is to be studied, we finally tested dye 21 in in vivo
imaging studies of zebrafish larvae. The prolonged observation
times and the fact that complete and complex organisms are
imaged make the use of a dye with high chemical stability a
mandatory choice. With this purpose, we determined the
spatiotemporal distribution of 21 in § dpf zebrafish larvae
exposed to the dye by immersion from 1 to 3 h (Figure 7 and
the Supporting Information). Fish larvae were treated with the
dye in a concentration range from 1 to 10 M, without signs of
toxicity as shown in brightfield images (malformation or
edema). During the immersion, the fish were sampled at
regular time points, anesthetized, and observed by in vivo
fluorescence microscopy. From 1 h after incubation, the dye
was taken up by zebrafish larvae and the fluorescent signal was
mainly detected in the gastrointestinal tract, regardless of the
concentration that was used (Figure 7). No fluorescence signal
was visualized in the fish of the control group (only dimethyl
sulfoxide, which was employed as vehicle for the dye
application). At 1 uM, no fluorescence was observed outside
the intestine. Interestingly, the fish larvae exposed to higher
concentrations presented a wider straining pattern spread to
the mouth (S uM and 10 #M) and the throat (10 uM). At the
highest concentration, the fluorescence signals reached the
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Figure 7. Five dpf zebrafish larvae vitally stained with dye 21. Upper
panel: Experimental design of fish labeling with dye 21.
Representative images (on the right side the brightfield images are
shown) of zebrafish larvae immersed in a BASHY dye solution at 10
H#M, S uM, and 1 M. The control corresponds to the use of dimethyl
sulfoxide (DMSO) without dye. Image acquisitions were performed
after 1 h (A), 2 h (B) or 4.5 h (C; after 3 h the dye solution was
substituted with water) of incubation. The images for the time points
B and C are shown in the Supporting Information. Green fluorescent
patterns of expression at the level of the whole body, mainly detected
in the gastrointestinal tract, were observed. Scale bar: 200 ym.

entire fish body, however, at levels much lower than those
observed in the digestive system. The dye was gradually taken
up over time as the fluorescence signals increased between 1
and 2 h of immersion, without modification of the expression
profiles. To evaluate the stability of the dye, the immersion
time was extended to 3 h before dye removal. Even under
those time-extended experimental settings, bright fluorescence
signals were still detectable in the intestine of the larvae,
including for those that were treated with the lowest dye
concentration (1 uM).

A structurally diverse pool of fluorescent boronic acid derived
salicylidenehydrazone (BASHY) complexes can be prepared
with a versatile reaction protocol. The obtained set of
compounds shows a large variation of the hydrolytic stability
(half-life spanning from a few minutes to several days), which
depends on steric and electronic factors, such as the alkyl
substitution at the iminium carbon, the 7-conjugation length,
and the shielding by the aryl residue of the boronic acid
component. The contributions of these effects were quantified
by employing a mLFER model, which not only enabled a
deeper understanding of the design requirements, but also led
to the prediction of a new BASHY dye with significant
hydrolytic resistance. The in cellulo stability of selected BASHY
dyes was further evaluated in an iEDDA-based approach,
providing independent validation to the structure—reactivity
relationship. The predicted BASHY lead candidate 21 was
successfully prepared and shown to be well-suited for
bioimaging applications such as fluorescence lifetime imaging
of live cells or in vivo fluorescence imaging of zebrafish larvae.
The herein obtained results underpin the advantages of the
modular BASHY platform with respect to the control of
chemical stability and photophysical properties. These features
label BASHY dyes as promising contenders for classical
fluorescent dyes.
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Unless otherwise noted, reagents and solvents were used as
received from commercial sources. Dichloromethane was dried
using an INERT PureSolv Micro solvent purification system.
Reagents used were purchased from Sigma-Aldrich. Thin-layer
chromatography was performed using Merck silica gel 60 F,,
aluminum plates, visualized using UV light and revealed with
phosphomolybdic acid solution. Silica gel for column
(Geduran Si 60 0.040—0.063 mm) and for preparative thin
layer chromatography (Silica gel 60 GF254) were purchased
from Millipore.

NMR spectra were recorded with a Bruker Fourier 300 or
500 MHz using CDCl; or (CD;),SO as deuterated solvents.
All coupling constants are expressed in Hz and chemical shifts
(8) in ppm. The multiplicity is given as s (singlet), d (doublet),
dd (double doublet), t (triplet), q (quartet) and m (multiplet).
Low-resolution mass spectrometry (LRMS) was performed
with an ion-trap mass analyzer (Thermo Scientific LCQ Fleet
Ion Trap LC/MS) equipped with an electrospray interface and
in a mass spectrometer (Micromass Quattro Micro API,
Waters, Ireland) with a Triple Quadrupole (TQ) and with an
electrospray ion source (ESI) operating in positive mode.
High-resolution mass spectrometry (HRMS) was done with a
Q_ Exactive Plus Hybrid Quadrupole Orbitrap Mass Spec-
trometer, using ESI in positive mode.

The stability studies of the herein newly synthesized BASHY
dyes were carried out at a concentration of 10 M. For this a
solution of the BASHY dye (60 uL of a S mM solution in
DMF, 0.10 ymol) was added to PBS pH 7.4 (2.97 mL) at 21
°C and the UV/vis absorption spectra were recorded over
time, following the decay of characteristic absorbance bands of
BASHY.

The experiments were performed in 1-cm quartz cuvettes at
room temperature (23 °C). The UV/vis absorption spectra
were measured with a Cary 5000 UV/vis spectrophotometer
(Varian) and corrected fluorescence emission spectra were
obtained with a Varian Cary Eclipse fluorimeter, employing a
pulsed xenon lamp for excitation. Lifetime measurements were
performed using the time-correlated single-photon-counting
technique (Edinburgh Instruments FLS 920). The samples
were excited with a picosecond-pulsed EPLED 485 (482.0 nm,
pulse width fwhm: 100.6 ps) and a Ludox solution was used to
obtain the instrument response function. The kinetic decay
curves were analyzed by deconvolution. The emission
quantum yields were determined on optically diluted solutions
(A ca. 0.1 at the excitation wavelength) and N-propyl-4-amino-
1,8-naphthalimide was used as internal laboratory standard (®f
= 0.48 in aerated acetonitrile).”® Different refractive indices of
the solvents of the sample and the standard were taken into
account.

BASHY 21 Half-Hife Determination in Dulbecco’s
Modified Eagle Medium. Method: 0.030 mL of BASHY 21
(1 mM in DMSO) were added to 2 mL of Dulbecco’s
Modified Eagle Medium (DMEM), 0.94 mL of ammonium
acetate (20 mM; pH 7) and 30 uL of DMSO. Several time
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points were analyzed using a Thermo Evolution 201 UV/vis
Spectrophotometer.

Evaluation of BASHY 21 Stored in Wet-DMSO (5 mM)
at 2—8 °C for 6 Months. Method: BASHY 21 (5 mM in
DMSO) was analyzed using a Thermo Ultimate 3000 UPLC
coupled with Q Exactive Plus Hybrid Quadrupole-Orbitrap
mass spectrometer with ESI in the positive mode.

Evaluation of the Reaction of BASHY 21 with 10
equiv GSH (t = 24h). Method: 0.030 mL of BASHY 21 (1
mM in DMSO) were added to 2.64 mL of ammonium acetate
(20 mM; pH 7), 0.300 mL of GSH (1 mM in H,0) and 0.030
mL of DMSO. After 24 h, this assay was analyzed using a
Thermo Ultimate 3000 UPLC coupled with Q-Exactive Plus
Hybrid Quadrupole-Orbitrap mass spectrometer with electro-
spray ionization in the positive mode.

Evaluation of BASHY 21 Stability in Human Plasma.
Method: 0.030 mL of BASHY 21 (1 mM in DMSO) were
added to 2 mL of human plasma, 0.94 mL of ammonium
acetate (20 mM; pH 7) and 0.030 mL of DMSO. Aliquots (0.2
mL) were taken at various time points and quenched with
CH,CN (0.2 mL) before analysis in a Thermo Ultimate 3000
UPLC coupled with a UV detector.

The reactions were carried out in the indicated solvent under
pseudo first-order conditions in quartz cuvettes (1 cm path
length; total volume approximately 3 mL) with solutions pre-
equilibrated at room temperature (21 °C). Water (1.5 mL)
and methanol (1.2 mL) were pipetted into the cuvette,
followed by 3,6-di-2-pyridyl-1,2,4,5-tetrazine (Tz, final con-
centration of 333 uM, 150 uL from a stock solution in
methanol) and dienophile (final concentrations of 450, 750,
1000, 1250, and 1500 uM, 150 uL from stock solutions in
methanol). The pseudo first-order rate constants k, for the
tetrazine reactions with an excess of alkene were determined.
The decay of Tz absorbance (A) at 530 nm at 21 °C was
plotted against time (s) for five different concentrations of the
alkene. Triplicate independent measurements were carried out
for the determination of k... The second-order rate constant
k, (M~'s™!) corresponds to the slope of calibration curves
generated by plotting k., (s7') against the tetrazine
concentration (M).

DEFT calculations and the development of the mLFER model
are detailed in the Supporting Information.

Density functional theory (DFT) calculations were performed
using the Gaussian software package® and structural
representations were generated with CYLview.”" All the
geometry optimizations were carried out using the hybrid
meta-GGA functional M06-2X developed by Truhlar and co-
workers®” and the valence double-{ 6-31G(d,p) basis set. All
optimized geometries were characterized by vibrational
frequency calculations at the same level of theory as either
minima (zero imaginary frequencies) or saddle points (single
imaginary frequency) on the potential energy surface. For
computation of the energy profiles, single-point energy
calculations on the optimized geometries were then evaluated
using the same functional and the valence triple-{ def2-TZVPP
basis set, with solvent effects (water) calculated by means of
the Polarizable Continuum Model (PCM) initially devised by
Tomasi and co-workers,*>~®® with radii and nonelectrostatic
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terms of the SMD solvation model, developed by Truhler and
co-workers.”” The free energy values were derived from the
electronic energy values obtained at the MO06-2X/def2-
TZVPP/SMD(water)//M06-2X/6-31G(d,p) level, and cor-
rected by using the thermal and entropic corrections based on
structural and vibration frequency data calculated at the M06-
2X/6-31G(d,p) level of theory.

Confocal Laser Scanning Microscopy and Fluores-
cence Lifetime Imaging Microscopy. CLSM-FLIM imag-
ing was performed on a Stellaris 8 Leica DMi8 microscope
(Leica Microsystems, S/N: 8300000313). The live-cell
imaging was conducted in a microscope Incubator (Okolab).
AS549 Cells were cultured in an IBIDI-Treat 8-well chamber at
a density of 20,000 cells per well in DMEM and allowed to
adhere overnight at 37 °C, 5% CO,. The medium was
aspirated and BASHY dye 21 predissolved in DMEM at 5 uM
was introduced. Incubation was performed at 37 °C, 5% CO,.
The cells were imaged live using an incubator-equipped Leica
Stellaris 8 microscope (40X glycerol immersion objective) with
fast lifetime contrast (FALCON) module. Samples were
excited using a 40 MHz pulsed white light laser tuned to
520 nm (5.65% Laser Power) for both intensity and
fluorescence lifetime measurements. Emitted photons were
detected using HyD X (GaAsP hybrid photocathode) detector
with a filter window at 535—660 nm. Fluorescence lifetime
imaging (FLIM) was conducted with living cells at 4 min
intervals, with scanning resolution of 1024 X 1024 pixels at 100
Hz, 3 frame accumulation equipped with adaptive focusing on
each frame and well position. Acquisition was performed for 96
frame sets. Photons were counted based on FALCON-
modified time-correlated single-photon-counting (TCSPC)
method. Each pixel is transformed into a phasor plot

Culture of Human HMC3 Microglia Cell Line. Human
HMC3 microglial cells were cultured in T7S culture flasks with
10 mL of growth medium consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS, 2%
Antibiotic/Antimycotic (Sigma-Aldrich) and 1% L-glutamine
(Sigma-Aldrich). T75 culture flasks were maintained in a
humidified atmosphere containing 5% CO, at 37 °C. The
growth media was changed every 2—3 days. To perform
staining assays, cells were seeded onto 12-well noncoated
plates for 24 h at a final concentration of 1 X 105 cells/mL.

Cell Incubation with BASHY Compounds. To assess the
hydrolysis of BASHY, microglia were incubated with 2-
vinylboronic acid (positive control) or BASHY dyes 15 and
17 for 1 h, after which, they were incubated with tetrazine-Cy$
for another hour. In another set of experiments to assess the
significant stability and favorable fluorescence properties of
BASHY dyes, HMC3 cells were incubated with dye 6 and 21
for 2.5 and 24 h. Following incubations, cells were fixed with
4% (w/v) PFA for 20 min at room temperature, washed three
times with PBS and then cell nuclei was stained with DAPI;
1:1000 in PBS for 5 min, and the cells were washed three more
times with PBS. In all staining procedures, the cells were kept
in PBS for confocal microscopy, using a Leica DMi8-CS
inverted microscope with Leica LAS X software.

Zebrafish Husbandry. Animal experiments will be
conducted at the fish facilities of IERP (building agreement
n°C78-720) in compliance with the recommendations of
Directive 2010—63-EU on the protection of animals used for
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scientific purposes. Wild-type (AB strain) were raised in the
IERP fish facility at INRAE Jouy-en-Josas. After spawning eggs
were collected and incubated at 28 °C in E3 medium (5 mM
NaCl, 0.17 mM KCl, 0.33 mM CaCl,, 0.33 mM MgSO4).

Zebrafish Staining and Imaging. BASHY dye 21 was
dissolved in DMSO and sonicated to obtain a S mM stock
solution. The stock solution was diluted in E3 media to
prepare labeling solutions at 10 uM, 5 uM, and 1 uM.
Zebrafish larvae were stained by immersion in a 10 uM, 5 uM
or 1 yM 21 solution or an equivalent DMSO concentration for
1 h at 28 °C before dye removal by washing with E3 medium.
Larvae were the anesthetized with MS222 diluted at 0.25 gL™*
in E3 media and mounted in a homemade observation
chamber for fluorescence imaging. The fluorescence signals
were acquired with an MZI0F stereomicroscope (Leica),
equipped with a 0.63 X PLANAPO objective and a MC170HD
camera (Leica).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00473.

Synthesis, NMR and mass spectrometric data, X-ray
crystal data, DFT calculations, additional microscopy
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