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1. Bibliographic overview

1.1. Fluorescence

Fluorescence is a phenomenon of light emission by molecule in singlet excited state which
occurs after absorption of light.! A molecule in a singlet ground state (So) can switch to excited
state by absorbing an incident photon (hva) with the energy corresponding to the gap between the
states (Fig. 1.1.1). This transition is followed by rapid internal conversion, resulting in a non-
radiative relaxation to the lowest excited state (S1). Further decay from the S; state can be either
radiative (accompanied by an emission of photon — fluorescence) or non-radiative (also called
quenching) (Fig. 1.1.1). Fluorescence lifetime can be described as an average time a fluorophore
molecule spends in excited state. The ratio between the photons emitted and the photons absorbed
by the molecule, termed quantum yield, depends on the comparative rates of the decay processes.
At high concentrations the quantum yield values tend to fall drastically, as the fluorescent species
can form non-emissive aggregates, which leads to fluorescence quenching.!

S1 4 M\\

Absorption
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-hVB

Non-radiative relaxation

So

Fig. 1.1.1. Simplified Jablonski diagram

Fluorescence imaging is a highly attractive technique for studying live cells due to its
several distinctive features?: it is non-invasive, fast and versatile; it has high spatial resolution and
molecular specificity and does not require sophisticated equipment or sample preparation
(compared to other imaging techniques, such as electron microscopy).® * However, fluorescence
imaging requires contrast agents — fluorescent probes.



1.2. Fluorescent probes

Fluorescent probes are the molecules, which can be used as markers in fluorescence
microscopy. The design of a fluorescent probe includes three main parts (Fig. 1.2.1):

1) A fluorophore, usually an organic dye. The choice of fluorophore allows to finely tune
the properties of probe absorption and emission;

2) A targeting group. Introduction of targeting moieties ensures selective accumulation of
the probe only in certain parts of a live cell, which is necessary to diminish as much as possible
the background fluorescence and the undesired fluorescence signal from outside the region of
interest;

3) A linker group. Linkers serve as spacers between a fluorophore and a targeting group,
allowing the dye to position itself more freely after binding with the target, thus preventing
perturbation of fluorophore emission. Additionally, linker groups can increase probe solubility in
water and improve binding kinetics.

Linker
/
O/\/gN

Fluorophore 1
N Targeting
L /@: \ SO;" group
J (@) @)

Fig. 1.2.1. Molecular design of a fluorescent probe.

The main photophysical characteristics of a fluorescent probe include excitation and
emission wavelength, brightness and photostability.’

Probe excitation wavelength defines the possible cell phototoxicity and autofluorescence
related to imaging (which both increase in case of dyes with absorption at shorter wavelengths).
Probe emission wavelength defines whether the two different probes can be imaged separately in
the same sample. These two characteristics also define the compatibility of the probe used with
the light sources and emission bandpass filters of the fluorescent microscope used.

Additionally, biological samples transmit light better at longer wavelengths with
maximum in the near infrared region, allowing for more efficient probe excitation and higher
overall image quality, especially for tissue or in vivo imaging.6

Brightness, which is the product of extinction coefficient of probe absorption and quantum
yield of probe emission, is important to obtain a quality image with high signal to noise ratio. This
parameter is highly important, as, typically, the concentrations of dyes used in fluorescence
imaging should be as low as possible.’

Photostability of a fluorescence probe reflects its stability upon excitation. The probes
with higher photostability degrade much slower during imaging, which is important for longer
imaging times, notably tracking. Additionally, probe photodegradation can lead to the formation
of reactive radical species and singlet oxygen with high cell toxicity.



The probes that change one or several characteristics of their emission upon binding to the
target allow improving signal-to-noise ratio and decreasing the fluorescence background, which
result in a higher image quality. Changes in the probe fluorescence emission intensity
(intensiometric response) or spectral changes (ratiomeric response) are also of key importance for
fluorescence sensing and imaging of a biomolecular target or a given biophysical property. The
probes with intensiometric response are termed fluorogenic probes, while the ones with
ratiometric response are called chromogenic probes. The probes used for live cell imaging are
often designed to be poorly emissive in water due to different fluorescence quenching
mechanisms.

1.3. Environment-sensitive fluorescent probes

Environment-sensitive probes are able to alter their fluorescence emission in response to
the changes in their environment, allowing to monitor non-invasively the parameters of interest
in live cells, such as microviscosity, polarity, lipid order, membrane tension, temperature, etc.

In case of fluorogenic environment-sensitive probes the fluorescence emission intensity
changes as a function of the parameter of interest. However, as the emission intensity also depends
on the probe concentration, a second reference environment-insensitive fluorophore can be added
into the probe design. In this case, it is possible to calculate the ratio between the two emission
intensities coming from the two fluorophores, which is concentration-independent. Alternatively,
one can rely on fluorescence lifetime imaging, which also does not depend on concentration.

In case of chromogenic probes with environment sensitivity, it is possible sense the
changes in the parameter of interest by measuring the fluorescence intensities at two different
wavelengths and calculating the ratio, which is independent of the probe concentration and some
instrumental parameters.

The dyes, possessing environment sensitivity, can be divided into several broad categories,
depending on the photophysical processes involved in sensing:

1) Dyes, exhibiting charge or proton transfer in the excited state;

2) Dyes, capable of ground state isomerization;

3) Dyes, capable of excited state conformational change;

4) Dyes with environment-sensitive aggregation or disaggregation



1.3.1 Probes based on intramolecular charge transfer

The classical environment-sensitive probes are based on solvatochromic dyes comprising
of conjugated aromatic system with donor and acceptor groups at two sides, so-called push-pull
fluorophores. This type of structure allows the electron density to shift from the donor to acceptor
part after an absorption of light, forming a highly dipolar excited state in a process, termed
intramolecular charge transfer (ICT).® The excited state dipole is stabilized by varied degrees
through the interactions with the dipoles of solvent molecules (Fig 1.3.1, A). Thus, in more polar
solvents the energy gap between the two states decreases and, consequently, the emission
maximum is shifted towards longer wavelengths (Fig. 1.3.1, B, C). There are many examples of
ICT fluorescent probes operating in different regions of visible spectra and NIR, described in the
literature, notably those based on Prodan, pyrene, dapoxyl, nitrobenzooxadiazole (NBD), 4-(N,N-
dimethylamino)phthalimide (4DMP), dicyanodihydrofuran (DCDHF), and Nile Red fluorophores
(Fig 1.3.1, B).8
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Fig 1.3.1. Fluorescent ICT probes. Mechanism of sensing of push-pull fluorophores (A).
Absorption (dash) and fluorescence (solid) spectra of Prodan and FRO probes in solvents of
different polarity (B) Adapted from °. Photograph of cuvettes with FRO probe in different solvents
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(C) Adapted from °. Examples of ICT fluorophores (D). Donor groups are marked in blue,
acceptor groups are marked in red.

Due to their sensitivity to the polarity of environment, the probes with intramolecular
charge transfer are capable of sensing changes in the intrinsic biophysical properties of
membranes, such as polarity, hydration, lipid order, electrostatics, microviscosity, etc.® ! The
variations of these parameters are accompanied by changes in the effectivity of dipolar relaxation
processes, thus affecting the emission wavelength of push-pull fluorophores. In addition, the ICT
probes, which are vertically oriented in biomembranes, are also capable of sensing electric fields,
notably transmembrane potential, as it was shown for styrylpyridinium dyes.!!

Push-pull dyes are particularly useful for imaging of liquid ordered (Lo) and liquid
disordered (Ld) phase domains.!? According to the hypothesis of lipid rafts'3, these phospholipid
domains are crucial for organization and normal functioning of plasma membrane, however, they
are hard to detect due to the small size and highly dynamic nature. The Lo phase domains consist
of tightly packed saturated lipids and cholesterol and are characterized by less polar environment
compared to loosely packed Ld phase, comprising unsaturated lipids. The two phases can be
distinguished by solvatochromic ICT probes, which exhibit a blue shift in fluorescence emission
from the probe molecules in Lo phase compared to ones in the Ld.!* This difference is attributed
to the less hydrated lipid interphase in case of Lo phase and slower water dipolar relaxation
process.'* Thus, an environment-sensitive probe NR12S, based on Nile Red fluorophore, was used
to distinguish between the lipid domains in giant unilamellar vesicles (GUVs) (Fig. 1.3.2).!1° By
measuring the fluorescence intensity of the probe in two spectral regions (Fig. 1.3.2, B) it is
possible to distinguish clearly the domains with different lipid order through changes in the ratio
between the two emission channels (Fig. 1.3.2, C).
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® channel channel
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Fig. 1.3.2. Fluorescence microscopy imaging of Lo and Ld phases in GUVs using NR12S.
Structure of NR12S ICT probe (A). Normalized fluorescence spectra of NR12S in Ld (DOPC)
and Lo (SM/Chol) phases of LUVs (B). The cyan and magenta regions separated at 585 nm
represent the detection range for the blue and red channels of the microscope. Ratiometric
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microscopy images with GUVs, composed of DOPC (Ld phase), SM/Chol (Lo phase), and
DOPC/SM/Chol (mixed Lo/Ld phases) (C). The color of each pixel represents the value of the
intensity ratio Ipe/Ired, while the pixel intensity corresponds to the total intensity at both channels.
Adapted from 3.

The intrinsic sensitivity of ICT fluorophores to polarity makes them excellent candidates
for the polarity probing in live cells. Thus, a solvatochromic pyrene-based dye PA (Fig. 1.3.3, A)
was utilized to image the varying polarity in different cellular compartments in live HeLa cells.
The probe easily internalizes into live cells, indiscriminately staining all the lipid compartments
(Fig. 1.3.3, B). By plotting the ratio between the fluorescence emission intensities measured at
ranges between 550-700 and 470-550 nm (Fig.1.3.3, C),!¢ it is possible to compare the polarity of
different cell regions. As an example, this experiment shows lipid droplets to be the most apolar
parts in the cell, and that the plasma membrane exhibits generally less polar environment when
compared to intracellular membranes. !¢
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Fig. 1.3.3. Structure of push-pull PA probe (A). Integral fluorescence intensity microscopy

image (B) and ratiometric microscopy image (C) of HeLa cells stained with 100 nM of PA.
Modified from !°.

Another important application of solvatochromic probes is their ability to detect
biomolecular interactions, which is an alternative to traditional detection based on fluorescence
anisotropy and Forster resonance energy transfer (FRET).!” When the two biomolecules interact,
it leads to exclusion of the local water molecules, which can be sensed by an ICT probe as a
decrease in environment polarity. The examples of solvatochromic probes include amino acid
analogues of Prodan'® and 6-(N,N-dimethylamino)-2,3-naphthalimide (6DMN),!° used to probe
protein electrostatics and protein-protein interactions, correspondingly, and a Nile Red-based
probe,?® used for wash-free detection of G protein-coupled oxytocin receptor. In the latter case,
an introduction of targeting group through a PEGS8 linker helped to diminish nonspecific
interaction with serum and lipid membranes in cells.

Recent works with fluorophores, based on intramolecular charge transfer (ICT), revealed
two features of these systems. First, push-pull dyes have relatively low photostability, especially

12



in non-polar medium, as it favours the formation of a triplet excited state through intersystem
crossing, followed by photooxidation.®> ' Second, most of solvatochromic fluorophores are
quenched in polar protic media, mostly due to twisted intramolecular charge transfer (TICT) or
electron transfer phenomena.?! This results in low quantum yield of these dyes in protic solvents,
such as water, which, together with red-shifted emission from the dyes in aqueous medium, allows
to reduce the undesired background fluorescence signal during fluorescence microscopy.

1.3.2 Probes based on intramolecular proton transfer

Excited-state intramolecular proton transfer (ESIPT) process occurs when after excitation
a push-pull dye is able to switch between two emissive tautomeric forms (Fig. 1.3.4, A). As a
result, ESIPT dyes typically exhibit two distinct fluorescence emission bands corresponding to
normal (N*) and tautomeric (T") excited states. For instance, in some 3-hydroxychromones (Fig.
1.3.4) the equilibrium between these forms is dependent on solvent polarity and H-bond donor
ability.?? The ratio between the fluorescence intensities of the two bands (N*/T*) increases with
an increase in the solvent polarity and H-bond donor ability (Fig. 1.3.4, B), as polar and especially
protic solvents inhibit ESIPT reaction.?

Solvent-dependent dual emission can be observed for most dyes only in media with a
certain polarity range, however it can be finely tuned by changing the molecular design of the
probe.?* Thus, introduction of strong electron-donor groups shifts the region of probe dual
emission into media of medium polarity due to an enhancement of the dipole in the N* state, as it
was reported to 3-hydroxychromones ?* (Fig. 1.3.4, B).

The structure of this class of environment-sensitive probes includes a heteroatom with a
free electron pair in close proximity to a phenolic hydroxyl, with an ability to form 5- or 6-
membered H-bonding ring, with the typical examples including 3-hydroxyflavone (3HF), p-N,N-
ditolylaminosalicylaldehyde (SAN), (2-(2-hydroxy-4-dimethylaminophenyl)benzo-[d]oxazole
(HBON) and 2-((2-(2-hydroxyphenyl)benzo-[d]oxazol-6-yl)methylene)-malononitrile (diCN-
HBO) fluorophores (Fig 1.3.4, C).%°
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Fig 1.3.4. Fluorescent ESIPT probes. Mechanism of sensing (A). Fluorescence emission
spectra of ESIPT probes DMA-3HF and 3HC in solvents of different polarity (B) Adapted from
8. Examples of ESIPT fluorophore structures (C). Proton donor hydroxyl groups are marked in

blue, proton acceptor heteroatoms are marked in red.

ESIPT probes can be used to sense several parameters in lipid bilayer, with the relative
sensitivity being dependent on the fluorophore orientation. The dyes, which are vertically oriented
in the bilayer, are more suitable for sensing of dipole (F8N1S and PPZS8, Fig. 1.3.5, A)*® and
transmembrane potentials (di-SFA, Fig 1.3.5, A)?’, while those with tilted orientation are sensitive
towards surface potential and lipid order.?®?° As an example, the probe F2N12S (Fig. 1.3.5, A) is
capable of detecting the changes in lipid composition during apoptosis (programmed cell death).?°
The fluorophore, which resides exclusively at the outer plasma membrane leaflet, responds to the
apoptosis-associated changes in lipid composition of the outer membrane leaflet due to the
accompanying changes in the surface charge (Fig. 1.3.5, B).3° In apoptotic cells, F2N12S exhibits
an increased intensity of N* emission band (Fig. 1.3.5, C), which makes it possible to distinguish
the normal and apoptotic cells using ratiometric microscopy imaging (Fig. 1.3.5, D).
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Fig 1.3.5. Application of ESIPT 3-hydroxychromone dyes for studying lipid membranes.
Structures of membrane probes based on 3-hydroxychromone (A). Schematic presentation of the
colour response of the probe F2N12S in plasma membranes during apoptosis (B) and detection of
apoptosis by F2N12S using fluorescence spectroscopy (C) and microscopy (D). Adapted from 3.

Solvatochromic ESIPT probes also were used to create sensors with fluorogenic or
ratiometric response to detect various ions and small biologically active molecules in live cells.?!

1.3.3 Probes based on ground state isomerization

Xanthene dyes

One of the important mechanisms used to obtain an environment-sensitive fluorogenic
response is a ground-state isomerization (Fig. 1.3.6, A). This mechanism is particularly important
for fluorescein®? and rhodamine® 3* dyes. For these fluorophores, a nucleophilic carboxylate group
in the o-position of side phenyl is able to attack the electrophilic center of the heterocycle, forming
a non-emissive spirolactone (Fig. 1.3.6, B). The equilibrium between the two forms can be shifted
by changes in pH, solvent polarity or presence of specific molecules.® Importantly, the formation
of spirolactone in rhodamines is a reversible process, which takes place only in apolar media,
however, an introduction of Si-rhodamines (Fig. 1.3.6, C) allowed to obtain the probes undergoing
cyclization at much higher polarity (Fig. 1.3.6, D).>*3¢ The conjugates of this dye with targeting
moieties underwent transition to the open form only upon binding to target proteins, such as
tubulin, actin, SNAP tag, etc. Such fluorogenic response allowed to use the probes in wash-free
conditions for multicolor background-free imaging using conventional and super-resolution
microscopy (Fig. 1.3.6, E-F).%*
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Fig 1.3.6. Probes based on ground state isomerization. Concept (A) and mechanism of
ground state isomerization in rhodamine fluorophores (B). Structure of Si-rhodamine-based
probes (C). Sensitivity of zwitterion-spirolactone equilibrium of TMR (green), carboxy-SIR650
(blue) and carboxy-SiR700 (red) to the dielectric constant of solvent (D). An increase in
absorbance corresponds to the appearance of emissive zwitterionic form. Confocal images of
human primary fibroblasts stained with the SiR700-probe (red) and Hoechst 33342 nuclear stain
(blue) (E). Scale bars = 10 um. Two-color super-resolved SIM image of human primary
fibroblasts stained with SiR-tubulin (green) and SiR700-actin (red) (F). Scale bars = 10 um (E)
and 5 um (F). Adapted from 33

Oligothiophene dyes

In case of oligothiophene dyes the sensitivity towards the environment is achieved through
a ground state planarization (Fig. 1.3.7).3” This class of fluorophores comprises of four thiophene
moieties (Fig. 1.3.7, A), which are twisted in ground state due to steric hindrance, however can
become flat in response to changes in membrane fluidity (Fig. 1.3.7, B).?’ In case of moderate
deplanarization the highly solvatochromic push—pull quaterthiophene scaffolds are able to
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respond to changes in membrane fluidity in lipid bilayer or to an increase in membrane potentials
with a bathochromic shift of probe absorption.
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Fig. 1.3.7. Planarizable oligothiophene dyes. Tetrathiophene fluorophore structure (A)
and sensing mechanism (B). The probe planarization is affected by lateral crowding along the
scaffold (marked by red circles) and fluorophore polarization by terminal donors (marked as D),
acceptors (marked as A), and charges (marked as +). Adapted from 37.

Further modification of oligothiophene fluorophore moiety led to a discovery of a class of
environment-sensitive dyes, also termed “flippers”, which are able to sense changes in the
membrane tension and lipid order.*® Membrane tension by itself is in an important cell parameter,

39-42 and spreading,* membrane trafficking** and

which is tightly regulated during cell migration
phagocytosis.** Additionally, through the membrane tension it is possible to detect the changes in
lipid order.*® The flipper probes comprise of two flat heterocyclic moieties connected through a
single bond (Fig. 1.3.8, A). Due to a steric hindrance in a twisted ground state, the conjugation
between the two aromatic fragments is distorted. However, the dye can become more planar in
rigid environments, such as liquid ordered (Lo) phase in lipid membranes (Fig. 1.3.8, B), which
is accompanied by a bathochromic shift in absorption. The two lipid phases, Lo and liquid
disordered (Ld), can be distinguished though the changes in the probe excitation spectrum, while
the emission spectrum remains unchanged. These probes were utilized to perform two-color
imaging of phase domains in giant vesicles using excitation at two wavelengths.*> Alternatively,
the flipper probes also decrease their fluorescence lifetime in response to a decrease in membrane
tension, which allowed to use FLIM for imaging of membrane tension in giant unilamellar

vesicles (Fig. 1.3.8, C-D)?® and organelles in live cells.*®
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Fig. 1.3.8. Fluorescent flipper probes. Structure (A) and mechanism of lipid order sensing
(B) of a fluorescent flipper probe FliptR. Fluorescence lifetime t1 images of FliptR as a function
of lipid composition in giant unilamellar vesicles, from liquid-disordered membrane (Ld) to
increasingly liquid-ordered membrane (Lo) (C). The corresponding lifetime mean values are
shown in the histogram (D). The colour bar in (C) corresponds to lifetime in nanoseconds (ns).
Adapted from 38
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1.3.4 Probes based on excited state conformational change

Molecular rotors

The environment-sensitive fluorophores, which are able to undergo an intramolecular
twisting motion in their excited state, are termed molecular rotors.?! The structure of a molecular
rotor typically comprises an electron donor group conjugated to an electron acceptor group via
alternating single and double bonds. At the ground state the p-orbitals are aligned due to
conjugation, which results in a molecule adopting planar conformation. Upon excitation, the
molecule exhibits intramolecular charge transfer, leading to a planar excited state, which can
dissipate part of its energy through a rotation around c-bonds (Fig. 1.3.9, A) in a process, termed
twisted intramolecular charge transfer (TICT).*” As a consequence, molecular rotors either present
two emission bands with the twisted conformation emitting at longer wavelength due to the lower
energy gap between the excited and the ground state when compared to planar conformation or
emit only from the planar state, if the energy gap for twisted conformation is too low, leading to
non-radiative energy dissipation. A well-studied example of dual emissive molecular rotor is 4-
dimethylaminobenzonitrile (DMABN)*’ (Fig. 1.3.9, B), while such fluorophores as 9-
(dicyanovinyl)julolidine (DCV]J) and 5-arylboron-dipyrromethene (Fig. 1.3.9, B) emit only from
the planar conformation of excited state*’-*°. The effect of environment on the emission in
molecular rotors consists of several contributions*’:

1) an influence of environment polarity on the stability of polar excited state;

2) an influence of environment microviscosity on the rate of intramolecular twisting in the
excited state.

Polar solvents stabilize twisted conformation over the planar one, due to the twisted state
having a larger dipole moment. Moreover, for the same reason a stronger bathochromic shift of
TICT state is observed in polar media when compared to that of a planar excited state. On the
other hand, more viscous media leads to an increase in the energy barrier between the planar and
the twisted states, which reduces the rate of intramolecular rotation, thus increasing the
fluorescence lifetime and quantum yield of fluorescence from planar excited state. Due to a higher
local viscosity in Lo compared to Ld in lipid membranes, molecular rotors can distinguish
between the two phases, as it was shown for C-Laurdan-2 probe.>® Molecular rotors were also
used to sense viscosity in model membranes and live cells (Fig. 1.3.9, C-E)* 5153 to monitor

3455 and to study conformation and assembly of proteins.’® 57 In live

polymerization processes
cells, the microviscosity is of a particular interest, as it determines the lateral diffusion in

biomembranes, while also affecting the enzymology, metabolism, and protein folding.>!
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Fig. 1.3.9. Fluorescent molecular rotor probes. Mechanism of sensing (A) and structures

of molecular rotors (B). Structure of BODIPY 1 microviscosity probe (C) and its fluorescence

lifetime maps in the plasma membranes of SH-SYSY cells at four different temperatures (D).

Adapted from 8. Averages histograms corresponding to FLIM images of the SH-SY5Y plasma
membranes at four different temperatures (E). Adapted from 38,

In case of dual-emission of a probe it is possible to sense local microviscosity directly by
analyzing the ratio between fluorescence intensities of the two emission bands, however, the
emission intensity of molecular rotors with a single band also depends on other parameters, such
as dye concentration, fluid optical properties in heterogeneous systems, and fluctuations in laser
excitation power.>® The possible ways to circumvent this hindrance include:

1) utilization of FLIM, as the fluorescence lifetime of the planar excited state is
concentration-independent*;

For a family of meso-substituted BODIPY molecular rotors it was proved, that both the
quantum yield and the fluorescence intensity of planar excited state depend on viscosity (Fig.
1.3.9, C-E). Utilization of FLIM does not require to change significantly the molecular design.

2) creation of a FRET system by including a second viscosity-insensitive dye in probe

design®- ¢! (Fig. 1.3.10, A);
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This strategy adds a second reference fluorophore, which acts both as a reference
viscosity-insensitive emitter and as a FRET donor. The emission of a reference dye is not affected
by viscosity (peak 1 in Fig. 1.3.10, B), however the fluorescence intensity of a molecular rotor
increases with an increase in viscosity (peak 2 in Fig. 1.3.10, B). Thus, the ratio between
fluorescence intensities for a molecular rotor and a reference dye becomes dependent only on the
environment microviscosity, which allows to obtain accurate viscosity values when performing
the ratiometric imaging.

Notably, molecular rotors, in addition to their sensitivity towards viscosity, can be also
affected in varied degrees by temperature changes.®?> Such molecular rotors as DCVJ and meso-
substituted BODIPY with a substituent in p-position of meso-phenyl ring are little or completely
not sensitive towards temperature changes.®* % However, introduction of a single methyl group
and extended conjugation chain allows to increase greatly the temperature sensitivity while also
decreasing the probe sensitivity to microviscosity,®> with an alternative approach based on
utilization of modified rhodamine or rosamine dyes (Fig. 1.3.10, C).%
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Fig. 1.3.10. Structure of a ratiometric viscosity probe (A). Viscosity sensitive TICT
fluorophore and viscosity-insensitive coumarin are highlighted in red and green, respectively.
Emission spectra of the probe in (A) in the mixtures of ethylene glycol and glycerol with different
viscosity (B). Peak 1 represents coumarin emission and peak 2 — the molecular rotor emission
through FRET from coumarin. Peaks 1 and 2 were acquired at the same excitation wavelength
(Aex =360 nm). Peak 3 is the emission from direct excitation of the TICT fluorophore at Aex = 444
nm. Only peaks 2 and 3 are viscosity dependent. Adapted from #’. Structures of molecular rotors
with sensitivity towards temperature (C).

Papillon probes

Another class of fluorescent probes, termed papillons, is capable of bending and
unbending the fluorophore in excited state®’ (Fig. 1.3.11, A). As a result, the dyes are dual-
emissive with the bands corresponding to a “closed” bent excited state with a blue-shifted
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emission and an “open” planar one, which emits light with longer wavelength. These molecules,
based on N,N’-diphenyl-dihydrodibenzo[a,c]phenazine fluorescent backbone (Fig. 1.3.11, B), are
able to distinguish between the lipid phases in model membranes, changing the ratio between
fluorescence intensities at the two emission wavelengths. The more rigid environment in Lo phase
causes a shift of an equilibrium towards excited planar state when compared to Ld phase.®’
Notably, the papillon probes are insensitive towards the polarity of environment, with the excited
state being sensitive to viscosity.®”- ® According to the partitioning coefficients data, the dyes
preferentially go to liquid disordered phase, however, this effect is compensated as the emission
brightness is much higher for probes inside liquid ordered phase (Fig. 1.3.11, C).*” Due to their
intrinsic dual emission, papillon probes can be directly used for ratiometric imaging (Fig. 1.3.11,
D-E), as the ratio between the two emission bands is concentration-independent. Spectroscopic
probes and environment sensitivity of these dyes can be finely tuned by changing the probe
molecular design, e.g. by introducing electron donating groups (Fig. 1.3.11, B).’
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Fig. 1.3.11. Mechanism of sensing (A) and structures (B) of papillon probes. Non-
normalized fluorescence emission of papillon 1 in DPPC LUVs (Lo, solid) and DOPC LUVs (Ld,

dashed), at 55°C (red) and 25°C (blue) (C). Photographs of probe 1 in water, Lo DPPC LUVs, Ld
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DOPC LUVs, and EtOAc (left to right) excited at 366 nm (D). TPE microscopy images (Aex=720
nm) of GUVs composed of DOPC (Ld), SM/Chol (Lo), and two different SM/DOPC/Chol GUVs
in the presence of papillon 2 (E) (color bar: emission wavelengths in the 400—650 nm range, scale
bar: 20 uM). Normalized emission spectra of entire GUVs composed of DOPC (F) and SM/Chol
(G), with 0.5 uM (red), 1.0 uM (green), and uM mm (blue) of probe 2. Spectrally unmixed images
(H) of DOPC/SM/Chol GUVs in (E) using reference spectra in (F) and (G) showing Ld (red) and
Lo domains (green). Adapted from ¢7.

1.3.5 Probes based on aggregation-caused quenching

Fluorescent dyes, being flat aromatic structures, exhibit a strong tendency to undergo m-
stacking, forming non-fluorescent H-aggregates.%® Strong hydrophobic interaction between the
probe molecules favours aggregation-caused quenching (ACQ), whereas in the environment of
low polarity the fluorophore molecules can disaggregate back into fluorescent monomers, thus
creating a fluorogenic response. The probes, based on aggregation, can exhibit formation of either
intramolecular or intermolecular aggregates.®

The advantage of probes based upon intramolecular aggregation is that this process does
not depend on probe concentration. The simplest design for this probe type implies linking two
fluorescent dyes using a flexible linker (Fig. 1.3.12, A), with the commercial probe YOYO-1 (Fig.
1.3.12, B) being a typical example. This dimeric probe does not fluoresce in water due to the
formation of non-emissive H-aggregates, however it opens up upon binding to DNA, becoming
highly emissive. A probe dimer in a completely open state is equal to the two separate fluorophore
molecules in terms of fluorescence, allowing to create probes with high brightness. Intramolecular
aggregation has been exploited to create a series of dimeric probes which can sense interactions
with nucleic acids or DNA hybridization.”®

Further development of this approach lead to creation of dye dimers, which are self-
quenched in aqueous media inside the cell, unless they interact with specific short nucleic acid
sequences (aptamers).”! This methodology allows specific imaging of target RNA in live cells by
genetically encoding the aptamer sequence in the region of interest. Thus, a probe Gemini-561,
based on a sulforhodamine B dimer (Fig. 1.3.12, C), formed a bright complex with the
corresponding aptamer o-Coral, expressed in the nucleus in mammalian cells (Fig. 1.3.12, D)
through the means of genetic engineering.”! The advantages of this dimeric probe include high
brightness and photostability, which drastically enhance the quality of RNA imaging.
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Fig. 1.3.12. Dimeric probes based on intramolecular aggregation-induced quenching.
Mechanism of fluorogenic response of a dimeric probe (A) and the structure of YOYO-1 probe
for nucleic acids (B). Structure of a dimeric sulforhodamine probe Gemini-561 (C). Live cell
imaging of HeLa (top image) and HEK293T (bottom image) cells expressing U6-o-Coral in the
nucleus (D). The cells were incubated with Gemini-561 (200 nM) for 5 min before imaging. Scale
bars, 30 um. Adapted from 7!

A dimeric probe for polarity sensing was created basing on a squaraine fluorophore
system.”? In this case, a decrease in polarity induces an unfolding of the dimer, followed by a
fluorogenic response. Due to a dimerization-based molecular design it became possible to create
a fluorescence probe with unprecedented brightness owing to exceptionally high molar extinction
coefficient together with high quantum yield (e.g. € ~ 700 000 M! cm™! and QY~0.5 for the
squaraine dimer).”?

An alternative strategy used for creating ACQ probes is to exploit the formation of
intermolecular aggregates. A number of organic dyes can form non-emissive aggregates in water.
One of the ways to tune this behavior for a variety of commonly used fluorophores lies in
utilization of a specially designed hydrophobic linker together with a targeting group.” The
aggregates formed in aqueous medium are expected to disassemble upon binding with a receptor
and produce a fluorogenic response. A similar approach lies in an addition of amphiphilic
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fragments in probe molecular design.® The squaraine-based probe dSQ12S with two zwitterionic
fragments and two alkyl chains (Fig. 1.3.13, right panel) exhibited >100-fold increase in
fluorescence intensity in lipid membranes compared to the aggregated probe in aqueous
medium.” After an introduction of a zwitterionic targeting group in the molecule a Nile Red-
based probe NR12S exhibited a 25-fold drop in the quantum yield values in water compared to
unsubstituted parent Nile Red dye!® together with characteristic blue-shifted absorption,
supposedly due to the formation of non-emissive H-aggregates of micellar structure.!> In both
cases the aggregates disassembled into discrete molecules upon binding to lipid membranes,
which was accompanied by an increase in QY values (e.g. QY~0.45 in case of NR12S).

1nM
probes

after
1h

Fig. 1.3.13. Microscopy images of live HeLa cells stained with zwitterionic squaraine
probes (in red). Both squaraines show virtually no fluorescence signal from the extracellular
medium due to aggregation. Nuclei were stained with Hoechst 333258 dye (in blue). Adapted
from’

1.3.6 Probes based on aggregation-induced emission

Fluorophore aggregation generally leads to the formation on non-emissive species,
however, for organic dyes of special structure the aggregation can be accompanied by
fluorescence enhancement of the initially non-fluorescent molecules (Fig 1.3.14, A).”> This
phenomenon, called aggregation-induced emission (AIE), is observed in aromatic molecules with
propeller-like topology, such as tetraphenylethylene (TPE) and hexaphenylsilole (HPS) (Fig.
1.3.14, B).”® In these dyes, the fluorescence in quenched in solution due to a rapid rotational or
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vibrational energy dissipation, however, these processes are inhibited in aggregates due to
physical stacking of the dye molecules, which consequently increases the fluorescence intensity
by blocking the non-radiative pathways (Fig. 1.3.14, C).”> 77 The AIE fluorophores possess
remarkably high photostability and, for a large number of probes, high quantum yields.”® 7% 7

Usage of biocompatible AlEgens (Fig. 1.3.14, D) allowed to perform cell cytosol staining

at high concentrations (Fig. 1.3.14, E), while also retaining low cytotoxicity.3°
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Fig. 1.3.14. AIE fluorophores. Mechanism of fluorogenic AIE response (A) and the
structures of AIE dyes (B). Photograph of vials with a THF/water mixture and HPS (20 uM) under
UV irradiation (C). Adapted from 76, Structure of an AIE cytosol probe 1b (D) and a microscopy

image of live HeLa cells stained by nanoaggregates of 1b (5 uM) (E). Adapted from *,

In case of AIE fluorophores, there are several ways to achieve fluorogenic response, all
eventually leading to restriction of intramolecular motion. It can be created using electrostatic
attraction between the fluorophore and the target molecule, as shown for heparin detection.®! A
fluorescence turn-on can be also triggered by a multivalent complexation of a fluorophore with a
biopolymer, which was used for melamine detection.®? Fluorogenic AIE probes with hydrophobic
molecular design can also become strongly emissive upon docking and aggregation in
hydrophobic pockets of biomolecules, with an example of probes exploited for quantification of
human serum albumin (HSA) and monitoring its conformational transitions.?* 3 An addition of
maleimide fragment to a TPE allowed to couple AIE with photoinduced electron transfer (PET)

5

process,® resulting in fluorescence quenching both in solution and in aggregates. The probe
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produces a fluorogenic response to the presence of cysteine due to a reaction of maleimide with
thiol group of cysteine, blocking the PET process between maleimide and the TPE fragment. Due
to an AIE effect, the sensing can be performed with high sensitivity in solid plates.®®

AIE probes have been used to detect proteins, nucleic acid and polysaccharides’® 3¢

as
well as reactive small molecules and ions.”® The AIE fluorophores with special design are also
capable of sensing changes in environment parameters, such as mechanical forces, viscosity, pH
and temperature.’® Coupling of AIE mechanisms with either ICT or ESIPT mechanisms allows to

create probes, which are sensitive towards the polarity of environment.®7- 88

Overall, the environment-sensitive probes allow to monitor non-invasively the parameters
of interest in live cells, such as microviscosity, polarity, lipid order, membrane tension,
temperature, etc., by altering their fluorescence emission in response to the changes in the probe
environment. There are several classes of environment-sensitive dyes, with varied relative
sensitivity towards different parameters.

1.4 Organelle targeting of fluorescent probes

The majority of fluorophores, being aromatic organic molecules of relatively low polarity,
tend to accumulate indiscriminately in all lipid compartments of live cells. On the one hand, such
behavior allows to perform the so called cell mapping, when a single dye is used to sense
fluctuations of a certain parameter within the different parts of a live cell or an organism, as it was

16,8991 and viscosity.”?

done for polarity

However, non-specific binding makes it rather challenging to distinguish and analyze
quantitatively the fluorescence signal from only certain organelles in the cell. In order to
circumvent this limitation, the probes can be modified with special groups, allowing for selective
accumulation of the dyes in the organelles of interest, greatly reducing undesired staining and
background fluorescence in cells.*6 31> 52.93-97

There are several criteria, which can be used to evaluate the selectivity of fluorescent probe
accumulation in the organelles of interest. The most straightforward approach is based on
morphological criteria, when the image pattern is compared to the shape, size and localization of
the target organelles in the cell. Though this method requires no additional fluorescent agents, it

obviously cannot be used for quantitative measurements.
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In case of addition of a second probe with known organelle specificity (e.g. probes, which
are activated metabolically by enzymes, present exclusively in the target organelles, or genetically
incorporated fluorescent proteins), it is possible to perform colocalization imaging. In this case,
in addition to direct comparison of images obtained from the two emission channels
corresponding to the two probes used in the same cell, it is also possible to quantify the
colocalization using statistical approaches, such as Pearson's correlation coefficient (PCC) and
Mander's correlation coefficient.”® For instance, PCC values range from 1 for two images whose
fluorescence intensities are perfectly, linearly related, to —1 for two images whose fluorescence
intensities are perfectly, but inversely, related to one another, while the values near 0 indicate an
absence of correlation. The choice of treatment method depends on the image properties, such as
background and signal intensities for both channels, as well as on the purpose of analysis.”®

1.4.1 Plasma membrane-targeted probes

Plasma membrane (PM), besides its primary function of delimiting and separating cell
interior, is crucial for essential biological processes including neural communication, cellular
uptake, muscle contraction, cell trafficking, migration and signaling.'3 44 %% 100 In addition, the
morphology of cell plasma membrane can provide the information regarding the cell status such

102 Thus, imaging of

103-105

as cell division or cell death processes,!®! while also indicating cell damage.
plasma membrane is important for both biological research and early medical diagnosis.

Utilization of fluorescent probes with environment sensitivity allows, in addition to
visualization of PM, to study the different fundamental properties of the biomembranes, such as
lipid order, polarity, microviscosity and membrane tension.’

The lipids in plasma membrane are believed to distribute inhomogeneously, forming
transient relatively ordered membrane microdomains, termed lipid rafts.!> 1% Lipid rafts are
considered to be highly dynamic, both in terms of lateral mobility and association-dissociation
and enriched in cholesterol and sphingolipids.'% 17 These nanodomains (10-200 nm) can
undergo the clustering induced by protein—protein and protein—lipid interactions, forming
microscopic domains (>300 nm) (Fig. 1.4.1),'% which act as functional platforms for the
regulation of various cellular processes.!?
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Fig. 1.4.1. Lateral inhomogeneity of cell plasma membrane. Lipid rafts are enriched in
sphingolipids, cholesterol, saturated phospholipids, glycolipids, lipidated proteins and
glycosylphosphatidylinositol (GPI)-anchored proteins. In addition to membrane components,
cortical actin plays an active part in domain maintenance and remodelling. Adapted from %,

In model membranes, these domains are identified in terms of lipid order,!% 19 with the
liquid-ordered phases (Lo) rich in sphingomyelin and cholesterol “swim” in a pool of liquid
disordered phase (Ld), formed by unsaturated lipids. Enrichment of hydrophobic components
endows Lo phase domains with distinct physical properties, such as increased lipid packing and
decreased fluidity.'” Lipid order can be sensed either through monitoring the local viscosity by
molecular rotors*® or lipid packing by mechanosensitive dyes*> %7 as well as through local polarity
using ICT or ESIPT dyes.® 1% 1l Solvatochromic dyes in Lo phases generally report less polar
environment when compared to Ld, as the tight backing of lipid ordered phase excludes polar

water molecules and freezes dipolar relaxation processes.!? 14 15,109

In addition to lateral inhomogeneity, plasma membrane also reveals a difference in
membrane composition between the outer and the inner leaflets. In live cells the outer leaflet is
mainly represented by sphingomyelin and phosphatidyl choline, while the inner one contains
mostly phosphatidyl ethanolamine and phosphatidyl serine.!!'? '3 This heterogeneity results in
higher lipid order at the outer leaflet.!!'* In order to increase the probe sensitivity to the changes
in the lipid order, it is important to ensure that the probe is localized specifically in the outer
membrane leaflet. However, this approach requires introduction of a special molecular design for
the probes, which would inhibit or slow down the dye flip-flop process.'>

Microscopic viscosity is essential for determination of lateral diffusion in biomembranes,
while also affecting metabolism, enzymology and protein folding.’! This parameter can be
measured using either molecular rotors’’> !5 16 or flipper probes,®’” as well as by ICT
solvatochromic probes. !’
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Imaging of the membrane tension, an important parameter during membrane trafficking**,

44 39-42

phagocytosis, and spreading,* can be performed utilizing the flipper

38,46

cell migration
probes.

Local membrane polarity is a complex parameter combining presence of dipoles,

12,25

hydration, solvent relaxation and lipid order, which can be studied using ICT solvatochromic

fluorescent dyes.!!” The changes in the membrane polarity of live cells reflect various processes,

118-120 starvation“g 30, 121, 122

123

such as oxidative stress, and apoptosis, and allow to distinguish
between normal and cancer cells.

Fluorescently labeled lectins, notably wheat germ agglutinin (WGA) and concanavalin A,
are popular fluorescent membrane probes. Despite their ease of use and efficiency, the drawbacks
of these probes include high price significantly larger probe size compared to molecular probes.
Additionally, WGA binds N-acetyl-D-glucosamine and sialic acid,'?* and the direct positioning
of fluorophore inside membrane is not assured, which hinders the imaging of plasma membrane
lipids.

The small size of fluorescent probes with chemical targeting groups, also having high lipid
bilayer affinity, allows their precise localization in the lipid bilayer, which is indispensable for
studies of lateral distribution of lipids in biomembranes.!> 2> The moieties, used to create plasma
membrane-targeted probes, are usually amphiphilic molecules which include a hydrophobic long
alkyl chain (typically C12) and a cationic or zwitterionic charged fragment (Fig. 1.4.2),!% 74 126,
127 Long alkyl chains serve to increase probe affinity towards the lipid bilayer, and in some probes
the aromatic fluorophore moiety itself can serve as a hydrophobic part. The main function of the
charged fragment is to decrease the probe internalization and consequent non-discriminate
staining of intracellular lipid components. Due to the structure of plasma membrane lipid bilayer,
which possesses a negative surface charge, the charged molecules (especially zwitterions and

anions) cannot easily pass through the membrane.
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Fig. 1.4.2. Examples of different plasma membrane-targeted probes. Molecules bearing
(poly)cationic charge (Pent-TMP and FM1-43), zwitterionic molecules (NR12S) and negatively
charged molecules (FliptR).

Introduction of zwitterionic fragments allows to increase plasma membrane affinity while
also reducing probe internalization (Fig. 1.4.3).12% 28 Thus, in combination with bright squaraine
fluorophore, it allowed imaging of plasma membranes at low concentrations up to 1 nM.”* In
addition, the presence of amphiphilic targeting motifs leads to aggregation in aqueous medium,
eliminating the undesired background fluorescence for both probes (Fig. 1.4.3, B and C).
Additionally, cyanine MemBright dyes stained neurons in a brighter manner compared to
surrounding tissue, being promising candidates for applications in neuroscience.!?®

Nevertheless, zwitterionic targeting fragments do not change the overall probe charge,
which can in principle affect the staining of the surface of microscopy support, as the glass of the
surface is negatively charged and therefore attracts the positively charged probes, based on
cationic fluorophores, such as cyanines and styryl dyes.
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Fig. 1.4.3. Live cell microscopy with zwitterionic PM probes. Structures of plasma
membrane probes with two zwitterionic targeting moieties (A). Microscopy image of live HeLa
cell stained with dSQ12S probe (B). Microscopy image of live KB cell stained with MemBright
(Cy3MB) probe (C). Cell nuclei in (B) and (C) were stained with Hoechst dye.

Rational design of environment-sensitive plasma membrane probes allows to monitor a
variety of biological process in live cells, including cholesterol depletion in membranes,'?

apoptosis,'? conformational changes of membrane proteins,'*° maturation of endosomes!3![ and

internalization of nanostructures.!3?

The probes for PM were created using various fluorophores, including BODIPY 128 133, 134

and BF»-azadipyrromethene,'®  styrylpyridinium,!*6-13%  fluorescein,!#® 14! Nile Red,'

142 3 oligothiophene,*® % isoindoledione,'** purine,'* conjugated

102, 126, 139

chromone,*® perylene,'*

146

polymers,'#¢ squaraine’® and cyanines.

1.4.2 Mitochondria-targeted probes

Mitochondria are the major energy sources for predominant majority of the living

47 Through a chain of chemical and biological processes known as oxidative

organisms.
phosphorylation, mitochondria are able to produce molecules of adenosine triphosphate (ATP),
which act as a coenzyme and fuel in various cellular activities, including biomolecular synthesis,

cell division, and metabolism.!*®
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The membranes of mitochondria are known to have high concentration of negative
charges.!'* This peculiarity results in selective accumulation in mitochondria for those lipophilic
molecules, which simultaneously possess positive charge (Fig. 1.4.4, A). Hence, most of the
chemical mitochondria-targeting groups contain positively charged aromatic or heteroaromatic
fragments, including triphenylalkylphosphonium, N-alkylpyridinium, N-alkylindolinium and N-
alkylbenzimidazolium (Fig 1.4.4, B).!50-152

Alternative strategy includes utilization of the mitochondrial import machinery, namely,
signal peptides with a positively charged amphipathic a-helix formed at the N-terminus. These
peptides can be recognized by the mitochondrial inner membrane translocase, thus allowing the
delivery of cargo molecules, such as fluorescent dyes, inside mitochondria. Inspired by the natural
system, researchers have refined the long-chain polypeptides to obtain the functioning moieties,
most of which are either cationic (e.g. arginine, lysine) or hydrophobic (e.g. phenylalanine,

cyclohexylalanine) peptides containing arginine-based functional groups (Fig. 1.4.4, C).!53
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Fig. 1.4.4. Structures of mitochondria-targeted commercial probes (A). Structures of
mitochondria-targeting chemical groups and motifs (B) and mitochondria-targeting peptides (C).

Mitochondria targeting groups were used to achieve selective accumulation for a number

of fluorophores, including environment-sensitive ones, such as solvatochromic ICT

51,61,97

fluorophores,” molecular rotors and mechanosensitive flipper dyes.*
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1.4.3 Lysosome-targeted probes

Lysosomes are spherical-shaped, catabolic organelles that ubiquitously exist in almost all
eukaryotic cells and are mainly responsible for the degradation of biological macromolecules,
forming the main part of cell digestive system.!>*136 The structure of the phospholipid bilayer of
a lysosome wall is similar to one of plasma membrane. Lysosomes maintain a lower pH value
(ca. 4.5) compared to that of the cytoplasm because of the proton-importing machinery of V-type
ATPases. 15157

Most targeting approaches for lysosomes rely on the difference of pH between the interior
of these organelles and the cytosol inside the cell. The probe design typically includes an addition
of a tertiary amine fragment (Fig. 1.4.5).1%% 158159 Upon its internalization, an initially uncharged
probe molecule can diffuse freely within the lipid compartments of the cell. However, when the
probe enters lysosome with low pH interior, the amine becomes protonated, efficiently entrapping
the fluorescent probe inside lysosomes, which results in selective probe accumulation.

A\ | Vo] B | O
" FF H o
LysoTracker Green S LysoTracker Red

Fig. 1.4.5. Structures of lysosome-targeted commercial probes (A) and lysosome-
targeting groups (B).

Lysosome targeting groups were used to achieve selective accumulation for a number of

62

fluorophores, including environment-sensitive ones, such as molecular rotors>! and

mechanosensitive flipper dyes.*

1.4.4 ER-targeted probes

The endoplasmic reticulum (ER) is the main place for protein biosynthesis, modification,
folding and transportation. This organelle also plays an important role in biosynthesis of other
molecules, like lipids and carbohydrates, and acts as well as a Ca*" storage.'”® Endoplasmic
reticulum can be divided into a rough ER and a smooth ER, with the former comprising ribosomes
on its outer surface. Although originating from the nuclear DNA, the proteins are actually
produced within the rough endoplasmic reticulum before being further distributed to their
respective locations via the Golgi apparatus.!®® Endoplasmic reticulum comprises of open

structures with a network of curved membranes known as cisterna.
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The intrinsic molecular mechanism of ER-targeting of the fluorescent probes remains
unclear, but the common features of these probes may be concluded as small amphiphilic or
moderately lipophilic cationic molecules (Fig 1.4.6, A). The chemical moieties, used to achieve
ER-targeting, can include p-toluene sulfonamide or PEG,"*° while the third approach towards ER
localization exploits an incorporation of reactive groups, such as propylchloride or
pentafluorophenyl moieties, (Fig. 1.4.6 B).#6- 94158, 161. 162 Thege oroups are able to bind thiols in
the endoplasmic reticulum, thus ensuring selective probe accumulation.
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Fig. 1.4.6 Structures of dyes with selective ER accumulation (A) and ER-targeting
moieties (B).

ER-targeting groups were used to achieve selective accumulation for a number of
fluorophores, including environment-sensitive ones, such as solvatochromic ICT fluorophores,**
molecular rotors®! and mechanosensitive flipper dyes.*

1.4.5 Golgi-targeted probes

The Golgi apparatus is an important intracellular compartment for the modification,
storage and transportation of lipids, carbohydrates and proteins.'*° The structure of this organelle
highly resembles the one of ER, also comprising cisterna and some open structures. Notably, the
structure of Golgi cisterna is asymmetric with cis face directed towards ER and trans face directed
away from ER. Once the proteins reach the Golgi apparatus, they undergo various labeling
procedures, including glycosylation, sulfation, and phosphorylation,!® traversing within the
cisterna from the cis face to the trans face.
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The intrinsic rules for designing the Golgi apparatus-targeted probes are still vague, which
hampers the development of related fluorescent probes.!>% 13! The existing residues, used to
achieve selective Golgi accumulation rely mostly upon either substrates of enzymes, abundant in
Golgi, or on specific biomolecules, which are transported and later processed in this organelle by
cellular machinery (Fig 1.4.7). The biomolecules, used for selective probe accumulation in Golgi,

include myristic acid, !¢ 15 ceramide!®6-1%8 and L-Cysteine (Fig.1.4.7). L-Cysteine was introduced
recently as an efficient Golgi apparatus targeting ligand, inspired by cysteine-rich

galactosyltransferase and protein kinase D, which are localized in Golgi.!®-17!

OH

Fig 1.4.7. Structure of Golgi-targeting moieties.

1.4.6 Lipid droplets-targeted probes

Lipid droplets (LDs) are the cellular organelles with primary function of a lipid storage.
LDs consist of a neutral lipid core, mainly containing triglycerides and sterol esters, which is
covered by a phospholipid monolayer shell.!”>17* The surface of these organelles is decorated by
numerous proteins, many of which play functional roles in LD biology.!”% 73

Recently, LDs have drawn considerable attention as they were shown to be involved in
different cellular processes such as membrane formation, trafficking, and protein—protein
interaction.!7% 174

Most lipid droplet-targeted probes are small uncharged molecules of low polarity, in some
cases bearing several short alkyl chains to increase probe hydrophobicity (Fig 1.4.8).!7> Another
option includes probe design with increased bulkiness and hydrophobicity, as in case of the
incorporation of cyclohexyl moieties, leading to partial probe exclusion from the biomembranes

and, consequently, better selectivity towards lipid droplets.!”®
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Fig 1.4.8. Structure of lipid droplet-selective fluorescent dyes and probes

Lipid droplets are a promising target for environment-sensitive probes, as it was recently
discovered, that these organelles exhibit strong response in polarity when the cell is put into stress
conditions, such as starvation or oxidative stress.’

An alternative developing approach towards lipid droplet targeting includes utilization of
AIE dyes due to their intrinsic high hydrophobicity and capacity to light up in viscous apolar

environemnts.’8 177

1.4.7 Nucleus-targeted probes

Nucleus plays an essential role in the storage of genetic information, protein expression,
cell growth and reproduction.!”® The key feature used for designing nucleus-targeted probes is
that nuclei comprise of negatively charged DNA molecules.!” Most of the nucleus-targeted
probes are cationic or polycationic molecules with planar aromatic motifs (Fig. 1.4.9).15! Such
design allows to create the probes which will strongly interact with nucleic acids by either binding
the minor groove region of DNA double helix or by intercalating between the base pairs, while

179. 180 ywhich results in selective nuclei

also having lower affinity towards lipids and proteins,
staining. Additionally, dimeric probes like YOYO-1 (Fig. 1.4.9) become highly emissive upon
binding to negatively charged DNA and do not fluoresce in water due to the formation of non-

emissive to H-aggregates.”®
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Fig 1.4.9. Structure of nucleus-selective fluorescent probes

Overall, an introduction of organelle-targeted groups into the probe molecular design
allows to ensure its selective accumulation in the organelle of interest. Generally, the organelle
targeting is ensured either by the distinct biophysical properties of the organelle or by the cellular
machinery.

1.5. Fluorescent probes for super-resolution
microscopy imaging

1.5.1 Basics of super-resolution microscopy

Spatial resolution is an important characteristic of microscopy imaging, determining the
minimal distance between the two objects which can be detected separately. For conventional
microscopy methods, spatial resolution is limited due to the diffraction of light into the far field
(i.e., at a distance of many wavelengths from the emitter). This is referred to as the diffraction
limit of light microscopy or Abbe’s diffraction limit, in honor of Ernst Abbe. In Abbe's works he
articulated the inverse relationship between spatial resolution and numerical aperture,'¥! which
can be expressed by the following expression: d =~ A/2NA, where d is spatial resolution of a

microscope, A corresponds to the wavelength of light used and NA is the numerical aperture of
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the microscope objective lens. Practically, the modern microscopes, working in the visible range,
allow to resolve objects being at least 200-250 nm apart. Electron microscopy and atomic force
microscopy methods can provide much higher spatial resolution, however, these methods have
certain limitations, concerning poor ability to monitor the distribution of specific molecules, lack
of compatibility with live cells or organisms and an ability to obtain the signal exclusively from
the sample surface.

Though it is impossible to directly cancel out the light diffraction, several approaches to
bypass it have been developed, eventually leading to an attribution of a Nobel prize in 2014. These
approaches, used in creation of super-resolution microscopy techniques, can be divided into two
main categories.

The first category relies on patterned illumination or differential modulation of
fluorescence emission of molecules within the diffraction-limited volume, thus achieving their
separate detection. Stimulated emission depletion (STED) microscopy!®> 83 is one of the
pioneering methods of this type, which was later generalized to reversible saturable optical linear
fluorescence transitions (RESOLFT).!84 These methods overcome the diffraction limit by utilizing
a focused excitation beam together with a donut-shaped “depletion” beam (Fig. 1.5.1), which
effectively renders the fluorophores non-emissive either through stimulated emission (in
STED)!82 183 or through other mechanisms, such as photoswitching (in RESOLFT).!8% This
combination results in the fluorophores being emissive only within the central region of the donut-
shaped beam, where the depletion laser intensity is negligible, which creates a region of excited
fluorophores, smaller than a typical focal spot of a light microscope.

Effective
+ — fluorescence
region
Excitation Depletion beam
beam

Fig 1.5.1. Principle of patterned fluorophore illumination in STED super-resolution
microscopy

Alternatively, the donut beam can be used to achieve patterned activation, thus limiting
the non-emissive region to the center of the beam.!®> The next step requires scanning the beams
across the sample to create a super-resolved microscopy image. Various illumination patterns can
be used to increase image resolution,!® for instance, structured illumination microscopy (SIM)
requires the sample to be excited with a number of standing waves with different phases or
orientations.'®® The nonlinear form SIM (structured SIM, or SSIM) is able to bypass the
diffraction limit using saturated response of fluorophores, similar to STED and RESOLFT,
however, additional treatment of raw data is required to reconstruct the final image in case of SIM

or SSIM approach, 8> 186
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One of the key requirements for the fluorophores used in STED, alongside with brightness,
is photostability. The achievable image resolution for these techniques depends on the size of
emission zone, which is narrower in case of increased intensity of depletion light.!'®> RESOLFT
technique is based upon photoswitching instead of stimulated emission, which leads to utilization
of much lower light intensities,'®> compared to STED, and the fluorophore requirements generally
are in line with those for SMLM methods.'®’

The second broad category of super-resolution methods is based upon imaging of
individual fluorophores within the diffraction-limited volume at different time points. Each
imaging frame is processed in order to precisely localize the individual fluorophore positions, and
the sum of fluorophore localizations in all the recorded frames yields a super-resolved image (Fig.
1.5.2). Positions of isolated emitters can be determined with nanometer or even subnanometer
precision by localizing the center of their fluorescence emission images,'®1°° however, two or
more molecules in the same diffraction-limited volume create overlapping images and cannot be
distinguished, which is the fundamental reason of the diffraction limit in spatial resolution.

Localizing individual
fluorophores

I

Summarizing over a
number of frames

Stochastic turn-on

ABC

Conventional microscopy Super-resolved image

Fig 1.5.2. Principle of achieving super-resolution in SMLM methods

The key difference between the different methods of single molecule localization
microscopy (SMLM) lies in the way to achieve a turn-on only for a small fraction of fluorophores
at a time. Stochastic optical reconstruction microscopy (STORM)! 12 and (fluorescence)

photoactivated localization microscopy [(F)PALM],'”? together with related methods,!** 193
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utilize stochastic activation of photoswitchable organic dyes (in STORM) or fluorescent proteins
(in PALM)."!-1%5 This is done in such a way that the image overlapping is minimized and thus
the molecules can be localized with high precision. After a short time in emissive state, the
molecules are switched to a dark state or photobleached, and a different stochastic subset of
fluorophores is imaged and localized, making it possible to obtain a super-resolved image after a
sufficient number of iterations.!?1-193

An alternative way to create a stochastic turn-on response is to exploit transient binding
of fluorescent probes. Point accumulation for imaging in nanoscale topography (PAINT)!
method utilizes directly a fluorogenic and/or a solvatochromic response of fluorescence probes.
The dyes of special molecular design are capable of transient binding to the target molecule or
biomembrane, accompanied by an increase in fluorescence intensity and/or a shift of fluorescence
emission maximum, thus creating the desired turn-on behavior.

A combined super-resolution imaging method named MINFLUX was developed by S.
Hell and coworkers.!”” MINFLUX exploits stochastic fluorescence turn-on of individual
fluorophores coupled with patterned illumination, typically a donut-shaped beam. As a result, it
is possible to achieve about 1 nm precision through the detection of local emission maxima'®’.

The nature of signal acquisition in SMLM, which uses stochastic turn-on of fluorophore
molecules, imposes several key requirements towards the probes which are compatible with this
group of methods. First, the fluorophore should be able to switch between emissive and dark
states, and the difference in brightness between these states, referred to as on-off contrast ratio,
should be substantial. Although the on-off contrast ratios are seldom reported, many of the
commonly used SMLM fluorophores possess on-off contrast ratios much greater than 1000:1.'%
Second, the fluorophore should have a fraction of time spent in the bright state, referred to as a
duty cycle, to be sufficiently low, regardless if the dye is later photoswitched or bleached
irreversibly. For instance, in case there are 50 probe molecules within the diffraction-limited
volume the fluorophore should stay less than 2% of its time in a bright state (i.e. the duty cycle
should be less than 0.02), in order to avoid frequent double or multiple localizations. In
approximation, the duty cycle corresponds to the ratio between the rates of turn-on and turn-off
processes for both reversible switching and irreversible activation.!8” Additionally, the duty cycle
for a given fluorophore, generally, depends on probe chemical environment as well as on
illumination conditions. Third, the fluorophores must be bright (and sometimes photostable)
enough to allow single molecule detection, that is it is crucial that a molecule emits a large number
of photons in turn-on state. The localization uncertainty roughly corresponds to the inverse square
root of the number of photons detected.!®®- 1% 19 Therefore, from the photophysical point of view
an ideal SMLM fluorophore should possess a low duty cycle, a high on-off contrast ratio and a
high brightness. Other important criteria include the number of switching cycles and
phototoxicity, as well as probe targeting efficiency.

A wide range of fluorescent probes has been utilized in SMLM, including organic dyes,
fluorescent proteins, and quantum dots. These fluorophores rely upon diverse switching
mechanisms to exhibit turn-on and turn-off behavior. Generally, a choice of probe strongly
depends on the method, as due to a large diversity of techniques, used to create the on/off behavior,
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signal acquisition and processing, the probe, which is not suitable for one group of methods, might
be highly applicable for another.'®”

1.5.2 Probes for super-resolution microscopy based on
conventional fluorophores

Conventional fluorophores can be used directly in super-resolution microscopy methods
with patterned illumination, while the methods based on stochastic activation require creation of
blinking behavior for these dyes. This on-off transition can be induced either by utilization of
special buffers, which render most of the fluorophores in solution non-emissive,?°% 2°! or by
utilization of various caging groups, allowing to activate at a time only a part of the fluorophores
present in the sample.

Cyanines

Cyanine dyes are among the most frequently used classes of fluorophores for SMLM,2%%-
201 particularly Cy5 and its close structural relatives such as Alexa Fluor 647 (Fig. 1.5.3, A). The
reversible photoswitching behavior of Cy5 was first reported Heilemann et al. and Bates et al. in
2005.290: 201 According to the reported data, Cy5 can be switched to a long-lived non-emissive
state after illumination with red light, while the light with shorter wavelength can be used to switch
nonfluorescent fluorophore molecules back into emissive state. Alternatively, Cy5 can be
switched to fluorescent state by illuminating a Cy3 fluorophore (termed an activator molecule)
positioned within 1-2 nm from CyS5. In both cases the photoswitching behavior was obtained in a
special buffer solution commonly utilized in single-molecule FRET microscopy, containing a
primary thiol, such as B-mercaptoethylamine (MEA) or B-mercaptoethanol (BME) together with
enzymatic oxygen-scavenging system.2?% 20! For the first time the photoswitching of Cy5 was
used for SMLM in the original STORM paper by Rust et al. in 2006, where the Cy3—Cy5 dye pair
was exploited to image circular RecA-coated plasmid DNA.!"! Later it was shown by the same
group that also Cy5.5 and Cy7 exhibit good switching properties, and that each of the three
fluorophores (CyS5, Cy5.5 and Cy7) can be paired with a number of activator dyes (such as Alexa
Fluor 405, Cy2 and Cy3) (Fig. 1.5.3, B), allowing to create a palette of activator-reporter pairs
which can be used in multicolour super-resolution microscopy.2*? 2% In 2007 Bock et al. showed
that Cy5 could be used for SMLM without an activator fluorophore,?** this approach, referred to
as dSTORM (direct STORM) was later substantially expanded utilizing a number of cyanines and
other fluorophores.?03-207
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Fig. 1.5.3. Structures of commonly used photoswitchable cyanine dyes (A) and activator
molecules (B)

The structure and mechanism of formation of a Cy5 dark state was studied by Dempsey

et al. using single-molecule imaging and mass spectrometry.?%

It was found that upon
illumination with red light a thiolate anion can react covalently with the Cy5 polymethine bridge
(most probably with the y-carbon) (Fig. 1.5.4, A), which is accompanied by a disruption of the
conjugation and a shift to the ultraviolet region in absorption,?®® resulting in fluorescence turn-
off. It was recently found that reversible interaction with a thiolate is also responsible for an
increased photostability of cyanines in thiolate buffer.?”” In addition, Vaughan et al. have found
that tris-2-carboxyethylphosphine (TCEP) in capable of reacting reversibly with the y-carbon of
Cy5 polymethine bridge even without illuminating with red light,?!? being additional evidence the
y-carbon is the reaction site for nucleophile agents. Utilization of TCEP to induce photoswitching
allowed to perform two-colour imaging using Cy5 and Cy7 (or close structural relatives of Cy5
and Cy7 such as Alexa Fluor 647 and Alexa Fluor 750, correspondingly) due to an about 3-fold
enhancement of relatively low photon output of Cy7 compared to thiol strategy.?!°
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The fluorophore Cy3 does not photoswitch well in deoxygenated thiol-containing buffer,
in contrary to Cy5, Cy5.5, and Cy7.2% 2! Such a behavior could be caused by a difference in
accessibility to the short polymethine bridge of Cy3 or in other photochemical steps. Nevertheless,
a version of Cy3 with additional structural rigidity — Cy3B (Fig. 1.5.3, A) was found to exhibit
photoswitching behavior in deoxygenated solution regardless of the presence of thiols,?!!
implying another photoswitching mechanism, such as formation of a long-lived radical, as in case
of some rhodamine fluorophores.?!?

Another strategy to create photoswitching in cyanine dyes exploits the formation of
hydrocyanines,?!3 rendering the fluorophores non-emissive through chemical reduction, followed
by oxidation back into emissive state.?!* 21> Hydrocyanines are typically obtained through a net
hydride anion addition to the o carbon atom of the cyanine polymethine bridge (Fig. 1.5.4, B).
Vaughan et al. have developed a method to perform a “reductive caging”, when the cyanines Cy3,
Cy3B, Cy5, or Cy5.5 could be in situ reduced to hydrocyanines through a brief treatment of a
fixed and labeled sample with dilute aqueous NaBH4.2!* After this the formed hydrocyanines are
activated in an imaging cocktail, needed to suppress bleaching and blinking. Reductive caging
allows to increase greatly (4-20 times) the photon fluxes per localization, though the method
activates only ~12—40% of fluorophores and does not provide an improvement in duty cycle over

213 This approach has also been extended to perform multicolour SMLM,

thiol-based strategy.
using a variety of other cyanine and non-cyanine organic dyes.?!® Recently, a version of Cy5 with
additional structural rigidity called Cy5B (Fig. 1.5.3, A) was developed by Michie et al., which

possesses a recovery yield of ~38%, exceeding about 6-fold the parent Cy5.2!7
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Fig. 1.5.4. Mechanism of photoswitching for Cy5 fluorophore in thiol-containing
solution (A) and Cy3B fluorophore in solution with NaBH4 (B).

The cyanine fluorophores Cy3B, Cy5, and Cy7 (together with their close structural
relatives, such as Alexa Fluor 647 and Alexa Fluor 750) are among the most heavily used
fluorophores in SMLM?!! due to their suitable photoswitching properties (particularly in case of
CyS5 and Alexa 647) including high photon count, low duty cycle, and reasonably large number

of switching cycles.!¥’
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Rhodamines

Rhodamine dyes are frequently used for fluorescence microscopy due to their high
extinction coefficients coupled with high quantum yields and high photostability. The relatively
facile synthesis makes this class of organic dyes a promising candidate for the further development
of SMLM probes. Several commercially available rhodamine fluorophores, including ATTO 488,
Alexa Fluor 488 and Alexa Fluor 568 (Fig. 1.5.5) exhibit photoswitching behavior in thiol-
containing deoxygenated buffers.?% 207 21 The brightness of rhodamine dyes can be further
enhanced by replacing the N,N-dialkyl groups with 4-membered azetidine rings.*¢

Alexa 488 Alexa 568

Fig. 1.5.5. Commercially available SMLM-compatible rhodamine dyes.

However, in contrary to cyanine dyes, such as Cy5 and Cy7, many rhodamines are
photoswitched to a nonemissive long-lived radical state (Fig. 1.5.6, A) , as evidenced by
paramagnetic resonance spectroscopy studies.?!? It is believed that the mechanism of a radical

state formation includes the photoreduction of rhodamine triplet state by thiol in solution (Fig.
1.5.6, B).212
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Fig. 1.5.6. Photoswitching of rhodamine fluorophores. Mechanism of reversible
rhodamine photoswitching reactions in presence of thiol or sodium borohydride (A). Energy
diagram of a photoactivated reaction between rhodamine fluorophore and thiol (B).
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Rhodamines are believed to be promising candidates for reductive caging, exhibiting high
photon-recovery yields after UV illumination (e.g., 66% for ATTO 488) when compared to
cyanine fluorophores (typically 12-40% recovery).?!3 21 During reductive caging the conjugation
in thodamine disrupts upon the net addition of a hydride anion to the central carbon bridge of the
xanthene group (Fig. 1.5.6, A), rendering the molecule non-emissive. The hydride can be removed
by UV illumination, switching the molecule back into emissive state.

An ability of rhodamines to form spirocycle through the central carbon atom of xanthene
ring can be used to create photoactivatable rhodamines via an introduction of special “caging”
moieties, which can be removed upon irradiation with a specific wavelength, leading to a
transition of the fluorophore into an open emissive form (Fig. 1.5.7).

Diazoketone group was used for caging by Below et al. to create photoactivatable
Rhodamine NN dyes.?!® In contrary to spirolactams, the irradiation of non-emissive closed form
of Rhodamine NN leads to the cleavage of the caging group after a transition to the open form
(Fig. 1.5.7, A).2!8 Thus, the uncaged dye molecules remain in the open emissive state until it is
photobleached. Diazoketone caging group can be introduced into various rhodamine and
carbopyronine fluorophores to create photoactivatable dyes with emission covering a large
spectral range.?!% 220

2-nitrobenzyl derivatives were initially used to create a caged fluoresceines,??! later
expanded for rhodamine probes.????2> An improved strategy, used by Wysocki et al., includes an
acylation of reduced rhodamine derivatives with 4,5-dimethoxy-2-nitrobenzyl (DMNB)
moiety.??® Upon illumination of caged rhodamines the DMNB moiety is cleaved, leading to the
transition of the fluorophore into an emissive form (Fig 1.5.7, B). This approach was expanded to

227

Si-rhodamine,??’ fluorescein,??® carbofluorescein and carborhodamine??® dyes. It is possible to

introduce two caging groups (e.g. Rho8 in Fig. 1.5.7, B), which leads to a possibility to perform

the partial uncaging with an associated variation in emission signal .23 228, 229
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Fig. 1.5.7. Mechanism of photoactivation for rhodamines with diazoketone (A) and 4,5-
dimethoxy-2-nitrobenzyl (DMNB) (B) caging groups.

Spiropyrans and oxazine auxochromes

Spiropyrans are a class of photochromic organic dyes, which exhibit an intrinsic on-off
switching behavior via a mechanism, similar to spirocyclization in rhodamines. These
fluorophores can exist in two forms: a closed spirocyclic form, which is non-emissive; and a
highly emissive open merocyanine form (Fig. 1.5.8, A). An illumination with a certain wavelength
can shift the equilibrium between the two forms.?*% 23! Thus, upon illumination with visible light
the spirocyclic form is obtained through an intramolecular nucleophilic addition, resulting in the
disruption of m-conjugation and generation of either a non-fluorescent product**? or an emissive
product with a blue-shifted emission.?** 234 The fluorescent open form can be obtained by
illuminating the non-emissive dye form with UV or blue light, causing a photoelimination of the
nucleophile. The equilibrium between the two forms exhibits good reversibility under UV/visible
light irradiation and the spiropyrans do not require special fluorescence quenchers or oxygen-free
environment to function,'®” which enabled their direct use in SMLM. %

Oxazine auxochromes exhibit reversible spirocycle formation, similar to spiropyrans (Fig.
1.5.8, B), accompanied by either fluorescence on/off switching or a large spectroscopic shift.?3¢-
238 The oxazine part of the dye functions as a molecular switch, able to modulate the fluorescence
of a grafted fluorophore. The range of fluorophores, which could be introduced into oxazine
auxochrome molecular design, include pyrenes, coumarins, fluorenes, BODIPY and cyanines

with a predominant closed form for all cases except cyanine fluorophores.23¢-240
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Fig. 1.5.8. Mechanism of photoswitching of spiropyrans (A) and oxazine auxochromes

(B).

1,2-diarylethenes

1,2-diarylethene fluorophores are another class of photochromic compounds which
undergo photoisomerization reactions between the open and the closed states (Fig. 1.5.9). The
open form of the dyes does not absorb light in the visible region, however upon UV irradiation a
new C-C bond is formed between the two thiene residues, yielding the closed form of 1,2-
diarylethenes, which typically absorbs in the visible region of spectrum and is fluorescent for a
number of dye structures.?*!** The main features of 1,2-diarylethene fluorophores include high
fatigue resistance (i.e. large number of switching cycles before degradation), large spectral shift
between the two isomers, fast isomerization and good thermal stability.?44246 These fluorophores
can also be utilized as photoswitchable fluorescence quenchers, which is achieved by tethering a
second fluorophore with fluorescence emission around 500 nm to 700 nm, such as

247 248 249 or tetraphenylethene.>® This

perylenemonoimide,”*’ perylenebisimide,**® naphthalimide
spectral range corresponds to the absorption of the closed-ring form of 1,2-diarylethenes, and
upon their photoisomerization the fluorescence of external fluorophore can be switched due to
intramolecular energy transfer,?>% 25! a behaviour suitable for SMLM.?#!-242

Changes in molecular design allowed to create 1,2-diarylethene-based fluorophores
directly compatible with super-resolved imaging. One example includes an amphiphilic 1,2-
dithienylethene probe for cell imaging.?*! Irie et al. modified the fluorophore by converting the
two thiophene moieties into benzothiophene-1,1-dioxides together with extending the
conjugation, which allowed to create diarylethene fluorophores with increased brightness, which
can be used in SMLM (Fig. 1.5.9, B).?*>2% By changing the substituents at 6 and 6 positions of
the benzothiophene-1,1-dioxides it became possible to tune the emission wavelength of the dye
closed form while retaining high quantum yields and fatigue resistance.?*> A water-soluble
hydrophilic 1,2-diarylethene derivative for SMLM was created by Hell and co-workers, basing

on a similar molecular design.?*3
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Fig. 1.5.9. Mechanism of photoswitching (A) and structures of 1,2-diarylethene
fluorophores (B).
Dicyanodihydrofurans

Fluorophores, based on dicyanodihydrofuran (DCDHF) moiety, possess large extinction
coefficients, high quantum yields and good photostability.2%2-2* The dicyanodihydrofurans, which
are strong electron acceptors, can be linked to an electron donor group, such as amine or hydroxyl,
through a conjugated linker, yielding the molecular rotor fluorophores. These fluorophores can be
utilized in SMLM using a caging strategy.!'®” The push-pull system of dicyanodihydrofurans can
be disrupted by replacing the donor amine group with an electron-withdrawing azide moiety,
resulting in a non-emissive caged DCDHF fluorophore (Fig. 1.5.10, A). Upon photoactivation the
azide group is converted to an amino group through a stabilized aryl nitrene,?* thus restoring the
emission.?>% 237 Similar to DMNB and diazoketone caging groups, the photoactivation of azido-
DCDHFs is irreversible. The spectral properties of dicyanodihydrofuran fluorophores can be
finely tuned through the changes in the aromatic part of conjugated linker (Fig. 1.5.10, B). Azido-
chloroalkane-DCDHF probe was utilized by Lee et al. to label Halo-tagged proteins for SMLM
imaging of protein distribution.?’
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Fig. 1.5.10. Mechanism of photoactivated conversion of caging group in DCDHFs (A).
Structures of DCDHF fluorophores (B).

1.5.3 Fluorogenic probes for super-resolution microscopy

Fluorescent probes with fluorogenic response are currently the most frequently used class
of dyes used for super-resolution microscopy.'®”> 38 The key advantage of using fluorogenic
probes is that they are able to improve substantially the imaging contrast in various SRM methods,
including STED, SIM and STORM.?>® Additionally, the probes with fluorogenic response are
used directly in PAINT to create stochastic blinking.!'%”

One of the ways to create probes with fluorogenic response is to exploit tautomeric
transition between nonemissive and emissive forms of the same fluorophore. For instance, an
ability of rhodamine fluorophores to reversibly form a spiro-ring through the central carbon of the
xanthene ring can be used to induce photoswitching (Fig. 1.5.11, A),*} providing the desired
fluorogenic response. An intramolecular nucleophile, such as carboxylate, amide or hydroxyl, is
required to form the spiro-ring and make the molecule non-emissive, which results in either
dynamic switching between the states (in case of carboxylates and hydroxyls) or a possibility of
photoactivation upon illumination with UV light (in case of amides).?®%-262 Additionally, the
equilibrium between the open and closed forms can be shifted by variations in solvent polarity,
pH or concentrations of certain metal ions or small molecules.® 32263264 Ig is also possible to tune
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the reaction by introducing changes to the electron density of xanthene ring.?®> Alternatively,
changing an oxygen atom to dimethylsilyl moiety in Si-rhodamines allowed to create probes
undergoing spirocyclization at much higher polarity.>*3¢ Si-rhodamines with a carboxylic acid
group at the 2-position of the phenyl ring (SiR-carboxyl) (Fig. 1.5.11, B) are mostly in a quenched
spirocyclic form in solution, however, the probe becomes ca 5 times brighter when a ligand
conjugated to the dye binds to a reactive protein tag such as SNAP tag.’* In this way the
background fluorescence is largely decreased; the spirocyclic form also masks the zwitterionic
fluorescent form, enhancing the cell permeability of the dye, while the open emissive form
possesses the photoswitching properties, needed for SMLM.** Changing the nucleophile allows
to tune the stability of the closed form: the spirolactams, such as RSA-1 and RSA-2 (Fig. 1.5.11.
B), are generally more stable compared to spirolactones.?®® Upon irradiation, the dyes convert into
emissive form, after a period of time spontaneously returning back into non-emissive closed form.
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Fig. 1.5.11. Switching mechanism (A) and structures of fluorogenic spirorhodamine dyes
used for SMLM

The spectroscopic and photoswitching properties of rhodamine fluorophores were
significantly improved by Lavis et al: thus, a substitution of two N,N-dialkyl moieties in
rhodamines by a four-membered azetidine ring results in substantial improvement of quantum
yield values.*® Further adjustment of the substituents in azetidine rings allowed to finely tune the

equilibrium between open and spirocyclic forms of rhodamines.?®> Using this strategy, a series of
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novel probes was created (Fig. 1.5.12), possessing enhanced fluorogenic response (21-fold for
JF646 and 113-fold for JFe3s), resulting in much higher on-off contrast due to the stabilization of
emissive open form upon binding with the Halo-tagged target protein.?®
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Fig. 1.5.12 Structures of modified Si-rhodamine dyes with enhanced quantum yields.

Another way to create fluorogenic probes implies utilization of intracellular machinery.
Thus, bacterial nitroreductases can be applied to reduce non-emissive nitro-DCDHF fluorophores
into the highly emissive corresponding amines (Fig. 1.5.13),!87 267- 268 which was used, as an
example, for SMLM of live B. subtilis. >

nitroreductase e -"’::?I:;;.. R
NO, NADH N\ /

Fig. 1.5.13. Structure of enzyme-activatable fluorogenic DCDHF probes

Another important mechanism, used for the development of fluorogenic response in super-
resolved imaging, is the formation of quenched dimers or aggregates. Thus, Nile Red dye has low
quantum yields in water due to formation of non-emissive aggregates, however, upon entering the
hydrophobic lipid environment the fluorophore becomes highly emissive,® !¢ which was used to
create super-resolved images of POPC LUVs and supported lipid bilayers (Fig. 1.5.14).1%
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Fig. 1.5.14. Conventional microscopy image (A) and super-resolved PAINT image (B)
of lipid vesicles, attached to glass surface and stained with Nile Red.!"®

Another example of this approach is the application of Merocyanine 540 for super-
resolved lipid order sensing in supported bilayers (Fig. 1.5.15). This fluorophore (Fig. 1.5.15, A)
is able to form dimers when introduced into liquid ordered phase, which is accompanied by a
decrease in fluorescence intensity together with a bathochromic emission shift (Fig. 1.5.15, B).2%°
Such behavior allows to utilize the fluorophore in PAINT microscopy in order to visualize the
different lipid domains in mixed-phase supported lipid bilayers, based on the signal intensity (Fig.
1.5.15, C).2%
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Fig. 1.5.15. Structure of Merocyanine 540 SMLM probe (A). Spectra of Merocyanine 540
in supported lipid bilayers of different composition (B). PAINT microscopy image of
Merocyanine 540 in mixed-phase supported lipid bilayers (C). Regions with relatively low

number of bursts per localization correspond to the liquid ordered phase. Modified from 2¢°

1.5.4 Chromogenic probes for super-resolution microscopy

In comparison to fluorogenic probes, the field of chromogenic probes for super-resolution
microscopy is still underexplored.'®”- 28 Chromogenic response of fluorescent probes can be
potentially applied to super-resolution microscopy in several ways:
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1) Diminishing the background noise upon choosing the appropriate emission filter;

2) Collecting additional spectral information using environment-sensitive dyes.

Traditionally, the difference in emission maxima of the chromogenic probes in different
environment is used to improve the signal-to-noise ratio through utilization of appropriate
bandpass filters for signal detection, as in case of filtering off the red-shifted emission of Nile Red
in water,26%- 270

The sensitivity of solvatochromic ICT probes to the lipid order can be used to obtain the
information about the parameters of cell membranes combined with super-resolution. Thus, a
solvatochromic probe Di-4-AN(F)EPPTEA (Fig. 1.5.16, A) was applied for STED GP imaging
to investigate small (~100—200 nm) internal endocytic vesicles located close to the plasma
membrane. The lipid order in these vesicles is challenging to determine via the conventional
confocal GP images due to the limited spatial resolution of confocal microscopy, therefore the
imaging was performed using a multicolour STEP setup. The fluorescence signal was detected at
the two channels: ordered channel (520-570 nm, /1) and disordered channel (620—700 nm, ).
Using these channels, the super-resolved GP images (/1 — I2)/(l1 + I») were created (Fig. 1.5.16,
B-D). The improved resolution of the STED mode allowed to determine the lipid order of the
endocytic vesicles and to compare it to the lipid order in the plasma membrane. It was found that
the vesicular membranes had a significantly lower molecular order (GP ~ 0.1) compared to the
plasma membrane (GP > 0.3) (Fig 1.5.16, C-D), in line with predictions from previous

measurements.’!

Fig. 1.5.16 STED GP images of the plasma membrane of live CHO cells labeled with Di-
4-AN(F)EPPTEA. Structure of Di-4-AN(F)EPPTEA probe (A). Overview STED GP image (B)
(scale bars, 10 um) and close-up STED GP images (C and D) into the marked areas (rectangle 1
(C) and rectangle 2 (D); scale bars, 0.5 pm), highlighting the improved GP determination of
internal vesicles of low molecular order (blue circles) in the STED recordings. (GP =0.11 + 0.09)
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for the vesicles compared to GP = 0.32 = 0.07 of the plasma membrane (red circles)). Red-to-blue
color code: GP values from maximally ordered (red, +1) to maximally disordered (blue, —1).
Modified from 27!,

A direct utilization of the chromogenic response in super-resolution microscopy became

272-274

possible with recent implementation of spectrally resolved SRM methods, which allowed to

obtain the single-molecule spectral information combined with high spatial resolution. In

combination with a chromogenic Nile Red, a spectrally resolved PAINT (SR-PAINT) method

275 yisualize the distinctions between the

276

was utilized to perform surface hydrophobicity mapping,

and effect of cholesterol
276

polarity of plasma membrane and membranes of internal organelles
addition and cholera toxin treatment on plasma membrane in live cells.

One of the first examples of spectrally resolved PAINT SRM was performed by M.
Bongiovanni et al.?’> In this work, solvatochromic Nile Red was used for the surface
hydrophobicity mapping in live cells.?’”> Notably, the probe allowed to distinguish by colour the
differences in hydrophobicity in the LUVs with different lipid composition (Fig. 1.5.17, A), in
protein aggregates (Fig. 1.5.17, B) and in plasma membrane of live HEK 293 cells before and
after the treatments, which change the level of cholesterol (Fig. 1.5.17, C).27
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Fig. 1.5.17. Spectrally-resolved PAINT images of LUVs with different lipid composition
(A), protein aggregates (B) and live HEK-293 cell plasma membranes (C) using Nile Red. Scale
bars:100 nm for af oligomers (B) and cell membranes (C); 1 uM for af} Fibrils (B); 500 nm for
panel (A) and 20 nm in zoomed regions in panel A. Adapted from 27>

Further improvement of signal acquisition and processing was performed by Xu and co-
workers.?”” The implemented changes in microscopy setup lead to an enhancement in the
sensitivity of SR-PAINT, which in turn enabled the visualization of nanoscale heterogeneity of
plasma membrane (Fig. 1.5.18, A) and differences between plasma membrane and internal
biomembranes (Fig. 1.5.18, B).27¢
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Spectrally-resolved super-resolution microscopy opens new opportunities for probing
biological and chemical systems at a single-molecule scale,?’”” however, its performance relies on
the development of SMLM-compatible environment-sensitive probes.® 277
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Aim of my PhD project

As shown in the bibliographical overview above, environment-sensitive fluorescent
probes are able to provide important information about many parameters of live cell interior. At
the same time, the incorporation of specific targeting groups can ensure probe accumulation in
specific cell organelles, thus enabling acquisition of signal only from the regions of interest in live
cells. However, the field of solvatochromic organelle-targeted probes remains rather little
developed so far.

My PhD project has the following aim:

To design fluorescent environment-sensitive probes of amphiphilic nature able to target
specifically different cell membrane structures and report on their biophysical properties.

In order to achieve the aim, we have defined several specific objectives:

1. To achieve more efficient targeting of dyes to plasma membranes;

2. To create a solvatochromic plasma membrane probe, compatible with super-resolution
live cell microscopy;

3. To synthesize an array of organelle-targeted fluorescent probes, able to sense polarity
and lipid order;

4. To provide membrane probes with chemical reactivity in order to ensure more robust
permanent staining.
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2. Results and discussion

2.1. Efficient targeting of dyes to plasma
membranes

2.1.1. Fluorescent anionic cyanine-based plasma membrane
probes for live cell and tissue imaging

Introduction of zwitterionic plasma membrane targeting moieties allowed to significantly
improve the probe selectivity and overall image quality for a number of fluorophores. ! 74 126, 127
However, for a number of cationic dyes, such as cyanines, the overall charge of the molecule
remains positive after modification with zwitterionic targeting groups. This can potentially lead
to increased staining of the negatively charged glass surface of microscopy support and increased
endocytosis in case of live cell imaging. One of the possible solutions lies in the development of
anionic plasma membrane targeting moieties.

3-(alkylammonio)propane-1-sulfonates (Fig. 2.1.1, A, in magenta) were chosen as
promising candidates for PM targeting motifs due to their facile synthesis and functionalization.
In order to test the performance of anionic targeting groups, we have synthesized a palette
consisting of five cyanine dyes with different spectral properties, each bearing two of the new
targeting moieties (Fig. 2.1.1, B). The anionic PM-targeting groups were synthesized in one step
and then grafted to the corresponding cyanine carboxylic diacids using the common peptide
synthesis procedures (Fig. 2.1.1, A-B). This strategy allows to easily vary, if needed, the alkyl
chain lengths, resulting in different membrane affinity of a resulting probe.

Due to the amphiphilic nature of the anionic PM-targeting motifs our probes are expected
to form non-emissive aggregates in aqueous medium, which would disassemble into emissive
molecular form in presence of lipids (Fig. 2.1.1, C), providing a fluorogenic turn-on response, as

it was previously observed for zwitterionic probes!>: 126
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Fig. 2.1.1. Synthesis of anionic PM-targeting motif (A) and anionic cyanine plasma
membrane probes (B). Mechanism of the fluorogenic response of the anionic cyanine probes to
the presence of plasma membrane (C).

The spectroscopic properties of anionic cyanine probes were tested in organic solvents and
large unilamellar vesicles (LUVs) (Fig. 2.1.2). The absorption spectra of the probes in model
membranes (DOPC LUVs) (Fig. 2.1.2, A) were narrow and close to the mirror image of the
corresponding emission spectra (Fig. 2.1.2, B), indicating no effect of functionalization on the
fluorophore emission. Similar results were obtained in organic solvents. On the contrary, the
probes exhibited an increase in short-wavelength shoulder in absorption spectra when measured
in a phosphate buffer (PB) (Fig. 2.1.2, A), which was also accompanied by a significant decrease
in fluorescence intensity (Fig. 2.1.2, B). These results support our expectations concerning the
formation of non-emissive H-aggregates® in aqueous medium (Fig. 2.1.1, C).
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Fig 2.1.2. Normalized absorption (A) and emission (B) spectra of anionic cyanine probes.
Solid lines represent the spectra in DOPC, while the corresponding spectra in phosphate buffer
are represented in dashed lines. Probe concentration was 1 pM for Cy2A and Cy3 and 0.5 uM for
Cy3.5, Cy5 and Cy5.5. Total lipid concentration was 400 pM. Excitation wavelength was 470 nm
for Cy2A, 540 nm for Cy3A, 546 nm for Cy3.5A, 601 nm for Cy5A and 623 nm for Cy5.5A.

After that, we used confocal fluorescence microscopy in live KB cells in order to evaluate
the performance of the anionic cyanines in cellular imaging when compared with the zwitterionic
cyanine probes (Fig. 2.1.3). Live cells were incubated for 10 min at r.t. with 50 nM of probe
solution in HBSS and then imaged without a washing step. The samples, labeled with our probes,
exhibited much less fluorescence intensity from the glass surface of microscopy support (Fig.
2.1.3, A), while at the same time providing higher signal from cell membranes (Fig. 2.1.3, B),
when compared to an analogue with zwitterionic targeting groups. After 1 hour of incubation at
r.t. the anionic cyanines exhibit comparable fluorescence intensity from plasma membrane and
from inside the cells (Fig. 2.1.3, C), while for zwitterionic cyanines the emission from the
internalized dye inside the cells is about 2 times brighter than the signal from plasma membrane
and also the overall signal intensity is significantly lower. In line with our expectations, the
changes in molecular design, and particularly an introduction of negative charges, allowed to
effectively decrease the glass surface staining and cellular internalization, thus improving the
overall image quality.
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X2

Fig. 2.1.3. Live KB cells stained with Cy5A and MBCy5 in HBSS. Confocal microscopy
images focused on the surface of microscopy dish (A) and cells (B) after 10 minutes of incubation
at r.t. Confocal microscopy images of cells after 1h of incubation at r.t. Dye concentration 50 nM.
Range 503-3052 in panels (A) and (B). Range 808-6165 in panel (C). Excitation wavelength was
638 nm.

Colocalization microscopy experiments in live KB cells (Fig. 2.1.4) revealed that the new
probes possess high selectivity towards plasma membrane, while also featuring much less
internalization compared to WGA-Alexa 488 conjugate. The differences in relative fluorescence
intensities between the different cells on the same image could be possibly explained by the
significantly larger size of WGA conjugates when compared to cyanines together with the
differences in the binding sites on the PM (WGA binds N-acetyl-D-glucosamine and sialic acid
residues,'?* but not the membrane lipids).
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Fig 2.1.3. Colocalization of anionic cyanine probes with commercial WGA-Alexa 488
conjugate in live KB cells. Concentrations of all dyes used were 50 nM. Excitation wavelength
was 488 nm for WGA and Cy2A, 532 nm for Cy3A and Cy3.5A, 638 nm for Cy5A and Cy5.5A.

On the next step, anionic cyanines were used to visualize layer II-III pyramidal neurons in
a live mouse brain using in vivo two-photon excitation (TPE) microscopy (Fig. 2.1.4). A solution,
containing the probe Cy3.5A together with Me-B-cyclodextrin, was delivered into the cortex of a
mouse utilizing a stereotactic injection (Fig. 2.1.4, A). After 30 minutes from the start of injection,
the neurons were imaged through an acute cranial window (Fig. 2.1.4, B). The probe Cy3.5A
provided bright and specific staining of the PM in layer II-III pyramidal neurons at 100 pm depth
from the brain surface (Fig. 2.1.4, C). The high quality of the obtained images allowed to
distinguish neuron soma (Fig. 5, D), dendrites with dendritic spines (Fig. 2.1.4, E) and axons with
axonal boutons (Fig. 2.1.4, F). Moreover, the dye showed no sign of photobleaching and did not
eliminate from the neuronal membrane after one hour of imaging, thus exhibiting a photostable
and robust staining. To the best of our knowledge, this is the first example of in vivo neuronal
membrane microscopy imaging using a molecular fluorescent probe.
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Fig. 2.1.4. In vivo 2-photon microscopy of neurons stained by Cy3.5A probe injected into
the brain parenchyma. (A) Stereotactic injection of the probe into the mouse cortex. (B) Intravital
imaging of the stained neuronal structures through an acute cranial window. Zoomed insert shows
layer II-I1I pyramidal neurons. (C) Representative micrograph of stained neurites in vivo at 100
um depth from the brain surface. (D) Representative micrograph of stained pyramidal neuron
soma. (E) Representative micrograph of stained single dendrite. White arrows indicate dendritic
spines. (F) Representative micrograph of stained single axon. White arrows indicate axonal
boutons. Scale bar: (C) — 20 um; (D) — 10 um; (E, F) — 5 pm.

Based on these results, a manuscript is being prepared for publication.
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2.1.2. Redesigning solvatochromic probe Laurdan for imaging
lipid order selectively in cell plasma membranes

Inspired by the results, obtained for negatively charged cyanine-based plasma membrane
probes, next we aimed to graft our anionic targeting group to an environment-sensitive dye in
order to create a plasma membrane-targeted environment-sensitive probe and verify, whether an
addition of anionic targeting group would affect the fluorophore sensitivity.

In the course of the project we totally redesigned a widely used Laurdan probe (Fig. 2.1.5,
A).109L 1O T T ayrdan, which is based on an environment-sensitive ICT Prodan fluorophore, was
chosen due to its several distinctive features:

1) Prodan-based probes are able to sense a number of biophysical parameters in

L. 110 mechanical strain,!!!

membranes, including polarity,''? lipid order, and viscosity;'°

2) The emission of Prodan in the blue region of visible spectrum makes the probes
compatible with a majority of fluorescent proteins in multicolour microscopy imaging
applications.

Our probe is expected to sense changes in lipid order in plasma membrane through the
changes in its emission colour (Fig. 2.1.5, B), similarly to the parent probe. The synthesis of the
probe Prol2A was performed in 4 steps with a total yield of 23 %, using 2-bromonaphthalene as

a starting material (Fig. 2.1.5, C).
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Fig. 2.1.5. Structure of Prol2A, Laurdan and C-Laurdan fluorescent probes (A).
Mechanism of the sensing of lipid order by a solvatochromic ICT probe Pro12A (B). Synthetic
procedure for anionic Prol2A plasma membrane probe (C).

Next, we assessed the spectroscopic properties of our probe in large unilamellar vesicles
(LUVs) (Fig. 2.1.6, A). The experiments reveal that the fluorophore retains the sensitivity towards
lipid order after functionalization, showing no sign of fluorophore perturbation after the addition
of a targeting group. Moreover, the quantum yields of Prol12A in lipid vesicles exhibit those of
Laurdan by 2 to 3-fold, suggesting much faster binding kinetics. Additionally, the localization of
Prol2A in membrane was studied using fluorescence quenching (Fig. 2.1.6, B-C). Upon the
addition of dodecyl viologen (Fig. 2.1.6, B), which is a fluorescence quencher by PET
mechanism,?”® only the probe molecules localized on the outer membrane leaflet are expected to
be quenched (Fig. 2.1.6, B). The emission intensity of our probe decreases significantly stronger
compared to uncharged Laurdan (Fig. 2.1.6, C). Such a difference suggests that Prol2A stains
only the outer leaflet and does not traverse the membrane (Fig. 2.1.6, B). Specific staining of the
outer membrane leaflet by Prol2A is expected to increase the probe sensitivity towards lipid
order, considering the transversal asymmetry of plasma membrane in live cells.
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Fig. 2.1.6. Fluorescence emission spectra of ProAl2 probe in LUVs of different
composition (A); Mechanism of leaflet-dependent fluorescence PET fluorescence quenching by
C12-Viologen (B) of Pro12A (middle) and Laurdan (bottom). Normalized fluorescence intensity
of Pro12A and Laurdan at different concentrations of added PET quencher (C).

On the next step, we compared the sensitivity to lipid order of Prol12A with Laurdan and
C-Laurdan, using phase separated giant plasma membrane vesicles (GPMVs) (Fig. 2.1.7). The
obtained generalized polarization (GP) images, together with the corresponding GP values (Fig.
2.1.7, A-B) suggest that Prol12A is more sensitive to the changes in lipid order in GPMVs
compared to the two other probes. Moreover, Prol12A displayed almost equal fluorescence signal
from the two separated lipid phases (Fig. 2.1.7, C-D). On the contrary, both Laurdan and C-
Laurdan exhibited significantly lower fluorescence intensity in Ld phase of GPMVs compared to
Lo. Even partitioning of Pro12A between Lo and Ld phases is an important advantage, as it allows
acquisition of the signal with high intensities from both lipid domains while distinguishing them
by the probe emission colour.
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Fig. 2.1.7. Sensitivity of Pro12A, Laurdan and C-Laurdan to lipid order in phase separated
GPMVs. GP images of GPMVs doped with Laurdan, C-Laurdan and Pro12A (A). Quantification
of GP for the ordered and disordered phases obtained from GPMVs stained with Laurdan, C-
Laurdan and Pro12A (B). Fluorescence signal in the ordered vs disordered channel for these three
probes (C). Line profiles of fluorescence signal in the ordered and disordered phases and in the
ordered and disordered channels (D).

After that, the three probes were compared in terms of internalization. Confocal
microscopy imaging of live Chinese Hamster Ovary (CHO) cells, stained with Prol12A, revealed
strong fluorescence signal at the plasma membranes and a practically complete absence of the
signal inside the cells 15 minutes after the labelling (Fig. 2.1.8, A). In sharp contrast, Laurdan and
especially C-Laurdan exhibited significant fluorescence signal inside the cells and thus much less
resolved membrane signal (Fig. 2.1.8, B-C). These observations were further supported by
plotting the signal intensity (line profile) across the cellular membrane (Fig. 2.1.8, D), revealing
that only Pro12A showed nearly zero signal both outside and inside the cells, while C-Laurdan
exhibited the strongest intracellular fluorescence. These results further prove that the presence of
a membrane-targeting group with a sulphonate and a dodecyl chain provides an effective PM
targeting. The observed stronger internalization of C-Laurdan when compared to Laurdan is
unexpected and could be possibly explained by a better water solubility of the former probe,
leading to a stronger partitioning into cells when used at the same concentration.
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Fig. 2.1.8. Internalization of Pro12A, Laurdan and C-Laufdan in live CHO cells. Confocal
microcopy images of cells stained with Prol2A (A), Laurdan (B) and C-Laurdan (C).
Fluorescence intensity plots across the cell membranes (D) in the highlighted regions of A-C.

Next, the ability of Prol2A and Laurdan to respond to the changes in cholesterol content
in live cell plasma membrane was assessed using cholesterol extraction by methyl-p-
cyclodextrin?’® (MCBD) (Fig. 2.1.9). For both probes, the extraction of cholesterol resulted in
decreased GP values, which is expected as the lower cholesterol content decreases lipid order.?*
Remarkably, the decrease in the GP values was much stronger for Prol2A when compared to
Laurdan (Fig. 2.1.9, A). The observed higher sensitivity towards cholesterol extraction of Pro12A
vs Laurdan can be possibly attributed to the differences in the leaflet binding behavior of these
two probes (Fig. 2.1.9, B). While the Laurdan is distributed between the both membrane leaflets,
the Pro12A is expected to localize only within the outer one, which is also supported by the
quenching experiments (Fig. 2.1.6, B-C). Due to the outer leaflet of plasma membrane being
richer in sphingomyelin'!% 4 and probably in cholesterol?®! compared to the inner one,
cholesterol extraction is expected to induce stronger changes in the lipid order at the outer leaflet.
Therefore, Prol2A, which is localized at this leaflet, surpasses Laurdan, which provides an

averaged signal from both leaflets.

) : GP in MBCD cells B ?%i%i;% Cholestero gg %
U
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|

Fig. 2.1.9. Response of Prol2A and Laurdan to methyl-B-cyclodextrin treatment. GP
values for the cells, stained with Laurdan and Pro12A, before and after cholesterol extraction with
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MBCD (A). Mechanism of sensitivity of Prol2A and Laurdan probes towards cholesterol
extraction (B)

Finally, our probe Prol2A has shown an absence of a cross-talk with a number of
commonly used orange-red fluorescent proteins and dyes in live cells, proving its applicability for
a multicolour fluorescence microscopy imaging.

Spectroscopic experiments in GUVs and GPMVs, as well as the experiments in live cells,

were performed in collaboration with Erdinc Sezgin. The results of the project were published in
Analytical Chemistry, the article is enclosed herewith (Article 1).
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ABSTRACT: Imaging of biological membranes by environ-

mentally sensitive solvatochromic probes, such as Laurdan, 2
provides information about the organization of lipids, their » { :
ordering, and their uneven distribution. To address a key drawback e §
of Laurdan linked to its rapid internalization and subsequent (=) <
labeling of internal membranes, we redesigned it by introducing a )
membrane anchor group based on negatively charged sulfonate and *
dodecyl chain. The obtained probe, Prol2A, stains exclusively the

outer leaflet of lipid bilayers of liposomes, as evidenced by leaflet- 1,4
specific fluorescence quenching with a viologen derivative, and

shows higher fluorescence brightness than Laurdan. Prol2A also

exhibits stronger spectral change between liquid-ordered and liquid-disordered phases in model membranes and distinguishes better
lipid domains in giant plasma membrane vesicles (GPMVs) than Laurdan. In live cells, it stains exclusively the cell plasma
membranes, in contrast to Laurdan and its carboxylate analogue C-Laurdan. Owing to its outer leaflet binding, Pro12A is much more
sensitive to cholesterol extraction than Laurdan, which is redistributed within both plasma membrane leaflets and intracellular
membranes. Finally, its operating range in the blue spectral region ensures the absence of crosstalk with a number of orange/red
fluorescent proteins and dyes. Thus, Pro12A will enable accurate multicolor imaging of lipid organization of cell plasma membranes
in the presence of fluorescently tagged proteins of interest, which will open new opportunities in biomembrane research.

Minimal internalization

Lipid order sensing

Ld phase
-~ @

Lo phase

maging biological membranes and understanding their lipid

ordering using molecular tools, such as fluorescent probes,
has attracted significant interest in recent years.l_5 In
particular, fluorescent environment-sensitive probes shed
light on different fundamental properties of the biomembranes
studied, including microviscosity, tension, polarity, and lipid
order.’

Microscopic viscosity, essential for the determination of
lateral diffusion in biomembranes or in three-dimensional
cellular environment, also affects metabolism, enzymology, and
protein folding.” This parameter can be measured by exploiting
the excited-state planarization in dyes termed as molecular
rotors.” Imaging membrane tension opens new opportunities
in mechanobiology, with the help of ground-state planarizable
probes, so-called flippers.'"'

Local membrane polarity, which is a complex parameter
combining hydration, presence of dipoles, solvent relaxation,
and lipid order,”'” can reflect various processes in cells,
includin% apoptosis,ls_ starvation,'® and oxidative
stress, “"'° and can distinguish between normal and cancer
cells."” This parameter is studied by solvatochromic fluorescent
dyes.®

Lipid order is of high importance for cell signaling,
trafficking, and membrane bioactivity."”’ Plasma membrane
reveals heterogeneity in lipid distribution at both lateral and
transversal levels. It is proposed that the interactions between

© 2020 American Chemical Society

7 ACS Publications

sphingolipids and cholesterol (Chol) lead to the formation of
nanoscale domains of higher lipid order.”"**
are modeled in bilayers of saturated lipids and Chol, forming
the so-called liquid ordered (Lo) phase, which is clearly
separated from the loosely packed liquid disordered phase

23-25

These domains

It is also known
that in healthy cells, the outer leaflet contains mainly
sphingomyelin (SM) and phosphatidylcholine, while the

inner one is represented by phosphatidylethanolamine and

(Ld) phase formed by unsaturated lipids.

phosphatidylse:rine,x”27 which results in higher lipid order at
the outer leaflet.”® Lipid order can be sensed either through
monitoring the local viscosity by molecular rotors™ or lipid
packing by mechanosensitive dyes'' as well as through local
polarity using solvatochromic dyes.”*"*’
generally detect ordered lipid phases as less polar environ-

ments because their tight packing excludes polar water
2,23,32,33

Solvatochromic dyes

molecules and freezes dipolar relaxation processes.
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The examples of solvatochromic dyes, used to sense lipid
order, include Prodan®* and its lipophilic analogues
Laurdan®®*?° and C-Laurdan (Figure 1A),*® di-4-

Prodan Laurdan C-Laurdan Pro12A \%/
A OSO o B o @
o °? opo
H
=0 o 0o o S
N N— N— N— }0
— . < ( 4
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Figure 1. Chemical design (A), sensing principle (B), and synthesis
(C) of Prol2A probe for lipid membranes. (A) Part in red highlights
Prodan fluorophore in different membrane probes. (B) Schematic
presentation of lipid bilayers presenting Lo and Ld phases and the
color response of the solvatochromic probe to the changes in the lipid
order.

ANEPPDHQ,”>”” Nile Red,”™*® and its derivatives (e.g,
NR12S, NRI2A, and NR4A)** push—pull pyrenes, 031
dioxaborine (DXB-NIR),"® etc. Among these dyes, Prodan and
Laurdan operate in the blue region of the visible spectrum
(emission maximum in lipid membranes <300 nm).***
Although this range is generally less attractive for bioimaging,
it does not overlap with that of the majority of commonly used
fluorescent proteins, which makes them compatible with
multilabeling protocols.

However, the application of Laurdan to live cells is limited
due to its fast flip-flop to the inner leaflet and subsequent rapid
internalization that leads to staining of intracellular mem-
branes.”>** An attempt to prevent internalization of Laurdan
by introducing a carboxylate group (C-Laurdan)®® showed
only a moderate improvement because carboxylate may lose its
negative charge by reprotonation. This issue can be effectively
solved by changing the molecular design of the probe, namely,
by introducing membrane anchor groups, bearing an alkyl
chain together with a zwitterionic group.””* Our recent study
using solvatochromic Nile Red showed that further improve-
ment in the plasma membrane targeting can be achieved by
replacmg the zwitterionic head group with an anionic
sulfonate.’”” We hypothesized that the use of this anionic
anchor for Prodan fluorophore could result in an analogue that
can specifically target cell plasma membrane with minimal
internalization while being sensitive to lipid order and
compatible with common fluorescent proteins and dyes used
in bioimaging.

The aim of the current work is to create a cell-impermeable
Prodan/Laurdan-based fluorescent probe that targets the outer
biomembrane leaflet for live-cell imaging of plasma membranes
and deciphers their lipid order.

B EXPERIMENTAL SECTION

Materials and Characterization of Compounds. All of
the reagents were purchased from Sigma-Aldrich or Alfa Aesar
or TCI and used as received. MilliQ-water (Millipore) was
used in all experiments. The NMR spectra were recorded at 20
°C on a BrukerAvance III 400 MHz spectrometer. The mass
spectra were obtained using an Agilent Q-TOF 6520 mass
spectrometer. Absorption and emission spectra were recorded
on an Edinburgh FSS spectrofluorometer equipped with a
thermostated cell holder. Fluorescence quantum yields were
measured using quinine sulfate in 0.5 M sulfuric acid (4., =
360 nm, QY = 54.6%)** as a reference.

Compound 3b was synthesized according to the known
procedures.” Synthesis of compounds 1a—3a is based on a
synthetic route, similar to the one proposed previously for C-
Laurdan.*

1-(6-Bromonaphthalene-2-yl)-propane-1-one (1a). Five
grams of 2-bromonaphthalene was dissolved in 25 mL of dry
nitrobenzene under an Ar atmosphere and the solution was
cooled to 0 °C in an ice bath. After that, 3.56 g (1.1 equiv) of
AICI; was added portionwise, followed by a dropwise addition
of 2.69 g (2.54 mL, 1.2 equiv) of propionyl chloride, then the
reaction mixture was stirred at r.t. for 18 h.

After the reaction, the mixture was quenched with distilled
water (50 mL) and extracted three times with EtOAc. The
organic phases were combined, washed with brine, dried over
Na,SO,, and concentrated in vacuo. The crude product was
purified by recrystallization from ethanol. Yield 3.15 g (50%)
as a colorless solid. 'H NMR (400 MHz, CDCl;) § ppm 8.43
(d,]=1.0 Hz, 1 H) 8.06 (dd, J = 8.8, 1.8 Hz, 1 H) 8.04 (d, ] =
1.5 Hz, 1 H) 7.81 (t, ] = 9.2 Hz, 2 H) 7.62 (dd, ] = 8.5, 2.0 Hy,
1H) 312 (g J =73 Hz, 2 H) 128 (t, ] = 7.2 Hz, 3 H).

Ethyl 2-[(6-Propanoylnaphthalene-2-yl)methylamino]-
acetate (2a). An oven-dried Schlenk flask was evacuated and
backfilled with Ar; after that, 2 g of compound 1a was added
together with 137 mg (0.08 equiv) of Pd(OAc),, 582 mg (0.16
equiv) of XPhos, followed by 9.95 g (4 equiv) of Cs,CO; and
2.34 g (2 equiv) of sarcosine ethyl ester (in form of
hydrochloride salt). The Schlenk flask was then capped with
a rubber septum, evacuated, and backfilled with Ar three times.
After this, anhydrous dioxane (25 mL) was added and the
mixture was stirred for 18 h at 100 °C under an Ar atmosphere.

After the reaction, the mixture was filtered through Celite
and concentrated in vacuo. The crude product was purified by
gradient flash column chromatography (SiO,, heptane:EtOAc
9:1 to 2:8). Yield 1.33 g (58%) as a yellow solid. "H NMR
(400 MHz, CDCl,) & ppm 8.33 (d, J = 1.5 Hz, 1 H) 7.94 (dd, J
=88, 1.8 Hz, 1 H) 7.80 (d, J = 9.0 Hz, 1 H) 7.65 (d, ] = 8.8
Hz, 1 H) 7.10 (dd, J=9.2,2.6 Hz, 1 H) 6.89 (d, ] = 2.5 Hz, 1
H) 4.17—4.23 (m, 4 H) 321 (s, 3 H) 3.08 (g, ] = 7.3 Hz, 2 H)
127 (t, J = 7.3 Hz, 3 H) 1.25 (t, J = 7.2 Hz, 3 H). ®*C NMR
(101 MHz, CDCl;) 6 ppm 200.47 (Cyponyt) 170.50 (Ceyrpoxyt)
148.75 (C,,) 137.44 (C,) 130.95 (C,) 130.88 (C,,) 129.58
(C,) 12642 (C,) 125.67 (C,) 124.64 (C,) 11575 (C,.)
105.96 (C,,) 61.15 (C,) 54.43 (C,) 39.74 (C,) 31.52 (C,)
14.24 (CH,) 8.64 (CH,). HRMS (ESI), m/z [M + H]* calcd
for C,H,,NO,", 300.1594; found, 300.1611.

https://dx.doi.org/10.1021/acs.analchem.0c03559
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N-Methyl-N-(6-propionylnaphthalen-2-yl)glycine (3a).
Compound 2a (1.2 g) was dissolved in 40 mL of a freshly
prepared solution of KOH (0.25 M) in EtOH. The reaction
mixture was stirred for 2 days at r.t. (control by TLC). After
the reaction, the solution was acidified with HCI to pH 2, and
the products were extracted with EtOAc three times. The ethyl
acetate layers were then combined, dried over Na,SO,, and
concentrated in vacuo. Yield 1.05 g (96%) as a pale yellow
solid. '"H NMR (400 MHz, methanol-d,) § ppm 8.41 (d, J =
1.5Hz, 1 H) 7.89 (dd, J = 8.8, 1.8 Hz, 1 H) 7.86 (d, ] = 9.3 Hz,
1H) 7.67 (d,] = 8.5Hz, 1 H) 7.20 (dd, J = 9.0, 2.5 Hz, 1 H)
6.96 (d, ] =2.5Hz, 1 H) 429 (s, 2 H) 3.21 (s, 3H) 3.13 (q, J
=7.3Hz, 2 H) 1.24 (t, ] = 7.3 Hz, 3 H). 3C NMR (101 MHz,
methanol-d;) & ppm 203.18 (Ciypony) 17445 (Ceyponyl)
150.92 (C,,) 13932 (C,,) 132.02 (C,,) 131.75 (C,) 131.30
(C,) 127.58 (C,) 127.01 (C,) 12534 (C,) 117.20 (C,)
106.70 (C,,) 54.75 (C,) 39.92 (C,) 32.44 (C,) 9.19 (CH,).
HRMS (ESI), m/z [M + H]" caled for C;4H;gNO;",
272.1281; found, 272.1296.

3-(N-Dodecyl-2-(methyl(6-propionylnaphthalen-2-yl)-
amino)acetamido)propane-1-sulfonate (Pro12A). 3-
(Dodecylamino)propane-1-sulfonate (3b, $9.5 mg, 1.05
equiv) and 47.7 mg (65 uL, 2 equiv) of DIPEA were mixed
in 2 mL of dry DMF under an Ar atmosphere; after this, the
mixture was stirred for 30 min at 50 °C. In a separate flask, 50
mg of carboxylic acid 3a was dissolved in 2 mL of dry DMF
together with 73.7 mg (1.05 equiv) of HATU, 12.5 mg (0.5
equiv) of HOBt and 95.4 mg (129 uL, 4 equiv) of DIPEA.
After 5 min, the solution of activated acid was transferred to
the flask with amine and the final mixture was stirred for 24 h
at 45 °C (control by TLC). After the reaction, the solvent was
evaporated in vacuo and the crude product was purified by
preparative TLC (SiO,; DCM:MeOH 85:15). Compound
Prol2A: yield 104 mg (82%) as pale yellow solid (obtained in
form of a salt with DIPEA). "H NMR (400 MHz, methanol-
d,) 5 ppm 8.37 (s, 1 H) 7.86 (ddd, ] = 8.8, 3.2, 1.7 Hz, 1 H)
7.81 (dd, J =9.0,2.5 Hz, 1 H) 7.63 (dd, ] = 8.8, 5.5 Hz, 1 H)
7.13 (td, J = 9.4, 2.5 Hz, 1 H) 6.88 (t, ] = 3.0 Hz, 1 H) 4.43 (d,
J =316 Hz, 2 H) 3.54 (dt, ] = 41.9, 8.0 Hz, 2 H) 3.34—3.42
(m, 2 H) 3.13-3.21 (m, 5 H) 2.79-2.96 (m, 2 H) 1.99—2.21
(m, 2 H) 1.51-1.73 (m, 2 H) 1.18—1.31 (m, 21 H) 0.85-0.90
(m, 3 H). ®C NMR (101 MHz, methanol-d,) § ppm 203.00
(d, ] = 5.8 Hz, Cepponyt) 17144 (Coponyr) 15127 (d, ] = 15.8
Hz, C,.) 139.34 (C,,) 139.30 (C,,) 131.96 (d, J = 10.2 Hz, C,,)
131.55(d,J = 13.3 Hz, C,,) 131.32 (C,,) 127.53 (d, J = 3.3 Hz,
C,) 126.84 (d, ] = 8.5 Hz, C,,) 12531 (d, ] = 12.4 Hz, C,,)
117.37 (d, ] = 10.2 Hz, C,,) 106.62 (C,,) 55.96 (C,;) 54.97 (d,
J=12.0 Hz, C,) 47.13 (d, ] = 18.7 Hz, C,) 40.13 (d, ] = 22.6
Hz, C,) 33.20 (C,) 32.41 (C,) 30.82—30.96 (m, C,) 30.58—
30.66 (m, C,) 30.01 (C,) 28.86 (C,) 28.15 (d, J = 7.9 Hz,
C,) 25.68 (C,) 23.86 (C,) 14.58 (C,) 13.28 (CH;) 9.22
(CH;). HRMS (ESI), m/z: [M+2Na]* calcd for
Cs,H,-N,0,SNa,, 605.3011; found, 605.3015.

Preparation of Large Unilamellar Vesicles (LUVs). All
types of LUVs used were prepared by the following procedure.
A stock solution of the corresponding lipid(s) in chloroform
was placed into a round-neck flask, after which the solvent was
evaporated in vacuo and phosphate buffer (20 mM, pH 7.4)
was added. After all the solid was dissolved, a suspension of
multilamellar vesicles was extruded using a Lipex Biomem-
branes extruder (Vancouver, Canada). The size of the filters
was first 0.2 pm (7 passages) and thereafter 0.1 um (10
passages). This generates monodisperse LUVs with a mean

diameter of 0.12 ym as measured with a Malvern Zetamaster
300 (Malvern, U.K.). The phospholipid:cholesterol molar ratio
in the case of DOPC/Chol and SM/Chol was 1:0.9. LUVs
were labeled by the addition of the DMSO stock solution of
the probes to a final concentration of 2 uM, unless indicated,
and incubation for 5 min.

Fluorescence Quenching Experiment. Solutions of
Prol2A and Laurdan in DOPC LUVs (1 uM of dye for 500
uM total lipid concentration) were made by adding
concentrated dye stock solution in DMSO to LUVs, followed
by vortexing the mixture. In the case of Prol2A, the mixture
was incubated for 15 min at RT. To ensure the complete
binding and disaggregation of Laurdan, brief heating to 40 °C
was done, followed by another vortexing and slow cooling over
2 h. Then, Viologen-C12 was added (from DMSO stock
solution) to a given concentration and fluorescence spectra
were measured after 15 min of incubation.

Preparation of Giant Unilamellar Vesicles (GUVs).
GUVs were prepared by electroformation. Lipid stock
(DOPC:SM:Chol 2:2:1) was spread onto two parallel
platinum wires attached to a custom-built Teflon-coated
chamber and left briefly to evaporate the solvent. Wires were
passed under nitrogen gas before submersion in 300 mM
sucrose. Ten hertz AC current was applied for 1 h to trigger
vesicles swelling at 70 °C, followed by 2 Hz for 30 min with
slow cooling.

Preparation of Giant Plasma Membrane Vesicles
(GPMVs). GPMVs were prepared as previously described.*®
Briefly, the cells seeded out on a 60 mm Petri dish (~70%
confluent) were washed with GPMV buffer (150 mM NaCl, 10
mM Hepes, 2 mM CaCl,, pH 7.4) twice. Two milliliters of
GPMYV buffer was added to the cells. Twenty-five millimolar
PFA and 20 mM DTT (final concentrations) were added in
the GPMV buffer. The cells were incubated for 2 h at 37 °C.
Then, GPMVs were collected by pipetting out the supernatant.
GUVs and GPMVs were labeled by adding Prol2A (or
Laurdan and C-Laurdan) with a final concentration of 50 nM.

Cell Lines, Culture Conditions, and Treatment. The
CHO cells were maintained in DMEM-F12 medium
supplemented with 10% FBS medium and 1% L-glutamine.
The cells were transfected with the plasmids using Lipofect-
amine 3000 as described in the manufacturer’s protocol.

Fluorescence Microscopy. All imaging was done at room
temperature (21—23 °C). Samples were imaged with a Zeiss
LSM 780 confocal microscope. Spectral imaging was done as
described before.*’ Cells were incubated with Prol12A (or
Laurdan and C-Laurdan) with a final concentration of 0.8 M
in PBS for 5 min. After the labeling, the cells were washed once
and the imaging was performed in L1S medium. Prol2A,
Laurdan, and C-Laurdan were excited with 405 nm and
emission collected between 410 and 600 nm.

B RESULTS AND DISCUSSION

The probe Prol2A was designed based on solvatochromic
fluorophore Prodan (parent analogue of Laurdan)®* and the
anionic plasma membrane targeting moiety (Figure 1A). The
latter is composed of lipophilic dodecyl chain and anionic
sulfonate, which ensures effective high-affinity binding to cell
plasma membranes.”® The solvatochromic dye is expected to
sense changes in lipid order in the plasma membrane by
changing its emission color (Figure 1B): shifting its emission
to the longer wavelengths (e.g,, from green to orange) from

apolar dehydrated Lo phase to polar hydrated Ld phase.”

https://dx.doi.org/10.1021/acs.analchem.0c03559
Anal. Chem. 2020, 92, 14798—14805
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Taking into account that charged carboxylate did not decrease
the sensitivity of C-Laurdan to lipid order compared to parent
Laurdan,’® we functionalized this fluorophore at the
dialkylamino side. The synthesis was performed in four steps
starting from 2-bromonaphthalene (Figure 1C). In the final
step, the key intermediate, a Prodan-bearing carboxylate group
(3a), was coupled to the anchor amine (3b), affording the final
probe Pro12A in a relatively good yield. The structure of new
compounds was confirmed by NMR and mass spectroscopy
(SI Figures S1—S9).

Absorption and fluorescence spectroscopy of Prol2A in
organic solvents showed that it preserved the solvatochromism
of parent Laurdan (Table S1, Figure 24, SI Figure S10C,D).
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Figure 2. Spectroscopy experiments in solvents and lipid vesicles. (A)
Normalized fluorescence spectra of Prol12A and Laurdan in solvents
of different polarities. (B) Fluorescence spectra of Pro12A in LUVs of
different compositions. Probe concentration was systematically 2 M.
Total lipid concentration for all vesicles was 1 mM. (C) Chemical
structure of Viologen-C12 and scheme of surface quenching by
Viologen-C12 of the probes located at the outer bilayer leaflet (upper
panel) and both leaflets (lower panel). (D) Fluorescence quenching
of Prol2A and Laurdan in DOPC LUVs with increasing
concentrations of Viologen-C12. The intensity was recorded at the
maximum of probe emission: 476 nm (Prol2A) and 493 nm
(Laurdan). Probe and lipid concentrations were 1 and 500 uM,
respectively. Twenty millimolar phosphate buffer (pH 7.4) was used
for all LUVs. A, = 360 nm in all cases.

Indeed, similarly to Laurdan, Prol2A displayed a red shift in
fluorescence spectra with an increase in the solvent polarity.
Large unilamellar vesicles (LUVs) with different phospholipid
compositions were then used as model membranes, presenting
the Ld phase in case of unsaturated lipid DOPC with or
without cholesterol and the Lo phase for a mixture of
sphingomyelin (SM) and cholesterol. The emission band of
Prol2A in the Lo phase (Figures 2B and S10A,B) was strongly
blue-shifted with respect to that of the Ld phase without
cholesterol, in line with that for Laurdan and other
solvatochromic dyes.””** Interestingly, the value of the blue
shift from the Ld (DOPC) to Lo (SM/Chol) phase was
slightly larger for Prol2A compared to Laurdan (59 vs S3 nm,
see Table S1). Similar to Laurdan, the Pro12A probe can also
sense the presence of cholesterol in DOPC vesicles (Table S1)

so that the resulting spectrum is intermediate between those in
SM/Chol and DOPC LUVs (Figure 2B). The absorption
maximum of Prol2A in LUVs was systematically red-shifted
(372—379 nm) compared to that of Laurdan (356—358 nm),
making it more suitable for excitation with common violet light
sources (395 nm LED or 405 nm laser). Moreover, the new
probe in LUVs exhibited two- to threefold larger fluorescence
quantum yield (QY) values compared to Laurdan (Table S1).
This drastic difference is probably linked to the more efficient
membrane binding of Prol2A. The amphiphilic nature of our
probe, induced by the charged sulfonate group, renders its
better solubilization in water and further transfer to lipid
membranes, whereas a highly hydrophobic Laurdan could
partially precipitate in an aqueous buffer before reaching the
lipid membrane. Fluorescence intensity of Prol12A in the buffer
increased linearly with concentration until 0.5 uM, followed by
the decrease of the slope of the titration curve (SI Figure S11).
This observation suggests the presence of critical micellar
concentration (CMC ~ 0.5 uM) for Pro12A, above which the
dye molecules undergo self-quenching. The latter is useful for
decreasing the background fluorescence of the free probes in a
solution, similar to other amphiphilic membrane probes.33’39’43

The probe added to the bulk solution is expected to bind
first to the outer membrane leaflet and remain there if it does
not undergo a flip-flop.”® To verify the localization of Prol12A
at the outer membrane leaflet, we used fluorescence quenching
by photoinduced electron transfer (PET)* with a specially
designed amphiphilic dodecyl viologen (Viologen-C12; Figure
2C). Due to their highly electron-deficient nature, viologens
are efficient PET quenchers,”*~> while dodecyl chains should
provide the quencher with high affinity to lipid membranes. As
the PET process requires close dye-quencher proximity,53 only
the dye at the outer leaflet is expected to be effectively
quenched by Viologen-C12 (Figure 2C). Fluorescence
intensity of Prol2A in DOPC LUVs dropped rapidly with
the increase in Viologen-C12 concentration, reaching 84%
quenching at SO uM concentration, whereas only 41%
quenching was observed for Laurdan (Figures 2D and
S10E,F). The shape of the curves with the saturation behavior
at higher quencher concentrations was similar for both probes,
indicating that the binding mode of Viologen-C12 is similar for
both probes, and the difference in the quenching efliciency is
linked to different availability of the probe to the quencher. We
can conclude that Prol2A is much more exposed to the
quencher, probably because it is localized at the outer leaflet, in
contrast to Laurdan that can diffuse freely through the
membrane to the inner leaflet. Thus, the use of an anchor
group favors one-leaflet binding, as it is expected to inhibit the
flip-flop between the leaflets.

Next, we tested Prol2A in phase-separated membrane
systems. In microscopy experiments with phase-separated giant
unilamellar vesicles (GUVs) and giant plasma membrane
vesicles (GPMVs),*® Prol2A was able to distinguish the
domains with different lipid orders (Figure 3). Spectroscopic
scans of the vesicles labeled by Prol2A revealed different
intensity variations as a function of the wavelength (Figure
3A). The reconstructed spectra for each region in GUVs
revealed a strong band shift (Figure 3B), with band positions
corresponding to those in Lo and Ld phases of LUVs (Figure
2B). The spectral change in GPMVs was similar (Figure 3C),
but its amplitude was smaller as expected, given the packing of
the domains is less different compared to GUVs.”* Then,
ratiometric imaging using generalized polarization (GP) index
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Figure 3. Spectra of Pro12A in phase-separated GUVs and GPMVs. (A) Montage of spectral images obtained with spectral detector (each image is
one channel with 8.9 nm wavelength intervals) for Prol12A-doped GUVs and GPMVs. (B, C) Reconstruction of the spectra from the spectral
images for (B) GUVs and (C) GPMVs. (D) GP images of the phase-separated GUVs and GPMVs. (E) GP values obtained from the phase-

separated GUVs and GPMVs. Scale bars are 10 pm.

showed that Prol2A can clearly distinguish Lo and Ld phases
in GUVs and GPMVs (Figure 3D). The GP analysis suggested
a stronger difference in the lipid order for GUVs compared to
that for GPMVs (Figure 3E), in line with the previous data.”*
GUVs are prepared from pure synthetic lipids and therefore
present “pure” Lo and Ld phases with the largest variation of
the lipid order. On the other hand, GPMVs are native
membranes with a complex mixture of lipids and proteins,
where changes in the lipid order are expected to be subtler, as
suggested by other studies, including those using Laurdan.*”**

In the next step, we compared Prol2A with Laurdan and C-
Laurdan probes in phase-separated GPMVs (Figure 4) in
terms of the sensitivity to the lipid order. GP images and the
obtained values (Figure 4A,B) suggested that Prol12A is more
sensitive to changes in the lipid order in GPMVs compared to
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Figure 4. Sensitivity of Prol2A, Laurdan, and C-Laurdan to lipid
packing in the phase-separated GPMVs. (A) GP images of GPMVs
doped with Laurdan, C-Laurdan, and Pro12A. (B) Quantification of
GP for the ordered and disordered phases obtained from GPMVs
stained with Laurdan, C-Laurdan, and Prol12A. (C) Fluorescence
signal in the ordered vs disordered channel for these three probes.
(D) Line profiles of fluorescence signal in the ordered and disordered
phases and in the ordered and disordered channels.

its counterparts. Additionally, Pro12A displayed almost equal
fluorescence signal from the two separated lipid phases (Figure
4C,D). By contrast, Laurdan and C-Laurdan showed
significantly lower signal in the Ld phase of GPMVs compared
to Lo, in line with previous reports.47‘55 Even partitioning of
Prol2A between Lo and Ld phases is another important
advantage because it allows recording good signal from both
domains while distinguishing them by emission color.

Next, we compared these three probes in terms of
internalization. Confocal imaging of live Chinese hamster
ovary (CHO) cells stained with Prol2A showed a strong
fluorescence signal at the plasma membranes and practically
complete absence of the signal inside the cells 15 min after the
labeling (Figure SA). In sharp contrast, Laurdan and especially
C-Laurdan showed significant fluorescence signal inside the
cells and thus much less resolved membrane signal (Figure
SB,C). These observations were further supported by plotting
the signal intensity (line profile) across the cellular membrane
(Figure SD), revealing that only Prol2A showed nearly zero
signal both outside and inside the cells, while C-Laurdan
showed the strongest intracellular fluorescence. Thus, the
presence of the membrane anchor with the sulfonate group
and dodecyl chain ensures effective plasma membrane
targeting of the dye. The observed stronger internalization of
C-Laurdan compared to Laurdan is unexpected and it could be
explained by its better water solubility and thus stronger
partitioning into cells when used at the same concentration.

After that, the ability of Prol2A and Laurdan to respond to
changes in the cholesterol content in the live-cell plasma
membrane was tested using cholesterol extraction by methyl-3-
cyclodextrin®® (MCBD) (Figure SE). For both probes,
cholesterol extraction decreased the GP values, which is
expected because a lower cholesterol content decreases the
lipid order.”® Remarkably, Pro12A displayed a much stronger
decrease in the GP values compared to Laurdan (Figure SE).
The observed higher sensitivity of Prol2A vs Laurdan to
cholesterol extraction is probably related to the differences in
the leaflet binding behavior of these two probes. Laurdan is
distributed between both membrane leaflets, while Pro12A is
expected to localize only at the outer one, which is supported
by our quenching experiments (Figure 2C,D). As the outer
leaflet of the plasma membrane is richer in sphingomyelin®***
and probably in cholesterol’” than the inner one, cholesterol
extraction should produce stronger changes in the lipid order
at the outer leaflet. Therefore, Prol2A localized at this leaflet

https://dx.doi.org/10.1021/acs.analchem.0c03559
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Figure 6. Application of Prol12A in combination with fluorescent proteins. Images of cells labeled with Pro12A and transfected with (A) cytosolic
mCherry2; (B) membrane-anchored mCherry2; (C) membrane-anchored mRuby3; (D) membrane-anchored mRFP; and (E) membrane-
anchored TMR. Top panels are images and bottom panels are intensity profiles of the regions marked in the corresponding images. Two separate
regions of interest (ROIs) are selected; in ROI 1, there is only Prol2A signal (no protein), while in ROI 2, there are both protein and Prol12A
signals. Two ROIs possess identical spectra, showing no effect of these fluorescent proteins on Prol2A spectrum. Scale bars: 10 ym.

surpasses Laurdan, which provides an averaged signal from
both leaflets.

Finally, the compatibility of Prol2A with the commonly
used fluorescent proteins or dyes was examined using
fluorescence microscopy in live CHO cells (Figure 6).
mCherry2 localized in the cytosol (Figure 6A) and membrane
(Figure 6B), membrane-localized mRuby (Figure 6C), mRFP
(Figure 6D), and TMR-SNAP (Figure 6E) were imaged in
cells co-stained with Prol2A using respective detection
channels. It was found that the emission spectrum of Prol2A
in cells acquired by a microscope does not alter in the case of
all these co-staining conditions (Figure 6A—E), which signifies
an absence of signal leakage and high compatibility of ProA12

with all the fluorescent proteins and dyes studied.

14803

Bl CONCLUSIONS

To develop a universal tool for monitoring lipid organization
of cell plasma membranes, compatible with common
fluorescent proteins, we addressed the fundamental drawback
of a well-known solvatochromic probe Laurdan for sensing
lipid order, related to its internalization and inefficient plasma
membrane labeling. We redesigned Laurdan by grafting an
anchor group composed of sulfonate charged group and
dodecyl alkyl chain. The new probe Prol2A showed a two- to
threefold higher fluorescence quantum yields in lipid
membranes compared to Laurdan, because of more effective
partitioning from the aqueous medium. It also shows higher
sensitivity to lipid order in both model lipid vesicles and
membranes derived from cells, probably because of more
defined localization in lipid membranes imposed by the anchor
group. Finally, in contrast to Laurdan, Prol2A binds
exclusively the outer membrane leaflet and stains selectively

https://dx.doi.org/10.1021/acs.analchem.0c03559
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cell plasma membranes without detectable internalization. Due
to this specific outer leaflet targeting, the sensitivity of ProA12
to cholesterol extraction from plasma membranes of live cells is
much higher compared to that of Laurdan. Its application in
combination with commonly used orange/red fluorescent
proteins and dyes revealed an absence of signal crosstalk,
allowing for accurate and unbiased multicolor cellular
microscopy. This probe reinforces the toolkit of available
solvatochromic membrane probes, opening new possibilities
for biomembrane imaging in live cells.
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EXPERIMENTAL

Synthesis of quencher dodecyl viologen (Viologen-C12). (Adapted from')

1-Dodecyl-4-(1-dodecylpyridin-1-ium-4-yl)pyridin-1-ium iodide. 0.63 g of 4.4'-
bipyridine were dissolved in 20 mL of dry acetonitrile together with 3.59 g (3 mL, 3 equiv.) of n-
dodecyl iodide. The reaction mixture was refluxed for 20h (control by TLC). After the reaction the
mixture was diluted twice with diethyl ether and the solids were filtered off and washed with Et,O
on a glass filter. The crude product was recrystallized from EtOH:H>O 1:1 mixture. Yield 2.45 g
(81%) as lustrous reddish crystals. "TH NMR (400 MHz, DMSO-ds) & ppm 9.38 (d, J=6.5 Hz, 4 H)
8.78 (d, J/=6.5 Hz, 4 H) 4.68 (t, /=7.4 Hz, 4 H) 1.97 (br t, J=6.3 Hz, 4 H) 1.34 - 1.19 (m, 36 H)
0.85 (t, J/=6.8 Hz, 6 H).
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Figure S1. 'H NMR spectrum of 2a in CDCl;.
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Figure S2. 1°C NMR spectrum of 2a in CDCls.
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Figure S10. Fluorescence emission spectra of Prol2A in solvents and lipid vesicles of
different composition: raw data (A) and normalized spectra (B); spectra of Prol2A (C) and
Laurdan (D) in different solvents. Emission spectra of Pro12A (E) and Laurdan (F) in DOPC LUVs
upon addition of different concentrations of dodecyl viologen. Probe concentration was 2 pM for
(A-D) and 1 uM for (E-F). Aex = 360 nm in all cases. Total lipid concentration was 1 mM for all
vesicles in (A-B) and 500 uM for (E-F).
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that around this concentration the dye starts forming micelles (critical micellar concentration),
which leads to self-quenching.
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Table S1. Fluorescence properties of probes in liposomes of different composition and
organic solvents.?

Solvent or Probe
medium
Prol2A Laurdan
Xabs, >Lem, QY, Xabs, >Mem, QY,
nm nm % nm nm %
DOPC 372 476 54.4 356° 488° 25¢

DOPC/Chol 374 427 69.6 358° 439°¢ 21°
SM/Chol 379 417 51.5 357¢ 435° 19¢

PB® 371 509 25.2 - - -
PBS 369 509 12.5 - - -
Dioxane 349 429 42.9 348 425 38.8
Acetone 354 446 55.9 350 448 45.5
DMSO 359 456 54.5 359 467 67.9
MeOH 359 493 55.5 363 501 431

?Probe concentrations were 2 uM. For liposomes total lipid concentration was 1 mM. Data for
Laurdan in PB and PBS is not presented due to its insufficient solubility in aqueous media.
Fluorescence quantum yields were measured using quinine sulfate in 0.5 M sulfuric acid (Aex=
360 nm, QY rer = 54.6%)? as a reference.

> PB — 20 mM phosphate buffer, pH 7.4.

¢ Data taken from.>
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2.2. Development of solvatochromic plasma
membrane probes, compatible with super-resolution
live cell microscopy

During the next part of our research we aimed to create a plasma membrane-targeted
solvatochromic probe for super-resolution microscopy. Nile Red fluorophore system was chosen
as the basis for functionalization as the parent Nile Red dye being successfully utilized in
spectrally resolved PAINT with live cells.?”> 276

In order to increase the photostability of our Nile Red probes, we decided to develop a
functionalization strategy using the N-alkyl chain of Nile Red. We hypothesized that an
introduction of phenolic oxygen, previously used for design of membrane probe NR12S (Fig.
2.2.1, A),"> might be responsible for a decrease in its photostability compared to the parent
unsubstituted dye.

To design a probe with ON/OFF behavior, we have decided to decrease the length of alkyl
chain in the targeting group (Fig. 2.2.1, A), which could provide low-affinity reversible binding
to the lipid membrane (Fig. 2.2.1, B). As a result, two probes were created: NR12A with high
affinity to membranes for conventional microscopy, and NR4A, a low-affinity probe for PAINT
SMLM (Fig. 2.2.1, A-B).

A O:‘SS)C O“S?G O*s{jﬁ B
/ O / O / O
i NR12A { NR4A § "NR12S  Nile Red f NR12A 6\? NR4A
o] o] (o . . .
. \° irreversible reversible
- ) - ) ~
gN'g 2 N 0 1 *H ‘ g \ \
Van Yam 0 “ 0
§ Y DOEENG
0\_;'\ ()‘%N /‘l LL P!
o ¢ ) L) J
g d Y ,L L

Fig. 2.2.1. Structure (A) and mechanism of membrane binding (B) of NR12A and NR4A.

The synthesis of the Nile Red probes was performed in 6 steps with overall yield of 2 %
(NR12A) and 3 % (NR4A), using m-amizidine as a starting material (Fig. 2.2.2). The overall yield
could be possibly improved by changing the purification procedure for a key intermediate Sa.
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Fig. 2.2.2. Synthesis schemes of Nile Red solvatochromic plasma membrane probes.

Spectroscopic experiments in large unilamellar vesicles (LUVs) of varied composition
showed that the functionalization did not perturb the fluorophore properties. Fluorescence spectra
of both NR4A and NR12A exhibited a blue shift of around 45-50 nm in Lo phase vesicles,
composed of sphingomyelin/cholesterol (SM/Chol), compared to Ld phase vesicles, made of
dioleoylphosphatidylcholine (DOPC) (Fig. 2.2.3, A). This behavior is similar to NR12S'> and
parent Nile Red and reflects lower local polarity/hydration in the Lo phase. The fluorescence of
NRI12A in phosphate buffer was negligible (Fig. 2.2.3, A), indicating the formation of self-
quenched aggregates in water. On the contrary, the probe NR4A exhibited a non-negligible red-
shifted fluorescence (Fig. 2.2.3, A), similarly to parent Nile Red, suggesting that NR4A is well
dissolved and does not form aggregates in water.

Ratiometric microscopy imaging revealed that both new probes are able to distinguish
between the domains with different lipid order in giant unilamellar vesicles (GUVs) (Fig. 2.2.3,
B). The fluorescence emission was collected at two different channels: I; (550-600 nm) and I»
(600-650 nm), which were used to generate ratiometric (I1/I2) microscopy images. Notably, the
probe NR12A and NR4A showed higher sensitivity towards the differences in lipid order in the
different domains compared to NR12S (Fig. 2.2.3, B), possibly due to an improved probe
localization in the bilayer.
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Fig. 2.2.3. Solvatochromic Nile Red probes sensing differences in lipid order in model
membranes. Fluorescence emission spectra of Nile Red probes (2 uM) in LUVs of different
composition (A). Total phospholipid concentration was 1 mM. Excitation wavelength was 520
nm. All the spectra were corrected via dividing by absorbance at the excitation wavelength.
Ratiometric confocal microscopy images of mixed lipid phase GUVs (DOPC:Sph:Chol 1:1:0.7)
stained with NR12A, NR4A, NR12S, and Nile Red (B). Excitation wavelength was 488 nm. Probe
concentration was systematically 200 nM.

Both probes showed an increase in fluorescence intensity (fluorogenic response) upon
binding to the LUVs composed of DOPC, however there was a strong variation in the titration
curves (Fig. 2.2.4, A). The affinity of NR12A to the LUVs was much higher compared to parent
Nile Red, displaying rapid intensity growth followed by a plateau at higher concentrations. On
the contrary, NR4A showed only a moderate fluorescence intensity increase in response to higher
concentrations of LUVs, weaker than the unsubstituted Nile Red. These results confirm that we
have developed a high-affinity (NR12A) and a low-affinity (NR4A) lipid membrane binders.

The photostability of our probes was checked in DOPC LUVs against NR12S and
unsubstituted Nile Red (Fig. 2.2.4, B). Both probes exhibited higher photostability compared to
the parent Nile Red and the NR12S probe, confirming our hypothesis that an introduction of the
phenolic oxygen has a detrimental effect on the photostability of Nile Red fluorophore.
Remarkably, probe NR4A displayed virtually no fluorescence intensity decrease upon continuous
illumination, further evidencing the reversible character of its binding.

Single-molecule microscopy experiments with the probes in supported DOPC lipid
bilayers showed that NR4A and Nile Red, which are the weak binders, exhibited large number of
single-molecule turn-on events that lasted well through >10* frames (Fig. 2.2.4, C), thanks to the
continuous probe exchange between the solution and the membrane. In contrast, the strong binders
NRI2A and NR12S showed few turn-on events (Fig. 2.2.4, C), probably because most of the
molecules, being quasi-irreversibly bound to the membrane, photobleached before single-
molecule images could be recorded.
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Fig. 2.2.4. Titration of the four membrane probes (100 nM) with increasing concentrations
of DOPC LUVs: fluorescence intensity at 620 nm vs. lipid concentration (A). Fluorescence
intensity of the different probes (400 nM) under continuous illumination vs. time in DOPC
liposomes (200 uM) (B). Excitation and emission wavelengths were 540 and 620 nm,
respectively. Typical single-molecule raw images of the four probes in DOPC supported bilayers
(C). The images were recorded at 9 ms integration time (110 frames per second), probe
concentration was 10 nM in all cases.

On the next step, the Nile Red probes were incubated with live HeLa cells and imaged
using confocal fluorescence microscopy (Fig. 2.2.5). Both probes NR4A and NR12A stained
exclusively the plasma membrane, while the unsubstituted Nile Red underwent rapid
internalization, which resulted in indiscriminate staining of all cell lipid components (Fig. 2.2.5,
A). Additionally, NR12A yielded >2-fold brighter fluorescence intensity compared to zwitterionic
NR12S probe. The signal from NR4A was >10-fold lower than for NR12A, in line with the
previous results suggesting its weak affinity to biomembranes. Photobleaching experiments
further proved that both new probes are more photostable compared to NR12S, supporting the
usefulness of the designed functionalization strategy (Fig. 2.2.5, B). Notably, only NR4A revealed
no sign of photobleaching after continuous illumination (Fig. 2.2.5, B), which confirmed that the
probe binds to cell membranes in a reversible manner, so that the bleached probe species are
quickly replaced by intact ones, being in line with the requirements for PAINT. On the other hand,
the high brightness and PM specificity of NR12A makes it suitable for conventional microscopy
techniques, such as 3D z-stacked confocal imaging (2.2.5, C).

Nile Red Nile Red

NR12S
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Fig. 2.2.5. Live cell microscopy imaging with Nile Red probes. Spinning disk confocal
microscopy images of HeLa cells stained with NR4A, NR12A, Nile Red and NR12S before
illumination (A) and immediately after (B) 60 seconds of illumination with 550 nm light at 3.14
W-cm2. 3D-stacked confocal image of live KB cells stained with NR12A (C). Dye concentration
was 20 nM in all cases.

3D PAINT super-resolution imaging of live cells was performed using NR4A, NR12S and
Nile Red (Fig.2.2.6). In case of NR4A with reversible binding, the quality of the image was high
due to the high counts of single molecules over 5x10* imaging frames. In contrast, the signal from
NR12S was low because of low counts of single molecules due to strong binding and lower
photostability, together resulting in a very dim reconstructed PAINT image. Though the quality
of the final image in case of Nile Red was decent, the probe strongly labelled the internal
membranes in a cell, in line with previous microscopy data (Fig. 2.2.5, A).

NR4A NR12S Nile Red

Fig. 2.2.6. Zoom-out views of 3D PAINT images of COS-7 cells with NR4A, NR12S,
and Nile Red. Probe concentration was 10 nM for NR4A and Nile Red and 20 nM for NR12S.

Due to the high plasma membrane specificity of NR4A together with its high performance
in PAINT it became possible to visualize the rich nanoscale structural features of the plasma
membrane (Fig. 2.2.7). 3D PAINT microscopy in live HeLa cells showed numerous outward
curves of the PM, including: mildly bulging sites that raised up ~100 nm in height over ~1 um
lateral distances (Fig. 2.2.7, B-C); tube-like protrusions with higher curvatures (~100 nm radius;
Fig. 2.2.7, B and D); and tall protrusions above the limit of the working z range (>400 nm above
the focal plane), so that they appear dark at the center (Fig. 2.2.7, B and E). A characteristic feature
of these nanoscale protrusions was their highly dynamic character, resulting is significant
structural changes within the time scale of 1 minute. Additionally, the PM also featured pit-like
invaginations with the size ca 150-200 nm (Fig. 2.2.7, B and F), which dynamically (in the
timescale of minutes) moved inside the cell (Fig. 2.2.7, G).
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Fig. 2.2.7. Probe NR4A used for super-resolution live cell membrane imaging. (A) 3D
PAINT image of the top plasma membrane of a HeLa cell stained by NR4A; (B) Zoom-in image
of the white box in (A); (C-D) Virtual cross sections in the xz plane along lines 1-3 in (B),
respectively; (F) Zoom-in image in-plane (xy) and (G) a time series of the vertical (xz) images of
the endocytosis site marked by the magenta arrow in the image (B). All 3D PAINT images are
rendered with color to present the depth (z) information (the colour scale bar is represented in

(A)).

On the next stage we utilized environment-sensitive behaviour of NR4A to study the
nanoscale distribution of lipid order in plasma membrane. During a spectrally resolved PAINT
experiment a super-localized position of every single molecule of NR4A was measured together
with its fluorescence spectrum. The calculated intensity-weighted average of the emission
wavelengths of each probe molecule, i.e. its spectral mean, can be presented in pseudo-colour and
allows to describe the local lipid order with nanoscopic precision.?’® In live COS-7 cells, stained
with NR4A, the obtained pseudocolour varied from blue to cyan (Fig. 2.2.8, A-B) with the
corresponding averaged single-molecule spectra of NR4A peaked at ~610 nm (Fig. 2.2.8, D-E).
Remarkably, both the tube-like nanoscale protrusions (Fig. 2.2.8, A) and invaginations (Fig. 2.2.8,
B) of the PM cause a bathochromic shift in the local spectral mean (Fig. 2.2.8, D-E), indicating a
lower lipid order in the regions of increased membrane curvature. The relation between the
membrane curvature formation and the lipid composition is also suggested in the recent works.?%%
283 Upon the chemical fixation the probe NR4A was able to enter the cell through a compromised
plasma membrane, staining the intracellular membrane structures (Fig. 2.2.8, C) with a distinct
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~20 nm bathochromic shift in emission (Fig. 2.2.8, F). This result indicates lower lipid order of
the organelle membranes compared to PM.
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Fig. 2.2.8. Nanoscopic mapping of lipid order in cell membranes with NR4A. (A, B)
Spectrally resolved PAINT images of the plasma membrane of live COS-7 cells, stained with
NR4A The colour represents a single-molecule spectral mean (coded by the colour scale bar). (C)
Spectrally resolved PAINT images of the plasma membrane of fixed COS-7 cells with NR4A,
revealing staining for both the plasma membrane and internal membranes. (D) Averaged single-
molecule spectra for the smooth parts of the plasma membrane (black) compared with the ones
for the tube-like protrusions pointed to by the two arrows in (A) (magenta and green). (E)
Averaged single-molecule spectra for the smooth parts of the plasma membrane (black) compared
with the ones for the tube-like protrusions pointed to by the two arrows in (B) (magenta and
green). (F) Averaged single-molecule spectra for the plasma membrane of live (black) and fixed
(blue) COS-7 cells, compared with the ones for the internal membranes of fixed COS-7 cells (red).

Single-molecule experiments and super-resolution microscopy was performed in

collaboration with the team of Ke Xu. The results of the project were published in Angewandte
Chemie international edition, the article is enclosed herewith (Article 2).
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Tailor-made switchable solvatochromic probes for live-cell super-

resolution imaging of plasma membrane organization

Dmytro |. Danylchuk,®* Seonah Moon, ! ¥ Ke Xu,: " Andrey S. Klymchenko!@"

Abstract: Visualization of the nanoscale organization of cell
membranes remains challenging because of the lack of appropriate
fluorescent probes. Here, we introduce a new design concept for
super-resolution microscopy probes that combines specific
membrane targeting, ON/OFF switching, and environment sensing
functions. In this design, we propose a functionalization strategy for
solvatochromic dye Nile Red that improves its photostability. The dye
is grafted to a newly developed membrane-targeting moiety
composed of a sulfonate group and an alkyl chain of varied lengths,
which ensures high brightness and lipid-order sensitivity of the probes
and tunes their binding/unbinding-induced ON/OFF switching
required for single-molecule localization microscopy. While the long-
chain probe with strong membrane binding, NR12A, is suitable for
conventional microscopy, the short-chain probe NR4A, due to the
reversible binding, enables first nanoscale cartography of the lipid
order exclusively at the surface of live cells. The latter probe reveals
in plasma membranes the presence of nanoscopic protrusions and
invaginations of lower lipid order, suggesting a subtle connection
between membrane morphology and lipid organization.

The complex nature of cell plasma membranes raised intensive
research in the last decades, stimulated by the hypothesis of
membrane microdomains (lipid rafts).! In model membranes,
these domains are identified in terms of lipid order,? where liquid-
ordered phases (Lo) rich in sphingomyelin and cholesterol “swim”
in a pool of disordered phase (Ld) formed by unsaturated lipids.
The challenge to visualize lipid domains in cells is linked to their
highly dynamic nature, nanoscopic size, and non-flat geometry of
plasma membranes with protrusions and invaginations.®

One approach to visualize membrane organization is fluorescent
labeling of lipids, such as sphingomyelin*l and ceramide, but
labeling may alter properties of lipids. Another approach is to
label proteins that specifically target sphingolipids,”! although the
effect of these large molecules on lipid order is still unclear. New
possibilities are offered by the environment-sensitive probes, !
sensitive to polarity (solvatochromic dyes), viscosity (molecular
rotors),l®! and membrane tension (flippers).['™ The emission color
of solvatochromic probes, like Laurdan,?! di-4-ANEPPDHQ,'"
and Nile Red, '@ directly reflects the lipid order, because it is linked
with the local polarity and hydration, so that Lo and Ld phases can

[a] D. I. Danylchuk; Dr. A. S. Klymchenko
Laboratoire de Bioimagerie et Pathologies, UMR 7021 CNRS
Université de Strasbourg, 74 route du Rhin, 67401, lllkirch, France
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[b] S. Moon; Dr. K. Xu
Department of Chemistry, University of California, Berkeley
University of California, Berkeley, California, 94720, United States
E-mail: xuk@berkeley.edu

[c] S. Moon; Dr. K. Xu
Chan Zuckerberg Biohub, San Francisco, CA 94158, United States

1These authors contributed equally.

be distinguished in model membranes. Previously, based on Nile
Red, we designed probe NR12S that reports lipid order selectively
at the outer leaflet of cell plasma membranes!'?l. Due to its high
brightness and capacity to work at nanomolar concentrations, it
became a common tool to study transmembrane asymmetry,!'¥]
apoptosis,'¥ - maturation of endosomes,'® membrane
potential,l"® lipid trafficking,['! etc.®l The current challenge is to
adapt this type of probes for super-resolution microscopy.!®!

Super-resolution  microscopy, including  single-molecule
localization microscopy (SMLM), is making a revolution in the
structural and functional characterization at the subcellular level.>
81 Numerous efforts have been made to develop fluorescent
probes for super-resolution techniques,” where ON/OFF
switching, required by SMLM, was implemented through photo-
switching, 72 21 isomerization,?? transient binding of dyes/?® and
proteins?¥l to the membrane, and DNA hybridization.?3 A largely
underexplored direction, which can open a new dimension in
SMLM, is to implement sensing function into this type of probes.
It became possible with recently introduced spectrally resolved
PAINT  (SR-PAINT) for super-resolution imaging of
biomembranes.?%! It exploits solvatochromic dye Nile Red, which
(i) lights-up upon reversible binding to biomembranes[?3 and (ii)
changes its emission color in response to the lipid ordert®a 8. 12, 262,
261 However, this dye is not plasma membrane specific, as it
binds all lipid components of cells. Here, based on Nile Red
fluorophore, we designed the first probe combining together
plasma membrane specificity, controlled ON/OFF switching, and
sensing functions, which enabled imaging of both nanoscale
morphology and lipid order in biomembranes.

To develop probes for SR-PAINT, we fundamentally changed the
design strategy vs the original NR12S (Fig. 1a). First, we inverted
the position of Nile Red modification and thus removed phenolic
oxygen from the dye (NR12A and NR4A), which was
hypothesized to cause lower photostability. Second, we propose
here a new membrane-targeting moiety based on an anionic
sulfonate head group and a lipophilic alkyl chain of varied lengths.
We reasoned that dyes with long alkyl chains (NR12A and
NR12S) should label plasma membranes quasi-irreversibly (Fig.
1b), which is suitable for conventional fluorescence microscopy.
By contrast, a short alkyl chain (in NR4A) may enable reversible
labeling (Fig. 1c) and thus the desired ON/OFF switching required
for PAINT.?%@ Compounds NR12A and NR4A were thus
synthesized in six steps starting from m-anizidine (Fig. S1).

In organic solvents of varying polarity, the absorption and
emission characteristics of NR4A and NR12A were close to Nile
Red (Fig. S2, Table S1), indicating that the functionalization did
not perturb the fluorophore properties. All studied probes showed
fluorescence intensity increase (fluorogenic response) on binding
to large unilamellar vesicles (LUVs) composed of DOPC, but the
titration curves varied strongly (Fig. 1d). NR12A showed
significantly higher affinity to LUVs than the parent Nile Red,
displaying rapid intensity growth followed by a plateau at higher
concentrations, similarly to NR12S. In sharp contrast, NR4A
displayed a slow increase in the fluorescence intensity with
liposomes concentration, even weaker than the parent Nile Red.
These results confirmed that we obtained a weak (NR4A) and a
strong (NR12A) binders of lipid membranes.

This article is protected by copyright. All rights reserved.
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Figure 1. Design of probes and their characterization in model membranes. (a) Chemical structures of NR12A and NR4A as well as the previously reported NR12S
and Nile Red. (b,c) Design concept of the fluorogenic probes that irreversibly (b) or reversibly (c) bind to biomembranes due to the presence of long or short
hydrophobic chains, respectively. (d) Titration of the four membrane probes (100 nM) with increasing concentrations of lipid vesicles: fluorescence intensity at 620
nm vs. lipid concentration. Errors are s.d.m. (n = 3). (e) Fluorescence spectra of NR12A (2 pM) in buffer (20 mM phosphate buffer, pH 7.4) and liposomes (LUVs)
of different lipid composition (1 mM lipids). Excitation wavelength was 520 nm. All the spectra were corrected via dividing by absorbance at the excitation wavelength.
(f) Fluorescence intensity of the different probes (400 nM) under continuous illumination vs. time in DOPC liposomes (200 uM). Excitation and emission wavelengths
were 540 and 620 nm, respectively. (g) Ratiometric confocal microscopy of giant vesicles composed of DOPC/SM/Chol, 1/1/0.7, stained with NR12A, NR4A, NR12S,
or Nile Red (200 nM). (h) Typical single-molecule raw images recorded at 9 ms integration time (110 frames per second) in DOPC supported bilayers, for the four
probes (10 nM). (i) Time-dependent counts of single molecules detected per um? per second for the four probes over the full camera view. (j) Distribution of single-
molecule brightness of probes in DOPC supported bilayers, expressed in terms of photon count after 50% splitting to the imaging channel. The average value for

each probe is given in the legend.

Fluorescence spectra of both NR4A and NR12A (Fig. 1e, S3)
exhibited blue shift by about 45-50 nm in Lo phase vesicles,
composed of sphingomyelin/cholesterol (SM/Chol), compared to
Ld phase vesicles, made of dioleoylphosphatidylcholine (DOPC).
This behavior is similar to NR12S,'? Nile Red (Fig. S3), and other
solvatochromic  probes,® ' reflecting lower local
polarity/hydration in the Lo phase.®d Remarkably, the intensity
ratio of blue to red part of emission band for both new probes was
more sensitive than NR12S to lipid order (from Ld to Lo phase it
increased 5.9-, 4.9- and 2.9-fold for NR4A, NR12A and NR12S,
respectively), as their emission bands were narrower (Table S2).
In phosphate buffer, NR12A displayed blue-shifted absorption
compared to Nile Red (Table S1) and negligible fluorescence (Fig.
1e), similarly to NR12S, indicating that the NR12A forms self-
quenched aggregates in water. By contrast, NR4A showed red-
shifted absorption (Table S1) and non-negligible fluorescence
(Fig. 1e), similarly to Nile Red, suggesting that NR4A is well
dissolved and does not aggregate in water. Importantly, NR12A
and NR4A displayed high fluorescence quantum yields in LUVs
(39-53%, Table S1). Moreover, in DOPC LUVs they were
significantly more photostable than NR12S (Fig. 1f), confirming
our hypothesis on the negative effect of the phenolic oxygen on
the photostability of Nile Red fluorophore. In giant unilamellar
vesicles (GUVs), using two-color confocal microscopy, NR12A
and NR4A provided excellent contrast between Lo phase,
characterized by high intensity ratio lsso-s00/ls00-650 (in yellow, Fig.
19, S4), and Ld phase with low Isso.s00/ls00-650 (in blue). The ratio
changes between the two phases were higher than that of NR12S
(pseudo-color change from yellow to green), in line with the
spectral data in LUVs.

Single-molecule microscopy of the probes in supported DOPC
lipid bilayers showed that the weak binders, NR4A and Nile Red,

exhibited large number of single-molecule turn-on events that
lasted well through >10* frames (Fig. 1hi, Movie S1), thanks to the
continuous probe exchange between the solution and the
membrane. By contrast, the strong binders, NR12A and NR12S,
showed few turn-on events (Fig. 1hi), probably because most
molecules were quasi-irreversibly bound to the membrane and
then photobleached before single-molecule images could be
recorded. Remarkably, single-molecule brightness histograms
further showed that NR4A surpassed all other probes, including
Nile Red, by the number of photons collected per molecule (Fig.
1j), in line with our photostability data in solution (Fig. 1f). Finally,
single-molecule spectroscopy confirmed sensitivity of NR4A to
lipid order in membranes (Fig. S5).

Next, the probes were incubated with HelLa cells and imaged
using fluorescence microscopy (Fig. 2a). In contrast to Nile Red,
showing intracellular fluorescence, NR12A exclusively stained the
plasma membranes, being >2-fold brighter than NR12S. NR4A
also showed specific staining for plasma membranes, but the
signal was >10-fold lower, in line with its weak affinity to
biomembranes. Among studied dyes only NR4A showed no signs
of photobleaching (Fig. S6), which confirmed that it binds
reversibly to cell membranes, so that bleached probe species are
quickly replaced by intact ones, as required by PAINT.[2% Overall,
NR12A appears as a significantly improved analog of NR12S for
conventional imaging, which enables, for instance, obtaining high-
quality three-dimensional (3D) confocal imaging of membrane
surface (Fig. 2b). Meanwhile, NR4A, for its reversible binding
capability, appears promising for PAINT. NR4A is also attractive
for stimulated emission depletion microscopy,['®? because
exchangeable probes solve the problem of photobleaching.?”]

This article is protected by copyright. All rights reserved.
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Figure 2. Cellular studies show NR12A and NR4A as superior probes for conventional and super-resolution microscopy, respectively. (a) Spinning disk confocal
microscopy images of HelLa cells stained with NR12A, NR4A, NR12S, and Nile Red (20 nM) after 10 min incubation at r.t. (b) A 3D stacked image of KB cells
stained with NR12A. (c) Zoom-out views of 3D PAINT results of COS-7 cells with NR4A (10 nM) and NR12S (20 nM). (d) Time-dependent counts of single molecules
detected per um? per second for the two probes in representative regions: 5x10* frames were recorded for >450 s at 110 frames per second. (e) 3D PAINT image
of the top plasma membrane of a HelLa cell stained by NR4A. (f) Zoom-in of the white box in (e). (g-i) Virtual cross sections in the xz plane along lines 1-3 in (f). (j)
Zoom-in in-plane (xy) image, and a time series of the vertical (xz) images of the endocytosis site marked by the arrow in (f). All 3D PAINT images are rendered with

color to present the depth (z) information [color scale bar in (e)].

We then performed 3D PAINT super-resolution imaging of live
cells. With 10 nM dye in the imaging medium, NR4A reversibly
bound to the plasma membrane, thus achieving high counts of
single molecules over 5x10* frames (Fig. 2d), as in supported
bilayers (Fig. 1h), hence good PAINT images within 1 min
acquisition (Fig. 2ce and Fig. S7). In contrast, NR12S performed
poorly with low counts of single molecules (Fig. 2d), and so
resulted in very dim final PAINT images (Fig. 2¢). Although Nile
Red also allowed decent image quality, it strongly labeled internal
membranes (Fig. S8), consistent with confocal data (Fig. 2a) and
previous PAINT results.??! We also examined CM-Dil and DiD,
two common plasma membrane probes for SMLM,?8l and found
both to nonspecifically label internal membranes in live cells (Fig.
S8).

Owing to its high specificity, NR4A helps unveil rich nanoscale
structural features of the plasma membrane (Fig. 2e-j). For HelLa
cells, 3D PAINT showed numerous outward curves of the plasma
membrane, including mildly bulging sites that raised up ~100 nm
in height over ~1 um lateral distances (Fig. 2fg), tube-like
protrusions with higher curvatures (~100 nm radius; Fig. 2fh), as
well as tall protrusions above the limit of our working z range
(>400 nm above the focal plane), so that they appear dark at the
center (Fig. 2fi). The observed nanoscale protrusions of the
plasma membrane were highly dynamic, showing significant
structural changes on the time scale of 1 minute (Fig. S8).
Meanwhile, we also noted 150-200 nm-sized, pit-like invagination
structures that dynamically moved into the cell on the time scale

of minutes (Fig. 2j and Fig. S7), indicative of endocytosis. Similar
membrane features were also observed in COS-7 cells (Fig S9).

We next exploited solvatochromism of NR4A to examine the
nanoscale distribution of local chemical polarity in plasma
membranes, reflecting lipid order. To this end, we performed SR-
PAINT, where the fluorescence spectrum of every single
molecule of NR4A was measured together with its super-localized
position.[?%: 291 The obtained spectral mean, calculated as the
intensity-weighted average of the emission wavelengths of each
probe molecule and presented in pseudo-color, allowed us to
describe local lipid order with nanometer-scale spatial resolution
and minute-scale temporal resolution?®l. In live COS-7 cells,
NR4A showed a variation of pseudo-color from blue to cyan (Fig.
3ab), with the averaged single-molecule spectra peaked at ~610
nm (Fig. 3d), similar to that of Nile Red in the plasma
membrane.?®! |nterestingly, upon chemical fixation, NR4A
became cell permeable and so labeled internal organelle
membranes with a distinct ~20 nm redshift (Fig. 3cf), similar to the
results obtained earlier with Nile Red,?®"! indicating lower lipid
order for the organelle membranes.

The high specificity of NR4A to the plasma membrane in live cells
enabled nanoscale cartography of lipid order of cell surface, which
has been a challenge so far as Nile Red exhibits strong
background from internal membranes. Remarkably, for the tube-
like nanoscale protrusions, in cyan pseudo-color, the locally
averaged single-molecule spectra showed a ~4 nm redshift when
compared to smooth parts of the plasma membrane,

This article is protected by copyright. All rights reserved.
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predominantly in blue (Fig. 3ad). This difference indicates slightly
reduced local lipid order, possibly related to the dynamic structural
changes of these protrusions under forces. More drastically, a
strong redshift of ~20 nm, i.e., even lower lipid order, was
observed for the ~200 nm-sized membrane pits (Fig. 3be),
assigned above to endocytosis sites (Fig. 2j). Recent workst
suggest that membrane curvature formation is closely related to
the lipid composition. Our results above provide direct evidence
of decreased local packing orders for the highly curved structures
in the plasma membrane. In view of lipid rafts hypothesis," our
work suggests that nanoscopic domains of low lipid order can
originate from protrusions and extensions at the cell surface.
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Figure 3. Nanoscopic mapping of lipid order in cell membranes with NR4A. (a,b)
SR-PAINT with NR4A for the plasma membrane of live COS-7 cells. Color
represents single-molecule spectral mean (color scale bar). (c) NR4A SR-
PAINT for a fixed COS-7 cell, showing staining for both the plasma membrane
and internal membranes. (d) Averaged single-molecule spectra at smooth parts
of the plasma membrane (black) vs. at the tube-like protrusions pointed to by
the two arrows in (a) (magenta and green). (e) Averaged single-molecule
spectra at smooth parts of the plasma membrane (black) vs. at the cluster
structures pointed to by the two arrows in (b) (magenta and green). (f) Averaged
single-molecule spectra at the plasma membrane of live (black) and fixed (blue)
COS-7 cells, vs. at the internal membranes of fixed COS-7 cells (red).

Thus, we introduce the concept of a fluorescent probe for super-
resolution microscopy that combines target specificity, ON/OFF
switching, and polarity sensing. It was realized based on
solvatochromic dye Nile Red and a newly introduced low-affinity
membrane binder that ensures reversible bind/unbinding events
and targets specifically cell plasma membranes. The developed
probe (NR4A) revealed lipid order heterogeneity at the cell
surface and its connection to nanoscale membrane topology.
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Supporting information

Materials and Methods

Synthesis and characterization of probes. General methods and materials. All the reagents were
purchased from Sigma-Aldrich or Alfa Aesar or TCI and used as received. MilliQ-water (Millipore)
was used in all experiments. NMR spectra were recorded at 20°C on a BrukerAvance III 400
spectrometer. Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer. Absorption
and emission spectra were recorded on an Edinburgh FS5 spectrofluorometer equipped with a
thermostated cell compartment. Fluorescence quantum yields were measured using Nile Red (NR) in
methanol (Aex= 520 nm, QY er = 38%!! as a reference.

Ethyl 4-((3-methoxyphenyl)amino)butanoate (1a). 5 g of m-anisidine were mixed with 12.34 g (2.2
eq.) of freshly ground K>COj3 and 1.35 g (0.2 eq.) of KI in 40 ml of dry DMF, after that 7.93 g of ethyl
4-bromobytanoate was added and the mixture was stirred at 60 °C for 6h (control by TLC) under Ar
atmosphere. After the reaction the solvent was evaporated in vacuo, the solid residue was dissolved in
Et,0 and washed with water and brine. The organic phase was dried over Na>SO4 and the solvent was
evaporated in vacuo. The crude product was purified by column chromatography (SiO2; Hept:EtOAc
3:1, dry deposit on celite). The product is to be kept under Ar atmosphere due to oxidation. Compound
1a: yield 7.69g (79.8 %) as colourless oil. 'H NMR (400 MHz, CDCl3) 6 ppm 1.23 — 1.30 (td, J=7.0,
1.0 Hz, 3 H) 1.95 (quin, J=7.0 Hz, 2 H) 2.43 (t, J/=7.3 Hz, 2 H) 3.17 (t, J/=7.0 Hz, 2 H) 3.78 (s, 3 H) 4.15
(q, /=7.3 Hz,2 H) 6.17 (t, J=2.4 Hz, 1 H) 6.23 (ddd, J=8.1, 2.4, 0.8 Hz, 1 H) 6.27 (ddd, J=8.1, 2.4, 0.8
Hz, 1 H) 7.08 (t, J=8.1 Hz, 1 H). MS (ESI), m/z: [M+H]" calcd for C13H20NO3", 238.14; found, 238.14.

Ethyl 4-(ethyl(3-methoxyphenyl)amino)butanoate (2a). 7.68 g of compound 1a were mixed with
15.17 g (7.82 mL, 3 eq.) of ethyl iodide and 11.18 g (3 eq.) of freshly ground K>COs3 in 40 mL of dry
DMEF. The reaction was stirred at 50 °C for 20h (control by TLC) under Ar atmosphere. After the
reaction, the solvent was evaporated in vacuo, the solid residue was dissolved in DCM and washed with
water and brine. The organic phase was dried over Na;SO4 and the solvent was evaporated in vacuo.
The crude product was purified by column chromatography (SiO»; Hept:EtOAc 4:1, dry deposit on
celite). The product is to be kept under Ar atmosphere due to oxidation. Compound 2a: yield 6.31g
(73.5 %) as colourless oil. 'H NMR (400 MHz, CDCl3) 6 ppm 1.16 (t, J=7.0 Hz, 3 H) 1.28 (t, J=7.2
Hz, 3 H) 1.93 (quin, J=7.3 Hz, 2 H) 2.36 (t, J/=7.3 Hz, 2 H) 3.28 - 3.33 (m, 2 H) 3.36 (q, J/=7.0 Hz, 2 H)
3.81(s,3 H)



4.16 (q, J=7.0 Hz, 2 H) 6.22 - 6.30 (m, 2 H) 6.33 — 6.36 (m, 1 H) 7.13 (t, /=8.0 Hz, 1 H). MS (ESI), m/z:
[M+H]" calcd for C15sH24NOs", 266.17; found, 266.17.

4-(ethyl(3-hydroxyphenyl)amino)butanoic acid (3a). 5.46 g of compound 2a were mixed with 40 mL
of HBr(conc) and the mixture was refluxed for 8h (control by TLC). After the reaction the solvent was
evaporated in vacuo, followed by heating to 100 °C under high vacuum for 3h to evaporate the traces of
solvent. Compound 3a: yield 5.60 g (98.0 %) as a colourless solid. "H NMR (400 MHz, Methanol-ds)
6 ppm 1.16 (t, /7.3 Hz,3 H) 1.51 - 1.76 (m, 1 H) 1.76 - 2.03 (m, 1 H) 2.34 - 2.47 (m, 2 H) 3.60 - 3.70
(m, 5 H) 6.99 (dd, J=8.0, 2.3 Hz, 1 H) 7.03 (q, J/=2.3 Hz, 1 H) 7.04 (dt, /=4.5, 1.0 Hz, 1 H) 7.06 (dt,
J=4.5,1.0 Hz, 1 H) 7.44 (t, J/=8.0 Hz, 1 H). MS (ESI), m/z: [M]" caled for C12H;7NOs", 223.12; found,
223.12.

General procedure for 3-(alkylammonio)propane-1-sulfonate (6a and 6b), adapted from
elsewhere.[?) 4g of corresponding alkylamine were mixed with 1.2 eq. of 1,3-propanesultone in 30 mL
of dry acetone. The reaction was refluxed under Ar atmosphere for 24h. After the reaction, the crude
product was filtered off, washed 2 times with acetone and recrystallized from ethanol.

Compound 6a: yield 4.58 g (69.2 %) as a white solid. '"H NMR (400 MHz, DMSO-ds (60 °C)) 6 ppm
0.88 (t, J=6.8 Hz, 3 H) 1.24 - 1.35 (m, 18 H) 1.57 (quin, J=7.6 Hz, 2 H) 1.97 (quin, J=6.4 Hz, 2 H) 2.66
(t, J=6.4 Hz, 2 H) 2.88 (t, J=7.3 Hz, 2 H) 3.06 (t, J=6.4 Hz, 2 H). MS (ESI), m/z: [M]" calcd for
Ci1sH32NOsS, 306.21; found, 306.21. Compound 6b: yield 6.56 g (61.4 %) as a white solid. "H NMR
(400 MHz, DMSO-d¢) 6 ppm 6 ppm 0.89 (t, J=7.3 Hz, 3 H) 1.33 (sxt, J=7.4 Hz, 2 H) 1.49 - 1.58 (m, 2
H) 1.93 (quin, J=6.8 Hz, 2 H) 2.62 (t, J=6.7 Hz, 2 H) 2.88 (t, J=7.7 Hz, 2 H) 3.04 (t, J=6.8 Hz, 2 H) MS
(ESI), m/z: [M]" caled for C15H32NO3S", 194.09; found, 194.08.

4-(ethyl-5-o0x0-5H-benzo[a]phenoxazin-9-yl)amino)butanoic acid (5a). 2.87 g of 4-(ethyl(3-
hydroxyphenyl)amino)butanoic acid (3a) were dissolved in 10 mL of water together with 2 mL of
HClcone) at r.t. After this the mixture was cooled to 0 °C and a solution of 1.33 g (1.1 eq.) of NaNO> in
10 mL of water was added dropwise at 0 °C. The reaction mixture was stirred for 1.5h at 0 °C, after
which the water was removed by liophilization. The product, 4-(ethyl(3-hydroxy-4-
nitrosophenyl)amino)butanoic acid (4a), was used for the next step without further purification.

3.24 g of compound 4a were mixed with 2.78 g (1.5 eq.) of 1-naphtol and 15 ml of dry DMF. The mixture
was stirred at 80 °C for 5h. After the reaction the solvent was evaporated in vacuo, and the residues were
dissolved in DCM and filtered through SiO,. After this, the solvent was evaporated in vacuo. In order to
purify the compound, a methyl ester of compound 5a was formed by an addition of 1.54 g (0.94 mL) of
SOCI, dropwise to the solution of the crude 5a in 40 mL of MeOH at 0 °C. After 1h of stirring at 0 °C,
the mixture was stirred for 20h at r.t., afterwards the solvent was evaporated in vacuo. The methyl ester
of 5a was purified by column chromatography (SiO; Hept:EtOAc 1:1, dry deposit on celite). 'H NMR
(400 MHz, CDCI3) 6 ppm 1.26 (t,J=7.0 Hz, 3 H) (quin, J=7.4 Hz, 2 H) 2.38 - 2.47 (m, 2 H) 3.39 - 3.52
(m, 4 H) 3.73 (s, 3 H) 6.39 (s, 1 H) 6.50 (d, /=2.8 Hz, 1 H) 6.69 (dd, J=9.0, 2.8 Hz, 1 H) 7.61 (d, J=9.0
Hz, 1 H) 7.65 (td, /=7.8, 1.4 Hz, 1 H) 7.74 (dt, J=7.8, 1.40 Hz, 1 H) 8.30 (dd, J=7.8, 1.3 Hz, 1 H) 8.65
(dd, J=7.9, 0.9 Hz, 1 H). MS (ESI), m/z: [M+Na]" calcd for C22H20N204, 413.16; found, 413.15.

On the next step, 370 mg of methyl ester of Sa were dissolved in 15 mL of 20% HCl(q) and the mixture
was stirred for 15h at 90 °C (control by TLC). After the reaction the solvent was removed in vacuo and
the solid residue was twice washed with water on a filter. Compound 5a: overall yield 345 mg (7.7 %)
as dark red solid. '"H NMR (400 MHz, DMSO-ds) & ppm 1.16 (t, J/=6.9 Hz, 3 H) 1.81 (quin, J=7.5 Hz,



2 H) 2.35 (t, J=7.3 Hz, 2 H) 3.44 (quin, J=7.5 Hz, 2 H) 3.52 (t, J=6.9 Hz, 2 H) 6.32 (s, 1 H) 6.76 (s, 1 H)
6.91 (d, /=9.4 Hz, 1 H) 7.63 (d, J=8.5 Hz, 1 H) 7.72 (t, J=7.5 Hz, 1 H) 7.81 (t, J/=7.5 Hz, 1 H) 8.13 (d,
J=7.8 Hz, 1 H) 8.56 (d, J=7.8 Hz, 1 H). 3C NMR (101 MHz, DMSO-ds) 6 12.73 (CHz3) 22.75 (Ca)
31.04 (Ca) 41.28 (Ca)) 45.45 (Ca) 49.81 (Cal) 78.58 (Cal) 96.77 (Car) 104.87 (Car) 111.19 (Car) 123.86
(Car) 124.23 (Car) 125.18 (Car) 125.47 (Car) 130.44 (Car) 131.45 (Car) 132.05 (Car) 132.08 (Car) 135.43
(Car) 146.95 (Car) 174.66 (Car) 182.03 (Car) 192.67 (s, COOH) 217.84 (s, 1 Car). MS (ESI), m/z: [M+Na]*
calcd for C22H20N204Na, 399.14; found, 399.13.

General procedure for 3-(N-alkyl-4(ethyl(5-0xo0-5H-benzo[a]phenoxazin-9-
y)amino)butanamido)propane-1-sulfonate (NR12A and NR4A). 30 mg of compound Sa were
dissolved in 2 mL of dry DMF together with 32.9 mg (1.05 eq.) of HATU and 20.6 mg (28 uL, 2 eq.) of
DIPEA. After 5 minutes, a solution of 1.05 eq. of the corresponding 3-(alkylammonio)propane-1-
sulfonate (6a or 6b) and 20.6 mg (28 uL, 2 eq.) of DIPEA in 2 mL of dry DMF was added and the
mixture was stirred for 24h at r.t. under Ar atmosphere (control by TLC). After the reaction the solvent
was evaporated in vacuo and the crude product was purified by gradient column chromatography (SiO»;
DCM:MeOH 88:12 to DCM:MeOH 85:15 for NR12A and DCM:MeOH 85:15 to DCM:MeOH 82:18
for NR4A). Compound NR12A: yield 29.9 mg (47.2 %) as dark red solid. "H NMR (400 MHz,
Methanol-ds) 6 ppm 0.81 - 0.92 (m, 3 H) 1.11 - 1.33 (m, 19 H) 1.34 - 1.40 (m, 4 H) 1.47 - 1.62 (m, 2
H) 1.91 - 2.00 (m, 2 H) 2.00 - 2.10 (m, 2 H) 2.41 - 2.58 (m, 2 H) 2.78 - 2.89 (m, 2 H) 3.36 - 3.58 (m, 6
H) 6.23 (s, 1 H) 6.55 (dd, J=8.8, 2.5 Hz, 1 H) 6.83 (ddd, J=12.0, 9.3, 2.5 Hz, 1 H) 7.50 (d, /=9.3 Hz, 1
H) 7.57 - 7.66 (m, 1 H) 7.66 - 7.76 (m, 1 H) 8.13 (d, J/=7.8 Hz, 1 H) 8.53 (d, J/=7.8 Hz, 1 H). 3C NMR
(101 MHz, Methanol-ds) 6 ppm 15.29 (CH3) 15.71 (CH3) 16.99 (Car) 19.91 (Car) 21.32 (Cal) 26.24 (Ca))
26.70 (Car) 27.12 (Car) 28.22 (Car) 32.98 (Car) 33.08 (Ca1) 33.15 (Car) 33.27 (Car) 35.58 (Cal) 46.38 (Ca))
58.42 (Car) 99.98 (Car) 108.04 (Car) 114.78 (Car) 127.40 (Car) 128.84 (Car) 129.18 (Car) 133.36 (Car) 135.02
(Car) 135.21 (Car) 135.96 (Car) 141.93 (Car) 150.61 (Car) 155.78 (Car) 156.50 (Car) 176.93 (Car) 187.84
(Car). MS (ESI), m/z: [M] calcd for C37H50N306S, 664.34; found, 664.34. Compound NR4A: yield 32.8
mg (60.5 %) as dark red solid. '"H NMR (400 MHz, Methanol-ds) 8 ppm 0.96 (dt, J/=9.1, 7.4 Hz, 3 H)
1.21 (t, /7.0 Hz, 3 H) 1.30 - 1.41 (m, 4 H) 1.51 - 1.61 (m, 2 H) 1.82 - 1.97 (m, 2 H) 1.97 - 2.12 (m, 2
H)2.39-2.57 (m,2 H) 2.79-2.89 (m, 2 H) 3.34 - 3.57 (m, 6 H) 6.11 (d, /=2.0 Hz, 1 H) 6.42 (dd, J=9.2,
2.7 Hz, 1 H) 6.72 (td, J=8.8, 2.7 Hz, 1 H) 7.37 (dd, J=9.2, 3.4 Hz, 1 H) 7.52 - 7.59 (m, 1 H) 7.64 (td,
J=7.5,1.3 Hz, 1 H) 8.05 (dd, J=7.8, 1.00 Hz, 1 H) 8.38 - 8.44 (m, 1 H) '3*C NMR (101 MHz, Methanol-
ds) 8 15.39 (CHs) 15.73 (CH3) 16.83 (Car) 19.92 (Ca) 21.36 (Car) 26.67 (Car) 27.18 (Car) 28.24 (Ca)) 33.27
(Ca1) 34.70 (Car) 46.39 (Car) 58.42 (Ca1) 99.86 (Car) 107.95 (Car) 114.70 (Car) 127.32 (Car) 128.76 (Cuar)
129.08 (Car) 133.27 (Car) 134.93 (Car) 135.14 (Car) 135.84 (Car) 141.79 (Car) 150.44 (Car) 155.62 (Cur)
156.32 (Car) 176.84 (Car) 187.68 (Car). MS (ESI), m/z: [M]" calcd for C2oH34N306S", 552.22; found,
552.21.

Preparation of liposomes. All types of LUV used were prepared by the following procedure. A stock
solution of corresponding lipid(s) in chloroform was placed into a round-neck flask, after which the
solvent was evaporated in vacuo and phosphate buffer (20 mM, pH 7.4) was added. After all the solid
was dissolved a suspension of multilamellar vesicles was extruded by using a Lipex Biomembranes
extruder (Vancouver, Canada). The size of the filters was first 0.2 um (7 passages) and thereafter 0.1 pm
(10 passages). This generates monodisperse LUVs with a mean diameter of 0.12 pm as measured with a



Malvern Zetamaster 300 (Malvern, U.K.). Phospholipid:Cholesterol molar ratio in case of DOPC/Chol
and Sphing/Chol was 1:0.9.

Preparation of giant unilamellar vesicles (GUVs). GUVs were prepared by electroformation in a
home-built liquid cell (University of Odense, Denmark), using previously described procedure.*! A 0.1
mM solution of lipids in chloroform was deposited on the platinum wires of the chamber, and the solvent
was evaporated under vacuum for 30 min. The chamber, thermostatted at 55 °C, was filled with a 300
mM sucrose solution, and a 2-V, 10-Hz alternating electric current was applied to this capacitor-like
configuration for ca. 2 h. Then, a 50 pL aliquot of the obtained stock solution of GUVs in sucrose (cooled
down to room temperature) was added to 200 uL. of 300 mM glucose solution containing 200 nM of the
probe (obtained by adding corresponding dye stock solution in DMSO to glucose solution, final DMSO
concentration <0.32%) to give the final suspension of stained GUVs used in microscopy experiments.

Preparation of supported lipid bilayers. Supported lipid bilayers were prepared by vesicle fusion of
small unilamellar vesicles (SUVs) in a similar fashion as the previous work.[l Briefly, 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and sphingomyelin were purchased from Avanti Polar Lipids
(850375C, 860062C). Cholesterol was purchased from Sigma (C8667). Each lipid was separately
dissolved in chloroform. To prepare DOPC SUVs, the DOPC stock solution was transferred to a pre-
cleaned round-bottom flask, and chloroform was evaporated under nitrogen flow. For ternary mixture
SUVs, the lipid solutions were mixed in a pre-cleaned round-bottom flask at the designated ratios, and
chloroform was evaporated under nitrogen flow. The lipid cake was rehydrated with ~60 °C milli-Q
water to the concentration of ~2 mg/mL, then sonicated at ~60 °C for ~40 min until clear SUV suspension
was formed. To form a supported lipid bilayer, the SUV suspension and buffer solution (150 mM NaCl,
10 mM HEPES, 3 mM CaClz) were gently added to a pre-cleaned, hydrophilic coverslip at 1:4 ratio. The
coverslip was incubated at ~60 °C for ~15 min, and then was thoroughly rinsed with Dulbecco’s
Phosphate Buffered Saline (DPBS). The lipid bilayer was imaged with 10 nM NR12A, NR4A, NR12S,
or Nile Red in DPBS.

Cell Lines, Culture Conditions, and Treatment. HeLa cells (ATCC CCL-2) and KB ATCC CCL-17)
cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Gibco Invitrogen), supplemented
with 10% fetal bovine serum (FBS, Lonza), 1% I-Glutamine (Sigma Aldrich) and 1% antibiotic solution
(penicillin-streptomycin, Gibco-Invitrogen) at 37 °C in a humidified 5% CO> atmosphere. Cells were
seeded onto a chambered coverglass (IBiDi) at a density of 5x10* cells/well 24 h before the microscopy
measurement. For conventional microscopy experiments, the attached HeLa cells in ABIDI dishes were
washed twice with warm Dulbecco’s Phosphate buffered saline (DPBS, Dominique Dutscher), after that
1 mL of 20 nM dye solution in DPBS was added and the cells were incubated for 10 min. at r.t.
Concentrations used for photobleaching experiments were 20 nM for NR4A, NR12S, and NR; 7 nM for
NRI12A. For super-resolution measurements, COS-7 (ATCC CRL-1651) and HeLa (ATCC CCL-2) cells
were maintained in DMEM supplemented with 10% FBS in 5% CO> at 37 °C. For imaging, cells were
plated on 18-mm #1.5 glass coverslips. When cells reached ~50% confluency after 24~48 hr, the
coverslip was mounted on a metal holder (CSC-18; Bioscience Tools) in the imaging media (L15 with
20 mM HEPES). Cells were imaged with 10 nM NR4A or Nile Red, or 20 nM NRI12S in the imaging
media at room temperature. For fixed cell experiments, cells were fixed in 3% paraformaldehyde + 0.1%



glutaraldehyde in DPBS for 20 min at room temperature. After fixation, the sample was treated with
freshly prepared 0.1% NaBH4 in DPBS for 5 min, and thoroughly washed with DPBS three times.

Fluorescence microscopy. Cellular imaging of cells was performed using Nikon Ti-E inverted
microscope, equipped with CFI Plan Apo %60 oil (NA = 1.4) objective, X-Light spinning disk module
(CREST Optics) (in case of confocal imaging) and a Hamamatsu Orca Flash 4 sCMOS camera with a
bandpass filter 593 + 20 nm (Semrock FF01-593/40-25). The excitation in confocal mode was provided
by a 532 nm diode laser (OXXIUS). The exposure time in confocal mode was set to 500 ms per image
frame. For photobleaching experiments and widefield imaging, the excitation was provided by light
emitting diode (SpectraX) at 550 nm. The 550-nm light power was set to 4.33 mW at the sample level.
The diameter of the wide-field illumination spot was 420 pum, according to a photobleaching test, so that
the power density used at 550 nm was 3.14 W-cm™. The exposure time in widefield mode was set to 500
ms per image frame. Photobleaching tests were performed by illuminating the samples continuously over
60 seconds in widefield mode, followed by imaging immediately after the illumination and after
incubation for 10 min at r.t. All the images were recorded using NIS Elements and then processed using
Fij1 software.

Confocal imaging of GUVs was performed on a Leica TSC SPE confocal microscope with HXC PL
APO 63x/1.40 OIL CS objective. The excitation light was provided by a 488 nm laser while the
fluorescence was detected at two spectral ranges: 550-600 nm (Iss0-600) and 600—650 nm (Is00-650) in a
sequential mode with rapid alternation of the detection wavelengths to minimize drift effect. Then, an
average of 4 to 5 images in each channel was used. All the detection parameters at each channel were
kept constant, while the laser excitation power was adjusted to achieve good signal for each sample. The
laser power settings (% of maximal intensity) were: 30% for DOPC GUVs with all probes, 10% for
SM/Chol and DOPC/SM/Chol GUVs with NR12A, NR12S and Nile Red and 100% for SM/Chol and
DOPC/SM/Chol GUVs with NR4A. The ratiometric images were generated by using special macros
under ImageJ (developed by Romain Vauchelles) that divides the image of the Iss0-600 channel by that of
the Is00-650 channel. For each pixel, a pseudo-color scale is used for coding the ratio, while the intensity
is defined by the integral intensity recorded for both channels at the corresponding pixel.

3D-PAINT and SR-PAINT super-resolution microscopy. 3D-PAINT and SR-PAINT imaging were
performed with a home-built setup based on a Nikon Ti-E inverted fluorescence microscope, as
previously described.[*! Briefly, a 561-nm laser (Coherent) was coupled to the back focal plane of an oil-
immersion objective lens (Nikon CFI Plan Apochromat lambda 100x, NA1.45). A translational stage
shifted the laser to the edge of the objective, thus illuminating ~1 um into the sample at a typical power
density of ~2 kW/cm?. For 3D-PAINT, emission was filtered by a bandpass filter (ET605/70m, Chroma),
and passed through a cylindrical lens (f= 1000 mm) to achieve astigmatism for axial localization.!®! Final
image was projected onto an EM-CCD camera (iXon Ultra 897, Andor), which operated at 110 frames
per second for 256x256 pixels for ~50,000 frames, or 200 frames per second for 256x128 pixels for
~100,000 frames. For SR-PAINT, emission was filtered with a long-pass filter (ET5751lp, Chroma) and
a short-pass filter (FF01-758/SP, Semrock), and cropped at the image plane of the microscope camera
port to a width of ~4 mm. The cropped intermediate image was collimated by an achromatic lens (f'= 80
mm), and was split into two paths at a 50:50 beam splitter (BSW10, Thorlabs). In Path 1, emission was



focused by an achromatic lens (= 75 mm) onto one-half of an EM-CCD camera. In Path 2, emission
was dispersed by an equilateral calcium fluoride prism (PS863, Thorlabs) before being focused by an
achromatic lens (f = 60 mm) onto the other half of the same camera. Wavelength calibration was
performed using fluorescent beads and narrow bandpass filters, as previously described.!® The acquired
single-molecule data were analyzed as described previously,[*®! with time sequences of PAINT images
generated using single-molecule data accumulated every ~1 min.
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Fig. S1. Synthesis scheme for NR12A and NR4A membrane probes.
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Fig. S2. Fluorescence emission spectra of membrane probes NR4A, NR12A, Nile Red, and NR12S in
different solvents. Probe concentration 2 uM. Excitation wavelength was 520 nm. All the spectra were
corrected via dividing by absorbance at the excitation wavelength.
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Fig. S3. Fluorescence emission spectra of membrane probes NR4A, NR12A, Nile Red, and NR12S in
phosphate buffer and liposomes (LUVs) of different composition. Probe concentration 2 pM, lipid
concentration 200 uM (in 20 mM phosphate buffer, pH 7.4). Excitation wavelength was 520 nm. All the
spectra were corrected via dividing by absorbance at the excitation wavelength.
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Fig. S4. Confocal microscopy images of giant vesicles (GUVs) of different compositions (DOPC;
SM/Chol, 2/1; and DOPC/SM/Chol, 1/1/0.7) stained with NR12A, NR4A, NR12S, and Nile Red. Probe
concentration was 200 nM (in 300 mM glucose solution). Excitation wavelength was 488 nm.
Ratiometric images were created by dividing the intensity of Iss0-600 channel by that of the Is00-650 channel
for each pixel. The laser power settings (% of maximal intensity) were: 30% for DOPC GUVs with all
probes, 10% for SM/Chol and DOPC/SM/Chol GUVs with NR12A, NR12S and Nile Red, and 100% for
SM/Chol and DOPC/SM/Chol GUVs with NR4A.
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Fig. S5. Single-molecule spectroscopy results for NR4A (10 nM) in supported lipid bilayers. Averaged

single-molecule spectra of NR4A on the DOPC bilayer (orange) and the bilayer composed of ternary
lipid mixture (green).



Fig. S6. Spinning disk confocal microscopy images of HeLa cells stained with NR4A, NR12A, Nile Red
and NR12S before illumination (A1, B1, C1, D1), immediately after 60 seconds of illumination with 550
nm light at 3.14 W-cm™ (A2, B2, C2 and D2, correspondingly), and after illumination followed by 10
min of incubation at r. t. (A3, B3, C3 and D3, correspondingly). Dye concentration 20 nM.



Fig. S7. (a) A time sequence of the 3D-PAINT data for the NR4A-stained plasma membrane of the HeLa
cell shown in Fig. 2e-j, presented for single-molecule images accumulated every 1 min. Scale bar: 1 pm.
Magenta arrows point to notable structural changes in the observed nanoscale protrusions. White arrows
point to two apparent endocytosis sites that moved into the cell during the recording timeframe.
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Fig. S8. 3D-SMLM images of live COS-7 cells stained with Nile Red (a), CM-Dil (b), and DiD (c). (a)
Nile Red imaging was done by including 10 nM of the probe in the imaging media (L15 with 20 mM
HEPES). (b,c) CM-Dil and DiD imaging was done by incubating the cells in 10 uM of the probes for 20
min, and then the probes were washed out. The imaging buffer contained an oxygen scavenger and 25
mM cysteamine to assist photoswitching. During imaging, a 405 nm laser was applied at ~0-1 W/cm? to
photoswitch dark molecules to the emitting state. All three probes permeated the plasma membrane and
stained internal structures including ER, mitochondrial, and nuclear membranes. (d) Time-dependent
counts of single molecules detected per um? per second for the three probes. Single-molecule images
were recorded at 110 frames per second. This showed that DiD did not photoswitch well under this

condition.



Fig S9. (a) Zoom-in 3D PAINT image of the top plasma membrane of a COS-7 cell stained by NR4A at
10 nM. (b) Virtual cross-section in the xz plane along the magenta dash line in (a). (¢) Zoom-in in-plane
(xy) and vertical (yz) images of the endocytosis site marked by the white arrow.



Supporting tables

Table S1. Absorption and emission band maxima and quantum yield values for membrane probes in
solvents and lipid vesicles.

Probe name

Solvent or NRI12A NR4A Nile Red NR12S
medium
)hmax )bmax 0 )\ATIHX )hmax 0 )\ATIBX )hmax 0 ;hmax ;bmax 0,
Abs Em Q) Abs Em QL) Abs Em Qi ) Abs Em QL)
DOPC LUVs 552 641 51.1£1.3 552 640 53.0£3.3 549 639 554424 530 633 47.6£2.1

DOPC/Chol LUVs 551 636 47.1+0.7 553 637 47.7£3.1 554 636 71.4+£7.8 526 613 44.6+4.6

SM/Chol LUVs 546 592 39.4+54 552 591 414423 541 589 52.0+£5.1 510 583 42.7+4.6

PBS 537 648 0.096+0.018 586 665 10.1+2.3 586 666 4.7£0.7 521 655 0.097+0.025
MeOH 553 641 44.2+0.8 549 643 45.0+£2.5 551 641 38.0£1.3 553 640 43.8+1.0
DMSO 555 637 71.1£2.5 553 637 75.0£2.6 550 336 71.1£2.5 550 633 74.2+2.6
Dioxane 526 602 69.8£2.4 526 602 74.6£2.6 520 585 74.1£2.6 520 593 67.8+£23

? Probe concentration was 2 uM. Total phospholipid concentration for all liposomes was 200 uM
(phosphate buffer 20 mM, pH 7.4). Excitation wavelength was 520 nm. Errors are standard deviation of
the mean (n = 3).



Table S2. Ratios between fluorescence intensities at 640 nm and 591 nm (for NR12A, NR4A, Nile Red)
or 633 nm and 583 nm (for NR12S) and full width at half maximum values for membrane probes in lipid
vesicles of different composition.?

NR12A NR4A Nile Red NR12S

Is91/T640 Is91/L640 I591/1640 Is83/1633
DOPC 0.2534+0.003 0.261+0.012 0.276+0.008 0.5004+0.015
DOPC/Chol | 0.552+0.015 0.490+0.026 0.565+0.022 0.758+0.029
SM/Chol 1.48+0.02 1.27+0.14 1.55+0.10 1.4440.09

FWHM (nm) FWHM (nm) | FWHM (nm) FWHM (nm)
DOPC 76.8+£0.2 77.5+0.1 76.8+0.1 99.5+0.2
DOPC/Chol | 90.3+0.4 87.5+0.9 90.9+0.7 104.0+0.8
SM/Chol 91.5+4.5 102.8+8.2 89.9+5.8 100.3+6.5

®Errors are standard deviation of the mean (n = 3).



Supporting Movie

Movie S1. Time-laps recordings for 1 s of single-molecule raw images (110 frames per second) taken
in DOPC supported bilayers with 10 nM of NR12A, NR4A, NR12S or Nile Red in DPBS. Scale bars: 2
pm.
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2.3. Development of solvatochromic organelle-
targeted probes, sensitive towards polarity and lipid
order

On the next step, we decided to create an array of organelle-targeted environment-sensitive
Nile Red probes by tethering our improved Nile Red acid to the moieties which ensure probe
selective accumulation in: lysosomes, mitochondria, ER, Golgi apparatus, lipid droplets and
plasma membrane (Fig. 2.3.1, A).

Our probes are expected to sense oxidative stress (due to an increase of polarity of
biomembranes, caused by lipid peroxidation?®*) and hyperosmotic shock (due to a drop in the
lipid order in organelle membranes, associated with changes in their geometry®®> during
mechanical deformation) (Fig. 2.3.1, B). Owing to their selective organelle accumulation, the Nile
Red probes are presumed to provide a possibility to compare the organelle membrane polarity in
intact live cells, as well as the organelle-specific response to external chemical or physical stimuli.
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Fig. 2.3.1. Design of organelle-targeted Nile Red probes (A). Mechanism of sensing of
the external stimuli by solvatochromic Nile Red probes (B).

In total, six new probes were synthesized with moderate to high yields through the
modification of Nile Red fluorophore N-alkyl chain (Fig. 2.3.2). On the last step, the Nile Red
acid derivative (1) was tethered to the corresponding primary or secondary amines through peptide
coupling protocol (Fig. 2.3.2).
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Fig. 2.3.2. Synthesis of organelle-targeted Nile Red probes (A).

All of our new probes, when studied in organic solvents of different polarity, showed high
fluorescence quantum yields and the solvatochromic shifts similar to those of a parent Nile Red
fluorophore, evidencing that the fluorophore system is not perturbed after functionalization.
During spectroscopy experiments in LUVs with different lipid compositions all Nile Red
organelle probes have shown an increase in fluorescence quantum yields in DOPC together with
a blue shifted emission around 640-650 nm when compared with phosphate buffer (Fig. 2.3.3).
These results indicate that all our probes partition well into Ld lipid phase, which they sense as a
less polar environment compared to the buffer. In the presence of cholesterol, a further blue shift
was systematically observed (Fig. 2.3.3), indicating that Nile Red probes possess some sensitivity
to the expulsion of water molecules form the lipid membrane, produced by cholesterol. In
SM/Chol LUVs the hypsochromic shifts were much stronger, 40-60 nm more when compared to
DOPC, signalizing that our probes preserve an ability to detect much less polar/hydrated
environment in the tightly packed Lo phase (Fig. 2.3.3). The exceptions from this behavior were
in case of NRERF and, to a lesser extent, NRMito: these Nile Red probes showed a strong
contribution of red-shifted emission from the aqueous medium of the buffer together with a short-
wavelength shoulder, which corresponded to the Lo phase (Fig. 2.3.3). These results evidence that
the probes are mostly excluded from the tightly packed Lo phase, possibly due to an increased
polarity and/or bulkiness of their targeting moieties. However, a presence of the blue-shifted
shoulder suggests that a fraction of the probe can still partition into the lipid vesicles and report

on the low polarity of the Lo phase interior. In general, the developed Nile Red probes are capable
121



of binding the lipid membranes and distinguish between Lo and Ld phases, though some probes,
such as NRERF and NRMito, show lower affinity towards the Lo phase.
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Fig. 2.3.3 Fluorescence emission spectra of the probes NR12A, NRERc;, NRlyso,
NRMito, NRERFr, NRGolgig, NRLD and unsubstituted Nile Red in lipid vesicles (LUVs) of
different composition. Probe concentration was systematically 2 pM. Total lipid concentration
was | mM. Excitation wavelength was 520 nm.

Next, we assessed the efficiency of the organelle targeting during the colocalization
microscopy experiments in live KB and HeLa cells. All of our probes exhibit significant
colocalization with the corresponding commercial organelle markers in live KB cells (Fig. 2.3.4.),
showing the Pearson's correlation coefficient values within the range from 0.89 to 0.96 (except
NRGolgig) in live KB cells. Remarkably, the probe NRLyso exhibited even higher selectivity in
both cell lines when compared to commercial LysoTracker Green, which can be concluded from
the lower background noise in the images (Fig. 2.3.4, E). Moreover, our probe NRLD showed
higher selectivity towards lipid droplets in HeLa cells compared to the parent Nile Red dye,
probably owing to an increased hydrophobicity and bulkiness of dicyclohexylamino group.
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Fig. 2.3.4. Colocalization microscopy imaging of live KB cells stained with organelle-
targeted Nile Red probes and commercial organelle-targeted probes. Probe concentration: 20 nM
for NR12A; 50 nM for NRMito, NRLyso, NRLD, NRERCI; 200 nM for NRERF; 2.5 uM (in
form of BSA-conjugate) for NRGolgiE.

On the next step, the ratiometric microscopy imaging was used to test the performance of
the solvatochromic organelle probes in live cells. The fluorescence emission was collected at two
different channels: I; (550-600 nm) and I (600-650 nm), which were then used to create the
ratiometric (I1/I2) microscopy images. Prior to the analysis of the images in live cells, all of the
probes were calibrated in the model lipid membranes (LUVs of different compositions,
representing Lo and Ld phases). Ratiometric microscopy images of LUVs exhibited a drastic
change in the in the pseudo-colour, evidencing an increase in the (I1/12) ratio for the probes in the
Lo compared to Ld (Fig. 2.3.5, A). The magnitude of this change, judging from the pseudo-colour
(Fig. 2.3.5, A) and from the difference in the average ratio values (Fig. 2.3.6, A), was the highest
in case of NR12A and the lowest for NRERF, being in line with the results of the spectroscopy
experiments in LUVs (Fig. 2.3.3). The results of ratiometric microscopy revealed significant
variation of pseudo-colour between different organelles (Fig. 2.3.5, B), reflecting the differences
in their local membrane polarity. According to the obtained data, mitochondria and ER are having
the most polar interior (orange pseudo-colour), while the lipid droplets (blue-violet) and PM (blue-
green) are sensed as regions with significantly lower local polarity. In order to be able to interpret
these differences in local polarity changes in terms of lipid order, we analyzed the distribution of
the ratio in live cells and compared it with the distributions obtained for each probe from the
calibration images in LUVs (Fig. 2.3.5, C). Moreover, we introduce a lipid order parameter (LOP)
(LOP = (R-Rporc)/(Rsm/choi-Rporc)), this parameter approaches 0 and 1, when the (I1/I2) ratio (R)
is close to the corresponding value in Ld (Rporc) and Lo (Rsm/chet) phase in LUVs, respectively
(Fig. 2.3.6, B). According to the performed analysis, the highest level of lipid order was observed
in plasma membranes, being close to that in SM/Chol, in line with literature.!>°!- 28 In case of all
intracellular organelles the observed LOP values were significantly lower compared to PM and
decreased in the following order: NRMito ~ NRERc| > NRLyso > NRGolgie > NRERf. Notably,
the reported local lipid order differs greatly in case of the two probes accumulating in the
endoplasmic reticulum (NRERc and NRERf), which could be explained by the distinct
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localizations of the two probes in lipid membranes inside the ER, in line with the results of the
experiments in model membranes. In case of a lipid droplet marker, the LOP analysis was not
applied, as the lipid composition of LDs is different from the one in Lo or Ld phases of lipid
bilayers. This fact also explains the observed much lower polarity of lipid droplets.
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Fig. 2.3.5. Nile Red solvatochromic probes reveal differences in polarity and lipid order
within the organelles in live KB cells. Ratiometric microscopy images in LUVs (A) and live cells
(B) with the corresponding average intensity histograms (C). Probe concentration 20 nM for
NRI12A; 50 nM for NRMito, NRLyso, NRLD, NRERc;; 200 nM for NRERF; 5 uM (in form of
BSA-conjugate) for NRGolgik.
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Fig. 2.3.6. Weighted arithmetic mean values of fluorescence intensities ratio I(550-600y/1(s00-
650) (A) and Lipid order parameter (LOP) values (B) calculated from ratiometric microscopy
images of Nile Red organelle probes in LUVs and KB cells under various conditions.

When the cells are exposed to the action of hydrogen peroxide, they are in conditions of
oxidative stress, and the polarity of organelle membranes is expected to change as a consequence
of lipid peroxidation.?” The (I\/I2) ratio, which reflects the local polarity, altered to different
degrees within the different organelles studied, with the most pronounced difference observed in
case of LDs, lipid droplets and mitochondria (Fig. 2.3.6 and Fig. 2.3.7). In case of lipid droplets,

288

the high magnitude of response to the oxidative stress is in line with literature data**® and could
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be attributed to the high content of easily oxidizable unsaturated lipids. The observed significant
change in polarity in lysosomes could be possibly explained by the fact that the interior of these
organelles derives from the extracellular medium and therefore the lysosomes are highly
susceptible to the action of H20O2, added to the medium. The heterogeneity of lysosomal polarity
values increased under oxidative stress (i. e. the broadening of distribution of the intensity ratio
was observed, Fig. 2.3.7, C), in line with the literature data.?®® In case of mitochondria the high
level of response correlates with the literature data concerning high sensitivity of these organelles
to the action of oxidative stress, which is directly linked to apoptosis and aging.?** ?°! The PM,
on the other hand, exhibits lower level of response, probably due to a high content of saturated
lipids, which are less prone to peroxidation. Surprisingly, NRERc| and especially NRGolgie
showed a decrease in polarity after the cells were subjected to oxidative stress. For NRGolgik, this
unexpected polarity decrease could be related to an increase in the fraction of saturated lipids and
cholesterol in Golgi due to an oxidative stress. In addition, the oxidative stress seems to affect the
localization of the probes in cells, thus, the intensity of some of the probes increased significantly
after the treatment with H>O». Overall, the induction of oxidative stress resulted in the significant
alternations of polarity/lipid order in the membranes of the whole cell with the strong variations
in the response within the different organelles.
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Fig. 2.3.7. Response of live KB cells to oxidative stress imaged by Nile Red organelle
probes. Ratiometric microscopy images in LUVs (A) and live cells (B) with the corresponding
average intensity histograms (C). Probe concentration was 20 nM for NR12A; 50 nM for NRMito,
NRLyso, NRLD, NRERcj; 200 nM for NRERF; 5 uM (in form of BSA-conjugate) for NRGolgik.

Mechanobiology is a rapidly growing research field with covers several aspects, notably
tumor growth,?*? cell development,®? and collective cellular behavior.?** Currently, an intensive
research is performed concerning the development of the tools to monitor mechanical stress at the
level of organelles. 3% 4651

A simple way to induce mechanical stress is to change the osmolality of cellular medium,
e.g. a hyperosmotic stress induction is accompanied by changes in lipid order and cell
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morphology.’® 46 Here, the effect of hyperosmotic stress on the organelles of live KB cells was
studied using the Nile Red organelle probes by monitoring the changes in polarity and lipid order
(Fig. 2.3.8). Upon the induction of hyperosmotic stress, the plasma membrane underwent a change
in morphology, which resulted in a jagged pattern together with an appearance of less ordered
(more polar) regions in the innermost parts of the PM. This result is in line with the previous data
(see section 2.2) and could be possibly explained by a decrease in the lipid order for the membrane
regions, undergoing the largest displacement during the shrinking of the cell. The innermost parts
of the PM seem to undergo more deformation, probably by stretching, compared to the
extremities, where the possible shrinkage is limited, presumably due to the presence of rigid
cytoskeleton filaments. In general, the local polarity increase (Fig. 2.3.6, A) and a decrease in
LOP values (Fig. 2.3.6, B) for plasma membrane in hyperosmotic conditions correlated with the
decrease in the lipid order, observed by a mechanoselective PM-targeted flipper probe.*® 4 In
addition to the plasma membrane, an increase in polarity was also observed for mitochondria and
Golgi apparatus, while lysosomes and ER exhibited a decrease in polarity (Fig. 2.3.8, B, C). In
case of mitochondria, the observed drop in LOP values and an increase in polarity correlate well
with a decrease in the microviscosity and the lipid order, observed by mitochondria-targeted
molecular rotor’! and flipper*® probes, respectively. Moreover, it is in line with a recent result,
obtained with a mitochondria-targeted solvatochromic probe.?”> Notably, the decrease in
lysosomal polarity together with an an increased LOP value (Fig. 2.3.8, B-C and Fig 2.3.6, B)
could be possibly attributed to the shrinkage of lysosomes, which leads to induction of higher
lipid order at the inner leaflet of lysosomes, at the place of the localization of NRLyso. It should
be noted that the variations of the intensity ratio of the probes in plasma membranes, lysosomes
and ER (for NRERF) were observed varied within the nontreated cells of different cell culture
passages (cells in Fig. 2.3.8 are ~8 passages older than those in Fig. 2.3.7). This rather peculiar
effect requires a dedicated study in order to verify whether the cell aging can affect the polarity
of these biomembranes. Different response towards the hyperosmotic stress was also observed in
case of the two ER-targeted probes: while the (Ii/I2) ratio did not change for NRERci, the probe
NRERr reported a pronounced decrease in the local polarity (Fig. 2.3.8, Fig. 2.3.6). Such a
difference could possibly be explained by a higher sensitivity of a polar and bulky PEGylated
targeting moiety in case of NRERF to the changes in the ER morphology and/or in the salt
concentration during hyperosmotic stress. According to the data of the spectroscopy experiments
in LUVs, the probe NRERF is partially excluded from the membrane (Fig. 2.3.3), and the
compaction of the endoplasmic reticulum during the cell shrinkage could induce a deeper insertion
of the Nile Red moiety into the membranes inside the ER. The obtained result is in line with a
reported microviscosity increase sensed with an ER-targeted molecular rotor,' though an ER-
targeted flipper probe exhibited some decrease in the lipid order in similar conditions.*¢ On the
other hand, the membrane polarity in the endoplasmic reticulum does not seem to be directly
affected by the hyperosmotic stress, as evidenced by an absence of any changes in the ratio for a
well-inserted ER probe NRERc. Overall, an induction of mechanical stress in cells resulted in
significantly different responses within the organelles, probably due to different geometry and
lipid composition of their membranes, as well as different localization of the probes within the
leaflets of lipid bilayer together with a varied degree of the fluorophore insertion.
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Fig. 2.3.8. Response of live KB cells to hyperosmotic shock imaged by solvatochromic
organelle probes. Ratiometric microscopy images in LUVs (A) and live cells (B) with the
corresponding average intensity histograms (C). Probe concentration: 20 nM for NR12A; 50 nM
for NRMito, NRLyso, NRERc,; 200 nM for NRERF; 5 pM (in form of BSA-conjugate) for
NRGolgik.

The results of the project were submitted for publication.
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2.4. Development of reactive plasma membrane
probes

The concept of reactive plasma membrane probes involves development of functionalized
fluorophore molecules, which are able to target plasma membrane with consequent reaction with
the PM proteins or added linker molecules. After the reaction the probes are expected to be
immobilized on the plasma membrane, which would lead to long-term and wash-resistant
staining. In principle, it can be done using either irreversible covalent binding or reversible
dynamic bonds, in the latter case rendering the staining environment-sensitive.

2.4.1 Reactive probes based on bivalent reactive amphiphiles

One of the possible approaches to create the reactive probes exploits the reversible
formation of hydrazone bonds between the corresponding hydrazides and carbonyl compounds
(Fig. 2.4.1). A characteristic feature of the reaction between a hydrazide and a carbonyl compound
(typically an aldehyde or a ketone) is that its velocity and the equilibrium between the product
and the reagents can be shifted depending on the pH. 2°¢-2°® Thus, at the pH values ca 5-6 the
equilibrium is shifted towards the product formation,?®” however, at lower values it is possible to
hydrolyze the formed hydrazone adduct. Additional tuning of the pH sensitivity could be possibly
achieved by varying the electron density of the carbonyl compound.

The concept of the reactive fluorescent probes, based on hydrazone chemistry, includes
the two components: functionalized cyanine dyes, bearing two hydrazide moieties, and special
bivalent reactive amphiphiles, bearing two carbonyl groups and two membrane-targeting motifs
(Fig. 2.4.1). We expect that the cyanine hydrazides to form hydrazone bonds with the bivalent
amphiphiles on cell plasma membrane, which would lead to dye oligo- or polymerization,
resulting in long-term fixation of the cyanines on cell surface. At the same time, due to an intrinsic
sensitivity towards the pH we expect this “coating” to disassemble at low pH, giving rise to a pH-
sensitive reversible staining.
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Fig. 2.4.1. Concept and structures of the reactive probes, based on cyanine hydrazides
and bivalent reactive amphiphiles. Fluorophore moieties are highlighted in red, PM-targeting
groups — in magenta, reactive groups — in blue.

In order to tune the working pH range, we decided to synthesize several bivalent
amphiphiles with different reactivity of carbonyl groups. Compound GK12 was designed using
two dodecyl chains together with two quaternary ammonium fragments to ensure efficient plasma
membrane targeting (Fig. 2.4.1). o-hydroxybenzaldehyde was chosen as carbonyl component due
to an ability of a neighbouring hydroxyl group to stabilize the formed hydrazone, leading to
accelerated reaction with hydrazines at neutral pH.?®® The synthesis of amphiphile GK12 was
performed in 5 steps starting from N-methyldodecyl amine with the overall yield of 9 % (Fig
2.4.2).
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Fig. 2.4.2. Synthesis of bivalent reactive amphiphile GK12. PM-targeting groups are
highlighted in magenta, reactive groups — in blue.

Compound KA12 was designed using two anionic plasma membrane-targeting moieties
(Fig. 2.4.1). Two aliphatic ketone groups were chosen as carbonyl fragments. The synthesis of
amphiphile KA12 was performed in 7 steps starting from N-Boc-4-aminophenol with the overall
yield of 2 % (Fig. 2.4.3). A possible improvement in overall yield could be achieved by improving
the synthetic procedure for the fragment 6b.
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Fig. 2.4.3. Synthesis of bivalent reactive amphiphile KA12. PM-targeting groups are
highlighted in magenta, reactive groups — in blue.

Cyanine dihydrazides were synthesized from the corresponding cyanine diacids in good
yields, using peptide synthesis protocol (Fig. 2.4.4, A). Spectroscopy experiments showed, that
the fluorophore absorption and emission maxima were not affected by functionalization and are
close to parent fluorophore spectra (Fig. 2.4.4, B). Moreover, a presence of a significant spectral
overlap between Cy3 emission and Cy5 absorption allows to use Cy3az and Cy5az as an efficient
FRET pair. The observed QY values in acetate buffer (pH 4) were 4.9 % for Cy3az and 22.4 %
for Cy5az, respectively.
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Fig. 2.4.4. Synthesis of cyanine dihydrazides Cy3az and Cy5az (A) Normalized absorption
and emission spectra of Cy3az and Cy5az dyes in pH 4 acetate buffer (B). Excitation wavelength
was 520 nm for Cy3az and 600 nm for Cy5az.

On the next step, we tested the ability of the synthesized bivalent amphiphiles to
polymerize the cyanine dihydrazides on a membrane. DOPC LUVs were chosen as a model
membrane system. The reaction of nanoconjugate formation was monitored using FRET
approach, using a mixture of Cy3az as a donor and Cy5az as an acceptor (molar ratio 10:1). Due
to the high sensitivity of FRET process towards the interfluorophore distance, the energy transfer
does not occur between Cy3 and Cy5 in solution. However, upon the formation of nanostructures
the fluorophores are confined within a close proximity, and the fluorescence of CyS5 acceptor can
be detected upon exciting the Cy3 donor dye (Fig. 2.4.5, A).

As evidenced by the spectroscopy results, an addition of negatively charged amphiphile
KA12 to a solution of positively charged Cy3az and Cy5az in the absence of liposomes resulted
in fluorescence quenching, presumably due to aggregation, caused by the electrostatic interactions
(Fig. 2.4.5, B). However, in presence of both DOPC LUVs and KA12 the brightness of Cy5
increased, evidencing nanostructure formation. The maximum FRET efficiency (Icysaz/Icy3az) was
observed in case of 10:1 ratio between the concentration of bivalent amphiphile and the total
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phospholipid concentration (Fig. 2.4.5, B). In case of a large excess of DOPC (100-fold), a sharp
increase in donor emission was observed, possibly due to an increase in available membrane
surface, leading to a more loose bivalent amphiphile distribution and, consequently, larger average
interfluorophore distance. In line with our expectations, no FRET was observed in case of cyanine
dyes in solution without bivalent amphiphile. In case of GK12 amphiphile, no reaction was
observed.

Next, we assessed the pH-sensitivity of hydrazone bonds in the formed nanostructures.
This was performed by diluting the hydrazone nanostructures into MES buffers (1/100) with
different pH values (Fig. 2.4.5, C). After 1 hour of incubation, a significant decrease in emission
intensity of Cy5 was observed in buffers with pH values below 6, indicating the disassembly of
hydrazone bonds in acidic conditions, while at pH 7 the nanostructures remained stable after
dilution. Notably, the disassembly was also accompanied by a hypsochromic shift of Cy5
emission (Fig. 2.4.5, C).
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Fig. 2.4.5. (A) Concept of the FRET-based detection of the reversible formation of
nanoconjugates on the surface of model membranes. (B) Fluorescence emission spectra of Cy3az
+ Cy5az (10:1) dye pair after 1h of incubation with KA12 and DOPC liposomes with different
total lipid concentrations in MES buffer (pH 7). The concentration of KA 12 was 2 uM. Total dye
concentration (Cy3az:Cy5az 10:1) was 2 uM. Excitation wavelength was 520 nm. (C)
Fluorescence emission spectra of nanoconjugates, diluted 1/100 into MES buffer with different
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pH values, after 1h of incubation. The nanoconjugates were originally formed by incubating 2
uM of KA 12 with cyanine dihydrazides (Cy3az:Cy5az 10:1, total concentration 2 uM) and DOPC
liposomes (total lipid concentration 20 uM) in MES buffer (pH 7) for 24h. Excitation wavelength
was 520 nm.

After the initial proof of reactivity in model membranes, the amphiphile KA12 was tested
in live HeLa cells (Fig. 2.4.6). Upon the addition of bivalent amphiphile the fluorescence intensity
of both Cy3az donor and Cy5az acceptor increased, indicating that the two dyes are in close
proximity. However, the interpretation of the results is hindered by rapid dye internalization,
leading to cyanine accumulation inside the cells (Fig. 2.4.6), possibly due to a positive molecular
charge of cyanine dihydrazides.

One of the possible solutions to circumvent the rapid dye internalization issue lies in
creation of cell-impermeable cyanines with improved molecular design, which are retained on the
membrane long enough for the reaction to proceed.
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Fig. 2.4.6. Confocal fluorescence microscopy images of live HeLa cells, preincubated with
KA12 (1 uM) for 5 minutes and stained with Cy3az and Cy5az mixture (10:1, total dye
concentration 1 uM) in MES saline isotonic buffer (pH 6).
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2.4.2. Reactive probes based on functionalized membrane-
targeted cyanines

The second approach lies in development of PM-targeted fluorescent probes, bearing the
moieties, which are reactive towards functional groups, present in the membrane proteins, namely
amines and thiols (Fig. 2.4.7, A). In this case, a covalent attachment of the fluorophore to
membrane proteins is expected to result to long-term and persistent plasma membrane staining.
We have chosen the cyanines with two zwitterionic plasma-membrane targeting groups as the
basis for the design of reactive membrane probes, due to their high performance in cellular
applications.'?® The design of our probes includes two chloroacetyl groups (in case of Cy3ZCl)
or two maleimide groups (in case of Cy3ZM) (Fig. 2.4.7, B). Maleimide residues and chloroacetyl

0

groups are reactive towards sulfhydryl groups of cysteine residues®® and, to a lesser extent,

towards amino groups.
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Fig. 2.4.7. Concept of persistent membrane staining by reactive probes (A). Design of
zwitterionic reactive cyanines (B). Fluorophore moiety is highlighted in red, PM-targeting groups
— in magenta, reactive groups — in blue.

The synthesis of the reactive probes was performed in 3 steps starting from cyanine
dialkyne and quaternized ammonia compound (both starting building blocks kindly provided by
Dr. Mayeul Collot) with the overall yield of 21 % (For Cy3ZM) and 22 % (for Cy3ZCl) (Fig.
2.4.8).
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Fig. 2.4.8. Synthesis of zwitterionic reactive cyanine probes. Fluorophore moieties are
highlighted in red, PM-targeting groups — in magenta, reactive groups — in blue.

Next, the obtained probes were directly tested in live HeLa cells in order to assess their
performance in cellular microscopy (Fig. 2.4.9). The probe Cy3ZM showed preferential staining
of the glass surface of microscopy support, probably due to an incorporation of relatively bulky
and apolar maleimide groups in molecular design. Probe Cy3ZCl exhibited weak support surface
staining, however practically all the fluorescence signal was observed inside the cells in case of
both probes (Fig. 2.4.9, lower panel), suggesting rapid internalization. In both cases, the probable
reason for the impaired probe performance could be the overall positive charge of the molecules,
enhancing the electrostatic interactions with the negatively charged glass surface and accelerating
the internalization.
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Fig. 2.4.9. Confocal microscopy images of live HeLa cells, stained with reactive

zwitterionic cyanine probes (50 nM in HBSS, incubation time 10 min). The images in the upper
row are focused on the surface of microscopy support, the ones in the lower row are focused on
cells.

Due to the found drawbacks of zwitterionic PM cyanines, we decided to improve the probe
design via introducing the negatively charged sulphonates with long alkyl chains. This strategy
changes the overall probe charge to -1, and in case of non-reactive cyanine dyes it allowed to
considerably decrease both the support surface staining and internalization (see section 2.1.1).
The design of anionic reactive fluorescent probes features two chloroacetyl (for Cy3CIA) or two
p-bromomethylphenyl (for Cy3BrA) groups (Fig. 2.4.10) to ensure the reactivity towards
sulthydryl or amine residues in proteins.
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Fig. 2.4.10. Design of reactive anionic PM-targeted cyanines. Fluorophore moiety is
highlighted in red, targeting motifs — in magenta, reactive groups — in blue.

The synthesis of anionic reactive probes was performed in 5 steps stating from cyanine
diacid with an overall yield of 15 % (for Cy3CIlA) or 11 % (for Cy3BrA) (Fig. 2.4.11). Usage of
Cu-catalysed azide-alkyne cycloaddition for grafting the anionic targeting moieties allowed to
increase the overall reaction yields.
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Fig. 2.4.11. Synthesis of reactive anionic PM-targeted cyanines. Fluorophore is
highlighted in red, targeting motifs — in magenta, reactive groups — in blue.

On the next step, the performance of the two anionic probes was tested in live KB cells
(Fig. 2.4.12). First, the cells were incubated with reactive or non-reactive probes (Fig. 2.4.12, A)
for 10 minutes, which was followed by microscopy imaging (Fig. 2.4.12, B). Both Cy3CIA and
Cy3BrA showed the preferential staining of the PM, though the image brightness in case of
Cy3BrA was lower, possibly due to increased aggregation, induced by bulky reactive motifs. After
the first round of microscopy imaging the cells were incubated for 30 min in complete growth
medium and imaged again in order to assess the persistence and durability of the staining by
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reactive probes (Fig. 2.4.12, C). In comparison with a non-reactive probe Cy3A, both probes
showed an increased signal intensity from inside the cell (especially in case of Cy3ClA), however
the signal from the plasma membrane was negligible. A possible explanation of this result might
include non-optimised experimental conditions, as the cysteine residues are prone to form non-
reactive disulfide species, and the amino residues in proteins are protonated at pH of 7.4.
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Fig. 2.4.12. Structures of anionic PM-targeted cyanines with and without reactive groups
(A). Reactive groups are highlighted in blue. Confocal microscopy images of live KB cells, treated
with anionic cyanine probe solution in HBSS (pH 7.4) for 10 minutes, before (B) and after (C)
incubation in complete growth medium. Probe concentration was 50 nM. Excitation wavelength
was 532 nm.

In order to exclude the effect of pH and disulfide formation on the PM staining by reactive
cyanine probes, we repeated the previous experiment with the cells, pretreated with TCEP (tris(2-
carboxyethyl)phosphine) (Fig. 2.4.13, A). Due to the strong reductive properties of TCEP all the
disulfides are reduced to the corresponding sulthydryl groups, eligible for the reaction with our
probes. The both probes showed preferential internalization, and the overall signal intensity in
case of Cy3BrA after the incubation decreased in comparison with a previous experiment (Fig.
2.4.12).
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Addition of reactive cyanines at pH 8.4 (Fig. 2.4.13, B) did not affect the staining profiles
when compared with previous staining conditions, though the overall signal intensity increased in
case of Cy3CIlA probe.
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Fig. 2.4.13. Confocal fluorescence microscopy images of live KB cells, stained with
anionic cyanine probes with: TCEP at pH 7.4 (A) or without TCEP at pH 8.4 (B), before and after
incubation in complete growth medium. Probe concentration was 50 nM. Excitation wavelength

was 532 nm.

The observed low probe reactivity could be possibly attributed to either the slow reaction
kinetics or the low accessibility of the reactive groups. A possible solution includes further
changes in the probe molecular design via an introduction of longer linker groups with varied
polarity between the fluorophore and the reactive moieties.
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Conclusions and perspectives

My PhD project was dedicated to the creation of targeted environment-sensitive
fluorescent probes. Several key steps were accomplished in the course of the study.

During the first part of the project, we focused on the development of more efficient
plasma membrane targeting moieties. 3-(alkylammonio)propane-1-sulfonates were chosen, due
to their facile synthesis and functionalization, as promising candidates for the negatively charged
PM targeting motifs, needed for designing the PM probes with selective and persistent staining.
In order to test the performance of these targeting motifs, we have synthesized a palette consisting
of five cyanine dyes with different spectral properties, each bearing two of the new targeting
moieties. Due to the amphiphilic character of the 3-(dodecylammonio)propane-1-sulfonates, the
synthesized probes were also expected to form non-fluorescent aggregates in aqueous medium
and disassemble into highly emissive solubilized molecular form in presence of lipid membranes,
providing a fluorogenic response.

Spectroscopy experiments in organic solvents and LUVs showed that the fluorophore
properties were not perturbed by functionalization. Moreover, our probes featured high QY values
in liposomes but were poorly emissive in aqueous medium, in line with the expectations. The
probe aggregation in water was further proved by absorption spectra with an appearance of a
characteristic short-wavelength shoulder.

The anionic cyanine probes also featured much less staining of the glass surface of the
support together with much slower internalization in live cell microscopy imaging when
compared with the cyanine probes with zwitterionic targeting groups. During colocalization
microscopy experiments in live KB cells our probes also showed high plasma membrane
selectivity together with slow internalization. In addition, anionic cyanines were successfully
applied for in vivo TPE microscopy imaging of layer II-III pyramidal neurons in a live mouse
brain. Our probe allowed to clearly distinguish neuron soma, dendrites with dendritic spines and
axons with axonal boutons. To the best of our knowledge, this is the first example of in vivo
neuronal membrane microscopy imaging using a molecular fluorescent probe.

Overall, during this part of the project we proved the utility of 3-(alkylammonio)propane-
1-sulfonates as PM-targeting groups and synthesized an array of cyanine PM probes, covering a
spectral range of 500-750 nm and possessing high brightness, selectivity and persistence of
staining, high signal-to-noise ratio and compatibility with cellular and in vivo imaging.

Next, inspired by the results obtained for the anionic cyanine probes, we decided to graft
the new plasma membrane-targeting moiety to a solvatochromic dye in order to create an
environment-sensitive PM-targeted probe, capable of sensing the lipid order. We totally
redesigned a widely used Laurdan probe, using the anionic anchor group. The resulting probe
Prol12A was expected to address a fundamental drawback of Laurdan, related to the rapid probe
internalization and inefficient plasma membrane labelling.

In the spectroscopy experiments in LUVs with different lipid composition Pro12A showed
higher sensitivity towards the lipid order compared with the parent Laurdan probe, possibly due
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to a more defined fluorophore localization in lipid membranes, imposed by our anchor group. Our
probe also exhibited 2-3-fold higher fluorescence quantum yields in lipid membranes and much
faster binding kinetics in comparison with Laurdan. Moreover, the fluorescence quenching
experiments suggested that Pro12A binds exclusively the outer membrane leaflet. Experiments in
GUVs and GPMVs supported the results in LUVs, evidencing high sensitivity of our probe to the
lipid order. In addition, the probe featured more even partitioning between the Lo and Ld lipid
phases.

The microscopy experiments in live cells have shown a practically absent internalization
of Prol2A together with the sensitivity to the cholesterol extraction from the PM of live cells
being much higher compared to that of Laurdan. In addition, our probe exhibited no fluorescence
signal cross-talk with a number of commonly used orange/red fluorescent proteins and dyes,
proving its high potential in multicolor cellular microscopy.

Overall, we developed an environment-sensitive plasma membrane-targeted probe, which
features high sensitivity towards lipid order and high QY values in model membranes, stains
exclusively the outer membrane leaflet, does not readily internalize and can be readily used in
multicolour live cell fluorescence imaging.

During the next part of the project we aimed at the creation of a solvatochromic PM-
targeted probe, suitable for super-resolution microscopy. Starting from a Nile Red fluorophore
system, we introduced a new functionalization strategy with the purpose of increasing the dye
photostability. In order to create a reversible membrane binding, necessary for PAINT super-
resolution imaging, we decided to vary the length of the alkyl chain in the targeting motif. Thus,
we synthesized two new probes: NR12A with strong binding, suitable for conventional
microscopy, and low affinity probe NR4A, undergoing reversible binding-controlled ON/OFF
switching, suitable for super-resolution microscopy.

The probe NR4A allowed to visualize highly dynamic nanoscale protrusions and
invaginations of plasma membrane in live cells during 3D PAINT super-resolution imaging. The
observed nanoscopic invaginations, exhibiting a minute-scale movement inside the cell, were
suggested to be endocytic pits.

In addition, spectrally-resolved PAINT imaging revealed that the regions of plasma
membrane with increased curvature possess lower local lipid order, which might indicate a
connection between the membrane geometry and lipid organization. SR-PAINT with NR4A in
fixed cells allowed to label the internal organelle membranes in addition to PM, the obtained data
reveals lower lipid order in the organelle membranes.

Overall, we synthesized two environment-sensitive Nile Red plasma membrane-targeted
probes with high brightness and photostability. The probes NR12A and NR4A exhibit superior
performance in conventional microscopy and super-resolution PAINT imaging, respectively. The
results of spectrally-resolved PAINT microscopy suggest a subtle connection between the lipid
order and membrane geometry.

On the next step we synthesized an array of organelle-targeted solvatochromic fluorescent
probes based on Nile Red. These probes were expected to accumulate selectively in given
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organelles, such as mitochondria, lysosomes, Golgi, ER and lipid droplets, while also being able
to sense the polarity and lipid order. The design of these new probes includes the modified Nile
Red fluorophore, used for plasma membrane probe synthesis, which was grafted to the
corresponding chemical organelle-targeting groups.

Spectroscopy studies in organic solvents and LUVs indicate that the fluorophore properties
are not perturbed by functionalization. All the organelle probes studied exhibit an increase in QY
values upon binding to model lipid membranes. Notably, the probes NRERr and NRMito are
partially excluded from liquid ordered phase in LUVs, possibly due to bulky and/or polar targeting
moieties.

The Nile Red organelle probes showed high organelle selectivity in live HeLa and KB cells,
as evidenced by colocalization microscopy experiments with commercial organelle markers.
Notably, lysosomal probe NRLyso exhibited higher organelle selectivity when compared to the
corresponding commercial organelle marker. Our probe NRLD also featured higher selectivity
towards lipid droplets when compared to an unsubstituted Nile Red dye, proving the efficiency of
a dicyclohexyl targeting group.

Next, a ratiometric microscopy imaging in live KB cells was performed in order to test the
ability of solvatochromic organelle probes to sense the differences in local polarity and lipid order.
Prior to cellular imaging, all the probes were calibrated using LUVs of different lipid composition
under the microscope. The calibration results revealed that the probe NR12A having the highest
sensitivity towards the lipid order and polarity in lipid vesicles, and the probe NRERF — the lowest,
in line with the spectroscopy results in LUVs. Using the obtained intensity ratio values for the
model membranes with Lo and Ld phase, we developed a methodology to convert the observed
ratiometric microscopy results into a quantitative lipid order parameter. This approach made it
possible to compare directly the lipid order in biomembranes of the different organelles, which
exhibit the following trend: plasma membrane >> mitochondria ~ ER (with NRERc1) > lysosomes
> Golgi apparatus > ER (with NRERF).

After that, we tested the capacity of Nile Red probes to sense the changes in organelle
polarity associated with oxidative stress. Upon treatment with H>O; the polarity of biomembranes
is expected to increase due to lipid peroxidation, with the magnitude of this effect being dependent
on the membrane lipid composition. According to the obtained results, lipid droplets, lysosomes
and mitochondria showed the highest response level towards oxidative stress.

Solvatochromic organelle probes were also able to sense the differences in response between
different organelles under hyperosmotic stress conditions, with ER, lysosomes, and mitochondria
being the most sensitive. Notably, plasma membrane exhibited an increase in heterogeneity with
an appearance of domains with lower lipid order in the inner parts of the PM, presumably within
the regions of the highest membrane geometry disruption. The changes observed in organelles
under mechanical stress are generally in line with the literature data, obtained using viscosity-
sensitive molecular rotors and mechanosensitive flippers, though certain differences were
observed as well.

Interestingly, the observed ER polarity and the level of sensitivity towards oxidative and
hyperosmotic stress varied between the two ER-targeted Nile Red probes. Supposedly, the
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difference in probe behavior can be attributed to the increased bulkiness and polarity of the
targeting group in case of NEERF when compared to NRERc:.

Overall, we synthesized an array of solvatochromic Nile Red probes with selective organelle
accumulation. Our probes feature high brightness and polarity/lipid order sensing properties
coupled with good organelle-targeting efficiency. The organelle probes revealed differences in
polarity and lipid order, as well as varied level of response towards external stimuli, within the
different organelles. Moreover, we introduced an approach for a quantitative comparison of lipid
order in organelles.

Another part of my PhD project was dedicated to the development of reactive plasma
membrane probes with the purpose of achieving persistent and long-term staining.

One of the approaches included the formation of hydrazones from the functionalized
cyanine dihydrazides on the membrane, using the specially designed PM-targeted amphiphiles
with carbonyl groups. Two amphiphiles with different carbonyl moieties and PM-targeting groups
were synthesized, together with a pair of cyanine dihydrazides (based on Cy3 and Cy5), in order
to monitor the hydrazone formation at the membrane surface by FRET. Among the two
amphiphiles synthesized, the compound KA12 showed the formation of nanostructures in LUV
upon addition of Cy3 and Cy5 hydrazides, as observed during the spectroscopy experiments in
model membranes. Moreover, the formed nanostructures exhibited pH-responsive disassembly
upon dilution. During live cell microscopy experiments, however the reaction between the
amphiphile KA12 and cyanine dihydrazides was hindered by rapid dye internalization.

The second approach towards creating reactive plasma membrane probes lies in
synthesizing the probes with special reactive groups, which are able to bind covalently to
membrane proteins. The first generation of reactive cyanines featured zwitterionic targeting
groups comprised of two probes. The synthesized compounds have shown a preferential staining
of the glass surface of microscopy support and rapid internalization during live cell imaging. As
a solution, a second generation of reactive cyanines was synthesized, this time using negatively
charged 3-(dodecylammonio)propane-1-sulfonates for targeting the PM. The two created probes
have shown preferential plasma membrane staining in live cell microscopy experiments, however
the staining by the reactive probes was not persistent, resulting in probe internalization and/or
washing after incubation with complete growth medium. The observed behaviour might be
attributed to the insufficient accessibility of the targeting moieties and/or slow reaction kinetics.

In general, we introduced a new anionic plasma membrane-targeted moiety for creating
the plasma membrane probes with enhanced optical properties. Moreover, we have developed a
number of membrane-targeting probes, based on conventional fluorophores (cyanines) and
environment-sensitive fluorophores (Prodan and Nile Red). Additionally, we have also
synthesized an environment-sensitive Nile Red plasma membrane-specific probe, compatible
with super-resolution microscopy, and an array of organelle-targeted environment-sensitive Nile
Red probes. The developed probes possess high potential for applications in bioimaging, cell
biology, biophysics or mechanobiology.
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Further improvement of plasma membrane-targeted probes can be potentially performed
using fluorophore dimers due to their high brightness and intrinsic environment-sensitive
fluorogenic behaviour. The latter can also be potentially applied for creating the high-performant
PM probes for ultrafast super-resolution imaging.

The sensitivity of solvatochromic organelle probes towards external stimuli can be finely
tuned by developing and testing the probes with different targeting motifs. In principle, it would
allow to develop the dyes with accumulation in the same organelle, but with different sensitivity
profiles, enabling to design the probes for specific applications. Other opportunities include an
application of biological molecules in order to study the cellular compartments, involved in their
metabolism, or using genetically introduced self-labeling protein tags, with the fluorophore bound
to a corresponding reactive linker.

Grafting photoswitchable solvatochromic fluorophores with organelle-targeted moieties
potentially opens a vista towards environment-sensitive organelle probes for super-resolution
microscopy.

The organelle-targeted probes can be further improved by designing proper reactive
moieties, which will allow to control probe attachment to biomembranes in order to achieve robust
and durable organelle staining. This strategy can be of a particular importance for long-term or in
vivo imaging.

Introduction of reversible bonding strategy would lead to the probes with stimuli-
responsive staining properties. In this case, the probe attachment could be controlled by the
changes in external pH, oxidative potential or the presence of specific molecules.

Further development of reactive fluorescent probes for plasma membrane lies in the
optimization of their molecular design to ensure high accessibility of reactive groups together
with high reaction kinetics. The accessibility of reactive groups might be improved by introducing
additional linker groups of varied polarity. A possible solution of slow reaction kinetics lies in
utilization of click chemistry, e.g. strain-promoted azide-alkyne cycloaddition (SPAAC) or
tetrazine ligation. We also expect this approach to improve the probe biocompatibility by
alleviating the potential reactivity towards the membrane proteins, which might affect their
structure and properties.
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3. Materials and methods

3.1 General methods

All the reagents were purchased from Sigma-Aldrich or Alfa Aesar or TCI and used as
received. MilliQ-water (Millipore) was used in all experiments. NMR spectra were recorded at
20°C (unless stated otherwise) on a BrukerAvance III 400 or BrukerAvance III 500 spectrometer.
Mass spectra were obtained using an Agilent Q-TOF 6520 mass spectrometer. Absorption spectra
were recorded on an Edinburgh FSS5 spectrofluorometer, equipped with a thermostated cell
compartment, or Cary 4000-HP spectrophotometer (Varian). Emission spectra were recorded
either on an Edinburgh FS5 spectrofluorometer or on Fluoromax 4 spectrofluorometer (Jobin
Yvon, Horiba), in both cases equipped with a thermostated cell compartment. Fluorescence
quantum yields were measured using Nile Red (NR) in MeOH (Aex= 520 nm, QY rer = 38%! (for
all Nile Red probes), Quinine sulphate in 0.5 M sulphuric acid (Aex= 360 nm, QY rer = 54.6%°02
(for Pro12A and Laurdan), Fluorescein in 0.1 M NaOH (Aex= 470 nm, QYrer= 0.91)3% (for Cy2A);
Rhodamine 6G in EtOH (hex= 510 nm, QY rer = 0.94)3% (for Cy3A); Cresyl violet in MeOH (Aex=
546 nm, QYrer = 0.65)3% (for Cy3.5A); Cresyl violet in EtOH (Aex= 601 nm, QY rer = 0.67)°% (for
Cy5A); Rhodamine800 in EtOH (Aex= 623 nm, QYrer = 0.25)3% (for Cy5.5A); rhodamine B in
water (Aex= 520 nm, QYrer = 31%)%7 (for Cy3az) and Dioctadecylcyanine 5 in MeOH (Aex= 600
nm, QYrer = 33% 3% (for Cy5az) as a reference.

Fluorescence quenching experiment (Article 2). Solutions of Laurdan in DOPC LUVs
(1 uM of dye for 500 uM total lipid concentration) were made by adding concentrated dye stock
solution in DMSO to liposomes, followed by vortexing the mixture and brief heating to 40 °C,
followed by another vortexing and slow cooling over 2h to ensure complete binding and
disaggregation of Laurdan.

3.2 Chemical synthesis

Fluorescent anionic cyanine plasma membrane probes for live cell and tissue
imaging

The synthesis of anionic cyanines was performed starting from either 2-methybenzoxazole
or 1,1,2-Trimethyl-1H-benzo[e]indole (Fig. 3.2.1). Compounds 3a,’® 3b**° and 2d*'° were
synthesized according to the literature procedures.
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Fig 3.2.1. Synthesis chemes of anionic cyanine probes.

3-(4-ethoxy-4-oxobutyl)-2-methylbenzo[d]oxazol-3-ium (1c)

14.65 g (2.5 eq., 10.74 mL) of ethyl 4-bromobutyrate were added to the saturated solution
of KI in 20 mL of dry acetone. The mixture was stirred for 1h, after that the precipitate was filtered
off and the solvent was evaporated in vacuo.

After this, a solution of 4g (1 eq.) of 2-methylbenzoxazole in 30 mL of dry CH3CN was
added and the resulting mixture was refluxed for 8 days (control by TLC).
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After the reaction the inorganic salts were filtered off and the filtrate was diluted with 100
mL of Et2O. The formed mixture was left at 4 °C for 48h, then the formed crystals were filtered
off, washed with ca. 5 mL of THF to separate the coloured admixtures and refluxed for 10 minutes
in 50 mL of THF. The hot supernatant solution was discarded before cooling and the remaining
oil was air-dried.

Compound 1¢: yield 5.66 g (52 %) as yellowish solid. 'TH NMR (400 MHz, CDCl;) &
ppm 8.18 - 8.21 (m, Il H) 7.76 - 7.83 (m, 1 H) 7.64 - 7.71 (m, 2 H) 4.85 (t, J/=8.30 Hz, 2 H) 4.00
(q,/=7.13 Hz, 2 H) 3.40 (s, 3 H) 2.64 (t,J=7.00 Hz, 2 H) 2.26 - 2.35 (m, 2 H) 1.16 (t, J/=7.13 Hz,
3 H). BC NMR (101 MHz, Methanol-ds) & ppm 172.72 (Ccarboxy) 167.88 (Car) 147.95 (Cur)
129.81 (Car) 129.31 (Car) 128.53 (Car) 115.09 (Car) 113.19 (Car) 60.97 (Car) 47.68 (Car) 30.50 (Car)
23.25 (Ca) 16.45 (CH3) 14.11 (CH3). HRMS (ESI), m/z: [M]" calcd for C14H1sNOs", 248.1281;
found, 248.1282.

Cyanine 3.5 or 5.5 diethyl ester (2d, 2e) general procedure

4 g of 3-(4-ethoxy-4-oxobutyl)-1,1,2-trimethyl-1H-benzo[e]indol-3-ium were dissolved in
130 mL of dry pyridine upon heating, then the mixture was heated to 110 °C and 1.5 eq of
triethylorthoformate (in case of Cy3.50Et) or 1.5 eq. of 1,1,3,3-tetramethoxypropane (in case of
Cy5.50Et) were quickly added dropwise to the boiling solution. The mixture was refluxed for 2h
(control by TLC).

After the reaction the solvent was evaporated in vacuo, then the solid residues were
dissolved in DCM and washed with 1M HCI (3 times) and brine (once), dried over Na;SOs, then
the solvent was evaporated in vacuo. The crude product was purified by gradient column
chromatography (DCM:MeOH 95:5 to 9:1) (performed 2 times for each compound).

Compound 2d: yield 2.68 g (71 %) as dark violet solid. '"H NMR (400 MHz, Methanol-
ds) 6 ppm 8.82 (t,J=13.5 Hz, 1 H) 8.32 (d, /=7.8 Hz, 2 H) 8.09 (d, J/=8.8 Hz, 2 H) 8.05 (d, J=8.0
Hz, 2 H) 7.66 - 7.80 (m, 4 H) 7.50 - 7.62 (m, 2 H) 6.58 (d, /=13.5 Hz, 2 H) 4.36 (t, J/=7.8 Hz, 4
H) 4.15 (q, J/=7.2 Hz, 4 H) 2.65 (t, J/=6.8 Hz, 4 H) 2.17 - 2.26 (m, 4 H) 2.14 (s, 12 H) 1.25 (t,
J=7.2,1.00 Hz, 6 H).

Compound 2e: yield 1.8 g (55 %) as dark blue/green solid. 'H NMR (400 MHz,
Methanol-ds) 6 ppm 8.43 (t, J/<13.1 Hz, 2 H) 8.27 (d, J=8.5 Hz, 2 H) 8.05 (d, J/=9.0 Hz, 2 H)
8.02 (d,/=8.3 Hz,2 H) 7.64 - 7.71 (m, 4 H) 7.48 - 7.55 (m, 2 H) 6.69 (t, J/=12.5 Hz, 1 H) 6.45 (d,
J=13.8 Hz, 2 H) 4.30 (br t, J=7.8 Hz, 4 H) 4.19 (q, /=7.0 Hz, 4 H) 2.63 (t, J=6.7 Hz, 4 H) 2.11 -
2.24 (m, 4 H) 2.05 (s, 12 H) 1.28 (t, J=7.0 Hz, 6 H). 3C NMR (101 MHz, CDCl;) 6 ppm 174.19
(Cearboxy1) 172.96 (Car) 153.10 (Car) 139.45 (Car) 133.83 (Car) 131.78 (Car) 130.61 (Car) 129.97 (Cur)
128.18 (Car) 127.66 (Car) 124.94 (Car) 122.26 (Car) 110.67 (Car) 103.53 (Car) 60.78 (Car) 51.18
(Car) 43.57 (Cap) 30.59 (Ca) 27.68 (Cay) 22.47 (Ca) 14.22 (CH3). HRMS (ESI), m/z: [M]" caled
for C45Hs51N204", 683.3843; found, 683.3850.

Cyanine 2 diethyl ester (2¢)
5 g of 3-(4-ethoxy-4-oxobutyl)-2-methylbenzo[d]oxazol-3-ium were dissolved in 100 mL
of dry pyridine upon heating, then the mixture was heated to 110 °C and 2.50 g (2.81 mL, 1.3 eq.)
150



of triethylorthoformate were quickly added dropwise to the boiling solution. The mixture was
refluxed for 5h (control by TLC).

After the reaction the solvent was evaporated in vacuo, then the solid residues were
dissolved in DCM and washed with 1M HCI (3 times) and brine (once), dried over Na;SOs, then
the solvent was evaporated in vacuo.

The crude product was purified by gradient column chromatography (DCM:MeOH 95:5
to 85:15) and consecutive second column chromatography (DCM:MeOH 95:5).

Compound 2¢: yield 1.34 g (34 %) as dark red solid. '"H NMR (400 MHz, Methanol-ds)
0 ppm 8.44 (t, /=13.2 Hz, 1 H) 7.44 - 7.49 (m, 4 H) 7.40 (td, /=7.7, 1.0 Hz, 2 H) 7.33 (dq, J=7.7,
1.0 Hz, 2 H) 6.48 (t, J/=13.2 Hz, 2 H) 4.25 (quin, J/=7.8 Hz, 4 H) 4.14 (q, J/=7.3 Hz, 4 H) 2.63 (t,
J=6.4 Hz, 4 H) 2.10 - 2.25 (m, 4 H) 1.27 (t, J/=7.3 Hz, 6 H). 1*C NMR (101 MHz, Methanol-d)
o ppm 173.15 (Cearboxyt) 161.92 (Car) 148.03 (Car) 146.92 (Car) 131.30 (Car) 126.15 (Cur) 125.04
(Car) 110.68 (Car) 110.09 (Crethylenic) 86.85 (Crmethylenic) 60.72 (Ca) 43.45 (Car) 30.19 (Car) 22.79
(Cal) 14.19 (CH3). HRMS (ESI), m/z: [M]" calcd for C29H33N206", 505.2333; found, 505.2348.

Cyanine diacid (3a-e) general procedure

900 mg of corresponding cyanine diethyl ester were dissolved in 6 ml of glacial acetic
acid, then 4 ml of H,O and 2 ml of HClconc were added. The reaction mixture was refluxed for 40
minutes (control by TLC).

After the reaction the solvents were evaporated in vacuo, and the solid residue was washed
twice with acidified (pH 4) water on filter, then air-dried. In case of compound 3¢ an additional
purification by gradient column chromatography (DCM:MeOH:HCOOH 98:2:2 to 85:15:3) was
needed.

Compound 3a: yield 739 mg (90 %) as dark red solid. 'H NMR (400 MHz, DMSO-ds) &
ppm 8.36 (t, /=13.3 Hz, 1 H) 7.65 (d, /=7.3 Hz, 2 H) 7.41 - 7.53 (m, 4 H) 7.30 (t, /=7.4 Hz, 2 H)
6.54 (d, /=13.3 Hz, 2 H) 4.15 (t, /=7.2 Hz, 4 H) 2.43 (t, J/=7.2 Hz, 4 H) 1.90 - 2.03 (m, 4 H) 1.71
(s, 12 H).

Compound 3b: yield 734 mg (89 %) as dark blue solid. '"H NMR (400 MHz, Methanol-
d4) 0 ppm 8.28 (t, /=13.2 Hz, 2 H) 7.49 (d, J/=7.3 Hz, 2 H) 7.33 - 7.45 (m, 4 H) 7.23 - 7.31 (m, 2
H) 6.63 (t, J~12.4 Hz, 1 H) 6.37 (d, J=13.8 Hz, 2 H) 4.11 - 4.20 (m, 4 H) 2.48 - 2.57 (m, 4 H)
2.00-2.11 (m, 4 H) 1.73 (s, 12 H).

Compound 3c: yield 205 mg (25 %) as dark yellow solid. '"H NMR (400 MHz, DMSO-
ds) 6 ppm 11.79 (brs, 2 H) 8.16 - 8.37 (m, 1 H) 7.33 - 7.89 (m, 1 H) 6.73 - 7.28 (m, 7 H) 6.30 -
6.73 (m, 2 H) 3.92 - 4.09 (m, 2 H) 3.51 - 3.75 (m, 2 H) 2.11 - 2.36 (m, 4 H) 1.44 - 1.70 (m, 4 H).
13C NMR (101 MHz, Methanol-ds)  ppm 174.66 (COOH) 173.06 (Car) 154.11 (Car) 153.85
(Car) 130.37 (Car) 129.58 (Car) 120.01 (Car) 117.58 (Car) 117.10 (Car) 109.33 (Car) 60.13 (Car) 31.15
(Car) 23.28 (Ca). HRMS (ESI), m/z: [M-2H+2Na]" calcd for C2sH23N2Na»Os", 493.1346; found,
493.1366.

Compound 3d: yield 765 mg (92 %) as dark violet solid. "H NMR (400 MHz, DMSO-
ds) 6 ppm 8.56 (t, J/=13.3 Hz, 1 H) 8.29 (d, J/=9.5 Hz, 2 H) 8.11 (d, J=9.0 Hz, 2 H) 8.08 (d, J/=8.3
Hz, 2 H) 7.83 (d, J/=8.8 Hz, 2 H) 7.68 (t, J=7.7 Hz, 2 H) 7.53 (t, J=7.4 Hz, 2 H) 6.65 (d, J=13.3
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Hz, 2 H) 4.27 (brt, J=6.8 Hz, 4 H) 2.37 (br t, J/=6.27 Hz, 4 H) 2.05 - 2.10 (m, 2 H) 2.01 (s, 12 H)
1.96 - 1.99 (m, 2 H). 3C NMR (101 MHz, Methanol-ds) 6 ppm 175.57 (COOH) 174.74 (Car)
148.78 (Car) 140.04 (Car) 133.57 (Car) 131.96 (Car) 130.97 (Car) 130.43 (Car) 128.33 (Car) 127.94
(Car) 125.46 (Car) 122.63 (Car) 112.08 (Car) 102.98 (Car) 51.04 (Car) 44.06 (Car) 32.26 (Ca) 27.58
(Car) 23.72 (CH3). HRMS (ESI), m/z: [M]" calcd for C30H41N204*, 601.3061; found, 601.3079.

Compound 3e: yield 751 mg (90 %) as dark blue/green solid. 'H NMR (400 MHz,
DMSO-ds) 6 ppm 12.25 (brs, 2 H) 8.50 (t,J=13.2 Hz, 2 H) 8.27 (d, /=8.5 Hz, 2 H) 8.10 (d, J=8.8
Hz,2 H) 8.07 (d, /=8.5 Hz, 2 H) 7.78 (d, /=9.0 Hz, 2 H) 7.69 (t, J/=7.8 Hz, 2 H) 7.53 (t, J=7.7 Hz,
2 H) 6.61 (t, J=12.5 Hz, 1 H) 6.44 (d, J=13.6 Hz, 2 H) 4.25 (br t, J/=7.2 Hz, 4 H) 2.22 - 2.36 (m,
2H)2.03-2.16 (m,4 H) 1.98 (s, 12 H) 1.90 - 1.96 (m, 2 H). 3C NMR (101 MHz, Methanol-
ds) 6 ppm 174.36 (COOH) 174.29 (Car) 153.54 (Car) 140.15 (Car) 133.64 (Car) 131.79 (Car) 130.78
(Car) 130.40 (Car) 128.20 (Car) 128.10 (Car) 126.11 (Car) 125.26 (Car) 122.62 (Car) 111.93 (Car)
103.37 (Car) 51.24 (Car) 43.42 (Car) 30.84 (Car) 27.25 (Car) 22.88 (CH3z). HRMS (ESI), m/z: [M]*
calcd for C41Ha3N204", 627.3217; found, 627.3235.

3-(dodecylammonio)propane-1-sulfonate, procedure adapted from elsewhere.’!! 4g of
dodecylamine were mixed with 1.2 eq. of 1,3-propanesultone in 30 mL of dry acetone. The
reaction was refluxed under Ar atmosphere for 24h. After the reaction, the crude product was
filtered off, washed 2 times with acetone and recrystallized from ethanol.

Yield 4.58 g (69.2 %) as a white solid. 'H NMR (400 MHz, DMSO-ds (60 °C)) 4 ppm
0.88 (t, J=6.8 Hz, 3 H) 1.24 - 1.35 (m, 18 H) 1.57 (quin, J=7.6 Hz, 2 H) 1.97 (quin, J=6.4 Hz, 2
H) 2.66 (t, J=6.4 Hz, 2 H) 2.88 (t, J=7.3 Hz, 2 H) 3.06 (t, J=6.4 Hz, 2 H). MS (ESI), m/z: [M]*
calcd for C15sH3:NOsS-, 306.21; found, 306.21.

Cyanine dialkyl disulfonate (Cy3A, Cy5A, Cy2A, Cy3.5A, Cy5.5A) general procedure

2.1 eq. of 3-(dodecylamino)propane-1-sulfonate together with 3 eq. of DIPEA were mixed
in 1.5 mL of dry DMF under Ar atmosphere, after this the mixture was stirred for 30 min at 50
°C. In a separate flask, 30 mg of corresponding diacid (100 mg in case of Cy2A) were dissolved
in 1 mL of dry DMF together with 2.1 eq. of HATU, 1 eq. HOBt and 3 eq. of DIPEA. After 5
minutes, the solution of activated cyanine diacid was transferred to the flask with amine and the
final mixture was stirred at 50 °C under Ar atmosphere for 24h (control by TLC).

After the reaction the solvent was evaporated in vacuo, and the crude product was purified
by exclusive column chromatography (LH 20, DCM:MeOH 1:1 for all compounds) and,
consecutively, by preparative TLC (SiO,, DCM:MeOH 9:1 for Cy3A, Cy5A, Cy3.5A;
DCM:MeOH 85:15 for Cy5.5A; DCM:MeOH 82:18 for Cy2A).

Compound Cy3A: yield 41 mg (74 %) as dark red solid. "H NMR (400 MHz, DMSO-ds)
o ppm 8.37 (t,/=13.3 Hz, 1 H) 7.58 - 7.70 (m, 2 H) 7.38 - 7.58 (m, 4 H) 7.23 - 7.34 (m, 2 H) 6.48
-6.85(m,2 H)4.09-4.27 (m, 4 H) 3.08 - 3.29 (m, 8 H) 2.54 - 2.63 (m, 4 H) 2.28 - 2.46 (m, 4 H)
1.88-2.02 (m, 4 H) 1.77 - 1.87 (m, 4 H) 1.70 (brs, 12 H) 1.34-1.46 (m, 4 H) 1.14-1.34 (m, 36 H)
0.80-0.89 (m, 6 H). 3C NMR spectrum could not be obtained due to probe aggregation. HRMS
(ESI), m/z: [M] calcd for Cs1H97N4OsS27, 1077.6753; found, 1077.6771.
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Compound Cy5A: yield 15 mg (28 %) as dark blue solid. '"H NMR (400 MHz, DMSO-
ds) 0 ppm 8.34 (t, J=13.1 Hz, 2 H) 7.61 (dd, J=7.3, 4.0 Hz, 2 H) 7.35 - 7.52 (m, 4 H) 7.19-7.28
(m, 2 H) 6.29 - 6.67 (m, 3 H) 4.07-4.20 (m, 4 H) 3.20 - 3.32 (m, 4 H) 3.17 (d, J/=5.3 Hz, 4 H) 2.53
-2.59 (m,2 H)2.38-2.49 (m, 6 H) 1.85-1.99 (m, 4 H) 1.76 - 1.85 (m, 4 H) 1.69 (s, 12 H) 1.35
- 1.47 (m, 4 H) 1.14 - 1.28 (m, 36 H) 0.79 - 0.87 (m, 6 H). 3C NMR spectrum could not be
obtained due to probe aggregation. HRMS (ESI), m/z: [M]" calcd for Cs3HooN4O3S>7, 1103.6910;
found, 1103.6912.

Compound Cy2A: yield 8 mg (8 %) as dark yellow solid. '"H NMR (400 MHz, DMSO-
ds) o ppm 8.31 (td, J=13.4, 5.3 Hz, 1 H) 7.73 (m, 4 H) 7.36 - 7.54 (m, 4 H) 6.05 - 6.32 (m, 2 H)
4.07-4.32(m,4H)3.11 -3.28 (m, 8 H) 2.56 - 2.69 (m, 4 H) 2.31 - 2.45 (m, 4 H) 1.94 - 2.07 (m,
4 H) 1.67 - 1.86 (m, 4 H) 1.33 - 1.47 (m, 4 H) 1.10 - 1.32 (m, 36 H) 0.85 (m, 6 H). 3*C NMR
spectrum could not be obtained due to probe aggregation. HRMS (ESI), m/z: [M] calcd for
CssHssN4O10S27, 1025.5713; found, 1025.5754.

Compound Cy3.5A: yield 40 mg (77 %) as dark violet solid. '"H NMR (400 MHz,
Methanol-ds) d ppm 8.59 (t, /=13.5 Hz, 1 H) 8.28 (d, /=8.5 Hz, 2 H) 8.12 (t,J=9.0 Hz, 2 H) 8.07
(d, /=8.3 Hz,2 H) 7.81 - 7.89 (m, 2 H) 7.67 (t, J=7.8 Hz, 2 H) 7.52 (t, J=7.5 Hz, 2 H) 6.57 - 6.86
(m, 2 H) 4.23 - 4.39 (m, 4 H) 3.40 - 3.51 (m, 2 H) 3.23 - 3.29 (m, 2 H) 3.10 - 3.23 (m, 4 H) 2.53
-2.69 (m,4 H) 2.32-2.47 (m,4 H) 2.02 (s, 12 H) 1.79 - 1.95 (m, 4 H) 1.47 - 1.79 (m, 4 H) 1.30
- 1.40 (m, 4 H) 1.16 - 1.27 (m, 36 H) 0.78 - 0.87 (m, 6 H). 3C NMR spectrum could not be
obtained due to probe aggregation. HRMS (ESI), m/z: [M]" calcd for CeoH101N4OsS2", 1177.7066;
found, 1177.7069.

Compound Cy5.5A: yield 28 mg (55 %) as dark blue/green solid. 'H NMR (400 MHz,
DMSO-de) 6 ppm 8.46 (t, J/=13.1 Hz, 2 H) 8.25 (d, J/=8.5 Hz, 2 H) 8.02 - 8.13 (m, 4 H) 7.83 (t,
J=8.3 Hz, 1 H) 7.77 (t, J=9.0 Hz, 1 H) 7.67 (t, J/=7.0 Hz, 2 H) 7.51 (t, J=6.8 Hz, 2 H) 6.60 - 6.75
(m, 1 H) 6.37 - 6.58 (m, 2 H) 4.19 - 4.34 (m, 4 H) 3.40 - 3.55 (m, 2 H) 3.12 - 3.27 (m, 6 H) 2.56
-2.69 (m,2 H)2.31-2.48 (m, 6 H) 2.03 -2.07 (m, 2 H) 1.97 (d, /=3.3 Hz, 12 H) 1.64 - 1.90 (m,
6 H) 1.32 - 1.45 (m, 4 H) 1.17 (m, 36 H) 0.74 - 0.89 (m, 6 H). '*C NMR spectrum could not be
obtained due to probe aggregation. HRMS (ESI), m/z: [M] calcd for C71H103N4OsS27, 1203.7223;
found, 1203.7243.

Article 1: “Redesigning Solvatochromic Probe Laurdan for Imaging Lipid Order
Selectively in Cell Plasma Membranes”

Compound 3b was synthesized according to known procedures.’!! Synthesis of
compounds 1a-3a is based on a synthetic route, similar to one proposed previously for C-

Laurdan.’!2

1-(6-bromonaphthalene-2-yl)-propane-1-one (1a). 5 g of 2-bromonaphthalene were
dissolved in 25 mL of dry nitrobenzene under Ar atmosphere and the solution was cooled to 0 °C
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in an ice bath. After that, 3.56 g (1.1 eq.) of AICl3 were added portionwise, followed by a dropwise
addition 0f 2.69 g (2.54 mL, 1.2 equiv.) of propionyl chloride, then the reaction mixture was stirred
at r.t. for 18 hours.

After the reaction the mixture was quenched with distilled water (50 mL) and extracted
three times with EtOAc. The organic phases were combined, washed with brine, dried over
Na>SO4 and concentrated in vacuo. The crude product was purified by recrystallization from
ethanol. Yield 3.15 g (50 %) as a colorless solid. "H NMR (400 MHz, CDCl;3) & ppm 8.43 (d,
J=1.0 Hz, 1 H) 8.06 (dd, J=8.8, 1.8 Hz, 1 H) 8.04 (d, /=1.5 Hz, 1 H) 7.81 (t,J=9.2 Hz, 2 H) 7.62
(dd, J=8.5,2.0 Hz, 1 H) 3.12 (q, J/=7.3 Hz, 2 H) 1.28 (t, J/=7.2 Hz, 3 H).

Ethyl 2-[(6-propanoylnaphthalene-2-yl)methylamino]acetate (2a). An oven-dried
Schlenk flask was evacuated and backfilled with Ar, after that 2 g of compound 1a were added
together with 137 mg (0.08 equiv.) of PA(OAc)2, 582 mg (0.16 equiv.) of XPhos. 9.95 g (4 equiv.)
of Cs2CO3 and 2.34 g (2 equiv.) of sarcosine ethyl ester (in form of hydrochloride salt). The
Schlenk flask was then capped with rubber septum, evacuated and backfilled with Ar three times.
After this, anhydrous dioxane (25 mL) was added and the mixture was stirred for 18h at 100 °C
under Ar atmosphere.

After the reaction the mixture was filtered through Celite and concentrated in vacuo. The
crude product was purified by gradient flash column chromatography (SiO2, Heptane:EtOAc 9:1
to 2:8). Yield 1.33 g (58 %) as a yellow solid. '"H NMR (400 MHz, CDCl3) 8 ppm 8.33 (d, J=1.5
Hz, 1 H) 7.94 (dd, J/=8.8, 1.8 Hz, 1 H) 7.80 (d, J/=9.0 Hz, 1 H) 7.65 (d, J/=8.8 Hz, 1 H) 7.10 (dd,
J=9.2,2.6 Hz, 1 H) 6.89 (d, /=2.5 Hz, 1 H) 4.17 - 4.23 (m, 4 H) 3.21 (s, 3 H) 3.08 (q, /=7.3 Hz,
2 H) 1.27 (t,J=7.3 Hz, 3 H) 1.25 (t,J=7.2 Hz, 3 H). ¥C NMR (101 MHz, CDCl3) 5 ppm 200.47
(Ccarbony1) 170.50 (Cearboxyl) 148.75 (Car) 137.44 (Car) 130.95 (Car) 130.88 (Car) 129.58 (Car) 126.42
(Car) 125.67 (Car) 124.64 (Car) 115.75 (Car) 105.96 (Car) 61.15 (Car) 54.43 (Ca) 39.74 (Ca)) 31.52
(Ca)) 14.24 (CH3) 8.64 (CH3). HRMS (ESI), m/z [M+H]" calcd for C1sH22NO3", 300.1594; found,
300.1611.

N-methyl-N-(6-propionylnaphthalen-2-yl)glycine (3a). 1.2 g of compound 2a were
dissolved in 40 mL of a freshly prepared solution of KOH (0.25 M) in EtOH. The reaction mixture
was stirred for 2 days at r. t. (control by TLC). After the reaction the solution was acidified with
HCI to pH 2 and the products were extracted with EtOAc three times. The ethyl acetate layers
were then combined, dried over Na>xSO4 and concentrated in vacuo. Yield 1,05 g (96 %) as a pale
yellow solid. "TH NMR (400 MHz, Methanol-d,) 8 ppm 8.41 (d, J=1.5 Hz, 1 H) 7.89 (dd, J=8.8,
1.8 Hz, 1 H) 7.86 (d, J/=9.3 Hz, 1 H) 7.67 (d, J=8.5 Hz, 1 H) 7.20 (dd, J=9.0, 2.5 Hz, 1 H) 6.96
(d, J=2.5Hz, 1 H)4.29 (s, 2 H) 3.21 (s, 3 H) 3.13 (q, J=7.3 Hz, 2 H) 1.24 (t, J/=7.3 Hz, 3 H). 13C
NMR (101 MHz, Methanol-d,) 6 ppm 203.18 (Ccarbony1) 174.45 (Cecarbonyt) 150.92 (Car) 139.32
(Car) 132.02 (Car) 131.75 (Car) 131.30 (Car) 127.58 (Car) 127.01 (Car) 125.34 (Car) 117.20 (Cur)
106.70 (Car) 54.75 (Car) 39.92 (Ca) 32.44 (Ca) 9.19 (CH3). HRMS (ESI), m/z [M+H]" calcd for
C16H18NO3+, 272.1281; found, 272.1296.
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3-(dodecylammonio)propane-1-sulfonate (3b), procedure adapted from elsewhere.3!!
4g of dodecylamine were mixed with 1.2 eq. of 1,3-propanesultone in 30 mL of dry acetone. The
reaction was refluxed under Ar atmosphere for 24h. After the reaction, the crude product was
filtered off, washed 2 times with acetone and recrystallized from ethanol.

Compound 6a: yield 4.58 g (69.2 %) as a white solid. '"H NMR (400 MHz, DMSO-d (60
°C)) & ppm 0.88 (t, J=6.8 Hz, 3 H) 1.24 - 1.35 (m, 18 H) 1.57 (quin, J=7.6 Hz, 2 H) 1.97 (quin,
J=6.4 Hz, 2 H) 2.66 (t, J=6.4 Hz, 2 H) 2.88 (t, J=7.3 Hz, 2 H) 3.06 (t, J=6.4 Hz, 2 H). MS (ESI),
m/z: [M]" calcd for C15H3:NO3S", 306.21; found, 306.21.

3-(N-dodecyl-2-(methyl(6-propionylnaphthalen-2-yl)amino)acetamido)propane-1-

sulfonate (Pro12A). 59.5 mg (1.05 equiv.) of 3-(dodecylamino)propane-1-sulfonate (3b) and
47.7 mg (65 pL, 2 equiv.) of DIPEA were mixed in 2 mL of dry DMF under Ar atmosphere, after
this the mixture was stirred for 30 min at 50 °C. In a separate flask, 50 mg of carboxylic acid 3a
were dissolved in 2 mL of dry DMF together with 73.7 mg (1.05 equiv.) of HATU, 12.5 mg (0.5
equiv.) of HOBt and 95.4 mg (129 uL, 4 equiv.) of DIPEA. After 5 minutes, the solution of
activated acid was transferred to the flask with amine and the final mixture was stirred for 24h at
45 °C (control by TLC). After the reaction the solvent was evaporated in vacuo and the crude
product was purified by preparative TLC (SiO2; DCM:MeOH 85:15). Compound Pro12A: yield
104 mg (82 %) as pale yellow solid (obtained in form of a salt with DIPEA). 'H NMR (400 MHz,
Methanol-ds) 6 ppm 8.37 (s, 1 H) 7.86 (ddd, J=8.8, 3.2, 1.7 Hz, 1 H) 7.81 (dd, J=9.0, 2.5 Hz, 1
H) 7.63 (dd, J=8.8, 5.5 Hz, 1 H) 7.13 (td, J=9.4, 2.5 Hz, 1 H) 6.88 (t, /=3.0 Hz, 1 H) 4.43 (d,
J=31.6 Hz, 2 H) 3.54 (dt, J/=41.9, 8.0 Hz, 2 H) 3.34 - 3.42 (m, 2 H) 3.13 - 3.21 (m, 5 H) 2.79 -
296 (m,2H)1.99-221(m,2H) 1.51-1.73 (m,2H) 1.18 - 1.31 (m, 21 H) 0.85 - 0.90 (m, 3 H).
13C NMR (101 MHz, Methanol-ds) & ppm 203.00 (d, J=5.8 Hz, Ccarboxyl) 171.44 (Ccarboxy) 151.27
(d, J=15.8 Hz, Car) 139.34 (Car) 139.30 (Car) 131.96 (d, J=10.2 Hz, Ca) 131.55 (d, J=13.3 Hz, Ca)
131.32 (Car) 127.53 (d, J=3.3 Hz, Car) 126.84 (d, J=8.5 Hz, Ca) 125.31 (d, J/=12.4 Hz, Ca) 117.37
(d, /=10.2 Hz, Cu) 106.62 (Car) 55.96 (Ca) 54.97 (d, J=12.0 Hz, Ca) 47.13 (d, J=18.7 Hz, Ca)
40.13 (d, J=22.6 Hz, Ca1) 33.20 (Car) 32.41 (Ca1) 30.82 - 30.96 (m, Car) 30.58 - 30.66 (m, Ca) 30.01
(Ca) 28.86 (Ca) 28.15 (d, J=7.9 Hz, Cay) 25.68 (Car) 23.86 (Ca) 14.58 (Ca) 13.28 (CHs) 9.22
(CH3). HRMS (ESI), m/z: [M+2Na]" calcd for C31H47N205SNa,, 605.3011; found, 605.3015.

Article 2: “Switchable Solvatochromic Probes for Live-Cell Super-resolution
Imaging of Plasma Membrane Organization”

Ethyl 4-((3-methoxyphenyl)amino)butanoate (1a). 5 g of m-anisidine were mixed with

12.34 g (2.2 eq.) of freshly ground K>COs3 and 1.35 g (0.2 eq.) of KI in 40 ml of dry DMF, after
that 7.93 g of ethyl 4-bromobytanoate was added and the mixture was stirred at 60 °C for 6h
(control by TLC) under Ar atmosphere. After the reaction the solvent was evaporated in vacuo,
the solid residue was dissolved in Et2O and washed with water and brine. The organic phase was
dried over Na>SO4 and the solvent was evaporated in vacuo. The crude product was purified by
column chromatography (SiO»; Hept:EtOAc 3:1, dry deposit on Celite). The product is to be kept
under Ar atmosphere due to oxidation. Compound 1a: yield 7.69g (79.8 %) as colourless oil. 'H
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NMR (400 MHz, CDCls) & ppm 1.23 — 1.30 (td, J=7.0, 1.0 Hz, 3 H) 1.95 (quin, J=7.0 Hz, 2 H)
2.43 (t,J=7.3 Hz, 2 H) 3.17 (t, J=7.0 Hz, 2 H) 3.78 (s, 3 H) 4.15 (q, J=7.3 Hz, 2 H) 6.17 (t, J=2.4
Hz, 1 H) 6.23 (ddd, J=8.1, 2.4, 0.8 Hz, 1 H) 6.27 (ddd, J=8.1, 2.4, 0.8 Hz, 1 H) 7.08 (t, /=8.1 Hz,
1 H). MS (ESI), m/z: [M+H]" calcd for C13H20NOs", 238.14; found, 238.14.

Ethyl 4-(ethyl(3-methoxyphenyl)amino)butanoate (2a). 7.68 g of compound 1a were
mixed with 15.17 g (7.82 mL, 3 eq.) of ethyl iodide and 11.18 g (3 eq.) of freshly ground K>CO3
in 40 mL of dry DMF. The reaction was stirred at 50 °C for 20h (control by TLC) under Ar
atmosphere. After the reaction, the solvent was evaporated in vacuo, the solid residue was
dissolved in DCM and washed with water and brine. The organic phase was dried over Na>xSO4
and the solvent was evaporated in vacuo. The crude product was purified by column
chromatography (SiOz; Hept:EtOAc 4:1, dry deposit on Celite). The product is to be kept under
Ar atmosphere due to oxidation. Compound 2a: yield 6.31g (73.5 %) as colourless oil. 'H NMR
(400 MHz, CDCI3) 6 ppm 1.16 (t, /=7.0 Hz, 3 H) 1.28 (t, J/=7.2 Hz, 3 H) 1.93 (quin, J=7.3 Hz, 2
H)2.36 (t,J=7.3 Hz,2 H) 3.28 - 3.33 (m, 2 H) 3.36 (q, /=7.0 Hz, 2 H) 3.81 (s, 3 H) 4.16 (q, J=7.0
Hz,2 H) 6.22-6.30 (m, 2 H) 6.33 —6.36 (m, 1 H) 7.13 (t,J=8.0 Hz, 1 H). MS (ESI), m/z: [M+H]"
calcd for C15sH24NO3", 266.17; found, 266.17.

4-(ethyl(3-hydroxyphenyl)amino)butanoic acid (3a). 5.46 g of compound 2a were
mixed with 40 mL of HBr(conc) and the mixture was refluxed for 8h (control by TLC). After the
reaction the solvent was evaporated in vacuo, followed by heating to 100 °C under high vacuum
for 3h to evaporate the traces of solvent. Compound 3a: yield 5.60 g (98.0 %) as a colourless
solid. "TH NMR (400 MHz, Methanol-ds) 6 ppm 1.16 (t,J=7.3 Hz,3 H) 1.51 - 1.76 (m, 1 H) 1.76
-2.03 (m, 1 H) 2.34 - 2.47 (m, 2 H) 3.60 - 3.70 (m, 5 H) 6.99 (dd, J=8.0, 2.3 Hz, 1 H) 7.03 (q,
J=2.3 Hz, 1 H) 7.04 (dt, J=4.5, 1.0 Hz, 1 H) 7.06 (dt, /=4.5, 1.0 Hz, 1 H) 7.44 (t, J=8.0 Hz, 1 H).
MS (ESI), m/z: [M]" calcd for C12Hi7NO3™", 223.12; found, 223.12.

General procedure for 3-(alkylammonio)propane-1-sulfonate (6a and 6b), adapted
from elsewhere.?!! 4g of corresponding alkylamine were mixed with 1.2 eq. of 1,3-propanesultone
in 30 mL of dry acetone. The reaction was refluxed under Ar atmosphere for 24h. After the
reaction, the crude product was filtered off, washed 2 times with acetone and recrystallized from
ethanol.

Compound 6a: yield 4.58 g (69.2 %) as a white solid. '"H NMR (400 MHz, DMSO-d (60
°C)) o ppm 0.88 (t, J=6.8 Hz, 3 H) 1.24 - 1.35 (m, 18 H) 1.57 (quin, J=7.6 Hz, 2 H) 1.97 (quin,
J=6.4 Hz, 2 H) 2.66 (t, J=6.4 Hz, 2 H) 2.88 (t, J=7.3 Hz, 2 H) 3.06 (t, J=6.4 Hz, 2 H). MS (ESI),
m/z: [M]" calcd for Ci5sH3,NO3S, 306.21; found, 306.21. Compound 6b: yicld 6.56 g (61.4 %) as
a white solid. "H NMR (400 MHz, DMSO-de) 8 ppm & ppm 0.89 (t, J=7.3 Hz, 3 H) 1.33 (sxt,
J=7.4 Hz, 2 H) 1.49 - 1.58 (m, 2 H) 1.93 (quin, J=6.8 Hz, 2 H) 2.62 (t, J=6.7 Hz, 2 H) 2.88 (t,
J=7.7 Hz, 2 H) 3.04 (t, J=6.8 Hz, 2 H) MS (ESI), m/z: [M]" calcd for CisH3:NOsS-, 194.09;
found, 194.08.
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4-(ethyl-5-ox0-5H-benzo[a]phenoxazin-9-yl)amino)butanoic acid (5a). 2.87 g of 4-
(ethyl(3-hydroxyphenyl)amino)butanoic acid (3a) were dissolved in 10 mL of water together with
2 mL of HClconc) at r.t. After this the mixture was cooled to 0 °C and a solution of 1.33 g (1.1 eq.)
of NaNO: in 10 mL of water was added dropwise at 0 °C. The reaction mixture was stirred for
1.5h at 0 °C, after which the water was removed by lyophilization. The product, 4-(ethyl(3-
hydroxy-4-nitrosophenyl)amino)butanoic acid (4a), was used for the next step without further
purification.

3.24 g of compound 4a were mixed with 2.78 g (1.5 eq.) of 1-naphthol and 15 ml of dry
DMF. The mixture was stirred at 80 °C for 5h. After the reaction the solvent was evaporated in
vacuo, the solid residue was dissolved in 40 mL of MeOH at 0 °C, followed by a dropwise addition
of 1.54 g (0.94 mL) of SOCI> under dry atmosphere. After 1h of stirring at 0 °C, the mixture was
stirred for 20h at r.t., afterwards the solvent was evaporated in vacuo. The methyl ester of 5a was
purified by column chromatography (SiO2; Hept:EtOAc 1:1, dry deposit on Celite). 'H NMR
(400 MHz, CDCI3) 6 ppm 1.26 (t, J=7.0 Hz, 3 H) (quin, J/=7.4 Hz, 2 H) 2.38 - 2.47 (m, 2 H) 3.39
-3.52(m,4H)3.73 (s,3H) 6.39 (s, 1 H) 6.50 (d, /=2.8 Hz, 1 H) 6.69 (dd, J=9.0, 2.8 Hz, 1 H)
7.61(d,J=9.0Hz, 1 H) 7.65 (td, J=7.8, 1.4 Hz, 1 H) 7.74 (dt, J/=7.8, 1.40 Hz, 1 H) 8.30 (dd, J=7.8,
1.3 Hz, 1 H) 8.65 (dd, J=7.9, 0.9 Hz, 1 H). 13C NMR (101 MHz, CDCl3) 6 ppm 12.38 (CH>CH3)
22.54 (Ca) 30.90 (Car) 45.59 (Car) 49.85 (Car) 51.81 (Come) 96.55 (Car) 105.74 (Car) 109.83 (Cur)
123.81 (Car) 125.05 (Car) 125.63 (Car) 129.93 (Car) 131.09 (Car) 131.31 (Car) 131.71 (Car) 132.01
(Car) 140.14 (Car) 146.59 (Car) 150.80 (Car) 152.06 (Car) 173.31 (Cearbox) 183.73 (Car). HRMS
(ESI), m/z: [M]" calcd for C23H23N204", 390.1580; found, 390.1581.

On the next step, 370 mg of methyl ester of 5Sa were dissolved in 15 mL of 20% HClag)
and the mixture was stirred for 15h at 90 °C (control by TLC). After the reaction the solvent was
removed in vacuo and the solid residue was twice washed with water on a filter. Compound Sa:
overall yield 345 mg (7.7 %) as dark red solid. "H NMR (400 MHz, DMSO-ds) 6 ppm 1.16 (t,
J=6.9 Hz, 3 H) 1.81 (quin, J=7.5 Hz, 2 H) 2.35 (t, /=7.3 Hz, 2 H) 3.44 (quin, J=7.5 Hz, 2 H) 3.52
(t,J=6.9 Hz,2 H) 6.32 (s, 1 H) 6.76 (s, 1 H) 6.91 (d, /=9.4 Hz, 1 H) 7.63 (d, J/=8.5 Hz, 1 H) 7.72
(t, J=7.5 Hz, 1 H) 7.81 (t, J=7.5 Hz, 1 H) 8.13 (d, J/=7.8 Hz, 1 H) 8.56 (d, J=7.8 Hz, 1 H). 13C
NMR (101 MHz, DMSO-ds) 6 ppm 12.73 (CH3) 22.75 (Car) 31.04 (Ca) 41.28 (Car) 45.45 (Ca)
49.81 (Car) 78.58 (Cal) 96.77 (Car) 104.87 (Car) 111.19 (Car) 123.86 (Car) 124.23 (Car) 125.18 (Car)
125.47 (Car) 130.44 (Car) 131.45 (Car) 132.05 (Car) 132.08 (Car) 135.43 (Car) 146.95 (Car) 174.66
(Car) 182.03 (Car) 192.67 (s, COOH) 217.84 (s, 1 Ca). HRMS (ESI), m/z: [M+Na]" calcd for
C22H20N204Na", 399.1315; found, 399.1306.

General procedure for  3-(N-alkyl-4(ethyl(5-oxo-5SH-benzo[a]phenoxazin-9-
yl)amino)butanamido)propane-1-sulfonate (NR12A and NR4A). 1.05 eq. of the
corresponding 3-(alkylamino)propane-1-sulfonate (6a or 6b) and 20.6 mg (28 uL, 2 eq.) of DIPEA
were mixed in 2 mL of dry DMF under Ar atmosphere, after this the mixture was stirred for 30
min at 50 °C. In a separate flask, 30 mg of compound 5a were dissolved in 2 mL of dry DMF
together with 32.9 mg (1.05 eq.) of HATU and 20.6 mg (28 pL, 2 eq.) of DIPEA. After 5 minutes,
the solution of activated Nile Red acid was transferred to the flask with amine and the final mixture
was stirred for 24h at 50 °C (control by TLC). After the reaction the solvent was evaporated in
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vacuo and the crude product was purified by gradient column chromatography (SiO2;
DCM:MeOH 88:12 to DCM:MeOH 85:15 for NR12A and DCM:MeOH 85:15 to DCM:MeOH
82:18 for NR4A). Compound NR12A: yield 29.9 mg (47.2 %) as dark red solid. "H NMR (400
MHz, Methanol-ds) 6 ppm 0.81 - 0.92 (m, 3 H) 1.11 - 1.33 (m, 19 H) 1.34 - 1.40 (m, 4 H) 1.47
-1.62 (m,2 H) 1.91 - 2.00 (m, 2 H) 2.00 - 2.10 (m, 2 H) 2.41 - 2.58 (m, 2 H) 2.78 - 2.89 (m, 2 H)
3.36-3.58 (m, 6 H) 6.23 (s, 1 H) 6.55 (dd, J=8.8, 2.5 Hz, 1 H) 6.83 (ddd, J=12.0, 9.3, 2.5 Hz, 1
H) 7.50 (d, J/=9.3 Hz, 1 H) 7.57 - 7.66 (m, 1 H) 7.66 - 7.76 (m, 1 H) 8.13 (d, J/=7.8 Hz, 1 H) 8.53
(d, J=7.8 Hz, 1 H). ¥C NMR (101 MHz, Methanol-ds) 8 ppm 15.29 (CH3) 15.71 (CH3) 16.99
(Car) 19.91 (Car) 21.32 (Car) 26.24 (Car) 26.70 (Car) 27.12 (Car) 28.22 (Car) 32.98 (Car) 33.08 (Ca)
33.15 (Ca) 33.27 (Ca) 35.58 (Car) 46.38 (Car) 58.42 (Ca)) 99.98 (Car) 108.04 (Car) 114.78 (Car)
127.40 (Car) 128.84 (Car) 129.18 (Car) 133.36 (Car) 135.02 (Car) 135.21 (Car) 135.96 (Car) 141.93
(Car) 150.61 (Car) 155.78 (Car) 156.50 (Car) 176.93 (Car) 187.84 (Car). HRMS (ESI), m/z: [M]
calcd for C37H50N306S", 664.3418; found, 664.3422. Compound NR4A: yield 32.8 mg (60.5 %)
as dark red solid. "H NMR (400 MHz, Methanol-ds) 6 ppm 0.96 (dt, J/=9.1, 7.4 Hz, 3 H) 1.21 (t,
J=7.0Hz,3H) 1.30-1.41 (m,4 H)1.51-1.61 (m,2H) 1.82-1.97 (m,2 H) 1.97 - 2.12 (m, 2 H)
2.39-2.57 (m, 2 H) 2.79 - 2.89 (m, 2 H) 3.34 - 3.57 (m, 6 H) 6.11 (d, /=2.0 Hz, 1 H) 6.42 (dd,
J=9.2,2.7Hz, 1 H) 6.72 (td, /=8.8, 2.7 Hz, 1 H) 7.37 (dd, J=9.2, 3.4 Hz, 1 H) 7.52 - 7.59 (m, 1
H) 7.64 (td, J=7.5, 1.3 Hz, 1 H) 8.05 (dd, J=7.8, 1.00 Hz, 1 H) 8.38 - 8.44 (m, 1 H) 3C NMR
(101 MHz, Methanol-ds) 6 15.39 (CH3) 15.73 (CH3) 16.83 (Ca) 19.92 (Ca) 21.36 (Car) 26.67
(Ca1) 27.18 (Ca) 28.24 (Car) 33.27 (Car) 34.70 (Car) 46.39 (Car) 58.42 (Ca1) 99.86 (Car) 107.95 (Car)
114.70 (Car) 127.32 (Car) 128.76 (Car) 129.08 (Car) 133.27 (Car) 134.93 (Car) 135.14 (Car) 135.84
(Car) 141.79 (Car) 150.44 (Car) 155.62 (Car) 156.32 (Car) 176.84 (Car) 187.68 (Car). HRMS (ESI),
m/z: [M]" calcd for C2o0H34N306S", 552.2163; found, 552.2168.

Targeted solvatochromic fluorescent probes for imaging lipid order in organelles
under oxidative and mechanical stress

Compounds 1 and NR12A were synthesized according to the procedures described in the
Article 3.

(3-(4-(ethyl(5-ox0-5H-benzo[a]phenoxazin-9-
y)amino)butanamido)propyl)triphenylphosphonium(NRMito)

30 mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05
eq.) of HATU, 5.4 mg (0.5 eq.) of HOBt and 61.9 mg (6 eq., 84 uL) of DIPEA under Ar
atmosphere. After 5 minutes, a solution of 403 mg (1.05 eq) of 3-
aminopropyltriphenylphosphonium bromide in 1 mL of dry DMF was added and the mixture was
stirred for 24h (control by TLC) under Ar atmosphere. After the reaction the solvent was
evaporated in vacuo and the product was purified by preparative TLC (SiO2, DCM:MeOH 92:8).
After the TLC the traces of DMF were removed by washing the crystalline product on a filter
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twice with diethyl ether and drying. Yield: 26 mg (43.0%) as a dark red solid. '"H NMR (400
MHz, CDCl;) 6 ppm 8.66 (d, J/=7.5 Hz, 1 H) 8.31 (dd, J/=7.8, 1.0 Hz, 1 H) 7.58 - 7.82 (m, 18 H)
6.86 (brt,J=6.0 Hz, 1 H) 6.76 (dd, J=9.2, 2.6 Hz, 1 H) 6.57 (d, J/=2.5 Hz, 1 H) 6.36 (s, 1 H) 3.37
-3.54 (m, 6 H) 3.16 - 3.27 (m, 2 H) 2.38 (br t, J/=7.0 Hz, 2 H) 1.86 - 2.02 (m, 4 H) 1.25 (t, J=7.0
Hz, 3 H). BC NMR (101 MHz, CDCl3) 8 ppm 183.66 (Car) 173.59 (Camide) 152.16 (Car) 151.12
(Car) 146.68 (Car) 139.53 (Car) 135.37 (Car) 133.24 (d, J=10.0 Hz, Car) 132.07 (Car) 131.65 (Car)
131.22 (d, J=11.4 Hz, Ca) 130.64 (d, J/=12.65 Hz, Ca) 129.79 (Ca) 125.57 (Ca) 125.01 (Car)
123.75 (Car) 118.15 (Car) 117.29 (Car) 110.15 (Car) 105.48 (Car) 96.42 (Car) 50.22 (Car) 45.56 (Cal)
39.14 (d, J=17.8 Hz, Cay) 32.82 (Ca) 23.25 (Ca) 22.49 (d, J/=3.5 Hz, Ca1) 20.17 (d, J=53.5 Hz, Ca)
12.36 (s, Cal). HRMS (ESI), m/z: [M]" calcd for C43H41N303P, 678.2880; found, 678.2889.

4-(ethyl(5-oxo-5H-benzo[a]phenoxazin-9-yl)amino)-N-(3-
morpholinopropyl)butanamide(NRLyso)

30 mg of compound 1 were dissolved in 2 mL of dry DMF together with 31.9 mg (1.05
eq.) of HATU, 5.4 mg (0.5 eq.) of HOBt and 41.2 mg (4 eq., 56 uL) of DIPEA under Ar
atmosphere. After 5 minutes, 12.1 mg (1.05 eq, 12.2 L) of 3-morpholinopropylamine were added
and the mixture was stirred for 24h (control by TLC) under Ar atmosphere. After the reaction the
solvent was evaporated in vacuo and the crude product was purified by preparative TLC (two
consecutive purifications, SiO»; DCM:MeOH 90:10). Yield: 6 mg (15.0%) as a dark red solid. 'H
NMR (400 MHz, CDCl;3) 6 ppm 8.63 (dd, /=8.2, 1.1 Hz, 1 H) 8.29 (dd, J=7.8, 1.0 Hz, 1 H) 7.72
(td, /=8.0, 1.8 Hz, 1 H) 7.65 (td, J/=7.8, 1.0 Hz, 1 H) 7.58 (d, J/=9.3 Hz, 1 H) 7.07 (br t, J=4.5 Hz,
1 H) 6.69 (dd, J=9.3, 2.8 Hz, 1 H) 6.49 (d, J/=2.8 Hz, 1 H) 6.36 (s, 1 H) 3.68 (t, /=4.6 Hz, 4 H)
3.42 - 3.52 (m, 4 H) 3.39 (q, J=6.0 Hz, 2 H) 2.38 - 2.51 (m, 6 H) 2.26 (t, J/=7.0 Hz, 2 H) 2.00
(quin, J=7.3 Hz, 2 H) 1.70 (quin, J=6.3 Hz, 2 H) 1.25 (t, J=7.2 Hz, 3 H). 3C NMR (101 MHz,
DMSO-ds) 6 ppm 183.76 (Car) 171.60 (Camide) 152.10 (Car) 150.97 (Car) 146.65 (Car) 140.11 (Car)
132.04 (Car) 131.72 (Car) 131.35 (Car) 131.12 (Car) 129.97 (Car) 125.65 (Car) 125.03 (Car) 123.83
(Car) 109.91 (Car) 105.72 (Car) 96.54 (Car) 67.05 (Ca1) 57.81 (Car) 53.68 (Car) 49.95 (Ca)) 45.44
(Car) 39.45 (Ca)) 33.18 (Car) 24.93 (Car) 23.20 (Car) 12.35 (Car). HRMS (ESI), m/z: [M+H]" calcd
for C290H35N404, 503.2659; found, 503.2679.

tert-butyl (1-oxo-1-(perfluorophenyl)-5,8,11,14,17,20,23,26,29,32,35-undecaoxa-2-
azaheptatriacontan-37-yl)carbamate (2a)

260 mg of BocHN-PEGi:-NH; were dissolved in 5 mL of dry DCM together with 730
mg (5.5 eq.) of Cs2CO3 and the mixture was cooled to 0 °C in an ice bath. Then, 415 mg (4.5 eq.,
260 pL) of pentafluorobenzoyl chloride were added and the mixture was stirred for 1h at 0 °C and
then for 1h at r.t. under Ar atmosphere. After the reaction the solvent was evaporated in vacuo,
then 98.7 uL of TFA together with 10 mL of DCM were added to neutralize Cs>COs. After this
the solid residue was filtered off, and the solvent was evaporated in vacuo. The crude product was
purified by column chromatography (SiO2; DCM:MeOH 95:5, alkaline KMnOjy staining for TLC
analysis of the column fractions). Yield: 259 mg (76.6 %) as a colourless oil. "H NMR (400 MHz,
CDCls) 6 ppm 7.09 (brs, 1 H) 5.04 (brs, 1 H) 3.55 - 3.69 (m, 44 H) 3.53 (br t, J=5.1 Hz, 1 H)
3.30 (br q, J=5.0 Hz, 2 H) 2.43 (brs, 1 H) 1.43 (s, 9 H). 13C NMR (101 MHz, DMSO-ds)  ppm
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157.44 (Ccarbox) 156.00 (Ccarbox) 145.29 (Car) 142.83 (Car) 138.81 (Car) 136.27 (Car) 112.04 (d,
J=3.7 Hz, Cy) 78.71 - 79.49 (m, Cy) 70.48 - 70.62 (m, Ca) 70.47 (Ca) 70.45 (Ca) 70.43 (Ca)
70.37 (Car) 70.26 (Car) 70.21 (Ca) 69.35 (Car) 40.38 (Car) 40.15 (Car) 28.41 (Ca). HRMS (ESI),
m/z: [M+Na]" calcd for C3¢Hs9FsN2O14Na, 861.3786; found, 861.3807.

N-(35-amino-3,6,9,12,15,18,21,24,27,30,33-undecaoxapentatriacontyl)-2,3,4,5,6-
pentafluorobenzamide (2b)

240 mg of 1a were dissolved in 2 mL of dry DCM, after that 2 mL of TFA were added
and the mixture was stirred for 2h at r.t. After the reaction the solvent was evaporated in vacuo.
In order to eliminate traces of TFA, 1 mL of methanol was added, followed by evaporation in
vacuo (3 times). Yield: 238 mg (97.2%) as a colourless oil. "H NMR (400 MHz, CDCl;) 6 ppm
7.43 (brs, 1 H) 7.02 (brs, 1 H) 3.78 (t, J/=5.3 Hz, 2 H) 3.58 - 3.71 (m, 44 H) 3.15 (sxt, J/=5.4 Hz,
2 H). 3C NMR (101 MHz, DMSO-dc) 6 ppm 176.96 (Camide)159.68 (q, J/=39.40 Hz, C.r) 158.36
(Car) 115.33 (q, J=287.69 Hz, Car) 70.26 (Car) 70.23 (Ca) 70.15 (Car) 70.12 (Car) 70.09 (Car) 70.04
(Car) 70.01 (Car) 69.89 (Ca1) 69.84 (Ca1)69.79 (Car) 69.78 (Car) 69.74 (Car) 69.70 (Car) 69.63 (Cal)
69.55 (Car) 69.41 (Car) 69.16 (Car) 66.64 (Cay) 40.13 (Ca) 39.78 (Ca) 21.97 (Ca). HRMS (ESI),
m/z: [M+H]" calcd for C31Hs2FsN2O12, 739.3441; found, 739.3471.

2,3,4,5,6-pentafluoro-N-(37-0x0-41-(5-0x0-5H-benzo[a]phenoxazin-9-yl)-
,6,9,12,15,18,21,24,27,30,33-undecaoxa-36,41-diazatritetracontyl)benzamide(NRER¥)

30 mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05
eq.) of HATU, 5.4 mg (0.5 eq.) of HOBt and 61.9 mg (6 eq., 84 uL) of DIPEA under Ar
atmosphere. After 5 minutes, a solution of 71.4 mg (1.05 eq.) of 2b in 1 mL of dry DMF was
added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere. After the
reaction the solvent was evaporated in vacuo. The crude product was purified by preparative TLC
(SiO2, DCM:MeOH 95:5). Yield: 53 mg (60.6 %) as a dark red oil. '"H NMR (400 MHz, CDCl5)
6 ppm 8.62 (d, /=7.5 Hz, 1 H) 8.25 (d, J/=7.5 Hz, 1 H) 7.70 (td, J/=7.53, 1.2 Hz, 1 H) 7.62 (td,
J=7.53,12 Hz, 1 H) 7.57 (d, /=9.3 Hz, 1 H) 7.32 - 7.40 (m, 1 H) 6.70 (dd, J=9.0, 2.5 Hz, 1 H)
6.56 (brt, J=4.5 Hz, 1 H) 6.49 (d, J/=2.5 Hz, 1 H) 6.35 (s, 1 H) 3.55-3.69 (m, 44 H) 3.39 - 3.50
(m, 8 H) 2.30 (br t, J=7.0 Hz, 2 H) 1.98 (quin, J=7.3 Hz, 2 H) 1.23 (t, J=7.0 Hz, 3 H). 13C NMR
(101 MHz, DMSO-ds) 6 ppm 183.73 (Ca) 172.34 (Camide) 157.63 (Camidge) 152.18 (Car) 151.09
(Car) 146.68 (Car) 145.29 (Car) 142.74 (Car) 139.71 (Car) 138.77 (Car) 136.28 (Car) 132.05 (Car)
131.62 (Car) 131.33 (Car) 131.17 (Car) 129.86 (Car) 125.57 (Car) 125.09 (Car) 123.79 (Car) 112.09
(d, J/=3.7 Hz, Ca) 110.11 (Car) 105.52 (Car) 96.46 (Car) 70.41 (Car) 70.35 (Ca)) 70.28 (Ca) 70.27
(Car) 70.21 (Car) 70.18 (Car) 70.07 (Ca) 69.89 (Car) 69.42 (Ca1) 50.64 (Car) 50.09 (Car) 45.50 (Ca)
40.11 (Ca1) 39.26 (Ca1) 32.86 (Car) 23.13 (Car) 12.35 (Ca). HRMS (ESI), m/z: [M+Na]" calcd for
C53H69F5N4015Na, 11 19.4580; found, 1119.4619.

N-(3-chloropropyl)-4-(ethyl(5-oxo-5SH-benzo[a]phenoxazin-9-
yDamino)butanamide(NRERc)
30 mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05
eq.) of HATU, 5.4 mg (0.5 eq.) of HOBt and 61.9 mg (6 eq., 84 uL) of DIPEA under Ar
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atmosphere. After 5 minutes, a solution of 10.9 mg (1.05 eq.) of 3-chloropropylamine in 1 mL of
dry DMF was added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere.
After the reaction the solvent was evaporated in vacuo, then the solid residue was dissolved in
EtOAc and washed with water (x3), dried over Na>xSO4 and the solvent was evaporated in vacuo.
The crude product was purified by preparative TLC (SiO2, DCM:MeOH 98:2). Yield: 14 mg (38.9
%) as a dark red solid. '"H NMR (400 MHz, CDCl3) 6 ppm 8.61 (dd, J=8.0, 0.8 Hz, 1 H) 8.22
(dd, J/=7.9,0.9 Hz, 1 H) 7.70 (td, J/=7.6, 1.3 Hz, 1 H) 7.62 (td, J=7.6, 1.0 Hz, 1 H) 7.54 (d, J=9.0
Hz, 1 H) 6.68 (dd, J=9.0, 2.8 Hz, 1 H) 6.48 (d, J/=2.8 Hz, 1 H) 6.32 (s, 1 H) 6.24 (br t, J=5.8 Hz,
1 H) 3.59 (t,J=6.4 Hz, 2 H) 3.37 - 3.50 (m, 6 H) 2.31 (t, /=7.2 Hz, 2 H) 1.94 - 2.06 (m, 4 H) 1.22
(t, J=7.2 Hz, 3 H). 1*C NMR (101 MHz, DMSO-de) 6 ppm 183.77 (Car) 172.50 (Camidc) 152.38
(Car) 151.24 (Car) 146.71 (Car) 139.33 (Car) 132.09 (Car) 131.51 (Car) 131.42 (Car) 131.25 (Car)
129.83 (Car) 125.45 (Car) 125.32 (Car) 123.89 (Car) 110.33 (Car) 105.19 (Cuar) 96.45 (Car) 55.60
(Ca) 50.07 (Car) 45.52 (Car) 37.17 (Car) 33.09 (Car) 32.15 (Car) 23.25 (Cap) 12.36 (Ca). HRMS
(ESI), m/z: [M-H-CI+Na]* calcd for C2sH2sN303Na, 438.1796; found, 438.1802.

tert-butyl (2-dodecanamidoethyl)carbamate (3a)

0.5 g of myristic acid were dissolved in 5 mL of dry DMF together with 874 mg (1.05
eq.) of HATU, 148 mg (0.5 eq.) of HOBt and 850 mg (3 eq., 1.15 mL) of DIPEA under Ar
atmosphere. After 5 minutes, a solution of 368 mg (1.05 eq.) of N-Boc-ethylenediamine in 5 mL
of dry DMF was added and the mixture was stirred for 24h (control by TLC). After the reaction
the solvent was evaporated in vacuo and the product was purified by column chromatography
(SiO2, DCM:MeOH 95:5). Yield: 670 mg (80.6 %) as a pale yellowish solid. "H NMR (400 MHz,
CDCl3) 6 ppm 6.10 (brs, 1 H) 4.88 (brs, 1 H) 3.32 - 3.39 (m, 2 H) 3.22 - 3.31 (m, 2 H) 2.16 (t,
J=8.0 Hz, 2 H) 1.61 (m, 4 H) 1.44 (s, 9 H) 1.20 - 1.34 (m, 18 H) 0.88 (t, J/=6.8 Hz, 3 H)

N-(2-aminoethyl)dodecanamide (3b)

240 mg of 3a were dissolved in 2 mL of dry DCM, after that 2 mL of TFA were added
and the mixture was stirred for 2h at r.t. After the reaction the solvent was evaporated in vacuo.
In order to eliminate traces of TFA, 1 mL of methanol was added, followed by evaporation in
vacuo (3 times). Yield: 241.9 mg (97.0 %) (in a form of TFA salt) as a pale yellowish solid. "H
NMR (400 MHz, CDCl3) 6 ppm 7.37 (brs, 1 H) 3.45-3.58 (m, 2 H) 3.05-3.21 (m, 2 H) 1.48 -
1.61 (m,2 H) 1.17 - 1.33 (m, 20 H) 0.87 (t, J/=7.0 Hz, 3 H)

N-(2-(4-(ethyl(5-oxo0-5H-benzo[a]phenoxazin-9-
y)amino)butanamido)ethyl)tetradecanamide(NRGolgig)

30 mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05
eq.) of HATU, 5.4 mg (0.5 eq.) of HOBt and 41.23 mg (4 eq., 55.6 uL) of DIPEA under Ar
atmosphere. After 5 minutes, a solution of 22.7 mg (1.05 eq.) of 3b and 28 pL of DIPEA in | mL
of dry DCM was added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere.
After the reaction the solvent was evaporated in vacuo and the crude product was separated by
preparative TLC. Yield: 22 mg (43.9 %) as a dark red solid. '"H NMR (400 MHz, CDCl3)  ppm
8.63 (d, /7.8 Hz, 1 H) 8.25 (d, /=7.8 Hz, 1 H) 7.71 (td, J=7.5, 1.0 Hz, 1 H) 7.63 (br td, J=7.5,
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1.0 Hz, 1 H) 7.56 (d, /=9.0 Hz, 1 H) 6.82 (br s, 1 H) 6.69 (dd, J=9.0, 2.5 Hz, 1 H) 6.46 - 6.53 (m,
2 H)6.35(s, 1 H)3.35-3.52 (m, 8 H) 2.31 (t,/=7.3 Hz, 2 H) 2.18 (t, J/=7.7 Hz, 2 H) 1.93 - 2.03
(m,2H) 1.53-1.63 (m, 2 H) 1.16 - 1.32 (m, 23 H) 0.87 (t, J/=6.9 Hz, 3 H). The *C NMR spectra
could not be obtained due to limited solubility of the probe. HRMS (ESI), m/z: [M+Na]" calcd
for C3sH52N404Na, 651.3889; found, 651.3902.

N,N-dicyclohexyl-4-(ethyl(5-ox0-5H-benzo[a]phenoxazin-9-
yDamino)butanamide(NRLD)

30 mg of compound 1 were dissolved in 1 mL of dry DMF together with 31.9 mg (1.05
eq.) of HATU, 5.4 mg (0.5 eq.) of HOBt and 51 mg (5 eq., 70 uL) of DIPEA under Ar atmosphere.
After 5 minutes, a solution of 15.2 mg (1.05 eq., 16.7 pL) of dicyclohexylamine in 1 mL of dry
DMF was added and the mixture was stirred for 24h (control by TLC) under Ar atmosphere. After
the reaction the solvent was evaporated in vacuo, the solid residue was dissolved in DCM, washed
with water and brine, dried over Na,;SOs, then the solvent was evaporated in vacuo. The crude
product was purified by preparative TLC (two consecutive purifications, SiO2; DCM:MeOH 99:1
and SiO»; DCM:MeOH 98:2, respectfully). Yield: 30 mg (67.5 %) as a dark red solid. '"H NMR
(400 MHz, CDCl3) 6 ppm 8.63 (dd, J=8.0, 0.8 Hz, 1 H) 8.29 (dd, J=7.8, 1.0 Hz, 1 H) 7.71 (td,
J=7.5,1.5Hz, 1 H) 7.63 (td, J/=7.5, 1.5 Hz, 1 H) 7.58 (d, J=9.0 Hz, 1 H) 6.70 (dd, J=9.3, 2.8 Hz,
1 H) 6.50 (d, /=2.8 Hz, 1 H) 6.36 (s, 1 H) 3.43 - 3.51 (m, 5 H) 2.40 - 2.60 (m, 2 H) 2.36 (t, J=6.5
Hz, 2 H) 1.97 (quin, J=7.0 Hz, 2 H) 1.76 - 1.87 (m, 4 H) 1.59 - 1.70 (m, 4 H) 1.46 - 1.57 (m, 4 H)
1.03 - 1.33 (m, 10 H). *C NMR (101 MHz, DMSO-ds) 6 ppm 183.72 (Ca) 170.60 (Camide)
152.14 (Car) 151.17 (Car) 146.69 (Car) 139.91 (Car) 132.07 (Car) 131.74 (Car) 131.27 (Car) 131.08
(Car) 129.87 (Car) 125.66 (Car) 124.99 (Car) 123.76 (Car) 109.97 (Car) 105.67 (Car) 96.52 (Car) 50.10
(Car) 45.40 (Car) 30.22 (Car) 26.66 (Car) 26.09 (Ca) 25.42 (Car) 25.23 (Car) 22.99 (Car) 12.36 (Ca).
HRMS (ESI), m/z: [M+Na]" calcd for C22H20N204Na, 562.3048; found, 562.3062.

Reactive probes based on bivalent reactive amphiphiles

The following compounds were synthesized according to the literature procedures: 5-
(chloromethyl)-2-hydroxy-benzaldehyde  (1b),>!*  3-(N-dodecylamino)propane-1-sulfonate
(4b),’!* cyanine diacids (7a and 7b).3%

N-dodecyl-N-methylpent-4-yn-1-amine (1a)

466 mg (1 equiv.) of N-dodecyl-N-methylamine were mixed with 240 mg (247 pL, 1.2
equiv.) of 5-chloropent-1-yne, 370 mg (500 pL, 1.44 equiv.) of DIPEA and 162 mg (0.5 equiv.)
of KI in 5 ml of dry DMF. The mixture was stirred for 72h at 40 °C (control by TLC). After the
reaction the solvent was evaporated in vacuo, the solid residues were dissolved in Et2O and
washed with 1M aqueous NaOH and brine, dried over Na>SOs, after which the solvent was
evaporated in vacuo. The crude product was purified by exclusive chromatography (SiO2,
DCM:MeOH 92:8). Yield 240 mg (39 %) as a colourless oil. '"H NMR (400 MHz, CDCl;3)  ppm
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3.07 - 3.15 (m, 2 H) 2.93 - 3.01 (m, 2 H) 2.71 (s, 3 H) 2.37 (td, J=6.7, 2.5 Hz, 2 H) 2.05 - 2.13
(m, 2 H) 2.04 (t, J=2.6 Hz, 1 H) 1.78 - 1.88 (m, 2 H) 1.20 - 1.40 (m, 18 H) 0.88 (t, /=6.8 Hz, 3
H).

N,N'-(1,3-phenylenebis(methylene))bis(N-dodecyl-N-methylpent-4-yn-1-aminium)
(22)

110 mg (1 equiv.) of compound 1a were dissolved in 1 ml of dry CH3CN, then a solution
of 34.6 mg (0.48 equiv.) of 1,3-bis(chloromethyl)benzene in 1 ml of dry CH3CN was added and
the mixture was refluxed for 24h (control by TLC). After the reaction the solvent was evaporated
in vacuo and the crude product was purified by exclusive column chromatography (LH-20,
DCM:MeOH 50:50, two consecutive runs). Yield 80 mg (61 %) as a colourless solid. '"H NMR
(400 MHz, Methanol-ds) 6 ppm 7.91 (s, 1 H) 7.76 - 7.81 (m, 2 H) 7.70 (dd, J=8.5, 7.3 Hz, 1 H)
4.68 (s, 4 H) 3.33 - 3.56 (m, 8 H) 3.06 (s, 6 H) 2.46 (t, J=2.8 Hz, 2 H) 2.40 (td, J=6.5, 2.4 Hz, 4
H) 2.00 - 2.20 (m, 4 H) 1.79 - 1.97 (m, 4 H) 1.26 - 1.46 (m, 36 H) 0.90 (t, /=6.8 Hz, 6 H).

5-(azidomethyl)-2-hydroxy-benzaldehyde (2b)

500 mg (1 equiv.) of compound 1b were dissolved in 5 mL of dry DMF together with 572
mg (3 equiv.) of NaN3. He mixture was stirred for 4h at r.t. (control by TLC) under Ar atmosphere.
After the reaction the mixture was concentrated in vacuo to ca 1/3 of initial volume, which was
followed by dilution with H>O and extraction of the product with DCM. The organic phase was
then washed with brine, dried over Na>SO, then the solvent was evaporated in vacuo. Yield 451
mg (87 %) as a colourless solid. '"H NMR (400 MHz, CDCl3) 6 ppm 11.04 (s, 1 H) 9.91 (d, J=0.5
Hz, 1 H) 7.53 (dd, J/=2.3, 0.5 Hz, 1 H) 7.49 (dd, J=8.5, 2.5 Hz, 1 H) 7.02 (d, J=8.8 Hz, 1 H) 4.35
(s, 2 H).

N,N'-(1,3-phenylenebis(methylene))bis(N-dodecyl-3-(1-(3-formyl-4-hydroxybenzyl)-
1H-1,2,3-triazol-4-yl)-N-methylpropan-1-aminium) (GK12)

40 mg of compound 2a was dissolved in 2 ml of dry DMF together with 25 mg (2.5 equiv.)
of compound 2b. Separately, 43 mg of CuSOs (3 equiv.) and 35 mg (4.5 equiv.) of NaAsc were
mixed in 200 pL of H>O. After the formation of heterogeneous yellow slurry the mixture was
added to the DMF solution and the resulting reaction mixture was stirred at 50 °C for 20h. After
the reaction the solvent was evaporated in vacuo and the crude product was purified by exclusive
column chromatography (LH-20, DCM:MeOH 50:50). In order to remove the traces of Cu®* the
product was dissolved in MeOH and passed through a layer of beads of acidic Amberlite IR-20
ion exchange resin on a glass filter. Yield 27 mg (43 %) as a pale yellowish solid. "H NMR (400
MHz, DMSO-ds) 6 ppm 10.93 (brs, 2 H) 10.27 (s, 2 H) 8.01 (s, 2 H) 7.71 - 7.78 (m, 1 H) 7.64
(br d, J/=7.5 Hz, 2 H) 7.60 (d, J/=2.1 Hz, 1 H) 7.53 - 7.59 (m, 1 H) 7.50 (dd, J=8.4, 2.1 Hz, 2 H)
7.04 (d, /=8.3 Hz,2 H) 5.51 (s,4 H) 4.56 (brs,4 H) 3.21 - 3.38 (m, 8 H) 2.93 (s, 6 H) 2.62 - 2.74
(m, 4 H)2.01 -2.23 (m,4 H) 1.59-1.79 (m, 4 H) 1.17 - 1.32 (m, 36 H) 0.85 (t, /=6.8 Hz, 6 H).
13C NMR (101 MHz, DMSO-ds) 6 ppm 190.97 (Caigenyde) 161.20 (Car) 136.60 (Car) 129.07 (Car)
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128.42 (Car) 127.55 (Car) 122.78 (Car) 118.30 (Car) 52.42 (Cal) 49.06 (Cal) 31.75 (Cal) 29.48 (Cal)
29.42 (Car) 29.32 (Ca) 29.17 (Car) 29.05 (Cat) 26.36 (Car) 22.55 (Cal) 22.29 (Car) 22.04 (Cai) 14.41
(CH:). HRMS (ESI), m/z: [MP?" calcd for CeoHoaNsO42t, 494.3615; found, 494.3494.

N-Boc-4-aminophenoxyacetone (3a)

5g (1 equiv.) of N-Boc-4-aminophenol were mixed with 3.96 g (1.2 equiv.) of K»2CO3 and
794 mg (0.2 equiv.) of KI in 20 mL of dry CH3CN. After this, a solution of 2.20 g (1 equiv., 1.97
mL) of chloroacetone in 20 mL of dry CH3CN was added dropwise and the resulting mixture was
refluxed for 2h (control by TLC) under Ar atmosphere. After the reaction the solid residue was
filtered off and solvent was evaporated in vacuo. The crude product was purified by column
chromatography (SiO,, DCM:MeOH 95:5). Yield 3.9 g (62 %). 'TH NMR (400 MHz, CDCl) &
ppm 7.29 (br d, J/=8.8 Hz, 2 H) 6.80 - 6.85 (m, 2 H) 6.41 (brs, 1 H) 4.50 (s, 2 H) 2.27 (s, 3 H)
1.51 (s, 9 H).

4-aminopnenoxyacetone (4a)

1.2 g (1 equiv.) of compound 3a were dissolved in 4 mL of CH>Cl,, then 4 mL of TFA
were added and the mixture was stirred for 2h at r.t. After the reaction the solvents were
evaporated in vacuo, which was followed by reevaporation with MeOH (3 times). "TH NMR (400
MHz, Methanol-d4) 6 ppm 7.30 - 7.35 (m, 2 H) 7.03 - 7.08 (m, 2 H) 4.80 (s, 2 H) 2.23 (s, 3 H).
Yield: 1.2 g (95 %) in form of a salt with TFA.

1-(4-(prop-2-yn-1-ylamino)phenoxy)propan-2-one (5a)

1.2 g (1 equiv.) of compound 4a were mixed with 1.3 g (2.2 equiv.) of K»COs3 in 15 mL
of dry DMF. After this, a solution of 512 mg (1 equiv., 323 pL) of propargyl bromide in 10 mL
of dry DMF was added dropwise and the resulting mixture was stirred for 24h at r.t. (control by
TLC) under Ar atmosphere. After the reaction the solvent was evaporated in vacuo and the crude
product was purified by column chromatography (SiO2, DCM:MeOH:Et:N 99:1:1), followed by
flash column chromatography (Hept:EtOAc 4:1 to 3:2). Yield 250 mg (29 %) as a colourless solid.
'"H NMR (400 MHz, CDCl;) 6 ppm 6.78-6.83 (m, 2 H) 6.65 - 6.69 (m, 2 H) 4.48 (s, 2 H) 3.91
(d, /=2.5Hz,2 H)2.28 (s, 3 H) 2.21 - 2.23 (m, 1 H).

N1,N4-bis(4-(2-oxopropoxy)phenyl)-N1,N4-di(prop-2-yn-1-yl)succinamide (6a)

140 mg (2.2 equiv.) of compound 5a together with 79.9 mg (3.22 equiv., 81.4 uL) of
pyridine were dissolved in 0.5 mL of dry DCM. After that, the mixture was cooled to 0°C and a
solution of 48.6 mg (1 equiv., 34.5 uL) of succinyl chloride in 1.5 ml of dry DCM was added
dropwise. The resulting mixture was stirred for 18h at 0 °C under Ar atmosphere (control by
TLC). After the reaction the solvent was evaporated in vacuo and the crude product was purified
by column chromatography (SiO2, DCM:MeOH 99:1, then a second gradient column SiOs,
DCM:MeOH 95:5 to 92:8). Yield 127 mg (75 %) as a colourless oil. 'H NMR (400 MHz, CDCls)
0 ppm 7.23 - 7.29 (m, 4 H) 6.89 - 6.94 (m, 4 H) 4.57 (s, 4 H) 4.41 (d, J/=2.3 Hz, 4 H) 2.30 (s, 6
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H) 2.29 (s, 4 H) 2.17 (t, J=2.5 Hz, 2 H). *C NMR (101 MHz, CDCl3)  ppm 204.87 (Ccarbonyl)
171.72 (Camide) 157.57 (Car) 135.19 (Car) 129.83 (Car) 115.53 (Car) 79.22 (Cal) 73.18 (Cal) 72.05
(Car) 38.49 (Cal) 29.44 (Cap) 26.61 (CH3).

3-(2-chloro-N-dodecylacetamido)propane-1-sulfonate (Sb)

500 mg (1 equiv.) of compound 4b were dissolved in 10 ml of dry CH3CN together with
631 mg (3 equiv., 851 uL) of DIPEA, the mixture was cooled to 0°C and 920 mg (5 equiv., 648
pL) of chloroacetyl chloride were added dropwise. The mixture was stirred for 2h at 0°C, then for
24h at r.t. under Ar atmosphere. After this, another 631 mg of DIPEA and 920 mg of
chloroacetylchloride were added and the mixture was stirred for another 24 h at r.t. After the
reaction the solvent was evaporated in vacuo. The product was used for the next step without
further purification.

3-(2-azido-N-dodecylacetamido)propane-1-sulfonate (6b)

625 mg (1 equiv.) of compound 5b were dissolved in 7 ml of dry DMF together with 318
mg (3 equiv.) of NaN3. The mixture was stirred for 4h at r.t. (control by TLC). After the reaction
the solvent was evaporated in vacuo and the crude product was purified by gradient column
chromatography (SiO2, DCM:MeOH 85:15 to 80:20), followed by recrystallization from CH3CN
with a few drops of 1,4-dioxane. Yield 120 mg (19 %) as a light brownish solid. 'H NMR (400
MHz, Methanol-ds) 6 ppm 4.11 (d, J/=18.6 Hz, 2 H) 3.40 - 3.53 (m, 2 H) 3.32 (dt, J/=39.9, 7.8
Hz, 2 H) 2.82 (t, J/=7.0 Hz, 2 H) 1.98 - 2.08 (m, 2 H) 1.53 - 1.65 (m, 2 H) 1.25 - 1.38 (m, 18 H)
0.90 (t, /=7.0 Hz, 3 H).

3,3'-((2,2'-(((succinylbis((4-(2-
oxopropoxy)phenyl)azanediyl))bis(methylene))bis(1H-1,2,3-triazole-4,1-
diyl))bis(acetyl))bis(ethylazanediyl))bis(propane-1-sulfonate) (KA12)

40 mg (1 equiv.) of compound 6a were dissolved in 2 ml of dry DMF together with 84.4
mg (2.5 equiv.) of 6b. Then, 61.4 mg (3 equiv.) of CuSO4 and 56.5 mg (5 equiv.) of NaAsc were
dissolved in 200 uL of H20O, followed by the formation of homogeneous yellow slurry, which was
added to the DMF solution. The final reaction mixture was stirred at 50°C for 20h (control by
TLC). After the reaction the solvent was evaporated in vacuo and the crude product was purified
by exclusive column chromatography (LH-20, DCM:MeOH 50:50). In order to remove the traces
of Cu the product was dissolved in MeOH and passed through a layer of beads of acidic Amberlite
IR-20 ion exchange resin on a glass filter. Yield 80 mg (77 %) as a pale yellowish solid. '"H NMR
(400 MHz, DMSO-ds) 6 ppm 7.98 - 8.33 (m,2 H) 6.99 - 7.14 (m, 4 H) 6.84 - 6.99 (m, 4 H) 5.31
-5.55(m,4 H)4.68 - 5.01 (m, 8 H) 3.13 - 3.54 (m, 10 H) 2.19 - 2.35 (m, 4 H) 2.15 (s, 6 H) 1.73
-2.01 (m, 4 H) 1.36 - 1.64 (m, 6 H) 1.13 - 1.35 (m, 36 H) 0.84 (br t, J=6.0 Hz, 6 H). 3C NMR
could not be recorded due to compound aggregating at high concentration in solution. HRMS
(ESI), m/z: [M+3H]" calcd for Ce2Ho7N10014S2", 1269.6637; found, 1269.6602.
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Cyanine bis-(N-Boc-hydrazides) (8a, 8b) general procedure

50 mg (1 equiv.) of cyanine diacid (7a or 7b), 1.05 equiv. of HBTU and 0.5 equiv. of
HOBt were dissolved in 1.5 ml of dry DMF, after 5 minutes a solution of 1.05 equiv. of and 1.05
equiv. of DIPEA in 1.5 ml of dry DMF was added and the mixture was stirred for 24h at r.t. After
the reaction the solvent was evaporated in vacuo, the residue was dissolved in 20 ml of CH2Cl,,
washed with saturated NaHCO3 aqueous solution (10 ml) and water, dried over MgSO4 and the
solvent was evaporated in vacuo. The crude product was purified by column chromatography
(Si02, CH2Cl:MeOH 95:5 for 4a and SiO,, CH2Cl2:MeOH 9:1 for 4b). Compound 4a: yield 43
mg (68 %) as dark red crystals. '"H NMR (400 MHz, Methanol-ds) & 8.55 (t, J = 13.5 Hz, 1H)
7.53 (d, J =7.3 Hz, 2H) 7.38-7.49 (m, 4H) 7.26-7.33 (m, 2H) 6.53 (d, J = 13,5 Hz, 2H) 4.21 (br.
s, 4H) 2.47 (br. s, 4H) 2.13 (br. s, 4H) 1.76 (s, 12H) 1.38 - 1.56 (m, 18H). 3C NMR (101 MHz,
Methanol-ds) [ 208.70 (Ccarboxyl) 174.76 (Camide) 151.04 (Car) 141.86 (Car) 140.82 (Car) 128.64
(Car) 125.40 (Car) 122.08 (Car) 111.26 (Car) 102.50 (Car) 49.30 (Car) 43.01 (Car) 37.50 (Ca) 29.28
(Ca1) 27.20 (Car) 26.94 (Ca)) 22.44 (Ca). MS (ESI), m/z: [M]" caled for C41Hs7N¢Os", 729.433;
found, 729.386. Compound 4b: yield 38 mg (61 %) as lustrous dark blue crystals. "H NMR (400
MHz, Methanol-d4) o 8.28 (t, ] = 12,9 Hz, 2H), 7.22-7.53 (m, 8H), 6.68 (t, ] = 12,9 Hz, 1H),
6,33 (d, J =12.9 Hz, 2H), 4.17 (br. s, 4H), 2,43 (br.s, 4H), 2.11 (br.s, 4H), 1,74 (s, 12H), 1.50 (s,
18H). 1*C NMR (101 MHz, Methanol-d4) & ppm 208.68 (Ccarboxy) 173.03 (Camide) 156.42 (Car)
142.11 (Car) 128.40 (Car) 124.88 (Car) 122.00 (Car) 110.72 (Car) 49.23 (Car) 48.46 (Car) 42.89 (Ca))
35.54 (Ca) 29.26 (Ca) 27.22 (Ca) 26.54 (Ca)) 22.37 (Ca). MS (ESI), m/z: [M]" calcd for
C43Hs50NsOs6", 755.449; found, 755.438.

Cyanine 3 bishydrazides (Cy3az, Cy5az) general procedure

30 mg of compound 8a or 8b were dissolved in 1.5 ml of CH>Cl,, afterwards 1.5 ml of
TFA was added and the mixture was stirred for 2h. After the reaction solvent was evaporated in
vacuo, then the residue was dissolved in 2 ml of MeOH, which was afterwards evaporated in
vacuo (thrice). Compound Cy3az: yield 30 mg (96 %) as dark red solid.'"H NMR (400 MHz,
Methanol-ds) 6 8.45-8.68 (t, ] = 12,1 Hz, 1H), 7.26-7.61 (m, 8H), 6.54 (d, J = 12,1 Hz, 2H), 4.22
(br. s, 4H), 2.81 (s, 1H), 2.56 (br. s, 4H), 2.16 (br. s, 4H), 1.78 (s., 12H). 1*C NMR (101 MHz,
Methanol-ds) [1 174.82 (Camide) 151.02 (Car) 141.78 (Car) 140.83 (Car) 128.66 (Car) 125.46 (Car)
122.17 (Car) 111.03 (Car) 102.64 (Car) 49.30 (Car) 42.96 (Car) 29.32 (Car) 26.97 (Car) 22.03 (Ca).
MS (ESI), m/z: [M*] calcd for C31Ha1N6O2", 529.328; found, 529.246. Compound Cy5az: yield
30 mg (93 %) as dark blue solid. 'TH NMR (400 MHz, Methanol-ds) & 8.28 (t, J = 13,5 Hz, 2H),
7.23-7.54 (m, 8H), 6.66 (t, J = 13,5 Hz, 1H), 6,36 (d, J = 13.5 Hz, 2H), 4.17 (br. s, 4H), 2,52 (br.
s, 4H), 2.13 (br. s, 4H), 1,74 (s, 12H). 3C NMR 173.49 (Camide) 171.69 (Car) 154.46 (Car) 142.03
(Car) 141.23 (Car) 128.40 (Car) 124.99 (Car) 122.09 (Car) 110.57 (Car) 103.02 (Car) 49.24 (Car) 42.70
(Car) 29.13 (Cal) 26.55 (Ca1) 21.86 (Ca). MS (ESI), m/z: [M*] calcd for C33H43N6O>", 555.344;
found, 555.295.

Reactive probes based on functionalized cyanines
166



The two compounds: 3 dialkyne (9a) and 3-((3-azidopropyl)(3-((tert-
butoxycarbonyl)amino)propyl)(dodecyl)ammonio)propane-1-sulfonate  (9b) were kindly
provided by Dr. Mayeul Collot. The following compounds were synthesized according to the
literature procedures: 3-(N-dodecylamino)propane-1-sulfonate (12b),*'* cyanine diacid (7a).>®

Zwitterionic cyanine bis(N-Boc) amine (10a)

58.9 mg (1 equiv.) of cyanine 3 dialkyne (9a) in form of perchlorate salt were dissolved
in 2.5 ml of dry DMF together with 138 mg (2.4 equiv.) of azido-compound 9b. Separately, 63
mg (2 equiv.) of CuSO4 and 100 mg (4 equiv.) of NaAsc were dissolved in 250 pL of H>O,
followed by the formation of homogeneous yellow slurry, which was added to the DMF solution.
The final reaction mixture was stirred at 60°C overnight (control by TLC). After the reaction the
solvent was evaporated in vacuo and the crude product was purified by exclusive column
chromatography (LH-20, DCM:MeOH 50:50). Yield 130 mg (65 %) as a dark red oil. '"H NMR
(400 MHz, Methanol-d4) 6 ppm 8.54 (t, /=12.5 Hz, 1 H) 7.99 - 8.27 (m, 2 H) 7.55 (d, J/=7.3 Hz,
2 H)7.36-7.50 (m,4 H) 7.31 (t,J=7.3 Hz, 2 H) 4.46 - 4.62 (m, 4 H) 4.19 - 4.36 (m, 4 H) 3.45 -
3.60 (m, 4 H) 3.05-3.17 (m, 4 H) 2.92 - 3.05 (m, 2 H) 2.77 - 2.92 (m, 4 H) 2.35 - 2.49 (m, 4 H)
2.20-2.35(m, 4 H) 1.96 - 2.13 (m, 4 H) 1.80 - 1.90 (m, 4 H) 1.77 (s, 9 H) 1.54 - 1.69 (m, 4 H)
1.41 (s, 18 H) 1.18 - 1.36 (m, 28 H) 0.81 - 0.96 (m, 6 H). *C NMR could not be recorded due to
aggregation. MS (ESI), m/z: [M+H]?" calcd for CssH44N12010S2%", 778.525; found, 778.559.

Zwitterionic cyanine diamine (11a)

110 mg of compound 10a were dissolved in 2 mL of CH>Cly, then 2 mL of TFA were
added and the mixture was stirred for 2h at r.t. After the reaction the solvents were evaporated in
vacuo, which was followed by reevaporation with MeOH (3 times). Yield: 108 mg (97 %). 'H
NMR (400 MHz, Methanol-d4) 6 ppm 8.34 - 8.55 (m, 1 H) 7.91 - 8.31 (m, 2 H) 7.13 - 7.51 (m,
8 H) 6.37 - 6.60 (m, 2 H) 4.37 - 4.60 (m, 4 H) 4.05 -4.28 (m,4 H) 3.43 -3.57 (m, 4 H) 3.26 - 3.41
(m, 4 H) 2.90 - 3.04 (m, 4 H) 2.73 - 2.88 (m, 4 H) 2.28 - 2.45 (m, 4 H) 2.13 -2.27 (m, 4 H) 1.93
-2.12(m, 8 H) 1.67 (s, 12 H) 1.46 - 1.61 (m, 4 H) 1.07 - 1.35 (m, 36 H) 0.73 - 0.86 (m, 6 H). 3C
NMR (101 MHz, Methanol-d4) 6 ppm 174.68 (Car) 150.81 (Car) 141.88 (Car) 140.82 (Car) 136.47
(Car) 128.66 (Car) 126.11 (Car) 125.44 (Car) 122.16 (Car) 111.07 (Car) 102.91 (Car) 58.95 (Cal) 57.25
(Car) 55.75 (Ca) 55.35 (Car) 49.23 (Ca) 36.27 (Car) 31.63 (Car) 29.32 (Car) 29.22 (Car) 29.03 (Ca)
28.86 (Car) 26.98 (Cal) 25.98 (Car) 22.30 (Car) 21.39 (Ca1) 19.99 (Ca)) 17.77 (Car) 17.64 (Car) 13.02
(CH3). MS (ESI), m/z: [M+H]*" calcd for C75sHi2sN1206S2%", 678.471; found, 678.453.

Reactive zwitterionic cyanine Cy3ZCl
25 mg (1 equiv.) of compound 11a were dissolved in 2 ml of dry CH»Cl, together with 8.1
mg (4.2 equiv., 10.9 pL) of DIPEA, then the solution was cooled to 0 °C. After that, a solution of
4.0 mg (2.9 puL, 2.2. equiv.) of chloroacetyl chloride in 1 mL of dry CH>Cl, was added and the
resulting mixture was stirred for 20 min at 0 °C followed by 16h at r.t. under Ar atmosphere. After
the reaction the solvent was evaporated in vacuo and the crude product was purified by exclusive
column chromatography (LH-20, DCM:MeOH 50:50). Yield 8 mg (34 %). 'H and 3C NMR
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could not be recorded due to strong aggregation. MS (ESI), m/z: [M+H]" calcd for
C79H130CIbN1205S,™, 1508.89; found, 1508.87.

Reactive zwitterionic cyanine Cy3ZM

5.6 mg (2.4 equiv.) of 2,5-Dihydro-2,5-dioxo-1 H-pyrrole-1-acetic acid were dissolved in
2 ml of dry DMF together with 13.4 mg (2.4 equiv.) of HATU and 36 mg (25.2 equiv.) of DIPEA.
After 5 minutes a solution of 25 mg (1 equiv.) of compound 11a in 2 ml of dry DMF was added
and the mixture was stirred for 24h at r.t. under Ar atmosphere. After 24h, additional 1 mL of dry
DMF, containing 5.3 mg of 2,5-Dihydro-2,5-dioxo-1H-pyrrole-1-acetic acid and 13.4 mg of
HATU was added, and the reaction mixture was stirred for 4h (control by TLC). After the reaction
the solvent was evaporated in vacuo, and the crude product was extracted with DCM (x2) from a
concentrated aqueous NaClOs solution. The combined organic phases were dried over Na>xSO4
and the solvent was evaporated in vacuo. The crude product was purified by exclusive column
chromatography (LH-20, DCM:MeOH 50:50). Yield: 9 mg (35 %). 'H and *C NMR could not
be recorded due to strong aggregation. MS (ESI), m/z: [M+H]** calcd for Cs7H134N14012S:%,
815.484; found, 815.460.

N’-propargyl-N-Boc-ethylenediamine (12a)

1.5 g of propargyl bromide (1 equiv., 1.81 mL of 80% solution in toluene) was mixed with
5.83 g (3 equiv.) of N-Boc-ethylenediamine and 5.22 g (3 equiv.) of K-COs in 15 mL of dry DMF.
The mixture was stirred for 24h at r.t. under Ar atmosphere (control by TLC). After the reaction
the solvent was evaporated in vacuo and the crude product was purified by gradient column
chromatography (DCM:MeOH 98:2 to 96:4). Yield: 1.25 g (52 %) 'H NMR (400 MHz, CDCls)
6 ppm 3.41 (d, J/=2.5 Hz, 2 H) 3.22 (br q, J=5.6 Hz, 2 H) 2.80 (t, J/=5.9 Hz, 2 H) 2.21 (t, J=2.4
Hz, 1 H) 1.42 (s, 9 H).

Cyanine dialkyne bis(N-Boc)amine (13a)

170.0 mg (1 equiv.) of cyanine diacid 7a was mixed with 233.6 mg (2.1 equiv.) of HATU
and 227 mg (306 pL, 6 equiv.) of DIPEA in 5 mL of dry DMF. After 5 min a solution of 121.7
mg of compound 12a (2.1 equiv.) in 3 mL of dry DMF was added and the reaction mixture was
stirred for 24h at r.t. under Ar atmosphere (control by TLC). After the reaction, the solvent was
evaporated in vacuo. The solid residue was dissolved in DCM and washed with water, dried over
Na>SO4 and the solvent was evaporated in vacuo. The crude product was purified by column
chromatography (DCM:MeOH 9:1). Yield: 171 mg (68 %). "H NMR (400 MHz, Methanol-d4)
6 ppm 8.57 (t, /=13.6 Hz, 1 H) 7.55 (d, /=7.3 Hz, 2 H) 7.41 - 7.50 (m, 4 H) 7.28 - 7.35 (m, 2 H)
6.51 - 6.60 (m, 2 H) 4.16 - 4.25 (m, 4 H) 3.50 - 3.61 (m, 4 H) 3.22 - 3.30 (m, 4 H) 2.81 (s, 4 H)
2.66 - 2.79 (m, 6 H) 2.09 - 2.19 (m, 4 H) 1.78 (s, 12 H) 1.40 (s, 18 H). 1*C NMR (101 MHz,
Methanol-d4) 6 ppm 140.84 (Car) 128.66 (Car) 125.40 (Car) 122.14 (Car) 72.09 (s, 1 C) 49.30 (s,
1C)43.28 (s, 1 C) 3794 (s, 1 C) 37.49 (s, 1 C) 35.56 (Car) 30.26 (Ca) 27.38 (Car) 26.95 (Ca)
22.09 (Ca).

3-(5-azido-N-dodecylpentanamido)propane-1-sulfonate (13b)
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311 mg (1 equiv.) of 5-azidopentanoic acid were dissolved in 10 mL of dry DMF together
with 867 mg (1.05 eq.) of HATU and 702 mg (2.5 eq., 945 pL) of DIPEA under Ar atmosphere.
After 5 minutes, a solution of 700 mg (1.05 eq.) of compound 12b and 561 mg (2 eq., 757 pL) of
DIPEA in 10 mL of dry DMF was added and the mixture was stirred for 24h (control by TLC)
under Ar atmosphere. After the reaction the solvent was evaporated in vacuo and the product was
purified gradient column chromatography (SiO2, DCM:MeOH 85:15 to 80:20 ). Yield: 1.02 g (77
%) (in form of a salt with DIPEA) as a pale yellowish oil. "H NMR (400 MHz, Methanol-ds) &
ppm 3.44 - 3.54 (m, 2 H) 3.32 - 3.36 (m, 4 H) 2.76 - 2.85 (m, 2 H) 2.39 - 2.48 (m, 2 H) 1.97 -
2.08 (m,2 H) 1.50 - 1.73 (m, 6 H) 1.22 - 1.35 (m, 18 H) 0.90 (t, /=7.0 Hz, 3 H).

Cyanine disulphonate bis(N-Boc)amine (14a)

150 mg (1 equiv.) of compound 13a were dissolved in 5 ml of dry DMF together with 165
mg (2.4 equiv.) of compound 13b. Then, 87.6 mg (2.2 equiv.) of CuSO4 and 126 mg (4 equiv.) of
NaAsc were dissolved in 500 pL of H>O, followed by the formation of homogeneous yellow
slurry, which was added to the DMF solution. The final reaction mixture was stirred at 60°C
overnight (control by TLC). After the reaction the solvent was evaporated in vacuo and the crude
product was purified by exclusive column chromatography (LH-20, DCM:MeOH 50:50). Yield
218 mg (73 %) as a dark red solid. "H NMR (400 MHz, Methanol-ds) & ppm 8.43 - 8.61 (m, 1
H) 7.99 - 8.42 (m, 1 H) 7.50 (d, J=6.5 Hz, 2 H) 7.33 - 7.48 (m, 4 H) 7.27 (d, J=6.8 Hz, 2 H) 6.38
- 6.74 (m, 2 H) 4.00 - 4.58 (m, 8 H) 3.34 - 3.74 (m, 8 H) 3.12 - 3.29 (m, 10 H) 2.48 - 2.91 (m, 8
H)2.24 -2.46 (m, 4 H) 1.83 - 2.24 (m, 12 H) 1.74 (s, 12 H) 1.40 - 1.58 (m, 8 H) 1.34 (s, 18 H)
1.10 - 1.29 (m, 36 H) 0.85 (t, J/=6.70 Hz, 6 H). 3C NMR was not recorded due to aggregation.
HRMS (ESI), m/z: [M]" caled for CoiHi147N14014S2™ 1724.0668; found, 1724.0663

Reactive anionic cyanine diamine (Cy3NHA)

165 mg of compound 14a were dissolved in 2 mL of CH>Cly, then 2 mL of TFA were
added and the mixture was stirred for 2h at r.t. After the reaction the solvents were evaporated in
vacuo, which was followed by reevaporation with MeOH (3 times). Yield: 161 mg (96 %). '"H
NMR (400 MHz, Methanol-ds) 6 ppm 8.46 - 8.59 (m, 1 H) 7.51 (br d, J/=7.0 Hz, 2 H) 7.34 -
7.49 (m, 4 H) 7.28 (br t, J=6.9 Hz, 2 H) 6.46 - 6.65 (m, 2 H) 4.34 - 4.53 (m, 4 H) 4.12 - 4.28 (m,
4 H)3.64-3.85(m,4 H)3.36-3.53 (m, 6 H) 3.08 - 3.30 (m, 8 H) 2.68 - 2.99 (m, 8 H) 2.32 - 2.45
(m, 4 H) 2.05-2.17 (m, 4 H) 1.86 - 2.04 (m, 8 H) 1.74 (s, 12 H) 1.40 - 1.58 (m, 8 H) 1.32 - 1.38
(m, 4 H) 1.13 - 1.31 (m, 36 H) 0.85 (br t, J=6.5 Hz, 6 H). ¥*C NMR could not be recorded due to
compound aggregating at high concentration in solution. HRMS (ESI), m/z: [M+3Na]** calcd for
Cs1H131N14010S2Nas?t 796.4660; found, 796.4666.

Reactive anionic cyanine bis(chloroacetamide) Cy3CIA
25 mg (1 equiv.) of compound Cy3NHA were dissolved in 2 ml of dry CH>Cl, together
with 104 mg (17 equiv.) of Cs2COs. Then, the mixture was cooled to 0°C and a solution of 21.4
pL (17 equiv.) of chloroacetyl chloride in 1 mL of dry CH>Cl; was added dropwise. After this,
the reaction mixture was stirred for 20 min at 0°C and then for 16h at r.t. under Ar atmosphere.
After the reaction the solvent was evaporated in vacuo and the crude product was purified by
169



exclusive column chromatography (LH-20, DCM:MeOH 50:50). Yield 21 mg (76 %) as a dark
red solid. "H NMR (400 MHz, Methanol-ds) 6 ppm 8.48 - 8.60 (m, 1 H) 7.92 - 8.15 (m, 2 H)
7.54 (d, J/=7.3 Hz, 2 H) 7.46 - 7.51 (m, 1 H) 7.39 - 7.46 (m, 3 H) 7.30 (t, /7.0 Hz, 2 H) 6.52 -
6.67 (m,2 H) 4.65-4.76 (m, 4 H) 4.36 - 4.47 (m, 4 H) 4.16 - 4.27 (m, 4 H) 4.05 (d, /=14.0 Hz, 4
H) 3.69-3.79 (m, 1 H) 3.37-3.62 (m, 10 H) 3.20 - 3.30 (m, 4 H) 3.09 - 3.19 (m, 1 H) 2.66 - 2.90
(m, 8 H)2.34-2.48 (m, 4 H) 2.07 -2.20 (m, 4 H) 1.88 - 2.06 (m, 10 H) 1.77 (s, 12 H) 1.45 - 1.63
(m, 8 H) 1.35-1.39 (m, 2 H) 1.21 - 1.34 (m, 34 H) 0.89 (t, J=6.8 Hz, 6 H). '3C NMR could not
be recorded due to compound aggregating at high concentration in solution. HRMS (ESI), m/Z:
[M] caled for CssH133ClaN14012S271675.9051; found, 1675.9018

Reactive anionic cyanine bis(4-(bromomethyl)benzamide) Cy3BrA

4-(bromomethyl)benzoyl chloride was prepared according to the procedure: 1.0 g (1
equiv.) of 4-(bromomethyl)benzoic acid was mixed with 1.10 g (0.67 mL, 2 equiv.) of SOCI; in
10 mL of dry CH3CN. The mixture was refluxed for 2h, followed by solvent evaporation in vacuo.
The obtained acyl chloride was stored and handled under Ar atmosphere and used without further
purification.

31.4 mg (1 equiv.) of compound Cy3NHA were dissolved in 2 ml of dry CH»Cl, together
with 62.3 mg (10 equiv.) of Cs2COs. Then, the mixture was cooled to 0°C and a solution of 37.7
mg (10 equiv.) of 4-(bromonethyl)benzoyl chloride in 1 mL of dry CH>Cl» was added dropwise.
After this, the reaction mixture was stirred for 1h at 0°C and then for lh at r.t. under Ar
atmosphere. After the reaction the solvent was evaporated in vacuo and the crude product was
purified by exclusive column chromatography (LH-20, DCM:MeOH 50:50). Yield 18 mg (57 %)
as a dark red oil. "H NMR (400 MHz, Methanol-d,)  ppm 8.63 -9.11 (m, 1 H) 8.29 - 8.63 (m,
2 H)7.05-8.23 (m, 17 H) 6.32 - 6.69 (m, 2 H) 5.86 - 6.11 (m, 1 H) 5.32 - 5.45 (m, 10 H) 4.51 -
4.66 (m, 4 H) 4.30 - 4.50 (m, 4 H) 4.00 - 4.23 (m, 4 H) 3.54 - 3.77 (m, 4 H) 3.37 - 3.54 (m, 4 H)
3.12-3.28 (m,4 H) 2.69-2.92 (m, 4 H) 2.26 - 2.49 (m, 4 H) 1.85 - 2.22 (m, 18 H) 1.74 (s, 12 H)
1.33-1.62 (m, 8 H) 1.09 - 1.34 (m, 32 H) 0.80 - 0.89 (m, 6 H). 3C NMR could not be recorded
due to compound aggregating at high concentration in solution. HRMS (ESI), m/z: [M-
2Br+20H] calcd for Co7H143N14014S2" 1792.0355; found, 1792.0303.

In order to confirm the structure and reactivity of the compound, an adduct with
dimethylamine was synthesized by mixing an analytical sample of Cy3BrA with an excess of
NMe; in THF. After 1h of stirring at r.t. the solvent was evaporated in vacuo and the solid residue
was analyzed by mass-spectrometry. HRMS (ESI), m/z: [M+NH4+Na+H]** caled for
Co7H146N15012S2Na?" 944.569; found, 944.5318.
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3.3 Preparation of model lipid membranes

Preparation of large unilamellar vesicles (LUVs). All types of LUVs were prepared by
the following procedure. A stock solution of corresponding lipid(s) in chloroform was placed into
a round-neck flask, after which the solvent was evaporated in vacuo and phosphate buffer (20
mM, pH 7.4) was added. After all the solid was dissolved a suspension of multilamellar vesicles
was extruded by using a Lipex Biomembranes extruder (Vancouver, Canada). The size of the
filters was first 0.2 um (7 passages) and thereafter 0.1 um (10 passages). This generates
monodisperse LUVs with a mean diameter of 0.12 um as measured with a Malvern Zetamaster
300 (Malvern, U.K.). Phospholipid:Cholesterol molar ratio in case of DOPC/Chol and
Sphing/Chol was 1:0.9.

Preparation of giant unilamellar vesicles (GUVs) (Article 2). GUVs were prepared by
electroformation. Lipid stock (DOPC:SM:Chol 2:2:1) was spread onto two parallel platinum
wires attached to a custom-built Teflon-coated chamber and left briefly to evaporate the solvent.
Wires were passed under nitrogen gas before submersion in 300 mM sucrose. 10 Hz AC current
was applied for 1 hour to trigger vesicles swelling at 70 °C, followed by 2 Hz for 30 minutes with
slow cooling.

Preparation of giant unilamellar vesicles (GUVs) (Article 3). All types of GUVs used
were prepared by the following procedure. A stock solution of corresponding lipid(s) in
chloroform was 30 min. were generated by electroformation in a home-built liquid cell (University
of Odense, Denmark), using previously described procedures.!> A 0.1 mM solution of lipids in
chloroform was deposited on the platinum wires of the chamber, and the solvent was evaporated
under vacuum for 30 min. The chamber, thermostated at 55 °C, was filled with a 300 mM sucrose
solution, and a 2-V, 10-Hz alternating electric current was applied to this capacitor-like
configuration for ca. 2 h. Then, a 50 pL aliquot of the obtained stock solution of GUVs in sucrose
(cooled down to room temperature) was added to 200 pL of 300 mM glucose solution containing
200 nM of the probe (obtained by adding corresponding dye stock solution in DMSO to glucose
solution, final DMSO volume <0.32%) to give the final suspension of stained GUVs used in
microscopy experiments.

Preparation of giant plasma membrane vesicles (GPMVs). GPMVs were prepared as
previously described. 3!° Briefly, cells seeded out on a 60 mm petri dish (=70 % confluent) were
washed with GPMV buffer (150 mM NaCl, 10 mM Hepes, 2 mM CaCl2, pH 7.4) twice. 2 mL of
GPMYV buffer was added to the cells. 25 mM PFA and 20 mM DTT (final concentrations) were
added in the GPMYV buffer. The cells were incubated for 2 h at 37 °C. Then, GPMVs were
collected by pipetting out the supernatant. GPMVs were labelled by adding Pro12A (or Laurdan
and C-Laurdan) with a final concentration of 50 nM.

Preparation of supported lipid bilayers. Supported lipid bilayers were prepared by
vesicle fusion of small unilamellar vesicles (SUVs) as previously described?!¢. Briefly, 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and sphingomyelin were purchased from Avanti
Polar Lipids (850375C, 860062C). Cholesterol was purchased from Sigma (C8667). Each lipid
was separately dissolved in chloroform. To prepare SUVs, lipid solutions were mixed in a pre-
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cleaned round-bottom flask at the designated ratios and chloroform was evaporated under nitrogen
flow. The lipid cake was rehydrated with ~60 °C Milli-Q water to the concentration of ~2 mg/mL,
then sonicated at ~60 °C for ~40 min until clear SUV suspension was formed. To form a supported
lipid bilayer, the SUV suspension and buffer solution (150 mM NaCl, 10 mM HEPES, 3 mM
CaCly) were gently added to a pre-cleaned, hydrophilic coverslip at 1:4 ratio. The coverslip was
incubated at ~60 °C for ~15 min, and then was thoroughly rinsed with Dulbecco’s Phosphate
Buffered Saline (DPBS). The lipid bilayer was imaged with 10 nM NR12A, NR4A, NR12S, and
Nile Red in DPBS.

3.4 Cell Lines, Culture Conditions, and Treatment

Cell Lines, Culture Conditions, and Treatment (Article 1). KB ATCC CCL-17) cells
were grown in Dulbecco’s Modified Eagle Medium (DMEM, Gibco Invitrogen), supplemented
with 10% fetal bovine serum (FBS, Lonza), 1% I-Glutamine (Sigma Aldrich) and 1% antibiotic
solution (penicillin-streptomycin, Gibco-Invitrogen) at 37 °C in a humidified 5% CO>
atmosphere. Cells were seeded onto a chambered coverglass (Ibidi) at a density of 7x10* cells/well
24 h before the microscopy measurement. For cellular microscopy experiments, the attached KB
cells in Ibidi dishes were washed twice with warm Hank's balanced salt solution (HBSS, Gibco
Invitrogen), after that 1 mL of dye solution in HBSS was added and the cells were incubated for
10 min. at r.t.

Cell Lines, Culture Conditions, and Treatment (Article 2). CHO cells were maintained
in DMEM-F12 medium supplemented with 10% FBS medium and 1% L-glutamine. Cells were
transfected with the plasmids using Lipofectamine 3000 as described in manufacturer’s protocol.

Cell Lines, Culture Conditions, and Treatment (Article 3). HeLa cells (ATCC CCL-2)
and KB ATCC CCL-17) cells were grown in Dulbecco's Modified Eagle Medium (DMEM,
Gibco Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza), 1% 1-Glutamine
(Sigma Aldrich) and 1% antibiotic solution (penicillin-streptomycin, Gibco-Invitrogen) at 37 °C
in a humidified 5% CO; atmosphere. Cells were seeded onto a chambered coverglass (Ibidi) at a
density of 5x10* cells/well 24 h before the microscopy measurement. For conventional
microscopy experiments, the attached HeLa cells in Ibidi dishes were washed twice with warm
Dulbecco’s Phosphate buffered saline (DPBS, Dominique Dutscher), after that 1 mL of 20 nM
dye solution in DPBS was added and the cells were incubated for 10 min. at r.t. Concentrations
used for photobleaching experiments were 20 nM for NR4A, NR12S, and NR; 7 nM for NR12A.
For super-resolution measurements, COS-7 (ATCC CRL-1651) and HeLa (ATCC CCL-2) cells
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were maintained in DMEM supplemented with 10% FBS in 5% CO. at 37C. For imaging, cells
were plated on 18-mm #1.5 glass coverslips. When cells reached ~50% confluency after 24~48
hr, the coverslip was mounted on a metal holder (CSC-18; Bioscience Tools) in the imaging media
(L15 with 20 mM HEPES). Cells were imaged with 10 nM NR4A or Nile Red, or 20 nM NR12S
in the imaging media at room temperature. For fixed cell experiments, cells were fixed in 3%
paraformaldehyde + 0.1% glutaraldehyde in DPBS for 20 min at room temperature. After fixation,
the sample was treated with freshly prepared 0.1% NaBH4 in DPBS for 5 min, and thoroughly
washed with DPBS three times.

Cell Lines, Culture Conditions, and Treatment (Article 4). HeLa cells (ATCC CCL-2)

cells were grown in Dulbecco’'s Modified Eagle Medium (DMEM, Gibco Invitrogen),
supplemented with 10% fetal bovine serum (FBS, Lonza), 1% 1-Glutamine (Sigma Aldrich) and
1% antibiotic solution (penicillin-streptomycin, Gibco-Invitrogen) at 37 °C in a humidified 5%
CO; atmosphere. KB (ATCC CCL-17) cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco Invitrogen), supplemented with 10% fetal bovine serum (FBS, Lonza), 1% I-
Glutamine (Sigma Aldrich), 1% non-essential amino acid solution (Gibco-Invitrogen) and 1%
MEM vitamin solution (Gibco-Invitrogen).at 37 °C in a humidified 5% CO, atmosphere. Cells
were seeded onto a chambered coverglass (Ibidi) at a density of 5x10* cells/well 24 h before the
microscopy measurement. For microscopy imaging, the attached cells in Ibidi dishes were washed
once with warm Hanks" balanced salt solution (HBSS, Gibco-Invitrogen), after that 1 mL of
corresponding dye solution in warm HBSS was added and the cells were incubated for: 10 min.
atr.t. for NR12A, NRLD or Nile Red; 20 min at 37 °C for NRERr and NRER(; 45 min at 37 °C
for NRLyso and NRMito. For NRGolgie probe the attached cells in Ibidi dishes were washed
twice with cold Hanks" balanced salt solution (HBSS, Gibco-Invitrogen), after that 1 mL of cold
solution of dye conjugate with BSA (1:1 molar ratio) or with B-cyclodextrine (1:6 molar ratio)
was added and the cells were incubated for 30 min at 4 °C followed by washing with warm HBSS
and further incubation for 30 min at 37 °C.
For colocalization experiments, commercial organelle-targeting probes were added together with
solvatochromic probes in the following concentrations: 50 nM of WGA Alexa 488 conjugate
(Invitrogen) for NR12A; 50 nM of MitoTracker Green FM (Invitrogen) for NRMito; 50 nM of
LysoTracker Green DND-26 (Invitrogen) for NRLyso; 200 nM (for NRERF) or 500 nM (for
NRER()) of ERTracker Green (Invitrogen); 500 nM of BODIPY 493/503 (Invitrogen) for NRLD);
2.5 puM (in form of 1:1 molar ratio conjugate with BSA) or 150 nM (in 1 mM solution of -
cyclodextrine) of BODIPY FL Cs-Ceramide (Invitrogen) for NRGolgik.

Cell Lines, Culture Conditions, and Treatment (Reactive probes based on bivalent
reactive amphiphiles; Reactive probes based on functionalized cyanines).

HeLa cells (ATCC CCL-2) and KB ATCC CCL-17) cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM, Gibco Invitrogen), supplemented with 10% fetal bovine serum
(FBS, Lonza), 1% I-Glutamine (Sigma Aldrich) and 1% antibiotic solution (penicillin-
streptomycin, Gibco-Invitrogen) at 37 °C in a humidified 5% CO» atmosphere. Cells were seeded
onto a chambered coverglass (Ibidi) at a density of 5x10* cells/well 24 h before the microscopy
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measurement. For conventional microscopy experiments, the attached HeLa cells in Ibidi dishes
were washed twice with warm Hank's balanced salt solution (HBSS, Gibco Invitrogen), incubated
with 50 nM of probes in HBSS for 10 minutes and imaged without a washing step.

For reactive anionic cyanine probes, the cells were incubated for 10 minutes at r.t. with a
50 nM solution of a corresponding probe in HBSS (pH 7.4) or HEPES-HBSS (pH 8.4) and imaged
without a washing step. In case of using TCEP, the cells were pre-treated with 100 uM solution
of TCEP in HBSS for 15 minutes at r.t. prior to staining. After the imaging, the HBSS was changed
with a complete growth medium and the cells were incubated for 30 minutes at r.t., followed by
a second microscopy imaging in an Opti-MEM reduced serum medium.

3.5 Intracranial dye injection and cranial window
implantation

All animal experiments were conducted in accordance with institutional guidelines and
approved by the Government of Upper Bavaria. 8-week old C56/BI6N mice were obtained from
Charles River Laboratories (Kisslegg, Germany). Cranial window implantation was performed as

described in 3!7

. Before use, surgical tools were sterilized in a glass-bead sterilizer (FST). Mice
were anesthetized by an intra-peritoneal injection of MMF (medetomidine (0.5 mg/kg), fentanyl
(0.05 mg/kg), and midazolam (5mg/kg)). Subsequently, mice were placed onto a heating blanket
(37 °C) and the head was fixed in a stereotactic frame. Eyes were protected from drying by
applying eye ointment (Bepanthen, Bayer). The scalp was washed with swabs soaked with 70
% ethanol. A flap of skin covering the cranium was excised using small scissors. The periosteum
was scraped away with a scalpel. The prospective craniotomy location (1.5-2.5 mm AP and 0-4
mm ML relative to bregma) was marked with a biopsy punch (diameter 4 mm, Integra
LifeSciences). The exposed skull around the area of interest was covered with a thin layer of
dental acrylic (iBond Self Etch, Hereaus Kulzer) and hardened with a LED polymerization lamp
(Demi Plus, Kerr). A dental drill (Schick Technikmaster C1, Pluradent) was used to thin the skull
around the marked area. After applying a drop of sterile phosphate buffered saline (DPBS, Gibco,
Life Technologies) on the craniotomy the detached circular bone flap was removed with forceps.
For the in vivo imaging, a concentrated stock solution of Cy3.5A in DMSO was added to the 1
mM solution of Me-B-Cyclodextrin in PBS to create a 20 uM solution of Cy3.5A, immediately
used for imaging. 300 nl of probe solution were injected at 200 um depth from the brain surface
via a Nanoliter 2000 Injector (World Precision Instruments) at a speed of 30 nl/min. A circular
coverslip (4 mm diameter, VWR International) was placed onto the craniotomy and glued to the
skull with histoacryl adhesive (Aesculap). The exposed skull was covered with dental acrylic
(Tetric Evoflow A1 Fill, Ivoclar Vivadent) and a head-post was attached parallel to the window
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for head-fixing mice subsequently under the 2-photon laser scanning microscope (LSM 7 MP,
Carl Zeiss Ltd.).

3.6 Fluorescence microscopy

Fluorescence microscopy (Article 1). Cellular imaging was performed using Nikon Ti-
E inverted microscope, equipped with CFI Plan Apo x60 oil (NA = 1.4) objective, X-Light
spinning disk module (CREST Optics) and a Hamamatsu Orca Flash 4 sCMOS camera with a
bandpass filter 531 +£40 nm (Semrock) or 593 £ 40 nm (Semrock) or a longpass filter >647 nm
(Semrock). The excitation in confocal mode was provided by a 488 nm or 532 nm or 638 nm
diode laser (OXXIUS). The exposure time in confocal mode was set to 500 ms per image frame.
All the images were recorded using NIS Elements and then processed using Fiji software.

In vivo 2-photon microscopy. /n vivo 2-photon imaging was performed using a
multiphoton LSM 7 MP microscope (Zeiss) equipped with a Ti:Sa laser (Chameleon Vision II
from Coherent, Glasgow, Scotland), a 20x water immersion objective (W Plan-Apochromat
20x/1.0 NA, Zeiss) and a motorized stage as described in *'¥. The membrane probe was excited at
830 nm. The emission was collected after a LP>570 nm filter by a non-descanned detector
(photomultiplier tube GaAsP, Zeiss). Throughout the imaging session mice were kept on a heating
pad to keep body temperature at 37 °C (Fine Science Tools GmbH). For overview images, 3D
stacks of 100 um depth with 3 um axial resolution and 1024x1024 pixels per image frame (0.4
um/pixel) were acquired in multiphoton mode of the microscope. To resolve dendritic spines and
axonal boutons, high-resolution images from single neurites were taken with 0.7 pm axial
resolution and 512 x 256 pixels per image frame (0.1 um per pixel) with the laser power kept
below 50 mW to avoid phototoxicity.

Confocal fluorescence microscopy. (Article 2) All imaging was done at room
temperature (21-23 °C). Samples were imaged with a Zeiss LSM 780 confocal microscope.
Spectral imaging was done as described before.!” Cells were incubated with Pro12A (or Laurdan
and C-Laurdan) with a final concentration of 0.8 uM in PBS for 5 minutes. After the labelling,
the cells were washed once and the imaging was performed in L15 medium. Prol12A, Laurdan
and C-Laurdan were excited with 405 nm and emission collected between 410-600 nm.

Fluorescence microscopy (Article 3). Cellular imaging was performed using Nikon Ti-
E inverted microscope, equipped with CFI Plan Apo x60 oil (NA = 1.4) objective, X-Light
spinning disk module (CREST Optics) (in case of confocal imaging) and a Hamamatsu Orca Flash
4 sCMOS camera with a bandpass filter 593 + 20 nm (Semrock FF01-593/40-25). The excitation
in confocal mode was provided by a 532 nm diode laser (OXXIUS). The exposure time in

confocal mode was set to 500 ms per image frame. For photobleaching experiments and widefield
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imaging, the excitation was provided by light emitting diode (SpectraX) at 550 nm. The 550-nm
light power was set to 4.33 mW at the sample level. The diameter of the wide-field illumination
spot was 420 pm, according to a photobleaching test, so that the power density used at 550 nm
was 3.14 W-cm™2. The exposure time in widefield mode was set to 500 ms per image frame.
Photobleaching tests were performed by illuminating the samples continuously over 60 seconds
in widefield mode, followed by imaging immediately after the illumination and after incubation
for 10 min at r.t. All the images were recorded using NIS Elements and then processed using Fiji
software.

Confocal imaging of GUVs was performed on a Leica TSC SPE confocal microscope with
HXC PL APO 63x/1.40 OIL CS objective. The excitation light was provided by a 488 nm laser
while the fluorescence was detected at two spectral ranges: 550—-600 (Isso-600) and 600—650 (Isoo-
650) in sequential mode by rapid switching to minimize drift, a sum of 4 or 5 images is shown. All
the parameters at each channel were left constant, illumination power was adjusted to achieve
good signal for each probe. The laser power settings were: 30% of max. intensity for DOPC GUVs
for all probes, 10% of max. intensity for Sph/Chol or DOPC/Sph/Chol GUVs for NR12A, NR12S
and Nile Red and 100% of intensity for Sph/Chol or DOPC/Sph/Chol GUVs for NR4A. The
ratiometric images were generated by using special macros under ImageJ that divides the image
of the Isso-s00 channel by that of the Isoo-650 channel. For each pixel, a pseudo-color scale is used
for coding the ratio, while the intensity is defined by the integral intensity recorded for both
channels at the corresponding pixel.

3D-PAINT and SR-PAINT super-resolution microscopy. 3D-PAINT and SR-PAINT
imaging were performed with a home-built setup based on a Nikon Ti-E inverted fluorescence
microscope, as previously described.?’® Briefly, a 561-nm laser (Coherent) was coupled to the
back focal plane of an oil-immersion objective lens (Nikon CFI Plan Apochromat lambda 100x,
NA1.45). A translational stage shifted the laser to the edge of the objective, thus illuminating ~1
um into the sample at a typical power density of ~2 kW/cm?. For 3D-PAINT, emission was
filtered by a bandpass filter (ET605/70m, Chroma), and passed through a cylindrical lens (f'=
1000 mm) to achieve astigmatism for axial localization.*?° Final image was projected onto an EM-
CCD camera (iXon Ultra 897, Andor), which operated at 110 frames per second for 256x256
pixels for ~50,000 frames, or 200 frames per second for 256x128 pixels for ~100,000 frames. For
SR-PAINT, emission was filtered with a long-pass filter (ET575Ip, Chroma) and a short-pass
filter (FFO1-758/SP, Semrock), and cropped at the image plane of the microscope camera port to
a width of ~4 mm. The cropped intermediate image was collimated by an achromatic lens (f= 80
mm), and was split into two paths at a 50:50 beam splitter (BSW 10, Thorlabs). In Path 1, emission
was focused by an achromatic lens (f= 75 mm) onto one-half of an EM-CCD camera. In Path 2,
emission was dispersed by an equilateral calcium fluoride prism (PS863, Thorlabs) before being
focused by an achromatic lens (f= 60 mm) onto the other half of the same camera. Wavelength
calibration was performed using fluorescent beads and narrow bandpass filters, as previously
described.??!

Fluorescence microscopy (Article 4). Cellular imaging was performed using Nikon Ti-
E inverted microscope, equipped with CFI Plan Apo %60 oil (NA = 1.4) objective, X-Light
spinning disk module (CREST Optics) and a Hamamatsu Orca Flash 4 sCMOS camera with a
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bandpass filter 531/40 nm (Semrock) or 600/50 nm (Semrock). The excitation in confocal mode
was provided by 488 nm or 532 nm diode laser (OXXIUS).The exposure time in confocal mode
was set to 500 ms per image frame. All the images were recorded using NIS Elements and then
processed using Fiji software. Pearson’s correlation coefficients for colocalization were calculated
using Coloc2 Fiji plugin.

Ratiometric confocal imaging of KB cells was performed on a Leica TSC SPE confocal
microscope with HXC PL APO 63x/1.40 OIL CS objective. The excitation light was provided by
a 488 nm laser while the fluorescence was detected at two spectral ranges: 550—600 nm (Iss0-600)
and 600—650 nm (Is00-650) in sequential mode by rapid switching to minimize drift, a sum of 5
images is shown (20 images in case of hyperosmotic stress experiments with NR12A). All the
parameters at each channel were left constant, illumination power was adjusted to achieve good
signal for each probe. The laser power settings were: 8% of max. intensity for NRLD; 9% of max.
intensity for NRLyso; 12% of max. intensity for NRERc| and NRMito; 30% of max. intensity for
NRI2A for oxidative stress experiments and 60% for hyperosmotic stress experiments; 45% of
max. intensity for NRERF; 70% of max. intensity for NRGolgie. The ratiometric images were
generated by using special macros under ImagelJ that divides the image of the Iss50.s00 channel by
that of the Is00-6s50 channel. For each pixel, a pseudo-color scale is used for coding the ratio, while
the intensity is defined by the integral intensity recorded for both channels at the corresponding
pixel. Oxidative stress was induced by incubating cells with 2 mM solution of H2O> in HBSS for
1h at 37°C with consecutive washing with fresh HBSS.??? In all cases microscopy imaging was
started 70 minutes after the end of incubation with H>O,. Hyperosmotic stress was induced by
replacing half of the cell medium with 1M sucrose solution immediately followed by imaging.*¢

Fluorescence microscopy (Reactive probes based on bivalent reactive amphiphiles;
Reactive probes based on functionalized cyanines). Cellular imaging was performed using
Nikon Ti-E inverted microscope, equipped with CFI Plan Apo x60 oil (NA = 1.4) objective, X-
Light spinning disk module (CREST Optics) and a Hamamatsu Orca Flash 4 sSCMOS camera with
a bandpass filter 531/40 nm (Semrock) or 600/50 nm (Semrock). The excitation in confocal mode
was provided by 532 nm diode laser (OXXIUS). The exposure time in confocal mode was set to
500 ms per image frame. All the images were recorded using NIS Elements and then processed
using Fiji software.
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4. Resume of thesis in English

Introduction

Fluorescence microscopy is a powerful technique for non-invasive study of live cells.[1]
However, this technique relies on the performance of fluorescent probes used in the experiments.
The major characteristics of a fluorescent probe include brightness, photostability, absorption and
emission maxima of fluorophore,[2] as well as probe selectivity towards the target. We were
particularly interested in probes for biological membranes, which are present both at cell surface
(plasma membranes) and in the intracellular compartments of organelles. Efficient biomembrane
probes should combine multiple functions, such as specific targeting of a given biomembrane,
sensitivity to its local properties and compatibility with advanced microscopy techniques (in
particular super-resolution microscopy). Specific targeting of organelle membranes in live cells
generally exploits either chemical targeting groups[3-5] or an introduction of a biological
molecule, utilizing cell machinery to accumulate the probe in target organelle.[6, 7] Sensitivity to
the local properties of biomembranes, including polarity, viscosity and lipid order, can be
achieved using environment-sensitive probes, capable of altering their fluorescence emission in
response to changes in the parameters of microenvironment.[8] Finally, compatibility of the probe
with super-resolution microscopy allows to image the biological membranes beyond the
resolution limited by the light diffraction. Single molecule localization microscopy requires the
probe to undergo fluorescence ON/OFF switching, which can be achieved by reversible
photoreactions, photoactivation or reversible probe binding.

My PhD project has the following aim:

To design multifunctional fluorescent probes that: (i) target specific membrane
compartments of cells (e.g. plasma membranes and organelles); (ii) respond to the local properties
of their environment (such as polarity and lipid order); (iii) provide ON/OFF switching required
for super-resolution microscopy; (iv) optionally exhibit chemical reactivity towards biomolecules
or other agents.

Results and discussion

Membrane probes based on cyanines. The first part of the project was dedicated to the
development of plasma membrane (PM) probes with reactable moieties, which would allow to
control probe attachment to biomembranes by reacting with biomolecules or introduced agents,
resulting in robust and durable staining. A number of cyanine-based probes with zwitterionic PM
targeting motifs was developed (Fig. 1), however the probes showed significant staining of glass
or plastic surface of imaging plates and rapid internalization in live cells, supposedly due to overall
positive charge of the probes.
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As a possible solution, we developed a new anionic PM-targeting moiety based on 3-
(alkylammonio)propane-1-sulfonates due to their facile synthesis and functionalization. Its
performance was then tested by synthesizing a palette of five cyanine dyes with different spectral
properties, each bearing two membrane-targeting moieties (Fig. 2, A).
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In spectroscopy experiments with large unilamellar vesicles (LUVs) anionic cyanine
probes exhibit relatively high quantum yields, being 39-192-fold higher compared to the
corresponding values in phosphate buffer, thus providing a fluorogenic response towards the
presence of model membranes. Microscopy experiments in live KB cells show, that in comparison
to its analogue with zwitterionic targeting motifs our anionic probe Cy5SA shows significantly less
nonspecific surface staining (Fig. 2, B) together with higher brightness and significantly decreased
probe internalization (Fig. 2, C-D). Additionally, colocalization experiments with WGA Alexa-
488 conjugate reveal high PM selectivity of anionic cyanine probes together with slow
internalization. Currently, the probes are in course of testing for live brain tissue imaging.
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Fig. 2. Structures of anionic cyanine PM probes (A) and their performance in live cells
(B-D) vs zwitterionic counterparts

Having obtained more effective plasma membrane targeting group, we synthesized
anionic cyanine PM probes, bearing different reactable groups (Fig. 3). Cellular microscopy
experiments showed high PM selectivity, however, the experiments on chemical reactivity were
not conclusive and required additional study.
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Membrane probes based on solvatochromic dyes. On the other hand, based on the
successful results obtained for cyanine-based PM probes, next we aimed to graft our membrane-
targeting anionic anchor group to environment-sensitive (solvatochromic) dyes. These dyes are
particularly interesting for lipid membrane research because they can detect changes in the lipid
order by change in their emission colour.[9] For this purpose, we selected two fluorophores —
Laurdan and Nile Red. Widely used Laurdan probe was totally redesigned using anionic targeting
moiety to yield a new probe Prol2A (Fig. 4).
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L phase Laurdan probe. Moreover, our

probe stained exclusively the outer

leaflet of biomembranes, showing much faster binding kinetics due to an improved solubility in

aqueous medium. In live cell microscopy experiments, Prol2A showed much lower

internalization compared to Laurdan and C-laurdan probes (Fig. 5, A-D). Additionally, Pro12A

exhibited high sensitivity to cholesterol extraction (Fig. 5, E) and an absence of cross-talk with a

number of orange/red proteins and dyes, enabling accurate multicolour cell imaging. We expect

that the new probe will replace the commonly used Laurdan in all applications at the cell
membrane level. The results were submitted for publication.
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Fig. 5. Confocal microscopy of Prol2A (A) vs Laurdan (B) and C-Laurdan (C) in live
CHO cells. Intensity profiles (D) across cell plasma membranes in the highlighted regions in A-
C. Response of Prol2A and Laurdan to methyl-B-cyclodextrin treatment (E).

Next, we aimed at creating a plasma membrane-targeted solvatochromic Nile Red probe
for super-resolution microscopy. In order to increase the photostability of the probes, we
developed a functionalization strategy using the N-alkyl chain of Nile Red (Fig. 6, A). By varying
the length of alkyl chain of our membrane anchor group (Fig 6, A), we synthesized a probe NR12A
with quasi-irreversible membrane binding, suitable for conventional microscopy, and a reversibly
binding probe NR4A, with an expected ON/OFF behavior, necessary for the super-resolution
microscopy (Fig. 6, B).
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Spectroscopy experiments with LUVs revealed that our new probes retain sensitivity
towards lipid order and possess high quantum yields in liposomes together with improved
photostability. Moreover, the results confirmed the much higher membrane affinity of NR12A vs
NR4A. In cellular experiments, conventional probe NRI2A showed high brightness and
photostability together with specific staining of plasma membranes, which allowed, for instance,
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to obtain 3D-images of plasma membranes of live KB cells (Fig 7, A). Probe NR4A exhibited
high performance in super-resolution (PAINT) microscopy (Fig 7, B). Moreover, this probe
allowed visualization of nanoscopic protrusions and invaginations (Fig. 7, C-D) on live cell
plasma membrane.
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Fig. 7. (A) 3D confocal images of live KB cells stained with NR12A. (B) Zoom-out view
of 3D PAINT image of live COS-7 cell with NR4A. (C) 3D PAINT image of the top plasma
membrane of a HeLa cell with NR4A. (D) Zoom-in of the white box in (C).

Spectrally-resolved PAINT (SR-PAINT) imaging revealed that protrusions and
invaginations have lower lipid order compared to the flat membrane regions (Fig. 8, A-B),
suggesting a subtle connection between membrane morphology and lipid organization. In fixed
cells, NR4A is able to penetrate plasma membrane, which results in intracellular membrane
staining (Fig. 8, C). Thus, we developed powerful tools that combine specific targeting, sensing
and ON/OFF switching capabilities for biomembrane research. These results were published.
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Organelle-targeted solvatochromic probes. Finally, in order to study intracellular membrane
structures, we synthesized an array of organelle-targeted solvatochromic probes, basing on Nile
Red fluorophore with chemical targeting moieties for endoplasmic reticulum (ER), mitochondria,
lysosomes, Golgi apparatus and lipid droplets (Fig. 9, A). These probes were expected to change
their emission colour depending on the local polarity and lipid order and detect changes in the
organelles under the external stimuli, such as oxidative stress or hyperosmotic shock (Fig. 9, B).
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Fig. 9. Structures, localization (A) and sensing mechanism (B) of Nile Red organelle
probes.

Microscopy results in live KB cells showed that our organelle-targeting probes colocalize
well with corresponding organelle-specific commercial markers, indicating good organelle
selectivity. Moreover, Nile Red probes showed differences in polarity within the organelles in live
KB cells as well as different level of response towards the oxidative stress (Fig. 10).
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Fig. 10. Ratiometric microscopy imaging of the response to oxidative stress of live KB
cells stained by solvatochromic organelle probes.

The organelle-specific probes were also able to sense hyperosmotic shock in live cells,
with a varied level of response from different organelles. This work provided an evidence that
each organelle membrane shows its unique polarity profile and characteristic response to the
external stress. Based on these results, a manuscript for publication has been prepared.

Conclusions
In the search for new multifunctional fluorescent probes for biomembrane research,

several key steps were accomplished.
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During the first part of the project we have created a plasma membrane-targeting anchor
group, based on anionic amphiphilic 3-(dodecylamino)propane-1-sulfonate moiety and validated
its efficiency with a number of cyanine fluorophores. Live-cell microscopy showed that the new
targeting group allowed to diminish probe internalization and non-specific binding to the surface
of support. Additionally, we obtained cyanine-based membrane-targeting probes bearing reactive
groups, which can potentially graft covalently with membrane proteins.

Next, we applied the new anchor group to polarity-sensitive probes based on Laurdan and
Nile Red. The new probe based on Laurdan features superior fluorescence quantum yields and
sensitivity towards lipid order, and it stains exclusively the outer membrane leaflet, while also
showing slow internalization and compatibility with a number of orange/red proteins and dyes for
live cell imaging. Then, using Nile Red dye and membrane-targeting moieties with varied alkyl
chain length, we obtained two plasma membrane probes with varied affinity to biomembranes:
high-affinity probe, suitable for conventional microscopy, and low affinity probe, undergoing
reversible binding-controlled ON/OFF switching, suitable for super-resolution microscopy. The
latter probe allowed to visualize nanoscale protrusions and invaginations of plasma membrane in
live cells, revealing their lower lipid order.

Finally, we created an array of environment-sensitive solvatochromic Nile Red-based
probes with organelle-targeted groups for ER, mitochondria, Golgi, lipid droplets and lysosomes.
The probes were able to sense differences in polarity and lipid order within different organelles,
as well as an organelle-specific response towards external stimuli, such as oxidative stress and
hyperosmotic shock, as revealed by ratiometric microscopy experiments in live cells.

Overall, we developed new design strategies for organelle-specific biomembrane probes,
based on conventional and environment-sensitive fluorescent probes. The obtained probes are
expected to find direct applications for biological research, especially for advanced fluorescence
microscopy.

These probes can be further improved by introducing proper reactable moieties, which
will allow to control the probe attachment to the target. Introduction of reversible bonding strategy
opens a possibility to create the probes with stimuli-responsive staining.
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5. Résumé de these en Francais

Introduction

La microscopie fluorescente est une technique puissante pour une étude non-invasive
des cellules vivantes.[1] Cependant, cette technique est basée sur la performance des sondes
fluorescentes utilisées dans les expériences. Les principales caractéristiques d’'une sonde
fluorescente sont la brillance, la photostabilité, les maxima d’absorption et d’émission du
fluorophore,[2] mais aussi la sélectivité de la sonde vers la cible. Nous nous sommes
particulierement intéressés aux sondes sur des membranes biologiques, qui sont présentes a la
fois a la surface des cellules (membranes plasmiques) et dans les compartiments intracellulaires
des organites. Les sondes efficaces sur les biomembranes doivent combiner de multiples
fonctions comme le ciblage spécifique d’'une membrane donnée, la sensibilité a 'environnement
et la comptabilité avec les techniques microscopiques avancées (comme la microscopie a super-
résolution). Le ciblage spécifique des organites dans les cellules vivantes exploite généralement
soit des groupements chimiques ciblés,[3-5] soit I'introduction d’'une molécule biologique qui
utilise la machinerie cellulaire pour accumuler la sonde dans I'organite cible.[6, 7] La sensibilité
a les propriétés locales des biomembranes incluant la polarité, la viscosité et I'ordre des lipides
peut étre réalisée en utilisant des sondes sensibles a I'environnement, capables de modifier leur
émission de fluorescence en réponse a des changements de paramétres du
microenvironnement.[8] En conclusion, la compatibilité d’'une sonde avec la microscopie a super-
résolution permet d’imager les membranes biologiques au-dela de la limite de résolution de la
diffraction de la lumiére. La localisation de molécules uniques par microscopie exige que la
sonde subisse la commutation « ON/OFF » qui peut étre réalisé par des photoréactions
réversibles, par photoactivation ou par fixation réversible avec la cible.

Mon projet de thése a pour objectif de :

Concevoir des sondes fluorescentes multifonctionnelles qui : (i) ciblent des compartiments de
cellules spécifiques (par exemple membranes plasmiques et organites) ; (ii) réagissent aux
propriétés locales de leur environnement (comme la polarité et I'ordre des lipides); (iii)
fournissent une commutation « ON/OFF » nécessaire pour la microscopie a super-résolution ;
(iv) montrent éventuellement une réactivité envers les biomolécules et autres agents.

Résultats et discussions

Sondes membranaires basée sur des cyanines. La premiére partie du projet est
consacrée au développement de sondes a membrane plasmique (PM) avec des groupements
fonctionnels potentiellement réactifs, qui permettraient de contréler la fixation des sondes sur les
biomembranes par la réaction avec des biomolécules ou des agents introduits, donnant lieu a
un marquage robuste et durable. Une série de sondes basée sur des cyanines a été développée
avec des motifs zwitterioniques ciblant la PM (Fig. 1), cependant les sondes marquaient
significativement la surface en verre ou en plastique des plaques d'imagerie et montaient une
rapide internalisation dans les cellules vivantes, probablement di a la charge positive globale

des sondes.
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Comme une solution possible, nous avons développé un nouveau fragment anionique
ciblant le PM, basé sur des 1-sulfonates de 3-(alkylammonium)propane a cause de leur synthése
et fonctionnalisation faciles. Sa performance a été ensuite testée en synthétisant une série de
cing colorants cyanines avec des propriétés spectrales différentes, chacun montrant deux
groupements fonctionnels ciblant les membranes (Fig. 2, A).

Dans les expériences spectroscopiques avec les liposomes unilamellaires de grande
taille (LUVs), les sondes cyanines anioniques montaient des rendements quantiques
relativement élevés, 39-192 fois plus élevés que les valeurs obtenues dans un tampon
phosphate, fournissant ainsi une réponse fluorogénique sur la présence de membranes
modeéles. Les expériences microscopiques dans les cellules KB vivantes montaient que par
comparaison avec son analogue avec des motifs zwitterioniques ciblant, notre sonde anionique
Cy5A montre beaucoup moins de marquage de surface non spécifique (Fig. 2, B) ainsi qu’'une
brillance plus élevée et une diminution significative de I'internalisation de la sonde (Fig. 2, C-D).
De plus, des expériences de colocalisation avec le conjugué WGA Alexa-488 révélaient une
sélectivité élevée des sondes cyanines anioniques envers la membrane plasmique avec une
internalisation plus lente. Actuellement, ces sondes sont en cours de tests pour pour l'imagerie
des tissus cérébraux vivants.
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Fig. 2. Structures des sondes PM cyanines anioniques (A) et leurs performances dans
les cellules vivantes (B-D) vs analogues zwitterioniques.

Aprés avoir obtenu le groupement ciblant la PM plus efficace, nous avons synthétisé des
sondes cyanines anioniques ciblant les membranes plasmiques et portant différents
groupements potentiellement réactifs (Fig. 3). Les expériences de microscopie cellulaire
montraient une sélectivité élevée envers la membrane plasmique, cependant les expériences
sur la réactivité chimique étaient non concluantes et demandent une étude supplémentaire.

co; © R= $-CH,Cl Cy3CIA Fig. 3. Structures des

RANﬂCB sondes PM  cyanines
H

Z >N
S m e d
R= Cy3BrA gnioniques avec es
N 0 N ?11 Br 9 , .
?11\(\\//” °
N-N

groupements réactifs.
Sondes membranaires basées sur des colorants solvatochromiques. D’autre part,
sur la base des résultats obtenus pour les sondes PM cyanines, nous avons cherché par la suite
a greffer des colorants solvatochromiques, sensible a son environnement, avec un groupement
d’ancrage anionique ciblant la membrane. Ces colorants sont particulierement intéressants dans
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la recherche sur les membranes lipidiques, parce gqu’ils peuvent détecter des changements de
'ordre des lipides par modification de leur couleur d’émission.[9] Dans ce but, nous avons
sélectionné deux fluorophores — Laurdan et Rouge de Nil. La sonde Laurdan largement utilisée
a été totalement repensée en utilisant le fragment anionique ciblé pour obtenir la nouvelle sonde
Pro12A (Fig. 4).

Laurdan Pro12A

. Fig. 4. Structure et mécanisme de
‘ détection de la sonde Pro12A.
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fluorescence 2-3 fois plus élevé avec une meilleure sensibilité dans I'ordre des lipides en
comparaison a la sonde d’origine Laurdan.

De plus, notre sonde ne marquait que le feuillet externe des biomembranes, montrant
une cinétique de liaison plus rapide grace a une meilleure solubilité en milieu aqueux. Dans les
expériences de microscopie sur les cellules vivantes, Pro12A montrait une internalisation
beaucoup plus lente par comparaison aux sondes Laurdan et C-Laurdan (Fig. 5, A-D). En outre,
Pro12A affichait une plus forte sensibilité a I'extraction du cholestérol (Fig. 5, E) et une absence
de diaphonie avec un nombre de protéines et colorants oranges/rouges, permettant une
imagerie cellulaire précise et multicolore. Nous nous attendons a ce que cette nouvelle sonde
replace la Laurdan, largement utilisée, dans toutes les applications au niveau des membranes
cellulaires. Les résultats sont soumis a publication.
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Fig. 5. Microscopie confocale de Pro12A (A) comparé a Laurdan (B) and C-Laurdan (C)
dans les cellules vivantes CHO. Profils d’intensité (D) a travers les membranes plasmatiques
dans les régions mises a I'évidence en A-C. Réponse de Pro12A et Laurdan apres traitement
au méthyl-B-cyclodextrine (E).
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Par la suite, nous avons visé a créer des sondes solvatochromiques a base de Rouge
de Nil, ciblant des membranes plasmiques pour la microscopie a super-résolution. Dans le but
d’augmenter la photostabilit¢ de nos sondes, nous avons développé une stratégie de
fonctionnalisation en utilisant les chaines N-alkyles du Rouge de Nil (Fig. 6, A). En variant la
longueur de la chaine alkyle de notre groupe d’ancrage membranaire (Fig. 6, A), nous avons
synthétisé une sonde NR12A avec une fixation membranaire quasi-irréversible, valable pour la
microscopie conventionnelle et une sonde NR4A avec une fixation membranaire réversible avec
la commutation « ON/OFF » attendue, nécessaire pour la microscopie a super-résolution (Fig.
6, B).

201



B .
Nile Red 6\ ﬁ Fig. 6. Structure (A)
. irreversible et mécanisme de

\ \‘ievemble fixation (B) de

NR12A et NR4A.

Les expériences spectroscopiques avec les LUVs révélaient que nos nouvelles sondes
conservaient une sensibilité envers l'ordre des lipides et possédaient des rendements
quantiques élevés dans les liposomes parallélement a une photostabilité accrue. De plus, les
résultats confirmaient une plus grande affinité membranaire de NR12A par rapport a NR4A.
Dans les expériences sur les cellules, la sonde conventionnelle NR12A a montré une brillance
et une photostabilité élevées avec un marquage spécifique des membranes plasmiques,
permettant, par exemple, d’obtenir des images en 3D de membranes plasmiques sur des cellules
vivantes de KB (Fig. 7, A). La sonde NR4A montait un excellent résultat en microscopie a super-
résolution (PAINT) (Fig. 7, B). En outre, cette sonde a permis la visualisation de protrusions et
d’invaginations nanoscopiques (Fig. 7, C-D) sur des membranes plasmiques de cellules
vivantes.
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Fig. 7. (A) Images confocales 3D des cellules vivantes KB marquées avec NR12A. (B)
Zoom arriére d’'une image 3D PAINT de cellules vivantes COS-7 avec NR4A. (C) Image 3D
PAINT de membrane plasmique supérieure d’une cellule HeLa avec NR4A. (D) Zoom avant du
rectangle blanc vu dans (C).

L’imagerie PAINT résolue spectralement (SR-PAINT) a révélé que les protrusions et les
invaginations ont un ordre des lipides diminué en comparaison aux régions membranaires plates
(Fig. 8, A-B), suggérant une subtile connexion entre la morphologie membranaire et
I'organisation des lipides. Dans les cellules fixées, NR4A est capable de pénétrer la membrane
plasmique, entrainant le marquage des membranes intracellulaires (Fig. 8, C). Ainsi, nous avons
développé des outils puissants qui combinent le marquage spécifique, la sensibilité et la capacité
de la commutation « ON/OFF » pour la recherche sur les biomembranes. Les résultats sont
publiés.
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en-dessous de chaque image correspondante.

Sondes solvatochromiques ciblant les organites. Finalement, afin d’étudier les
structures membranaires intracellulaires, nous avons synthétisé une série de sondes
solvatochromiques ciblant les organites, basées sur le fluorophore Rouge de Nil avec des
groupements chimiques ciblés sur le réticulum endoplasmique (ER), la mitochondrie, les
liposomes, I'appareil de Golgi et les gouttelettes lipidiques (Fig. 9, A). Ces sondes devraient
modifier leur couleur d’émission en fonction de la polarité de I'environnement et de I'ordre des
lipides et détecter des changements dans les organites sous des stimuli externes, comme le
stress oxydatif ou le choc hyperosmotique (Fig. 9, B).
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Les résultats de microscopie sur les cellules vivantes KB montaient que les sondes
ciblant les organites se colocalisent bien avec les marqueurs commerciaux spécifiques aux
organites correspondants, indiquant une bonne sélectivité envers les organites. De plus, les
sondes Rouge de Nil révélaient des différences en polarité dans les organites des cellules
vivantes KB aussi bien qu’un niveau de réponse différent au stress oxydatif (Fig. 10).
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Fig. 10. Imagerie par microscopie ratiométrique de la réponse au stress oxydatif de
cellules KB vivantes marquées par des sondes organites solvatochromiques.

Les sondes spécifiques des organites étaient aussi capables de détecter un choc
hyperosmotique dans les cellules vivantes, avec un niveau de réponse varié pour les organites
différents. Ce travail a fourni une preuve que chaque organite membranaire montre un profil de
polarité unique et une réponse caractéristique au stress externe. Sur la base de ces résultats, la
rédaction d’'une publication a été préparé.

Conclusions

Plusieurs étapes clés ont été accomplies dans la recherche de nouvelles sondes
fluorescentes multifonctionnelles dans le domaine des biomembranes.

Durant la premiére partie du projet, nous avons créé un fragment d’ancrage ciblant la
membrane plasmique basé sur un fragment anionique amphiphile, le 1-sulfonate de 3-
(alkylammonium)propane et validé son efficacité sur un nombre de fluorophores cyanines. La
microscopie en fluorescence de cellules vivantes a montré que le nouveau fragment ciblé permet
de diminuer l'internalisation de la sonde et la fixation non spécifique a la surface du support. De
plus, nous avons obtenu des sondes ciblant des membranes basées sur des cyanines et portant
des groupements réactifs qui peuvent potentiellement se greffer de fagon covalente sur les
protéines de membranes.

Par la suite, nous avons utilisé un nouveau fragment d’ancrage avec des sondes
sensibles a la polarité comme le Laurdan et le Rouge de Nil. La nouvelle sonde basée sur le
Laurdan est caractérisée par des rendements quantiques de fluorescence supérieurs et une
meilleure sensibilité envers 'ordre des lipides; elle marque exclusivement le feuillet externe de
la membrane, montrant une faible internalisation et une compatibilité avec un nombre de
protéines et des colorants oranges/rouges pour I'imagerie des cellules vivantes. Puis, en utilisant
le Rouge de Nil et des fragments ciblant des membranes avec différentes longueurs de chaines
alkyles, nous avons obtenu deux sondes a membranes plasmiques avec une affinité variée sur
les biomembranes : sonde avec une forte affinité, valable pour la microscopie conventionnelle
et sonde avec une affinité faible, développant une commutation « ON/OFF » contrdlé par la
fixation réversible, adaptée a la microscopie a super-résolution. Cette derniére sonde nous a
permis de visualiser des protrusions et des invaginations a I'échelle nanométrique de
membranes plasmiques dans les cellules vivantes, révélant un ordre des lipides diminué.

Finalement, nous avons créé une série de sondes solvatochromiques sensibles a
I'environnement, basées sur le Rouge de Nil, avec des groupements ciblant les organites comme
le réticulum endoplasmique, la mitochondrie, I'appareil de Golgi, les gouttelettes lipidiques et les
liposomes. Ces sondes sont capables de percevoir les différences de polarité et I'ordre des
lipides entre les différents organites, aussi bien qu'une réponse spécifique envers des stimuli
externes comme le stress oxydatif et le choc hyperosmotique, comme le montraient les
expériences de microscopie ratiométrique dans les cellules vivantes.

En général, nous avons élaboré des nouvelles stratégies pour des sondes
biomembranaires spécifiques d’organites basées sur des sondes fluorescentes conventionnelles
et sensibles a I'environnement. Nous attendons que les sondes obtenues trouvent des
applications directes dans la recherche biologique et surtout dans les techniques avancées de
microscopie fluorescente.

Ces sondes peuvent étre améliorées par la suite, en introduisant des groupements
réactifs appropriés qui permettront de contréler la fixation de la sonde sur la cible. L'introduction
d’une stratégie de liaison réversible ouvre la possibilité de créer des sondes avec un marquage
sensible aux stimuli.
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Résumé

Le ciblage, I'imagerie et le sondage spécifiques des membranes plasmiques et
des organites intracellulaires peuvent étre faits par des sondes fluorescentes a fagon
sensibles a la polarité. Ici, un nouveau fragment ciblant la membrane plasmique a été
développé et testé dans cing colorants cyanines, montrant d'excellentes performances
en microscopie cellulaire et in vivo. Le fragment a été greffé a un fluorophore
solvatochrome Prodan, donnant une sonde de membrane plasmique avec une sensibilité
élevée a I'ordre lipidique. Le rouge de Nil, greffé aux fragments avec les chaines alkyles
C12 et C4, a donné deux sondes solvatochromes a membrane plasmique : NR12A pour
la microscopie conventionnelle, et NR4A pour la microscopie a super-résolution PAINT.
Le rouge de Nil avec des groupes ciblant les organites a donné un éventail de sondes
sensibles a la polarité et a I'ordre lipidique dans les membranes des organites. Les
sondes synthétisées trouveront des applications en bioimagerie, biologie cellulaire,
biophysique ou mécanobiologie.

Mots clefs : sondes fluorescentes, membrane plasmique, ciblage des organites,
ordre lipidique, microscopie a super-résolution.

Résumé en anglais

Specific targeting, imaging and probing of cell plasma membranes and
intracellular organelles can be addressed by rationally designed polarity-sensitive
fluorescent probes. Here, a new efficient plasma membrane-targeting moiety was
developed and tested in five cyanine dyes, showing excellent performance in cellular and
in vivo microscopy. Next, the targeting moiety was grafted to a solvatochromic dye
Prodan, yielding a plasma membrane probe with high lipid order sensitivity. Modifying a
Nile Red using the moieties with varied alkyl chain lengths resulted in two solvatochromic
plasma membrane probes: NR12A with high affinity to membranes for conventional
microscopy, and NR4A, a low-affinity probe for PAINT super-resolution microscopy.
Tethering Nile Red with organelle-targeted groups yielded an array of probes, able to
sense polarity and lipid order in organelle membranes. The synthesized probes will find
applications in bioimaging, cell biology, biophysics or mechanobiology.

Keywords: fluorescent probes, plasma membrane, organelle-targeting, lipid order,
super-resolution microscopy.
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