Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 268 (2022) 120647

Spectrochimica Acta Part A: Molecular and

journal homepage: www.elsevier.com/locate/saa

Contents lists available at ScienceDirect

Biomolecular Spectroscopy

Temperature-sensitive emission of dialkylaminostyrylhetarene dyes and
their incorporation into phospholipid aggregates: Applicability for

Check for
updates

thermal sensing and cellular uptake behavior

B.S. Akhmadeev **, T.P. Gerasimova*®, A.R. Gilfanova*“, S.A. Katsyuba*®, L.N. Islamova“, G.M. Fazleeva*“,
A.A. Kalinin?, A.G. Daminova®, S.V. Fedosimova®, S.K. Amerhanova?, A.D. Voloshina?, E.G. Tanysheva?,

0.G. Sinyashin®, A.R. Mustafina*®

2 Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center of RAS, 8 Arbuzov st., 420088 Kazan, Russian Federation
bKazan (Volga region) Federal University, 18 Kremlyovskaya st., 420008 Kazan, Russian Federation

HIGHLIGHTS

« Push-pull dyes are temperature-
sensitive luminophores in
dichloromethane solutions.

« Hydrophobicity-driven incorporation
of the dyes into phospholipid-based
bilayers.

« Temperature sensitive emission of
the dyes within phospholipid-
bilayers.

« Optimal dye for high temperature
sensitivity and reversibility under
heating/cooling.

« The dye within bilayers efficiently
stains the cell cytoplasm with low
cytotoxicity.

ARTICLE INFO

Article history:

Received 18 September 2021

Received in revised form 25 October 2021
Accepted 16 November 2021

Available online 19 November 2021

Keywords:

Dye

Structure-property relationship
Phospholipid bilayer

Cellular marking

Temperature sensitive luminescence

GRAPHICAL ABSTRACT

N
By “Bu

Looses S

Wavelength (nm) Tl ke

Emission spectrum of PC-7 Phosphatidyla;oline bilayer Cell nuclei (red) — propidium iodide
Cytoplasm (green) — PC-7

Intensity

ABSTRACT

Aseries of dialkylaminostyrylhetarene dyes constructed from electron-rich and electron-deficient moieties
of various structures connected via vinylene m-bridges are introduced as temperature-sensitive lumino-
phores. The temperature dependent emission of the dyes in the acidified dichloromethane solutions derives
from temperature-induced shift of the equilibrium between neutral and protonated forms of the dyes. The
heating-induced blue shift and intensification of emission of neutral form of the dyes make them a promis-
ing basis for development of nanoparticles exhibiting temperature-sensitivity in aqueous solutions at pH
typical of biological liquids. Hydrophobicity-driven incorporation of the water insoluble dyes into L-o-phos
phatidylcholine(PC)-based bilayers allows to obtain water dispersible dye-PC aggregates, and to follow
their emission in the aqueous solutions. Structure of the dyes has strong impact on the efficacy of the dyes
incorporation into the PC-based bilayers, temperature sensitivity of emission of the dye-PC aggregates and
its reversibility under the heating/cooling cycles. This enables structural optimization of the dyes in order to
obtain the dye-PC species demonstrating maximal temperature dependence and reversibility of their lumi-
nescence in aqueous solutions. The selected leader exhibits low cytotoxicity exemplified for M—HeLa and
Chang Liver cell lines, while the efficient cell internalization of the dye, manifested in the staining of the cell
cytoplasm, opens further opportunities for biosensing applications.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Structure-property relationships for organic dyes encapsulated
into phospholipid bilayers have gained great interest due to their
impact on developing of various sensing techniques [1-10]. The
role of phospholipid (PhL) bilayers as nanobeads for dye molecules
is to enhance their water solubility and biocompatibility. In turn,
the well-known sensitivity of the dyes emission to any changes
in their microenvironment and versatility of their spectral proper-
ties provide a basis for applications in sensing of the temperature-
induced phase transitions of PhL bilayers resulted from the
changes from an order to fluidity [1-10]. Moreover, efficient cell
internalization of dye-PhL vesicles through the endocytic pathway
is the already documented basis for their acting as vehicles for the
cytoplasmatic delivery of dyes into cells [11-13]. The cell
internalization of the dye, in turn, opens an opportunity to utilize
it for sensing of biorelevant intracellular processes, including intra-
cellular trafficking of drugs, exocytosis, membrane composition
[14-20].

Monitoring of local heating in the intracellular space is of great
impact in anticancer therapy [21,22,23], which prompts develop-
ing of specific nanoarchitectures combining therapy and sensing
functions. The already documented abilities of PhL bilayers to be
deposited onto nanoparticles [24] or to serve as nanobeads for
amphiphilic molecules [25] makes mixed dye-PhL bilayers a
promising basis for combining sensing and therapy functions in
one nanoparticle.

The formation of mixed dye-PhL aggregates is driven by both
electrostatic and Van der Waals interactions. The mutual balance
of the aforesaid interactions can be tuned by the structure varia-
tion of the dyes. Thus, development of dye-PhL bilayers with
temperature-sensitive spectral properties should begin with opti-
mization of the dye structure, which must be suitable both for effi-
cient embedding into the PhL bilayer and for producing spectral
response to temperature changes. The quinoxalinone based
push-pull luminophores [26] constructed from electron-rich and
electron-deficient moieties connected via vinylene-bridges
(Scheme 1) exhibit the charge distribution highly sensitive to such
external stimuli as electric field variation or interactions with
molecular dipoles and ions. This sensitivity results in nonlinear
optical activity [27,28] or solvatochromic and halochromic proper-
ties of such dyes [29]. Moreover, these species have already
demonstrated the ability to form mixed dye-PhL bilayers, which
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show spectral response to the pH change in water caused by the
protonation of the dyes [29]. Thus, both the specific structure of
the dyes and their previously reported solvatochromic and halo-
chromic properties [29] suggest a possibility of thermo-sensitive
fluorescence of the mixed dye-PhL bilayers caused by a tempera-
ture shift of the acid/base equilibrium of the dye and/or
temperature-induced dislocation of dye molecules within the
bilayer zones with different polarity [3-6]. The aim of the present
work is (1) to find the optimal dye structure for creating mixed
dye-PhL aggregates with high thermal sensitivity, low cytotoxicity,
and high cell internalization, and (2) to identify the main reasons
for the thermal-sensitive fluorescence of mixed dye-PhL bilayers.

The dyes 1 and 3 with 6th position of donor dialkylaniline moi-
ety were shown [29] to provide the best combination of the bright-
est luminescence and maximal halochromism within the series
and good compatibility with PhL. In present study we broaden
structural variation of dyes via replacement of quinoxalinone moi-
ety in molecules 1 and 3 with three different heterocyclic sub-
stituents (6, 7 and 8). The choice of phosphatidylcholine (PC) as
PhL derives from its commercial availability and biorelevance.

Thus, the present work represents the following issues: (1) the
spectral characterization of chosen push-pull dye molecules in
organic solutions, (2) the modeling of the possible mechanisms
of the temperature-induced spectral response of the dyes in
organic media; (3) experimental evaluation of the structure
requirements for efficient formation of dye-PC aggregates, (4)
monitoring of the fluorescence changes under temperature varia-
tion within the so-called physiological range, (5) cytotoxicity and
flow cytometry characterization of dye-PC bilayers, (6) intracellu-
lar localization of the dye-PC aggregates by fluorescent and confo-
cal microscopy methods. The results will be correlated and
discussed in order to highlight structure-property relationships
forming the basis for the structural optimization of the systems
in order to provide both internalization of the dye-PC bilayers in
cells and high temperature sensitivity of their spectra.

2. Experimental section
2.1. Materials
6-Bromobenzo[d]thiazole, L-a-phosphatidylcholine destearoyl,

DCM, tris(hydroxymethyl)aminomethane, Propidium lodide, Rho-
damine B and DMF were purchased from Acros or Aldrich.
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Scheme 1. Structures of dyes 1-8.
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2.2. Synthesis of the dyes

Dyes 1-6 were synthesized according to previously published
procedures [29-32]. The synthesis of 7 and 8 and their characteri-
zation by 'H NMR, IR and HRMS is described in details in SI.

2.3. Synthesis of the dye-PC aggregates and quantitative experimental
evaluation of the dye:PC molar ratio.

The detailed descriptions of the modified thin-film hydration
procedure and the measuring of the residual amounts of the dye
after the hydration step can be found in SI.

2.4. Methods

The NMR, IR and MALDI spectra were registered on the equip-
ment of Assigned Spectral-Analytical Center of FRC Kazan Scientific
Center of RAS. NMR experiments were performed with Bruker
AVANCE-400 (400 MHz for '"H NMR, 100 MHz for '>C NMR) spec-
trometers. Chemical shifts (5 in ppm) are referenced to the solvent.
Infrared (IR) spectra were recorded on the Bruker Vector-22 FT IR
spectrometer. The melting points of dyes 7 and 8 were determined
by Melting Point Meter MF-MP-4.

Electronic absorption (UV-Vis) spectra were recorded at room
temperature on a Perkin-Elmer Lambda 35 spectrometer with a
scan speed of 480 nm/min, using a spectral width of 1 nm. All sam-
ples were prepared as solutions in dichloromethane with concen-
trations of ~ 107> mol - L™! and placed in 10 mm quartz cells.

The emission spectra were recorded on a fluorescence spec-
trophotometer Hitachi F-7100 (Japan) with stigmatic concave
diffraction grating. Excitation of samples was performed at
350 nm and emission was detected at 400-700 nm.

The high resolution mass spectral(HRMS) of 7 and 8 were
obtained on a Bruker Ultraflex Il MALDI-TOF/TOF mass spectrom-
eter in the reflectron mode. The device is equipped with a solid-
state laser Nd:YAG laser (A = 355 nm, repetition rate 100 Hz). Mea-
surements were made in the range m/z 200-1000. A mixture of the
sample (0.01 mg/mL, CH3CN) and calibrant PEG-400 (1 mg/mlL,
CH3CN) was prepared to determine the exact mass values. para-
Nitroaniline (10 mg/mL, CH3CN) was used as a matrix. Portions
(0.5 pL) of the matrix solution and the analyzed mixture were
sequentially applied to the target and evaporated. The metal target
MTP AnchorChip™ was used. The specified composition allowed to
provide the absolute error in determining the masses no more than
0.003 Da. The m/z values of monoisotopic ions are given in the
descriptions. The data was obtained using the FlexControl program
(Bruker Daltonik GmbH, Germany) and processed using the FlexA-
nalysis 3.0 program (Bruker Daltonik GmbH, Germany).

2.4.1. Quantum chemical computations

Free energies of implicitly solvated solute species were calcu-
lated with the recently developed CENSO protocol [33] for struc-
ture ensembles of non-rigid molecules. Therein, all structures of
isolated conformers of the dyes under study (e.g., Figure S6) were
optimized with the r?SCAN-3c [34] composite density functional
employing the direct COSMO-RS (DCOSMO-RS) [35] model, which
enables geometry optimization in solution. The optimized geome-
tries were further used for the single-point calculations of the elec-
tronic energies (E) by applying the PW6B95 [36]-D3 functional in
combination with the quadruple-zeta def2-QZVP Ahlrich’s basis
set [37]. Herein “-D3” appended to the functional name means
the D3 London dispersion correction in the Becke-Johnson sam-
pling scheme [38,39]. Solvation contributions 8Gs,, to the free
energy at 298.15 K were computed from the r?SCAN-3c/
DCOSMO-RS structures with the COSMO-RS method [40] based
on BP86 [41,42] calculations with TZVP basis set [43]. The thermo-
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statistical contribution to the free energy was computed by single-
point hessian calculations [44] within the framework of the mod-
ified rigid-rotor-harmonic-oscillator statistical treatment (GprrHo)
[45,46] at the level of semiempirical quantum chemical method
GFN2-XTB [47] in combination with ALPB implicit solvation model
[48]. The computed free energies in solution are then obtained by
Gsotution = E(PW6B95-D3/def2-QZVP) + Gmrruo( GFN2-xTB/ALPB) +
3Gso1(COSMO-RS).

2.4.2. Cytotoxicity assay

Cytotoxic effects of the test compounds on human cancer and
normal cells were estimated by means of the multifunctional Cytell
Cell Imaging system (GE Health Care Life Science, Sweden) using
the Cell Viability Bio App which precisely counts the number of
cells and evaluates their viability from fluorescence intensity data.
Two fluorescent dyes that selectively penetrate the cell mem-
branes and fluoresce at different wavelengths were used in the
experiments. A low-molecular-weight 4’,6-diamidin-2-phenylin
dol dye (DAPI) is able to penetrate intact membranes of living cells
and color nuclei in blue. High-molecular propidium iodide dye
penetrates only dead cells with damaged membranes, staining
them in yellow. As a result, living cells are painted in blue and dead
cells are painted in yellow. DAPI and propidium iodide were pur-
chased from Sigma. The M—Hela clone 11 human, epithelioid cer-
vical carcinoma, strain of Hela, clone of M—Hela from the Type
Culture Collection of the Institute of Cytology (Russian Academy
of Sciences) and Chang liver cell line (Human liver cells) from N.
F. Gamaleya Research Center of Epidemiology and Microbiology
were used in the experiments. The cells were cultured in a stan-
dard Eagle’s nutrient medium manufactured at the Chumakov
Institute of Poliomyelitis and Virus Encephalitis (PanEco company)
and supplemented with 10% fetal calf serum and 1% nonessential
amino acids. The cells were plated into a 96-well plate (Eppendorf)
at a concentration of 100,000 cells/mL, 150 pL of medium per well,
and cultured in a CO, incubator at 37 °C. Twenty-four hours after
seeding the cells into wells, test compounds were added at a preset
dilution, 150 pL to each well. The dilutions of the compounds were
prepared immediately in nutrient media. The experiments were
repeated three times. Intact cells cultured in parallel with experi-
mental cells were used as a control.

2.4.3. Cellular uptake study

M-—Hela cells in the amount of 1 x 10° cells / well in a final vol-
ume of 500 pL were sown in 24-well plates (Eppendorf). After 24-
hour incubation, PC-7 aggregates at a concentration of 7.5 uM were
added to the wells and incubated for 24 h in a CO, incubator. Cel-
lular uptake of test compounds was analyzed by flow cytometry
(Guava easy Cyte 8HT, USA). Flow cytometry was used to set up
statistics on the uptake of drug by cancer cells. Untreated cells
were used as negative control.

2.4.4. Fluorescence microscopy

M—HelLa cells at 1 x 10° cells / well in a final volume of 2 ml
were seeded into 6-well plates at the bottom of each well. After
24 h of incubation, solution of PC-7 (7.5 pM) was added to the
wells and cultured for 24 h in a CO, incubator. Then, M—HeLa cells
were fixed and stained with DAPI (blue). The studies were carried
out using a Nikon Eclipse Ci-S fluorescence microscope. (Nikon,
Japan) at 1000x magnification.

2.4.5. Confocal laser microscopy

The control M—Hela cells and corresponding cells incubated
with PC-7 aggregates were visualized by CLMS on an inverted Carl
Zeiss LSM 780 confocal laser-scanning microscope (CarlZeiss, Jena,
Germany).



B.S. Akhmadeev, T.P. Gerasimova, A.R. Gilfanova et al.
3. Results and discussion
3.1. Synthesis and spectral characterization of the dyes

To estimate possible influence of both electron-donor and
electron-acceptor parts of dyes on their spectral behaviour as well
as their interactions with PhL bilayers, a series of quinoxalinones
(Qons) 1-5 with different position of donor dialkylaniline group
relative to acceptor heterocyclic core has been complemented by
dyes 6-8 with three different acceptor moieties (Scheme 1).

Dyes 1-6 were synthesized according to previously published
procedures [29-32]. Both synthetic scheme (Scheme S1) and
details of synthetic procedure for dyes 7 and 8 are represented in
SI.

3.2. Temperature-induced spectral changes of the dyes in organic
media

As shown elsewhere [29], dyes 1-5 demonstrate notable halo-
chromism in the dichloromethane (DCM) solutions at room tem-
perature, and being incorporated into PhL bilayers show spectral
response to the pH change in water, that is caused by the protona-
tion of the Qons.

As mentioned in the Introduction, the equilibrium between
neutral and protonated forms of dyes in the acidified solutions
should be influenced by temperature. This temperature depen-
dence could be utilized for spectroscopic thermometry of biologi-
cal environment provided that the bands of both forms are
observed at rather neutral conditions. Among the studied dyes, 1
and 3 demonstrated both emission bands of comparable intensities
at the lowest amounts of trifluoroacetic acid (TFA) compared to
others (1:5 and 1:1 Qon:TFA ratios, respectively [29]). Previously
reported '"H NMR, UV-Vis spectral and quantum chemical compu-
tational analysis [29] highlight the protonation of the donor dialky-
laniline group of dyes 1 and 3 in acidified DCM solutions as the
reason for the strengthening of high-energy (HE) bands in their
emission spectra. Thus, emission spectra of DCM solutions of cho-
sen dyes with indicated amounts of TFA have been recorded in the
temperature range from 10 to 39 °C (up to DCM boiling
temperature).

Analysis of spectral response of acidified DCM solutions of 1 and
3 (Fig. 1) shows that the heating of the samples leads to shift of the
equilibrium to the neutral species: increase of temperature causes
the lowering of HE bands, associated with protonated forms and
strengthening of low-energy (LE) bands, related to neutral forms.
This, as well as the opposite cooling effect, shows that protonated
forms of 1 and 3 are energetically more preferable than their neu-
tral counterparts. Interestingly that besides the expected rear-
rangement of bands intensities, a blue shift of LE emission with
the temperature increase is revealed.

To find out if the blue shift of the neutral form emission is
related to the acid-base equilibrium or is it an immanent spectral
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Fig. 1. Emission spectra of Qons 1 and 3, recorded at 10 °C (black), 20 °C (purple),
30 °C (red) and 39 °C (orange).
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feature of neutral dyes, the temperature dependence of emission
spectra of neutral solutions of dyes 1-8 has been studied (Fig. 2).
For all the compounds heating leads to blue shift of the emission
band by 10-15 nm. One of the possible reasons for this effect
may be thermal structural fluctuations producing non-planarity
of the dye molecule and the concomitant disruption of -
conjugation between the heterocyclic moieties of the molecule.
Interestingly that for compounds 1 - 4 this shift is accompanied
by intensification of the corresponding band, whereas for dyes 5
- 8 increase of temperature leads to the quenching of the emission.
For dyes 5, 6, 8 both wavelengths and intensities almost coincide
for the same temperatures in the heating and cooling processes,
while for the other dyes the process is not fully reversible (Fig. 2).

Nevertheless, the temperature-dependent spectral behavior of
the dyes in the neutral solutions provides promising basis for their
biomedical applicability, since majority of biological liquids,
including cell cytoplasm, are neutral with pH about 7.4. As shown
elsewhere [29], the incorporation of the dyes into PC-based bilay-
ers provides a facile route to convert the dyes to a water-soluble
form.

3.3. Synthesis of dye-PC bilayers.

The abovementioned approach [29] was applied to the dyes
shown in Scheme 1 for the formation of PC-dye mixed aggregates.
The DLS measurements of the produced aggregates reveal their
average size above 300 nm (Fig. S7). The optimal dye structures
for the inclusion into the PC-based bilayers formed under the thin
film hydration step (Fig. S5), for more details see the Experimental
section) were revealed by the comparison of the experimentally
measured molar PC:dye ratios for the different dyes. The results
represented in Fig. 3 indicate the importance of the NBu, moieties
versus NMe, ones for the more efficient incorporation of the dyes
into the PC-bilayers: compare 3 vs 1, and 4 vs 2.

It is worth assuming that the formation of the mixed PC-dye
bilayers is facilitated by an inclusion of the dyes into the hydropho-
bic layer of the bilayers, driven by the hydrophobicity of the dyes.
Indeed, according to our quantum chemical computations of free
energies in solution (Gsourion) Of conformational ensembles of
molecules 1 and 3 by the recently developed CENSO protocol
[33], the both species are more efficiently solvated by hexadecane
than by water. Nevertheless, the difference between Gqr and
Ghexadecane Calculated for 3 (9.6 kcal mol~') essentially exceeds the
difference of 6.2 kcal mol~! computed for 1, which suggests that
a presence of the NBu, moiety should increase the fixation of 3
in the hydrophobic zone of PC bilayer relative to the case of mole-
cule 1 containing NMe, moiety.

3.4. Temperature dependent emission of dye-PC aggregates

It is known that the arrangement of a dye within PhL bilayers
dispersed in aqueous media strongly influences the dye fluores-
cence. In particular, the dye Prodan (N,N-Dimethyl-6-propionyl-2
-naphthylamine) with low inclusion into hydrophobic lipid bilayer
exhibit the fluorescence quenching accompanied by the red shift of
the emission band in response to the temperature-induced phase
transitions of the PhL bilayers producing a dislocation of Prodan
from their hydrophobic core to polar periphery and bulk water
[4]. Similar studies of another dyes included into PhL aggregates
[3,5,6] also highlight increase in the polarity and hydration-
induced quenching as the main reasons for the weakening of the
dyes fluorescence. The temperature-induced fluorescent responses
of the dyes within the PC-dye aggregates shown in Fig. 4 differ
from the tendencies revealed in the aforesaid reports.

Monitoring of the emission spectra at different temperatures
reveals a significant response to heating and cooling for dyes 3, 4
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and 7 (Fig. 4), which is manifested by intensity changes in the
range of 80-100% of the initial intensity. These temperature-
induced intensity variations are smaller for fluorescence of PC
aggregates with 1 (24%) and 6 (14%), whereas for 2, 5, 8 they do
not exceed 4-6% of the initial intensity (Fig. S8). It is worth noting
that the response on heating-cooling cycles was monitored at pH

7.4, while the insignificant changes in the emission (Fig. S8) are
observed at pH within 5.0-6.0 (maximal allowable acidity for fur-
ther bio-applications [6,49,50]). Thus, the temperature sensing,
based on thermal control of acid-base equilibrium is not applicable
for the water solutions. Nevertheless, the heating of the PC-dye
aggregates, comprising 3, 4 and 7 blue-shifts the emission bands
similarly to the case of DCM solutions (vide supra). This similarity
suggests that the same factors are responsible for qualitatively the
same temperature dependence observed for the dyes in the organic
solutions and in the PC matrix.

Nevertheless, in contrast to the solutions in DCM, the heating
induces the insignificant changes for the dyes 1, 2, 5, 6, 8 incorpo-
rated into the PC-dye aggregates. Probably, this difference results
from mutual compensation of two kinds of effects: (1) heating-
induced blue shift and intensification of emission immanent for
the dyes in organic medium (Fig. 2); and (2) the red-shifting and
quenching of the fluorescence caused by a displacement of the
dyes from the hydrophobic core of PC matrix to its polar periphery
and/or bulk water. It should be noted that both the red shift of
emission maximum and decrease of quantum yield induced by
increasing polarity of solvents was, indeed, reported earlier for 1
and 3 [26]. Thus, only for the three dyes, 3, 4 and 7, in PC-dye

a b c
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Fig. 4. Luminescence spectra of PC-Dye (0.5 mM PC, 0.015 mM dye, pH = 7.4) at heating and cooling respectively for: a,d - 7 (Aex = 390 nm); b,e - 3 (kex = 370 nm); ¢,f - 4

(hex = 415 nm).
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aggregates the influence of the factor (1) is stronger than the
impact of the factors (2).

The heating-induced emission enhancement is most pro-
nounced for dyes 3 and 7, which is the reason for further studies
aimed at assessing the reproducibility of their emission in the
heating-cooling cycles. The spectral data in Fig. 5 indicate the
detectable irreversibility in the temperature-dependent fluores-
cence intensity of PC-3, while the fluorescence of PC-7 exhibits
greater recyclability within three heating-cooling cycles, followed
by the detectable degradation under the further repeating of the
heating-cooling cycles (Fig. 5). The well-known photochemical
activity of dyes affected by solvent, temperature and oxygenation
conditions [51] may be responsible for the irreversible fluores-
cence of PC-dye aggregates. It is worth assuming that heating of
the PC-dye aggregates can enhance photo-induced transformations
of the dye molecules, which are manifested in the irreversible
spectral behavior of PC-3 under the repeating of the heating—cool-
ing cycles (Fig. 5 ¢, d), while the thermal stability of PC-7 is suffi-
cient within the three repeated cycles (Fig. 5 a, b). This suggests
that the replacement of the quinoxalinone moiety in 3 by the hete-
rocyclic substituent in 7 is a possible reason for the higher thermal
stability of PC-7 compared to PC-3. Moreover, the aforesaid struc-
tural difference can affect the localization of 3 and 7 within the
hydrophobic and polar zones of PC-bilayers, which is another pos-
sible reason for the different stabilities of the dyes [12].

Thus, the temperature dependent spectral behavior of dye-PC
aggregates is affected by the interference of the thermal structural
fluctuations of the dyes with their displacement from the
hydrophobic core of PC matrix to its polar periphery and/or bulk
water, although a photochemical activity of the dyes somewhat
restricts the reversibility of their spectral behavior under repeating
of heating and cooling cycles. The stability of luminescence of PC-7
is the greatest among the other aggregates (Fig. 5), which high-
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lights PC-7 as the leader for further cellular studies aimed at
revealing their intracellular applicability.

3.5. Cytotoxicity and cellular uptake behavior of PC-7

Cellular uptake behavior of PC-7 aggregates is a prerequisite for
their usability in intracellular sensing. Commonly, a cytoplasmic
entry of phospholipid-based aggregates undergoes through an
interplay of several endocytosis mechanisms, including clathrin-
mediated endocytosis and lipid fusion [49]. The fluorescence of
PC-7 aggregates provides an opportunity to monitor their cell
internalization through flow cytometry, fluorescent and confocal
microscopy methods. However, these studies should be preceded
by cytotoxicity measurements. Thus, cell viabilities of M—HeLa
and Chang Liver cell lines were evaluated after their 24 h incuba-
tion with PC-7. The quantitative analysis of the results indicates
no significant cytotoxic effect on the cell samples incubated by
PC-7, when the concentration of the dye varies within 2-15 pM,
which amplifies that the ICso values are above 15 pM (Table S1).
This suggests the use of PC-7 at the dye concentration below
15 uM for the imaging of the cells without significant suppressing
of the cell viability. The flow cytometry data measured for M—HeLa
cell samples incubated by PC-7 aggregates (Fig. S9) reveal their cel-
lular uptake at 7.5 uM of the dye, which results in efficient staining
of the cell compartments as it is demonstrated by fluorescent
microscopy image in Fig. S10. However, the fluorescent microscopy
imaging is not enough to detail the intracellular localization of PC-
7 aggregates.

The confocal microscopy imaging of M—HelLa cell samples incu-
bated by PC-7 was performed to specify the localization of the dye
within cell cytoplasm and nuclei. Therefore, the cell nuclei were
additionally stained by red through the co-incubation with Propid-
ium lodide. The images at Fig. 6 indicate very poor if any colocal-
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Rhomadin B PC-7
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Fig. 6. Live imaging confocal microscopy (scale bar 10 um) of M—HelLa cell samples
incubated with PC-7 (detectable interval 420-510 nm) and co-incubated by
Propidium lodide (detectable interval 566-716 nm) and Rhodamine B (detectable
interval 548-703 nm), Aex = 405 nm.

ization of PC-7 and Propidium lodide in the cell nuclei. The staining
by red of the cell cytoplasm through the co-incubation by Rho-
damine B indicates the significant colocalization of the latter with
the green emitting 7, which highlights the applicability of PC-7 as
the cellular marker predominantly staining cell cytoplasm.

4. Conclusions

Summarizing, several dialkylaminostyrylhetarene dyes con-
structed from electron-rich and electron-deficient moieties con-
nected via vinylene 7-bridges are characterized as temperature-
sensitive luminophores. Temperature-induced wavelength and
intensity changes of dyes emission in neutral dichloromethane
solutions make dyes a promising basis for the development of
nanoparticles exhibiting thermal sensitivity in aqueous solutions
at neutral pH of biological liquids. Hydrophobicity-driven incorpo-
ration of the water insoluble dyes into L-a-phosphatidylcholine(P
C)-based bilayers allows to obtain water dispersible dye-PC aggre-
gates, and to follow their emission in the aqueous solutions. Struc-
ture of the dyes has strong impact on the efficacy of the dyes
incorporation into the PC-based bilayers, temperature sensitivity
of emission of the dye-PC aggregates and its reversibility under
the heating/cooling cycles. This enables structural optimization of
the dyes in order to obtain the dye-PC species demonstrating max-
imal temperature dependence and reversibility of their lumines-
cence in aqueous solutions. The low cytotoxicity of the selected
leader among the dye-PC aggregates was exemplified for M—HeLa
and Chang Liver cell lines. The efficient staining of cell cytoplasm
by the dye-PC luminophores opens further opportunities for
biosensing applications.
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