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PPV, an early air-stable conjugated polymer, is widely used in organic electronics and
bioimaging due to its simple structure and UV-Vis spectral properties. This chapter
explores the design, synthesis, and potential applications of near-infrared two-photon
fluorescent dyes derived from PPV. Small molecule dyes (HO-PPV-X) with improved
water solubility and strong push-pull structures were created by modifying PPV. Three
synthesized dyes, HO-PPV-3CN, HO-PPV-MePy, and HO-PPV-EtBT, showed good
solubility and near-infrared fluorescence. Live-cell imaging revealed different cellular
localization: HO-PPV-3CN stained cytoplasm, HO-PPV-MePy stained the whole cell,
and HO-PPV-EtBT targeted the nucleus. These findings suggest potential for develop-
ing fluorescent probes and diagnostic reagents with specific subcellular localization
functions, especially HO-PPV-EtBT for nuclear staining.

INTRODUCTION

Although PPVs have many advantages as important
polymers, their simple and efficient synthesis methods have
always been a major challenge for researchersl'], and as a \ \
rigid rod polymer, unsubstituted PPVs are insoluble in wa-

OR

ter and most solvents, so the development of soluble PPVs n n
has always been the goal of researchers(?l. Although PPV is RO

water-insoluble, its precursors can be chemically modified

to improve their water solubilityl!]. PPVs

In terms of molecular chemical structure, PPVs them-
selves are excellent two-photon fluorescent materials, and
although the research work on the development and design
of fluorescent probes is scarce, there are some develop-

Figure 1 | Chemical structures of PPV and its derivatives

ments. It has been widely used in the design of metal ions,
enzymes, ROS, AB-amyloid, and DNA fluorescent probes, as
well as in photodynamic therapy (PDT)[3-221. Despite these
developments, there is still a huge scope for the development

of PPV-derived fluorescent dyes and probes with better per-
formance, especially in terms of improving the water solubil-
ity of molecules and redshifting the fluorescence emission
wavelength [23-2¢],
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Figure 2 | Chemical structures of HO-PPV-3CN, HO-PPV-MePy, HO-PPV-EtBT

In this chapter, near infrared two-photon fluorescent dyes
are derived through structural modification with PPV as the
core backbone. A series of small molecule fluorescent dyes
with improved water solubility with strong push-pull struc-
ture (named HO-PPV-X, Figure 2) were designed by insert-
ing electron-donating hydroxyl groups (-OH) and various
electron-withdrawing groups (neutral and cationic fragments)
at both ends of the PPV core fragment. The final three dyes,
HO-PPV-3CN, HO-PPV-MePy and HO-PPV-EtBT, were
successfully applied to two-photon imaging in live cells, and
the imaging results showed that HO-PPV-3CN was mainly
distributed in the cytoplasm, HO-PPV-MePy was distributed
in the whole cell, and HO-PPV-EtBT could be concentrated
in the nucleus. The different cellular localization of the three
fluorochromes gives them the potential for the development
of fluorescent probes and diagnostic reagents with different
suborganelle localization functions. Among them, HO-PPV-
EtBT itself can serve as a new near-infrared two-photon fluo-
rescence probe to locate atomic nucleus.

MATERIALS AND METHODS

Materials

The probes HO-PPV-3CN, HO-PPV-MePy, and HO-PPV-
EtBT are all custom-synthesized and commercially available.
The reagents used in organic synthesis include: 4-Hydrox-
ybenzaldehyde(CAS 123-08-0), TBSCI(CAS 18162-48-6),
Imidazole(CAS 288-32-4),4-Cyanobenzyl bromide(CAS

17201-43-3), Lithium diisopropylamide, LDA, CAS 4111-

54-0), DIBALH(CAS 1191-15-7), TBAF(CAS 429-41-4),3-
Hydroxy-3-methyl-2-butanone(CAS 115-22-0), Malononi-
trile(CAS 109-77-3), Ammonium acetate(CAS 631-61-8),
Sodium ethoxide(CAS 141-52-6), Potassium tert-
butoxide(CAS 865-47-4), 2-Methylbenzothiazole(CAS
120-75-2), Iodoethane(CAS 75-03-6), all reagents were of
analytical grade.

Roswell Park Memorial Institute (RPMI) -1640 culture
medium was purchased from Sigma Aldrich (St. Louis, MO,
USA). 3-4 (4,5-dimethyl-2-thiazole) -2,5-diphenyltetrazolium
bromide (MTT) was purchased from Beijing Boaotoda Tech-
nology Co., Ltd. Pancreatic enzyme cell digestion solution
(0.25% trypsin, containing phenol red), Hoechst 33342, Mito
Tracker Green, Lyso Tracker Green, and ER Tracker Green
were purchased from Shanghai Biyuntian Biotechnology Co.,
Ltd. Penicillin and streptomycin were purchased from Beijing

Soleibao Technology Co., Ltd. Fetal bovine serum was pur-
chased from Lanzhou Rongye Biotechnology Co., Ltd.

Instrumentation

* UV spectrophotometer: TU-1901,Persee

* Fluorescence spectrophotometer: LS55, PerkinElmer,
USA

* PH meter: PB-10, Sartorius, Germany

* Microplate Reader: Infinite M200,TECAN,Switzerland

+ Cell culture incubator: Thermo Scientific

» Laser confocal microscope: STELLARIS 5, CLSM,
Leica Co., Ltd. Germany

Design and Synthesis of PPV Fluorescent Dyes

PPV and its derivatives have excellent photoluminescence
efficiency and can achieve high quantum yield luminescence
through conjugated = - electron structures. This characteristic
enables it to generate strong and stable fluorescence signals
during intracellular imaging, significantly improving imaging
sensitivity and signal-to-noise ratio. For example, the de-
rivative of PPV, MEH-PPV (poly [2-methoxy-5- (2-ethylhex-
oxy) -1,4-phenylene])l!4], exhibits excellent fluorescence
emission performance in the visible light range and is suit-
able for live cell imaging. PPV materials can be chemically
modified (such as introducing hydrophilic groups or biomol-
ecules) to improve their water solubility and biocompatibility,
reducing their toxicity to cells.

The chemical structure of PPV can be customized through
modification to achieve precise control of its fluorescence
properties. For example, by adjusting the emission wave-
length and introducing different substituents (such as alkoxy
and halogen atoms), the fluorescence emission wavelength of
PPV can be tuned from the visible light region (about 500
nm) to the near-infrared region (about 700-900 nm), reducing
self fluorescence interference in biological tissues and im-
proving imaging depth.

This article focuses on the design, synthesis, and potential
application exploration of near-infrared two-photon fluores-
cent dyes with a new poly (p-phenylene vinylene) (PPV)
skeleton structure. Firstly, the core fragment HO-PPV-CHO
of PPV structure was constructed using the method described
in referencel27l. Then, based on this fragment, the classical
Knoevenagel condensation reaction was attempted to intro-
duce various neutral and cationic electron withdrawing
groups, in order to increase the push-pull effect of the entire
conjugated fluorescent dye molecule, enhance the ICT effect,
and shift the fluorescence emission wavelength to the red.
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Figure 4 | Scheme 2: Synthesis route of fluorescent dye HO-PPV-3CN.

Through continuous synthetic exploration, three fluorescent
probes, HO-PPV-3CN, HO-PPV MePy, and HO-PPV EtBT,
were synthesized.

Firstly, the intermediate HO-PPV-CHO was synthesized
using the method reported in reference [14]. In short, p-hy-
droxybenzaldehyde (compound a) protected by tert butyl-
dimethylsilyl (TBS) and diethyl (4-cyanobenzyl) phosphate
(compound b) were reacted with strong base lithium diiso-
propylamide (LDA) at low temperatures (-78 °C to room
temperature) to construct an olefin double bond through the
classical Wittig Horner Emmons reaction, resulting in com-
pound c. Then, using diisobutylaluminum hydride (DIBALH)
at low temperatures (-78 °C to 0 °C), the cyanide group in
compound ¢ was reduced to an aldehyde group, resulting in
compound d. Finally, TBS protection was removed using
tetrabutylammonium fluoride (TBAF) to obtain the interme-
diate HO-PPV-CHO (Figure 3).

Next, we will explore the synthesis methods and results of
the PPV series fluorescent dyes (HO-PPV-3CN, HO-PPV-
MePy, HO-PPV-EtBT) derived from HO-PPV-CHO.

The synthesis of fluorescent dye HO-PPV-3CN: Firstly, we
attempted to use pyridine catalysis and ethanol as the solvent
for direct reflux. TLC monitoring showed that the reaction
could hardly occur; Further attempts were made to use the
salt produced in situ by piperidine and acetic acid for cataly-
sis, with toluene as the solvent for reflux, but the target prod-
uct still could not be obtained; Finally, using ammonium ac-
etate as a catalyst and ethanol as a solvent, the reaction is
carried out under reflux conditions for 7-8 hours. After cool-
ing, natural crystallization can precipitate a black precipitate,
which is the target molecule HO-PPV-3CN (Figure 4).

The synthesis of fluorescent dye HO-PPV-MePy: The syn-
thesis method of this target molecule is very clear, that is,

using pyridine catalysis and ethanol as the solvent reflux
conditions, the target molecule can be successfully obtained.
However, during the synthesis process, it was found that the
target molecule can also be directly obtained by reacting with
1,4-dimethylpyridine salt using aldehyde without removing
TBS protection under these conditions. Compared with the
two methods, it is obvious that the latter is simpler, and it has
been observed that the reaction effect is better, with fewer by-
products in the reaction system (Figure 5).

The synthesis of fluorescent dye HO-PPV-EtBT: Firstly, we
attempted to use pyridine catalysis and reflux ethanol as a
solvent overnight. The reaction system turned dark purple,
and TLC monitoring showed that the raw material HO-PPV-
CHO was completely consumed. However, the reaction sys-
tem was very complex, with many by-products and no clear
target point. Try replacing the weaker base with pyridine
catalysis. After refluxing in ethanol for 7-8 hours, a large
amount of brownish red precipitate appears. After cooling to
room temperature, filter and wash the solid three times with
cold ethanol. Then air dry naturally and dry in a vacuum dry-
ing oven at 60 °C for 6 hours to obtain the target molecule
(Figure 6).

In summary, after the above synthesis exploration, a total
of 3 molecules were successfully synthesized, purified, and
obtained in quantities suitable for subsequent performance

testing, namely: HO-PPV-3CN. HO-PPV-MePy. HO-PPV-
EtBT.

General Procedures for Spectral Research

Prepare stock solutions of 1 mM HO-PPV-3CN, HO-PPV-
MePy, and HO-PPV-EtBT fluorescent dyes in analytical pure
DMSO. Before spectral measurement, prepare the corre-
sponding test solution by diluting the high concentration re-
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Figure 6 | Scheme 4: Synthesis route of fluorescent dye HO-PPV-EtBT

serve solution fresh. The spectral performance testing in dif-
ferent solvents was carried out according to the following
procedure: 30 p L of fluorescent dye stock solution (1 mM)
was added to a 4 mL test tube, and then diluted with 2.97 mL
of the corresponding solvent to a total volume of 3 mL. The
final tested fluorescent dye concentration was 10 p M. The
excitation wavelength, spectral acquisition range, and mea-
surement slit width are determined based on the instrument
performance, fluorescence excitation spectrum, and actual
spectral emission, and remain consistent within the group.

Determination Of Absolute Fluorescence Quantum
Yield

The absolute fluorescence quantum yields (@) of three
probes in different solvents were obtained using an integrat-
ing sphere on a FLS 920 fluorescence spectrophotometer
(Edinburgh Instruments, UK). The excitation wavelength is
set to 610 nm, and the collected fluorescence emission band
is 625-780 nm. The width of the slit and the final concentra-
tion of the test sample depend on the strength of the test sig-
nal. The final absolute fluorescence quantum yield was auto-
matically simulated by specific computer software, and the
results are summarized in the table

Cell Culture

HeLa and HepG2 cells were purchased from the Chinese
Academy of Sciences Shanghai Institute of Biochemistry and
Cell Biology. Cells were cultured in RPMI-1640 medium
containing 10% fetal bovine serum (FBS), 100U/mL strep-
tomycin, 100U/mL penicillin, 2g/L. NaHCO3;, or DMEM
medium containing 10% fetal bovine serum (FBS), 100U/mL
streptomycin, 100U/mL penicillin, 3.7g/L NaHCO3. Cultivate

in a 37 °C incubator containing 5% CO,. Experiments were
conducted using cells in the exponential growth phase.

Cytotoxic Assay

MTT assay was used to determine the cytotoxicity of
probes on HelLa, HepG2 cells. 100pL cells (density 6x104
cells/mL) were seeded onto a 96 well plate and incubated
overnight in a 5% CO; incubator at 37 ° C. Remove the old
culture medium, add fresh culture medium, and incubate with

different concentrations (0. 1.25. 2.5. 5. 10. 20. 25.

30. 40 uM) of probes in fresh culture medium for 24 hours.
Subsequently, remove the old culture medium and incubate
with 10 pL MTT (5 mg/mL) and 90 pL culture medium for 4
hours. Finally, remove the MTT containing culture medium,
add 100 p L DMSO to each well, shake, dissolve with for-
mazan crystals, and measure the absorbance value of each
well at 570m using an enzyme-linked immunosorbent assay
(ELISA) reader. All experiments were repeated three times
independently.

Cell Imaging

Two photon imaging of HeLa and HepG2 cells using fluo-
rescent dyes HO-PPV-3CN, HO-PPV-MePy, and HO-PPV-
EtBT was performed on a laser scanning confocal micro-
scope (upright) (Olympus FV1000 MPE, 100x oil objective);
Single photon imaging of HeLa and HepG2 cells using HO-
PPV-MePy was performed on a laser confocal microscope
(inverted) - Olympus FV3000 (40x air objective).
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Figure 7 | Uv-vis absorption spectra of fluorescent dyes HO-PPV-3CN, HO-PPV-MePy and HO-PPV-EtBT (Concentration=10 y m) in
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Figure 8 | Fluorescence excitation spectra of fluorescent dyes HO-PPV-3CN, HO-PPV-MePy and HO-PPV-EtBT (Aex = 440 nm, 380

nm, 380 nm, Concentration=10 p m) in Acetonitrile-PBS (1:1, v/v, pH =7.4, 10 mM) solvents at 25°C, slit width: 10/10 nm.

RESULT

Spectral Properties of PPV Fluorochromes

After successfully synthesizing dye molecules HO-
PPV-3CN, HO-PPV-MePy, and HO-PPV-EtBT, their basic
luminescent properties were preliminarily tested at 25 °C. As
shown in Figure 7, the three dye molecules exhibit different
absorption bands in the twelve selected solvents. Specifically,
HO-PPV-3CN exhibits dual absorption in the UV visible
range, with the center positions of the two absorption peaks
concentrated at approximately 330nm and 500nm, respective-
ly, with varying deviations in different solvents. The absorp-
tion peak center of HO-PPV-MePy in most sol outlets is con-
centrated at about 425 nm, and the red shift in di-
chloromethane (DCM) is about 460 nm. The absorption spec-
tra of HO-PPV-E(BT in different solvents show varying de-
grees of blue or red shift at 460nm.

Based on the measurement results of UV visible absorption
spectra mentioned above, although there is a theoretical con-
clusion that UV absorption spectra are highly similar to fluo-
rescence excitation spectra, considering the physical differ-
ences between instruments, the acetonitrile PBS mixed sol-
vent system was further selected to test the fluorescence exci-

tation spectra of the three dye molecules, and based on this,
combined with the actual light emission situation, the fluo-
rescence excitation wavelength was selected and determined.
The fluorescence excitation spectra of HO-PPV-3CN, HO-
PPV-MePy, and HO-PPV-EtBT in the acetonitrile PBS sol-
vent system are shown in Figure 8.

After determining the fluorescence excitation wavelengths
of the three fluorescent dyes, the fluorescence emission spec-
tra of HO-PPV-3CN, HO-PPV MePy, and HO-PPV EtBT in
different solvents are shown in Figure 9. The fluorescence
emission spectrum of HO-PPV-3CN is greatly affected by
solvents, and the emission wavelength is relatively short in
solvents with low polarity such as 1,4-dioxane, ether,
tetrahydrofuran, and dichloromethane, ranging from 660-750
nm; And in DMF DMA. DMSO.
mum fluorescence emission wavelength in highly polar sol-
vent systems such as acetonitrile PBS can be red shifted to
around 830 nm, and the spectral band becomes wider; The
emission wavelength center is around 800 nm in acetonitrile,
methanol, ethanol, and PBS (Figure 9A). Preliminary specu-
lation suggests that solvent polarity may directly affect the
fluorescence emission spectrum of HO-PPV-3CN, and chang-
ing solvent polarity can directly alter its fluorescence emis-

The center of the maxi-
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Figure 10 | Concentration-dependence of HO-PPV-3CN, HO-PPV-MePy, HO-PPV-EtBT

A) The fluorescence intensity (Aex/Aem = 550 nm/750 nm) of probe HO-PPV-3CN (1, 2, 3, 4, 5,6, 7, 8, 9, 10 uM) in DCM at 25 °C. , slit width:
10/10 nm. B) The fluorescence intensity (Aex/Aem = 445 nm/730 nm) of probe HO-PPV-MePy (1, 2, 3, 4, 5,6, 7, 8,9, 10 yM) in DCM at 25
°C, slit width: 10/10 nm. C) The fluorescence intensity (Aex/Aem = 550 nm/770 nm) of probe HO-PPV-EtBT (1, 2, 3, 4, 5,6, 7,8, 9, 10 yM) in
DCM at 25 °C, slit width: 10/10 nm. D) The linear relationship of fluorescence intensity of HO-PPV-3CN (1-5 uM). Aex/Aem = 550 nm/750 nm
in DCM at 25 °C, slit width: 10/10 nm. E) The linear relationship of fluorescence intensity of HO-PPV-MePy (1-5 uM). Aex/Aem = 445 nm/730
nm in DCM at 25 °C, slit width: 10/10 nm. F) The linear relationship of fluorescence intensity of HO-PPV-EtBT (1-5 uM). Aex/Aem = 550 nm/

770 nm in DCM at 25 °C, slit width: 10/10 nm.

sion spectrum characteristics, including peak shape and peak
position. The emission spectrum center of HO-PPV-MePy is
around 730 nm in most solvents, with blue shift to 710 nm in
tetrahydrofuran and 610 nm in 1,4-dioxane. However, there is
almost no fluorescence in ether and pure PBS (Figure 9B).
The emission spectrum center of HO-PPV-EtBT shows a
slight red or blue shift around 770 nm in most solvents, while
the fluorescence is weak in 1,4-dioxane, ether, and pure PBS
(Figure 9C).

It is worth noting that under the condition of dioxane, the
PPV series probes undergo a red shift, which is mainly relat-
ed to solvent polarity, intermolecular forces, solvent probe
molecule interaction modes, and solvent molecule structural
characteristics. Firstly, the probe is affected by the polarity of
the solvent. An increase in solvent polarity can cause a
change in the energy difference between the excited and
ground states of the fluorescent probe, resulting in a shift of
the fluorescence peak towards longer wavelengths, i.e., a red
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shift. As a polar solvent, dioxane can stabilize the excited
state of probe molecules through solvation, reduce the excit-
ed state energy, and thus cause a red shift in fluorescence
emission wavelength. Secondly, influenced by intermolecular
forces, hydrogen bonds or other intermolecular forces may
form between the dioxane ring and the PPV series probe
molecules. These forces can alter the electron cloud distribu-
tion of the probe molecules, thereby affecting their electron
transition energy levels and causing a red shift in the fluores-
cence spectrum.

In addition, in the concentration dependent fluorescence
titration experiment (Figure 10), with the probe HO-
PPV-3CN, As the concentration of HO-PPV-MePy and HO-
PPV-EtBT increased from 0 p M to 10 pu M, the ratio of probe
fluorescence intensity gradually increased and showed a good
linear relationship in the concentration range of 0-5 p M.

From the above basic spectral property test results, it can
be seen that the solvent properties have the least influence on
the fluorescence emission spectrum of HO-PPV-EtBT, fol-
lowed by HO-PPV-MePy, and the greatest influence on HO-
PPV-3CN. However, in any case, the emission wavelengths
of the three fluorochromes can fall in the near-infrared region
(650-900 nm), which is the near-infrared emitting fluorescent
dye, and from the difference between the absorption wave-
length and the emission wavelength, it can be known that all

three exhibit huge Stokes shifts, which is conducive to reduc-
ing background interference, reducing biological sample
damage, enhancing sample penetration ability, and improving
detection sensitivity.

Cell Imaging of PPV Fluorescent Dyes

Prior to cell staining, the cytotoxic activity of three dye
molecules (HO-PPV-3CN, HO-PPV-EtBT) was first evaluat-
ed by MTT method. After 24 hours of treatment with differ-
ent doses of dyes (0, 1.25, 2.5, 5, 10, 20, 25, 30, 40 uM), the
viability of almost all selected cell lines (HeLa and HepG2
cells) exceeded 85%, indicating that the three dyes had little
cytotoxicity to living cells and exhibited good biocompatibil-
ity (Figure 11).

Cell Imaging

Next, three dye molecules, HO-PPV-3CN, HO-PPV-MePy
and HO-PPV-EtBT, were applied to live-cell staining imag-
ing. First, as shown in Figure 12, the fluorescence intensity
of different concentrations of HO-PPV-3CN for HeLa cell
staining increased with the increase of dye concentration un-
der the two-photon excitation wavelength of 850 nm, but the
staining region was always concentrated in the cell cyto-
plasm, indicating that the dye molecule HO-PPV-3CN was
suitable for two-photon imaging of live cell cytoplasm. As
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Figure 13 | Two-photon confocal fluorescence
images of Hel a cells stained with different con-
centrations of the fluorescent dye HO-PPV-
MePy (5, 10 and 20 pM).

From left to right: different HO-PPV-MePy concen-
trations. From top to bottom: bright field images,
fluorescence images, and overlay images. (Aex =
820 nm, red channel emission wavelength, Aex2575
nm) Scale bar: 20 ym.

Brightfield

Fluorescence
(hex =405 nm)

shown in Figure 13, the two-photon imaging of HeLa cells
stained by different concentrations of HO-PPV-MePy shows
that HO-PPV-MePy stains almost the entire cell region (cyto-
plasm and nucleus), which is further confirmed by the single-
photon imaging of HeLa and HepG2 cells (Figures 14).
Futhermore, the dye HO-PPV-EtBT was applied to two-pho-
ton imaging of HelLa and HepG2 cell staining, respectively,
and it can be seen from the staining results of multiple im-
ages in Figure 15 that the fluorescence signal of HO-PPV-
EtBT is mainly concentrated in the nuclear region, indicating

Figure 14 | One-photon confocal fluorescence
images of HeLa and HepG2 cells stained with
different concentrations of the fluorescent dye
HO-PPV-MePy (10 and 20 pM).

From left to right: different HO-PPV-MePy concen-
trations with HeLa and HepG2 cells, respectively.
From top to bottom: bright field images, pseudocol-
ored fluorescent images, and overlay images. (Aex
=405 nm, red channel emission wavelength, Aem =
700 -740 nm) Scale bar: 50 pm.

that HO-PPV-EtBT can be used as a specific nucleus-target-
ing dye molecule, that is, a nucleus-selective near-infrared
two-photon fluorescent probe.Finally, We selected the com-
mercial cell nucleus probe Hoechst 33342 as a reference, and
in the subcellular co localization experiment (Figure 16),
HepG2 cells were incubated with HO-PPV-EtBT and
Hoechst 33342 for 30 minutes before imaging. The red fluo-
rescence signal of the probe HO-PPV-EtBT overlaps well
with the blue fluorescence signal of Hoechst 33342, with a
Pearson's colorization coefficients (PCC) of 0.89. As a con-
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trol, we also selected endoplasmic reticulum green fluores-
cent probe ER Tracker Green, mitochondrial green fluores-
cent probe Mito Tracker Green, lysosome green fluorescent
probe Lyso Tracker Green and incubated them together with
probe HO-PPV-EtBT. As shown in Figure 15, the red fluores-
cence signal of the probe does not almost overlap with the
green fluorescence signals of the ER Tracker Green, Mito
Tracker Green, and Lyso Tracker Green probes. The calculat-
ed Pearson co localization coefficients are -0.15, -0.21, and
-0.14, respectively. The above experimental results indicate
that the probe has good nuclear targeting ability.

Light Stability Testing of Probe HO-PPV-EtBT

Light stability and tissue penetration depth are important
parameters for the application of fluorescent probes in in vivo

Figure 15 | Two-photon confocal fluorescence
images of HeLa and HepG2 cells stained with
different concentrations of the fluorescent dye
HO-PPV-EtBT (5, 10 and 20 uM).

From left to right: HeLa and HepG2 cells. From top
to bottom: bright field image, fluorescence image,
and superimposed image. (Aex = 820 nm, red
channel emission wavelength, Aex2575 nm) Scale
bar: 20 ym.

Merge

Figure 16 | Subcellular organelle colocalization
of HO-PPV-EtBT.

Confocal fluorescence images of HepG2 cells co-
stained with HO-PPV-EtBT (10 uM) and Hoechst
33342 (A1-A4), ER-Tracker Green (B1-B4), Mito
Tracker Green (C1-C4) or Lyso-Tracker Green (D1-
D4) for 30 min respectively. HO-PPV-EtBT: Aex/Aem
=575 nm/730 £ 25 nm; Hoechst 33342: Aex/Aem =
405 nm/445 + 25 nm; ER-Tracker Green, Mito-
Tracker Green, Lyso-Tracker Green: Aex/Aem = 488
nm/525 + 25 nm. Scale bar: 25 ym.

imaging of target analytes. We compared the photostability of
HO-PPV-EtBT with two commercial probes (Hoechst 33342
and Mito Tracker Green) in HepG2 cells using confocal laser
scanning microscopy for photobleaching experiments (Fig-
ure 17), it can be seen that the intensity of the red fluores-
cence signal generated by HO-PPV-EtBT remains unchanged
for the first 2 minutes, Significant attenuation only appears
after 3-6 minutes. Under the same testing conditions, the at-
tenuation of blue and green fluorescence intensity emitted at
the same time point is higher than that of HO-PPV-EtBT. The
experimental results indicate that the photostability of HO-
PPV-EtBT is superior to that of Hoechst 33342 and Mito
Tracker Green.
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DISCUSSION

The design, synthesis, and application of near-infrared two-
photon fluorescent dyes derived from PPV have been the
focus of this study. The insertion of electron-donating hy-
droxyl groups (-OH) and various -electron-withdrawing
groups at both ends of the PPV core fragment has led to the
creation of three novel dyes: HO-PPV-3CN, HO-PPV-MePy,
and HO-PPV-EtBT. These dyes exhibit improved water solu-
bility and strong push-pull structures, contributing to their
unique optical properties.

The spectral analysis revealed that HO-PPV-3CN, HO-
PPV-MePy, and HO-PPV-EtBT display distinct absorption
and emission characteristics in various solvents. Notably,
HO-PPV-3CN demonstrated dual absorption peaks in the
ultraviolet-visible range, with significant solvent-dependent
shifts in its emission wavelength. This suggests a strong in-
fluence of solvent polarity on the fluorescence emission spec-
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Figure 17 | The photostability experiments of
HO-PPV-EtBT, Hoechst 33342, and Mito Tracker
Green HepG2 cells were co stained with
Hoechst 33342 (1 y M), Mito Tracker Green (500
nM), and HO-PPV-EtBT (10 p M) for 30 minutes,
and then images at different time points were
obtained by continuous scanning in chronolog-
ical order.

From left to right: 0 1 2 3 4 5. 6 minutes. From top
to bottom, they are the blue channel, green chan-
nel, red channel, and bright field. Ruler: 50 y m.

trum of HO-PPV-3CN. In contrast, HO-PPV-EtBT showed
the least variation in its emission spectrum across different
solvents, indicating greater stability in its optical properties.

The cellular staining experiments using these dyes provid-
ed intriguing results. HO-PPV-3CN predominantly stained
the cytoplasm, suggesting its potential use for cytoplasm-
specific imaging. HO-PPV-MePy stained the entire cell, en-
compassing both cytoplasm and nucleus, as further confirmed
by single-photon imaging. Most notably, HO-PPV-EtBT
demonstrated selective staining of the nucleus, positioning it
as a promising candidate for nucleus-localized near-infrared
two-photon fluorescent probes.

The cytotoxicity assessments using the MTT assay ensured
the biocompatibility of these dyes, particularly at lower con-
centrations, which is crucial for their potential applications in
biological imaging. The selective staining patterns observed
in live-cell imaging experiments underscore the potential of
these PPV-derived dyes for subcellular localization studies.
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When compared to existing literature, the PPV-based dyes
developed in this study offer several advantages. Their im-
proved water solubility broadens the scope of applications in
aqueous environments, such as biological samples. Moreover,
the near-infrared emission wavelengths place them within a
range that minimizes autofluorescence and maximizes tissue
penetration, making them suitable for deep-tissue imaging.
However, further studies are needed to fully understand the
mechanisms underlying their subcellular localization and to
explore their potential applications in disease diagnosis and
therapy.

CONCLUSIONS

In conclusion, this study successfully synthesized and char-
acterized three novel near-infrared two-photon fluorescent
dyes derived from PPV. These dyes, HO-PPV-3CN, HO-PPV-
MePy, and HO-PPV-EtBT, exhibit distinct optical properties
and subcellular localization patterns. HO-PPV-3CN is suit-
able for cytoplasm-specific imaging, HO-PPV-MePy stains
the entire cell, and HO-PPV-EtBT demonstrates selective
staining of the nucleus. Their biocompatibility and near-in-
frared emission make them promising candidates for biologi-
cal imaging applications.

The results obtained in this study contribute to the expand-
ing field of PPV-derived fluorescent dyes and probes. Future
work will focus on refining the synthesis methods, exploring
additional subcellular targets, and evaluating the potential of
these dyes in preclinical studies for disease diagnosis and
treatment monitoring. The unique properties of these PPV-
based dyes hold promise for advancing the field of biological
imaging and opening new avenues for research in bio-
medicine.
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Figure 5

Synthesis Process of Intermediate HO-PPV-CHO

Mix 4-hydroxybenzaldehyde (6.1 g, 49.98 mmol), TBSCI
(11.6 g, 76.96 mmol), and imidazole (10.2 g, 149.8 mmol)
with DMF in a flask and stir at room temperature for 2 hours.
The reaction system was diluted with ethyl acetate and
washed three times with distilled water. Separate and collect
the organic layer, dry anhydrous Na2SO4 for 30 minutes, and
remove the solvent by rotary evaporation. Compound a was
obtained by rapid column chromatography of petroleum ether
ethyl acetate system with a yield of 88.6%. 1H NMR (400
MHz, CDCI3) & 9.88 (s, 1H), 7.78 (d, J = 8.5 Hz, 2H), 6.94
(d, J= 8.5 Hz, 2H), 0.98 (s, 9H), 0.24 (s, 6H)(Figure 1).

4-cyanobenzyl bromide (5.51 g, 28.1 mmol) was heated to
60 °C. Add (4.28 mL, 28.1 mmol) triethyl phosphite, heat to
130 °C on a distillation apparatus, and react for 4 hours. After
cooling to room temperature, the reaction was diluted with
ether and washed three times with distilled water. Separate
the organic layer, dry anhydrous Na2SO4 for 30 minutes, and
remove the solvent by rotary evaporation. Compound b was

obtained by rapid column chromatography of petroleum ether
ethyl acetate system with a yield of 58.6%. 1H NMR (400
MHz, CDCI3) § 7.59 (d, J/=8.0 Hz, 2H), 7.40 (dd, J=8.2, 2.2
Hz, 2H), 4.02 (p, J=7.2 Hz, 4H), 3.18 (d, J=22.3 Hz, 2H),
1.24 (t, J=7.1 Hz, 6H).

Dissolve compound b (8.13 g, 32.13 mmol) in dry tetrahy-
drofuran and place it in a dry flask under argon protection.
Slowly add 2 M lithium diisopropylamine (LDA) solution
(24.09 mL, 48.18 mmol) at -78 °C, stir the reaction for 50

minutes at -78 °C, and then add compound a (7.58 g, 32.13
mmol) in tetrahydrofuran solution through a syringe. After 30
minutes, move the reaction to room temperature and stir
overnight. The reaction was quenched with a saturated NH4-
ClI aqueous solution, extracted with ethyl acetate, and washed
7-8 times with distilled water. The organic layer was separat-
ed, dried over anhydrous Na2SO4 for 30 minutes, and the
solvent was removed by rotary evaporation. Compound ¢ was
obtained by rapid column chromatography of petroleum ether
ethyl acetate system with a yield of 83.5%. 1H NMR (400
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MHz, CDCI3) 8 7.60 (d, J=8.3 Hz, 2H), 7.53 (d, J=6.9 Hz,
2H), 7.42 (d, J=8.6 Hz, 2H), 7.15 (d, J=16.3 Hz, 1H), 6.94 (d,
J=16.3 Hz, 1H), 6.86 (d, J=8.5 Hz, 2H), 1.00 (s, 9H), 0.23 (s,
6H) (Figure 3).

Dissolve compound ¢ (3.63 g, 10.8 mmol) in dry ether,
cool to -78 °C, and in Ject 1.0 M diisobutylaluminum hydride
(DIBALH) solution (22 mL, 21.6 mmol) into the syringe. Stir
the reaction and let it slowly warm up to room temperature
overnight. Slowly pour the reaction mixture into an aqueous
solution containing 10% glacial acetic acid and quench. Di-
lute the mixture with ethyl acetate, separate the organic layer,
dry over anhydrous Na2SO4, and remove the solvent by ro-
tary evaporation. Compound d was obtained by rapid column
chromatography of petroleum ether ethyl acetate system
with a yield of 53.68%. 1H NMR (300 MHz, CDCI3) § 9.98
(s, 1H), 7.86 (d, J/=8.2 Hz, 2H), 7.62 (d, /=8.2 Hz, 2H), 7.44
(d, /=8.5 Hz, 2H), 7.21 (d, J/=16.3 Hz, 1H), 7.00 (d, J=16.3
Hz, 1H), 6.87 (d, J=8.6 Hz, 2H), 1.01 (s, 9H), 0.24 (s, 6H)
(Figure 4).

Place compound d (2.56 g, 7.57 mmol) in dry tetrahydrofu-
ran, stir at room temperature, and add 1.0 M tetra-
butylammonium fluoride solution (8 mL, 8 mmol) using a
syringe. Stir the reaction for 30 minutes. Quench the reaction
with an appropriate amount of glacial acetic acid, dilute the
reaction mixture with ethyl acetate, wash with distilled water
three times, separate the organic phase, dry anhydrous Na2-
SO4 for 30 minutes, and remove the solvent by rotary evapo-
ration. The compound HO-PPV-CHO was obtained by rapid
column chromatography of petroleum ether ethyl acetate sys-
tem with a yield of 85.23%. 1H NMR (400 MHz, DMSO-d6)
8 9.96 (s, 1H), 9.76 (s, 1H), 7.87 (d, J=8.3 Hz, 2H), 7.75 (d,
J=8.3 Hz, 2H), 7.49 (d, J=8.6 Hz, 2H), 7.38 (d, J=16.4 Hz,
1H), 7.13 (d, J=16.4 Hz, 1H), 6.80 (d, J=8.6 Hz, 2H). (Figure

85) 13C NMR (100 MHz, DMSO-d6) & 192.71, 158.54,
144.28, 134.99, 132.62, 130.48, 128.99, 126.94, 124.35,
116.15 (Figure 5).

Synthesis Process of Fluorescent Dye HO-PPV-3CN

3-Hydroxy-3-methyl-2-butanone (8 g, 78.33 mmol), mal-
ononitrile (9.6 g, 145.32 mmol), and anhydrous ethanol were
mixed in a flask, and sodium ethoxide (1.6 g, 23.51mmol)
was added while stirring at room temperature. After refluxing
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in an oil bath for 2-3 hours, cool to room temperature and
then refrigerate at -20 °C for 1 hour to precipitate a light yel-
low precipitate. Rinse the surface three times in a Buchner
funnel using 10 mL of cold ethanol and let the solid air natu-
rally to obtain compound e with a yield of 88.3%. 1H NMR
(400 MHz, CDCI3) & 2.38 (s, 3H), 1.64 (s, 6H)(Figure 6).
Intermediate HO-PPV-CHO (200 mg, 0.89 mmol) and
compound e (199 mg, 1 mmol) were dissolved in anhydrous
ethanol. Ammonium acetate (38.54 mg, 0.5 mmol) was added
and refluxed for 5-6 hours. After the reaction is complete,
cool to room temperature and precipitate a black precipitate.
Filter and wash the solid with cold ethanol three times before
natural air drying to obtain the fluorescent dye HO-PPV-3CN
with a yield of 78.51%. 1H NMR (400 MHz, DMSO-d6) &
9.78 (s, 1H), 7.97-7.83 (m, 3H), 7.69 (d, J/=7.9 Hz, 2H), 7.49
(d, /=8.2 Hz, 2H), 7.38 (d, /=16.3 Hz, 1H), 7.17 (dd, J=39.9,
16.4 Hz, 2H), 6.80 (d, /=8.1 Hz, 2H), 1.80 (s, 6H)(Figure 7).

Synthesis Process of Fluorescent Dye HO-PPV-MePy

Compound d (3.1 g, 9.2 mmol), 1,4-dimethylpyridine salt
(2.586 g, 11 mmol), and ethanol were mixed in a round bot-
tom flask. ImL of piperidine was added and refluxed for 8
hours to produce a black precipitate. After cooling the system
to room temperature, the precipitate was filtered and recrys-
tallized using 6mL of a mixed solvent of methanol and ethyl
acetate(v/v = 1:5). The solid was naturally air dried after fil-
tration to obtain the fluorescent dye HO PPV MePy with a
yield of 76.3%. 1H NMR (400 MHz, DMSO-d6) & 8.83 (d,
J=6.8 Hz, 2H), 8.19 (d, J=6.9 Hz, 2H), 7.99 (d, J=16.2 Hz,
1H), 7.73 (d, J=8.5 Hz, 2H), 7.66 (d, J=8.4 Hz, 2H), 7.50 (d,
J=16.2 Hz, 1H), 7.44 (d, J=8.6 Hz, 2H), 7.29 (d, J=16.4 Hz,
1H), 7.05 (d, J=16.4 Hz, 1H), 6.76 (d, J=6.76) 8.6 Hz, 2H),
4.24 (s, 3H) (Figure 8).

Synthesis Process of Fluorescent Dye HO-PPV-EtBT

2-methylbenzothiazole (8 mL, 62.9 mmol), iodoethane (10
mL, 125 mmol), and acetonitrile(5 mL, 95.7mmol) were
mixed in a round bottom flask and refluxed for 12 hours. Af-
ter cooling to room temperature, a white precipitate was pre-
cipitated, filtered, and the solid was naturally air dried to ob-
tain compound f with a yield of 98%.
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Intermediate HO-PPV-CHO (300 mg, 1.34 mmol) and
compound f (613 mg, 2 mmol) were mixed with ethanol in a
round bottom flask. 1 mL of pyridine was added and refluxed
for 10 hours. After cooling to room temperature, a brownish
red precipitate was precipitated, filtered, and washed three
times with cold ethanol. The solid was naturally air dried and
then dried in a vacuum oven at 60 ° C for 6 hours to obtain
the fluorescent dye HO PPV EtBT with a yield of 86.3%. 1H

NMR (400 MHz, DMSO-d6) 8 9.74 (s, 1H), 8.46 (d, J=7.9  44.98, 14.75. (Figure 9, Figure 10)
Hz, 1H), 8.31 (d, J=8.5 Hz, 1H), 8.23 (d, J=15.7 Hz, 1H),
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Figure 14 | Hydrogen spectrum of HO-PPV-CHO



PR EFHEEE iy
1 1 | Nl 24000
22000
20000
o
19000
16000
14000
l.out'g
Ilum—
ROOU
oo
4000
l i
L | L L Sl
2000
210 200 190 IS0 170 160 150 140 130 120 110 W00 %0 o 7 o £ o 3 20 0 o -10
1 (ppm)
Figure 15 | Carbon spectrum of HO-PPV-CHO
§ ERRRERRRANRZESE L 12000
i RSB 1
11000
10000
[
' ! / Q000
/ / “// | J
Hooo.
7000
o N
H 5000 :;
3 N
P
3000
200
; 100
A M L A 1
z £LTE=R ]
s s e < -1000

10 105 100 95 90 K5 K0 TS5 70 65 60 55 S0 45 40 35 30 25 20 L5 Lo 05 00 45
1 (ppen)

Figure 17 | Hydrogen spectrum of HO-Styryl-3CN
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Figure 19 | Hydrogen spectrum of HO-PPV-EtBT
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Photophysical Properties of PPV Series Fluorophores

Table 1 | The Photophysical properties of HO-PPV-3CN in different solvents

Solvent Aex (nm) Aem (nm) AA (nm) € (M-1cm-1) (0}
ACN 481 810 329 5160 10.23
ACN-PBS 503 832 329 5080 2.23
DCM 500 750 250 5320 12.33
Dioxane 473 672 199 6140 7.56
DMA 500 823 323 5780 2.23
DMF 350 838 488 6490 1.96
DMSO 510 843 333 5070 2.32
Diethyl ether 512 710 198 6610 7.53
EtOH 505 765 260 5550 7.88
MeOH 490 830 340 6230 7.76
PBS 460 810 350 5920 0.65
THF 485 741 256 6530 7.67
Table 2 | The Photophysical properties of HO-PPV-MePy in different solvents
Solvent Aex (nm) Aem (nm) AA (nm) € (M-1cm-1) (0]
ACN 425 730 305 5310 3.1
ACN-PBS 419 732 313 5060 5.12
DCM 460 740 280 5320 1.16
Dioxane 300 605 305 6250 1.02
DMA 420 747 327 5710 3.03
DMF 418 748 330 6360 2.88
DMSO 425 740 315 5140 3.21
Diethyl ether 300 850 550 6570 5.12
EtOH 430 738 308 5630 3.06
MeOH 425 725 300 6440 3.18
PBS 410 850 440 5820 0.22
THF 300 726 426 6560 0.35
Table 3 | The Photophysical properties of HO-PPV-EtBT in different solvents
Solvent Aex (nm) Aem (nm) AN (nm) € (M-'cm™) (0]
ACN 448 769 321 5180 8.66
ACN-PBS 430 771 341 5030 4.89
DCM 515 770 255 5490 3.67
Dioxane 350 669 319 6170 2.25
DMA 470 770 300 5810 5.56
DMF 460 772 312 6230 6.73
DMSO 458 775 317 5130 7.21
Diethyl ether 475 880 405 6530 1.76
EtOH 475 760 285 5720 6.42
MeOH 460 758 298 6270 5.93
PBS 461 879 418 5840 3.68
THF 350 758 408 6420 1.02




