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The chemical structures or positive charge-guided specific cell organelles’ staining was an interesting
but very challenging research work. In this paper, we synthesized a series of triphenylamine (TPA)
derivatives with mono-, di- and tri-pyridinium as substituent groups. By exchanging the negative ions
(I, BF4~ and PFg™) between them, a platform containing small compounds was established. After that,
mammalian cells of Hela and plant cells of BY-2 were employed for the study on cell imaging. The
results clearly demonstrated that mono-pyridinium derivatives (TPA-Py-1-, TPA-Py-BF,~ and TPA-Py-
PFe™) are mitochondrion-targeted (for Hela cells) and cell wall-targeted (for BY-2 cells). However, both
di- and tri-pyridinium substituted derivatives (TPA-diPy-BF,~ and TPA-triPy-BF,; ") were nucleus-targeted
for both cell lines. From these important findings, we can conclude that the quantity of positive charge
plays a decisive role in different cell organelle-targeted staining. We also declared that our research
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1. Introduction

Fluorescence cell imaging has emerged as a powerful method to
provide a clear understanding of the localization,"* concentration,?
and functions™” of biomolecules and the chemical reactions inside
the cells.® In recent years, a large number of small-molecular
fluorescent probes have been developed for these purposes, and
their applications in the fields of biology, drug discovery,””® and
clinical diagnosis have been explored.” However, they more or
less suffer from disadvantages such as difficulty to synthesize,
high cost, and so on.’®"* Among the current popular strategies, to
achieve fluorescent materials with excellent optical performances,
cationic molecules have been attracting much attention'*** due to
their low cost, versatile molecular design, and interesting fluores-
cence property."*'® The pioneering work from Tang’s group
disclosed that a slight difference in the chemical structure by
exchanging anions from the cationic molecules can lead to a huge
difference in the optical properties of the materials."”'® Therefore,
the design and synthesis of anion-n" interactions mediated
molecules is still much required."® Furthermore, from our and
other research works, we were aware that the fluorescent probes
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significantly enhanced targeting ability, and DNA detection.

with different quantity of positive charges play a decisive role in
the specific cell organelle-targeted staining.”’>> However, these
studies on the primary relationships between the chemical
structure and specific cell organelle-targeted staining are still
limited.>*** Very desirably, if this relationship could be established,
it will definitely be very useful to design and synthesize probes with
improved cellular uptake capability and significantly enhanced cell
target ability. Also, this relationship can benefit the study on the
membrane activity and cellular functions as well.>> From this
point of view, we designed and synthesized a series of tri-
phenylamine (TPA) derivatives with mono-, di- and tri-pyridinium
groups, which carry one, two, and three positive charges
accordingly. Moreover, by exchanging the negative ions (I,
BF,” and PFs ), a small compound library with different
optical behaviours was constructed. In order to evaluate the
cell images of these TPA derivatives, mammalian cells (HeLa
cells) and plant cells (BY-2 cells) were employed. The results
demonstrated that the TPA pyridinium derivatives were readily
able to penetrate into cells, and then accumulate in specific
cell organelles due to the different quantity of positive charges.
Clearly, due to their easy preparation, low cost, and high
fluorescence quantum yields, both types of cells were very
competitive with the commercially available cell staining dyes.
Additionally, for the plant cell (BY-2) imaging, in accordance
with the sequence of the increasing number of positive charges,
fluorescence translocation from the cell wall to the nucleus
was detected. This interesting result also indicated that the
molecules with more positively charged pyridinium moieties
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could dock on the surfaces and in the cavities of the negatively
charged DNA via electrostatic interactions.

2. Results and discussion
2.1 Synthesis of all TPA derivatives

According to our previous findings, we observed that the less
emissive TPA cores are highly electron rich, which could be
employed as the electron-donating groups.”>*” Upon connecting
with the electron deficient segments, such as pyridines, the
desirable fluorescence materials can be realized due to the
electron donating and accepting (D-A) system formation.*$2°
Thereof, we synthesized the pyridine substituted TPA compound,
which was termed as TPA-Py. Then, in order to elevate the
electron withdrawing capability further, Menshutkin reactions
between TPA-Py with CH,I were performed, and the TPA pyridinium
compound named as TPA-Py-I™ was obtained. What should be
noted is that the negative partners with different sizes can exert
great influence on the fluorescence performance of the emitting
material."” Therefore, BF,~ and PF,~ were selected to exchange I™.
Eventually, the ion exchanges by AgBF, and NH,PF, were carried
out, transforming TPA-Py-I into TPA-Py-BF,  and TPA-Py-PF; ,
respectively. Meanwhile, for the establishment of the primary
relationship between the chemical structures with the corres-
ponding optical behaviours, we successfully synthesized the
di- and tri-pyridine modified TPA compounds, TPA-diPy and
TPA-triPy, respectively. Afterwards, using both molecules as the
starting materials, different negative partners (I, BF,” and
PFs ) interacted pyridinium compounds were synthesized.
The chemical structures are illustrated in Scheme 1. The syn-
thetic processes plus all of the compounds’ NMR and IR data
are detailed in the ESL+

2.2 The fluorescence performances of all TPA-derivatives in
solid state and in organic solvents

With all the TPA-derivatives in hand, we first evaluated their
fluorescence performances in the solid state. The corresponding
maximum absorption (4a,ps) and emission (A.,,) wavelength,
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Scheme 1 The synthesis and chemical structures of TPA derivatives.
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Compounds Agps/ DM Agm/ DI D:/ % Pic
TPA-Py 347 423 18.0
TPA-Py-T' 422 519 1.6
TPA-Py-BF 422 536 14.2
TPA-Py-PFs 422 520 48.3
TPA-diPy 362 465 28.2
TPA-diPy-TI' 437 580 0.5
TPA-diPy-BF, 437 583 24
TPA-diPy-PF¢ 437 564 4.1
TPA-triPy 359 467 13
TPA-triPy-T’ 430 562 04
TPA-triPy-BF 430 570 13
TPA-triPy-PFg 430 576 8.8

Fig. 1 All TPA derivatives with the solid images under UV illumination
(365 nm) and the corresponding optical properties.

as well as fluorescence quantum yields (@) are depicted in
Fig. 1. In general, for the mono-substituted TPA compounds,
after converting into TPA pyridinium compounds from TPA-Py,
the emission wavelength red-shifted almost 100 nm. Notably,
TPA-Py-BF, exhibited yellow emission color and had the longest
emission wavelength of 536 nm. TPA-Py-PFs~ not only demon-
strated a large emission wavelength of 520 nm, but also a very
high fluorescence quantum yield () of 48.3%. From our research
point, the chemical transformation that occurs with slight
changes, especially in the ion exchange, is of great potential to
be used to design exceptional fluorescence materials. Afterward,
we extensively measured all the other compounds’ fluorescence
property in the solid state and found that the negative partner of
BF,  benefited much to enhance the emission wavelength into
longer range than I and PF¢ . For instance, in the cases of TPA-
diPy-BF,~ and TPA-triPy-BF, , the maximum emission wave-
length could be red-shifted into 583 and 570 nm, respectively.
These slight changes were very effective to generate long wave-
length emitting materials, which efficiently avoided the tedious
synthetic procedures. Finally, we optimized two series of com-
pounds as the desired fluorescence materials for the ongoing
research steps. The first series of compounds include TPA-Py-
BF, , TPA-diPy-BF,” and TPA-triPy-BF, . From here, we could
make a clear understanding of the effect of the substituent group
numbers on the bio-related applications. The other compounds
included TPA-Py-1", TPA-Py-BF,” and TPA-Py-PF;". Obviously,
different negative partners will possibly generate totally different
applications. Then, we selected TPA-diPy-BF, as the representa-
tive sample to evaluate the fluorescence behavior in different
solvents (Conc.: 20 UM, Ae, = 437 nm). It can be seen from Fig. 2
that TPA-diPy-BF, displays the obvious solvent-dependent effect,
especially in the more polar solvents, such as DMF and DMSO,
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Fig. 2 The fluorescence spectrum of TPA-diPy-BF, in different solvents.
(Conc.: 20 pM, Jex = 437 nm).

where the emission was quenched largely. However, in the
moderately polar solvent of CH,Cl,, TPA-diPy-BF, acted with
very strong emissions. This property was probably due to the
electron donor-acceptor (D-A) system formation within the
molecules’ structure.

2.3 The density functional theory (DFT) calculations of all
TPA-derivatives

Meanwhile, these compounds were optimized by the density
functional theory (DFT) calculations, which were carried out
using the B3LYP modification with the 6-31G* basis set in
Gaussian 09. The calculated energy levels of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are illustrated in Fig. 3 and Fig. S10 (ESIT). As we
know, the electron withdrawing substituent is able to lower the
HOMO and LUMO levels, which is due to the formation of an
electron donating and accepting (D-A) system. Therefore, TPA-Py-
1", TPA-Py-BF,” and TPA-Py-PFs  possessed the lowest orbital
energy. Accordingly, three of them had the longest emission
wavelength (519 nm, 536 nm, and 520 nm, respectively). Also,
after converting into TPA pyridinium compounds, the electron
density was separated greatly, which indicated that TPA-Py-I",
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Fig. 3 HOMO-LUMO energy levels of TPA-Py, TPA-Py-1~, TPA-Py-BF,~
and TPA-Py-PF¢ ™, as estimated in Gaussian 09 using the B3LYP modification
with the 6-31G* basis set.
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TPA-Py-BF,  and TPA-Py-PF  have obvious intramolecular charge
transfer (ICT) tendency.*® This result was also consistent with the
observed strong solvent-dependent fluorescence behaviors.

2.4 The toxicity evaluation and the mammalian cell staining
by TPA derivatives

It was of high importance that the fluorescent materials
have better biocompatibility with low toxicity to target bio
substrates.>’®* The metabolic viability of the HeLa cells and
after incubating with TPA derivatives was determined through
methylthiazolyldiphenyl-tetrazolium bromide (MTT) assays to
evaluate the cytotoxicity of these compounds.®® The results
demonstrated that the cell viability remains above 85% after
a 96 h incubation with TPA-Py-I", TPA-Py-BF,”, TPA-Py-PF, ",
TPA-diPy-BF,  and TPA-triPy-BF, , respectively, at different
concentrations (Fig. S15, ESIt), indicating that these TPA
derivatives are of low cytotoxicity within the testing window.
In the ongoing cell staining experiment, we decided the work-
ing concentration of all TPA compounds as 10 puM. Fig. 4
displays the fluorescence image of the HeLa cells incubated
with probes for 30 min at a temperature of 37 °C. Obviously, the
bright fluorescence images were observed inside the cells,
indicating that all the probes successfully penetrated the cell
membrane and accumulate in specific cell organelles under
physiological conditions. According to our and other groups’
research results, we postulated that these different cell organelle-
targeted staining might come from the positive charges of the
pyridinium moieties and the target-specific interactions between
probes and biomolecules.>*** Especially, in the cases of TPA-Py-
I, TPA-Py-BF, , and TPA-Py-PF,, the reticulum structures of
mitochondria from the HeLa cells are clearly visible in the
presence of the bright yellow fluorescence of TPA-Py-I", TPA-Py-
BF,  and TPA-Py-PFs . Very notably, TPA-diPy-BF,” and TPA-
triPy-BF,  carries two and three positive charges, respectively,
which allow them to penetrate the cell nucleus very specifically.
Due to the very large stokes shift over 135 nm, the captured
pictures are very sharp-edged and with ignored background noise.
Therefore, those small molecules with different quantity of positive
charges are well-suited imaging agents for mitochondrial and cell
nucleus targeting, and also for the cell morphological change

Bright Field

Merge

Fig. 4 Fluorescence images of Hela cells stained with 10 uM TPA-Py-17,
TPA-Py-BF,~, TPA-Py-PF¢~, TPA-diPy-BF,~, TPA-triPy-BF,~ for 30 min
respectively.
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tracking. From this result, we were able to establish the primary
relationship between the chemical structures and the specific cell
organelle-targeted staining. This important finding is very useful to
design and synthesize probes with improved cellular uptake
capability and significantly enhanced target ability.

2.5 The co-staining of TPA-Py-I" and TPA-Py-BF,  with
mitochondria and nucleus-specific dyes

To confirm the specific staining of mitochondria by probes of
TPA-Py-I" and TPA-Py-BF,  respectively, the Mito Tracker Red,
a commercially available dye for mitochondria staining was
used; Hoechst 33342, a commercially available dye for nucleus
staining was co-used as a calibration to stain the HeLa cells.
From the staining images (Fig. 5 and 6), we can see that TPA-Py-
I and TPA-Py-BF,” have penetrated smoothly into the mito-
chondria very specifically. The green (FL from probes received
at 510-540 nm) and red fluorescence (FL from Mito Tracker Red
received at 590-610 nm) could be recorded in the mitochondria

10pm 30pm
Mito Tracker Red Bright Field

30 pm S 30 um 30 um

=

Merge Hoechst 33342

Fig. 5 CLSMimages of Hela cells. (a) Stain with 10 pM TPA-Py-1~ for 30 min,
nearby is a partial enlarged picture; (b) co-staining with 50 nM mitochondrion-
specific dye Mito Tracker Red; (c) bright field; (d) the overlay images of a and b;
(e) co-staining with 5 pg Ml nucleus-specific dye Hoechst 33342; (f) The
overlay images of a, b, e. (Excitation wavelength: 405 nm; emission filter:
460-560 nm; irradiation time: 15.49 s per scan.)

10 pm

Mito Tracker Red Bright Field

30 pm 30 pm

Merge Hoechst 33342

Fig. 6 CLSM images of Hela cells. (a) Stain with 10 uM TPA-Py-BF,~ for
30 min, nearby is a partial enlarged picture; (b) co-staining with 50 nM
mitochondrion-specific dye Mito Tracker Red; (c) bright field; (d) the
overlay images of a and b; (e) co-staining with 5 ng ml™* nucleus-specific
dye Hoechst 33342; (f) the overlay images of a, b, e. (Excitation wavelength:
405 nm; emission filter: 460-560 nm:; irradiation time: 15.49 s per scan.)
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by an excellent overlap. Thus, our probes of TPA-Py-I and
TPA-Py-BF,  could be employed as mitochondria staining dyes,
which are almost competitive with the commercially available
Mito Tracker Red due to an easier synthetic process, and also
the lower cost. It was well known that their mitochondria-
targeting behaviour could be attributed to the electrostatic
interaction between the negative transmembrane potential of
the mitochondria within a cancer cell and positively charged
pyridinium moiety. However, we found that only the well-
matched interactions are able to accelerate the mitochondria-
targeted imaging because TPA-diPy-BF,  and TPA-triPy-BF,"
acted as cell nucleus-targeted staining agents, which is due to
their more positive charges.

2.6 The co-staining of TPA-diPy-BF, , and TPA-triPy-BF,
with nucleus-specific dyes

Up to now, we have disclosed an important generality that the
mono-pyridinium substituted TPA compounds could be
employed as mitochondria staining dyes.*>*® However, for
TPA-diPy-BF,  and TPA-triPy-BF, , both of them carries two
and three positive charges, respectively, which allowed them to
penetrate the cell nucleus very specifically as seen in cell
imaging (Fig. 4). Through the co-staining experiments (Fig. 7),
it can be seen that TPA-diPy-BF,  and TPA-triPy-BF, " selectively
accumulate in the nucleus with extraordinary emission color,
which taken a very sharp contrast with the commercially
available dye of Hoechst 33342 with a very dark blue emission
color. Moreover, the longer absorption wavelength of our probes
was more beneficial to protect the cells from further photo-
bleaching than Hoechst 33342 (350 nm). Once again, thereof,
we established the primary relationship between the chemical
structures and the cell organelle-targeted staining.

The cell staining experiments verified that the multiple
cation-charged molecules were very cell-membrane permeable.
Also, the positively charged molecules could specifically accumulate
on the cell nucleus. It was found that the DNA, one of the most
abundant components in the nucleus, exhibited a high affinity for
the cationic molecules via the electrostatic force.*” Therefore,
the molecules with more positively charged pyridinium moieties
could dock on the surfaces and in the cavities of the negatively
charged DNA via electrostatic interactions, leading to the cell

30 pm 30 pm 30 pm

©
*d

TPA-diPy-BF Hoechst 33342 Bright Field

30 pm 30 pm

LY
[N
ol
te

TPA-triPy-BF, Hoechst 33342 Bright Field

Fig. 7 CLSMimages of Hela celis. (a) Co-staining of Hoechst 33342 (5 pg ml™?)
with TPA-diPy-BF,~ (10 uM) and the overlay images; (b) co-staining of
Hoechst 33342 (5 pg ml™Y) with TPA-triPy-BF,~ (10 pM) and the overlay
images. (Excitation wavelength: 454 nm; emission filter: 480-580 nm;
irradiation time: 15.49 s per scan.)
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Fig. 8 PL spectra of TPA-py-BF,~, TPA-dipy-BF,~, TPA-tripy-BF4~ upon

the addition of DNA in dilute solvents.

nucleus-targeted staining with enhanced emission intensity (Fig. 8).
As a result, the cationic fluorescence materials (TPA-diPy-BF, and
TPA-triPy-BF,, ) can be applied as probes to detect the negatively
charged biomacromolecules, such as DNA.

2.7 Plant cell staining by TPA derivatives

Fluorescence staining has been widely used to observe plant
cell development, apoptosis and protein interactions.*®**° For
example, fluorescein diacetate, propidium iodide (PI), DCFH-DA
as well as FM4-64 were used previously.*”*! However, some
problems still existed in practical applications. For example,
upon staining, the boundaries of the subcellular structures in
the cells were blurred and could not be clearly distinguished.
Also, the establishment of a primary relationship between the
chemical structures with the subcellular-targeted staining was
much required. Therefore, we employed TPA-Py-I", TPA-Py-
BF, , TPA-Py-PFs , TPA-diPy-BF,” and TPA-triPy-BF,” to stain
with Tobacco cells (Nicotiana tabacum L. cv. Bright Yellow 2 [BY-
2]) for 30 min; then, the suspending liquids were washed by PBS
buffer solution several times. The images of the treated cells
were taken to immediate imaging by a digital camera (ECLIPSE
Ts2-FL, Nikon-FL) under UV light. We can see from Fig. 9 that in
the cases of TPA-Py-I", TPA-Py-BF,” and TPA-Py-PF, , the cell
walls were clearly exhibited, which was due to the adsorption of
the fluorescence materials on the surface of the cells. Probably
the electrostatic attraction, the van der Waals force, and
H-bonding play an important role during the staining process.
In sharp contrast, in the case of TPA-triPy-BF, , the cellular
uptake and distribution profile was very different. The TPA-triPy-
BF,  could penetrate the cells, and then accumulate in the nucleus
very specifically. Although the co-staining experiment with the blue

Fig. 9 Fluorescence images of BY-2 cells treated with dyes at room
temperature for 10 min.
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emission of DAPI has not been applied, TPA-triPy-BF, was a cell
nucleus targeted probe with a high visualization ability and
retention ability with minimum background staining. Compared
to the highly toxic and expensive commercially available DAPI,
TPA-triPy-BF,~ was confirmed as a promising alternative for
nucleus-specific plant cell imaging. In summary, we can conclude
from these research results that the chemical structures, especially
the electron charges, play a decisive role for the different
subcellular-targeted staining. Possibly, the multiple cationic
TPA-triPy-BF,~ was of a close affinity with the DNA in the living
cells, which led to the nucleus-specific plant cell imaging.

3. Conclusions

In summary, we synthesized a series of TPA derivatives with
mono-, di- and tri-pyridinium as substituent groups. By exchanging
the negative ions (I, BF, and PF ) between them, a series of TPA
compounds with different optical behaviors was obtained. These
results demonstrated that a slight structural difference is of great
influence on the materials from the aspect of emission wavelength
and intensity. For the purpose of evaluating their potential biologi-
cal applications, we employed TPA pyridinium derivatives with
different cationic charges in cell staining. The cells included the
mammalian cells of HeLa and plant cells of BY-2. As a generality,
TPA-Py-1", TPA-Py-BF, and TPA-Py-PFs were mitochondrion-
targeted (for HeLa cells) and cell wall-targeted (for BY-2 cells)
respectively, while both TPA-diPy-BF,~ and TPA-triPy-BF,” were
nucleus-targeted in the case of fixed HeLa cells and BY-2 cells.
From these research results, we were able to establish two
important research findings: (1) the primary relationship
between the chemical structures and the specific organelle-
targeted staining for mammalian cells and plant cells; (2) the
positive charges play an important role in DNA detection in cells
and in vitro. Therefore, our important findings were very useful
to design and synthesize probes with improved cellular uptake
capability, and significantly enhanced cell target ability, which
definitely benefited the study on the membrane activity, cellular
functions, and DNA detection.

4. Materials and methods
4.1 Materials

4-Bromo-N,N-diphenylaniline (98%), tris(4-bromophenyl)amine
(98%), bis(4-bromophenyl)amine, pyridine-4-boronic acid (99%),
iodobenzene (99%), cesium carbonate (Cs,CO3, 99%), tetrakis-
(triphenylphosphine)palladium(0) (Pb(PPhy),, 98%), potassium
hydroxide (KOH), iodomethane (99.5%), 1,10-phenanthroline
monohydrate, cuprous iodide (Cul, 99%), silver tetrafluoroborate
(AgBF,, 99%), and ammonium hexafluorophosphate (NH,PFs,
99%), were purchased from Aladdin Co. Nitrogen with a purity of
99.99% was provided from a commercial source. Other reagents,
such as methanol, tetrahydrofuran (THF), dichloromethane
(DCM), acetonitrile, toluene, ethanol, dichloromethane, and
dimethyl sulfoxide (DMSO) were of analytical grade and were
purchased from Energy Chemical Company.
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4.2 Instrumentation

"H NMR (600 MHz) and “C NMR (150 MHz) spectra were
recorded on a mercury spectrometer at 25 °C, and all NMR
spectra were referenced to the solvent. UV-Visible absorption
spectra (UV) were recorded on a TU-1901 spectrometer. Fluores-
cence spectra and fluorescence quantum yields were measured
using a FluoroSENS 9003 Fluorescence Spectrophotometer.
Fluorescence microscopy images of the HeLa cells were taken on
DM5000B (Leica, Germany). Co-staining fluorescence microscopy
images of HeLa cells were taken on IX71 (Leica, Germany). All the
samples were prepared according to the standard methods.

4.3 Cytotoxicity

The cytotoxicity test was performed with the HeLa cells. TPA-Py-I ™,
TPA-Py-BF, , TPA-Py-PF,, TPA-diPy-BF,” and TPA-triPy-BF,~ were
sterilized with ultraviolet light and dissolved in DMSO. Then, the
solution was diluted with PBS buffer (pH = 7.4) to different
concentrations (0, 10, 20, 30, 40 and 50 umol mL ™ '). To obtain
complete cell culture medium, 10% FBS, 100 units mL™"
penicillin, and 100 units mL~" streptomycin were added in
the mixture. The HeLa cells were cultured in the conditioned
medium at 37 °C in a humidified environment of 95% O, and
5% CO,. After 24 h of incubation, the cell viability was determined
by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) method.

4.4 Cell fluorescence imaging

Take a bottle of HeLa cells in the log phase, remove the old
medium, wash the cells once with 3 mL of PBS, add 1 mL of
0.25% trypsin, let stand for 3 min, and remove the trypsin. Add
1 mL of DMEM medium and mix well. Add 30 pL of HeLa cells
and 1 mL of basic medium to each culture dish. 37 °C 5% CO,
overnight. Add 980 pL of medium to 20 pL of TPA-Py-I , TPA-Py-
BF,~, TPA-Py-PF, ", TPA-diPy-BF,” and TPA-triPy-BF,~ (10 uM)
for 30 minutes at 37 °C 5% CO,, remove the old medium and
wash 2-3 times with PBS, fix with 4% paraformaldehyde for
20 minutes, wash with PBS 2-3 times, test on the machine.

4.5 Cell counterstain with Hoechst 33342 and Mito Tracker
Red

Cells were first stained in the desired concentration by following
the previous staining procedure. Cells were then incubated at
37 °C in 5% CO, for 30 min and imaged at ambient temperature
in the medium. The imaging of Hoechst 33342 counterstain
followed a similar procedure. The final concentration of Hoechst
33342 was 1 pg ml~". Before imaging, the cells were rinsed by
PBS twice after 10 minutes. The use of the Mito Tracker Red
(10 pg mI™") is the same as the usage of the Hoechst 33342.

4.6 Nicotiana tabacum L. cv. Bright Yellow-2

The suspension cells were placed in MS liquid medium (pH 5.8)
supplemented with 3% (w/v) sucrose and 0.4 mg L™, 2,4-dichloro-
phenoxyacetic acid (2,4-D) (Sigma- In Aldrich). The shake culture
was carried out in the dark at 25 °C (oscillation rate 130 rpm).
10 mL of cell culture was pipetted every 7 days and transferred
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to 1000 mL of fresh MS medium for subculture. All the
operations were done under aseptic conditions.

4.7 Suspension cell treatment

Take a volume of cell suspension in the log phase of growth,
dilute and shake well with deionized water in a volume ratio of
1:3 before use; 50 uL of TPA-Py-1", TPA-Py-BF,~, TPA-Py-PF,
TPA-diPy-BF, , TPA-triPy-BF, and TPA derivatives/F-127 nano-
micelles was added to 1 mL of suspension cells. Incubate for
0.5 h at 25 °C in the dark; filter and wash 1 to 3 times with
deionized water. Suspension cell fluid was treated with an equal
volume of deionized water as a control.

4.8 Synthesis of TPA-Py, TPA-diPy, and TPA-triPy**

Into a 250 mL three-necked round-bottom flask, 4-bromo-N,N-
diphenylaniline (6 mmol, 331.2 ¢ mol™*, 1.987 g), pyridine-4-
boronic acid (8 mmol, 122.9 g mol ™", 0.983 g), cesium carbonate
(6 mmol, 325.8 g mol ™, 1.955 g) and tetrakis-(triphenylphos-
phine)-palladium(0) (0.3 mmol, 1155 g mol !, 5% equiv.,
0.347 ¢) was added. Then the mixture of THF (75 mL) and
MeOH (75 mL) were added. The mixture was refluxed at 120 °C
for 36 h under N, atmosphere. The reaction mixture was
concentrated by rotary evaporation. N-N-diphenyl-4-(pyridin-4-
yl)aniline was purified by column chromatography on silica gel
(200-300 mesh) with a mixture of petroleum ether and ethyl
acetate as the eluent (20: 1 by volume), obtaining a white solid
(1.5 g, 77% yield). 'H NMR (600 MHz, CDCl;) 6 (TMS, ppm):
8.60 (d,J = 6.0 Hz, 2H), 7.51 (d,J = 8.5 Hz, 2H), 7.46 (d, ] = 6.0 Hz,
2H), 7.29 (t, ] = 7.7 Hz, 4H), 7.13 (dd, J = 8.0, 4.2 Hz, 6H), 7.07
(t,J = 7.3 Hz, 2H).

The synthetic process of TPA-diPy and TPA-triPy is the same
as the above mentioned method. TPA-diPy was a yellow solid
(0.68 g, 77% yield). 'H NMR (600 MHz, CDCl;)  (TMS, ppm):
8.63 (d,/ = 6.0 Hz, 4H), 7.56 (d, J = 8.6 Hz, 4H), 7.48 (d, ] = 6.0 Hz,
4H), 7.33 (t,J = 7.8 Hz, 2H), 7.22-7.17 (m, 6H), 7.14 (t,J = 7.4 Hz,
1H). TPA-triPy was a yellow solid (1.19 g, 60% yield). "H NMR
(600 MHz, CDCl;) & (TMS, ppm): 8.65 (d, J = 6.2 Hz, 6H), 7.60
(d,] = 11.4 Hz, 6H), 7.50 (d, ] = 6.2 Hz, 6H), 7.27 (d, ] = 8.7 Hz, 6H).

4.9 Synthesis of TPA-Py-I", TPA-diPy-I", and TPA-triPy-1 *

Into a 100 mL round-bottom flask, TPA-Py (3 mmol, 322.4 g mol ",
0.967 g), iodomethane (4.5 mmol, 141.9 g mol ", 0.639 g) and THF
(50 mL) was added. Then, the mixture was stirred at 90 °C for 36 h.
After that, the reaction mixture was precipitated from THF (dry),
and washed using THF and n-hexane several times. A yellow solid
powder was obtained by filtration and dried under vacuum at
30 °C overnight. TPA-Py-I” was a yellow solid (1.183 g, 85% yield).
'H NMR (600 MHz, CDCl;) & (TMS, ppm): 8.99 (d, J = 7.0 Hz, 2H),
8.04 (d, J = 7.1 Hz, 2H), 7.66-7.63 (m, 2H), 7.39-7.31 (m, 4H),
7.22-7.13 (m, 6H), 7.09-7.05 (m, 2H), 4.55 (s, 3H).

The synthetic process of TPA-diPy-I " and TPA-triPy-I  is the
same as the above mentioned method. TPA-diPy-I” was an orange
solid (0.27 g, 79% yield). '"H NMR (600 MHz, D,0) § (TMS, ppm):
8.67 (d,J = 6.9 Hz, 4H), 8.24 (d, J = 7.1 Hz, 4H), 7.94 (d, J = 8.9 Hz,
4H), 7.53-7.49 (m, 2H), 7.37 (dd, J = 13.2, 8.2 Hz, 6H), 7.34 (s, 1H),
4.33 (s, 6H). TPA-triPy-I~ was a red solid (0.45 g, 80% yield).
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'H NMR (600 MHz, DMSO-d) § (TMS, ppm): 8.95 (d, J = 6.9 Hz,
6H), 8.45 (d, J = 7.0 Hz, 6H), 8.12 (d, J = 8.8 Hz, 6H), 7.34
(d, J = 8.8 Hz, 6H), 4.29 (s, 9H).

4.10 Synthesis of TPA-Py-BF, , TPA-diPy-BF, , and TPA-triPy-BF,

Into a 100 mL round-bottom flask, TPA-Py-I" (0.7 mmol,
464.3 g mol ', 0.325 g) and dichloroethane (30 mL) was added.
Further, AgBF, (1.4 mmol, 194.7 g mol ', 0.273 g) was taken in
a vial and dichloroethane (2 mL) was added. Then, the AgBF,
solution was added dropwise to the round-bottom flask using a
syringe. The reaction was stirred at room temperature for
48 hours. Then, the mixture was extracted by adding water.
The organic phase was separated and concentrated by rotary
evaporation. The solid was dried under vacuum at 30 °C over-
night. TPA-Py-BF,” was a yellow solid (0.232 g, 78% yield).
'H NMR (600 MHz, CDCl,) § (TMS, ppm): 8.57 (d, J = 6.9 Hz,
2H), 7.99 (d, J = 7.0 Hz, 2H), 7.63 (d, J = 9.0 Hz, 2H), 7.37-7.33
(m, 4H), 7.23-7.15 (m, 6H), 7.07 (d, J = 8.9 Hz, 2H), 4.36 (s, 3H).

The synthetic process of TPA-diPy-BF,  and TPA-triPy-BF,
is the same as the above mentioned method. TPA-diPy-BF, ™
was a brown solid (0.23 g, 76% yield). "H NMR (600 MHz, D,0)
 (TMS, ppm): 8.67 (d, J = 6.9 Hz, 4H), 8.24 (d, J = 7.0 Hz, 4H),
7.94 (d, J = 8.9 Hz, 4H), 7.52-7.48 (m, 2H), 7.41-7.28 (m, 7H),
4.33 (s, 6H). TPA-triPy-BF,~ was a brown solid (0.37 g,
75% yield). "H NMR (600 MHz, DMSO-dg) 6 (TMS, ppm): 8.94
(d,J = 6.8 Hz, 6H), 8.44 (d, J = 6.8 Hz, 6H), 8.12 (d, J = 8.7 Hz,
6H), 7.34 (d, J = 8.7 Hz, 6H), 4.29 (s, 9H).

4.11 Synthesis of TPA-Py-PFs, TPA-diPy-PF;, and TPA-triPy-PF

Into a 100 mL round-bottom flask, TPA-Py-I" (0.7 mmol,
464.3 g mol ', 0.325 g) and acetonitrile (30 mL) was added.
Further, NH,PF,~ (1.75 mmol, 163 g mol ™, 0.285 g) was taken in
a vial and deionized water (10 mL) was added. Then, the NH,PF,
solution was added dropwise to the round-bottom flask using
a syringe. The reaction was stirred at room temperature for
48 hours. After the reaction, the mixture was extracted by adding
water. The organic phase was separated and concentrated by
rotary evaporation. The solid was dried under vacuum at 30 °C
overnight. TPA-Py-PF,~ was a yellow solid (0.280 g, 83% yield).
'H NMR (600 MHz, CDCl3) § (TMS, ppm): 8.44 (d, J = 7.0 Hz, 2H),
7.98 (d, J = 7.1 Hz, 2H), 7.65-7.62 (m, 2H), 7.38-7.34 (m, 4H),
7.22-7.15 (m, 6H), 7.07 (d, J = 9.0 Hz, 2H), 4.32 (s, 3H).

The synthetic process of TPA-diPy-PFs~ and TPA-triPy-PF,
is the same as the above mentioned method. TPA-diPy-PFs~ was
an orange solid (0.27 g, 75% yield). "H NMR (600 MHz, D,0) §
(TMS, ppm): 8.67 (d, J = 7.0 Hz, 4H), 8.24 (d, J = 7.1 Hz, 4H), 7.94
(d, J = 8.8 Hz, 4H), 7.52-7.49 (m, 2H), 7.40-7.32 (m, 7H), 4.33
(s, 6H). TPA-triPy-PFs~ was an orange solid (0.43 g, 72% yield).
'H NMR (600 MHz, DMSO-dg) & (TMS, ppm): 8.94 (d, J = 6.8 Hz,
6H), 8.44 (d, J = 7.0 Hz, 6H), 8.12 (d, J = 8.8 Hz, 6H), 7.34
(d, ] = 8.8 Hz, 6H), 4.29 (s, 9H).

4.12 Synthesis of 4-bromo-N-(4-bromophenyl)-N-phenylaniline**

Into a 100 mL round-bottom flask, bis(4-bromophenyl) amine
(3 mmol, 327 g mol™", 0.981 g), iodobenzene (3.6 mmol,
204 g mol™!, 0.734g), 1,10-phenanthroline monohydrate
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(0.6 mmol, 198 g mol ™", 0.119 g), cuprous iodide (0.3 mmol,
191 g mol ™%, 0.057 g), potassium hydroxide (6 mmol, 56 g mol *,
0.336 g), and toluene (20 mL) was added. Then, the mixture was
refluxed at 125 °C for 4 h. The reaction mixture was concentrated
by rotary evaporation. 4-Bromo-N-(4-bromophenyl)-N-phenyl-
aniline was purified by column chromatography on silica gel
(200-300 mesh) with a mixture of petroleum ether and ethyl
acetate as the eluent (50: 1 by volume); the solid was dried under
vacuum at 30 °C overnight, obtaining a white solid (0.9 g, 75%
yield). "H NMR (600 MHz, DMSO-d6) § (TMS, ppm): 7.47-7.44 (m,
4H), 7.36-7.32 (m, 2H), 7.11 (t, ] = 7.4 Hz, 1H), 7.06-7.03 (m, 2H),
6.95-6.92 (m, 4H).
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