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Three carbazole dicationic salts, namely 3,6-bis(1-methyl-4-vinylpyridinium) carbazole diiodide
(BMVCO), 9-ethyl-3,6-bis(1-methyl-4-vinylpyridinium) carbazole diiodide (9E-BM VC) and
9-ethyl-3,6-bis(1-hydroxyethyl-4-vinylpyridinium)carbazole diiodide (YE-BHVC), were synthesized
successfully. Their photophysical properties were evaluated by absorption, one- and two-photon
fluorescence spectra, and their higher fluorescence intensity and larger two-photon excited fluorescence
action cross-sections (@ X ) in the presence of DNA than those in the absence of DNA give them good
DNA two-photon light-switch properties. Furthermore, their ability to image nuclei in living plant cells
and turbid tissues by using two-photon excited fluorescence was carefully studied, and the experimental
results indicate that these dicationic salts can exclusively label nuclei in intact living plant cells and
tissues. In particular, 9E-BHVC exhibits optimized DNA labeling performance. Very importantly,
compared to DAPI, 9E-BHVC can be used to carry out deeper observation using the same incident
power, or can be used to obtain usable fluorescent images by using a lower incident power.

Introduction

Two-photon fluorescence microscopy (TPM)! has raised expec-
tations for the observation of living phenomena in entire organs
and tissues.> A recent comparison study has convincingly demon-
strated that TPM is superior to confocal microscopy in the imaging
of thick and highly scattering specimens.* For example, TPM
has been used to visualize both autofluorescence and exogenous
fluorophores in human skin.* Although confocal imaging enables
the imaging of dental biofilm down to a depth of 40 um, two-
photon excitation images could be recorded at a depth even
greater than 100 um.® Recently, Feijo and Cox investigated the
meiotic events in intact living anthers of Agapanthus umbelatus
using DAPI as the DNA fluorescent probe.®* The images obtained
with TPM provided a deeper understanding and more details of
the meiotic process in vivo.” However, the authors also recognized
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T Electronic supplementary information (ESI) available: Experimental
details and characterization of the three compounds, preparation and
staining of living plant cells and tissue, measurement equipment and
methods, TPM experiment, measurement of TPA cross sections, mea-
surement of binding parameters, photophysical properties, electronic
absorption and one-photon fluorescence spectra in various solvents,
electronic absorption of the three compounds’ titration with DNA,
analysis of binding parameters, TPM pictures of protoplasts incubated
with 9E-BMVC/BMVC and DAPI, TPM pictures of root tip incubated
with 9E-BHVC, optical sections of intact Arabidopsisi hypocotyls double-
stained by 9E-BHVC and DAPI at different depths, optical sections of
intact Arabidopsis root double-stained by 9E-BHVC and DAPI at different
depths, microscopic photos of intact Arabidopsis root double-stained by
9E-BHVC and DAPI at different power. See DOI: 10.1039/c00b00030b

that they could not optimize the visualization to a degree that was
capable of observing the vital signs of meiotic events, especially
the meiotic progression in the sporogenic tissue of the plants.
One possible reason is that the high incident power needed to
penetrate such thick specimens could disturb the normal meiotic
process. As a result, conventional fluorescent probes are not
suitable for the imaging of thick samples due to their small
two-photon excited fluorescence action cross-sections (@ x 6).
Theoretically, as OPE (one photon excitation) and TPE (two-
photon excitation) obey different selection rules,” one cannot
expect conventional OPE probes to necessarily have optimized
properties for TPE. Therefore, to image deep inside tissue, the
design and synthesis of new fluorescent probes with large @ x &
have attracted considerable interest.'

Nucleic acids are important life substances relevant to analytical
and diagnostic applications,’* and a few fluorescent probes of
DNA with optimized two-photon fluorescent properties have been
reported.'? Allain et al.®® described some two-photon active DNA
probes with far-red emission of 660-680 nm, and @ of 0.066 and &
of 200 GM (measurements in the presence of herring testes DNA).
They double-stained the paraformaldehyde-fixed CHO K1 cells
with their own two-photon fluorescent probes and commercially
available DAPI. The photos from epifluorescence microscopy
indicated that the obtained new probes possess the expected special
ability of nuclei labeling. More recently, a two-photon fluorescent
probe, i.e. 3,6-bis(1-methyl-4-vinylpyridinium) carbazole diiodide
(BMVC) aimed at monitoring telomeres and their G-quadruplex
structure in vitro has been introduced by Chang et al.'* Based
on BMVC, they have obtained a mitochondrial probe, i.e. 9P-
BMVC, and its imaging ability in cells has been primarily proved
in the wide-field fluorescence microscopy.’® Chang et al. suggested
that substitutuents at the 9-position of BMVC with different
electronic properties could affect its photophysical properties and
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Table 1 The photophysical properties of 9E-BHVC, 9E-BMVC, BMVC and DAPI

Sample Solvent Al e/ NM A% e/ NM A o/ NM Abs/a.u e/M™' cm™! @ [%]" 6/GM? dx 6/GM¢
9E-BHVC Acetone 455 586 602 0.18 7.22 x 10* 4.18 220 9.2
Acetonitrile 455 592 603 0.19 7.71 x 10* 2.73 1280 34.9
Ethanol 463 578 598 0.19 7.63 x 10* 8.10 1170 94.8
DMF 455 593 599 0.18 7.11 x 10* 2.42 600 14.5
Water 451 566 586 0.15 6.13 x 10* 0.11 820 0.9
Buffer 451 566 642 0.18 4.42 x 10* 0.11 2200° 2.4¢
DNA‘ 474 540 573 0.23 5.63 x 10* 38.9 230° 89.5¢
9E-BMVC Acetone 452 587 589 0.19 7.55% 10* 2.87 380 10.9
Acetonitrile 450 596 604 0.18 7.35 % 10* 1.97 1270 25.0
Ethanol 461 583 596 0.18 7.20 x 10* 6.24 670 41.8
DMF 451 595 597 0.17 6.82 x 10* 1.59 360 5.7
Water 444 586 596 0.15 6.02 x 10* 0.14 1310 1.8
Buffer 444 565 609 0.15 3.06 x 10* 0.23 1500° 3.5¢
DNA“ 464 541 575 0.22 4.35x 10* 30.8 311° 95.8¢
BMVC Acetone 443 574 591 0.15 6.14 x 10* 1.60 210 3.4
Acetonitrile 438 579 601 0.19 7.50 x 10* 1.14 670 7.6
Ethanol 458 569 592 0.20 7.94 x 10* 3.97 550 21.8
DMF 445 583 602 0.18 7.11 x 10* 0.79 290 2.3
Water 434 565 584 0.16 6.22 x 10* 0.09 660 0.6
Buffer 434 554 597 0.19 3.77 x 10* 0.07 1600 1.1
DNA? 456 534 556 0.25 5.05x 10* 23.6 190 448
DAPI Acetone 353 456 476 0.13 1.25%x 10* 2.81 2.25 0.063
Acetonitrile 348 461 476 0.15 1.53 x 10* 9.24 0.77 0.071
Ethanol 351 452 457 0.31 3.07 x 10* 78.6 2.48 1.95
DMF 351 460 467 0.29 2.93 % 10* 53.2 8.62 4.59
Water 343 459 489 0.28 2.78 x 10* 2.79 0.66 0.018 (ref. 19)
Buffer 344 454 489 0.28 2.80 x 10* 2.83 0.82 0.023
DNA“ 359 455 473 0.20 2.04 x 10* 60.5 3.60 2.18

A x> A max and A%, are linear absorption, single- and two-photon fluorescent maximum peaks, respectively. Abs is absorbance. ¢ is molar absorptivity. @
is single-photon fluorescence quantum yield determined using fluorescein (@ = 0.95) as the standard. 6 and @ x § are two-photon absorption cross-sections
and two-photon excited fluorescence action cross-sections determined using fluorescein (6 = 36 GM)" at 800 nm. Those for DAPI are determined at
800 nm using coumarin 307 in methanol (@ = 0.56, § = 27.7 GM*®) as the standard. | GM =10 ¢cm* s photon™.“ Error limit: 10%. ® Error limit: 20%.
¢ Error limit: 32%. ¢ In tris-HCI buffer in the presence of calf-thymus DNA, the values of phosphate of DNA/dye: 70 for 9E-BHVC, 30 for 9E-BMVC and
40 for BMVC, 40 for DAPI. Concentration of samples for § and @ x &: 100 uM. ¢ Concentration: 50 uM

cellular responses. More recently, we found that 9-ethyl-3,6-bis(1-
methyl-4-vinylpyridinium) carbazole diiodide (9E-BMVC) with
two-photon DNA “light-switch” properties can label nuclei in
fixed cancer cells.’®

It is very important to image living thick and turbid plant tissue
using a fluorophore with a large @ x 8, but, so far, no relevant
research is reported. In this paper, we investigated the imaging
ability of three carbazole dicationic salts in detail in living turbid
plant tissue; these dicationic salts include BMVC, 9E-BMVC and
9-ethyl-3,6-bis(1-hydroxyethyl-4-vinylpyridinium)carbazole diio-
dide (9E-BHVC). The molecular structures of 9E-BHVC, 9E-
BMVC, BMVC and DAPI are shown in Chart 1.

2 | 9E-BHVC: R'=CyH,,

H;N R?=C,H,;OH
O 9E-BMVC: R'=C;Hs,
HN | R?=CHj;
N BMVC: R'=H,
H O x R2=CH,
NH;

HN
4',6-Diamidino-2-phenylindole (DAPI)

Chart 1 Chemical structures of 9E-BHVC, 9E-BMVC, BMVC and
DAPIL

The optical properties of the three derivatives in various
solvents were evaluated by absorption, and one- and two-photon
fluorescent spectra. The experimental results show that they
have large @ x & in the presence of DNA (45-96 GM) and
high affinity for DNA (10°~10" M™), which rank them as the
best two-photon fluorescent DNA probes. Interestingly, these
compounds are only weakly fluorescent in water, whereas their
two-photon fluorescence emissions are strongly restored (36-49-
fold enhancement) upon binding to DNA. Finally, the nuclear
imaging properties of these compounds in living plant cell and
tissue reveal that they can exclusively label nuclei. Experimental
results show that carbazole dicationic salts should be promising
for fluorophore imaging of turbid and thick biological specimens.
Among the three compounds in this paper, 9E-BHVC is attractive
for application as a two-photon fluorescent DNA stain in living
plant tissue.

Results and discussions

Photophysical properties in various solvents

The synthetic route to 9E-BHVC and 9E-BMVC has been given
in Scheme S17 and the relevant photophysical properties of three
compounds are summarized in Table 1. Their maximum linear
absorption wavelengths in various polarity solvents are in the
range of 434-474 nm (Fig. S17), thus the two-photon absorptions
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of these derivatives can be excited by Ti:sapphire laser sources
tuneable in the range 740-900 nm. From Table 1, one can also
find that their fluorescent quantum yields (&) are high in organic
solvents and very low in aqueous solutions. Additionally, their
@ values in glycerol with high viscosity, about 13.1% (9E-BHVC),
11.6% (9E-BMVC) and 10.0% (BMVC), are obviously higher than
those in other organic solvents. This may be attributed to the high
viscosity of the medium, which can hinder the torsional motion
of the vinyl groups in these derivatives and thus increase the @
values.

All these characteristics mean that these compounds may
have DNA “light-switch” effects,'” since the dyes will be in an
organic environment and their torsional motion will also be
restricted when incorporated into the hydrophobic grooves of
DNA."2 According to Table 1, similar to one-photon fluorescence
properties, the fluorescence by two-photon excitation exhibits
evident solvatochromism, and higher two-photon fluorescence
intensity of the three dyes in organic solvents than those in water
are also found (Fig. 1). This indicates that they may have two-
photon DNA “light-switch” effects.
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Fig.1 Two-photon fluorescence spectra of 9E-BHVC (a), 9E-BMVC (b),
and BMVC (c) in various solvents. [Compound] = 100 uM. Blue: EtOH,
black: MeCN, green: DMF, red: acetone, and cyan: water. Excitation
wavelength, 800 nm. Error limit: 8%.

For a compound used as a two-photon fluorescence probe, the
efficiency with which a fluorophore absorbs and emits photons is
represented by the two-photon absorption (TPA) cross-sections,
(6) for absorption and the @ for fluorescence. Fluorescence
intensity per fluorophore is proportional to the product of é and
@. The three fluorophores possess bigger @ x ¢ in comparison
with commercial DNA dyes, such as DAPI in water (0.16 GM,
excitation wavelength: 700 nm)®#*1% and other solvents (Table 1).
Furthermore, the data in Table 1 also show that @ x § of 9E-
BHVC and 9E-BMVC are greater than that of BMVC in various
environments due to the ethyl group with donor properties in the
place of the H atom of the carbazole motif.® In the presence
of calf thymus DNA, the @ x ¢ values exhibited by 9E-BHVC,
9E-BMVC and BMVC are 90, 96 and 45 GM (Table 1), which
are 38-, 29- and 41-fold enhancements of those in tris-HCI
buffer. This demonstrates that these derivatives can be used as
two-photon fluorescence “light switch” for DNA. Moreover, the
excited spectra of § and @ x § of the three compounds and DAPI
in various solvents have been plotted in Fig. 2. Both 6§ and @ X
6 from the three carbazole dicationic salts are always higher than
those of DAPI at various excitation wavelengths and in various
environments. When the excitation wavelengths are between 800
820 nm, the compounds exhibit higher § and @ x §. Amongst the
compounds, 9E-BHVC shows the best properties.
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Fig. 2 Excitation spectra of two-photon excited fluorescence action
cross-sections (left, error limit: 32%) and two-photon absorption cross—
sections (right, error limit: 20%) for 9E-BHVC (green triangle), 9E-BMVC
(red circle), BMVC (black square) and DAPI (blue triangle) in various
solvents. In the measurements, fluorescein (pH = 11, cyan diamond) in
aqueous NaOH is used as standard.* a) tris-HCI buffer (10 mM, pH 7.2,
KC1100 mM) in the presence of calf-thymus DNA (phosphate of DNA/ dye
= 10); b) EtOH and c) glycerol. [Compound] = 10 uM in the presence of
DNA, 100 uM in ethanol and 50 uM in glycerol.

DNA titration

To check the possibility of using the three compounds as two-
photon fluorescent DNA probes, fluorescence titration experi-
ments have been carried out, and calf thymus DNA was used
as the model. The results obtained are shown in Fig. 3, and
the data are listed in Table 1. Delightfully, in both one-photon
and two-photon fluorescence titration, the fluorescence intensity
evidently increases with the addition of DNA. We think that
two factors can explain the mechanism of the light-up effect
of the dyes binding to DNA. Firstly, dyes that are in a twist
intramolecular charge transfer (TICT) state whose non-radiative
process quenches the fluorescence will be non-emissive; inversely,
dyes for which the formation of a TICT state is restricted become
brightly luminescent.”® For these dyes, the intramolecular charge
transfer (ICT) state could occur between the electron donor of
the carbazole moiety and the electron acceptor of the pyridinium
cation.?" Once in water, the larger dipole moment in the excited
state than that in the ground state interacts strongly with the
polar solvent, which could lead to charge separation resulting in
formation of a TICT state. However, the formation of a TICT state
is restricted when the dye is protected from water in the grooves
of DNA, and the fluorescence of the dyes will be restored. On
the other hand, the rapid non-radiative decay that results from
the torsional motion of the fluorophore will be responsible for the
low quantum yield of the TICT states in numerous dyes.”> When
binding to DNA, the torsional motion of vinyl groups can be
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Fig.3 Two- (a) and one-photon (b) fluorescence exaltation of 9E-BHVC
(green triangle)/9E-BMVC (red circle)/BMVC (black square) with the
addition of calf-thymus DNA. Insert: 1, 2 and 3 are the corresponding
fluorescent spectra of 9E-BHVC, 9E-BMVC and BMVC. a, Change curves
of two-photon excitation. [9E-BHVC] = [9E-BMVC] = 50 uM, [BMVC]
=100 uM, [phosphate in DNA] = 0-6.5 mM for 9E-BHVC/9E-BMVC,
0-13 mM for BMVC. Excitation wavelength, 800 nm. Buffer, 10 mM
Tris-HCI, 100 mM KCIl, pH = 7.2. Each point shown has an error of 8%.
b, Change curves of single-photon excitation. Dye concentration, 2.5 uM,
[phosphate in DNA] = 0-600 uM for 9E-BHVC/BMVC, 0-310 uM for
9E-BMVC. Excitation wavelength, 425 nm. Buffer, idem.

restricted by the steric effect deriving from the static interactions
between the cationic N-pyridinium and the anionic phosphate of
DNA, and the interaction of grooves combining in the double
helices, thus the fluorescence can increase.

Moreover, the strong interaction between the compounds and
DNA is further confirmed by absorption titration (Fig. S2t).
With the addition of DNA, the three molecules show significant
bathochromic shifts** (20-23 nm) and large absorbance changes
in opposite directions.”® We think that the fall of the excited
energy level due to the interaction to DNA? can explain this red-
shift phenomenon. In addition, the intrinsic binding constants
(k) to DNA have been obtained by analyzing the one-photon
fluorescence titration data with the Scatchard equation? (Fig. S3
in the ESIt). The k values of 9E-BHVC, 9E-BMVC and BMVC
are 1.02x 107, 6.4 x 10°and 6.7 x 10° M, which are comparable to
10° M of DAPI to DNA.?® The best DNA-binding properties of
9E-BHVC can be attributed to the formation of H-bonds between
the H atoms of hydroxylethyl groups and the base pairs in DNA.*

The two-photon fluorescence intensities of 9E-BHVC, 9E-
BMVC and BMVC at saturation are 54-, 36- and 49-fold enhance-
ments of those in tris-HCI buffer, respectively. 485- (9E-BHVC),
83- (9E-BMVC) and 374-fold (BMVC) enhancements are found
for one-photon excitation. Therefore, one can reasonably expect

that, after permeating into living cells and/or tissues, the three
compounds bound to DNA will emit more intensive luminescence
than those staying in the cytoplasm. That is to say, the three
compounds should be good two-photon fluorescent probes for
DNA, if they can specifically label DNA in living cells and tissues.
Considering that 800 nm is an optimal excitation wavelength
provided by a commercial mode locked Ti:sapphire laser source
used in TPM, this wavelength will be chosen as the excitation
wavelength to image DNA in living cells and tissues.

Imaging DNA in living plant cells and tissues

To investigate the specificity of these dicationic salts in labeling
DNA in imaging nuclei in living plant cells and tissues utilizing
TPM, selecting Arabidopsis thaliana,*® a model plant, as the
specimen is rational. Firstly, the cell detection has been carried out
in protoplasts. The double-staining photo of 9E-BHVC is given in
Fig. 4, that of 9E-BMVC and BMVC are in Fig. S4.1 The results
show that they can stain the DNA in protoplasts which have been
isolated from callus of Arabidopsis thaliana leaves (see the ESIT),
and the position and region stained are consistent with those of
DAPL

—
10um

Fig.4 TPM pictures of protoplasts incubated with 9E-BHVC and DAPI
for 0.5 h. a, 9E-BHVC (1 uM, 2% incident power). b, DAPI (1 uM,
5% incident power). ¢, Phase-contrast picture. d, Merged picture. Exci-
tation wavelength, 800 nm. Detection wavelength, 435-485 nm (DAPI),
535-590 nm (9E-BHVC). The percentages of incident power mentioned
above are the power output of AOM in LSM 510META of Zeiss. See the
ESI for details.t

No distinct difference between the three compounds is found
when staining protoplasts of Arabidopsis thaliana. However, when
staining living tissue of Arabidopsis thaliana, the abilities of 9E-
BHVC and 9E-BMVC are superior to BMVC, and 9E-BHVC
should be best. From Fig. 5 and Fig. S5,1 one can see that the
9E-BHVC labels almost all nuclei in the root tip, comparatively
the amount of nuclei stained by BMVC is small.

—
20um 20um

Fig. 5 Fluorescence images of the root tip incubated with BMVC (a),
9E-BMVC (b) and 9E-BHVC (c), for 1 h at 5 uM. Incident power: 1%.
Excitation wavelength, 800 nm. Detection wavelength, 535-590 nm.
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At the same time, 9E-BHVC can successfully stain many parts
of the living tissue of Arabidopsis thaliana, such as hypocotyls
and roots shown in Fig. 6 (autofluorescence from cell walls
of the hypocotyl is also visible?). In Video SI,f 24 optical
sections of hypocotyls double-stained by 9E-BHVC and DAPI
were constructed. These photos have expressly demonstrated that
9E-BHVC can bind selectively to DNA, and the positions and
amounts of the nuclei labelled by 9E-BHVC are exactly the same
as those of DAPI.

Fig. 6 TPM pictures of hypocotyls at 13 um (I) and roots at
18 um (II) incubated with 9E-BHVC and DAPI for 1 h. Ia, DAPI (2
uM, 5% incident power). Ib, 9E-BHVC (1 uM, 5% incident power). Ila,
DAPI (3 uM, 4% incident power). I1Ib, 9E-BHVC (3 uM, 2% incident
power). Ic and Ilc, merged pictures. Detection wavelength, 435-485 nm
(DAPI), 535-590 nm (9E-BHVC). Excitation wavelength, 800 nm.

Compared to confocal microscopy, the lower photodamage and
deeper penetration should be the most noticeable advantages
of TPM, which result from both the red-shift incident laser
wavelength and the smaller excited volume in specimen. However,
conventional fluorescent probes with small @ x ¢ have brought
some new problems; for example, the incident laser power has to
be increased in order to acquire an improved image from two-
photon fluorescence. Hence, when one uses a conventional single-
photon fluorescent probe with smaller @ X & to image living tissue
utilizing TPM, only a small amount of the incident laser power
absorbed by probes can be used to emit fluorescence, a lot of energy
is transformed into thermal energy and results in heat damage
to the specimen. On the other hand, the imaging depth of the
detected tissue is affected by not only the penetration distance of
the incident beam into specimen, but also by the fluorescence
intensity and emission wavelength of the probes, especially in
turbid specimens. Thus, in order to image deeper sections of
turbid tissue, the advantageous two-photon fluorescent properties
and red-shifted fluorescence emission of the probes should be two
crucial factors.

To examine the imaging ability difference between 9E-BHVC
and DAPI in imaging highly scattering specimens, a series of
double-staining experiments have been carried out in the turbid
root of Arabidopsis thaliana. Fig. TA gives a series of double-
staining microscopic photos of DAPI and 9E-BHVC under the
same imaging conditions and at different depths. These results
show again the exact consistency of labeling positions and
amounts of 9E-BHVC and DAPI in the living plant turbid tissue.
According to Fig. 7AI, at 13 um depth, the fluorescence of 9E-
BHVC is a little excessive while the fluorescence of DAPI is just
visible. Furthermore, at 23 um, the image of 9E-BHVC is visible
and the fluorescence of DAPI is invisible (Fig. 7AII). At 18 um

—
20um

—
20um

Fig. 7 TPM pictures of Arabidopsis roots incubated for 1 h with 3 uM
of 9E-BHVC/DAPI at different depths with 2% incident power (A) and
with different incident power at 18 um (B). AL, Z =13 um. AIl, Z =23 pm.
BI, Incident power: 4%. BII, Incident power: 2%. a, DAPI. b, 9E-BHVC.
¢, Merged picture. Excitation wavelength: 800 nm. Detection wavelength,
435485 nm (DAPI), 535-590 nm (9E-BHVC).

depth, in order to obtain a usable image from DAPI, the incident
power has to increase to 4%, but at this power the fluorescence of
9E-BHVC s saturated (Fig. 7BI). To 9E-BHVC, the usual incident
power of usable image is 2%, and at this energy the florescence of
DAPI is invisible (Fig. 7BII). In 4% and 2% of incident power, the
fluorescence photos of root at 18 um from DAPI and 9E-BHVC
have been obtained, respectively (Fig. 61I).

To investigate and compare the two-photon fluorescent imaging
depths of 9E-BHVC and DAPI in Arabidopsis root, 41 optical
sections of root of different depths double-stained by 9E-BHVC
and DAPI have been obtained. The photos in Fig. 7A were used to
construct Video S2.1 In the 41 sections we randomly selected five
nuclei indicated by arrows in Fig. 7Alc. The fluorescence intensity
of 9E-BHVC and DAPI on the five nuclei in the 41 sections was
determined. The relationship between the average values of five
intensity measurements of 9E-BHVC or DAPI at the same section
and imaging depths were plotted in Fig. 8a, which indicates that
9E-BHVC always emits more intense fluorescence than DAPI at
the same depth. The fluorescence intensity of 9E-BHVC and DAPI
remain stable when the observation depth is less than 14 um, but
when the depth is deeper than 14 um, both intensities show an
obvious depth-related decrease. Meanwhile, the decrease of 9E-
BHVC is more obvious than that of DAPI.
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Fig. 8 Change of fluorescence intensity of 9E-BHVC and DAPI in roots
with depth at 2% incident power (a) and with incident power at 18 pm
(b). Data for (a) come from Video S2, those for (b) come from Video S3.}
Black, DAPI. Red, 9E-BHVC. Each point shown has an error of 10%.

To investigate and compare the two-photon fluorescence in-
tensity of 9E-BHVC and DAPI in Arabidopsis root, both under
same incident power, the microscopic photos of the root at 18
um stained by 9E-BHVC and DAPI under 6 levels of incident
power have been obtained, and these photos were demonstrated
consecutively in Video S3. We randomly selected three nuclei
indicated by arrows in Fig. 7BIlc. The intensity of 9E-BHVC and
DAPI on the three nuclei under various powers was determined.
The relationship between the fluorescence intensity from every
nucleus of 9E-BHVC or DAPI and incident power were plotted in
Fig. 8b, which indicates that 9E-BHVC always emits more intense
fluorescence than DAPI at the same power.

These experimental results in double-staining Arabidopsis root
reveal that 9E-BHVC can achieve deeper imaging or give usable
fluorescence images by using a lower incident power. We consider
that two factors are responsible for these results. Firstly, 9E-BHVC
possesses large @ x 6, thus it can luminesce more intensely under
the same incident power. Secondly, the fluorescent peak of 9E-
BHVC is near 575 nm in the orange spectral region. Compar-
atively, DAPI has a lower @ X &, and its 460 nm fluorescence
emission in the blue-green spectral region is strongly attenuated
by turbid tissue. These obvious disadvantages of conventional
fluorescent probes should be a major limitation of tissue imaging
when utilizing TPM; it is a primary motivation to develop superior
two-photon fluorescent probes.

Conclusion

The potential of applying TPM to image living tissue has been
recognized since its inception.’* However, according to recent
reports, the low two-photon fluorescence properties of DAPI
have indeed obstructed the relevant research, such as investigating
meiotic events in intact living tissues. Therefore, it is necessary
to find and explore a DNA fluorescent probe with not only

better two-photon performance but also similar biological labeling
ability to DAPI. In this article, we have presented an efficient
DNA fluorescent probe, 9E-BHVC. A series of double-staining
experimental results in living protoplasts, hypocotyls and roots
have convincingly demonstrated that 9E-BHVC possesses tangible
application potential as a new two-photon fluorescent DNA probe.
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