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Vinyl-triphenylamine dyes, a new family of switchable fluorescent probes for
targeted two-photon cellular imaging: from DNA to protein labeling†‡
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On the basis of our previous work on vinyl-triphenylamine derived DNA fluorophores we explored the
structure space around this core by coupling it to diverse cationic, anionic and zwitterionic groups in the
aim of targeting different classes of biomolecules. In parallel core modifications were performed to
optimize the photophysical properties (quantum yield, two-photon absorption). The resulting water
soluble π-conjugated molecules are called TP dyes and display an exceptional combination of optical
properties: high two-photon absorption cross-section, high photostability, no self-quenching, and
switchable fluorescence emission when bound to a biopolymer matrix. The linear and nonlinear optical
properties of the TP dyes were studied in vitro in presence of DNA and in presence of a model protein
(human serum albumin) using complementary absorption and fluorescence spectroscopy characterization
tools. Structure modifications enabled to switch from DNA probes (cationic TP-pyridinium series) to
protein probes (anionic TP-rhodanine series) without affecting the optical properties. Finally most TP
compounds appear cell-permeant and show an intracellular localization consistent with their in vitro
target specificity.

Introduction

Since its emergence in the nineties, two-photon laser-scanning
microscopy has been shown to be a powerful technique for the
study of dynamic processes and live-cell imaging.1 The non-
linear origin of the signal leads to intrinsic 3D sectioning thus
preventing any out-of-focus fluorescence signal. In the mean-
time, infra-red (IR) excitation causes less damage to the sample
than UV-Vis and yields no endogenous contribution to the fluor-
escence. In addition the IR range is in the optical transparency
window of biological tissues thereby enabling thick sample
imaging, which is otherwise difficult at shorter wavelengths due
to strong absorption and diffusion in biological tissues. These
features make two-photon excitation far more efficient than
monophotonic excitation for live-cell imaging and even more
interestingly for intravital microscopy.2

The low probability of occurrence of nonlinear optical
phenomenon requires the use of pulsed femtosecond lasers to

provide a high instantaneous photon density but with a low
average energy that would be otherwise deleterious for the
samples. It is also necessary to design fluorescent probes with
optimized two-photon absorption (2PA) cross-sections since
most of the usual dyes used in microscopy (for instance fluor-
escein and the DNA stainer DAPI) have particularly low 2PA
cross sections (δ < 1–10 GM).3,4 The use of optimized probes
allows to maintain good image brightness and contrast while
lowering the excitation power, causing less damage to the
sample and less photobleaching.

Early works on nonlinear absorption of push–pull
π-conjugated dipolar molecules (D-π-A) have established that
increasing the internal charge transfer (and more specifically
symmetric internal charge transfer) and the dimensionality of the
molecule improves the two-photon absorption cross-section.5,6

By combining synthesis and theory, this has led to the develop-
ment of π-conjugated quadrupolar systems (D-π-A-π-D or
A-π-D-π-A) displaying high absorption cross-sections. Sub-
sequently octupoles formed by three symmetric dipoles have
been shown to be highly efficient 2PA absorbers.7–10 According
to these guidelines, the triphenylamine core has been selected as
a privileged building unit for the design of symmetric octupoles
as its strong electron donor feature, its C3 symmetry and
its versatile chemistry represent major advantages. Indeed, a
considerable number of triphenylamine derivatives have been
successfully used in material chemistry and more recently appear

†This article is part of the Organic & Biomolecular Chemistry 10th
Anniversary issue.
‡Electronic supplementary information (ESI) available: Materials and
methods, Synthesis, Complementary experiments. See DOI: 10.1039/
c2ob25515d
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in a number of molecular systems devoted to photovoltaic appli-
cations.11,12 Nonetheless, such molecular engineering consider-
ations have led to high molecular weight aromatic molecules
which are a priori non suitable for biological imaging. Solutions
exist, such as micelle encapsulation,13,14 to address this issue
and enable the use of such molecules in aqueous media, but
there is still a lack of ready-to-use, low-molecular weight bio-
logical probes with optimized 2PA cross-sections.

Another important criteria rarely met when developing
biofluorophores is the intrinsic direct affinity for a given type of
biomolecule (DNA, RNA, proteins) or for a cellular compart-
ment or organelles (mitochondria, lysosomes, cell-membrane
etc.), which will enable site-specific labeling. Although cellular
specificity can be achieved by conjugation to diverse chemical
or biological tags (e.g. spermine, folate, peptides, anti-
bodies),15–17 this is often synthetically laborious, may affect the
optical properties and in fine may result in highly expensive
probes. Therefore spontaneous binding of high brightness dyes
to a unique class of macromolecule represents a considerable
advantage to assess specific localization in cells. This property is
at the origin of a number of organic dyes featured in the toolbox
of cell biologists for the specific staining of cell components.

In this context we launched a program aimed at developing
hydrosoluble targeted two-photon excitable dyes derived from a
triphenylamine (TP) core. In a first study we introduced pyridi-
nium units on the TP core by a sequential Heck cross coupling–
methylation pathway starting from the bis- or tris-bromotriphenyl-
amine. The resulting cationic dyes TP-2Py and TP-3Py (Fig. 1)
were shown to be highly efficient two-photon dyes with a
specific and strong affinity for DNA.18,19 They are virtually not
fluorescent in the free state in aqueous buffer and strongly fluor-
escent when bound to the DNA matrix. This property of utmost

importance for cellular imaging, is attributed to both the screen-
ing from water once the dye is inserted inside DNA and to the
immobilization that reduces non-radiative processes associated to
molecular internal rotation around the vinyl bond.20 Based on
these results, we modified both the electron-withdrawing groups
and the central TP core in the aim of optimizing the photophysi-
cal properties and changed the global charge of the molecule to
study the possibility of expanding the target range and appli-
cability of the dyes. Exploration of molecular interactions of the
newly prepared series with both nucleic acid matrices and a
model protein (HSA) evidenced that we can switch from DNA
to protein labeling with only minor alteration of the 2PA bright-
ness (2PA cross-section δ × quantum yield ΦF). The report is
completed by cellular imaging data that corroborate the target
preferences observed in vitro. Altogether the present results
emphasize the highly versatile potential of the vinyl triphenyl-
amine class of compounds in terms of molecular diversity and of
bioimaging.

DNA probes

As mentioned above, TP-2Py and TP-3Py are fluorescent DNA
off–on probes that exhibit a large fluorescence enhancement in
the presence of DNA. However, this fluorescence restoration is
strongly conformation dependent and is observed essentially in
presence of duplex DNA and neither in the presence of single
stranded DNA nor in the presence of total cellular RNA (calf
liver).18 It thus appears that the fluorescence increase is corre-
lated to a strong binding preference for duplex DNA. However,
it cannot be completely excluded that the compounds interact
with other DNA or RNA forms without being fluorescent.

Fig. 1 Electron acceptor groups were tethered to the triphenylamine core by straight-forward and high-yielding procedures to give octupolar systems
with optimized two-photon absorption cross-sections. The nature and number of those groups determines the properties of the fluorophore.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6054–6061 | 6055
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In the presence of herring testes DNA, both dyes exhibit large
2PA cross-sections in the IR and confirm the advantage of the
three-branched octupolar compound TP-3Py (700 GM at
820 nm) over to the two-branched quadrupolar counterpart
TP-2Py (450 GM at 820 nm, Table 1),18 in consistency with
numerous works in the field.6,7 However, if we compare the 2PA
brightness (δ × ΦF) that is the relevant figure of merit for
imaging, TP-2Py shows a significantly higher brightness than
TP-3Py in DNA (35 GM vs. 19 GM), in contrary to values
in glycerol, thereby emphasizing the necessary balance between
optical and DNA binding properties.

When imaging cells via two-photon excited fluorescence
(2PEF) microscopy, both dyes induce a bright specific staining
of nuclear DNAwith a red emission (λmax = 656, 684 nm) and a
particularly high signal to noise ratio.18 Worth mentioning is
their large Stokes shift (ca. 150 nm), typical of push–pull
systems that display strong charge transfer during excitation
(ESI‡). The TP-Py dyes are non-cytotoxic in the micromolar
range (ESI‡), live cell permeant and thus perfectly suitable for
cellular imaging by one and two-photon excited confocal
microscopy. However, they have rather modest quantum yields
and attempts have been made to increase this parameter by repla-
cing the triphenylamine core with a more rigid carbazole core. In
parallel we also increased the electron donor ability of the central
core and π-conjugation by introducing a trinaphthylamine core
(TN) in place of the triphenylamine (Fig. 2). This modification
was expected to improve both the quantum yield and the internal
charge transfer.

As previously reported, the carbazole analogues, Cbz-2Py and
Cbz-3Py, fulfill the objective with a quantum yield of 0.58 in
DNA for Cbz-2Py. This results in a strongly optimized 2PA
brightness (δ × ΦF = 121 GM), although the carbazole core
causes a two-fold decrease in the 2PA cross-section (Table 1).21

Also, the rigidification of the core induces a blue-shift of the
emission (approx 100 nm) thereby causing a loss of the NIR
characteristic of the TP series. According to preliminary model-
ing studies, the binding to DNAwas likely to occur via insertion
of the bis(arylvinylpyridinium)amine pattern in the minor groove
of duplex DNA. These observations were confirmed by circular
dichroism (CD) experiments performed with two different oligo-
nucleotides, a 12-mer duplex presenting a central AAATTT site
favoring minor groove binding [d(CGCGAAATTTCGCG)2,
drewAT] and a 26-mer duplex displaying no particular base

repeats [d(CAATCGGATCGAATTCGATCCGATTG)2, ds26]. In
presence of both oligonucleotides, the triphenylamine derivatives
exhibited a large induced CD signal characteristic of minor
groove binding (Fig. 3). On the other hand, the carbazole deriva-
tives only gave an induced signal in drewAT and not in ds26
except at very high dye–DNA ratios. The interaction of Cbz
derivatives appears sequence-dependent whilst that of the TP
compounds is not or to a much lesser extent. Modeling studies
attributed this difference in behavior to a preferential binding of
Cbz-2Py in the major groove of ds26.21

The neutral precursor of TN-3Py was synthesized according to
a previously reported procedure and methylated by methyl

Table 1 Optical properties of the cationic dyes in glycerol and in DNA (30 equivalents in base pairs of herring testes DNA in 10 mM sodium
cacodylate buffer pH 7.2, 100 mM NaCl)

ε (mol−1 L cm−1) ΦF δ (GM)

Glycerol DNA Glycerol DNA Glycerol DNA

TP-2Py 37 400 (496 nm) 31 400 (509 nm) 0.11 (649 nm) 0.08 (656 nm) 390 (820 nm) 450 (820 nm)
TP-3Py 66 000 (492 nm) 51 000 (499 nm) 0.13 (666 nm) 0.01 (684 nm) 780 (820 nm) 700 (820 nm)
TP-2PySf 46 000 (498 nm) 42 100 (481 nm) 0.16 (657 nm) n.d. 210 (820 nm) n.d.
Cbz-2Py 28 700 (444 nm) 21 700 (451 nm) 0.33 (580 nm) 0.58 (545 nm) 190 (800 nm) 210 (800 nm)
Cbz-3Py 61 100 (437 nm) 44 200 (441 nm) 0.16 (581 nm) 0.03 (552 nm) 540 (760 nm) 320 (820 nm)
TN-3Py 62 000 (488 nm) 62 000 (493 nm) 0.05 (701 nm) n.d. 1750 (820 nm) n.d.

Molar absorption coefficient ε measured at the maximum absorption wavelength indicated in parenthesis, fluorescence quantum yield ΦF with the
maximum emission wavelength and two-photon absorption cross-section δ measured at the maximum two-photon absorption wavelength in
parenthesis, n.d.: not determined.

Fig. 2 Variation on the electron-donating core of the pyridinium
derivatives.

Fig. 3 Circular dichroism spectra of drewAT and ds26 upon addition
of TP-2Py and Cbz-2Py. (A,C) [DNA] = 3 μM, [TP-2Py] = 0–18 μM
(B,D) [DNA] = 5 μM, [Cbz-2Py] = 0–25 μM. Buffer: 10 mM sodium
cacodylate pH 7.2 + 100 mM NaCl.

6056 | Org. Biomol. Chem., 2012, 10, 6054–6061 This journal is © The Royal Society of Chemistry 2012
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iodide in a dichloromethane–methanol mixture (ESI‡).22

Although the fluorescence quantum yield of the new dye in gly-
cerol was lowered by a factor of two compared to that of
TP-3Py, a dramatic improvement of the 2PA cross section was
measured (δ = 1750 GM vs. 780 GM for TP-3Py). Yet this com-
pound shows almost no fluorescence enhancement in presence
of herring testes DNA thereby indicating its poor ability to bind
to DNA, likely due to the larger size of the trinaphthyl core.

Despite their significantly higher quantum yields, the carba-
zole derivatives have lower 2PA cross sections and furthermore
have lost the NIR emission that is an important advantage for
bioimaging. On the other hand, the trinaphthylamine displays
considerably enhanced 2PA cross section but does not interact
with DNA. These balanced performances of the core-modified
pyridinium derivatives underline the difficulties of fluorescence
engineering in optimizing both optical properties and targeting
ability.

To complete the structural modifications of the pyridinium
series the zwitterionic compound TP-2PySf was synthesized by
reaction between the neutral pyridine intermediate with 1,4-buta-
nesultone (ESI‡). The aim was to modify the charge without
affecting the 2PA absorption capacity,23 whilst retaining the
water solubility. In glycerol, the TP-2PySf displays a quantum
yield close to that of the cationic TP-2Py (Table 1). On the other
hand in presence of DNA the fluorescence is not restored,
thereby indicating weak DNA binding. This suggests that the net
charge of the ligand is essential for the association of the two
partners before the establishment of local electrostatic inter-
actions in the binding site which will further stabilize the
complex.

Based on these results, the formal charge of the dyes was
completely reversed to give two anionic molecules TP-2Rho and
TP-3Rho aimed at targeting new macrobiomolecules such as
proteins.

Charge inversion: towards protein targeting

The two anionic dyes, TP-2Rho and TP-3Rho bearing
carboxylic acid functions negatively charged at physiological
pH, were obtained according to a reported procedure based on
Knoevenagel condensation of rhodanine acetic acid on bis- or
tris-formyltriphenylamine (ESI‡).24 In organic media TP-2Rho
and TP-3Rho behave like their cationic counterparts, displaying
a bright fluorescence emission around 600 nm which is comple-
tely quenched in aqueous solution (Table 2). Yet, as expected, by
reversing the charge of the probes, the affinity for nucleic acids
is lost and no restoration of the fluorescence signal is observed
upon addition of duplex DNA (data not shown). We then

examined the interaction of the two dyes with the human serum
albumin protein which was taken as model.

Albumin accounts for 60% of the total protein in blood serum.
It serves as a transport protein, and, as such, binds a variety of
endogenous and exogenous ligands.25–30 In their early work in
1975, Sudlow et al. identified two families of anionic drugs,
mostly carboxylic acids, which specifically bind to two sites
called site I and II.31,32 Other sites have been identified that bind
fatty acids and metal cations, as well as multiple nonspecific sec-
ondary sites.33 In spite of the large structural variety of the SA
ligands, a few guidelines have emerged to rationalize their
design: for site II ligands, the carboxylic group is located at one
end of the extended aromatic structure, while site I ligands are
more bulky aromatics with a central and often delocalized nega-
tive charge.34

With their carboxylic acid groups borne by the rhodanine
extremities and the hydrophobic triphenylamine core TP-2Rho
and TP-3Rho respond to the aforementioned molecular guide-
lines. Moreover, rhodanine is a widely used scaffold in drug
design,35 and several of its derivatives are known to inhibit pro-
teins.36,37 This motif can also be viewed as a sulfur analogue of
the chromophores found in fluorescent proteins.38

Optical properties

In organic solvents. The optical properties of the dyes were
first studied in dichloromethane (DCM) and glycerol (Table 2).
The nature of the solvent seems to have little influence on the
absorption properties. Each molecule absorbs at the same wave-
length with comparable molar absorption coefficients in both
media. Regarding emission, a slight solvatochromism effect is
observed between dichloromethane and glycerol; the fluor-
escence signal is blue-shifted in dichloromethane with fluor-
escence quantum yield approximately twice as high compared to
glycerol, showing that the fluorescence emission of the TP-Rho
is polarity-dependent.

In presence of human serum albumin. The two compounds
were then studied in aqueous buffer, and both exhibited high
molar absorption coefficients around 70 000 mol−1 L cm−1 in
the 500 nm range confirming that the absorbance of these
molecules is insensitive to the environment (ESI‡). In these con-
ditions a very low fluorescence signal was recorded which pre-
vented fluorescence quantum yield determination. However, the
strongly red-shifted emission wavelength (i.e. 630 nm and
680 nm for TP-2Rho and TP-3Rho respectively, data not shown)
is consistent with the solvatochromism observed when shifting
from dichloromethane to glycerol. Addition of the human serum

Table 2 Optical properties of TP-2Rho and TP-3Rho in dichloromethane and glycerol

ε (mol−1 L cm−1) ΦF δ (GM)

Dichloromethane Glycerol Dichloromethane Glycerol Dichloromethane Glycerol

TP-2Rho 78 800 (500 nm) 76 300 (500 nm) 0.16 (600 nm) 0.09 (615 nm) 379 (870 nm) n.d.
TP-3Rho 78 500 (490 nm) 78 200 (490 nm) 0.13 (597 nm) 0.07 (625 nm) 425 (820 nm) n.d.

Molar absorption coefficient ε measured at the indicated maximum absorption wavelength, fluorescence quantum yield ΦF with the maximum
emission wavelength and two-photon absorption cross-section δ (GM) measured at the indicated maximum two-photon absorption wavelength.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6054–6061 | 6057
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albumin protein (HSA) induces a slight hypochromism of the
absorption, but still no significant shift of the maximum wave-
length (Table 3, ESI‡). On the other hand, a large increase of the
fluorescence quantum yield is measured with 5 molar equiva-
lents of protein with a pronounced blue-shift of the emission
wavelength (45 to 60 nm, Table 3 and Fig. 4A and B). These
features strongly suggest binding of the molecules in the hydro-
phobic pockets of the protein. Indeed, the strong blue-shift in the
emission wavelength correlates to a reduction of the polarity of
the environment of the molecules attributable to a shielding from
water. Although molecular motions should participate strongly to
fluorescence quenching, both dyes were significantly more fluor-
escent in dichloromethane than in glycerol and in HSA. Thus
TP-Rho immobilization following interaction with the protein
does not seem to be solely at the origin of fluorescence restor-
ation, which should result from more complex multiple effects
(hydrophobic, electronic).

Nonlinear optical properties. 2PA cross-sections were deter-
mined in dichloromethane and in HSA (dye–HSA molar ratio
1 : 5) by a two-photon induced fluorescence method using fluor-
escein in water as a reference. The charge modification of the
end terminal group does not affect the 2PA capacity and the
TP-Rho derivatives remain efficient non-linear dyes with cross-
sections around 400 GM in DCM (Table 2). In presence of HSA
the 2PA spectra exhibit the same maxima as in DCM (see ESI‡).
However, significantly higher cross-section values are observed,
especially in the case of the TP-3Rho which has a cross-section
almost twice higher than that in DCM (Table 3). As seen with
the pyridinium series, the octupolar compound TP-3Rho is more
efficient in terms of nonlinear absorption than its quadrupolar
counterpart TP-2Rho and the difference between both com-
pounds is much higher in HSA than in DCM.

Interaction with HSA

The formation of the HSA–dye complex was studied more
thoroughly using fluorescence spectroscopy. Fluorimetric titra-
tions with HSA showed different behaviors for TP-2Rho and
TP-3Rho. For TP-2Rho, a gradual increase of fluorescence is
observed until saturation at approximately four molar equivalents
of HSAwith a final 75-fold fluorescence enhancement (Fig. 4A).
Likewise, a strong fluorescence increase is observed for
TP-3Rho until approx. one equivalent of HSA but is immedi-
ately followed by a fluorescence decrease (Fig. 4B) that reaches
a plateau at 4 molar equivalents of protein with a final 30-fold
fluorescence enhancement. The biphasic titration curve could not
be fitted either by one or two-site models revealing a complex

binding event. A possible explanation is that the excess of
HSA causes the relocation of the molecules to secondary sites
where they are not fluorescent. On the other hand, the TP-2Rho
data fit a one-site binding model with an affinity constant of
1.8 × 107 M−1 (ESI‡).

Competitive fluorimetric titrations – binding site

In an attempt to have insight on the binding site of the TP-2Rho
dye on the human serum albumin, we used warfarin and

Table 3 Optical properties of the TP-Rho in presence of human serum
albumin in 10 mM sodium cacodylate buffer pH 7.2

ε (mol−1 L cm−1) ΦF δ (GM)

TP-2Rho 58 900 (500 nm) 0.028 (585 nm) 464 (870 nm)
TP-3Rho 68 900 (486 nm) 0.015 (620 nm) 773 (820 nm)

Fluorescence quantum yield ΦF (maximum emission wavelength), molar
absorption coefficient ε measured at the maximum absorption
wavelength and two-photon absorption cross-section δ measured at the
maximum two-photon absorption wavelength.

Fig. 4 Fluorimetric titrations of (A) TP-2Rho and (B) TP-3Rho by
HSA. [dye] = 0.25 μM in 10 mM sodium cacodylate buffer pH 7.2. (C)
Corresponding titration curves obtained by plotting the fluorescence
enhancement F/F0 versus the concentration in HSA, where F is the dye–
protein complex fluorescence and F0 the free dye signal.

6058 | Org. Biomol. Chem., 2012, 10, 6054–6061 This journal is © The Royal Society of Chemistry 2012
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ibuprofen as probes since these compounds are well-known site I
and II ligands respectively (ESI‡). Both TP-Rho could not be
efficiently displaced by warfarin or ibuprofen indicating the
higher affinity of the dyes for the serum albumin proteins.
However drug–HSA interactions can also be studied by follow-
ing the fluorescence variation of warfarin upon competitive
displacement.39 In our case it appeared possible to record
simultaneously the fluorescence increase of the TP dyes upon
competitive binding (Fig. 5).

The fluorescence of warfarin in HSA is almost completely
quenched upon addition of TP-2Rho or TP-3Rho thus indicating
strong displacement of the drug by the two dyes. The fluor-
escence quenching of warfarin correlates with the increase of the
TP-2Rho signal with curves crossing at 1 μM of added TP-Rho
(i.e. 50% of the starting warfarin concentration) with 50% of
relative increase in TP-Rho fluorescence intensity indicating that
half of the drug is displaced by an equivalent molar concen-
tration of dye. This observation is consistent with the 1 : 1
binding process previously shown. These data indicate that
TP-2Rho predominantly forms a 1 : 1 complex in the site I of
HSA with a high affinity constant. Again the warfarin displace-
ment curve obtained for the TP-3Rho/HSA is less well-defined
but globally the displacement remains rather efficient, indicating
that TP-3Rho also interact with the protein site I, although the
interaction is more complex and multiple than that of its two-
branch counterpart. Indeed the additional charge and the more

sterically hindered propeller shape of the three-branched com-
pound is likely to induce more complex interactions and more
difficulties for fitting tightly into binding pockets.

It thus appears that the two-branched compound is the best
compromise for a structure specific probe with optimized two-
photon cross-section for DNA as well as for protein labeling.

Cellular imaging by confocal and 2PEF microscopy

The dyes were tested in cells by confocal microscopy. After
incubation of live cells for two hours with dyes at 2 μM, cells
were washed before fixation with PFA. In these conditions and
as previously reported, TP-2Py and Cbz-2Py show a very bright
staining of DNA under two-photon excitation with very low
fluorescence background in the cytoplasm (Fig. 6 and 7B).
Although the cellular distribution can be modified by the
fixation protocol, this experiment proves at least that the dyes are

Fig. 6 Fixed MRC-5 cells stained by TP-2Py under two-photon exci-
tation (λexc = 820 nm).

Fig. 7 Fixed MRC-5 cells stained by TP-2PySf (A), Cbz-2Py (B) and
TN-3Py (C) under one (A,C) and two-photon (B) excitation.

Fig. 8 Fixed HT29 cells stained by TP-2Rho under two-photon exci-
tation (λexc = 800 nm).

Fig. 5 Competitive displacement of warfarin by TP-2Rho (A) and
TP-3Rho (B) in HSA monitored by fluorescence (Exc 320 nm). Emis-
sion: 340–500 nm (warfarin) 500–600 nm (TP-Rho). [HSA] = [warfarin]
= 2 μM in 10 mM sodium cacodylate buffer. Normalized fluorescence
intensity of warfarin (squares) and TP-Rho (circles) plotted versus the
concentration of competitor.

This journal is © The Royal Society of Chemistry 2012 Org. Biomol. Chem., 2012, 10, 6054–6061 | 6059
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live cell permeant. In correlation to their absence of interaction
with RNA observed in vitro, no fluorescence is observed in the
nucleoli or in the cytoplasm unlike DNA stainers such as PI or
TOTO3 that require RNAse treatment before imaging.40 The
dyes were also found to be highly photostable compared to usual
DNA stainers such as TO-PRO3.18

TN-3Py and TP-2Pysf exhibit a faint and diffuse staining of
the whole cell (Fig. 7A and 7C) which correlates with the
absence of DNA affinity observed in vitro.

Finally and as expected the TP-2Rho dye does not induce
nuclear DNA staining. However, bright fluorescent spots in
the cytoplasm show that the dye stains specific organelles the
identification of which will be investigated in the future (Fig. 8).
Cytoxicity evaluated on two cell lines indicate that the TP-Rho
series has a very low cytoxicity (ESI‡).

Conclusion

Starting from a series of light up DNA probes based on a vinyl-
triphenylamine scaffold (TP-Py) we made structural modifi-
cations in order to improve their one and two-photon optical
properties and enlarge the repertoire of their biomolecular target
specificity.

In the case of pyridinium end groups, we have shown that
both fluorescence quantum yield efficiency and two-photon
absorption cross-section can be significantly enhanced by rigidi-
fying the structure of the donor core (Cbz-Py), or by increasing
its size and electron richness (TN-Py). Although in the latter
case the structural modification is made at the expense of the
DNA target affinity.

On the other hand, replacement of the pyridinium end group
by the rhodanine motif bearing a carboxylic function (TP-Rho)
enabled switching from DNA to protein binding while keeping
the light up property and without affecting significantly the 2PA
capacity. Although HSA is a model protein, our results suggest
that the obtained rhodanine derivatives have potential for label-
ing other class of proteins present in subcellular structures.

Although the three-branched TP scaffold is theoretically more
efficient for two-photon absorption, the two-branched derivatives
seem to have more well-defined binding interaction with targets
(both DNA and HSA). Thus the two-branched scaffold rep-
resents the best compromise between optical properties and
target specificity.

In conclusion, we demonstrated herein that the vinyl-
triphenylamine motif is a powerful scaffold for the development
of a large variety of compounds through high-yielding one or
two-step synthetic procedures. The resulting TP-dyes represent a
new family of switchable biolabels that display essential criteria
for single and two-photon excitation fluorescence imaging in
cells. It can also be anticipated that the TP fluorophores may be
applicable to quantification of macromolecules in gels or fluids.
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