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a b s t r a c t

An aminonaphthalimide-squaraine non-conjugated system was designed and synthetized with the pur-
pose of preparing fluorescent molecule in the 650–700 nm region that could operate via energy transfer
(ET) between covalently linked naphthalimide and squaraine chromophores. The photophysical proper-
ties of the new fluorescent system were explored with the aim of understanding the ET in one- and two-
photon excitation modes. The spectroscopic techniques employed in the characterization includes;
absorption, fluorescence, quantum yields and fluorescence lifetime measurements in different solvents.
The effect of polarity of solvents on efficiencies of ET were evaluated using one- and two-photon excited
fluorescence. The optical behavior of the non-conjugated system was compared with its individual squar-
aine and naphthalimide moieties. The two-photon absorption (TPA) spectrum of the molecule was
obtained between 750 and 1040 nm, with the largest two-photon cross section (dTPA)above 4200 GM.
Finally, the applicability of the molecule for fluorescence imaging in the one- and two-photon excitation
mode was demonstrated in N13 Microglial cells. The in vitro and in vivo confocal microscopy studies indi-
cated that the non-conjugated system efficiently accumulated in the cytoplasm suggesting it could be
utilized as a subcellular probe.
� 2021 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

One of the leading mechanisms and widely used in labelling
biological molecules is the electronic energy transfer (ET). It often
plays a crucial role in the design of fluorescence probes [1]. ET is
also used as a single-molecule technique for measuring distances
within and between molecules.[2] Based on through-space energy
transfer, the spectra overlap in between the donor (D) emission
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and the acceptor (A) absorption in a period of ET systems has been
used successfully to artificially enhance the Stokes shift of an
energy transfer cassette.[3] This pseudo-Stokes shift is relevant in
fluorophore with small difference between positions of the band
maxima of the absorption and emission spectra. Small Stokes shifts
of a dye can cause re-excitation that affect its detection sensitivity,
which is a potential drawback for their application in bioimaging.
[4] This problem could be overcome in excitation energy transfer
(EET) systems that absorb at short wavelength and emit efficiently
at much longer wavelengths, and might therefore be useful in
applications that requires several dyes in a multiplexed biochemi-
cal experiment.[5] This type of synthetic approach to obtain EET
systems have been applied to BODIPY fluorophores which are
molecules with strong absorption and emission. However, this flu-
orophore display small difference between absorption and emis-
sion maxima (10–25 nm). For example, an ET based
naphthalimide-BODIPY dyad has been elaborated by merging a
naphthalimide fluorophore to a BODIPY.[6] The ET cassettes were
found to display very fast and efficient aminonaphthalimide-
BODIPY fluorescence sensitization. This was detected by one- and
two-photon excitation, which enhances the application range of
the investigated bichromophoric dyad in terms of accessible exci-
tation wavelengths. Contrarily, squaraine’s strong absorption (e >
200000 mol�1 cm�1) and fluorescence emission make it an ideal
candidate for harvesting/emitting photons in the near-infrared
(NIR) region which reduces the overlap with the fluorescence
emission of any biomolecule in bioimaging applications.[7,8] How-
ever, the squaraine Stokes shift are usually small (10–20 nm) and
some effort have been made to increase the shift between emission
signals and the excitation wavelength.[9] In this way, ET systems
that improve the optical properties of squaraines can have practi-
cal application in bioimaging.

Two-photon excited fluorescence plays an important role in
more recent bioimaging technics. It use longer excitation wave-
length to visualize samples that improves its imaging depths and
provides valuable biological information inside the sample.[10] In
comparison to one-photon excited fluorescence (OPEF), TPEF offers
several advantages, such as high spatial resolution, deep tissue
penetration, and low background noise compare with traditional
OPEF imaging.[11]

Recently, researches have shown interest in the TPEF properties
of squaraines, as a result of their electron-withdrawing character
strength and display intramolecular charge transfer when adhered
to groups of electron donor, in addition to significant two-photon
absorption (TPA) properties.[12]
Scheme 1. Structures of molecule 1 a
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Herein, we characterize the OPEF and TPEF properties of a new
naphthalimide-squaraine non-conjugated system 1. This molecule
consists of a non-conjugated D/A energy system where the donor
dye is 4-aminonaphthalimide and the acceptor dye an indolic
squaraine derivative (scheme 1). Naphthalimide is one of the most
applied fluorophores in dyes design for its simple chemical modi-
fication, prominent photostability, emission in the visible range
and large Stokes shift.[13] Indolenine-based squaraines are more
attractive for the design of fluorescent labels and probes due to
their higher photostability compared to similar cyanines and other
aromatic squaraines.[14] What́s more, both fluorophores possess
good brightness, stability and insensitivity to the pH of the
environment.

Squaraine exhibits bright OPEF and TPEF in organic solvents and
can be complemented in water when adding bovine or human
serum albumin.[15] In presence of the protein, the two-photon
properties of squaraine increased by 200 times compared to the
individual squaraine. Benzoindolic squaraine dyes with different
benzyl groups in non-conjugated Donor/Acceptor (D/A) energy
systems show a large two-photon absorption cross-section above
12,000 GM (1 GM = 1 � 10-50 cm4 s/photon).[16] It is acknowl-
edged that for deep tissue bioimaging, it would be convenient that
the squaraine dye with intense NIR emission, favorable photosta-
bility and low biotoxicity. Molecule 1 combine the photophysical
characteristics for an appropriate candidate for the study of the
effect of biological condition in cells in the process of energy trans-
fer. The synthesis of 1 was carried out by a conventional synthesis
of squarylium dyes by condensation of 3,4-dihydroxy-3-
cyclobutene-1,2-dione (squaric acid) with two equivalents of
indolinium salts that contain the energy donor unit. This synthesis
allows to obtain a multichromophoric triad with two energy donor
units per energy acceptor. This configuration maximize the absorp-
tion of energy by the donor unit and favor the ET process to accep-
tor unit (antenna effect). The photophysical properties of 1 were
compared with the reference compounds 2 and 3.

2. Materials and methods

2.1. Synthesis of compounds 1

The synthetic routes are shown in Scheme 2. The squaraine
reference compound 2 was obtained according to the previous
procedure.[12,17] Compound 3 was synthetized from 4-bromo-
1,8-naphthalic anhydride.[19] The synthesis and characterization
of new compound 1 can be found in the Supporting Information.
nd reference compounds 2 and 3.



Scheme 2. Synthesis route of 1.
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2.2. Photophysical characterization

Absorption measurements were performed on a Varian CARY
100 Bio UV–vis spectrophotometer and fluorescence measure-
ments on an Edinburgh Instruments FLS920 spectrofluorometer.
Fluorescence decay curves were measured in different solvents
using an Edinburgh Instruments FLS920 time-correlated single-
photon counting system. Two light emitting diodes Picoquant
PLS-Series at 450 and 650 nm were used for excitation. The TPA
cross sections (d) were determined by the two-photon-induced-
fluorescence method [20] between 700 and 1000 nm in a Leica
SP5 AOBS MP instrument, equipped with a MaiTai Ti:Sapphire HP
laser (Spectra-Physics, Inc.) tunable between 690 and 1040 nm.
Confocal and Multiphoton Microscopy of Fluorophores in Biologi-
cal Conditions was carried out in same equipment as used for the
fluorophores alone. Under OPEF conditions, confocal excitation
lasers (458 and 633 nm) were used. Two-photon emission spectra
were obtained for 880 nm excitation. See Supporting Information
for more detailed methods. Spectroscopic measurements were
conducted in solvents of different polarity: toluene (TOL); tetrahy-
drofuran (THF); dimethylformamide (DMF); methanol (MeOH);
ethanol (EtOH); n-propanol; n-pentanol; n-hexanol; n-octanol; n-
decanol; acetonitrile (CH3CN); chloroform (CHCl3) at room
temperature.

3. Results and discussion

3.1. Synthesis

The synthesis of triad 1 was completed in two steps, as shown
in Scheme 2. Naphthalimide-indolium 4 was synthetized by con-
densation of commercially available indolenine and naphthalimide
derivative in toluene under reflux in a sealed tube. Subsequently,
by condensation of squaric acid with 4 in n-butanol/toluene mix-
ture and under azeotropic distillation conditions, the squaraine
dye 1 was achieved.[21] The symmetrical squaraine 2 and naph-
thalimide 3 were prepared and applied as model compounds in
comparison to photophysical properties with the compound 1.
The purity and characterization of synthetized compounds were
carried out by NMR, HRMS, linear and nonlinear spectroscopic
studies.

3.1.1. Linear absorption and fluorescence spectra
In molecule 1 is expected that naphthalimide acts as an energy

donor and squaraine as an energy acceptor. The efficiency of ET is
3

mainly determine by the distance between the two fluorophores
and the overlap between the donor’s emission and the acceptor’s
absorption bands. In the design of non-conjugated system 1 as
an energy donor, naphthalimide fluorophore was appointed due
to the strong emission in the visible range and its broad emission
(450–650 nm) which covers a part of squaraine absorption band
(550–670 nm) indicating the possibility of ET. The absorption spec-
tra of 1 showed the characteristic bands of naphthalimide and
squaraine. As displayed in Fig. 1.a, the absorption bands at
437 nm (e = 28595 M�1 cm�1) and 639 nm (e = 202353 M�1

cm�1) in CH3CN certainly demonstrated the presence of naphthal-
imide and squaraine within 1. The comparison of the absorption
bands of 1with reference compounds 2 and 3 clearly indicates that
the absorption band with maximum at 639 nm corresponds to
squaraine while the second band at 437 nm corresponds to naph-
thalimide (Fig. 1.b). Since the absorption spectrum of 1 agrees with
the sum of the spectra of the corresponding energy acceptor and
donor and the formation of new bands is not observed, there is
no evidence of electronic interaction between the acceptor and
donor chromophores in the triad.

The energy transfer process was activated upon excitation of
naphthalimide subchromophore in 1 at 430 nm. Two emission
bands were observed with maximum at 525 nm and at 659 nm
(in CH3CN) correspond to emission of naphthalimide and squar-
aine, respectively (Fig. 1). The presence of these two bands simul-
taneously in the emission spectrum of 1 indicates that the ability of
energy transfer would be big but not complete.

Excitation of 3 at 430 nm resulted in CH3CN an intense and
broad emission at 528 nm; however, in triad 1 at the same excita-
tion wavelength, the intensity corresponding to the donor emis-
sion was quenched by 92% compared to the reference molecule
3. At the same time, the intensity corresponding to the acceptor
at 652 nm increased by>20000-fold compared to direct excitation
of reference molecule 2 at 430 nm (Fig. 2.a). The energy transfer
process in triad 1 was also confirmed by excitation spectrum at
kem = 655 nm. The absorption bands of both the constituent sub-
chromophores observed in the spectrum suggesting efficient
energy transfer from donor to acceptor energy (Fig. 2.b). It should
be noted that in both absorption and emission spectrum of 1, the
bands are clearly assignable and no new bands appear associated
with charge transfer phenomena.

3.1.2. Effect of solvent polarity
Squaraines due to the polar nature of their structure have been

used as environment-sensitive dyes, which change their intensity



Fig. 1. A) UV/Vis absorption (solid lines) and fluorescence spectra (dashed lines, kexc = 430 nm) of 1 in CH3CN. B) UV/Vis absorption (solid lines) and fluorescence spectra
(dashed lines, kexc = 430 nm) of the models 2 (blue) and 3 (orange) in CH3CN.

Fig. 2. A) Fluorescence spectra of 1, 2 and 3, in TOL (kexc = 430 nm, c � 7 � 10-6 M). B) Fluorescence excitation spectra of 1, 2 and 3 in TOL (kem = 655 nm).
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as a function of solvent polarity and/or viscosity.[22] In particular,
indole-based squaraines exhibits fluorescence enhancement in
apolar media combined with high photostability. Solvent-
dependent absorption and emission properties of several substi-
tuted squaraines have been observed, leading to the proposal of a
solute–solvent strong interaction in the ground and excited state.
[23] We studied the photophysical behavior of triad 1 in solvents
of diverse polarity including polar to non-polar and protic to apro-
tic solvents. As it is seen on the data displayed on Table 1, the spec-
troscopic properties of 1 depend on the polarity of solvent used.
The maxima of the absorption of 1 in different solvents (TOL,
THF, CH3CN, CHCl3, DMF, and MeOH) were in the range 426–
449 nm for 4-aminonaphthalimide moiety and 637–643 nm for
squaraine moiety (Fig. 3.a). For fluorescence emission, the maxima
Table 1
Effect of solvents in the photophysical data of 1.

Solvent Naphthalimide
subchromophore

Squaraine
subchromo

ET(30)(5) kab max log (e) kem max kab max

TOL 33.9 426 4.30 493 643
THF 37.4 431 4.35 503 642
CHCl3 39.1 433 4.55 504 641
DMF 43.2 435 4.34 519 640
CH3CN 45.7 437 4.46 529 639
MeOH 55.4 449 4.45 541 637

(1) difference between naphthalimide-squaraine absorption maxima (in nm), (2) total
difference between naphthalimide-squaraine emission maxima (in nm), (5) empirical so

4

were observed in the range of 493–541 nm and 648–654 nm for
the naphthalimide and squaraine subchromophore respectively.

An increase of solvent polarity results in a blue shift of
absorption spectra for squaraine and red shift of absorption band
for 4-aminonaphthalimide. These exhibited negative and positive
solvatochromism (for squaraine and naphthalimide, respectively)
are known spectral characteristics of these fluorophores.[24,25]
The negative and positive solvatochromism are observed also in
the emission spectra (Table 1). The resulting effect is that the
squaraine absorption bands and the naphthalimide emission band
are closer together as the polarity of the solvent increases. The
emission maxima of the triad 1 showed weak blue-shift (6 nm)
upon increasing solvent polarity from TOL to methanol in line with
previous reports.[26,27] This change is small to be considered in an
phore

log (e) kem max Dkab
(1) UF

(2) ISQ/Inaph(3) Dkem
(4)

5.33 654 217 41 14.9 161
5.36 653 211 40 11.2 150
5.44 652 208 24 8.2 148
5.20 650 205 23 6.1 131
5.31 649 202 12 2.4 129
5.28 648 188 7 2.0 107

quantum yield (%), (3) relation intensities of the emission bands kexc = 430 nm, (4)

lvatochromic solvent polarity parameter.



Fig. 3. A) UV � vis absorbance spectra of 1 in some organic solvents. B) Emission spectra of 1 in some organic solvents (kexc = 430 nm).

Table 2
Measured Lifetimes for 1 in some solvents (kexc = 450 nm, kem = 650 nm).

Solvent ET(30)(1) Τ1 (ns)(2) Τ2 (ns)(2) Χ2

TOL 33.9 1.9 (100) – 1.333
THF 37.4 1.4 (100) – 1.401
CHCl3 39.1 1.1 (96) 3.5 (4) 1.110
DMF 43.2 0.9 (93) 6.6 (7) 1.498
CH3CN 45.7 0.4 (98) 8.5 (3) 1.111
MeOH 55.4 0.2 (95) 7.0 (5) 1.188

(1) empirical solvatochromic solvent polarity parameter; (2) amplitudes of the
components for double-exponential decay are shown in parentheses.

V. Stamentović, D. Collado and E. Perez-Inestrosa Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 267 (2022) 120546
environmental-sensitive fluorophore. More interesting is to con-
sider the effect of solvent polarity on the ratio of emission intensi-
ties of fluorophores (ISQ/Inaph) in molecule 1 at 430 nm excitation
wavelength. The ISQ/Inaph ratio is related to the efficiency in the
ET between both fluorophores. Good linear connections of maxi-
mum absorption peaks with solvent polarity parameters (Bayliss,
Lorentz–Lorenz or ET(30) polarity scales) have been reported pre-
viously for several squaraines.[19,28] This parameter is widely
used as a parameter of linear solvation energy relationships for
the correlation analysis of solvent effects on physical and chemical
properties.[29] Spectral positions of the fluorescence emission of 1
exhibit the same strong dependence on solvent polarity (Figure S1)
using the empirical solvatochromic solvent polarity parameter ET
(30). The higher the value of this ratio, the better the transfer of
energy between naphthalimide and squaraine is to be expected.
The value of this ratio clearly decreases as the polarity of the sol-
vent increases, from 14.9 in toluene to 2.0 in methanol. This vari-
ation of the ISQ/Inaph value of is in good relation with the value of
the empirical parameter ET(30) with correlation coefficient higher
than 0.97. It is knows that the ET(30) values do not provide good
correlations in hydrogen-bond donor solvent. In methanol, the
ISQ/Inaph value is higher than expected (Figure S1), which indicates
the influence of hydrogen bonds on the stability of the molecule.

Additional studies were made to examine the effect of solvent
polarity on fluorescence emission for 1 at 25 �C, and the results
are given in Table S1 and Figure S2. The solvents used were a series
of alkanols with different unbranched saturated chain of carbon
atoms.[30] Throughout this set of solvents, both absorption and
emission maxima show a dependence on the polarizability of the
medium. More significantly, ISQ/Inaph values decreases progres-
sively with increasing ET(30) is in good correlation with the polar-
ity of the solvent (Figure S1). This indicates that the ratio ISQ/Inaph
could be a good parameter to determine the polarity of the envi-
ronment around triad 1. The dependence of fluorescence emission
with polarity is clearly observed in fluorescence quantum yields
(UF) which decreased systematically with the increase in solvent
polarity from TOL to methanol (Table 1) and from decanol to
methanol (Table S1). The quantum yields of triad 1 were compared
with reference molecules 2 and 3. A decrease in the emission of the
energy donor quantum yield at 500 nm is observed in the triad
(�8%) compared with molecule 3 in TOL. In this solvent, the effi-
ciency of energy transfer (EET) can be estimated to be 91%
(Table S2). This value, although high, does not allow the complete
quenching of the fluorescence intensity of naphthalimide but
ensured the double-wavelength emissions in 1. EET was also calcu-
lated in CH3CN and MeOH giving similar values (Table S2).

We examined the emission behavior of 1 in MeOH/H2O mix-
tures because 1 is soluble in MeOH, but less soluble in water,
5

and it would aggregate in MeOH/H2O mixtures with a high water
fraction (fw). In MeOH/H2O mixtures, only a slight bathochromic
shift is observed in the absorption spectra as the fw increases.
The emission from squaraine moiety of 1 in MeOH/H2O (fw = 20)
solution show a large decrease (49% in emission area compared
with pure MeOH). It has been observed in previous squaraines
studies in dioxane:water mixtures that water addition produces
a drastic increase of nonradiative processes. [31] This fluorescence
emission reduction effect is less visible in naphthalimide since the
naphthalimide band remains unchanged at 540 nm (Figure S3).
The general effect in 1 is the decrease in value of ISQ/Inaph ratio in
a good linearity range between 0 and 20% of water. At fw values>20,
the fluorescence emission from squaraine at kexc = 430 nm is
quenched and only emission from naphthalimide is detected in
H2O (Figure S4). In pure water, the absorption band of squaraine
subchromophore was blue shifted and broadened with decrease
in the extinction coefficient, indicating the formation of H-
aggregates. It is well known that in polar solvents squaraine dyes
are prone to the formation of aggregate assemblies due to
intermolecularp–pand hydrophobic interactions.[32] The forma-
tion of aggregates were confirmed by DLS experiment in MeOH/
H2O mixtures. At fw = 80%, the formation of 65.5 ± 3.8 nm diameter
aggregates is observed with a polydispersity index of 0.06 (Fig-
ure S5). Molecule 1 showed a clear environment-sensitive fluores-
cence enhancement from water to apolar TOL (Table S1). This
property is attractive in cellular imaging because it reduces back-
ground emission from the fluorescent probe.[33]
3.1.3. Fluorescence lifetimes
Table 2 shows the experimental lifetimes in different solvents.

Fluorescence decay curves for compound 1 are reported in Fig-
ure S6. Compound 1 showed a mono exponential decay (s1) at
650 nm (emission from squaraine) in apolar solvents like TOL or
THF. In more polar solvents, the fluorescence decay is biexponen-
tial with a small contribution (�6%) of the second (longer) compo-
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nent s 2 (Table 2). This effect is more evident in a series of linear n-
alkanols (from methanol to decanol) where there is an increase in
the lifetime together with a decrease in the polarity of the solvent
expressed in terms of solvent polarity parameter ET(30) (Table S3
and Figure S7). The second long-lived component of the fluores-
cence emission presumably can be explained by emissive species
specifically solvated in more polar solvents.[18] Specifically, the
fluorescence intensity decay times for 1 increased from
s1 = 0.2 ns in methanol to s1 = 2.2 ns in decanol. The increase in
the lifetime observed is parallel with an increase in the fluores-
cence quantum yield of 1. However, lifetime values are similar to
those observed for chromophore 2 (Table S4), which show typical
single-exponential character.

A lifetime analysis of reference compound 3 and triad 1 allow
quantify the EET.[34] Compound 1 showed a bi-exponential decay
(s 1 and s 2) at 520 nm (emission from naphthalimide) with an
average fluorescence lifetime (4.0, 5.1 and 4.7 ns in TOL, CH3CN
and MeOH) lower than the reference compound 3 (9.8, 10.2 and
9.2 ns in TOL, CH3CN and MeOH). Consequently, EETs were calcu-
lated to be �60% in TOL, 56% in CH3CN and 48% in MeOH for triad 1
(Table S4).
3.1.4. Fluorescence spectra in the presence of BSA
Previous studies using several squaraine dyes showed consider-

ably higher emission in the presence of bovine serum albumin
(BSA) or human serum albumin (HSA) and were used for the deter-
mination of proteins.[35] In particular, the fluorescence emission
of molecule 2 in water was enhanced 17.7 times by adding BSA
in the solution. [36] We examined the interaction of triad 1 with
BSA. The fluorescence spectra of triad 1 at different concentration
of BSA are shown in Fig. 4. No increase in the emission intensity
of the squaraine subchromophore is observed, indicating that there
is no interaction between this part of the molecule and the protein.
However, a modest increase in the fluorescence emission (2.7-fold)
of the naphthalimide subchromophore is shown. This observation
confirms the dye ability to interact with the BSA. This noncovalent
interactions have previously been described to involve hydropho-
bic, electrostatic and hydrogen bonding interactions.[37] The hyp-
sochromic shift of the emission band shown in Fig. 7.b is in
agreement with a hydrophobic interaction between the naphthal-
imide and the protein.
3.1.5. Effect temperature in the fluorescence spectra
Molecules that exhibit dual fluorescence can be used in analyte

sensing or temperature monitoring. They have the advantages that
they operate independently of the light intensity used and allow
Fig. 4. A) Fluorescence spectra of 1 in PBS buffer pH = 7.24, with increasing concentratio
ratio.
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self-calibration.[38] We examined the effect of temperature on
the ET process in triad 1. Variable temperature experiments were
performed in butironitrile because of the wide temperature range
available. The emission of naphthalimide subchromophore at
550 nm for triad 1 did not change significantly with temperature
while emission at 655 nm changed significantly (Fig. 5.a). The anal-
ysis of the ISQ/Inaph ratio as a function of temperature showed a lin-
ear fitting with a high degree of correlation (R2 = 0.969). The slope
of the fitted curve give negative coefficient as squaraine fluores-
cence emission decreases with temperature.[39] From this slope,
it can be determined that the thermal sensitivity shown by triad
1 has a value of 0.26 % K�1 in the temperature range of 110–
360 K. To the best of our knowledge, this is the first report of tem-
perature sensing for a squaraine-containing triad.
3.2. Two-Photon absorption (TPA) properties

The development of new organic materials for two-photon
absorption (TPA) is an area of continuous research with practical
applications in bioimaging. Molecules with a large TPA cross sec-
tion can use longer excitation wavelength that improves its imag-
ing depths, which gives deeper biological information.[40] Some of
the common problems for tissue and cellular imaging, light scatter-
ing, absorption and auto-fluorescence diminish substantially when
the samples are stimulated with longer wavelength light. As the
same time, the excitation mode with IR o NIR light compared to
visible and UV light has been proven to induce less damage to
the samples. So significant photoluminescence properties in the
NIR and high dTPA values are optical characteristic to be considered
in an efficient probe for two-photon fluorescence bioimaging.
However, compared with the large amount of OPEF dyes, the num-
ber of dyes with bright TPEF is relatively lower. A general method-
ology to obtain dyes with bright TPEF is the synthesis of extended
p-conjugated frameworks and addition of donor and acceptor
groups.[41] The donor–acceptor–donor (D–A–D) nature of the
squaraine derivatives appeared very promising for two photon
absorption processes at NIR range.[42] Squaraine dyes which are
chained with p-conjugated frameworks, show bright TPEF and
have been used for bioimaging.[43] The photophysical properties
of compound 1 under TPE conditions and its effect on energy trans-
fer process between naphthalimide and squaraine units was stud-
ied in several solvents.

The degenerate TPA spectra of 1, 2 and 3 were measured by
TPEF method in the range 740–1000 nm and are shown in Fig. 6.
In particular, the TPA spectrum of 1 was measured in various sol-
vents (Figure S8). The nature of the TPA bands for 2 has been pre-
ns of BSA (kexc = 440 nm). B) Fluorescence ratio (I/I0) at 530 nm at different BSA/1 M



Fig. 5. A) Temperature dependent fluorescence emission spectra and (B) emission intensity ratio (3.2 � 10-6 M, kexc = 440 nm) of triad 1.

Fig. 6. A) Calculated TPA spectra for 1 and 2 in toluene; B) OPA and TPA spectra for 1 in toluene.
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viously looked into by Z-scan measurements, TPET method and
quantum-chemical calculations.[36,44] Both fluorophores 1 and 2
show the same TPA bands although in system 1 it is possible to
observe the effect of 4-aminoaphthalimide on dTPA values. The
highest intensity TPA band for 1 is observed at 730 nm with dTPA
� 4500 GM. The maximum of this band is not visible due of the
tailing of the OPA band. It is crucial to take into account that the
TPA cross-section for 2 dips to very small values (2–5 GM) in
region between 860 and 1000 nm. For 1, a band is observed in this
region with dTPA of 81 GM at 880 nm. According to the TPA spec-
trum of 3, this band can be easily assigned to a TPA band of 4-
aminonaphthalimide with a maximum at 860 nm in toluene (Fig-
ure S8). This assumption is confirmed when we compare the TPA
and OPA spectra of 1 (Fig. 3.b), as the wavelength shift is in agree-
ment with the main absorption band of naphthalimide. Lastly, the
compound 1 combines the TPA features of both chromophores 2
and 3, what guides to increased TPA cross-sections at 880 nm.

The excitation of 1 under one- (kexc = 440 nm) and two-photon
excitation (kexc = 880 nm) conditions yields similar kmax in emis-
sion spectra in all solvents studied. However, the ratio ISQ/Inaph
found in TPEF was very different especially in toluene and CH3CN
(Table 3). In the nonpolar solvent toluene, the ratio ISQ/Inaph
increases significantly (10 times), being favored by low two-
photon emissions from naphthalimide.

3.3. Cell imaging

The practical applicability of this highly fluorescent probe was
tested with N13 mouse microglial cells. Compound 1 was incu-
7

bated with the cells in H2O/DMSO (0.1 vol%) for 1 h at 37 �C. Bio-
logical environment is complex within cells, a fluorophore can
interact with a multitude of different biomolecules. As we have
seen compound 1 exhibits limited interaction via the naphthalim-
ide moiety with proteins. Since the apolar structure of triad 1 it is
to be expected that the interaction will be with apolar molecules.
Fig. 7.a reveals laser scanning confocal fluorescence microscopy
images when direct excitation of the naphthalimide chromophore
(kexc = 458 nm, one-photon excitation conditions) of N13 cells that
were incubated with 1. As it is observed, compound 1 is well inter-
nalized by the cells and no proof of morphological damage are
detected. When analyzing the images in more detailed, compound
1 appears to be accumulated in the cytoplasm and does not pene-
trate the cell nucleus that is well delimited.

The samples were lighted up at wavelengths where the naph-
thalimide absorbs predominantly (kexc = 458 nm) and the obtained
fluorescence corresponded to squaraine (kexc = 655 nm). The ratio
ISQ/Inaph was found to be close to 12 inside the cells (Fig. 7.a). This
value is very similar to that found in THF which may suggest that
the surrounding environment to 1 in cells is similar to that found in
THF solution. Comparison of the TPE spectra in cells and in THF
solution shows that they are very similar (Figure S10). This result
is in agreement with the confocal images that show the fluo-
rophore located principally in bilipid membranes such as the
nucleus and other cell vesicles.

N13 cells were also incubated with the compound 1 at a con-
centration of 5 lM without the washing step and imaged at differ-
ent times. Even after 10 h of incubation, the fluorophore displayed
bright fluorescence in cells with no background fluorescence. Com-



Fig. 7. A) Laser scanning confocal microscopic images of N13 cells incubated for 1 h with 1 (kexc = 458 nm); B) Two-photon confocal microscopic images of N13 cells
incubated 1 (kexc = 880 nm); C) a magnified image of one cell.

Table 3
TPA cross-section and ratio ISQ/Inaph for 1 in some solvents at 880 nm (TPEF) and
440 nm (OPEF).

ISQ/Inaph

Solvent dTPA TPEF OPEF

TOL 80 130.7 14.9
THF 48 88.5 11.2
CHCl3 15 3.1 8.2
DMF 21 2.4 6.1
CH3CN 52 0.5 2.4
MeOH 62 3.9 2.0
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pound 1 is internalized rapidly inside the cells (even more than at
the beginning of the fluorescence measurements). The fluorescence
signal reaches its maximum at 45–50 min, with an increase of
more than ten times the initial value (figure S11).

The possibility of two-photon excitation below conditions of
cell imaging was illustrated with the N13-cell-incubated fluo-
rophore (Fig. 8), yielding closer results when for one-photon exci-
tation conditions. The ratio ISQ/Inaph was found to be very high
(close to 94) according to what was observed in solution. In
Fig. 8.b, it can be seen the emission spectra of chosen points of
the confocal microscopic image upon TPE are shown. Since the dTPA
value of 1 was found to be very high, the TPEF microscopy images
were very bright, suggesting the potential of this squaraine dye for
other bioimaging applications subject to of future investigations.
Fig. 8. OPEF (A) and TPEF (B) emission spectra of selected points (ROIs)
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4. Conclusion

In summary, a new red emissive aminonaphthalimide-
squaraine non-conjugated system was synthesized and character-
ized. The energy transfer between the two fluorophores was found
not complete, observing the emission of naphthalimide and squar-
aine in all the solvents studied. The ratio of these two emissions
(ISQ/Inaph) has been found to depend on the polarity of the medium.
The solvent polarity parameter ET(30) establishes a good correla-
tion between this fluorescence intensity ratio and the polarity of
the solvent. The temperature sensing behavior of the triad was
evaluated by fluorescence emission in the 110–360 K temperature
range. A good correlation was found between the ratio ISQ/Inaph
with a negative temperature coefficient (-0.105 K�1). The TPEF
properties of 1 were studied in different solvent and compared to
OPEF. The ratio ISQ/Inaph was found higher under two-photon exci-
tation conditions (10-times in toluene). This difference is attribu-
ted to the difference in two-photon absorption of squaraine and
naphthalimide subchromophores which is much larger for the
squaraine fluorophore. The maximum TPA absorption of 1 occurred
at 750 nm with dTPA > 4000 GM. This high value of TPA cross sec-
tion allows intense fluorescent response signal in TPF microscopy
images. Furthermore, stained N13 cells of positive quality images
with 1 can be obtained at 880 nm under two photon absorption
regime but also at 440 nm upon excitation of naphthalimide
chromophore.
of N13 cells incubated with 1 upon excitation at 458 and 880 nm.
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