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with an amine confers them a high Stokes shift. This work reports the synthesis of amino-

heptamethines and the investigation of their optical properties, including two-photon absorption
in the NIR and short-wave infrared (SWIR) ranges, which has been overlooked for such
chromophores so far. Their structures were tailored, introducing selected substitutuents on the
indolenine moieties to modulate their hydrophobic/hydrophilic balance and investigate their

potential as NIR-to-NIR two-photon probes for the bio-imaging of living cells.
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1. Introduction

The use of near-infrared (NIR) absorbers and fluorophores is ubiquitous in various domains
ranging from organic electronics [1], dye-sensitized solar cells [2], electroluminescent devices
[3, 4], optical power limiting [5][6], photothermal therapy [7], to the development of
photoacoustic [8] and fluorescence imaging bioprobes [9, 10]. Within these latter two
applications, the main advantage of NIR dyes working wavelengths is their compatibility with
the transparency windows of biological media, namely NIR-I and NIR-II, that spans in the ranges
of 700-1000 nm and 1000-1350 nm, respectively [10-14]. Thus, excitation of the chromophore
and harvest of its fluorescence in these spectral ranges provide higher contrast and deeper
penetration within the tissues due to the limited auto-fluorescence and scattering, respectively.
These biomedical application perspectives triggered the design of many classes of NIR-
fluorophores e.g. charge-transfer dyes featuring very strong electron-withdrawing fragments like
benzothiadiazole [15], (aza)-bodipy [16] or ytterbium complexes [17, 18].

In this context, heptamethine dyes are well-established fluorophores in the field of bio-
imaging [19]. These chromophores present a symmetrical structure with a cationic charge fully
delocalized (bond length alternation or BLA = 0) between two electron-donating fragments
linked by an odd number of C-sp?, seven in the case of heptamethine (Fig. 1). This particular
electronic structure, called cyanine, confers to these dyes their very particular photophysical
properties i.e. a NIR-shifted sharp absorption and emission with an extremely weak Stokes shift.
Importantly, any symmetry breaking of the structure due to the solvent polarity or ion-pairing
effect results in a loss of this cyanine electronic structure and the formation of a dipolar-type
structure with profoundly modified photophysical properties [20-22]. The most famous dye of
this family is undoubtedly the Indocyanine Green (ICG, Fig. 1), approved by the FDA for human
bio-imaging and image guided surgery applications, which presents strong NIR absorption, (7%°
~ 200000 Mt cm?), and a fluorescence beyond 800 nm (® ~ 10%) resulting in a high one-

photon brightness B7%° = £’ & = 20000 Mt cm [23, 24]. Nevertheless, the particularly low



Stokes shift inherent to the cyanine remains an indubitable limitation to guarantee an optimized

contrast when used for fluorescence imaging.
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Fig. 1. Structure of ICG dye (top) and schematic representation of the bis-dipolar and cyanine

electronic structures of polymethine dyes and their corresponding absorption profiles (bottom).

In 2005, the functionalization of heptamethine with a central amine function was reported
as an efficient method to increase the Stokes shift [25], and amino-heptamethines thereby
became popular platforms used as chemosensors [19, 26-28] for fluorophore-guided surgery
[29] or microscopy and photodynamic therapy [30-34]. The large Stokes shift of this class of
fluorophores is due to an intramolecular charge transfer that sensibly blue-shifts the absorption
maxima while maintaining a strong emission in the deep-red region (® ~ 40%) [25, 35]. In fact,
such hypsochromic shift appears to be inevitable since the central substitution of heptamethines
with an electron-donating substituent triggers a loss of the symmetrical and highly delocalized
cyanine electronic structure towards the establishment of a bis-dipolar one, featuring absorption

outside of the NIR region (Fig. 1) [36, 37].



To address this issue, it is practicable to resort to a biphotonic excitation to perform NIR bio-
imaging with a visible-absorbing chromophore [38-40][41]. This strategy has been recently used
to perform in vitro and in vivo NIR-to-NIR bio-imaging in the case of red-absorbing keto-
polymethines, featuring a similar bis-dipolar electronic structure [42]. The subtle engineering of
the indolenine functions of the dyes allowed to image mitochondria, cell membrane, or to
perform angiography depending on the lipophilic/hydrophilic balance of the dye. However, the
central ketone function of these polymethines limits the possibilities of bio-conjugation at this
position, which is not the case of amino-heptamines, being therefore fluorophores of choice for

bio-conjugation and labelling [32].

R1 = R2 = C6H13

R"=R?= CyoHys
R'=R?=CH,Ph

R' = R? = (CH,)3S05"

R = CyaH5, R? = (CH,)3S05"

a b ON -

Chart 1. Amino-heptamethine dyes investigated herein.

In the continuation of these works, we present herein the synthesis of a series of amino-
heptamethines 1-5 (Chart 1) for which the hydrophilic/hydrophobic balance was modulated by
tuning the substituents on the indolenine fragments (alkyl chains and/or sulfonate moieties). The
two-photon absorption (2PA) properties of this class of compounds were measured for the first
time, and selected candidates were tested in the context of living cells' two-photon bio-imaging

in the NIR range.



2. Experimental

2.1. Materials and synthetic procedures

Compounds 7, 8, 11 [42] and amino-heptamethines 2 [43] and 3 [36] were prepared
according to reported procedures. NMR spectra were recorded at room temperature on a
BRUKER Avance operating at 500.1 MHz and 125.8 MHz for *H and 3C, respectively. 13C NMR
signals were assigned using JMOD or HSQC experiments. Chemical shifts are listed in parts
per million (8, ppm) and are reported relative to residual solvent peaks being used as internal
standard (for *H and *3C respectively: CDCls: 7.26 and 77.2 ppm). Hydrogen atoms in equatorial
or axial configuration are noted Heq Or Hax, respectively. High resolution mass spectrometry
measurements were performed at the Centre Commun de Spectrometrie de Masse

(Villeurbanne, France).

Synthesis amino-heptamethine 1. Chloro-heptamethine 7 (100 mg, 0.13 mmol, 1 equiv.)
and distilled propylamine (0.04 mL, 0.53 mmol, 4 equiv.) were dissolved in 10 mL of anhydrous
DMF and the solution was stirred for 3 hours at 85 °C. The reaction mixture was allowed to cool
to room temperature and added by 20 mL of DCM and washed with water (2 x 20 mL). The
organic layer was dried over Na2SO4 and concentrated. The crude residue was purified by flash
chromatography on activated alumina (50 g Al203 mixed with 6 % H20) with DCM/MeOH as
eluent (95:5, Rr = 0.28) to afford the product as a glossy blue solid (61 mg, 59% yield). *H NMR
(CDCls, 500 MHz): & 7.72 (d, 3J = 13 Hz, 2H, =CH), 7.20 (m, 4H, CHa), 6.98 (t, 3J = 7 Hz, 2H,
CHar), 6.77 (d, 3J = 7 Hz, 2H, CHar), 5.55 (d, 3J = 13 Hz, 2H, =CH), 3.79 (t, 3] = 7 Hz, 2H, N-
CH2), 3.71 (t, 3J = 7 Hz, 4H, N-CH?2), 2.61 (d, 2J = 11 Hz, 2H, Heq), 2.02 (m, 2H, CH2), 1.97 (dd,
2 = 13 Hz, 3) = 13 Hz, 2H, Hax), 1.75-1.71 (m, 4H, CH2), 1.69 (s, 6H, C(CHa)2), 1.67 (s, 6H,
C(CHs)2), 1.40 (m, 4H, CH2), 1.69-1.47 (m, 9H, CH2 and CH), 0.98 (s, 9H, C(CHz)s), 0.91 (t, 3J
=7 Hz, 3H, CHag), 0.87 (t, 3 = 7 Hz, 6H, CHs). 13C[*H] NMR (CDCls, 126 MHz): 5 170.8 (Cquay),

166.3 (Cquat), 143.4 (Cquar), 140.5 (Cquat), 137.7 (CH), 128.0 (CH), 122.1 (CH), 122.1 (CH), 120.6



(Cquat), 107.9 (CH), 93.3 (CH), 51.8 (N-CHy), 47.5 (Cquar), 44.3 (CH), 43.2 (N-CH2), 32.9 (Cquar),
31.6 (CH2), 29.0 (CHs), 28.9 (CHs), 27.3 (CH3), 27.0 (CH2), 26.8 (CH2), 26.4 (CHz), 24.2 (CH2),
22.7 (CH2), 14.1 (CHs), 11.5 (CHs). HRMS (ESI+): [M]* = 702.5686 (calcd for CasH72N3:

702.5721). UV-Vis (CHSOH)Z Amax = 627 nm (Emax = 105000 M1 cm‘l).

Synthesis of amino-heptamethine 2. Chloro-heptamethine 8 (150 mg, 0.16 mmol, 1 equiv.)
and distilled propylamine (0.05 mL, 0.65 mmol, 4 equiv.) were dissolved in 5 mL of anhydrous
DMF and the solution was stirred for 3 hours at 85 °C. The reaction mixture was allowed to cool
to room temperature and DMF was evaporated under reduced pressure. The residue was
dissolved in 20 mL of DCM, washed with an aqueous solution of HBr 1 M (3 x 10 mL), then the
organic layer was dried over Na2S0Oa4 and finally concentrated. The crude residue was purified
by flash chromatography on silica gel using DCM/EtOAc/MeOH (48:50:2 to 45:50:5) as eluent
to afford the product as a glossy blue solid (142 mg, 92% vyield). *H NMR (CDCls, 500 MHz): &
9.79 (s, 1H, NH), 7.73 (d, 3J = 13 Hz, 2H, =CH), 7.24 (m, 4H, CHar), 7.02 (t, 3J = 8 Hz, 2H, CHa),
6.80 (d, 3J = 7 Hz, 2H, CHar), 5.57 (d, 3J = 13 Hz, 2H, =CH), 3.82 (dt, 3J = 7 Hz, 2H, N-CH>),
3.73 (t, 3J = 7 Hz, 4H, N-CH2), 2.64 (dd, 2J = 14 Hz, 3] = 4 Hz, 2H, Heg), 2.08-1.96 (M, 3H, Hax
and CHy), 1.77-1.67 (m, 16H, CHz and C(CHs)2), 1.46-1.33 (m, 9H, CH2 and CH), 1.32-1.21 (m,
28H, CH2), 1.01 (s, 9H, C(CHs)s), 0.94 (t, 3J = 7 Hz, 3H, CHs), 0.87 (t, 3J = 7 Hz, 6H, CHa).
13C[*H] NMR (CDCls, 126 MHz): d 170.6 (Cquat), 166.5 (Cquat), 143.4 (Cquat), 140.5 (Cquat), 137.9
(=CH), 128.0 (CH), 122.2 (CH), 122.2 (CH), 120.5 (Cquat), 107.9 (CH), 93.4 (=CH), 51.7 (N-CH?),
47.6 (Cquat), 44.3 (CH), 43.3 (N-CH2), 32.9 (Cquat), 32.0 (CH2), 29.7 (2 CH2), 29.7 (2 CH2), 29.5
(CH2), 29.5 (CH2), 29.1 (CH3), 29.0 (CHs), 27.4 (CHz), 27.3 (CHa), 26.8 (CH2), 26.5 (CH2), 24.3
(CH2), 22.8 (CHz), 14.3 (CH3), 11.5 (CHs). HRMS (ESI+): [M]* = 870.7582 (calcd for CeiHosNs:

870.7599). UV-Vis (CHsOH): Amax = 628 nm (gmax = 97000 M-t cm2).



Synthesis of amino-heptamethine 5. Chloro-heptamethine 11 (90 mg, 0.11 mmol, 1 equiv.)
and distilled propylamine (0.04 mL, 0.45 mmol, 4 equiv.) were dissolved in 3 mL of anhydrous
DMF and the solution was stirred for 3 hours at 80 °C. The reaction mixture was allowed to cool
to room temperature and DMF was evaporated under reduced pressure. The residue was
dissolved in 20 mL of DCM, washed with an aqueous solution of HBr 1 M, then the organic layer
was dried over Na2SOs4 and finally concentrated. The crude was purified by flash
chromatography on silica gel using DCM/ MeOH (90:10, Rs = 0.65) as eluent to afford the
product as a glossy blue solid (75 mg, 81% yield). *H NMR (CDCls, 500 MHz): & 10.15 (s, 1H,
NH), 8.08 (d, 3J = 13 Hz, 1H, =CH), 7.29-7.19 (m, 5H, =CH and CHar), 7.01 (m, 2H, CHar), 6.87
(d, 3 = 8 Hz, 1H, CHa/), 6.78 (d, 3J = 8 Hz, 1H, CHa), 5.44 (d, 3] = 13 Hz, 1H, =CH), 5.27 (d, 3J
= 13 Hz, 1H, =CH), 5.44 (d, 2J = 13 Hz, 1H, CH2), 4.48 (m, 1H, CHz), 4.41 (m, 1H, CH2), 3.88
(m, 1H, CH2), 3.76 (m, 1H, CH2), 3.72 (m, 2H, CHz), 3.12 (m, 2H, CH2), 2.79 (d, 2J = 15 Hz, 1H,
Heq), 2.61 (d, 2J = 15 Hz, 1H, Heg), 2.24 (m, 2H, CH2), 2.19 (dd, 2J = 14 Hz, 3] = 14 Hz, 1H, Hax),
2.07 (m, 2H, CH2), 1.92 (dd, 2J = 14 Hz, 3] = 14 Hz, 1H, Hax), 1.74 (m, 4H, CH2), 1.57 (s, 3H,
C(CHs)2), 1.53 (s, 3H, C(CHa)z2), 1.45-1.39 (m, 3H, CH and CH2), 1.38 (s, 3H, C(CHa)z2), 1.37 (s,
3H, C(CHz3)2), 1.31-1.23 (m, 14H, CH), 1.03 (s, 9H, C(CHa)3), 0.95 (t, 2J = 7 Hz, 3H, CH3), 0.88
(t, 33 = 7 Hz, 3H, CH3). 2*C['H] NMR (CDCls, 126 MHz): & 172.1 (Cquat), 164.7 (Cquat), 163.5
(Cquat), 144.7 (Cquat), 143.5 (Cquat), 139.7 (Cquat), 138.3 (Cquat), 136.6 (CH), 133.0 (CH), 128.3
(CH), 128.1 (CH), 122.6 (Cquat), 122.4 (CH), 122.1 (2 CH), 122.0 (CH), 118.7 (Cquat), 108.1 (CH),
107.7 (CH), 91.7 (CH), 51.8 (CHz2), 48.4 (Cquar), 48.2 (CHz2), 47.0 (Cquar), 45.0 (CHz2), 43.5 (CH),
43.1 (CHz), 32.6 (Cquat), 32.0 (CHz), 29.8 (2 CH2), 29.7 (2 CHz), 29.5 (CHz), 29.5 (2 CHs3), 29.4
(CH2), 29.3 (CH3), 28.8 (CH3), 27.9 (CHz), 27.5 (CHa), 27.4 (CHz2), 27.1 (CH2), 26.4 (CH2), 23.3
(CH2), 22.8 (CHz2), 22.7 (CH>), 14.3 (CHs), 11.6 (CHs). HRMS (ESI+): [M+H] * = 824.5727 (calcd

for Cs2H78N303S: 824.5758). UV-Vis (MeOH): Amax = 624 nm (€max = 94000 M1 cm?).



2.2.Linear absorption and luminescence.

Absorption spectra were recorded on a JASCO V-650 spectrophotometer in diluted solution
(ca. 10® M) using spectrophotometric grade solvents. Molar extinction coefficients (¢) were
precisely determined at least two times. Emission spectra were measured using a Horiba-Jobin-
Yvon Fluorolog-3 iHR320 fluorimeter. Fluorescence quantum yields Q were measured in diluted
solutions with an absorbance lower than 0.1 using the following equation Qx/Qr =
[Ar(A)/Ax(N)][nx?/n?][Dx/Dr] were A is the absorbance at the excitation wavelength (A), n the

“ ) ({3l

refractive index and D the integrated luminescence intensity. “r’ and “x” stand for reference and
sample. The fluorescence quantum yields were measured relative to Crystal Violet in methanol
(® = 0.55). Excitation of reference and sample compounds was performed at the same
wavelength. Short luminescence decay was monitored with the TC-SPC Horiba apparatus using
Ludox in distilled water to determine the instrumental response function used for deconvolution.
Excitation was performed using NanoLEDs, with model 570 (573 nm; 1.5 ns). The deconvolution
was performed using the DAS6 fluorescence-decay analysis software. The photostability
measurement were conducted with compound 1 dissoved in methanol (ca. 2.5x10® M) and
under continuous stirring. Calibration of the fluorimeter irradiation was measured with a ThorLab

power-meter (Fig. S9). The slits were fixed at 8 nm to avoid detector saturation and,

consequently, the incident power was fixed at Pinc = 2.17 mW.

2.3.Two-photon absorption

A solution of compound 1 was prepared in spectroscopic grade methanol (Sigma Aldrich)
with a concentration of ~1.3 mM for ND-2PA and open aperture z-scan measurements. The
two-photon absorption (2PA) spectra were mapped with femtosecond-pulsed ND-2PA
spectrometer [44, 45], and the 2PA absorption cross sections, ¢ in GM, were confirmed with
femtosecond-pulsed open aperture z-scan techniques. The optical pathlength of the sample

cuvette is 2 mm for ND-2PA and 1mm for z-scan. For ND-2PA measurements, excitation



wavelengths of 925, 1300, and 1550 nm and a white light continuum (WLC) probe ranging from
~850-1600 nm were selected to acquire the ND-2PA spectra from ~900-1500 nm. The two-

photon wavelengths are obtained with Eq. (1).

2

(pumz )+ (Agrope) (1)

Anpapa =

where Apump and Aprobe are the excitation and probing wavelengths. By definition, the ND-2PA
measured two-photon cross section (dnp) should be 2x larger than the z-scan measured
degenerated two-photon cross section (dp).

For z-scan measurements, a near Gaussian beam at 900, 1000, and 1200 nm with M? <
1.1, w(HW1e2) ~ 60 um, and tp(HW1e) ~ 75 fs was used. The excitation irradiance ranges from

60 — 400 GW/cm?. The optical pathlength of sample cuvettes is 1 mm.

2.4.Cell culture and staining

A human embryonic kidney cancer cell line (HEK-293, ATCC no. CRL-1573) was used.
HEK-293 cells were cultured in RPMI 1640 supplemented with 10% fetal calf serum at 37 °C in
a humidified atmosphere with 5% CO2. For imaging experiments, cells were seeded on a
LabTek | chambered cover glass (Thermo Scientific Nunc, Rochester, USA) at low cell density
in a complete culture medium and grown to semi-confluence 24 h. The medium was rinsed and

replaced by PBS solution before experiments.

2.5.Two-photon microscopy

The two-photon experiments were performed using a LSM710 NLO — ConfoCor3 (Carl
Zeiss) confocal laser scanning microscope based on the inverted motorized stand
(AxioObserver) in descanned detection mode with the open pinhole. The C-Apochromat 40x/1.2
water immersion objective was used. The two-photon excitation was provided by Ti:Sa
femtosecond laser (Chameleon, Ultra I, Coherent) tuned to 900 nm, featuring 140 fs pulses at

80 MHz. Cells were kept at 37 °C and 5% CO:2 throughout acquisitions due to the on-stage



incubator. Depending on the probe intensity, either spectral PMT detector ‘quasar’ was used in
700-758 nm range or an APD detector of the ConfoCor3 unit with the bandpass filter 655-710

nm.

3. Results and Discussion

The synthesis of amino-heptamethines 1-5 is presented in Scheme 1 and consists in the
Knoevenagel condensation of two equivalents of indolenium salt on the bis-aldehyde 6 leading
to the formation of chloro-heptamethines 7-10. Then the nucleophilic substitution is performed
with an excess of distilled propylamine at 85 °C in N,N-dimethylformamide and the target
compounds are obtained with moderate to high yields (45-93%) after purification by column
chromatography. The access to the dissymmetrical amino-heptamethine 5 requires the
synthesis of the merocyanine intermediate 11 featuring a free aldehyde function which
undergoes a second condensation with one additional equivalent of indolenium salt giving the
heptamethine 12. This latter is finally substituted in the presence of propylamine, and the
amphiphilic compound 5 is isolated as a glossy blue solid in 81% yield following simple flash

column chromatography.

R =CgH13
c CizHas
| .\ CH,Ph HaNC3H7
Dguifo (CH2)3S03 DMF, 3 h, 85 °C
— E—

EtOH, pyridine
40 °C, overnight

Dci2

6 7(64%) R=CgHi3 X=Br 1(59%) R=CgHq3 X=Br
8 (68%) CqoHzs X = Br 2 (92%) CiaHps X = Br
D.uifo, EXOH 9 (96%) CH,Ph X = Br 3 (93%) CH,Ph X =Br
80°C, 18 h 10 (90%)  (CH2)3803 no X 4 (45%) (CH,)3S03™ no X

I

O EtOH, pyridine

C
N X o 40°C,15h

s

HoNC3H7
DMF, 3 h, 85°C
_—

)
Ha5C12

0,8

11 (46%) 12 (88%) 5 (81%)

Scheme 1. Synthesis of amino-heptamethines 1-5.
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The photophysical properties of the series were measured in methanol solutions at room
temperature (Fig. 2 and Table 1). All the amino-heptamethines present a broad and quasi-
Gaussian absorption with maxima centered around 617-628 nm, thus remaining poorly
influenced by the different substituents on the indolenine nitrogen atoms. However, while the
molar extinction coefficients are ca. 100000 M*cm™? for the lipophilic and amphiphilic
derivatives, it drops to 68000 M cm in the case of hydrophilic compound 4. The emission
maxima are all measured around 758 nm, affording Stokes shifts Ass ~ 2700-3000 cm*, and
with cut-off wavelengths reaching 850 nm. The fluorescence is characterized by average
guantum yields and lifetimes ca. 20% and 0.8 ns, respectively leading to a very high brightness
in methanol in this spectral range of ca. 20000 M1 cm. It is noteworthy that, in water, the
hydrosoluble compound 4 presents an emission band in the NIR at 764 nm with a reasonable

6% quantum yield making it suitable for bio-imaging experiments (Bxz2o = 2940 M1 cm™?) [32].
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Fig. 2. Electronic absorption (plain lines) and normalized fluorescence (dashed lines) spectra of

compounds 1-5 in methanol.
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Table 1. Photophysical properties in methanol.

Dye Aabs (NmM) e (Micm?)  Aem (nmM) Ass (cm) ®ll (%) 1 (ns)b
1 627 105000 757 2700 21 0.9
2 628 97000 759 2800 21 0.9
3 617 96000 759 3000 20 0.9
4 623 68000 759 2900 18 0.7
5 624 94000 757 2800 19 0.8

[a] Reference: Crystal Violet (methanol, ® = 55%). [b] NanoLED excitation at 573 nm.

To gain further insight into the spectroscopy of this series, we conducted fluorescence
measurements of amino-heptamethine 3 and chloro-heptamethine 9 at 77 K in an organic glass
(methanol-ethanol, 1:4). Absorption, emission, and excitation spectra are described in Fig. 3,
and the photophysical data, including excitation and emission full width at half-maximum
(FWHM) and Stokes shift (Ass), are compiled in Table 2. Importantly, the low-temperature
emission of compound 3 is strongly blue-shifted to 657 nm, with AAem = 100 nm (2010 cm™)
compared to the fluorescence recorded at 298 K. This variation results in a significant decrease
of the Stokes shift of 3 (Ass) from 2714 to 805 cm?, the value being still lower than that of the
chloro-heptamethine 9 (Ass = 313 cm™ at 298 K). In addition, both the fluorescence and the
corresponding excitation spectra are noticeably sharpened compared to the room temperature
ones (see Table 2). The behavior of 3 is then profoundly modified at low temperature and
becomes reminiscent of a cyanine electronic structure, as illustrated by the comparison with
compound 9 absorption and fluorescence spectra recorded at 298 and 77 K (Fig. 3, bottom). It
is worth noting that the temperature effect is more pronounced in the emission of 3 than in
absorption. It is well known that the low temperature and the more rigid glassy solid matrix
strongly reduce the molecular motions during the excited state relaxation process and avoid
solvent reorganization around the excited chromophore. This effect is stronger in the case of 3,

featuring a bis-dipole electronic configuration with a V-shape charge transfer type transition. As

12



already observed [46], the relaxation process leading to the stabilization of the cationic charge
by the nitrogen lone pair of the central amino-group is no longer occurring at 77K, leading to a
more delocalized excited-state structure similar to that of 9. This temperature effect again
illustrates the very high polarizability of the n-conjugated system of polymethine dyes where

minor perturbations can induce profound modifications of the photophysical properties.

1,04 Abs. at 298 K 1 N
- — -Em. at 298 K "‘ l
= 58 Exc. at 298 K o
s %]---Em.at77kK M A
> Exc.at77 K '\ /I \
2 06 \
2 \
c \
3 \
§ o \
©
£ \
S 02 N
S -
0,0 T T T ‘.I“-
400 500 600 700 800
Wavelength (nm)
1,04 ——Abs. at 298 K r
- — -Em. at 298 K “\
= JPr Exc. at RT { “‘
& |- —-Em. at298K p A
> Exc. at 77 K ," 14
g 0,6 1 1 g
E iy Ay A
° 1 LI
g 0,4+ 1 L
T Iy vy
£ 1y L
§ 0,2 / / N
/ N
/ ~
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Fig. 3. Normalized absorption (Abs., black curves), emission (Em.), and excitation (Exc.) spectra
were recorded at 298 K (red curves) or 77 K (blue curves) for amino-heptamethines 3 (top) and

chloro-heptamethines 9 (bottom) in an ethanol/methanol mixture (1:4).
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Table 2. Photophysical data for heptamethines 3 and 9 at 298 and 77 K in an ethanol/methanol
mixture (1:4).

Dye T(K)  A%S (nm)  A®C (nm) Ae™ (nm) F\é\é;']'\f; N F\(/\c/:rl_r:l_\f)em ( CArTS]_Sl)
298 622 628 757 2790 1420 2700
3 77 - 624 657 1710 1370 805
298 790 790 810 711 623 310
° 77 - 800 808 455 383 120

Since the meso substitution of polymethines with electron-rich groups can impact its
photostability due to possible reactions with singlet oxygen [47-49], the photobleaching of
amino-heptamethine dye 1 was investigated in methanol (A = 0.26) and its emission was
monitored upon irradiation at 630 nm (Fig. S10). A linear decrease of the emission intensity was
observed with a very small slope. After 2.5 hours of irradiation, the photobleaching was
measured at 6.5%. The absorption spectra were recorded, indicating a variation of optical
density at 630 nm after irradiation (AA = 0.013), which corresponds to a 5% decrease and
confirms the photoluminescence measurement. Such moderate bleaching under irradiation in
aerated solution is partially attributed to the cyclohexyl ring appending the polymethine chain
that improves its resistance compared to parent streptocyanines, nevertheless it must be kept
in mind that the potential reactions with singlet oxygen may be favoured in aqueous medium

[47, 49].

To be considered a potential NIR-to-NIR bio-probe for two-photon microscopy, a
chromophore must present significant two-photon absorption to complement the above-
mentioned fluorescence properties. To that end, the non-degenerate two-photon absorption
(ND-2PA) spectrum and open-aperture z-scan degenerated 2PA cross sections were measured
in methanol for compound 1 and are shown in Fig. 4. The 2PA maximum is found at 970 nm

with a cross-section 6 ~ 940 GM and therefore 1 presents a significant two-photon brightness,
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noted B@ in the NIR (at 970 nm, B@ = §7% x ® = 940 x 0.21 = 197 GM in methanol). This band
is blue-shifted compared to the lower-energy 1P-transition, which reveals that the bent quasi-
Cav symmetry of the molecules confers a quadrupolar-like behaviors towards 2PA, as already
noticed for keto-heptamethines [42]. The residual dipolar character of the dye gives an additional
weak 2PA absorption in the SWIR (NIR-II) range at ca. 1210 nm, with 6~ 90 GM and a

corresponding B® value of 19 GM at 1210 nm.

Two-Photon Wavelength (nm)
800 1000 1200 1400

20 T T T T T T 1
——1PA - 2800 - 1400
—— ND2PA, »_, = 925nm ]
——ND2PA, x_=1300nm 4 2400 4 1200
15 ND2PA, 7, = 1550nm ]
] O z-scan 4 2000 - 1000

)

- 1600 - 800

-4 1200 -{ 600

e (x10*M'em™)
cNDZF‘.I’-\ (GM)
GDZPA,Zscan (GM)

- 800 - 400

- 400 - 200

1] n n n
400 500 600 700

Transition Wavelength (nm)

Fig. 4. 1PA and ND-2PA spectra of 1 in methanol. The black line (—) indicates the one-photon
absorption spectrum; the ND-2PA spectrum is represented by red, purple, and orange lines,
corresponding to different excitation wavelengths (Aex, as noted in the legend); the blue open
circle (o) is the z-scan measured 2PA cross sections (excitation wavelengths are A = 1350 and
1500 nm). It should be noted that the dips in ND-2PA spectrum at transition wavelength 600-

650 nm are due to the scattering of excitation wavelengths of 1300 and 1550 nm.

Human embryonic kidney (HEK-293) cells were imaged with various amino-heptamethine
dyes presenting different substituents at the indole position to study the influence of the
hydrophilicity/hydrophobicity on the internalization and localization processes. Three dyes were
tested: the hydrophobic chromophores 1 and 2 featuring two long alkyl chains, and the

amphiphilic unsymmetrical chromophore 5 bearing an anionic sulfonate fragment and a
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lipophilic chain at its two extremities. As expected, the dyes 1-2 are poorly soluble in aqueous
medium while 5 is highly water-soluble. Thus, the cell staining was performed with stock
solutions of dyes in DMSO (1, 2) or water (5), resulting in an overall chromophore concentration
in the medium of ca. 1-2 x 10° M and DMSO or water addition of less than 1%, known to induce
very moderate cytotoxic effects. The imaging experiments were carried out after 30 min of
incubation without rinsing. In all cases, NIR-to-NIR two-photon imaging experiments were
performed with laser excitation at 900 nm and detection in the 700-758 nm range with the PMT
detector. In case of a very faint signal (compound 5, short incubation time), a more sensitive
avalanche photodiode detector (APD) was used in the far-red/NIR spectral detection range 655-
710 nm. Representative images are reported in Fig. 5.

The hydrophobic compound (1) presents the cytosolic localization pattern with the
preferential accumulation in the perinuclear filamentous structures, probably being mitochondria.
It also strongly stains punctuate organelles close to the plasma membrane, which perfectly co-
localize with the lipid droplets visible in DIC image. In some cells we noted a moderate
homogenous staining of the nuclei, without preferential accumulation in the nucleoli. The most
lipophilic dye (2) is also spontaneously and rapidly internalized in the living cells, where it
diffusely accumulates inside the cytosol and much less in the nucleus. Additionally, strongly
stained vesicular structures can be observed throughout the cytosol, without clear co-
localization with the structures visible in transmitted light. Finally, the amphiphilic compound (5)
is only partly internalized in living cells after a short (0.5 - 1 h) period of incubation. It mostly
stays in the extracellular medium, and consequently, the image contrast is very poor (Fig. 5,
third row). However, a longer (24 h) incubation of cells in these conditions results in a strong
accumulation of the compound 5 in the cytoplasmic organelles and structures, which seem to
be the nuclear membrane, the endoplasmic reticulum, and probably mitochondria (Fig. 5, fourth

row). Neither intense vesicular structures nor nuclear staining is noted.
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Fig. 5. Two photon excited fluorescence microscopy (left), transmission (center), and merged
(right) images of HEK-293 cells after their 1 h incubation with 1 (first row), 2 (second row) 5

(third row) and 24 h incubation with 5 (fourth row). 2P excitation was performed at 900 nm.

The dye fluorescence in the culture medium is much lower after the long-term incubation,
in agreement with the observed sequestration of the probe by the cells. Importantly, the cell
viability and proliferation are not impaired by the presence of the dye over 24 hours. The cell
entry mode and the organelle staining thus strongly depend on the overall probe hydrophobicity
and its molecular distribution, allowing the fine-tuning of the accumulation pattern. This strategy,
combined with the NIR-to-NIR imaging and the very low probe toxicity, opens the way to follow
the subcellular organelle distribution deep inside the tissues or the multicellular organoids, which

is often related to the metabolic or differentiation status of cells.
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4. Conclusion

Beyond providing protocols to synthesize amino-heptamethine dyes featuring lipophilic and
hydrophilic substituents on the indolenine moieties, this study illustrated their potential for NIR-
to-NIR two-photon bio-imaging with excitation and emission occuring in the 750-900 nm range.
The staining of living cells highlighted a prompt internalization of the hydrophobic dyes, with
localization in cytosol and small organelles such as mitochondria, while the amphiphilic
derivative requires longer incubation time and tends to moreover stain the nuclear membrane
and the endoplasmic reticulum. A main perspective of this work would consist in the engineering
of the central substituent using arylamines to tune and increase the nonlinear absorption ca.

1200 nm, paving the way to SWIR-to-NIR bio-imaging.
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