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A series of chromophores with enhanced second- and third-order nonlinear optical properties were
engineered for use in combined second-harmonic and two-photon fluorescence microscopy. Electron-
accepting moieties imparted nonlinear optical properties to the chromophores. The electron-rich
carbazole core served as a template towards one- or two-dimensional chromophores. More efficient
acceptor groups (pyridinium, benzazolium, benzothiazolium) on the carbazole donor core resulted in
improved second- and third-order nonlinear optical properties. A selection of these chromophores was
tested in a cellular environment with a multimodal multiphoton microscope. The structural differences
of the chromophores resulted in high selectivity for mitochondria or the nucleus in two-photon
fluorescence and ranging from no signal to high selectivity for mitochondria in the SHG channel.

1 Introduction

Optical microscopy has been since long a truly enabling visual-
ization technique in biological and biomedical sciences. Linear
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T Electronic supplementary information (ESI) available: Additions to
Materials and methods section: further details on synthesis and general
characterization of the molecules, on nonlinear optical
characterization, on the microscope setup used for co-localization,
FLIM and TCSPC-SHG imaging. Fig. S1: Two-photon absorption
cross section spectra for the compounds studied. See DOI:
10.1039/c2sc00771a

optical microscopy techniques (such as confocal fluorescence),
form the basis of modern microscopy. It however suffers from
fundamental drawbacks, such as photodamage, photobleaching
and low penetration depths, mainly due to the use of short
wavelengths for excitation. Nonlinear optical (NLO) microscopy
techniques enable us to overcome these problems. This is in part
due to the fact that nonlinear excitation normally relies on the
use of wavelengths in the near-infrared (NIR) range. At these
wavelengths, there is reduced photodamage and increased
penetration depth due to a decrease in Rayleigh scattering. In
addition, the nonlinear excitation is confined to a focused
volume, decreasing  phototoxicity and  out-of-focus
photobleaching.!

NLO microscopy can be based on phenomena such as two-
photon excited fluorescence (TPEF) and second-harmonic
generation (SHG). TPEF is a third-order nonlinear optical effect
that results in an optically confined fluorescence emmision.?
SHG is a second-order nonlinear optical effect only observed in
non-centrosymmetric structures. While chromophores in general
can be excited through TPEF (being a third-order nonlinear
process, not restricted by any symmetry consideration), non-
centrosymmetrical arrangements of non-centrosymmetric chro-
mophores are needed for observing an efficient SHG signal.>
Although this restricts the number of usable chromophores, it
may result in additional structural information about symmetry
of the hosting system not provided by single- or two-photon
excited fluorescence.® Asymmetrically substituted donor—
acceptor charge-transfer chromophores have been extensively
studied for second-order NLO applications such as electro-
optical modulation and terahertz (THz) radiation generation.
THz radiation is generated as the difference-frequency
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component in nonlinear frequency mixing. The trans-4-[4-
(dimethylamino)-N-methylstilbazolium]  p-tosylate (DAST)
molecule is the benchmark molecule and is adopted into
a commercially available source for THz radiation.” The stilba-
zolium (pyridinium) group not only acts as the electron acceptor
group, but also as a polar head group. By elongating the alkyl
groups on the donating side, not only a donor—acceptor charge-
transfer structure, but also a surface-active amphiphilic molecule
is created. In this way, a whole realm of donor—acceptor (or
push—pull) molecules combines favorable nonlinear optical
properties with interface selectivity. The structure—property
relationships relevant between push—pull molecules and
nonlinear optical properties have been reviewed.*® Design
strategies towards chromophores for combined TPEF and SHG
should combine function and form requirements.® Function
requirements can be alleviated by using strongly polarizable
groups such as fluorene® or porphyrin,® while form requirements
can be optimized by carbohydrate moieties as the polar head.'®
The carbazole moiety has been used as a two-dimensional
template for engineered chromophores with advanced second-
order NLO properties.!* Stilbazolium-substituted carbazole
cores have been used in TPEF imaging and in two-photon
initiated photopolymerization, both third-order NLO effects,
not sensitive to (centro)symmetry.’*** Selectivity for specific
cellular targets has been observed and was attributed to different
amphiphilic  properties or different shapes of the
chromophores.'®

We have now designed and synthesized a library of chromo-
phores, all based on the carbazole core as an electron-rich
molecular template for one- (1D) and two-dimensional (2D)
chromophores. The resp. mono- or disubstitution of this core
with pyridine, nitrophenyl, pyridinium, benzazolium and thia-
benzazolium provides a structural diversity which is further
enriched by different solubilizing substituents and counter anions
for the cationic chromophores. This structural variation leads to
variations in linear and nonlinear optical properties, surface
activity and toxicity, all highly relevant for the application of
combined second-harmonic and two-photon excited fluorescence
microscopy.

2 Materials and methods
2.1 Synthesis

Compound  3,6-bis[2-(pyridin-4-yl)ethenyl]-9-pentylcarbazole
(1) was synthesized from 3,6-diiodo-9-pentylcarbazole using
Heck coupling reaction.'® 3,6-Bis[2-(4-nitrophenyl)ethynyl]-9-
pentylcarbazole (3) was reported as a photoinitiator,”* and
using the same method, 3,6-bis[2-(pyridin-4-yl)ethynyl]-9-ben-
zylcarbazole (2) was synthesized. All organic salts were
synthesized by Knoevenagel condensation of (substituted)
carbazol-3-aldehyde (or 3,6-dialdehyde) with corresponding
salts." The synthetic route was summarized in Scheme 1.
Compounds 3, 5, 6, 8 and 9 have been used previously for their
two-photon absorption properties only.’>* Compound 3, 4
and 5 have also been used as two-photon fluorescent probes in
nonlinear microscopy.'®

Further detailed description of the synthesis and properties of
the synthesized molecules can be found in ESIF.

2.2 General physical measurements

'H and "C NMR spectra were recorded on a Varian Jemini-300/
Brucker-400 spectrometer and all shifts were referenced to tet-
ramethylsilane. The fine splitting of pyridinyl or phenyl ring
patterns is ignored and the signals are reported as simple
doublets, with J values referring to the two most intense peaks.
Mass spectra were measured on ZAB-HS (Micromass, UK).
Elemental analyses were performed on FLASH EA1112 (CE
instrument, UK).

The UV-Vis spectra were recorded on a UV-Vis spectropho-
tometer (UV-2550, Shimadzu) and the fluorescence spectra on
a fluorescence spectrophotometer (FL-4500, Hitachi).

2.3 Nonlinear optical characterization

The second-order nonlinear optical properties of the molecules
were determined by femtosecond hyper-Rayleigh scattering
(HRS).' The ionic nature of some of the compounds inherently
precluded the use of electric-field-induced second-harmonic
generation and necessitated the nonlinear scattering technique that
does not rely on the application of a DC electric field.’”'® The
(multiphoton) fluorescent nature of all the compounds implies the
possibility of overestimating the second-order scattering response
and hence requires deconvoluting the total signal at the second-
harmonic wavelength in the fluorescence and the scattering
contribution. This is implemented in the frequency-domain, where
at high amplitude-modulation frequencies the time-delayed fluo-
rescence is demodulated and phase-shifted with respect to the
immediate scattering. This is the Fourier-transform of the
discrimination in the time domain based on the difference in
temporal profile between immediate scattering and delayed fluo-
rescence. The measurement procedure was identical to that previ-
ously described.'® The neutral compounds 1, 2 and 3 were measured
in tetrahydrofuran, the ionic compounds 4-11 in methanol.

TPEF spectra were recorded on a commercially available
SD2000 spectrometer (Ocean Optics) with the excitation from
a mode-locked Ti:sapphire femtosecond laser (Tsunami, Spectra-
Physics, tuning range 720-900 nm). Two-photon absorption
(TPA) cross sections were obtained by the TPEF method®®
assuming identical quantum efficiencies @ after two-photon
excitation as after one-photon excitation. The TPA cross sections
are obtained by calibration against fluorescein in aqueous NaOH
solution (pH = 11) at concentrations of 1.0 x 10~* M for the
femtosecond measurement. The samples were dissolved in
solvents (methanol, or glycerol or chloroform as indicated) at
concentrations ranging from 1.0 to 2.0 x 10~* M. The estimated
uncertainty on the retrieved values for the TPA cross section is
about 15%. To ensure that the measured signals were solely due
to TPA, the dependence of TPEF on the incident intensity was
verified in each case to be quadratic. The TPA cross section § was
calculated on the basis of the following expression:

5= b O
CS nS Fr @S

with C representing the concentration, n the refractive index of
the sample solution, F the integrated area under the TPEF
spectrum, and @ the fluorescence quantum yield; subscripts s and
r stand for sample and reference, respectively.
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Scheme 1 The synthetic route for compounds 1-11. Compounds 4, 5, 7, 9 and 10 are monosubstituted carbazoles; compounds 1, 2, 3, 6, 8 and 11 are

disubstituted.

2.4 The multimodal (SHG and TPEF) microscopes

The setup for combined TPEF and SHG microscopy is based on
an adapted inverted microscope (TE2000-U, Nikon, Japan) and
has been described previously.?! The stage of the microscope was
installed in an incubator, enabling us to perform experiments at
controlled temperatures above room temperature. Because the
CO; concentration in the air was not controlled in the incubator,
HEPES-buffered media were used to keep the cells at constant
pH.

Co-localization experiments were performed on a confocal
microscope Zeiss LSMS510 based on an Axiovert 200M inverted
microscope and equipped with a META scan box (Zeiss, Jena,
Germany) capable of spectral imaging with 10.7 nm spectral
resolution in 32 spectral channels. A maximum of 8 spectral
channels can be imaged in one scanning cycle, requiring four

scanning cycles for imaging over the entire spectral range of 340
nm. Co-localization was performed with LysoTracker Green,
MitoTracker Green and ER-Tracker Green (all trackers by
Invitrogen, Germany).

Fluorescence lifetime imaging microscopy (FLIM) was used to
discriminate instantaneously occurring SHG (zero lifetime) from
TPEF. These experiments were performed on the same setup as
the co-localization experiments by using a time-correlated single-
photon counting SPC-830 card obtained from Becker & Hickl
(Berlin, Germany). Detection occurred in transmission through
a condenser with a maximal NA of 0.8. Via a dichroic mirror
(Di01-R442, Semrock) and a narrow band-pass filter (FF01-395/
11, Semrock) both the SHG signal and the possibly spectrally
overlapping fluorescence signal reach the photon-counting
detector (Hamamatsu 7422-P, Berlin, Germany). Data analysis
was done using Becker & Hickl’s SPCImage (v. 2.9.5).

This journal is © The Royal Society of Chemistry 2012
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2.5 Cell toxicity

The cytotoxicity tests were performed on HelLa cells grown in
a 96-well plate. 35 000 cells were seeded per well and they were
grown for two days in standard culturing conditions. The
Cytotoxicity Detection Kit of Roche Applied Science (Germany)
was used, which is based on the measurement of lactate dehy-
drogenase activity in the supernatant. The effect was tested for
a range of dye concentrations between 0.5 mM and 0.5 nM in 1%
dimethyl sulfoxide (DMSO) as solvent (10x stock solution), and
a range between 2 mM and 2 nM in methanol (20x stock solu-
tion). The read-out was performed by an EnVision Multilabel
Reader (Perkin-Elmer, MA, USA).

2.6 Sample staining

For the in cell microscopy experiments, HeLa and MDA-MB-
435 parental cells (further referred to as 435P cells) were cultured
in standard Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen, Germany) with 10% fetal calf serum (FCS) and
standard culturing conditions. Before imaging, the cells were
carefully washed twice with pre-warmed PBS and new DMEM
medium was added. The medium used for imaging lacked phenol
red to reduce possible interference with the measurements, but
contained HEPES for longer viability of the cells in an envi-
ronment where only temperature was controlled. Compounds 4,
5, 6 and 8 were dissolved in a 1% DMSO stock solution (10x)
and because of the low solubility in polar solvents, compounds 7
and 9 were dissolved in 1% methanol as 10x stock solution. The
solutions were added to the sample on the stage during constant
imaging with a final concentration around 10 uM. Compared to
most commercially available dyes, this is a relatively high
concentration, but it was acceptable in terms of cytotoxicity of
the dyes.

3 Results
3.1 Linear and nonlinear optical characterization

The variation of the dimensionality of the chromophores is
reflected in all of the optical properties. The linear absorption
spectra for the disubstituted derivates 1, 2, 3, 6, 8 and 11 exhibit
a clear band splitting, being a typical characteristic of electronic
interaction between dimers (see Fig. 1 and Table 1, columns 2, 4
and 5). The relative oscillator strength for the two bands appears
to vary with the acceptor (weak high-energy shoulder for the
benzazolium (8), clear shoulder for the pyridinium (6), roughly
equal strength for the benzathiazolium (11) and inversion of the
relative strength for the weak pyridine acceptors in 1 and 2,
although it is hard to derive conclusions without the mono-
substituted (1D) derivatives). The overall nonlinear response for
the disubstituted derivatives, as expressed both in the GBygrs, and
in the dggo (Table 1, columns 6, 7 and 14) is always significantly
larger and often approximately twice the overall response for the
monosubstituted analogue (compare 6 with 5; 8 with 7; and 11
with 10). Another striking observation is the significantly and
consistently lower value for the depolarization ratio p for the
disubstituted derivatives 3, 6, 8 and 11, all below 1.7, while for
the monosubstituted derivatives 4, 5, 7, 9 and 10 p is at least 2.6
and up to 3.6 (see Table 1, column 8). Such a high depolarization

ratio is consistent with the largely 1D nature of the charge-
transfer and has been interpreted towards a single major dipolar
hyperpolarizability component §... soo and the static ..., after
correction for the resonance enhancement. The lower value for
the depolarization ratio for the disubstituted V-shaped
compounds corroborates their 2D nature. From the two
observables in HRS (i.e. the total intensity and the depolariza-
tion ratio, p) it is possible to derive the two non-zero tensor
components assuming approximate C,, symmetry, 3... and 3,...
This interpretation in terms of tensor components (with and
without resonance enhancement) is provided in columns 8-13 of
Table 1. The last column provides the (dynamic, not corrected
for resonance enhancement) two-photon absorption coefficients,
0go0, 1n units of Goeppert—-Mayer (GM). The TPA spectra are
provided in Fig. S1 (ESIt). There are a number of experimental
observations that confirm the potential of well-designed 1D and
2D carbazole-based chromophores for combined second- and
third-order nonlinear optical (imaging) applications. A first
observation (see Table 1, rows 1 and 2) is that the effective donor-
m-donor design (compounds 1 and 2) that has been proposed to
suffice to induce third-order NLO properties* such as TPEF for
high-resolution imaging, is not leading to a detectable second-
order, nor third-order NLO response. The largely symmetric
design in terms of electron-donating or withdrawing properties is
also reflected in the shortest wavelength of maximal absorption.
There is a subtle effect of the nature of the bridge between the
carbazole and the pyridine moiety (ethenilic in 1 or ethynilic in
2), or of the substituent on the carbazole nitrogen, but this is only
experimentally discernible in linear optics (UV-Vis absorption
and fluorescence). There is a detectable signal at the second-
harmonic wavelength, but the high-frequency fluorescence
demodulation approach is clearly showing that the small signal is
originating from TPEF. It is not possible to conclude that there is
a non-zero second-order nonlinear response. Hence, no values
for first hyperpolarizability Gyrs.soo (nor depolarization ratio,
vide infra) have been deduced for compounds 1 and 2. Even
though a certain TPEF contribution to the HRS signal was
detected, no TPA cross section dggo could be reliably derived at
800 nm either.

Already upon replacing pyridine by nitrophenyl (compound
3), with a nitro group acting as an electron withdrawing group,
there is a pronounced effect on the optical properties. The
charge-transfer that is induced between the carbazole donor
moiety and the nitro acceptor not only shifts the wavelength of
maximum absorption and emission to a longer wavelength
(lower transition energy), also the second- and third-order NLO
response is no longer negligible and is significantly enhanced by
two-photon resonance. The dynamic value for the first hyper-
polarizability, Burssoo, 1s indeed considerable, but strongly
affected by the electronic resonance close to the second-harmonic
wavelength (two-photon enhancement). A rough estimate of this
effect can be obtained from the two-level model.?*** Without the
effect of damping, the effect may be overestimated, but the
resulting static value Byrs,o of compound 3 is the smallest of all
the compounds reported in this work.

Upon replacing the nitro acceptor group by the stronger
pyridinium group (compounds 4, 5 and 6), we observe in linear
optics a further lowering of the transition energy for the charge
transfer state and a concomitant increase in the static first
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Fig.1 Absorbance and fluorescence spectra of all 11 compounds. Graphs A and C present absorbance spectra, graphs B and D the fluorescence spectra.
Graphs C and D show the spectra of the compounds that were selected for the microscopy experiments.

hyperpolarizability Burso. The dynamic properties at 800 nm
are less resonantly enhanced, resulting in lower values for
Burs.soo and dgoo. Essentially identical values for the optical
properties have been obtained for compounds 4 and 5 with
different counter anions, confirming the conjecture that the NLO
properties of stilbazolium-derived chromophores find their
origin entirely in the cationic chromophore and are not traced to
the counter anion.”

Further strengthening the accepting capacity by replacing the
pyridinium group by a benzazolium (compounds 7 and 8) or
a benzathiazolium group (compounds 9, 10 and 11) results in
a concomitant further decrease of the transition energy and
increase in static hyperpolarizability. As a result, some of the
largest values for Burs,o, and dgpp are obtained for these
compounds, keeping in mind that the dynamic hyper-
polarizability Bprssoo is affected by the dimensionality

Table 1 Linear and nonlinear optical properties of carbazole-derived chromophores: A,ps max, Wavelength of maximal absorption (two values indicate
the two bands, if applicable); Aem.max» Wavelength of maximal emission; AE, energy splitting between the two bands (if applicable); ¢, extinction
coefficient (two values relate to the two bands, if applicable); Surs.soo, total HRS response (total intensity, not related to specific tensor components,
dynamic value at 800 nm); Byrs.o, total HRS response, corrected for resonance enhancement; p, HRS depolarization ratio; k' = f.../8..., derived ratio
between major tensor components; §... o0, diagonal hyperpolarizability tensor component, dynamic 800 nm value; §... ., diagonal hyperpolarizability

tensor component, static value; By,, 500, Off-diagonal hyperpolarizability tensor component, dynamic 800 nm value; f,..,, off-diagonal hyper-
polarizability tensor component, static value; ¢, fluorescence quantum yield; dggo, two-photon absorption cross-section at 800 nm

Aa\bs,ma\x Aem,m'dx AE & ﬁHRS,SOO 6HRS,0 P kil 6:::,800 ﬁ::z,o 5};22,800 6:(::,0 ¢ 6800
nm nm cm™ M~'em™ 10%esu 1073 esu = B.../8y-- 10 esu 103%esu  10°° esu 107 esu GM

1 323 428 3640 47200 NA® NA NA NA NA NA NA NA NA NM
366 40 800

2 311 385 3660 42200 NA® NA NA NA NA NA NA NA NA NM
351 32700

3 360 549 1870 26500  2304+50 10+2 17402 —1.7+£09 500+£100 20+5  —650+150 —30+5  0.005° 605
389 30 800

4 435 578  — 25800 190+40 24+5 3.0+0.1 —41+03 4504100 6010 0 0 0.076 260

5 438 578  — 30600 190+40 30+£6 29+02 —3.8+27 500+£100 70+10 0 0 0.009 245

6 400 583 2970 29200 370+70 70+10 1.4+0.1 —1¢ 600 + 1207 120 & 20¢ —600 = 120¢ —120 &+ 20 0.008 1530°
454 42 400

7 495 592 — 54800 1504+30 50+10 2.6+02 —33+05 350+£50 120+20 0 0 0.034° 80°

8 434 597 3550 39900 390 80 150 £30 1.6+ 0.1 —1.4+02 800+ 150 300+ 60 —5504 120 —210+50 0.076° 170°
513 66 400

9 476 587  — 44900 160 +40 45+10 3.0+02 —44-+£04 400+100 110+20 0 0 0.057 NM

10 481 587  — 32400 220450 70+15 3.6+0.6 —6.2+3.3 550+ 150 160 +40 0 0 0.049 NM

11 430 594 3300 36500 350+ 100 125435 1.6 02 —1.44 0.4 700 +200 240 & 150 —500 & 300 —180 = 100 0.094 70
501

“ Only TPEF contribution to HRS signal, no value available. © Determined in chloroform. ¢ Determined in glycerol. ¢ Derived from the theoretically
lowest possible value for p of 1.5. NM: not measurable due to weak TPEF signal.

This journal is © The Royal Society of Chemistry 2012
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(mono- or disubstituted) and the varying shifts between the
second-harmonic and the resonance wavelength. However, for
any optical application, the actual wavelength of the light used is
ultimately determining the amplitude of the (nonlinear) optical
response. Therefore, the dynamic values for the optical param-
eters (Burs soo and dggo) are what is really important in assessing
the suitability of these chromophores for nonlinear imaging with
a titanium-sapphire laser.

The addition of solubilizing groups (pentyl, benzyl or methyl
on the tertiary carbazole nitrogen; and butylsulfonate vs. methyl
on the quaternary thiabenzazolium nitrogen) has no effect on the
linear and nonlinear optical properties, within the estimated
uncertainties. However, the solubility of the compounds in polar
solvents is an important feature for the use in microscopy of
biological samples.

3.2 Cell toxicity

An important issue with extrinsic staining of live samples is the
toxicity of the marker compound. It is therefore advised to keep
the concentration of the dye as low as possible. However, this is
always a trade-off between toxicity and visibility of the dye. In
this early stage of characterization of the dye, we used reasonably
high concentrations in order to increase the likelihood of
detecting the markers in the SHG channel of the microscope. We
chose the concentration based on a cytotoxicity test performed
on HeLa cells. The tested range of concentrations was a 10-fold
dilution series starting near the maximum solubility in 1%
DMSO and a two-fold higher concentration in methanol. The
toxicity was comparable for most of the dyes, with slightly higher
values for compound 7 (results not shown). For incubation times
as long as 3 h, which is longer than the maximal observation
time, the toxicity read-outs were comparable to the negative
control for all except the highest concentration, both for the
aqueous (50 uM final concentration) and the methanol solutions
(0.1 mM final concentration). For these concentrations, the effect
on the cells was already visible after 1 h.

3.3 Combined SHG and TPEF microscopy

As a reference, unstained live cells were imaged for 1 h on the
microscope stage with constant exposure to the laser. We
observed multiphoton excited autofluorescence but no SHG for
the HeLa cells, while we recorded no signal at all for the 435P
cells in either of the channels. During these experiments, we also
monitored the shape of the cell to confirm their viability in the
microscope incubator. Since the cells did not change shape nor
autofluorescence intensity and remained attached to the glass
surface, we assumed the imaging conditions were acceptable.

In imaging experiments earlier reported using compounds 5
and the cation parts of compounds 4 and 6,'* the staining was
done by 30 min incubation with 1 uM concentrations of the dyes.
The dyes were dissolved in water or in low DMSO concentra-
tions. To increase the chance of observing any SHG signal,
concentrations as high as the cytotoxicity experiments would
allow were used. For compounds 4, 5, 6 and 8, we diluted the
dyes to 0.1 mM in 1% DMSO, while for compounds 7 and 9 the
solubility in DMSO was still too low for our purposes. We
therefore dissolved these dyes in a 1% methanol solution. We

consequently diluted these stock solutions 10-fold in the imaging
medium. Besides prestaining the samples, we also added the dye
during the imaging process. This resulted in a more stable SHG
signal for some of the dyes and offered us an opportunity to
study the staining dynamics, for both the TPEF and the SHG
emitted signals.

The results of the combined TPEF and SHG imaging are
presented in Fig. 2, where TPEF is represented in red and SHG in
green. The figure gives an overview of representative results for
all of the selected compounds. Most of the dyes are represented
in HeLa cells, while compounds 6 (Fig. 2C) and 7 (Fig. 2D) are
represented in 435P cells because the contrast was much higher.
The dyes are excessively present in the samples, resulting in
a certain background signal in the cytosol that is only observed in
the TPEF channel. To pinpoint the origin of the TPEF and SHG
signals, we performed co-localization experiments with Lyso-
Tracker Green, MitoTracker Green and ER-Tracker Green. For
four of the six tested compounds (compounds 4, 5, 7 and 8),
TPEF only shows up in the mitochondria, while compound 6
seems to be the only one targeting the nucleus instead of the
mitochondria, although compound 9 also exhibits a significant
TPEF contribution in the nucleus besides the general mito-
chondrial targeting.

The recorded SHG images however, turned out to be more
exciting than the observations in the TPEF channel. Not only did
the respective dyes show up in different locations, we also
observed signal originating from locations other than what the
TPEF would suggest. While — according to the observations in
TPEF - compounds 4, 5, 7, 8 and 9 are targeted to the mito-
chondria, we only find a high spatial correlation with the SHG
signal in the cells stained with compound 4. In terms of SHG,
compounds 5, 7 and 9 behaved comparatively similarly to each
other, all revealing plasma membranes and certain organelles or
vesicles. For compound 7 the SHG signal is not observed during
the healthy life span of the dyes, but it only appears shortly
before the onset of observable cell death. We therefore assume
that we observe the “blebbing” process of the apoptotic cells and
that the organelles that appear are vacuoles, about to be ejected
from the cell (visible in Fig. 2D).

Compounds 6 and 8 are disubstituted carbazoles and therefore
stand out from the list in several of their properties, also in
microscopy. Compound 6 distinguishes itself by exhibiting
a remarkably different TPEF pattern, targeting the nucleus and
mitochondria, leading to the hypothesis that this dye can inter-
calate with DNA. The SHG signal however, does not originate in
the nucleus or the mitochondria. Compound 8, the other
disubstituted compound tested with SHG imaging, was targeted
to the mitochondria as well (in TPEF), but never showed any
signal in the SHG channel at all. An overview of some important
molecular features and localization in TPEF and SHG channels
is summarized in Table 2.

Fig. 3 displays the dependence of the SHG response to the
orientation of the polarization of the fundamental laser. SHG as
an optical phenomenon is extremely sensitive to the relative
orientation of the polarization of the laser compared to the
orientation of the (induced) dipole. This dependency is also used
in fluorescence anisotropy measurements,?® but in SHG this
effect is immediately visible in our images, even without the use
of an analyser in the setup. The phenomenon is very simple: when
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Fig. 2 Results of combined TPEF (red) and SHG (green) imaging in 435P and HeLa cells. We show compounds 4 (A), 5 (B), 8 (E) and 9 (F) in HeLa
cells, and compounds 6 (C) and 7 (D) in 435P cells. The white bars indicate 10 um.

the linear polarization of the laser is parallel to the induced
dipole, the SHG signal will be maximal, while it will be zero when
the induced dipole is in the plane perpendicular to the electric
field vector of the linearly polarized laser light. The effect is
enhanced by the quick decrease of SHG intensity in locations
with randomization and centrosymmetrical arrangements of the
chromophores, creating a high contrast. Since SHG occurs
instantaneously, it has no lifetime, and therefore no effect can be
seen due to the dynamics of the molecules, which is the case for
fluorescence anisotropy measurements.

Fig. 3A, B and C show images taken with the orientation of the
laser polarization advancing in steps of 60 degrees, visualized by
the white arrows. The strong dependence on the orientation of
the laser polarization was confirmed by the apparent SHG
intensity change along the membranes as we gradually changed
the orientation of the laser polarization. Fig. 3D is an overlay of
the former three images in the blue, the red and the green
channel, respectively, not to be confused with color-scaled
images displaying calculated orientations of the dyes in the
membrane.?” The sample in Fig. 3 was stained with compound 5,

Table 2 Summary of some important characteristics of the dyes, related to molecular structure and visibility of cellular structures in TPEF or SHG

channel

Molecular properties Visible in TPEF?

Visible in SHG channel?

Completely planar?® 1D/2D Hydrophobic tail

Mitochondria Nucleus

Plasma membrane Mitochondria Plasma membrane Organelles

4 Yes 1D CH; Yes Weak Yes

5 Yes 1D CsHy, Yes Weak Yes Yes

6 Yes 2D CsHy, Yes Yes Weak Yes

7 No 1D CsHy, Yes Late Yes Yes

8 No 2D C5H11 Yes

9 Yes 1D CH; Yes Weak Weak Yes Yes

“ Not taking the hydrophobic tail into account
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Fig. 3 Polarization-dependence of a HeLa cell stained with compound
5. The white arrows show the orientation of the linearly polarized inci-
dent laser beam (A, B, C). Section D shows an overlay of the other three
images, respectively in the blue, the red and the green channel. The length
of the arrows represents 20 um in the image.

but this behavior was also observed when we applied different
orientations of the polarization of the laser light to samples
stained with compounds 7 and 9. It is however unclear as to why
the molecules do not create centrosymmetry by residing in both
leaflets of the membrane, or why the signal does not suffer from
this (see later in discussion).

4 Discussion
4.1 Linear and nonlinear optical characterization

The second-order NLO response of mono- and dini-
trocarbazoles 3-nitro-9-ethylcarbazole and 3,6-dinitro-9-ethyl-
carbazole has been previously studied.® Nonzero, but
significantly smaller nonlinearities had been obtained. However,
the difference in dimensionality was also observed, starting from
a lower value for the depolarization ratio and resulting in more
significant off-diagonal tensor elements for the disubstituted
derivative. For the derivatives studied here, with the longer
conjugated bridge and the stronger acceptors, hyper-
polarizabilities of at least one order of magnitude higher have
been observed.

Tuning the magnitude of the linear and the second- and third-
order NLO responses is often rationalized in terms of donor
and acceptor strength, and length of the 7t-conjugation bridge.
Here, we did not vary the length of the bridge, or the nature of
the donor (the carbazole core). The acceptor strength is varied
from absent (pyridine, compounds 1 and 2) over moderate
(nitrophenyl in compound 3) to strong (pyridinium, 4-6) and
strongest (benzazolium in compounds 7 and 8, and benzathia-
zolium in 9-11). The experimental values for the dynamic first
hyperpolarizabilities at 800 nm are not only a function of this
strength, but also of the wavelength, through the single- and
two-photon resonance enhancement.?* The result is that,
although pyridinium derivatives exhibit lower transition

energies than nitrophenyl, the latter shows the larger dynamic
hyperpolarizability. Upon correcting for this resonance
enhancement though, the static hyperpolarizability becomes the
smallest of the non-zero values (zero for the pyridine
derivatives).

The disubstituted variants can not simply be described as two
non-interacting monosubstituted analogues. For two non-inter-
acting monomeric model compounds, the only difference in the
electronic absorption spectra should be a doubling of the ex-
tinction coefficient. This clearly is not the case here. Since the
carbazole moiety is shared as donor for the two branches each
with the accepting unit at their end, there must be an electronic
effect that has its influence on the linear optical properties. This is
apparent as the band splitting of the main absorption band in the
linear absorption spectrum.?® Therefore we analyzed our second-
order NLO results not in terms of the vector sum of the vector
parts of two separate hyperpolarizability tensors, but as a single
hyperpolarizability tensor with more than just the single domi-
nating diagonal tensor element. Since we have two independent
observables (HRS intensity and depolarization ratio) we can
deduce two independent non-zero tensor elements. The analysis
shows that the ratio between the diagonal and off-diagonal
tensor element (k' in Table 1) is between 6 & 3 and 3.3 & 0.5 for
the monosubstituted derivatives (corroborating a largely 1D
hyperpolarizability tensor) and between 1 and 1.7 4 0.8 for the
disubstituted (indicating substantial off-diagonal contributions).
This allows us to deduce actual values for the on- and off-diag-
onal values of the hyperpolarizability tensor for the disubstituted
carbazole derivatives.

The values for the dynamic TPA cross section, dggy (see last
column in Table 1 and Fig. S1, ESI{) can be rationalized
entirely in terms of resonance enhancement and molecular
footprint. The larger value for dggy observed for the disubsti-
tuted carbazole derivatives traces its origin directly to the larger
two-dimensional 7-conjugated system, inherently related to
linear and nonlinear absorption cross sections. Note that the
(linear) extinction coefficient ¢ in column 5 is not a direct
measure of the total absorption cross section for linear
absorption, as this single numerical value does not reflect the
band splitting and the resulting stronger total oscillator strength
from integrating over the larger spectral width of the transition.
The electron-donating or -accepting strengths are not correlated
with the symmetry-insensitive third-order NLO property of
TPA. This is strikingly exemplified in compound 3, which shows
the smallest second-order NLO response of the disubstituted
derivatives (both before and after correction for resonance), but
the second largest value for dggo. This already points to the
inherent differences between a second-order and a third-order
NLO effect, here observed and analyzed at the level of molec-
ular symmetry: TPA is not sensitive to molecular symmetry, in
contrast to HRS, the latter being of a second-order nature. For
applications in imaging of targets stained with chromophores,
similar symmetry arguments lead to the important difference in
information that can be gained from SHG imaging vs. TPEF
imaging. When combined with the resonance enhancement
effect, the larger footprint of disubstituted compound 6 and its
resonance features around the second-harmonic wavelength
result in the largest TPA cross-section when measured at 800
nm (see Table 1 and Fig. S1, ESI¥).
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4.2 Combined SHG and TPEF microscopy

Compound 5 and the cationic parts of compounds 4 and 6 have
been previously imaged in HeLa cells using TPEF microscopy
only.”® While compounds 4 and 5 were observed in the mito-
chondria, compound 6 was directed to the nucleus. We have
already reported on the combined TPEF and SHG imaging of
compound 5,* where the SHG signal was observed in vesicles,
presumed to be lysozomes. Apart from these previously
described markers, we also imaged compounds 7, 8 and 9. The
selection of the dyes used for SHG microscopy was based on
three criteria. First, the hyperpolarizability of compounds 1 and
2 was not measurable in the HRS experiments. Second and more
importantly, compounds 1, 2 and 3 were omitted due to the
expected fluorescence contribution at 405 nm, as our laser was
working at the central wavelength of 810 nm. Although it is
possible to filter out SHG from a fluorescence background based
on fluorescence lifetimes (Time Correlated Single Photon
Counting (TCSPC) microscopy),*® or to discern SHG from
TPEF by polarization-sensitive SHG microscopy,* it is much
more convenient to use markers that exhibit no fluorescence
interference in the SHG channel. As most commercially available
two-photon systems operate at optimal performance between
760 and 900 nm, it is not advisable to use a dye that starts
fluorescing at 350 nm. The third selection rule was the solubility
of the compound in aqueous solvents, which was very low for
compounds 10 and 11. This way we decided that compounds 4-9
seemed fit for SHG imaging of live cells at a fundamental
wavelength of 8§10 nm.

The expectations of the visibility of exogenous dyes in the
SHG channel of our microscope were concentrated on a small
selection of cellular structures. These comprise the plasma
membrane, because the structure of membranes inherently forces
the molecules in a specific, well-ordered orientation. The visi-
bility of membranes using SHG has been previously shown in
studies using cells or synthetic vesicles.?**3* Secondly, since SHG
is not only sensitive to high structural non-centrosymmetrical
order in a parallel fashion, but also to chirality,**>¢ a chiral
structure such as (alpha-helical) DNA is also a candidate for
SHG response, certainly because compound 6 had been previ-
ously imaged inside the nucleus using TPEF. In eukaryotic cells,
the DNA is ordered in several levels of chiral structures, such as
nucleosomes and solenoids, resulting in chiral structures much
bigger than the alpha helix of naked DNA. This can have
a beneficial effect, but can also work to our disadvantage, as the
final helical structures by themselves are not always arranged in
an orderly manner. We were careful in predicting the visibility of
intracellular structures with SHG, as most of these structures are
smaller than the wavelength we use. The introduction of the
markers in intracellular vesicles can therefore result in cen-
trosymmetry or out-of-phase responses. Finally, we were also
hoping to be able to follow the penetration of the molecules into
the plasma membrane during staining, because the planar
molecules can only enter the membrane parallel to the fatty acid
chains.

The results of the combined TPEF and SHG imaging were
therefore very surprising. While most of the dyes show fluores-
cence in the mitochondria, we observed different behavior for the
respective compounds in SHG. The two extremes were

compound 4 on one hand, exhibiting a high spatial correlation of
the SHG with the TPEF signal, highlighting the mitochondria,
and compound 8 on the other hand, with a nice TPEF contrast
but no SHG at all. This observation confirms very nicely that
a high § is not the only criterion of a good cellular SHG marker.
It is therefore meaningless to discuss the numerical data from
Table 1 with regard to the imaging experiments. The other four
markers (5, 6, 7, 9) show up in different locations in the two
channels. Furthermore, the SHG signal of several of the dyes was
observed in the plasma membrane, as we expected, but never
while the molecules were entering the cell during the staining
process. On the contrary, the SHG signal only appeared later in
the experiment. This suggests that the penetration of the mole-
cules through the membranes does not happen in a well-ordered
way. The orientation of the markers is most probably in line with
the fatty acid chains, but we assume that either the orientation is
too chaotic, or a centrosymmetric ordering of the molecules
occurs because the direction in which the molecules enter the
membrane varies. It is therefore likely that the SHG signal
appears as soon as the orientation of the markers inside or
connected to the membrane assume exactly the same orientation.
For compound 7 it took even longer before the SHG signal
appeared, as we had to wait until near cell death. At that
moment, the integrity of the membranes changes, possibly
allowing the relatively large and not entirely planar dye to enter
between the fatty acid chains. This property could make
compound 7 a marker for approaching cell death.

Although membranes are ideal scaffolds to create molecular
order, it is not straightforward that they can also serve this
purpose for SHG, which cannot detect centrosymmetrical order.
Biological membranes are usually lipid bilayers, inherently
inactive in SHG. Molecules that can penetrate these structures,
can do so in the same manner from both sides, only creating
more centrosymmetry. The fact that we can observe the
membranes, even though fluorescence indicates that the mole-
cules can enter the membranes from both sides, proves that there
is a net directionality of the orientation of the (induced) dipoles.
This can be explained either by slow dynamics of the distribution
of the chromophores between the two leaflets of the membranes,’
or the molecular orientation might be driven by a membrane
potential.

Apart from the plasma membrane, we were also able to visu-
alize intracellular structures other than those visible in the TPEF
channel. As previously mentioned, the SHG and TPEF images of
compound 4 show a very nice spatial correlation in the mito-
chondria, pointing towards possible TPEF leakage in the small
spectral region of the 406/15 nm filter. Taking into account that
the resolution of the setup is too low to check for polarization
dependency in this sample, the nature of this signal was double-
checked by means of TCSPC-SHG,* based on fluorescence
lifetime imaging microscopy (FLIM), and by spectral filtering
(lambda-stack) to confirm the observation of SHG and not
TPEF leakage.

4.3 Structure—function analysis for cellular imaging

First of all, all compounds in this study have a hydrophobic
character, leading to a strong tendency to reside inside
membranes. Because of the solubility restraints, all compounds
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selected for microscopy are cationic, leaving some hydrophilic
properties as well. Our previous characterisation of carbazole-
based cyanine dyes based on TPEF microscopy showed that the
cellular targeting of the dyes can be adapted by changing
the molecular symmetry (or dimensionality) and the length of the
hydrophobic chain connected to the carbazole moiety.’® We
concluded from those experiments that 1D compounds with
a long tail (CsH;) are directed to mitochondria, 1D compounds
with a short tail (CH3) to mitochondria and the nucleus. The 2D
compounds target only the nucleus when they have a short tail,
and with a long tail, they go to both the nucleus and mito-
chondria. In both cases, the molecules with a long tail are
observed in the plasma membrane. Our recent observations are
mostly consistent with these rules, but we find a few exceptions in
the TPEF channel, and some new targets in the SHG channel
that are hardly visible in TPEF (see Table 2).

In the TPEF channel, all except compound 6 are primarily
visible in mitochondria, suggesting that the molecular properties
result in high affinity for this cellular location. Explaining the
targeting of mitochondria is a difficult matter, as several dyes are
actively taken up by these organelles. It is also known that
cationic fluorescent dyes, such as Rhodamine 123, can stain
mitochondria selectively because they might be attracted to
mitochondria by the relatively high negative electric potential
across the mitochondrial membrane.*” We don’t have the
possibility to determine whether the marker molecules are
residing merely in the membranes of the mitochondria, in their
lumen, or whether they are visible in the mitochondria because of
active transport.

Compound 6 is found in the nucleus, with a particularly
higher concentration in the nuclear membrane and the less
condensed parts of the nucleus (nucleoli). It can also be
observed in mitochondrial DNA, as the signal is distinguishable
from the autofluorescence background. Previous research also
reports that carbazole-based cyanine derivatives may stain the
nucleus.?®3%* A closer look at the structure of compound 6
indeed tells us that it is possible for this planar and bent
molecule to either intercalate with DNA, perhaps involving
a stronger interaction than with membrane lipids, e.g. interac-
tion with G-quadruplex DNA structures.*®* Compound 8
however, the other 2D compound in our selection, contains two
sites extruding from the planar bulk of the molecule, obviously
preventing DNA intercalation.

In the SHG channel, not only the targeting, but also the
molecular ordering and orientation will define where the dye will
cause contrast in the imaging process. This is exactly how
sometimes we can learn more from the SHG images than from
fluorescence images. The perfect match of the SHG and TPEF
images of compound 4 point towards an omnipresence in mito-
chondria, more specifically, a well-ordered, non-centrosym-
metrically arranged presence, probably in the mitochondrial
membranes. While we are not yet capable of determining
whether these are inner or outer membranes, the SHG micros-
copy would suggest the outer membranes, we believe that the
elaborately folded patterns of the inner membranes are less likely
to lead to strong SHG signal and that SHG microscopy is
therefore a guide towards additional structural information. The
results from SHG imaging indicate that the staining mechanism
will be different for the different dyes. Effects on mitochondrial

activity were not investigated, but these might be able to shed
light on these different mechanisms.

Setting compound 4, being also the smallest of the six selected
markers, aside, we can divide the remaining compounds into two
groups based on dimensionality or molecular symmetry of the
dyes: the 1D (compounds 5, 7 and 9) and the 2D dyes (6 and 8).
The 1D compounds reveal plasma membranes and a certain
amount of vesicles, possibly large exosomes, as the cells might
want to excrete the invading molecules. This can also explain
why SHG only shows up when the fluorescence is already in
place: the dyes target the mitochondria in the first place, after
which the excess dye finds its way to the membranes, or stays
there and reorients to achieve a highly ordered array of mole-
cules. Compound 7 will have more trouble organizing itself inside
the membranes as it is less planar than compounds 5 and 9,
explaining why it only appears when the membranes loosen up.
The reason why compound 4 does not show up in plasma
membranes could be a high “solubility” of this dye in the mito-
chondria, or a poor ordering of the dye inside the plasma
membrane.

The 2D compounds, although showing similar hydropho-
bicity, both behave differently compared to the 1D compounds
and to each other. Compound 6 targets the nucleus in fluores-
cence, but probably invades the membranes the way the 1D
compounds do. Compound 8 shows its fluorescence in the
mitochondria, just like the 1D dyes, but it never exhibits SHG.
Note that compound 8 is the 2D version of compound 7, and
hence has two sites breaking the planarity of the molecule, which
might completely prevent the molecules from finding a non-
centrosymmetrical arrangement in the membranes, even when
they start to lose their structural integrity.

It is interesting to compare the relative signal strength of the
TPEF and the SHG in one location. The fluorescence signal
coinciding with the SHG is very weak, sometimes nearly invisible
due to the strength of the signal in the more concentrated parts of
the sample. The SHG signal looks brighter because of the low
background, but this difference is also explained by the coherent
nature of SHG. While the incoherent TPEF signal scales linearly
with the number of molecules in one pixel, the coherent SHG
signal displays a quadratic dependence with respect to the
number of molecules.! This illustrates an extra asset in the power
of SHG. The excess molecules can enter membranes, align with
each other, and produce SHG with a much higher intensity and
contrast than the TPEF signal. The molecules possibly even
target membranes of organelles at random inside the cells, but so
far, we are unable to defeat the diffraction limit using SHG
microscopy to visualize the (membranes of) smaller organelles.

5 Conclusions

The second- and third-order nonlinear optical properties of
a series of mono- and disubstituted carbazole-based derivatives
have been determined by femtosecond frequency-resolved hyper-
Rayleigh scattering and by two-photon excited fluorescence.
These properties could be rationalized in terms of the electron
acceptor strength of the substitutions on the donating carbazole
moiety, in conjunction with two-photon resonance enhancement.
The disubstituted carbazole derivatives show substantial two-
dimensional response, as seen from the low depolarization ratio
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and the derived sizeable off-diagonal tensor component for the
first hyperpolarizability. These second-order nonlinear optical
properties indicate that these carbazole-derived mono- and
disubstituted chromophores are well-suited for combined SHG
and multiphoton fluorescence microscopy.

In particular, it is shown that for all but the weakest acceptor
substituents (pyridine and nitrophenyl), a second-order
nonlinear response is observed at the second-harmonic wave-
length (400 or 405 nm) of the generic femtosecond laser system
used in all multiphoton microscopy setups (a Ti:sapphire laser
generating femtosecond pulses at about 800 or 810 nm), in
addition to multiphoton fluorescence that is conveniently sepa-
rated and shifted to longer wavelengths than this second-
harmonic wavelength. This means that for all the carbazole
derivatives with the stronger acceptors, the second-order signal
for SHG imaging (at 405 nm exactly) is spectrally nicely isolated
from the longer-wavelength fluorescence used for high-resolution
multiphoton imaging. No additional optics or algorithms are
needed for the detection of SHG in the forward and TPEF in the
backward direction. A simple color image can render the location
of the chromophore (TPEF, longer wavelength) in combination
with the structural information (SHG, second-harmonic wave-
length, 405 nm).

The potential of this class of chromophores for combined
SHG and TPEF imaging has been demonstrated in two different
human cell lines. In this pilot study, relatively high concentra-
tions were used, but toxicity tests showed that this was justifiable
for cultured cells. A well-considered selection of the compounds
was tested for cellular NLO microscopy near 810 nm. From this
selection, all dyes can be used as selective markers for (multiple-
photon) fluorescence, and compound 4 localizes identically in
SHG, selectively staining the mitochondria in both channels.
Compound 8 was proven not to exhibit SHG inside cells, and the
other four selected compounds are visible in membranes shortly
after the fluorescence is settled (or saturated), or specifically for
compound 7, at the onset of visible cell death. From these results
we can conclude that, even though the fluorescence seems to be
identical for all compounds, the staining mechanism or exact
target must be different for at least compound 4. This confirms
the power of SHG microscopy and the complementary infor-
mation that can be achieved by it. SHG was confirmed by
different imaging techniques, either based on the zero lifetime of
the SHG signal or the sensitivity to the orientation of the laser
polarization.

In this study, we have proven that compound 4 has substantial
potential as a selective marker for mitochondria in combined
TPEF and SHG microscopy. Compound 4 is a linear dipole with
a considerable dynamic Burs oo, low toxicity for cell lines and
good solubility in polar solvents. The fluorescence is strong and
selective, as is the SHG at the wavelengths we used. The
absorption and emission spectra are suitable for combined TPEF
and SHG imaging using excitation near 800 nm, the optimal
performance of many commercially available pulsed lasers, and
a good wavelength for deep penetration in biological samples. To
our knowledge, this is the first specific marker for mitochondria
in SHG microscopy.

In the near future, we will test the applicability of the markers
in tissue, as well as in live animals, because an important appli-
cation of nonlinear microscopy is to achieve deeper penetration

depths. An additional research track would be to synthesize
functionalized versions of the dyes for further study of intracel-
lular structures and protein complexes.
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