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ABSTRACT We report an experimental observation of aggrega- \3-photon excitation
(1300 nm)
tion-induced enhanced luminescence upon three-photon excitation $A hetacels
in aggregates formed from a class of unsymmetrical cyanostilbene oH N
P q q 5 NOAN ~ o s

derivatives. Changing side chains (—CHs;, —CgHy3, —C;Hq503, and HN,\[\N]f:iNHH - °{°?€ oo
folic acid) attached to the cyanostilbene core leads to instantaneous S D °°°° oo

O0”"N ~No o ¥
formation of aggregates with sizes ranging from micrometer to : ° Aem =520 nm

Nano aggregates

nanometer scale in aqueous conditions. The crystal structure of a
derivative with a methyl side chain reveals the planarization in the unsymmetrical cyanostilbene core, causing luminescence from corresponding
aggregates upon three-photon excitation. Furthermore, folic acid attached cyanostilbene forms well-dispersed spherical nanoaggregates that show a high
three-photon cross-section of 6.0 x 10~%° cm® s? photon 2 and high luminescence quantum yield in water. In order to demonstrate the targeted
bioimaging capability of the nanoaggregates, three cell lines (HEK293 healthy cell line, MCF7 cancerous cell line, and Hela cancerous cell line) were
employed for the investigations on the basis of their different folate receptor expression level. Two kinds of nanoaggregates with and without the folic acid
targeting ligand were chosen for three-photon bioimaging studies. The cell viability of three types of cells incubated with high concentration of
nanoaggregates still remained above 70% after 24 h. It was observed that the nanoaggregates without the folic acid unit could not undergo the
endocytosis by both healthy and cancerous cell lines. No obvious endocytosis of folic acid attached nanoaggregates was observed from the HEK293 and
MCF7 cell lines having a low expression of the folate receptor. Interestingly, a significant amount of endocytosis and internalization of folic acid attached
nanoaggregates was observed from Hela cells with a high expression of the folate receptor under three-photon excitation, indicating targeted bioimaging
of folic acid attached nanoaggregates to the cancer cell line. This study presents a paradigm of using organic nanoaggregates for targeted three-photon

bioimaging.
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ptical imaging techniques present
Ocapabilities to probe into critical

molecular processes in active bio-
logical specimens using advanced instru-
mentation schemes and suitable contrast
agents.' ™ Although optical imaging pro-
vides better resolution in visualization of cells
and tissues at shallow depths, the resolution
decreases rapidly as a function of the imaging
depth>® The bottleneck problems in optical
imaging such as the scattering of light owing
to tissue heterogeneity and the difficulty in
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obtaining high-resolution images could be
overcome by using near-infrared (NIR) light
in the second NIR window of 1.0—1.4 umin the
electromagnetic spectrum.”” "> An effective
way to achieve this strategy for bioimaging
and sensing applications is to utilize a three-
photon excitation (3PE) process. The main
advantage of the 3PE process is its significant
improvement in the overall excitation localiza-
tion as a result of improving the signal-
to-background ratio (SBR) when compared
to one- and two-photon excitations.'®™'° The
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fluorescence of 3PE falls off as ~1/z* (where z is the
distance from the focal plane), whereas the fluores-
cence of two-photon excitation falls off as ~1/7%
Therefore, 3PE dramatically reduces the out-of-focus
background in regions far from the focal plane, improv-
ing the SBR by orders of magnitude when compared to
two-photon excitation. For example, Horton et al. com-
pared the SBR between a three-photon microscope and
a two-photon microscope under the same excitation
wavelength, showing that three-photon microscope
imaging could afford ~4.5 orders of improvement in
the SBR over two-photon microscope imaging upon
excitation at 1280 nm.*°

To date, there are only a few studies reporting three-
photon excited bioimaging by employing organic dyes
such as Texas red?® and inorganic quantum dots
(QDs).>" However, these platforms are challenged with
the tendency for nonemissive aggregate formation in
aqueous solution, high toxicity, and low three-photon
absorption (3PA) cross-section. For instance, the pre-
sence of inherently toxic elements (e.g., cadmium and
selenium) in QDs makes the nanoparticles toxic to
cell lines and live animals.?>~2° Recently, Yong et al.
reviewed the toxicity of various QDs, indicating that
intracellular uptake of QDs could disturb the oxidative
balance of cells and cause oxidative stress.>” At a high
level of oxidative stress, the antioxidant defense sys-
tem is overwhelmed, eventually leading to mitochon-
drial malfunctions as well as apoptosis. The oxidative
stress could also interfere with DNA functions, causing
genotoxicity and neurotoxicity.”® Furthermore, heavy
metal cores of QDs might have a possibility of being
degraded in a biological environment during their inter-
actions with intracellular thiols or under UV excitation,?*=°
resulting in undesired cytotoxicity, unwanted aggrega-
tion, and unstable fluorescence signals.>**" In comparison
to QDs, isolated organic fluorophores such as Texas red
usually show low fluorescence and photobleaching in
aqueous conditions, which greatly compromises their
performance.3?~3* Thus, novel organic fluorophores cap-
able of forming nanoparticles with superior biocompat-
ibility and strong three-photon excited luminescence
have been sought after for bioimaging.

In the past few years, luminescent organic nanoag-
gregates have received considerable attention owing
to their size-dependent optoelectronic properties,
which show significant application potential in areas
such as biological imaging and sensing.3>~*” Such
nanoaggregates are quite unique on account of their
small size and robustness, while the surface modi-
fication and morphology tuning allow their binding
affinity to be tailored toward various biological appli-
cations serving as imaging probes and drug delivery
vehicles.3¥~* To the best of our knowledge, however,
there were no organic fluorophore-based nanoaggre-
gates fabricated for bioimaging in the NIR region using
3PE, and there was also no study to investigate the
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Figure 1. (a) Molecular structures of unsymmetrical cyanos-
tilbene derivatives 1a—cand 1d-FA. (b) Single-crystal ORTEP
diagram of 1a. (c) Crystal packing structure of 1a.

effect of side chains on the morphology change and
controlled formation of organic nanoaggregates for
targeted NIR bioimaging.

Herein, we report a new class of unsymmetrical
cyanostilbene derivatives (Figure 1) that exhibit tun-
able morphology and remarkable 3PA cross sections
upon the formation of nanoaggregates in aqueous—
organic mixture solution. In our design, we varied side
chains from hydrophobic (—CHz and —CgH3) to hydro-
philic (—C;H;503 glycol and folic acid (FA) attached
glycol) units substituted on the N-atom of unsymmetrical
cyanostilbene, leading to the formation of derivatives
1a—cand 1d-FA accordingly. Tuning the morphology of
formed aggregates from random to well-ordered super-
structures was achieved in a dimethyl sulfoxide (DMSO)/
water mixture solvent. Derivatives 1c and 1d-FA with
hydrophilic side chains preferably formed well-dispersed
spherical nanoaggregates (1¢;,qq and 1d-FA;gg). We
experimentally observed unprecedented aggregation-
induced enhanced luminescence excited by 3PA from
the nanoaggregates of 1a—c and 1d-FA. A comparative
study was carried out using nanoaggregates 1¢,qq) and
1d-FA .y in three different cell lines, including HEK293
(healthy human embryonic kidney 293 cell line with
a low level of folate receptor expression), MCF7 (breast
cancer cell line with a low level of folate receptor
expression), and Hela (cervical cancer cell line with a
high level of folate receptor expression). Three-photon
imaging was conducted in vitro using these healthy and
cancerous cell lines to confirm folate receptor-mediated
endocytosis and subsequent enhanced internalization of
nanoaggregate 1d-FA,qq) in Hela cells when compared
to nanoaggregate 1¢;qq).

RESULTS AND DISCUSSION

The synthesis of unsymmetrical cyanostilbene deri-
vatives Ta—c and 1d-FA was carried out by typical
Knoevenegal-type condensation of corresponding al-
dehydes with 2-thiopheneacetonitrile in 40—70%
yields. General multistep synthetic procedures for the
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preparation of compounds 1a—c and 1d-FA were
described in the Supporting Information (S, Figures S1
and S2). All of the compounds were thoroughly char-
acterized using standard techniques. Single crystals of
1a with a methyl side chain (—CHs) were obtained by
slow vapor diffusion of chloroform/hexane mixture
solution for X-ray diffraction studies. It was observed that
the obtained yellow crystals of 1a exhibit green lumines-
cence upon 365 nm light irradiation (Figure S3, SI). A neat
crystal of 1a was chosen for data collection, and the cor-
responding ORTEP diagram and crystal-packing structure
are shown in Figure 1. The details of crystal data and struc-
tural refinement are provided in the SI (Tables S1—S3).
The crystal structure of 1a has an orthorhombic system
(space group of P2(;)2(1)2(1)) with four molecules in the
unit cell (Figure 1¢). Structural analysis reveals that there
is a small dihedral angle of 1.1° between the planes of
the benzene ring and adjacent thiophene unit. Appar-
ently, the observation suggests that 1a undergoes
planarization in the solid state in order to maximize the
extended sr-conjugation as well as the dipolar nature of
the molecule.

Compounds 1a—c and 1d-FA showed absorption
maxima centered at 421, 414, 407, and 390 nm in
DMSO, respectively (Table 1 and Figure S4, SI). Inter-
estingly, 1Ta—c and 1d-FA exhibited no emission in any
of organic solvents such as CHCls, tetrahydrofuran,
acetonitrile, and DMSO. On the basisi of the lumines-
cence observed from the crystals of 1a, it was expected
that the aggregation formation might lead to the
enhanced luminescence from compounds 1a—c and
1d-FA. To investigate the aggregation process, the
DMSO/water mixture solvent was used for the analysis.
Upon increasing the percentage of water in DMSO
solutions of 1a—c and 1d-FA, the absorption of all
four derivatives decreased, indicating the aggregation
formations (Figure S4, SI).*>~%*

Furthermore, we measured the luminescence spec-
tra (Figure 2) of aggregates formed from all the deri-
vatives in DMSO/water mixture solution by varying the
fraction of water (f,,). In pure DMSO, no luminescence
emission was observed for all the derivatives. Dramatic
increases in luminescence intensity were observed for
all derivatives upon increasing the percentage of water
content in DMSO. When f,, was 60 vol % in DMSO, 1a
showed an obvious formation of well-dispersed aggre-
gates with a luminescence enhancement at 520 nm.
Increasing f,, to 90 vol % for 1a in DMSO led to the
formation of precipitates (Figure 2a). Compounds 1b,c
and 1d-FA exhibited the maximum luminescence en-
hancement upon increasing f,, to 90 vol % in DMSO
(Figure 2d,g,j). A summary of photophysical prop-
erties of compounds 1a—c and 1d-FA was tabulated
inTable 1. For aggregate 1a(,qg), a substantial increment
of luminescence quantumyield (® = 0.62) was achieved
at a water fraction of f,, = 60 vol % as compared to f,, =
0 vol %. In the case of aggregate 1b(,q;, an 80-fold
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TABLE 1. Summary of Photophysical Properties of
Compounds 1a—c and 1d-FA in DMSO as Well as Aggre-
gates 1agg)y 1baggy 1Caggy and 1d-FA(gq in DMSO/
Water Mixture Solution

sample At (m)  Aen?(im)  2(10°M'am)  DP (%) /9 (ns)

1a m 29.24
agyg) a7 520 7.66 62 0.34
1b 44 20.66
1bgg) 405 527 15.79 L) 0.14
1c 407 15.10
1¢Gqq) 397 532 9.42 32 0.52
1d-FA 390 10.36
1d-FAgq) 377 516 74 31 244

“ Determined using spectroscopic-grade DMS0 and Millipore water. ® | uminescence
quantum yields (4=5% error) were determined using quinine sulfate as the
standard (P = 0.54 in 0.1 M H,50,). 7 Excited state lifetimes were measured
through monoexponential convolution fit on the fluorescence decay profile. The
fitting decays were judged through the reduced y values. The fits were accepted
for y* = 0.8—1.2.

increase in the luminescence intensity with quantum
yield of ® = 0.42 was observed at f,, = 90 vol % when
compared to f,, = 0 vol %. For 1¢;qq) and 1d-FA (g,
60- and 42-fold increases in the luminescence intensity
with quantum yields of ® =0.32and 0.31 were achieved
at a water fraction of f,, = 90 vol % as compared to f,, =
0 vol %, respectively.

We then investigated in detail the morphology of
the aggregates 1a(agg), 1b(agg) 1€aggy and 1d-FA(qq)
in a DMSO/water mixture solvent using transmission
electron microscopy (TEM). Well-dispersed aggregates
were prepared on the basis of previously reported
procedures.*>*® Parts a—d of Figure 3 show represen-
tative TEM images of the corresponding aggregates.
Clearly, 1a(,4q) exhibits random and extended aggregate
formation without any distinct morphological features
due to its high hydrophobic nature (Figure 3a). Owing to
the attachment of a hydrophobic side chain in 1b(,qg),
vascular-like structures with a wide range of particle size
distributions were observed (Figure 3b). In this case, the
hydrophobic side chain may prevent extended aggre-
gation, which leads to segmented aggregates within
submicrometer size range. Interestingly, 1¢gq) and 1d-
FA(gg showed solid spherical nanoparticles with an
average diameter of 150 nm. The formation of spherical
morphology for 1¢igq and 1d-FA(,y indicates the
possibility of a rapid assembly of hydrophobic unsym-
metrical cyanostilbene cores facing toward the center of
the spheres covered with hydrophilic glycol as well as
FA-attached glycol side chains (Figure 3c,d). The particle
size distribution was also investigated by dynamic light
scattering (DLS), indicating a wide range of particle
size distribution for 1by,qq with an average diameter of
342 nm (Figure 3e). Similarly, the nanoaggregates formed
by 1¢ugg and 1d-FAqq show average diameters of
164 and 195 nm, respectively (Figure 3f,g). The average
hydrodynamic diameters measured from DLS study for
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Figure 2. (a, d, g, j) Fluorescence spectra of compounds 1a—c and 1d-FA (5.0 x 10~° M) recorded in DMSO with increasing
water contents, respectively. All of the spectra were recorded under excitation of 425 nm at room temperature. The colored
lines indicate the volume percentage of water during the measurements. (b, e, h, k) Corresponding plots of emission intensity
changes versus water contents for 1a—c and 1d-FA, respectively. (c, f, i, I) Visual color changes for the compounds 1a—c and
1d-FA taken under illumination with 365 nm UV light, respectively.

1€agq) and 1d-FA(,4 Were in good agreement with the
particle sizes obtained from the TEM analysis. Thus,
the morphological analysis by TEM and DLS confirms
the morphology tuning in a wide range of nanometer
scale through changing the side chains on the unsymme-
trical cyanostilbene backbone of 1agg), 1bagg), 1€agg):
and 1d-FA .y in DMSO/water conditions.

In order to study the stability of the aggregates, well-
dispersed suspensions of aggregates were allowed
to store in the dark at room temperature for 2 weeks
and then were analyzed using TEM. No difference
in the particle size was found for both 1¢;qg and
1d-FA.4q), and the precipitates were observed for
the case of 1b(,gg). Furthermore, we investigated the

MANDAL ET AL.

luminescence stability of 1¢,g5) and 1d-FA,gg in the
cell culture medium, i.e., Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum. The luminescence intensity of 1¢(gq and 1d-
FA (g remained 92% and 93% of their initial values
after 7-day incubation at 37 °C (Figure S7, Sl), indicating
the good stability of the nanoaggregates for the
following biological studies.

As a strong one-photon excited luminescence en-
hancement was observed in aggregates 1a(,qg), 1b(agg),
1C(agg)y and 1d-FA .y, we extended the investigation
to 3PE in the NIR region. Interestingly, unprecedented
enhanced luminescence upon 3PE at 1300 nm was
observed in DMSO/water mixture solution for all
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Figure 3. TEMimages of (a) 1a(agg), (b) 1b(agg), (€) 1C(agg), and (d) 1d-FA,gq). The nanoaggregates 1b(,q), 1¢(agg) and 1d-FA(,4q)
were prepared by injecting the concentrated solution of corresponding compounds in DMSO (4.0 x 10> M, 50 uL) into water
(3.95 mL). The final concentration is 5.0 x 10~> M, and the proportion of DMSO in water is 1.25 vol %. For compound 1a, the
aggregates were prepared by injecting the concentrated solution of the compound (1.25 x 10~* M, 1.6 mL) in DMSO into
water (2.4 mL). The final concentration is 5.0 x 10> M, and the proportion of DMSO in water is 40 vol %. DLS particle size
distribution plots of (e) 1b(,gg) (PDI = 0.245), (f) 1¢(agq) (PDI = 0.152), and (g) 1d-FA,qq) (PDI = 0.175).

aggregates. An optimized aggregate concentration
of 50 x 107> M was used after several trials based
on photophysical experiments. Three-photon lumines-
cence spectra (Figure 4) measured for 1a(,qg), 1b(agg)
1€aggy and 1d-FA(,4,) showed no obvious difference
in comparison with their one-photon luminescence,
indicating that the same fluorescent state was reached
regardless of the excitation mode. The logarithmic
plots of photoluminescence intensity as a function
of incident power with a slope of about 3 for 1a(,qg)
1bggy 1€agg, and 1d-FAgg further confirm the
three-photon emission process (Figure 4c). Parts d—g
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of Figure 4 show photographs of the three-photon
aggregation-induced luminescence observed for 1a(,q4),
1b(agg) 1€aggy and 1d-FA(4q) in DMSO/water mixture

solution, respectively.
3PA cross-sections of the samples were determined
by multiphoton excited luminescence method using
rhodamine B as the reference. A summary of the cor-
responding values of the three-photon cross-section
and action cross-section for 1agg), 1b@agg) 1€agg) and
1d-FA.yq) is shown in Table 2. The highest 3PA cross-
section was observed for 1d-FA,gg with o3 =
6.0 x 1072 cm® s? photon ™2, which gives the action
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Figure 4. (a) 3PA spectra of 1a(,qq) in DMSO/water mixture (4:6 v/v) and 1b(,qg), 1C(agg) and 1d-FA .45, in DMSO/water mixture
(1:9 v/v) at a concentration of 5.0 x 10> M, as well as 2PA spectrum of rhodamine B in water. (b) Corresponding three-photon
excited luminescence spectra of 1a(,gq), 1b(agg)r 1€(agg) aNd 1d-FA 544 under excitation of 1., = 1300 nm. (c) Logarithmic plot
of luminescence output versus incident power intensity for 1a(,qg), 1b(agg) 1€(agg) and 1d-FA,4q). Photographs showing three-
photon images from (d) 1a(,gg), (€) 1b(agg), (f) 1€(agg) and (g) 1d-FA .4 reflected on a white screen for clarity. White arrows

indicate the direction of incident laser beam.

cross-section (17303) of 1.9 x 1078 cm® s? photon 2.

The reported 3PA cross-section value here is ob-
viously higher than some previously reported dyes.
For example, Xu et al. measured the 3PA action cross-
section of some organic dyes like DNA stain 4,6-
diamidino-2-phenylindole (o5 = 2.5 x 1073* cm® s?
photon_z), dansyl hydrazine (o3 = 3.0 x 1078 cm® 52
photon™2), as well as Ca?" indicators indo-1 (03 =
2.0 x 1078 cm® s? photon~2) and fura-2 (o3 = 2.0 x
10782 cm® s? photon ) in buffered solution at pH
7.2.8 Maiti and co-workers reported the 3PA cross-
section of tyrosine (03 =1.0 x 1078 cm®s2 photon’z),
tryptophan (o5 = 1.0 x 1073 cm® s? photon?), and
serotonin (o3 = 40 x 1078 cm® s photon™) in

MANDAL ET AL.

aqueous buffer.'® Zipfel et al. reported the 3PA
cross-section of some intrinsic emitters such as mel-
atonin (03 = 7.0 x 1078 cm® s? photon™2), 5-HIAA
(03=2.0 x 1078 cm°® s? photon?), and 5-HTOL (03 =
5.0 x 1078 cm® s? photon2)."" Cohanoschi et al.
reported a very high 3PA cross-section (03 = 2.5 x
1077" cm® s? photon™?) of pseudoisocyanine in its
J-aggregated form at very high concentration (2.0 x
1073 M), while no experimental evidence of pure 3PA
in the monomer was observed.*” Wu et al. reported
the 3PA cross-section of a series of 1,24-triazole
end-capped oligofluorene derivatives in toluene.
They showed that the 3PA cross-section value in-
creased from o3 = 1.8 x 1078 cm® s? photon2 to
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TABLE 2. Summary of 3PA Parameters for Aggregates
1a(aggy 1b(aggy 1¢(aggy and 1d-FAzgq)°

aggregate’ 03 (am® s? photon ) 7305 (cm® s* photon—?) slope?
1agg 13x 107% 08 x 107% 3.04
1biagy) 40 x 107% 17 x 107% 3.00
gy 50 x 107% 16 x 107% 294
1d-FAygy) 6.0 x 107% 19 x 10°% 282

“ Maximum 3PA cross-section (3) and action cross-section (17303) along with the
slope values of logarithmic plots of luminescence output versus laser power are
shown. ® All measurements were carried out using DMSO/water mixture solvent
(1a: 4:6 v/v; 1b, 1c, and 1d-FA: 1:9 v/v). <775 denotes luminescence quantum
efficiency by assuming that one- and three-photon excited luminescence quantum
efficiency remains the same. dSIopes were measured at foeqc = ~100 GW/cm?,

03 =24 x 10778 cm® s? photon 2 upon introduction
of two more oligofluorene units in the backbone.*® As
compared with these reported systems, the present
nanoaggregate 1d-FA(,4, was prepared in water-
containing solution, showing cancer cell-targeted
bioimaging capability as discussed later.

Previous theoretical calculations on the 3PA cross-
section of organic molecules revealed that the transi-
tion dipole moment between the ground state and the
final state is the only parameter contributing to the
final 3PA cross-section.*® This conclusion suggests that
functionalizing molecules with an electron-donating
or -accepting unit to expand the conjugation could
lead to better charge separation to improve the cross-
section value.>® Another possible way is to facilitate
excitonic coupling and intermolecular interactions,
where monomers with a relatively simple structure
are capable of self-assembly to form aggregates.®' >3
Thus, for nanoaggregates 1a(gg), 1bagg) 1€(agg) and
1d-FA.4q), the observed enhancementin cross-section
value could be attributed to intermolecular coopera-
tive effects due to the aggregation, which include the
contributions from planarization induced extended 7-
conjugation of the cyanostilbene core, polarizability,
and donor—acceptor—donor interactions.>**> On the
other hand, since a large number of cyanostilbene
molecules are in the aggregated state with parallel
dipole moment, the electronic transition of individual
molecule is strongly coupled by the excitonic interac-
tion, leading to an enormous transition dipole mo-
ment. Similarly, the donor-rr-acceptor structure along
with four oligofluorene derivatives further extends the
conjugation and charge separation in nonaqueous
solvent, which is responsible for higher cross-section
value*® as compared to our measured value.

Thus, the large 3PA cross-section along with high
stability and brightness from 1¢gq and 1d-FA 4
encourages us to carry out targeted three-photon
imaging in vitro. In order to demonstrate the targeted
bioimaging capability, three different cell lines
(HEK293 healthy cell line, MCF7 cancerous cell line,
and Hela cancerous cell line) were selected according
to their folate receptor expression level. Among them,
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Set 2: MCF7 (cancer cell lines) Set 1: HEK293 (healthy cell lines)

Set 3: HelLa (cancer cell lines)

Figure 5. Three-photon microscopy images of HEK293
(a—f), MCF7 (g—1), and HelLa (m—r) cells incubated with
1Cagg) and 1d-FAgq) for 4 h. Set 1: HEK293 healthy cells,
(a—c) for 1¢(agq) and (d—f) for 1d-FA (4. Set 2: MCF7 cancer
cells, (g—i) for 1c(gg) and (j—I) for 1d-FA(,qq). Set 3: Hela
cancer cells, (m—o) for 1¢q5 and (p—r) for 1d-FA(,qq).
Excitation Ae,c was at 1300 nm, and emission was collected
at 500—600 nm.

the Hela cell line is well-known for its high expression
of the folate receptor as a positive control (FA+),
whereas MCF7 and HEK293 cell lines have a low
expression of the folate receptor as negative controls
(FA-).>**” Two different nanoaggregates 1d-FA(gqq)
with an FA side chain and 1¢(,qq without an FA side
chain were chosen for the comparison of targeted
bioimaging. The inherent cytotoxicity of 1¢;gg and
1d-FA,4,) was evaluated using 3-(4,5-dimethlthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in
the three types of cell lines. The cell viability of HeLa cell
line remained over 70% after 24 h incubation with high
concentrations (760 uM) of 1¢;gg and 1d-FAgqg).
Similarly, for MCF7 and HEK293 cell lines, the viability
remained 74% and 81% for 1¢(,qq) and 87% and 90%
for 1d-FA .44, under the same conditions, respectively

ACR AN
VOL.9 = NO.5 = 4796-4805 = 2015 A@L%{\)

WWwWW.acsnano.org

4802



(Figures 58—510, SI). Evidently, both 1¢(q4q) and 1d-
FA(gg exhibited low toxicity even at very high
concentrations, further proving their suitability for
bioimaging.

We then demonstrated the three-photon bioima-
ging capability of 1¢(.gq) and 1d-FA,4q) using HEK293,
Hela, and MCF7 cell lines, and a schematic diagram
of the microscopy setup is shown in Figure S11 (SI). All
of the cell lines were incubated with 1¢;qq and 1d-
FA(gg in respective sets for 4 h. An aggregate con-
centration of 47.5 uM was used after optimization by
several trials in order to achieve uniform distribution
of aggregates for bioimaging. Nanoaggregate 1¢(qq)
with a glycol side chain did not undergo the endocy-
tosis by both healthy and cancerous cell lines within
the incubation time. FA attached 1d-FA 4 exhibited
targeted endocytosis to Hela cells with high FA re-
ceptor expression. Figure 5 shows the results of the
three-photon bioimaging experiments upon excitation
at 1300 nm and emissions collected at 500—600 nm.
Figure 5a—c, Figure 5g—i, and Figure 5m—o are the
images of 1¢qg-incubated cell lines for 4 h. Clearly,
no endocytosis was observed in the three cell lines.
Figure 5d—f, Figure 5j—I, and Figure 5p—r present the
images of 1d-FA(,qq incubated cell lines for 4 h.
For HEK293 and MCF7 cells, no obvious endocytosis
of 1d-FA(4q was observed. Interestingly, enhanced
endocytosis of 1d-FA,gq) Was observed in Hela cancer
cells, which was clearly evidenced from both the dark
field (Figure 5q) and overlay (Figure 5r) images.
As compared with bioimaging results under one- and
two-photon excitations (Figures S12 and S13 in the Sl),
the obtained three-photon bioimaging showed better
performance. On the other hand, the present imaging
resolution is relatively lower than previously reported

METHODS

Quantum Yield Measurements. Fluorescence quantum yields
were measured by the relative comparison procedure using
quinine sulfate with a quantum yield of 0.54 in 0.1 M H,SO, as
reference compound. The quantum yield was calculated from
eq 1 shown below

¢f = ¢f/(lsample//std)(Astd /Asample)(nzsample/nzstd) (1)

where ¢/ is the absolute quantum yield of the reference com-
pound, lsmple and Isq are the integrated emission intensities,
Asample and Ay are the absorbance at the excitation wavelength,
and nzsampb and n?,q are the respective refractive indices.
Calculation of Refractive Indices. To calculate the quantum
yields and the 3PA cross-section, the refractive index of the
mixture solvent (DMSO/water) was employed, as we used it to
prepare the corresponding solution. To calculate the refractive
index of the mixture solution, the following eq 2 was used

n = NwaterVwater + Npmso Vomso )
Viater + Vbmso

where nyater and Npuso are the refractive indices of water and
DMSO and V is their respective volume in the mixture. Con-
sidering Nyater and Npmso of water and DMSO are 1.33 and 1.479,

MANDAL ET AL.

case’ Since nanoaggregate 1d-FA,q,) consists of
cyanostilbene fluorophores, its imaging performance
may vary upon a slight change in the aggregate
dimension. In such an organic system, the amount of
3PA may show slight variations with a decrease in the
image resolution. Nevertheless, these experiments
proved targeted bioimaging of 1d-FA(,45 under
three-photon luminescence for the first time.

CONCLUSIONS

In conclusion, we present the development of a new
class of unsymmetrical cyanostilbenes (1a—c and 1d-
FA) and their unprecedented aggregates with multi-
photon properties. We have observed aggregation-
induced enhanced luminescence from the instanta-
neous aggregates formed by 1a—c and 1d-FA in a
DMSO/water mixture solution. Varying side chains
attached on the cyanostilbene core from hydrophobic
to hydrophilic units induces the morphology tuning of
aggregates with different sizes. The aggregates 1¢(,qq)
and 1d-FA(,qq formed from the derivatives with hy-
drophilic side chains, i.e., glycol and FA-attached glycol,
show spherical morphology. All aggregates exhibit
hitherto unreported three-photon excited lumines-
cence properties, and the aggregate 1d-FA,4q) presents
the highest 3PA cross-section value among all the
derivatives. We have then demonstrated the targeted
three-photon bioimaging capability of 1d-FA,qq in
comparison with 1¢(,qq) Using healthy and cancerous
cell lines. The enhanced targeting of 1d-FA(qq to
HelLa cancer cells has been achieved through the
folate receptor-mediated endocytosis. Thus, this study
presents a novel paradigm of using organic nanoaggre-
gates for targeted high-resolution three-photon bio-
imaging in vitro.

respectively, the refractive indices of mixture solvent used to
form the aggregates for Ta—c and 1d-FA were calculated to be
1.39, 1.34, 1.34, and 1.34, respectively.

Measurements of 3PA Cross-Section. 3PA spectra of the samples
were obtained by using a multiphoton luminescence method with
rhodamine B in water as the reference. A Ti:sapphire system that
produces a 100 fs (HW1/e) pulse in the wavelength range of
260—2600 nm with a repetition of 1000 Hz was used as the
excitation source. In the measurement process, the input laser
beam was focused into the solutions. To avoid the self-reabsorp-
tion in the 3PA cross-section measurements, the laser beam was
focused as close as possible to the wall of the quartz cell and the
luminescence signal was collected in backscattering geometry, so
that only the emission from the edge of the solution was collected.
Thus, an optimal distance between excitation source and sample
was maintained during all measurements. Considering the same
emitted photon collection efficiency for all the samples, the
luminescence intensity ratio of F3 to F, can be further expressed as

F_3 _ 7’]30'3N3Ig _ 7730'3C3V3Ig
Fo  17,00Nol2 17,02 Val2

3

where, F3 and F; are the three- and two-photon excited lumines-
cence intensity respectively, 77 is the photoluminescence quantum
efficiency, o3 and o5 are the 3PA cross-section of the samples and
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2PA cross-section of rhodamine B, respectively, Iy is the incident
intensity at the focus, V5 and V, are the effective focal volumes of
the three-photon-excited samples and the two-photon-excited
rhodamine B, respectively, and C; and C, are the molar concen-
trations of samples and Rhodamine B, respectively.

The effective volume®® of the two- and three-photon ex-
citations can be, respectively, approximated as

Vs = 23(@)*237320dL (4)

V, = 2 20dlL (5)

where L describes the elongation of the volume along the
optical axis, while w, describes the spot size at the focus.
Therefore, eq 6 could be derived:

F3 o 0.54773U3C3I0

= = (6)
Fa 17,02C;

By comparing the three-photon excited fluorescence inten-
sity of samples with the two-photon excited fluorescence
intensity of rhodamine B, their quantum yields, molar concen-
trations, and the values of the 3PA cross-section were achieved.

Cell Culture. Hela, MCF7, and HEK293 cells were seeded and
grown in DMEM supplemented with 10% fetal bovine serum at
37 °C. These samples were trypsinized, and about 1 x 107 cells
were added in each well of a 6-well culture plate. After 24 h
of growth, all of the cell lines were incubated with solutions
(47.5 uM) of the nanoaggregates 1¢(,qq) and 1d-FA 4 at 37 °C
in the culture medium for 4 h. After being washed with
phosphate-buffered saline three times to remove remaining
nanoaggregates, cells were viewed under a fluorescence micro-
scope (IX7, inverted fluorescent microscope, Olympus) at an
excitation of 1300 nm using a band gap filter with a wavelength
range of 500—600 nm to block excited light.

MTT Assay for Cytotoxicity Studies. To investigate the cytotoxicity
of 1¢(agg) and 1d-FA(,gq) on Hela, MCF7, and HEK293 cell lines, a
conventional MTT assay was used.”® All of the cell lines were
seeded into a 96-well plate at a density of 1 x 10* cells/well in
DMEM. After 24 h exposure, the medium in the wells was replaced
with fresh medium (100 4L) containing 1¢(,qg) and 1d-FA .4, with
gradually diluted concentrations according to standard proce-
dure. After incubation for another 24 h, the medium was removed,
and a medium (100 uL) containing MTT (0.5 mg mL~") was added.
After further incubation for 4 h, the medium was replaced with
DMSO (100 uL). The plate was gently shaken for 30 min, and then
the absorbance at 560 nm was recorded using a microplate reader
(infinite 200 PRO, Tecan). The cell viability related to the control
wells that only contain cell culture medium was calculated by
[Altest/[Alcontrolr Where [Alies: and [Alcontrol @re the average absorp-
tion intensities of the test and control samples, respectively.
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