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ABSTRACT: New red-emitting conjugated polymers have
been successfully synthesized by incorporating classical two-
photon absorption (TPA) units, electron-rich units, and a
small amount of electron-deficient units along the polymer
backbones. Water-dispersible nanoparticles (NPs) based on
these polymers were also fabricated for applications in two-
photon excitation fluorescence imaging of cell membrane.
Through optimization of the polymer/matrix mass ratio and
the initial feed concentration of the polymer solution, a high
quantum yield (QY) of 24% was achieved for the red-emitting
NPs in water. TPA cross section and two-photon action cross
section values of these polymers at 750 nm reached up to 1000
GM and 190 GM per repeat unit in aqueous media, 2.5 X 10°

GM and 4.7 X 10* GM per NP, respectively. Furthermore, these NPs displayed excellent photostability and biocompatibility.
Their applications as two-photon excitation fluorescence probes for cell membrane imaging have been demonstrated in three
different cell lines with excellent imaging contrast. These results demonstrated that these polymer NPs hold great potentials as
excellent two-photon excitation fluorescence probes in various biological applications.
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B INTRODUCTION

As a noninvasive intravital imaging technique on the single-cell
level, two-photon excitation (2PE) fluorescence imaging has
attracted great research interest for investigating complex
biological and physiological events in the past decade.'””
Compared with conventional one-photon excitation fluores-
cence imaging, 2PE fluorescence imaging possesses unique
advantages, such as deeper tissue penetration, lower auto-
fluorescence, less photobleaching and reduced phototoxicity,
because of the use of near-infrared (700—1000 nm) excitation
source and quadratic dependence of two-photon absorption
probability on the incident light intensity.*™® Various
fluorescent materials, including small organic dyes,m fluores-
cent proteins,11 and inorganic semiconductor quantum dots
(QDs),"” have been employed as the probes for 2PE
fluorescence imaging. However, all these materials suffer from
some drawbacks, such as poor photostability of organic dyes
and proteins,'” high toxicity, and irregular blinking behaviors of
QDs."* As a class of macromolecule consisting of delocalized 7-
electrons along the polymer backbone, conjugated polymers
(CPs) exhibit large extinction coefficients, high fluorescence
quantum yields, good photostability, and biocompatibility.'>'®
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To be useful for biological applications, water solubility of
hydrophobic CPs was improved either by chemical modifica-
tion with the ionic side chains (i.e., the polyelectrolytes)'” or
physical approach via emulsion or reprecipitation to fabricate
water-dispersible nanoparticles.'®™>" CP nanoparticles (NPs)
with emission spanning the full range of the visible spectrum
have been developed owing to the facile fine-tuning of the
conjugation structures.”””>* Far-red/near-infrared (FR/NIR)
emitting NPs are important for bioimaging because of their
deep tissue penetration for efficient emission detection.>>™>’
However, red emitters generally have planar aromatic
structures, which make them easy to aggregate in aqueous
media via 7—7 stacking and hydrophobic interactions, leading
to significantly reduced fluorescence quantum yield (QY).****
To mitigate the aggregation effect and obtain larger Stokes
shift, physical blending CPs with NIR fluorescent accept-
ors”” ! and chemical introduction of narrow-band gap
moieties into CP backbones®>** are generally utilized to obtain
NPs that emit in the FR or NIR range. In these methods, donor
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(D) and acceptor (A) molecules are encapsulated into the NP
matrix, in which excitation energy is transferred from the donor
to the acceptor through fluorescence resonance energy transfer
(FRET),”>?** leading to large apparent Stokes shift.
Compared with sophisticated chemical modification of the
fluorophores, FRET strategy is more straightforward and
flexible. Ideal two-photon chromophores need to have high
QY () and large TPA cross section (). The product of both
was defined as two-photon action cross section (175), which
determines two-photon brightness and better signal-to-noise
ratio to achieve high contrast images.**® Various strategies for
construction of the molecules with large TPA cross sections
have been explored. Dyes with extended 7z-conjugated systems
symmetrically substituted with electron-donating or accepting
functional groups have been known to display large 6 values. &
values could be improved by optimizing many factors, such as
conjugation length, molecular planarity, intramolecular charge
transfer, vibronic coupling, dimensionality of the charge-
transfer network, and the electron donating and withdrawing
abilities of the donor and acceptor.”"**~* However, 5 values
of most TPA molecules decrease significantly when transferred
from organic solvent into polar aqueous media because of
aggregation, which could be overcome by using amphiphilic
block polymers as the encapsulation matrix.****

Two-photon chromophores based on the structure of
bis(diphenylaminostyryl)benzene (DPSB) have been demon-
strated to possess efficient D-z-D structures with large 6 values
(Scheme 1).**™* Herein we designed and synthesized a
series of DPSB based conjugated polymers (Scheme 1).
Linearly copolymer M1 and cross-copolymer S1 were
synthesized by copolymerization of DPSB units and fluorene

Scheme 1. (a) Chemical Structures of DPSB, Encapsulation
Matrix PSMA, and Polymer S1, S2, M1, M2 and (b)
Illustrative Preparation Procedures of Conjugated Polymer
NPs
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units. Dithienylbenzothiadiazole (DTBT) units were further
introduced into the backbones to act as energy acceptor to
redshift the emission wavelength to far-red range and form a D-
7-A-w-D structure to improve their TPA cross sections (M2
and S2). Water dispersible NPs based on these polymers were
prepared by using poly(styrene-co-maleic anhydride) (PSMA)
as the encapsulation matrix. These NPs were further optimized
by adjusting the polymer/matrix mass ratio and the initial feed
concentration of the polymers. Applications of these CP NPs as
two-photon fluorescence probes for cell membrane imaging
were subsequently demonstrated.

Bl RESULTS AND DISCUSSION

Synthesis and Characterization. Scheme 2 shows the
synthesis routes of the four conjugated polymers (the detailed

Scheme 2. Synthetic Routes for S1, S2, M1, and M2
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synthetic routes of the monomers are shown in Figure S1 in the
Supporting Information). Monomers 3a and 3b were
synthesized via a Horner—Emmons reaction between phos-
phoric acid diethylester and diphenylaminobenzaldehyde. The
polymers (M1, M2, S1, and S2) were synthesized by Suzuki
polymerization at 85 °C. M2 and S2 were prepared by
incorporating 5.0 mol % of electron accepting unit, DTBT, into
the polymer backbones, which was an optimum ratio for
efficient energy transfer in the NPs. The reaction times for M1
and M2 (2—3 h) were much shorter than those for S1 and S2
(24 h) to prevent gel formation during the reaction, which was
due to their relatively lower solubility, especially for M1. The
solubility differences can be attributed to more extended 7-
electron conjugation systems and higher chain planarity of M1
and M2 compared to S1 and S2. M1 and M2 exhibited smaller
molecular weights than those of Sland S2 due to short reaction
times. Water dispersible NPs were prepared by using a
reprecipitation method with and without PSMA as the
encapsulation matrix (PSMA-CP and bare-CP NPs, CP denotes
S1, S2, Mland M2). The morphologies and sizes of the PSMA-
CP NPs were characterized by transmission electron
microscopy (TEM) and dynamic light scattering (DLS)
measurements. Average diameter of 23 nm was obtained for
PSMA-M2 NPs from TEM measurement (Figure 1a),
consistent with the DLS results (Figure 1b, 26 nm). The
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results of other CP NPs are shown in the Supporting
Information (Figures S2 and S3).
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Figure 1. TEM image (a) and DLS distribution (b) of PSMA-M2
NPs.

Absorption and Fluorescence Properties. Absorption

and fluorescence spectra of four conjugated polymers (M1, M2,
S1 and S2) in tetrahydrofuran (THF) and NP dispersion in
water are shown in Figure 2. M1 and M2 showed larger molar
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Figure 2. Absorption (left) and fluorescence spectra (right, Azx = 410
nm) of M1, M2, S1, and S2 in THF (a, b, 1.0 uM), bare-CP NPs in
water (c, d, 2.5 uM), and PSMA-CP NPs in water (e, f, 2.5 uM).

extinction coefficients (per RU) than S1 and S2, which can be
ascribed to reduced flanarity of the z-electron conjugation
systems in S1 and S2.*” In THF solution, the polymers exist in
a “molecularly dissolved” state. M1 and M2 THF solutions
exhibited dominant absorption peaks at 415 nm, which were
~S nm red-shifted compared to those of S1 and S2 due to
larger 7-conjugation length. The CP NP dispersions in water
(bare-NPs and PSMA-NPs) displayed slightly broadened and
~5 nm blue-shifted absorption spectra compared to those in
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THE solution. The observed blue-shift in absorption spectra
reflects decreased conjugation length due to bending, torsion
and kinking of the polymer backbones inside the nano-
particles.”® Fluorescence spectra of M2/S2 THF solution
displayed a dominant donor emission band at ~480 nm and a
small acceptor emission band at ~630 nm. In bare-NPs, the
fluorescence spectra of M2/S2 were dominated by the acceptor
emission band at ~630 nm. The energy transfer efliciencies in
bare-NPs were found to be nearly 100%, significantly enhanced
due to 3-dimensional contacts between the donor and acceptor
segments in NPs. The energy transfer efficiencies in PSMA-
M2/S2 NPs were slightly reduced due to introduction of PSMA
matrix, in which the hydrophobic parts of PSMA interpenetrate
with the polymer chains to reduce the contact between the
donor and acceptor segments. Although introduction of PSMA
slightly reduced the FRET efhiciencies, the absolute intensities
of the acceptor emission peaks were significantly larger than
that of the bare-M2/S2 NPs at the same CP solution
concentration. These results suggest that introduction of
PSMA helps to improve QY of donor or acceptor segments.

Optimization of Conjugated Polymer NPs. The CP NPs
in the aqueous solution were prepared by using an amphiphilic
block copolymer, PSMA, as the surfactant and encapsulation
matrix. The ratio of CP to surfactant is important for
controlling the morphology of CP domains inside the NPs
and improving their QYs.”*" The initial CP concentration in
the precursor solution has also been known to influence the
particle size and self-assembly behaviors of CP inside the NPs
and consequently their QYs.'*>

Figure 3a and b shows fluorescence spectra of PSMA-M1 and
PSMA-M2 NPs with mass ratios of CP to PSMA ranging from
1:0 to 1:200, while the CP concentration was kept at 2.5 yuM
(in RU). The emission intensities of donor and acceptor
segments for different PSMA-M1 and PSMA-M2 NPs are
summarized in Figure 3c. The results for PSMA-S1 and PSMA-
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Figure 3. Fluorescence spectra of PSMA-M1 NPs (a) and PSMA-M2
NPs (b) with polymer/PSMA mass ratios varying from 1:0 to 1:200.
(c) Fluorescence intensity variation of donor and acceptor emission
peaks with different polymer/PSMA mass ratios. (d) QYs and NPs
size of the PSMA-M2 NPs prepared from different feed concentrations
of polymer in THF. Agx = 410 nm.
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S2 NPs are summarized in Supporting Information Figure S4.
As the PSMA content inside the NPs increased, fluorescence
intensity of PSMA-M1 NPs (at 480 nm) increased until
reaching an optimum QY of 30% at CP/PSMA mass ratio of
1:25, then slightly decreased at very high PSMA contents
because of the surfactant oversaturation caused by excessive
PSMA. The oversaturation was indicated by the observation of
the NPs solution getting turbid at higher PSMA contents. The
donor emission (at 480 nm) and acceptor emission peaks (at
630 nm) of PSMA-M2 NPs both increased steadily with the
increasing content of PSMA at first due to the separation effect
of PSMA against aggregation induced quenching. After PSMA
content increased above the optimum CP/PSMA mass ratio at
1:25, the donor emission peak grew continuously but the
acceptor emission peak started to fall, which can be attributed
to the reduced FRET efficiency as the excess PSMA increased
the donor—acceptor separation distances. The PSMA-S2 NPs
were also found to give the largest acceptor emission intensities
at CP/PSMA mass ratio of 1:25 (Supporting Information
Figure S4).

The effects of initial CP concentration in the precursor
solution on the particle size and QY have also been investigated
on PSMA-M2 NPs (Figure 3d and Supporting Information
Figure SS). As the initial feed concentration of M2 increased
from 5.0 to 80 uM (in RU at CP/PSMA mass ratio of 1:25),
the particle size increased steadily from 14 to 64 nm
(hydrodynamic diameters by DLS). The optimum fluorescence
intensity of the acceptor emission band was observed for NPs
with diameter of 26 nm prepared by using initial M2 feed
concentration of 10 M. Further higher feed concentration led
to slightly decreased donor and acceptor emission intensities
and increased acceptor/donor emission intensity ratio. These
observations indicated that the chromophores were likely to
aggregate inside larger NPs as PSMA surfactants tend to locate
at the surface of the NPs and consequently decreased QYs of
donors and acceptors for larger NPs despite increased energy
transfer efficiency.

High stability in biological environment is critical for in vivo
applications of nanoparticles. The stability of these NPs was
evaluated by monitoring their fluorescence intensities after
incubation with 1 X phosphate buffer solution (PBS) at 37 °C
for up to 10 days (Supporting Information Figure S6). It was
found that the fluorescence intensities of these polymer NPs
remained almost 100% of their initial values after incubation for
up to 10 days. In contrast, the commercially available quantum
dot, QD65S, a widely used labeling agent for two-photon
imaging, has been reported to show over 50% decrease in
fluorescence intensity under the same condition.>>>> The
photostabilities of PSMA-M2 NPs in aqueous solution (2.5 uM
in RU) and spin-coated M2 polymer thin films (50 nm thick)
were examined under continuous one-photon excitation at 410
nm (4 mW) and fs laser excitation at 750 nm (100 mW) for 10
min (Figure S7 in the Supporting Information). The
fluorescence intensities of PSMA-M2 NPs in aqueous solution
remained nearly constant after fs laser illumination for 10 min,
while that of M2 polymer thin films (without surfactant
protection, the extreme case) decreased by 40% under the same
condition. Because of high photon flux and the resonant nature
of two-photon excitation, photobleaching is generally unavoid-
able within the excitation area.>* As two-photon excitation in
laser scanning microscopy restricts excitation to the focal plane
and the illumination time at each point is less than 1 ms in a
typical cell imaging experiment, the photobleaching effect is
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minimized and restricted within the small focal volume without
photobleaching the sample within the whole illumination area
as in the one-photon excitation. These NPs displayed sufficient
photostability against photobleaching for in vivo cell imaging
experiments despite the high laser power. Moreover, the zeta
potential of these NPs remained nearly unchanged after
incubation in PBS at 37 °C for up to 10 days(Figure S8 in
the Supporting Information), which further confirm their high
kinetic stability in the biological environment.

Fluorescence Quantum Yield and Lifetime. Fluores-
cence QYs of the different samples are summarized in Table 1.

Table 1. Fluorescence Quantum Yields of Different Samples
(CP/PSMA Mass Ratio of 1:25 for PSMA-CP NPs)“

polymer THE (%) bare-CP NPs (%) PSMA-CP NPs (%)
S1 92 9 32
$2 61(19) 14(14) 27(24)
M1 84 9 30
M2 66(16) 11(11) 23(19)

“The QYs in the brackets for S2 and M2 are calculated only from the
acceptor emission bands ranging from 550 to 800 nm.

The QYs in the brackets for S2 and M2 are calculated based on
the acceptor emission bands ranging from 550 to 800 nm only.
Four CPs showed high quantum yields (from 61% to 92%) in
the THF solution. The QYs of the corresponding bare NPs in
water decreased down to 9—14% because of aggregation-
induced quenching. Incorporation of amphiphilic PSMA into
PSMA-M1 and PSMA-S1 NPs to separate adjacent conjugated
segments helps to mitigate the self-quenching effects and leads
to higher QYs. Introduction of PSMA has complicated effects
on the red emission of the PSMA-M2 and PSMA-S2 NPs. On
the one hand, introduction of PSMA will increase the QY of
donor and acceptor segments in overall. On the other hand, too
much PSMA will reduce energy transfer efficiency from the
donor segments to acceptor segments. An optimum PSMA
content is required for the largest red emission intensity
(Figure 3).The effective red-emission QYs (550 to 800 nm
portion) of PSMA-M2 and PSMA-S2 NPs were found to reach
up to 19% and 24%, respectively. This is quite high as red-
emitting fluorophores generally have low quantum yields
because of small band gaps.

Fluorescence lifetimes of different samples were measured by
using a time-correlated single photon counting (TCSPC)
method (Figure 4 and Supporting Information Figures S9 and
S10 and Tables S1—S4). The spectral resolution was set as 1.0
nm and full-width at half-maximum of the instrument response
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Figure 4. Fluorescence decay curves of M1 (a) and M2 (b) in different
states.
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function (IRF) was ~200 ps, which give a temporal resolution
of ~100 ps after deconvolution. The TCSPC results (Figure 4)
are consistent with steady state fluorescence spectra and
quantum yield results. The fluorescence lifetime of M1 samples
at 500 nm decreased from its THF solution, to PSMA
encapsulated NPs and then to bare NPs (Figure 4a), which is
consistent with their decreasing QYs in the corresponding
states due to increased aggregation induced self-quenching. The
fluorescence lifetime of donor emission at S00 nm of M2 in
THF solution, PSMA-M2 NPs and bare M2 NPs are shorter
than those of the corresponding M1 samples because of the
energy transfer processes in M2 (Figure 4b). The differences in
lifetimes between M1 and M2 samples at donor emission peak
(500 nm) increased in the order of THF solution, PSMA
encapsulated NPs and bare NPs, consistent with increasing
energy transfer rates due to the decreasing donor—acceptor
separation distances in these samples. Fluorescence lifetime of
the acceptor emission at 630 nm in PSMA-M2 NPs was longer
than that of bare-M2 NPs (Supporting Information Figure
$9d), suggesting reduced self-quenching of the acceptor
segments and consequently improved QY due to incorporation
of PSMA matrix. A similar trend was observed by comparing
the corresponding S1 and S2 samples.

Two-Photon Excitation Optical Properties. Two-
photon excitation (2PE) optical properties of different
PSMA-CP NPs in aqueous dispersion have been characterized
by using femtosecond laser pulses with pulse duration of ~80 fs
and repetition rate of 84.5 MHz (Figure S). 2PE fluorescence
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Figure 5. (a) 2PE fluorescence spectra of the PSMA-CP NPs with the
same concentration (2.5 M in RU) in water dispersion, Agx = 810

nm. (b) Wavelength dependent TPA cross section and two-photon
action cross section values per repeat unit for different PSMA-CP NPs.

spectra of various PSMA-CP NPs (Figure Sa) are similar to
their one-photon excitation fluorescence spectra (Figure 2f).
2PE fluorescence spectra of PSMA-M2 and PSMA-S2 displayed
a minor donor emission band in the 450—550 nm range and a
dominant acceptor emission band in the 600—700 nm range.
Wavelength dependent TPA cross section and two-photon
action cross section values per repeat unit for different PSMA-
CP NPs from 750 to 850 nm have been measured by using
Fluorescein in water (pH = 11) as the reference. All four CP
NPs display largest TPA cross sections at 750 nm, the shortest
excitation wavelength used in the experiment (the real TPA
maximum could be located at even shorter wavelength beyond
our measurement window). These results are summarized in
Table 2. PSMA-S2 and PSMA-M2 NPs displayed much larger
TPA cross sections than the corresponding undoped NPs
(PSMA-S1 and PSMA-M1 NPs), which can be ascribed to
formation of D-7-A-7-D structures in M2 and S2 by
introduction of DTBT wunits. Formation of D-z-A-7-D
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Table 2. Two-Photon Optical Properties of the PSMA-CP
NPs in Aqueous Dispersion

PSMA-CP NPs 6 (GM)* 55 (GM)* 5 (GM)¥ 75 (GM)®
S1 320 102 3.1 x 10* 1.0 x 10*
S2 735 162 8.5 x 10* 1.9 x 10*
Ml 469 141 39 x 10* 1.2 x 10*
M2 1000 190 2.5 % 10° 47 x 10*

“TPA cross section and two-photon action cross section per repeat
unit at 750 nm. ’TPA cross section and two-photon action cross
section per NP at 750 nm.

structures facilitates the charge transfer between the donor
moieties and & system of the molecule, resulting in lar§er
electron delocalization and improved TPA cross sections.*”®
PSMA-M2 NPs displayed larger TPA cross sections than
PSMA-S2 NPs due to more planar s-electron conjugated
systems of M2 (PSMA-M1 NPs displayed larger TPA cross
section than PSMA-S1 NPs for the same reason). Among all
four different PSMA-CP NPs, PSMA-M2 NPs displayed largest
TPA cross sections, up to 1000 GM per RU at 750 nm. The
corresponding two-photon action cross section reached 190
GM per RU. Considering one PSMA-M2 NP contains many
molecules composed of many repeat units, TPA cross section
and two-photon action cross section of M2 were estimated to
be 2.5 X 10° and 4.7 X 10*GM per nanoparticle, respectively.
These conjugated polymer NPs have much higher é and 76
values than the typical commercially available two-photon
labeling agents, many previously reported QDs and organic
dyes in water.*”**”>® For example, the two-photon action cross
section value of the PSMA-M2 NPs is about 7 times larger than
that of QD655 (6 = 4.3 X 10* GM at 810 nm; 77 = 15 + 2%),*®
and much higher than that of another commercial two-photon
cell labeling agent, Evans Blue (5, & 150 GM at 790 nm).”’

Two-Photon Excitation Fluorescence Imaging of
Cancer Cells. Large TPA action cross section of PSMA-CP
NPs makes them attractive candidates as two-photon imaging
agents. Good biocompatibility is a prerequisite for any
bioimaging probes. The cytotoxicity of the PSMA-MI1 and
PSMA-M2 NPs were evaluated by monitoring the metabolic
viability of HepG, cells after incubation with the NPs of
different concentrations. Figure 6 shows that the cell viabilities
remain nearly 100% after incubation with the NPs at 1.5 to §
uM for 24 and 48 h, demonstrating their excellent

120

100

80

60

Cell viability (%)

40

20

1.5

25 5 15 25
Concentration (M)

5

Figure 6. Metabolic viability of HepG2 cells after incubation with
PSMA-M2 and PSMA-M1 NPs at different concentrations (in RU).
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biocompatibility. The concentrations of NPs in the viability test
were much higher than that applied in the cell imaging
experiments below to ensure their safe applications in biological
imaging.

The application of PSMA-M2 NPs in 2PE cell imaging was
demonstrated by using a laser scanning confocal microscope
under femtosecond laser excitation at 750 nm. HepG2 cancer
cells, HeLa cancer cells and NIH/3T3 cells were chosen as the
model cell lines to test the application of these NPs as generic
labeling agents (Supporting Information Figure S11). Three
different NP concentrations (0.1, 0.5, and 2.5 M) were used in
the imaging experiments. The results shown that 0.5 yM of the
NPs were suflicient to give clear cell images with high quality,
which demonstrated high sensitivity of these NPs (Supporting
Information Figure S12). 2PE fluorescence images of HepG2
cells after incubation with PSMA-M1 NPs and PSMA-M2 NPs
are shown in Figure 7. Strong fluorescence was observed from

Figure 7. Two-photon excitation fluorescence images (a, d), bright-
field images (b, e), and overlaid images (c, f) of HepG2 cancer cells
after incubation with PSMA-M1 NPs (0.5 uM, a—c) and PSMA-M2
NPs (0.5 uM, d—f).

the cell membrane for all three types of cells, indicating that
these PSMA-CP NPs are preferably located at the cell
membrane. The preferential location of NPS at the cell
membrane can be ascribed to favorable hydrophilic interactions
between the carboxylic acid moiety of PSMA and the water
molecules near the membrane lipid head groups, combined
with the hydrophobic interactions between the aliphatic chains
of the polymers and lipid molecules in the cell membrane.*”*
As PSMA-M2 NPs emit red emission, which has much larger
penetration depth than the green emission emitted by PSMA-
MINPs, much brighter 2PE cell images were obtained by using
PSMA-M2 NPs as the probes than those using PSMA-M1 NPs.
Furthermore, the cells without and after incubation with the
NPs showed similar morphologies (Supporting Information
Figure S13), which demonstrated little adverse effects of the
NPs on the cell growth.

As a direct comparison with conventional imaging probes,
cell imaging experiments of HepG2 cells after incubation with
PSMA-M2 NPs and a commercial membrane tracker, CellMask
Deep Red Plasma membrane stain, were performed under both
one- and two-photon excitation (Figure 8). When PSMA-M2
NPs were used as the imaging probe, strong red fluorescence
signals were observed from cell membrane to clearly distinguish
the cell profile under both one- and two-photon excitation. In
contrast, the cell imaging using CellMask Deep Red Plasma
membrane stain only displayed detectable signals under one-
photon excitation, while undetectable emission signals under
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Figure 8. Bright-field images (left), one-photon excitation (middle),
and two-photon (right) excitation images of HepG2 cells after
incubation with PSMA-M2 NPs (top line) and CellMask Deep Red
Plasma membrane stain (bottom line). Excitation wavelength is 405
(b), 650 (e), and 750 nm (c and f), respectively.

two-photon excitation because of its small TPA cross sections.
These results highlight the advantages of these NPs over those
commercial probes and their potential applications in both one-
and two-photon excitation bioimaging. As plasma membrane is
involved in a variety of important cellular processes such as cell
adhesion and cell signaling, it is of high importance in
biomedical research to develop new materials for membrane
labeling and imaging of target living cells. =% Considering
these red emitting NPs could be further conjugated with
specific targeting ligands or functional groups for targeted
biological imaging, these polymer NPs hold great potentials as
two-photon excitation fluorescence probes to take the full
advantages of two-photon excitation for potential in vivo
applications.

B CONCLUSION

In summary, we have designed and synthesized two red
emitting conjugated polymers (S2 and M2) based on
incorporating classical TPA units-DPSB, electron-rich units-
fluorene and a small amount of electron-deficient units-DTBT
along the polymer backbones. Two green-emitting polymers
(S1 and M1) without doping DTBT units were also
synthesized as the control. Water-dispersible NPs based on
these conjugated polymers were prepared using amphiphilic
polymer PSMA as the encapsulation matrix. Strong red
emission was obtained by FRET between the donor—acceptor
pairs inside the NPs. The polymer/matrix ratio and the initial
feed concentration of the polymer solution were optimized to
achieve high red emission QYs of 24% and 19% for PSMA-S2
and PSMA-M2 NPs, respectively. Introduction of acceptor
units DTBT into the polymer backbones forms the D-7-A-7-D
structure, resulting in significantly enhanced TPA cross section.
TPA cross section of S2 and M2 NPs were found to be 8.5 X
10* and 2.5 X 10° GM per NP in aqueous media. Owing to
their large TPA cross section, high QY of red emission,
excellent photostability and biocompatibility, the applications of
these CP NPs as two-photon excitation fluorescence probes for
cell membrane imaging with excellent imaging contrast have
been demonstrated in three different cell lines. These polymer
NPs hold great potentials as two-photon excitation fluorescence
probes in various biological applications with potential of in
vivo applications.
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B EXPERIMENTAL SECTION

Characterization. '>*C NMR and 'H NMR data were collected on
a Bruker AVANCE Digital NMR workstation operating at 300 MHz.
Chemical shifts were reported as & value (ppm) relative to an internal
tetramethylsilane (TMS) standard. Molecular weights of the polymers
were determined by using a Waters 2410 gel permeation chromato-
graph (GPC) with a refractive index detector in THF using a
calibration curve of polystyrene standards. Mass Spectrometry (MS)
data were obtained on a WatersTQD with atmospheric pressure
chemical ionization resource (APCI). UV—vis absorption and
fluorescence spectra were measured by using a Shimadzu UV-—vis
spectrophotometer and a JobinYvon Fluoromax-4 spectrofluorometer,
respectively. The fluorescence quantum yield of the polymers in THF
and water were measured by using Fluorescein in aqueous solution
(0.1 M NaOH; QY = 0.95) and Coumarin 153 in ethanol (QY = 0.53)
as the standard. The absorbance of the solutions was kept below 0.1 to
avoid internal filter effect. Average particle size and size distribution of
the NPs were determined by dynamic light scattering (DLS) with a
particle size analyzer (90 Plus, Brookhaven Instruments Co. USA) at
room temperature. Transmission electron microscopic (TEM) images
of the nanoparticles were recorded by using a JEOL 2010 microscope.
Fluorescence lifetime measurements were performed on a TCSPC
module from Picoquant GmbH (Berlin, Germany). The frequency-
doubled output (410 nm, ~ 30 uW) of an Avesta TiF-100 M
femtosecond Ti:sapphire oscillator was used as the excitation source.
The detector is a photomultiplier tubes (PMT) (PicoQuant) and has
an instrument response function of 150 ps.

Materials. 4-(Diphenylamino)benzaldehyde(Ia),63 4-((4-Bromo-
phenyl)-phenylamino)benzaldehyde (1b),°%2,5-bis-
(diethylphosphonatomethyl)-1,4-dibromobenzene (2a),*® and tet-
raethyl-1,4-phenylenebis(methylene)diphosphonate (2b)* were syn-
thesized from triphenylamine and 1,4-dimethylbenzene according to
the previously reported methods. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9,9-dioctylfluorene and 4,7-bis(S-bromo-2-thienyl)-
2,1,3-benzothiadiazole were prepared according to the reported
procedures.®* Poly(styrene-co-maleic anhydride) (PSMA) was pur-
chased from Sigma-Aldrich and used as received. THF was dried over
Na/benzophenoneketyl and freshly distilled prior to use. The other
materials were commercially available and used as received.

2,5-Bis(4-diphenylaminostyryl)-1,4-dibromobenzene (3a).
2a (2.68 g S mmol) was added to a solution of potassium tert-
butoxide (1.68 g, 15 mmol) in dry THF (15 mL) at 0 °C, and then the
mixture was stirred for 1 h. A solution of 1a (3.00 g, 11 mmol) in dry
THF was added via syringe, and the resulting mixture was then stirred
at room temperature for 12 h. The reaction mixture was poured into
water and extracted with CH,Cl,. The organic layer was washed with
water, dried (MgSO,), and concentrated under reduced pressure,
recrystallization (CH,Cl,/hexane) afforded 3a as a yellow solid (2.01
g 52%)."H NMR (CDCl,, 300 MHz) § = 7.83 (s, 2H), 7.41 (d, 4H),
7.28 (t, 4H), 7.26 (d, 4H), 7.24 (d, 2H), 7.13 (d, 8H), 7.06 (m, 8H),
7.00 ppm (d, 2H). *C NMR (CDCl,;, 300 MHz), d = 148.30, 147.55,
137.44, 131.71, 130.71, 130.20, 129.54, 128.05, 124.98, 124.08, 123.53,
123.24, 123.07 ppm. MS (APCI, m/z): caled. For C,sHy,BrN, [M +
1]*: 773.11; found, 772.12.

1,4-Bis(4-(4-Bromo-phenyl)-phenylaminostyryl)-benzene
(3b). 2b (1.89 g, S mmol) was added to a solution of potassium tert-
butoxide (1.68 g, 15 mmol) in dry THF (15 mL) at 0 °C. The mixture
was stirred for 1 h. A solution of 1b (3.87 g, 11 mmol) in dry THF was
added via syringe and the resulting mixture was then stirred at room
temperature for 12 h. Some product had precipitated, the reaction
mixture was then poured into lots of water, and the product was
filtered. The solid material was recrystallized from large amounts of
CH,CI, to give 3b as a light yellow microcrystalline powder. (1.55 g,
41%).'H NMR (CDCl,, 300 MHz) & = 7.47 (s, 4H), 7.41 (d, 2H),
7.38 (d, 2H), 7.35 (d, 2H), 7.32 (d, 2H), 7.27—7.24 (m, 6H), 7.11 (4,
2H), 7.08 (d, 2H), 7.05 (d, 4H), 7.02 (d, 4H), 6.99 (d, 2H), 6.96 ppm
(d, 2H). C NMR (CDCl,, 300 MHz), § = 148.51, 148.02, 146.42,
139.14, 132.43, 132.22, 129.86, 129.11, 128.43, 128.27, 127.55, 126.23,
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125.07, 123.43, 123.05, 129.84, 124.91 ppm. MS (APCI, m/z): calcd.
for C,sH3,Br,N, [M + 1]*: 773.11; found, 772.10.

Polymer S1. Compound 3a (193.6 mg, 0.25 mmol), 2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene
(160.6 mg, 0.25 mmol) and Pd(PPh;),(10 mg) were dissolved in
toluene (5 mL). An aqueous K,COj solution (2 M, 2 mL) was added
to the mixture under nitrogen atmosphere and the reaction mixture
was degassed. The mixture was stirred at 85 °C for 24 h under
nitrogen atmosphere. The reaction mixture was cooled to room
temperature and poured into methanol (200 mL) to precipitate the
resulting polymer. The resulting solid was filtered and dissolved in
chloroform (20 mL). The solution was washed with water (300 mL)
several times. The organic phase was separated and concentrated in
vacuo to obtain the product in solid state, which was then purified by
Soxhlet extraction with acetone. The polymer was extracted with
chloroform followed by silica-gel chromatography with chloroform
eluent. The polymer was reprecipitated using methanol and dried in
vacuum at 60 °C overnight. Finally, polymer S1 was obtained as yellow
solid (yield = 85%). GPC: M,= 54.4 kDa, M,, = 124.2 kDa, PDI = 2.3.

Polymer S2. The synthetic method was similar to that of S1 except
that the starting material was 3a (174.2 mg, 0.225 mmol), 4,7-bis(S-
bromo-2-thienyl)-2,1,3-benzothiadiazole (11.§ mg, 0.025 mmol), 2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene
(160.6 mg, 0.25 mmol). S2 was finally obtained as light red solid (yield
= 83%). GPC: M, = 52.3 kDa, M,, = 126.3 kDa, PDI = 2.4.

Polymer M1. The synthetic method was similar to that of S1
except that the starting material were 3b (193.6 mg, 0.25 mmol), 2,7-
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-y1)-9,9-dioctylfluorene
(160.6 mg, 0.25 mmol). The reaction time was only 2—3 h at 85 °C
because of the much lower solubility of M1. Finally, polymer M1 was
obtained as yellow solid (yield = 63%). GPC: M, = 29.1 kDa, M,, =
100.7 kDa, PDI = 3.4.

Polymer M2. The synthetic method was similar to that of Ml
except that the starting material were 3b (174.2 mg, 0.225 mmol), 4,7-
bis(S-bromo-2-thienyl)-2,1,3-benzothiadiazole (11.5 mg, 0.025 mmol),
2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene
(160.6 mg, 0.25 mmol). Finally, polymer M2 was obtained as light red
solid (yield = 62%). GPC: M, = 27.2 kDa, M, = 128.1 kDa, PDI = 4.7.

Preparation of PSMA Incorporated Polymer Nanoparticles
(PSMA-CP NPs). PSMA-CP NPs were prepared using a modified
reprecipitation method.® 24.0 uL of PSMA solution in THE (200
mM) were mixed with 2.0 mL of polymer stock solution in THF (10
uM). The mixtures were quickly added into 8 mL deionized water
under sonication. THF was then removed by vacuum evaporation at
35 °C. PSMA-P NPs were obtained by filtration through a 0.22 ym
filter. The bare NPs with no encapsulation matrix were prepared using
the reprecipitation method similar to that of PSMA-P NPs except for
not using any encapsulation matrix.

Two-Photon Excitation Fluorescence Measurements. 2PE
fluorescence were measured by using an Avesta TiF-100 M
femtosecond (fs) Ti:sapphire oscillator as the excitation source. The
output laser pulses have pulse duration of ~80 fs and a repetition rate
of 84.5 MHz in the wavelength range from 750 to 850 nm. The laser
beam was focused onto the sample that was contained in a cuvette
with path length of 1 cm. The emission was collected at an angle of
90° to the incoming excitation beam by a pair of lenses and an optical
fiber that was connected to a monochromator (Acton, Spectra Pro
2300i) coupled CCD (Princeton Instruments, Pixis 100B) system. A
short pass filter with cutoff wavelength at 750 nm was placed before
the spectrometer to minimize the scattering from the pump beam.
Fluorescein in water (pH 11)® was used as reference (r). TPA cross
section (5) of the sample (s) at each wavelength can be calculated
according to

where I is the integrated 2PE fluorescence signals, ¢ is the fluorescence
quantum yield, and C is concentration (in repeat unit for the
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polymer).** The uncertainty in the measurement of cross sections is
~15%.

Calculation of the Number (n) of Polymer Repeat Unit in
NPs. The radius (r) of single CP NP was estimated based on the size
results of DLS and TEM images (diameters of PSMA-CP NPs: $1-20
nm, $2—21 nm, M1—19 nm, M2—26 nm). The density (p) of the NP
suspension could be roughly estimated to be ~1 g/cm®.**The weight
(m) of a single NP can be calculated by

4 3
m=1V,= gﬂr P
where the units of m, r and p are g, cm, and g/cm?, respectively. The

number (1) of polymer repeat unit in a single polymer NP was
calculated by

mA 47r°pAN,
n=-—N, = ———
M 3M
where M, N,, and A represent the repeat unit weight of polymer,
Avogadro constant, and the weight ratio of the polymer in the NP,
respectively.

Cell Culture. The human hepatocellular carcinoma cell line HepG,
was cultured in growth media (DMEM supplemented with fetal
bovine serum (10%), streptomycin (100.0 mg/L) and penicillin (100
IU/mL). Cells were maintained in a humidified atmosphere of 5%
CO, at 37 °C.

Proliferation Assay. Cell viability was determined by using the
XTT colorimetric cell proliferation kit (Roche) following the
manufacturer’s guidelines. Briefly, cells were grown to 20—30%
confluence in 96-well plates. They will reach ~90% confluence within
24—48 h in the absence of compounds. The cells were treated with
different concentrations of CP NPs, in triplicate, for 24 and 48 h,
before the proliferation by the XTT assay.

Two-Photon Excitation Fluorescence Cell Imaging. HepG,
cancer cells were seeded on glass bottom dishes (Mattek) and grown
until 70—80% confluence. The PSMA-CP NPs (0.5 M) were added
into the medium and incubated for 2 h. After washing with thel X PBS
buffer solution, DMEM medium was added. The images were taken by
using a Leica TCS SP5X confocal microscope system. A Ti-Sapphire
oscillator with output femtosecond laser pulses at 750 nm was used as
the two-photon excitation sources. Images were processed by using the
Leica Application Suite Advanced Fluorescence (LAS AF) software.
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