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Fluorescence imaging has been widely applied in biological
studies on subcellular microenvironments and tissues to
develop disease diagnostic methods and clinical treatment.'
The emerging two-photon fluorescence imaging approach has
demonstrated some advantages over traditional single-photon
fluorescence imaging, including deeper penetration depth,
less photo-damage, reduced self-absorption and background
signal due to autofluorescence, etc.*® Several two-photon
absorption (TPA) materials have been reported thus far, such
as organic molecules, quantum dots, metal complexes, carbon
quantum dots, graphene quantum dots, et al,”** both small-
molecule fluorescent probes and nano-sized imaging agents
fabricated by CPs are attractive and versatile materials for
studying biological systems, and their size, composition,
surface ligands, optical properties are important for their
application.””™ So, developing new TPA materials remains
challenging but is needed to improve fluorescence quantum
yield, biocompatibility, photostability, and ease of preparation
compared to existing TPA probes.

Conjugated polymers (CPs) with extended m-conjugation
structure have been studied as promising fluorescent probes
over the past two decades. Due to their effective absorption and
fluorescence, high photostability, signal amplification effect,
and excellent biocompatibility, they have been widely imple-
mented in biosensing, drug delivery, and imaging."*™*® For
instance, CPs-based nanoparticles with two-photon excitation
character were applied as high contrast cell imaging probes by
Xu et al.>*** It was reported that synthesized chromophores with
donor-acceptor (D-A) structures, which tend to exhibit

“Department of Chemistry, Tsinghua University, Beijing, 100084, P. R. China

*State Key Laboratory of Chemical Oncogenomic, Tsinghua Shenzhen International
Graduate School, Tsinghua University, Shenzhen, 518055, P. R. China. E-mail:
tancy@sz.tsinghua.edu.cn; Fax: +86-755-26032094; Tel: +86-755-26036533

t Electronic supplementary information (ESI) available: Experimental including
materials, general methods, synthesis, some supplementary spectra and tables.
See DOI: 10.1039/d0ra01664k

This journal is © The Royal Society of Chemistry 2020

the developed novel CPNs have potential applications in two-photon fluorescence imaging of both cells

relatively large two-photon absorption cross-section, and thus,
enhanced TPA properties by the charge transfer effect.?>** Wu
et al. fabricated CPNs with polyfluorene derivative that were
characterized by cross sections values up to 2.0 x 10° GM.**
Recently, Schanze et al. reported anionic conjugated poly-
electrolytes (CPEs), such as PPE-SO; , with moderate two-
photon absorption cross-sections in the near-infrared (NIR)
region for two-photon fluorescence cell imaging.>® Their work
disclosed the potentials of CPEs and CPNs as TPA fluorescent
materials in tissue imaging.

Herein, we developed novel PFOT-based nanoparticles to
exploit their single- and two-photon fluorescence properties for
imaging applications in living cells and tissues (Scheme 1).

Direct arylation polymerization (DArP) has emerged as
a simple and atom-economic method for polymer synthesis
compared to traditional metal-catalyzed coupling polymeriza-
tion, as shown in Fig. 1a.”® In this work, 4 novel D-A type CPs
composed of fluorenone and thiophene moieties were synthe-
sized via the DArP method, as displayed in Fig. 1b and c. All
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Fig. 1 (a) Comparison of traditional coupling reactions and direct

arylation polymerization, X is halogen. (b) Designed synthetic route of
novel poly(fluorenone-co-thiophene) conjugated polymer. (c)
Acquired novel poly(fluorenone-co-thiophene) (PFOT) conjugated
polymers.
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Fig.2 Absorption (a) and fluorescence emission spectra (b) of PFOT-1
(red), PFOT-2 (yellow), PFOT-3 (blue), and PFOBT (green) polymers in
CHCls, Aex = 380 nm. The concentration of all polymers is 10 uM in
chloroform.

polymers are soluble in typical organic solvents, such as chlo-
roform, THF, methanol, acetone, and DMF. PFOT-2 and PFOT-3
are slightly soluble in water due to the increased length of their
hydrophilic side chains. Under optimized experimental condi-
tions, we acquired PFOT-1, PFOT-2, PFOT-3, and PFOBT with
reasonable Mn of 1.99, 2.57, 5.14, and 4.76 kg mol™*
respectively.

Photophysical properties of CPs are affected by their main
chain conjugated structure, molecular weight, side chain
structure, solvent, and etc. For the fluorenone-based copoly-
mers, it has been reported that the intermolecular CO---HC
(aromatic) hydrogen bonds (H-bonds) would exert influence on
absorption maximum position.>”*® In addition, side chains of
the CPs could also have impact on the conformation of the
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backbone and the aggregation state of the polymers. Photo-
physical properties of the obtained four CPs (PFOT-1, PFOT-2,
PFOT-3, and PFOBT) were studied. UV-visible absorption and
fluorescence emission spectra of the four CPs in chloroform are
shown in Fig. 2a. The absorption of all the four polymers in
chloroform features a strong band in the UV range and
a broader and weaker band in the visible range. PFOT-1 and
PFOBT show UV absorption with two maxima at 287 and
265 nm, that are assigned, respectively, to cisoid and transoid
conformations of the conjugated backbone, while PFOT-2 and
PFOT-3 only demonstrate one peak at about 305 nm, suggesting
that the cisoid conformation dominates which enhance the
polymer aggregation. Strong and wide fluorescence emission
bands of the 4 polymers can be observed with the full width at
half maxima (FWHM) at about 200 nm (Fig. 2b). Polymers with
single thiophene in their repeat units, such as PFOT-1, PFOT-2,
and PFOT-3, demonstrated red-shifted emission maximum
wavelengths (595 to 630 nm) compared to that of the polymer
PFOBT (555 nm), which contains bithiophene in its repeat
units. We believe that PFOBT is in a less aggregated state than
all other three PFOT polymers, leading to a blue-shifted
absorption and emission band. It has been reported that D-A
type CPs usually demonstrate lower bandgaps and large Stokes
shifts due to the intramolecular charge transfer (ICT).** As the
spectra shown, PFOT-1, PFOT-2, PFOT-3, and PFOBT CPs
exhibit large Stokes shifts of 220, 260, 250, and 170 nm
respectively, which is in favour of diminishing the reabsorption
effect. Quantum yields (QYs) of PFOT-1, PFOT-2, PFOT-3, and
PFOBT CPs in CHCI; were determined to be 0.081, 0.193, 0.376,
and 0.432, respectively, via the reference method with coumarin
6 in ethanol as a reference. Then, PFOT-2, PFOT-3, and PFOBT
were selected for further imaging studies.

For bio-imaging, efficient internalization of probes by cells is
an essential step. In order to improve the biocompatibility of
the CPs, CPNs were fabricated via the nanoprecipitation
method using polymers and Pluronic-F127 as a surfactant and
encapsulation matrix, as shown in Fig. 3a. The diameters of
CPNs were characterized by dynamic light scattering (DLS) for
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Fig. 3 (a) Fabrication of CPNs via nanoprecipitation method.
Absorption (b) and fluorescence emission (c) spectra of PFOT-1 (red),
PFOT-2 (yellow), PFOT-3 (blue), and PFOBT (green) NPs in water, Aex =
480 nm (b).
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Table 1 Characterization of PFOT series CPNs

Sample name D* (nm) PDI* Qys? Stokes shift
PFOT-1 91.7 £ 1.5 0.12 0.012 120
PFOT-2 82.6 +£ 0.5 0.17 0.021 200
PFOT-3 142.3 £ 1.9 0.44 0.029 150
PFOBT 45.1 £ 0.5 0.32 0.027 145

% The hydrodynamic diameter (Dh) and polydispersity index (PDI) of
PFOT nanoparticles. > Quantum yields (QYs) were measured via the
reference method with coumarin 6 in ethanol as a reference. ¢ Stokes
shift of PFOT series CPNs.

three times with the average diameters range from 45.1 to
142.3 nm (Table 1). Fig. S37 revealed the core-shell morphology
of the CPNs, probably formed by the hydrophobic inner cores
and hydrophilic outer shells. This core-shell morphology of the
CPNs helps with improving their stability in aqueous
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Fig. 4 (a) Cell viability of HelLa cells after treatment with PFOT-2
(black), PFOT-3 (red), and PFOBT (blue) NPs at the concentration
range from 0 to 200 pg mL™%. Cells without treatment of NPs were
used as control. (b) Photobleaching measurements: fluorescent
images of Hela cells cultured with the CPNs and LysoTracker Green
respectively at 1 scan and 20th scan. (c) The cellular fluorescence
intensity of PFOT-2 (red), PFOT-3 (green), PFOBT (blue) NPs, and
LysoTracker Green (yellow) respectively vs. the number of scans.
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environment, and demonstrates their potential application as
fluorescent probes and drug nano-vehicles. In Fig. 3b,
compared to the corresponding CPs in solutions, fluorescence
emission spectra of the four CPNs revealed red-shifts. This may
be ascribed to the internal stress of the particles that increases
with the formation of CPNs, which leads to variation in the
energy band structures, incremental overlap of the electron
wave function, narrowing of energy band-gap, and red-shift of
the emission peak length.** Also, it has been reported that
aggregated particles fabricated via nanoprecipitation method
usually exhibit red-shifted emission compared to their non-
aggregated forms, which can be ascribed to the bending,
kinking, and interchain interactions of polymer backbones in
the aggregation.**> Cellular cytotoxicity assay of the PFOT CPNs
towards HeLa cells displayed no apparent cytotoxicity with
a concentration up to 200 pg mL™" as shown in Fig. 4a. The low
cytotoxicity and efficient endocytosis (Fig. S41) demonstrated
a good biocompatibility of the synthesized CPNs. Also, the
photostability assay of PFOT-2 NPs, PFOT-3 NPs, and PFOBT
NPs was carried out via a photobleaching experiment. As shown
in Fig. 4b and c, fluorescence of PFOT-2 NPs, PFOT-3 NPs,
PFOBT NPs, and LysoTracker Green remained at 55%, 54%,
54%, and 8% respectively, after 20 times scans, suggesting that
the CPNs exhibited stronger photostability than the small
molecular probe LysoTracker Green. Our results also show that
the CPs and CPNs are stable at pH ranging from 5.0-7.4, which

PFOT-2 NPs ]
PFOT-3 NPs

PFOBT NPs

Fig. 5 Fluorescence imaging of intracellular distribution of PFOT-2
NPs (b), PFOT-3 NPs (c) and PFOBT NPs (d), respectively, co-stained
with LysoTracker Green (66.7 nM) and DAPI (blue channel) in Hela
cells. Polymer concentration is 5 pM. For control group (a), cells were
washed before imaging.
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Fig.6 Two-photon imaging of Hela cells incubated with PFOT-2 NPs
(b), PFOT-3 NPs (c), and PFOBT NPs (d), respectively (NPs at 5 uM, A =
720 nm, emission wavelength ranged from 575 to 645 nm). The 3 and
4™ columns are magnification of the corresponding groups. For
control experiment (a), cells were washed before imaging (Aex = 960
nm).

cover the biological pH ranges of tumor tissues, late endosomes
and lysosomes, normal tissues and blood (Fig. S67).

Then, HeLa cells were incubated with PFOT-2, PFOT-3, and
PFOBT NPs (concentration of 5 uM each) for 4 h and observed
with a one-photon confocal fluorescence microscope. As shown
in Fig. S4,T almost all cells demonstrated CPNs internalization
signals of red fluorescence. Furthermore, to explore the endo-
cytosis process of these CPNs, organelle location was investi-
gated via a lysosome co-localization probe, LysoTracker green.
Fig. 5 displays the fluorescence imaging of HeLa cells co-stained
with CPNs (red) and the LysoTracker probe (green). As shown in
Fig. 5, red signal of PFOT-2, PFOT-3, and PFOBT NPs and green
signal well overlapped with Pearson correlation coefficients
(PCCs) of 0.94 (£0.03), 0.94 (+0.02), and 0.97 (£0.02), respec-
tively. This means that most NPs localized in lysosomes, while
others appear in early or late endosomes, suggesting that lyso-
somes are the primary organelle participating in the endocy-
tosis process of these CPNs.**

Many researchers have high interest in investigating D-A
type CPs with TPA property for use in photoelectric devices and
bio-probes.*** It has been acknowledged that molecules con-
structed by electron donating and accepting functional groups
with extended m-conjugated systems are capable of displaying
two-photon absorption cross-sections.***” In this work, the
application of PFOT CPNs as two-photon imaging probes were
explored by an Olympus FVMPE RS two-photon microscope
with femtosecond laser excitation at 720 and 960 nm. The
pictures taken by the two-photon microscope in Fig. 6 show that
5 uM of CPNs is sufficient to give clear cells fluorescent images
of high quality with an emission wavelength range of 575-
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Fig. 7 Fluorescence imaging of fresh mice liver tissue slices incubated
with NPs (10 uM) for 1 h in PBS buffer at different penetration depths.
PFOT-2 NPs (a and b), PFOT-3 NPs (c and d), and PFOBT (e and f) NPs
tissue imaging of one-photon (left) (Aex = 559 Nnm, Aem = 575-675 nm)
and two-photon condition (right) (Aex = 960 nm for PFOT-2 NPs,
PFOT-3 NPs, Aex = 720 nm for PFOBT NPs, Aem = 575-645 nm). The
step size is 20 pm.

High

' Low

Fig.8 Invivo fluorescence images of 4T1 tumor (on the lower left side
of the mouse's back) bearing BALB/c mouse injected with PFOBT NPs
at 24 h and 48 h post-injection. (Aex = 470 NmM, Ay = 600 NM).

645 nm. It should also be noted that both excitation and
emission wavelengths of CPNs are located in the 575-960 nm
range, encompassing the deep red and near-infrared areas.
Combining these properties, PFOT CPNs as NIR probes could
provide both deep tissue penetration and low autofluorescence,
which has great potential in medical fluorescent imaging
applications. To further verify the advantages of deep-red
emission and two-photon absorption of PFOT CPNs, fluores-
cence images of mice liver tissue slices were studied. The tissue
slices were pre-treated with PFOT-2, PFOT- 3, and PFOBT NPs
for 1 h, then one-photon and two-photon confocal imaging in Z-
scan mode were performed to obtain fluorescence images as
shown in Fig. 7. All the PFOT CPNs were effectively applied as
tissue imaging probes with penetration depths of 120-240 um.
Compared with one-photon confocal Z-scan imaging, two-
photon Z-scan imaging showed a deeper penetration depth up
to 240 um due to the longer absorption and emission wave-
length in deep red and NIR areas. All results suggest that the
CPNs based on PFOT polymers possess excellent tissue-
penetrating, staining, and imaging capabilities. Also, to inves-
tigated the in vivo NIR fluorescence imaging ability of PFOBT

This journal is © The Royal Society of Chemistry 2020
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NPs, we established the common BALB/c murine breast cancer
(4T1) model. As shown in Fig. 8, the PFOBT CPNs were able to
accumulate in tumor tissue efficiently after 48 h tail vein
injection, due to the enhanced permeability and retention (EPR)
effect.

Conclusions

In summary, we designed and synthesized a series of new CPs
with poly(fluorenone-co-thiophene) backbones via DArP. The
PFOT series CPs exhibit long emission wavelength ranges of
500-800 nm and two-photon absorption property, which allows
for longer excitation wavelengths of 720 and 960 nm located in
the deep red and NIR areas. CPNs based on PFOT polymers also
demonstrated good biocompatibility, high photostability,
excellent lysosome co-localization, and two-photon imaging
properties, with a much deeper tissue penetration than one-
photon confocal imaging. In this work, the novel PFOT CPNs
provide new insight and perspectives for fabricating TPA NPs
with novel backbones and demonstrate their application
potentials in NIR in vitro and in vivo imaging.
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