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The development of new aqueous conjugated polymer nanoparticles with high photoluminescence
quantum yields (PLQYs) at the far red and near infrared (NIR) spectral regions (>650 nm) as alternative
polymer probes for fluorescence imaging is reported. This is achieved through an appropriate chemical
design by the introduction of up to four fluorine atoms in the different positions of a donor—acceptor
(D—-A) polymer backbone consisting of thiophene as the electron donating unit and quinoxaline as the
electron withdrawing building block. The resulting series of low synthetic complexity conjugated polymers
enable us to perform a detailed structure—properties relationship study between the synthesized conjugated
polymers and their corresponding aqueous nanoparticles as prepared by the nanoprecipitation and
encapsulation methods. We manage to achieve PLQY for aqueous NIR conjugated polymer probes
of 0.1 and a PLQY of 0.18 for the far-red emitting conjugated polymer probes. Furthermore, our
work paves the way for the rational design of new conjugated polymers with enhanced PLQY, especially
in the NIR spectral region, through better control of the intramolecular and intermolecular polymer chain

rsc.li/frontiers-materials interactions.

Introduction

Fluorescence imaging techniques with high sensitivity, low cost
and temporal resolution have become indispensable for bio-
medical imaging applications."”” Fluorescent probes emitting in
the far-red and near-infrared (NIR) spectral regions (650-1000 nm)
are currently one of the main focuses for successful fluorescence-
based bioimaging applications. Very recently, NIR fluorescence has
been utilized for clinical image-guided cancer surgery, which
holds great promise for improving cancer surgery outcomes.’
However, a limited choice of fluorophores has been a major
obstacle to applying fluorescence imaging to a wide range of
biological specimens.** Within the NIR window, most biological
species such as oxyhemoglobin, deoxyhemoglobin, water, melanon,
and lipid absorb minimal light and exhibit low scattering.®” More-
over, tissues have almost no autofluorescence inside the NIR
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spectrum, and thus a high signal-to-noise contrast can be
achieved using NIR-responsive fluorescent probes. Finally,
whereas visible light can travel only several micrometers in
tissues, NIR light (700-900 nm) can penetrate several milli-
meters (up to centimeters) through blood or tissues and cause
minimal tissue damage to precisely guide surgeons in real time.

For these reasons, different types of fluorophores have been
developed toward this goal, including small molecule-based
fluorophores,®° single-walled carbon nanotubes,'"'* semi-
conductor quantum dots (QD),"*'* and rare earth-doped nano-
particles.">™"” Each material, however, suffers its own limitations,
such as the aggregation-caused quenching effect, low quantum
yield (QY), poor photobleaching resistance, high cytotoxicity,
or long-term retention in the body.**?° For example, most
FDA-approved clinical agents® (e.g:, indocyanine green, 5-amino-
levulinic acid, and methylene blue) suffer from irreversible
photobleaching and issues of low brightness and small Stokes
shifts. As a result, the development of well-designed NIR
fluorophores with high brightness, good photostability, and
large Stokes shifts is a profound need in modern bioimaging
and clinical diagnosis. Conjugated polymer nanoparticles
(CPNs) have recently emerged as a new class of fluorescent
nanoparticles because their fluorescence properties can be
fine-tuned by an appropriate molecular design of conjugated
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polymers (CPs).>'"** Given their superior fluorescence bright-
ness and photostability as well as low cytotoxicity, the applic-
ability of CPNs as fluorescent tags and sensors has been
expanding significantly during the last few years.>>° Recent
studies have demonstrated that, in some cases, the performance
of CPNs as fluorescent tags surpasses that of conventional
organic dyes and QDs.***'

A major obstacle in the development of CPNs is that
fluorescence quenching sites (i.e., energy trap sites) are generated
through aggregate formation by strong interchain or intrachain
interactions (e.g., m-n stacking) inside the CP nanoparticles, which
results in severe fluorescence quenching (reduction of fluores-
cence quantum yields).>** Fluorescence quenching is more
severe in the farred and NIR emitting conjugated polymers
since their extended m-conjugation system often needs fused
and polycyclic molecules, leading to increased inter- and intra-
chain interactions. To prevent the formation of fluorescence
quenching sites and to obtain particles with high fluorescence
quantum yields, different approaches have been utilized, such
as aggregation-induced emission (AIE),*® the incorporation of a
small amount of narrow bandgap monomers into a polyfluorene
copolymer®” and the use of conjugated polymers that have bent
and twisted conformations.*® While relatively large fluorescence
quantum yields have been reported using the AIE approach,
incorporating AIE moieties into conjugated polymers is difficult
and restricts the flexibility of the molecular design. Similarly,
the introduction of the exact composition of a narrow band gap
monomer in a polymer backbone from batch to batch is not
controllable.

In this contribution, we developed a new family of aqueous
CPNs as potential far-red and NIR fluorescence polymer probes
with high photoluminescence quantum yields by utilizing
simultaneously unfused, less rigid polycyclic monomer build-
ing blocks and reducing the planarity of the polymer chains by
anchoring fluorine atom(s) as substituents. The synthesized
donor-acceptor (D-A) CPs comprise thiophene (T) as the electron
donating unit and quinoxaline (Q) as the electron deficient
segment in the repeat unit and vary with regards to the number
of substituted fluorine atoms (Fig. 1). The formation of CPNs
was carried out via both nanoprecipitation and encapsulation

methods.®® As an encapsulation polymer, poly(ethylene
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Fig. 1 Synthesis of the TQ-based conjugated polymers.
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glycol)methyl ether-poly(lactide-co-glycolide) (mPLGA-b-PEG)
diblock copolymer was used. mPLGA-b-PEG is a biodegradable
amphiphilic block copolymer approved by both the Food &
Drug Administration (FDA) and European Medicine Agency
(EMA).*® The size, the morphology and the optical properties
of the nanoprecipitated and encapsulated CPNs are thoroughly
characterized. This series of CPNs allowed us to perform an
extensive structure-property relationship study, by investigating
the effect caused by a relatively small change on the chemical
structure within the optoelectronic properties of the CPs, as well as
on the morphological and optical properties of the produced
CPNs. In particular, to the best of our knowledge, a comparison
between the two formulation methods for the preparation of CPNs
(nanoprecipitation versus encapsulation) has not been performed
up to now. The obtained results provide a clear understanding of
how the number and the position of the fluorine atoms on the
polymer backbone and the formulation method modify the max-
imum absorption wavelengths, the fluorescence emission charac-
teristics and the photoluminescence quantum yields.

Experimental
Materials

All reactions are air and light sensitive and, therefore, were
performed under argon and in the dark. All glassware was washed
using detergent (Teepol), rinsed with excess water, acetone and
methylene dichloride and dried in an oven at 120 °C. All solvents
and reagents were purchased from Aldrich. Toluene was distilled
using calcium hydride (CaH,) and benzophenone prior to poly-
merization. The syntheses of 5,8-dibromo-2,3-bis(3-(octyloxy)-
phenyl)quinoxaline,5,8-dibromo-6-fluoro-2,3-bis(3-(octyloxy)phenyl)-
quinoxaline, 5,8-dibromo-6,7-difluoro-2,3-bis(3-(octyloxy)phenyl)-
quinoxaline and bis(trimethylstannyl)thiophene were performed
according to already published procedures.*'™** (3,4-Difluoro-
thiophene-2,5-diyl)bis(trimethylstannane)** was purchased from
Derthon Optoelectronic Materials Science Technology Co., Ltd
and poly(ethylene glycol)methyl ether-poly(lactide-co-glycolide)
(mPLGA-b-PEG) [average molecular weight per number of PLGA is
MopLca = 7000 g mol~*, and that of PEG is Mpgg = 5000 g mol ']
was purchased from Sigma Aldrich.

TQf
TQ2f
T2fQ
T2fQf

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Synthesis of the TQ based polymers

The polymerization reactions are analytically described below:
The (3,4-difluorothiophene-2,5-diyl)bis(trimethylstannane)
(0.5 mmol) was combined with either the 5,8-dibromo-2,3-
bis(3-(octyloxy)phenyl)quinoxaline (0.5 mmol) for the T2fQ or
the 5,8-dibromo-6-fluoro-2,3-bis(3-(octyloxy)phenyl)quinoxaline
(0.5 mmol) for the T2fQf or the 5,8-dibromo-6,7-difluoro-2,3-
bis(3-(octyloxy)phenyl)quinoxaline (0.5 mmol) for the T2fQ2f
and the bis(trimethylstannyl)thiophene (0.5 mmol) was com-
bined with either the 5,8-dibromo-2,3-bis(3-(octyloxy)phenyl)-
quinoxaline (0.5 mmol) for the TQ or the 5,8-dibromo-6-fluoro-
2,3-bis(3-(octyloxy)phenyl)quinoxaline (0.5 mmol) for the TQf or
the 5,8-dibromo-6,7-difluoro-2,3-bis(3-(octyloxy)phenyl)quinoxa-
line (0.5 mmol) for the TQ2f. Then, dry toluene (0.025 M) was
added to the reaction mixtures. Finally, tris(dibenzylidene-
acetone)dipalladium(0) [Pd,(dba;)] (0.02 equiv.) and tri(o-tolyl)-
phosphine [P(o-tol);] (0.08 equiv.) were added and the reaction
mixture was stirred at 120 °C under an argon atmosphere for
24 h. The polymers were purified by precipitation in methanol,
filtered and washed using a Soxhlet apparatus with methanol,
acetone, hexane and chloroform. The chloroform fractions were
evaporated under reduced pressure and the polymers were
precipitated in methanol, filtered through a 0.45 mm PTFE
filter and finally dried under high vacuum, rendering a dark
blue solid for the TQ, TQf and TQ2f and red, orange and yellow
solids for the T2fQ, T2fQf and T2fQ2f, respectively. The yields of
the resulting polymers are the following: TQ = 88%,TQf = 83%,
TQ2f = 76%, T2fQ2 = 91%, T2fQf = 87% and T2fQ2f = 75%.

TQ. 'H NMR (CDCl;, 600 MHz) 6 7.8 (b, 1H), 7.33 (b, 1H),
7.48-6.95 (m, 5H), 6.90-6.71 (d, 1H), 3.91-3.42 (b, 2H),
1.66-0.92 (m, 12H), 0.91-0.74 (m, 3H), SEC (CDClL): M, =
19900 g mol ™, b = 3.2.

TQf. *H-NMR (CDCl;, 600 MHz) 6 8.2 (b, 1H), 7.5-7.3 (b, 2H),
7.2-7.01 (b, 2H), 6.9-6.7 (b, 2H), 3.86-3.45 (b, 2H), 1.7-1.0
(m, 12H), 0.92-0.74 (m, 3H) SEC (CDCl,): M,, = 11400 g mol *,
D =2.3.

TQ2f. "H-NMR (CDCl;, 600 MHz) 6 8.31 (b, 1H), 7.48-7.35
(b, 2H), 7.01-6.92 (b, 2H), 6.77 (b, 1H), 3.58 (b, 2H), 1.37-1.13
(m, 12H), 0.81 (t, 3H), SEC (CDCl,): M,, = 22 600 g mol %, D =2.3.

T2fQ. 'H NMR (CDCl;, 600 MHz) § 8.46 (b, 1H), 7.38 (b, 1H),
7.07-6.97 (d, 2H), 6.80-6.73 (d, 1H), 3.67-3.55 (b, 2H), 1.44-1.02
(m, 12H), 0.88-0.80 (m, 3H), SEC (CDCl,): M,, = 6000 g mol*,
D=1.0.

T2fQf. "H NMR (CDCl;, 600 MHz) 6 8.3 (b, 1H), 7.35 (b, 1H),
7.2-7.1 (b, 2H), 7-6.95 (b, 2H), 3.61-3.48 (b, 2H), 1.55-1.99
(m, 12 H), 0.9-9.75 (m, 3H), SEC (CDCl;): M,, = 8200 g mol *,
D=1.9.

T2fQ2f. 'H-NMR (CDCl;, 600 MHz) § 8.15 (b, 1H), 7.26
(b, 1H), 6.95 (b, 1H), 6.65 (b, 1H), 3.6-3.5 (b, 2H), 1.64-1.02 (m,
12 H), 0.9-9.75 (m, 3H), SEC (CDCl,): M,, = 11200 g mol %, P = 1.5.

Instrumentation

Nuclear magnetic resonance (NMR). '"H-NMR measurements
were carried out in solutions (1% w/v) of the copolymers using
CDCl; (Acros 99.6%) as the solvent and tetramethylsilane (TMS)
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as the integral standard on a Varian 600 MHz NMR spectro-
meter at ambient temperature.

Gel permeation chromatography (GPC). Average molecular
weights per number (M,) and polydispersity indices (D) were
determined with GPC at 30 °C on a Shimadzu liquid chromato-
graphy (LC-20AD) system consisting of a DGU-20A5R degassing
unit, a SIL-20AC HT auto sampler, a CTO-20AC column oven, a
SPD-20AV UV-Vis detector and a RID-20A refractive index
detector connected in series. The system contains a PL-GEL
10 pm guard column, two PL-GEL 10 um Mixed-B columns. The
instrument was calibrated with narrow polystyrene standards
with M,, ranging from 4730 g mol " to 3187000 g mol . Tetra-
hydrofuran was used as the solvent for the GPC measurements.

Dynamic light scattering (DLS). Structural study was per-
formed using dynamic light scattering (DLS) in order to deter-
mine the mean diameter (d, nm) of the nanodroplets and the
polydispersity index (PdI) of the system. DLS measurements
were performed using a Zetasizer NanoZS device (ZEN3600) from
Malvern Instruments (UK) equipped with a He-Ne (632.8 nm)
laser and detection was performed at a scattering angle of 173°.
The mean diameter of the dispersed nanodroplets was calculated
using the Stokes-Einstein law:

kT
" 6D

H

where Ry is the hydrodynamic radii of nanodroplets, kg is the
Boltzmann constant, T is the absolute temperature, 7 is the
viscosity of the microemulsion (in specific temperature) and D
is the diffusion constant.*®

After their preparation the microemulsions were placed in a
suitable glass cell under dust-free conditions. The experimental
data were processed using version 6.32 of the Malvern Zetasizer
Nano software (Malvern Panalytical Ltd, Enigma Business Park,
UK). The temperature during the measurements was constant
at 25 °C. Experiments were performed in triplicate for each
sample, and the results were presented as average + S.D.

Absorption and photoluminescence. The absorption spectra
of the THF solutions and the aqueous CPNs were measured
using a UV-VIS Analytik Jena AG Germany, Specord 205 spectro-
photometer using a 1 cm path length quartz cuvette. The THF
solutions were kept under dry conditions to prevent the stabilizers
from interfering with the fluorescence measurements. The photo-
luminescence (PL) emission and the relative PL. quantum yield
(PLQY) were measured by PL spectroscopy when using a dilute
fluorenone solution in acetonitrile as the reference (@, = 0.032). All
the fluorescence measurements were performed under an argon
atmosphere. A software-controlled FS5 spectrofluorometer
(Edinburgh Instruments Ltd) enabled the acquisition of photo-
luminescence spectra. The photoluminescence quantum yield
has been calculated from the below equation:*®

D, = D (F/F)-(AdAY)-(n3Ind).

where, @, is the photoluminescence quantum yield of the
unknown sample, F is the area of the integration of the emission
intensities, n is the refractive index of the sample and the
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reference and A is the solution optical density at the excitation
wavelength.

The indexes ‘r’ and ‘X’ are referred to the reference and the
unknown sample, respectively.

Transmission electron microscopy (TEM). The morphology of
the CPNs was investigated using transmission electron microscopy
(TEM). The nanoparticles were adsorbed from suspension onto
glow discharge carbon coated EM-grids, washed with deionized
water and negatively stained with 2% aqueous uranyl acetate
(E-Merck, Darmstadt, Germany). Micrographs were taken using a
Zeiss EM 912 at 120 kV (Carl Zeiss, Oberkochen, Germany) using a
slow scan CCD camera (TRS, Moorenweis, Germany). The image
analysis was performed using Image]J software.

Theoretical calculations. All calculations of the model com-
pounds studied in this work have been performed using the
Gaussian 09 software package.?” The alkyl side chain substituents
anchored onto the quinoxaline have been replaced with methyl
groups in the model compounds for our calculations. While the
presence of these long alkyl chains enhances the solubility of these
polymers and affects the charge carrier mobility and photovoltaic
behavior of the polymer,**° from a computational point of view
their replacement with shorter chains does not affect their opto-
electronic properties and thus the optimized structures of the
molecules.”™* The ground state geometry of each model com-
pound has been determined by a full geometry optimization of
its structural parameters using the DFT calculations, upon
energy minimization of all possible isomers. In this work, the
DFT calculations were performed using the HSEH1PBE/6-
311G(d,p) basis set. All calculations were performed by taking
into account that the system is under vacuum conditions. No
symmetry constraints were imposed during the optimization
process. The geometry optimizations have been performed with
a tight threshold that corresponds to root mean square (rms)
residual forces smaller than 10> a.u. for the optimal geometry.
DFT/HSEH1PBE/6-311G has been found®® to be an accurate
formalism for calculating the structural and electronic pro-
perties of many molecular systems. In our studies the theoretical
calculations were performed on dimer model compounds. The
visualization of the molecular orbitals has been performed using
GaussViews5.0.

Results and discussion
Synthesis and characterization of the TQ conjugated polymers

A family of conjugated polymers comprising of thiophene (T) as
the electron donating unit and quinoxaline (Q) as the electron
withdrawing unit by varying the number and the position of the
fluorine atoms in the repeat unit (Fig. 1) were designed and
synthesized. In particular TQ, TQf, and TQ2f contain unsub-
stituted thiophene and zero, one and two fluorine atom(s) on
the quinoxaline, respectively whereas T2fQ, T2fQf, and T2fQ2f
contain a substituted thiophene with two fluorine atoms and
zero, one and two fluorine atom(s) on the quinoxaline, respectively.
The scope is to investigate the correlation between structure
and optoelectronic properties as regards the addition of fluor-
ine atoms. The polymers in Fig. 1 were synthesized via metal
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Fig. 2 GPC chromatographs of the TQ-based conjugated polymers.

catalyzed aromatic cross-coupling Stille polymerization®* reaction
utilizing tris(dibenzylideneacetone)dipalladium(0) [Pd,(dba);] in
2% per mole and tri(o-tolyl)phosphine [P(o-tol);], 8% per mole, as
the catalytic system in toluene solution. The final polymers were
purified and fractionated using sequential Soxhlet extraction
with methanol, acetone, hexane, and chloroform. The average
molecular weights per number (M,) and dispersity (D) of the
chloroform-soluble fractions of the TQ-based polymers as
measured by gel permeation chromatography (GPC) based on
monodispersed polystyrene standards are shown in Fig. 2 and
are summarized in Table 1.

From the acquired GPC graphs, we can observe that TQ, TQf
and TQ2f reveal multiple distinct peaks which correspond to
high- and low-molecular-weight components in contrast to
T2fQ, T2fQf, and T2fQ2f where only one peak is evident at
higher elution times (Fig. 2). This points out that the TQ, TQf
and TQ2f polymer chains are adopting mixed extended and
aggregated forms in tetrahydrofuran (THF) solution at 25 °C
while under the same conditions the T2fQ, T2fQf, and T2fQ2f
polymer chains are adopting only the extended form. It seems

Table1l Molecular weight characteristics and optical properties of the TQ
based polymers

M, M, PLi%ax

(gmol™) (gmol™) » 2% (nm) (nm) PLQY
TQ 19900 64200 3.2 354, 600 668 0.59 £+ 0.04
TQf 11400 25800 2.3 338,574 618 0.51 + 0.02
TQ2f 22600 52500 2.3 319, 557 592 0.47 £+ 0.03
T2fQ 6000 11300 1.9 538 600 0.37 + 0.01
T2fQf 8200 15600 1.9 387,498 571 0.30 £+ 0.01
T2fQ2f 11200 16200 1.5 392, 456 544 0.22 + 0.01

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 3
to right; T2fQ2f, T2fQf, T2fQ, TQ2f, TQf, TQ).

that the presence of the two fluorine atoms on the thiophene of
T2fQ, T2fQf, and T2fQ2f facilitates the solubility of the poly-
mers in THF solution (25 °C) regardless of the number of
fluorine atoms present on the quinoxaline moiety.

The absorption and the emission spectra of the TQs in THF
solution are presented in Fig. 3, and the corresponding opto-
electronic properties are summarized in Table 1. It is revealed
that all synthesized polymers exhibit light absorption and
fluorescence emission in the UV-Vis region of the spectra. Their
optical properties are tunable and are significantly affected by
the number and the position of the fluorine atoms anchored on
the polymer backbone. The shape of the absorption spectra is
qualitatively similar for all polymers, except TQ2f and T2fQ2f
which display a different allocation. For each polymer, two
major absorption bands are observed in solution, a phenom-
enon commonly observed for D-A copolymers. The absorption
at low-wavelengths can be attributed to the n-m* transition
whilst the high-wavelength peak is related to an intramolecular
D-A charge transfer.”” All polymers exhibit absorption maxima
at low-wavelengths in the range 319-394 nm, whereas the high-
wavelength transition is detected in the range between 557 nm
and 600 nm for TQ, TQf and TQ2f and between 456 nm and
538 nm for T2fQ, T2fQf, T2fQ2f (Table 1).

A general trend is detected for the high wavelength absorp-
tion maxima of the polymers. We noticed a blue shift of the
absorption maxima for the high-energy transitions of all poly-
mers upon the incorporation of fluorine atoms on the polymer
chain, as compared to the corresponding absorption peak of
the non-fluorinated TQ polymer (Fig. 3a). On the other hand,
the low-wavelength absorption peak of the polymers presents a
different trend. While TQ, TQf and TQ2f show a blue shift of the
low wavelength absorption peak upon addition of fluorine atoms on
the quinoxaline, T2fQf and T2fQ2f demonstrate a slight (~5 nm)
red shift (Table 1). This indicates that the gradual increase of the
fluorine atoms weakens the intramolecular interaction of the D-A
charge transfer and for the case of TQ, TQf and TQ2f the stepwise
addition of the fluorine atoms in the quinoxaline is altering the
locally excited (LE) state, whereas in T2fQ, T2fQf and T2fQ2f the
increase of the fluorine atoms on the quinoxaline does not
affect the LE state significantly. Interestingly, comparing the two

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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(a) Absorption and (b) photoluminescence spectra of TQs in THF solutions. In the inset of (b) the TQ polymers in THF solution are shown (from left

related polymers TQ2f and T2fQ which differ as regards the
positioning of the two fluorine atoms (thiophene and quinoxa-
line) it shows that the absorption maximum of TQ2f is red
shifted versus T2fQ. It seems that when the thiophene is
substituted with the two fluorine atoms the electron donating
property is reduced due to the high electronegativity of the
fluorine atoms.>® In addition, the electron withdrawing property
of the fluoro-substituted quinoxaline is decreased upon removing
the two fluorine atoms. It is therefore expected that the high
wavelength absorption peak maxima, assigned to the ICT of the
TQ2f, will be red-shifted versus T2fQ. Furthermore, it is obvious
that the anchoring of the fluorine atoms on the polymer back-
bone blue shifts the emission maxima (Table 1). More specifi-
cally, TQ, TQf and TQ2f show emission maxima at 668 nm,
618 nm and 592 nm, respectively while T2fQ, T2fQf and T2fQ2f
reveal emission maxima at 600 nm, 571 nm and 544 nm,
respectively. Contrary to what has been observed for the variation
of the absorption maxima between TQ2f and T2fQ, the emission
maximum of the T2fQ in solution is red shifted versus
TQ2f. Finally, we have calculated the PLQY of the CPs in
the THF solution and the results are shown on Fig. 4 and

065
o [l CPNs via nanoprecipitation

] [ CPNs via encapsulation
0,55 [ CPs @THF

PLQY

TQ

Taf

TQ2f T2fQ T21Qf T2fQ2f

Fig. 4 Comparison of the photoluminescence quantum yields for the
TQ-based polymers in THF and their corresponding aqueous CPNs.
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depicted in Table 1. A general trend is observed indicating that as
the number of fluorine atoms in the repeat unit increases, the
PLQY drops. For instance, the PLQY of the TQ is 0.59 (no fluorine
atoms in the repeat unit) and gradually drops to 0.22 for the case
of T2fQ2f (four fluorine atoms in the repeat unit).

Preparation of conjugated polymer nanoparticles and
characterization of the properties

Generally, CPs are hydrophobic, and thus requires significant
improvement of their water solubility to be applied for in vitro
and in vivo applications. The two main approaches that are
followed for the preparation of aqueous CPNs are through
nanoprecipitation and encapsulation.®® In the first approach,
also often termed the reprecipitation or injection method, the
conjugated polymer is dissolved in a good (non-polar) solvent.
This solution is then dispersed in a (polar) solvent, which is a
poor solvent for the conjugated polymer, where either droplets
of the polymer solution are formed or the polymer precipitates.
In the second approach, amphiphilic PEGylated block copoly-
mers are popularly utilized to encapsulate conjugated polymers
in order to enhance the biocompatibility of nanomaterials and
to further employ them in imaging and therapy applications.
In this work, we choose to prepare the CPNs with both
methods since to the best of our knowledge there are only
limited studies that systematically compare the optical properties
between the CPNs formed with the nanoprecipitation and encap-
sulation methods.>” > For the formation of the CPNs via the
nanoprecipitation method (Fig. 5), firstly, each conjugated
polymer was dissolved in tetrahydrofuran (THF) which is a
low boiling point aprotic polar solvent miscible with water at
a concentration of 0.1 mg mL ™. At such low concentrations, the
polymer chains usually adopt their extended form. Then, a
different portion (from 1 mL to 1.5 mL on a case-by-case basis)
of each different polymer THF solution (stock solution) was
added dropwise to 7 mL of deionized water followed by sonication
at room temperature. For the encapsulation method, 1 mg of each
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»
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TQ conjugated polymer and 9 mg of poly(ethylene glycol)methyl
ether-block-poly(lactide-co-glycolide) (mPEG-b-PLGA) were dissolved
in 1 mL of THF. The choice of mPEG-b-PLGA was based on the fact
that it is an FDA approved and metabolizable copolymer.***® The
resulting solutions are added to 7 mL of deionized water following
the same procedure as described for the nanoprecipitation method
(Fig. 5). In both cases, the solutions were left overnight to allow
complete evaporation of the THF and the volume of water lost was
replaced. After this procedure, stable aqueous CPNs are formed
through aggregate formation of the hydrophobic conjugated poly-
mer chains in the case of nanoprecipitation, whilst by applying the
encapsulation method, the hydrophobic PLGA segments are liable
to entangle with TQ polymer chains and the hydrophilic PEG chains
should extend into the aqueous phase. The obtained CPNs were
then filtered through a 0.2 um cellulose acetate filter. The resulting
concentrations (before filtration) of the CPNs prepared via the
nanoprecipitation method were 2.8 ppm for the TQ polymer and
4.3 ppm for all the others, and 143 ppm for the CPNs prepared via
the encapsulation method.

It is important to use different characterization techniques
to calculate the size and the distribution of the prepared
nanoparticles in order to obtain a more complete view of the
CPNs and their behavior. To evaluate the sizes of the formatted
aqueous TQ-based polymer nanoparticles dynamic light scattering
(DLS) measurements were performed at room temperature, 25 °C, a
day after their preparation (Fig. 6 and 7) and the results are depicted
in Table 2. The DLS measurements indicate that the aqueous TQ
nanoparticles exhibit a unimodal size distribution regardless of
their preparation method (Fig. 6 and 7). The majority of the
nanoprecipitated CPNs had a hydrodynamic diameter between
30 and 50 nm (Table 2). Nanoparticles that were prepared via
the encapsulation method were slightly larger, ranging in size
from ca. 50 to 60 nm (Table 2). This observation was expected
because of the use of the mPEG-b-PLGA block copolymer.

Interestingly, we notice that the TQ2f nanoparticles prepared
using the encapsulation method and the T2fQf nanoparticles

Nanoprecipitated

poly(lactide-co-glycolide)
, #+ conjugated polymer

,Poly

s (ethylene glycol)

Encapsulated

Schematic representation of the conjugated polymer nanoparticle preparation through nanoprecipitation (top) and encapsulation (bottom).
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Fig. 6 Size distribution of aqueous TQ nanoparticles prepared via the nanoprecipitation method determined by DLS measurements and their

morphology using TEM.
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Fig. 7 Size distribution of aqueous TQ nanoparticles prepared via the encapsulation method determined by DLS measurements and their morphology

using TEM.

prepared via the nanoprecipitation method exhibit hydro-
dynamic diameters around 70 nm and 75 nm, respectively
(Table 2). This observation occurred for all the prepared batches
that we examined probably due to their higher tendency to form
aggregates based on the reported TEM images. According to
the distribution of nanoparticle sizes, those prepared via the
encapsulation method demonstrate relatively narrow size dis-
tributions with low polydispersity indexes (PDIs) of 0.10-0.13
compared to the PDI of those prepared via the nanoprecipita-
tion method which presented higher PDI values (Table 2).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

Simultaneously with the DLS measurements, the zeta potential
of the CPNs was measured. The colloidal stability of our aqueous
CPNs is confirmed by the substantial and negative zeta potential,
as shown in Table 2. It is obvious that the nanoparticles prepared
via the nanoprecipitation method display zeta potential values
ranging from —15.5 to —21 mV, while the corresponding ones
prepared via the encapsulation method exhibit a more neutral zeta
potential of approximately —11 mV. The origin of a negative zeta
potential has been addressed in previous studies®™®* and it is
attributed to oxidative defects on the surface of the CPNs or to the
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Table 2 Structural and morphological characteristics of the TQ-based polymer nanoparticles

Nanoprecipitation
CPNs Z-Ave. (nm) PDI PK1 mean (nm) Z potential (mV) TEM
TQ 40.98 + 0.12 0.13 + 0.01 47.26 + 0.56 —20.3 30.85 £+ 2.12
TQf 31.67 + 0.09 0.21 + 0.01 37.80 £+ 1.07 —-19.6 24.04 £+ 1.01
TQ2f 40.55 + 0.12 0.18 £ 0.01 46.51 + 0.48 —-17.7 33.74 £ 2.61
T2fQ 48.13 + 0.31 0.17 + 0.02 53.87 £+ 3.58 —-21.0 33.50 + 1.45
T2fQf 75.03 £ 1.22 0.16 + 0.02 84.65 + 4.94 —18.2 39.77 + 3.16
T2fQ2f 33.34 + 0.15 0.21 + 0.01 37.97 £+ 0.60 —15.5 27.45 £ 3.11

Encapsulation

Z-Ave. (nm) PDI PK1 mean (nm) Z potential (mV) TEM
TQ 57.71 £ 0.20 0.11 + 0.01 65.64 £ 0.46 —10.5 17.41 £ 1.82
TQf 57.86 £+ 0.20 0.12 + 0.01 66.78 £ 0.40 —-11.0 19.01 £ 2.06
TQ2f 69.40 £ 0.42 0.11 £ 0.01 75.54 + 9.46 —11.2 19.28 £ 1.06
T2fQ 52.46 £ 0.15 0.12 + 0.01 60.13 £+ 0.41 —-10.7 17.40 £ 0.74
T2fQf 52.26 = 0.16 0.11 £ 0.01 63.93 £+ 0.96 —-10.7 19.55 £ 0.91
T2fQ2f 58.32 + 0.13 0.13 £ 0.01 69.13 £+ 7.22 —-10.3 18.65 £ 1.90

presence of the m-polarizations of the polymer rings that enable
stronger attractive van der Waals forces and hydrophobic inter-
actions. Therefore, when the conjugated polymer is encapsulated
inside the amphiphilic copolymer, those interactions are minimized
resulting in lower zeta potential values.

Transmission electron microscopy was further used to
investigate the shape and dimensions of the CPNs (inset of
Fig. 6 and 7). The measurements revealed distinguishable
approximately spherical shape for all nanoparticles. The median
diameters range from 24.04 £ 1.01 nm to 39.77 & 3.16 nm for the
nanoprecipitation method and from 17.40 4+ 0.74 nm to 19.55 +
0.91 nm for the encapsulation method, being in agreement with
the DLS measurements according to the narrow size distributions
exhibited by the encapsulated CPNs. The difference between the
sizes of the nanoparticles observed by TEM versus the DLS
measurements can be attributed to the fact that the hydrated
size of CPNs in water is typically larger than size measurements
obtained in the dry state. This discrepancy has been previously
reported.®*®* In both cases, the average particle size was deter-
mined to be lower than 100 nm, which is an acceptable size for
biological applications, since nanoparticles with sizes >100 nm
may have issues such as poor mass transfer, tissue penetration

0.12
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8 8
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and non-specific absorption.®®® The resulting sizes and shapes
of the prepared CPNs are sufficiently small to be internalized by
the cells. Moreover, it has been demonstrated that CPNs larger
than 200 nm are excreted via the liver and spleen while for sizes
smaller than 10 nm the excretion is performed through the
kidneys,®® highlighting the potential application of these CPNs
as fluorescent contrast agents.

However, apart from the appropriate size and dimension of
the nanoparticles, it is essential to show high photolumines-
cence quantum yields (PLQYs). It is well known that CPs exhibit
inherent hydrophobicity and when they are formulated into
nanoparticles in aqueous solution, the tight packing of the
polymer chains in the particles results in severe fluorescence
quenching, which significantly decreases the PLQY and the
brightness of the probes. In this work, we attempted to prevent
the strong n-m stacking of the CP chains by decreasing
the intramolecular planarity of the polymer backbone through
increase of the torsion angle that will occur via the gradual
incorporation of fluorine atoms on the thiophene and quinoxaline
units. Fig. 8 and 9 present the UV-Vis absorption and fluorescence
spectra of the CPNs formulated by nanoprecipitation and
encapsulation, and the corresponding UV-Vis absorption and

Normalized PL Intensity

650 700 750 800 850

Wavelength (nm)

500 550 600

Fig. 8 UV-Vis absorption spectra and normalized emission spectra of TQ-based CPNs prepared via the nanoprecipitation method. In the inset of Fig. 8b
the nanoprecipitated CPNs in water are shown (from left to right; TQ, TQf, TQ2f, T2fQ, T2fQf, T2fQ2f).
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Fig. 9 UV-Vis absorption spectra and normalized emission spectra of TQ-based CPNs prepared via the encapsulation method. In the inset of Fig. 9b the
encapsulated CPNs in water are shown (from left to right; TQ, TQf, TQ2f, T2fQ, T2fQf, T2fQ2f).

Table 3 Optical properties of the TQ-based polymer nanoparticles

CPNs via nanoprecipitation CPNs via encapsulation

Avax Pl Aivax Pl

(nm) (nm) PLQY (nm) (nm) PLQY
TQ 359, 614 728 0.05 £ 0.03 604 726  0.08 £ 0.01
TQf 358,612 732,806 0.05 + 0.03 362,603 734 0.09 £+ 0.01
TQ2f 357,587 744,812 0.06 + 0.01 353,582 744 0.05 £ 0.01
T2fQ 555 690 0.10 £ 0.02 555 683  0.07 £ 0.01
T2fQf 518 692 0.18 £ 0.04 397,515 662 0.17 = 0.01
T2fQ2f 394, 474 647 0.18 + 0.01 397,471 650 0.16 £ 0.02

fluorescence maxima are summarized in Table 3 along with the
measured PLQY.

It is revealed that all CPNs demonstrate a red shift in both
absorption and emission maxima in comparison to the CPs in
THF. This supports evidence of effective n-n stacking of the
polymer chains passing from the extended form in THF to a
more aggregate conformation, in the form of spherical species,
in the aqueous nanoparticles.®**” In general, we observe that
on the one hand the CPNs substituted by the two fluorine
atoms on the thiophene unit (T2fQ, T2fQf and T2fQ2f) exhibit
absorption at the UV-Vis and fluorescence emission at the
far-red part of the UV-Vis region. On the other hand, the CPNs
not substituted with fluorine atoms on the thiophene unit
(TQ, TQf, and TQ2f) present absorption maxima at the UV-Vis
to far-red wavelengths and fluorescence peak maxima in the
far-red and NIR spectral regions with emission tails extending
up to 900 nm (Fig. 8 and 9). These observations are irrespective
of the preparation method followed for the CPNs.°®

In more detail, it is demonstrated that the low- and high-
wavelength absorption peaks of all CPNs and the shape of the
absorption profiles do not alter significantly independent of
the preparation method, only the optical density is affected.
The encapsulated CPNs present higher optical density than the
nanoprecipitated ones due to the significantly higher concen-
tration of the CPs loaded in the mPLGA-b-PEG (143 ppm) versus
the lower concentration of the nanoprecipitated CPNs (2.8 or
4.3 ppm). Moreover, the same trend observed in solution for
all CPs regarding the variation of the absorption maxima of
both the low- and high-wavelength peaks as a function of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

the number of fluorine atoms is also present in the CPNs as
well.*>7°

Studying the photoluminescence properties of the CPNs as
compared to the CPs in THF a controversial effect is revealed.
The emission maxima of the CPs in THF are blue shifted upon
the addition of fluorine atom(s) on the quinoxaline, regardless
of the presence or not of fluorine atom(s) on the thiophene.
However, the TQ, TQf, and TQ2f nanoparticles present red-
shifted emission maxima whereas the T2fQ, T2fQf and T2fQ2f
nanoparticles show blue shifted emission maxima with the
gradual increase of the fluorine atom(s) on the quinoxaline
independent of the preparation method (Tables 1 and 3). For
example, the gradual introduction of fluorine atoms on the
quinoxaline moiety of the TQ polymer red shifts the emission
maxima of the TQ, TQf and TQ2f CPNs from 726 nm to 744 nm,
while by anchoring two fluorine atoms on the thiophene and
further adding fluorine atoms to the polymer chain blue shifts
the emission peaks at lower wavelengths; from 690 nm to
647 nm in the case of nanoprecipitation and from 683 nm to
650 nm for the encapsulation method. This indicates that even
though the self-assembly of the CPs in the CPNs leads to
efficient n-n stacking, the number and the positioning of the
fluorine atoms plays an essential role in the intra- and inter-
chain interactions.

In parallel, we proceed to the measurement of the photo-
luminescence quantum yield values (PLQY) of the CPNs which
are presented in Fig. 4 and depicted in Table 3. The PLQY of the
TQ, TQf, TQ2f and T2fQ in THF is significantly higher and
the PLQY of the T2fQf and T2fQ2f in THF is higher versus the
corresponding CPNs in water (both in the encapsulation and
the nanoprecipitation method) as shown in Fig. 4. This con-
firms our statement that the m-n* stacking of the polymer
chains during the nanoparticle formation leads in an increased
number of fluorescence quenching sites, especially in the case
of TQ, TQf, TQ2f and T2fQ and to a lesser extent in T2fQf and
T2fQ2f. In particular, the far-red emitting T2fQf and T2fQ2f
nanoparticles exhibit the highest PLQYs independent of the
preparation method with values of 0.16-0.18, slightly lower
than the corresponding CPs in THF solution (0.30 and 0.22)
and blue shifted emission maxima upon gradual increase of the

Mater. Chem. Front., 2020, 4, 2357-2369 | 2365
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Fig. 10 Theoretical calculated dihedral angles of the T2fQf and T2fQ2f
polymers.

fluorine atoms on the quinoxaline independent of the preparation
method. These observations suggest that as the fluorine atoms on
the quinoxaline increase the intramolecular disorder increases (in
accordance with the theoretically predicted calculations on the
dihedral angles in Fig. 10) and the intermolecular interactions
between the polymer chains decreases. On the contrary, the NIR
emitting CPNs exhibit PLQY up to 0.1. This may be attributed to
the fact that the fluorescence quantum yield for NIR emitters are
inherently lower than those of UV-visible and far-red emitters as
a result of a smaller energy gap between the ground state and
emitting state, often making non-radiative relaxation pathways
competitive with radiative relaxation.®*

In general, the PLQYs of the TQ, TQf and TQ2f nanoparticles
are similar within the statistical error regardless of the preparation
method. Moreover, the PLQYs of the T2fQ, T2fQf and T2fQ2f
nanoparticles are higher than those of TQ, TQf and TQ2f nano-
particles in both preparation methods, except from the T2fQ based
nanoparticles prepared via the encapsulation method. Between the
T2fQ, T2fQf and T2fQ2f nanoparticles, the PLQYs of the T2fQf and
T2fQ2f are similar regardless of the preparation method, whereas
the PLQY of the nanoprecipitated T2fQ based nanoparticles is
higher versus the encapsulated T2fQ based nanoparticles. These
observations lead to the point that the TQ, TQf, TQ2f and T2fQ
based nanoparticles exhibit comparable interchain interactions,
while the T2fQf and T2fQ2f reveal slightly weaker interchain
interactions independent of the preparation method. The fact that
the absorption and emission spectra of the nanoparticles prepared
from both methods are red-shifted versus the corresponding CPs
in THF solution supports the above observation.

Conclusions

To summarize, in this study we successfully synthesized a series
of conjugated polymers combining thiophene as the electron
donating and quinoxaline as the electron deficient component
(TQs) by varying the number and the positioning of the fluorine
atoms in the repeat unit. Water-soluble nanoparticles comprising
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the synthesized TQ derivatives were prepared using two different
methods (nanoprecipitation and encapsulation within a mPLGA-
b-PEG block copolymer), enabling their potential use as low-
bandgap fluorescent probes for bioimaging. DLS measurements
indicate that all CPNs in aqueous suspension have a unimodal
size distribution less than 80 nm and TEM measurements
revealed their spherical shape. The optical properties of the CPNs
show light absorption in the UV-Vis region, while they demon-
strated fluorescence emission in the far-red/NIR region, depending
on the structure, the position and the number of fluorine atoms on
the polymer backbone, as well as on the preparation method of the
nanoparticles. The farred emitting TQ-based polymer nano-
particles with three and four fluorine atoms on the repeat unit
of the polymers demonstrate higher quantum yield values regard-
less of the preparation method as compared to the NIR emitting
TQ-based polymer nanoparticles with none, one and two fluorine
atoms on the repeat unit. Overall, the CPNs show great promise as
new NIR fluorescent probes and in vitro studies are underway to
evaluate their cytotoxicity effects.
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