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ABSTRACT: Conjugated polymer nanoparticles (CPNs) based on a common solar cell
material (PTB7) have been prepared, and their potential in theranostic applications based on
bioimaging and photosensitizing capabilities has been evaluated. The main absorption and
emission bands of the prepared CPN particles both fell within the NIR-I (650-950 nm)
transparency window, allowing facile and efficient implementation of our CPNs as bioimaging
agents, as demonstrated in this work for A549 human lung cancer cell cultures. The prepared
CPN samples were also shown to produce reactive oxygen species (ROS) upon photoexcitation
in the near infrared or ultraviolet spectral regions, both in aqueous solutions and in HaCaT
keratinocyte cell cultures. Importantly, we show that the photosensitizing ability of our CPNs
was largely determined by the nature of the stabilizing shell: coating the CPNs with a pluronic
F127 copolymer led to an improvement of photoinitiated ROS production, while using PSMA
instead completely quenched said process. This work therefore demonstrates that the
photosensitizing capability of CPNs can be modulated via an appropriate selection of
stabilizing material, and highlights the significance of this parameter for the on-demand design

of theranostic probes based on CPNs.
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Photodynamic therapy (PDT) is a treatment method that relies on a photo-induced generation
of reactive oxygen species by a photosensitizer (PS). When applied to cancer therapy, PDT has
many advantages compared to conventional cancer treatments such as chemotherapy, surgery
and radiation, which include a minimal invasiveness or damage to healthy tissues, lack of drug
resistance, and appropriateness to a broad spectrum of cancer targets.!” It is highly desirable

to develop biocompatible photosensitizers with excellent ROS generation ability, and strong
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near-infrared (NIR) absorption as NIR wavelengths experience less absorption and scattering
in tissues,*® leading to a deeper activation of the PDT. Nanomaterials are promising
photosensitizers because of the advantageous properties that they offer. This includes the
enhanced permeability and retention effect (EPR), which promotes nanomaterial accumulation
in pathologically relevant areas.” However, many nanomaterials have intrinsic problems as
photosensitizers: quantum dots (QDs) have excellent optical properties, but many are made
from toxic heavy metals;® gold nanoparticles have better biocompatibility than QDs, but most
absorb in the less favourable UV-Vis region.’

In contrast, conjugated polymer nanoparticles (CPNs) that comprise large pi-conjugated
backbones and delocalized electronic structure, have attracted much attention because of their
inherent photostability, high fluorescence brightness, visible or NIR emission, excellent
biocompatibility, and compositions which are free from heavy metal ions.!® !> As such they
present distinct advantages over existing dye systems and QDs as imaging agents, enabling
effective imaging of numerous biological systems, with minimal toxicity.'*"'® However, CPNs

)15:19 and, while in

have also been utilized as agents in PDT and photothermal therapy (PTT
many such cases the PDT/PTT properties are endued through the addition of dopants,?® 22
examples exist where such the PDT/PTT properties stem from the CPNs themselves.?! Thus,
the idea of CPNs as “safe” and “non-toxic” imaging agents can be at odds with their photo-
toxicity as PDT/PTT agents. However, this paradox also offers an opportunity to exploit CPNs
for theranostic applications, combining their NIR imaging and photosensitization abilities for
simultaneous detection and treatment of cancer.

PTB7 (Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl} {3-fluoro-
2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})), whose structure is shown in Figure

1(b), is a standard conjugated polymer that has received much attention for solar energy devices

because of its low bandgap, with related absorption and emission in the NIR spectral region.>

3



However, it is known to produce ROS under photoexcitation, requiring mitigation strategies
when it is utilized in solar energy devices, as it leads to degradation of thin films.?* However,
for theranostic purposes, its optical and photosensitization properties offer great advantages.
Hereby, we report the development of three NIR-fluorescent CPN probes based on PTB7,
which are capable of photosensitization of ROS upon excitation in the first biological window
(NIR-I). This establishes them as a promising nanomaterial system for PDT-based theranostic

applications.

RESULTS AND DISCUSSION

Fabrication and initial characterisation of conjugated polymer nanoparticles.

Bare PTB7 CPNs were prepared using the re-precipitation method® (see Methods section),
which is extremely facile, reliable and does not require the use of any additives or surfactants
which need to be removed at the end, making it an easily scalable process. Furthermore, the
reprecipitation method directly produces an aqueous dispersion of the CPNs, which is ideal for
biological applications. Briefly (Figure 1(a)), the PTB7 conjugated polymer was first dissolved
in tetrahydrofuran (THF), in which it has good solubility, and then injected rapidly into water,
in which it has poor solubility, under sonication and vigorous stirring. It should be noted that
most samples of bare PTB7 CPNs produced in this manner were unstable in aqueous solutions,
precipitating within hours. This, however, could be easily overcome through the addition of an
amphiphilic co-polymer to the PTB7/THF solution, prior to injection into water. Upon
injection, the rapid exposure to water drives the amphiphilic co-polymer into a micelle, with
the hydrophilic blocks exposed to the aqueous environment, while the hydrophobic blocks flare
into the PTB7-containing core.?®

F127 and PSMA, whose chemical structures are shown in Figure 1(b), are two co-polymers

often employed for such purposes and were used here to improve the solubility of our PTB7
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CPNs in aqueous environments. To enable direct comparison of different CPNs and to
minimize any changes of CPN properties arising as a result of different synthesis conditions,
same PTB7 polymer/copolymer ratios were used to prepare F127 and PSMA coated CPNs.

PTB7 CPNs coated with F127 and PSMA, herein referred to as PTB7@F127 and
PTB7@PSMA CPNs, had significantly improved stabilities in aqueous solutions, remaining
stable as suspensions for more than 6 months (see SI for full discussion of sample stabilities
under different conditions). The improved stability also allowed us to employ centrifugal
ultrafiltration as means of concentrating these CPN samples. Samples of high concentration
are of great value to bio-applications, because it reduces the amount of solvent that is
introduced into the bio-system, which can have a negative impact.

Briefly, the sample was placed on a membrane whose pore size (30kDa) was large enough
to pass individual strands of F127 (12.6 kDa) but too small to allow CPN particles through it.
The sample was then centrifuged, which drew the solvent together with individual copolymer
strands through the pores under the influence of the centrifugal force. In such a way, and up to
a certain extent, the sample above the membrane was gradually concentrated. We note that
there existed an optimum combination of centrifugation speed and duration that produced the
highest possible concentration of well-dispersed samples without a significant reduction in the
yield of the preparation process (over-centrifugation of the sample caused the sample to adhere
to the ultrafiltration membrane to an extent where it was no longer dispersible). In our case,
the highest concentrations obtained for the coated samples was 420 ng/mL, whereas the highest
concentration attained for the bare PTB7 CPNs was 90 pg/mL. Even at the highest
concentrations, the CPN-containing dispersions were homogenous and clear, with no

observable aggregates.
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Figure 1. Fabrication of PTB7 CPNs using the nanoprecipitation method. Panel (a)
summarizes the process used to prepare the nanoparticles of PTB7 conjugated polymer. To
prepare coated PTB7 CPNs, Pluronic F127 or PSMA were added to the PTB7 solution in THF,
prior to injection into water. Panel (b) shows the chemical structures of PTB7, F127 and PSMA.
Panels (c) and (d) show TEM and AFM images of PTB7@F127 CPNs dried on appropriated
substrates, respectively. The process of drying the CPNs on a substrate results in flatter, larger-
diameter particles, so the sizes apparent in the TEM and AFM images exceed those determined

from DLS.

The hydrodynamic size of the as-prepared and filtered CPNs was measured using dynamic
light scattering (DLS). As expected, the size of the bare PTB7 CPNs was the smallest at a mean
size of 140 nm, with a standard deviation of ~50 nm; the PTB7@PSMA CPNs were slightly
larger at 150 + 40 nm, while PTB7@F127 CPNs were the largest at 190 = 60 nm (Figure 2a).
The size of the coated CPN samples remained unvaried for a large range of sample

concentrations (Figures 2b and S2.2 for PTB7@F127 and PTB7@PSMA data respectively)



with only a slight increase in sample polydispersity, which is a testament to their stability as
colloidal dispersions.

The different sizes of the two coated CPN samples could be attributed to the different sizes
of the copolymer chains (M,,(PSMA) =~ 1900 Da, M,,(F127) ~ 12600 Da). Our hypothesis
is that the size of the copolymer not only directly impacts the thickness of the coat,?’ but it also
plays a role in the steric effects that determine the degree of inter-collation of the copolymer
chains into the PTB7 core and the packing of the PTB7 polymer chains inside the core. Thus,
co-precipitation of PTB7 with the shorter PSMA co-polymer yielded CPNs that were only
slightly larger than the bare PTB7 CPNs, while the presence of the longer F127 copolymer
during the co-precipitation process leads to bigger CPN sizes and a relatively loose packing of
F127 copolymer in the coat (Figure S3.3). The latter fact was evidenced by the much larger
size and polydispersity of the as-prepared PTB7@F127 CPN samples (220 + 60 nm), compared
to those that were filtered (see middle graph of Figure 2(a)). The centrifugal ultrafiltration
process removed the loosely bound F127 from the surface of the CPNs, resulting in smaller
CPN sizes described above. The looseness of the F127 coat was further evidenced by the
atomic-force microscopy images of the dried PTB7@F127 samples: in Figure 1(d), it is clear
that the PTB7 core remains relatively intact upon drying, while the F127 coating layer is more
fluid and spreads out around each CPN during the drying process (see SI for a further discussion

of F127 coat fluidity).
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Figure 2. Hydrodynamic sizes of PTB7 CPNs. Results of DLS measurements of aqueous
dispersions of (a) different PTB7 CPNs and (b) different concentrations of PTB7@F127 CPNss.
In panel (a), the size of PTB7@F127 CPNs was measured before (dashed orange line) and after
(solid red line) centrifugal ultrafiltration. In panel (b), the dashed black line indicates the
average size (Z,,) of the CPNs across the three samples and the arrows indicate the range of
size falling with a single standard deviation o. Corresponding colored dashed lines run

vertically across the panel for easier comparisons of the samples.

Both transmission electron microscopy (TEM) and atomic force microscopy (AFM) images
(Figures 1(c) and (d) respectively) confirmed the expected core-shell structure of the CPNs co-
precipitated with a copolymer. However, the heights and widths of the CPNs obtained from
these images did not match those measured by DLS, yielding much larger widths (400-1000
nm) and smaller heights (10-30 nm). We attribute this to the capillary and centrifugal forces
that the CPNs experience during the spin-coating and drying process, which deform them into
“fried egg”-like shapes and yields the observed deviations in measured widths and heights.
This hypothesis is supported by an observation that the mean volume of spherical CPNs,

calculated using their average hydrodynamic diameter, Vpg ~ 3.1 x 1073fL , is
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approximately same as the mean obtained from the AFM data, Vypy ~ 4.7 X 1073 fL,
especially in view of possible deformation of particles under the forces they experience during
sample preparation. Further details of these calculations can be found in the supporting
information (SI) document.

The sizes of the CPN particles produced in this work sit within the range identified by several
studies as being optimum for accumulation in tumorous tissues (in vivo) by the enhanced
permeability and retention effect.?®° Further specificity to tumorous tissues could be achieved
relatively easily by modifying the re-precipitation mixture to include a copolymer coating
material that has been pre-functionalized with targeting entities, or with functional groups that
could be used for attachment of such entities post-reprecipitation of the CPNs. In a similar way,
other modalities could also be endued onto the CPNs, while maintaining their native theranostic

capability arising from the PTB7 core.

Optical properties of PTB7 CPNs

The absorption spectra of all PTB7 CPNs (Figures 3a and S4.4a) showed the characteristic
two-peak absorption in the 550-750 nm region, with absorption maxima at approximately 615
nm and 675 nm corresponding to the transitions between the ground state and the first two
vibronic levels of the excited state of PTB7.3! Deconvolution of these spectra into contributions
corresponding to these two transitions (see SI document) showed that the two absorption peaks
were slightly blue-shifted for the bare PTB7 CPNs compared to the coated samples, which we
attribute to a shorter characteristic length of the conjugated segments in bare PTB7 CPNs
originating from an increased contortion of the chains in these particles. Furthermore, the
relative intensity of the two absorption peaks was much smaller for these CPNs, when
compared to coated CPNs and the free PTB7 chains dissolved in THF (Table S4.1). The ratio
of the peaks or, equivalently, the intensity of the lower-energy peak (at 675 nm) is known to
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be sensitive to aggregation in PTB7 chains, with increased inter-chain interactions causing a
decrease in its intensity;>!*? therefore, the observed decrease can be attributed to decreased
inter-chain interactions. Most likely, this is due to an increased chain disorder which disturbed
the m — m stacking of the conjugated domains and therefore caused a reduction in interchain
interactions.®! In the coated samples, the presence of copolymers mitigated some of the steric
hindrance owing to the bulky side chains of the PTB7, and allowed for tighter and better-
ordered packing of the PTB7 chains; this promoted inter- and intra-chain interactions and

resulted in increased absorption by excitation into the lowest vibronic excited state.

a b
(@) 08 (b) 800
NIR-I s —— Bare PTB7

it biological < E;g;@';;z,\:A
< 061 window 3 600 e
e o
2 =
S o4 % 400+
.8 c
I} 2
2 E
2 o024 S 200

(1| M 0 : ; , ;

300 400 500 600 700 800 900 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)

Figure 3. Optical properties of PTB7-based CPNs in aqueous solutions. Steady-state (a)
absorption and (b) emission spectra of PTB7 (purple), PTB7@F127 (red) and PTB7@PSMA
(blue) CPNs. The shaded region indicates the first (NIR-I) transparency region of biological
tissues. The photoluminescence spectra shown in (b) were recorded using an excitation
wavelength of 618 nm, as indicated by the arrow in panel (a), where all samples absorbed

equally. The concentration of all samples was ~8 pg/mL.

The photoluminescence spectrum of all three CPN samples appeared to consist of a single,
approximately gaussian, peak in the 700-850 nm spectral region (Figure 3(b)). The average

position of the fluorescence peaks (~1.55 eV) and the corresponding Stokes’ shifts (~100 nm)
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were consistent with previously reported results for PTB7 films and solutions,*!** which
attributed this peak to a de-excitation via emission from a lowest vibrational level of the excited
state to the 1% vibrational level of the ground state. No emission corresponding to the de-
excitation into the 0™ vibrational level (expected to appear at ~1.86 ¢V) was observed in our
case, indicating that most of the observed emission is from densely-packed and weakly-
interacting H- aggregates.>?

A further careful examination of the PL spectra led to the conclusion that each PL peak
consisted of two Gaussian contributions (Figure S4.7, Table S4.2), located at approximately
1.55 and 1.65 eV for all samples; the observed red- and blue-shifts between different samples
were solely the result of different ratios of these contributions (Figure S4.7, Table S4.2). We
note that the separation of these contributions (~0.1 eV) was half of the typically-reported
vibronic splitting of the ground state (~0.2 eV), both for PTB7 solutions and thin films.*!' In
addition, in H-aggregated emission, de-excitation to the 0 vibrational level is forbidden and
is typically not observed unless a high degree of disorder is present, e.g. in dilute PTB7
solutions where interchain interactions are minimized.*?> As above discussion indicates, this
exception does not apply to our densely packed nanoparticles of PTB7. Therefore, it is unlikely
that the origin of dual-contribution emission has to do with the vibronic splitting of the ground
state. Instead, we suspect that they correspond to emissions from two different excited state
species or the existence of two “populations” of conjugation lengths in our CPNs. Further
investigations are underway to elucidate the exact nature of the observations.

The PTB7@F127 CPNs had the strongest fluorescence; its fluorescence quantum yield (QY)
was measured to be 1.3% using the relative method** with Atto700 dye used as a reference (see
SI for details). The QY's of the bare PTB7 CPNs and PTB7@PSMA CPNs (0.5% and 1.0%
respectively) were determined relative to PTB7@F127 CPNs (see SI for details). These values

were of the same order of magnitude as the QY of the PTB7 polymer in solid films (2%)?° and
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when dissolved in THF (1.52%; see SI), indicating that the packing of the PTB7 chains into a
CPNs did not have a major detrimental impact on the fluorescence properties of the PTB7
polymer. Furthermore, the increased QYs of the coated samples correlated with the
improvement in the colloidal stability of these CPNs in aqueous solutions (see SI for stability
discussions) and the corresponding changes of their absorption and emission spectra.
Therefore, we expect this to be due to the nature of the excitonic species that are formed in the
individual CPN samples, as determined by intra- and inter-chain interactions,?! which are
inevitably influenced by steric and other interactions between the chains of the PTB7 and
F127/PSMA copolymers.

While the fluorescence QYs of our CPN samples were low (0.4-1.3%), in terms of their
absolute values, these values are not atypical of many NIR emitters. Furthermore, even faint
NIR-I fluorescence can be detected relatively efficiently because of the reduced
autofluorescence contributions typically observed in this spectral range. More to the point, to
function effectively as photosensitizers for PDT, our CPNs require an efficient intersystem
crossing from the singlet excited state to the triplet excited state, a process which competes
with direct de-excitation via emission and therefore necessarily favors a CPN with a low
fluorescence QY. One should note, however, that the addition of the copolymer coating was
shown to improve the fluorescence QY of the PTB7 CPNs, which is consistent with previous
observations of coated CPNs made from different conjugated polymers.'**¢ Furthermore, this
improvement did not come at the expense of an inhibition of ROS production, as discussed in

the next sections.

It is important to highlight that the demonstrated optical properties of PTB7 CPNs are highly
advantageous for bioimaging applications — they partially absorb and emit in the NIR spectral
region, allowing /inear excitation and collection of emission in the NIR-I biological

transparency window. The large (~100 nm) Stokes’ shifts between their absorption and
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emission bands allow for facile and efficient implementation into off-the-shelf imaging
systems, requiring nothing more than a standard continuum lamp or laser, and a judicious
choice of filters. As such, the optical properties of the developed PTB7 CPNs allow facile
bioimaging in the NIR-I biological transparency window, while at the same time overcoming
the commonly reported drawbacks for NIR-I theranostic polymer nanoparticles, such as low
photostability, rapid and irreversible photo-degradation, and poor aqueous solubility (see SI

for stability evaluation of our CPNs).

Singlet oxygen production by CPNs

Singlet oxygen ('0>) is a highly energetic and reactive form of molecular oxygen that can be
formed by triplet-triplet energy transfer between the triplet ground state of molecular oxygen
and a triplet excited state of a photosensitizer.>’ The triplet excited state of PTB7 have been
previously reported to be sufficiently energetic to generate singlet oxygen — in fact this process
is widely acknowledged to cause degradation of thin PTB7 films.2***4! However, and as
suggested above, this property can be exploited for PDT applications.

Hence, the ability of our CPNs to produce singlet oxygen was evaluated using a chemical
sensor — Singlet Oxygen Sensor Green — which turns from a non-fluorescent form (SOSG) into
a highly fluorescent form (SOSG-EP) upon reaction with singlet oxygen (Figure 4(a)).** The
production of singlet oxygen by the CPNs was continuously stimulated using a red CW laser
(Astim = 635 nm). After every 30 seconds of stimulation, the SOSG-EP fluorescence was
recorded (Aexc = 500 nm). As shown in Figure 4(b), the SOSG did not absorb at the stimulation
wavelength, and conversely, the CPNs do not fluoresce at wavelengths where SOSG-EP emits,
thereby minimizing any crosstalk. In all cases, the concentration of the tested samples was
adjusted so that they all absorbed equally at the stimulation wavelength (i.e. at 635 nm). Control
experiments involving evaluation of absorption spectra of CPN/SOSG mixtures post-
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measurements were performed to confirm photochemical and structural stability of the CPNs
during these measurements (see “Photochemical stability of CPNs during singlet oxygen
measurements’ section in the SI document).

We note that the excitation wavelength of 635 nm was chosen because of the compatibility
of the 635 nm laser diode with the integrated spectrophotometer. In principle, any excitation
wavelength in the 600-750 nm spectral range could be used instead, including those in the NIR

spectral region, since the SOSG does not absorb there (Figure 4(b)).
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Figure 4. Measurements of singlet oxygen production by PTB7 CPNs using SOSG
chemical sensor. (a) The measurement scheme consisted of continuous stimulation of singlet
oxygen production by the CPNs, conversion of SOSG into its fluorescent form SOSG-EP via
a reaction with singlet oxygen and a recording of SOSG-EP to evaluate the amount of singlet
oxygen produced by the CPNs. The arrows in panel (b) indicate the relevant wavelengths used
in the experiments, along with normalized absorption and emission spectra of SOSG and PTB7

CPNss. Panel (c) shows the temporal evolution of the SOSG-EP fluorescence signal for different

types of CPNs and a reference photosensitizer (methylene blue, MB). Panel (d) compares
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singlet oxygen production by the PTB7@F127 CPNs, the bare PTB7 CPNs and the F127
copolymer. For all measurements, samples had absorbances of ~0.5 at the stimulation
wavelength (635 nm) prior to the addition of SOSG. This corresponded to CPN samples’

concentrations of ~10 pg/mL and a concentration of 7.6 uM for MB solution.

Bare PTB7 CPNs produced singlet oxygen steadily over the 30 minutes measurement period
(Figure 4(c)). Since the lifetime of the singlet oxygen in heavy water is of the order of tens of

4344 and the decay of SOSG-EP fluorescence occurred with a characteristic

microseconds,
lifetime of ~18 minutes (see section 5 of SI), the observed trend represents a continuous
generation of SOSG-EP throughout the measurement period. The plateau reached at
approximately 20 minutes into the measurement thus represents a steady state characterized by
equal rates of SOSG-EP production via the process described above and the decay of its
fluorescence due to diffusion out of the excitation volume (see the discussion of ROS
production under prolonged stimulation in SI for further information).

Interestingly, the PTB7@F127 CPNs exhibited a marked improvement in singlet oxygen
production: a 2-fold improvement was observed over a 30-minutes measurement period, as
shown in Figure 4(c), and a 7.5-fold improvement was achieved over a 3-hour period (data
shown in Figure S5.2(c) in SI). The F127 copolymer on its own produced no singlet oxygen
(Figure 4(d)) and hence was not the source of the observed increase in the SOSG-EP
fluorescence signal.

Production of singlet oxygen by the PTB7@F127 CPNs was stable, with no observable
decreases in the signal during stimulation periods lasting up to 3 hours (data in SI). This was
contrary to our control experiments with methylene blue (MB), which exhibited a steady
decrease in the SOSG-EP signal after 30 minutes of initial increase (data in SI). Most likely,

this decrease can be attributed to MB undergoing gradual photodegradation during the

prolonged stimulation.* In fact, despite the initially lower singlet oxygen yield of our
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PTB7@F127 CPNs (8.5% in ethanol and 32.4% in water) compared to that of MB (52% in
ethanol and 50% in water), the CPNs perform better than MB when longer exposure times are
considered (see SI for further details of these measurements). This clearly demonstrates the
advantage of CPNs over molecular photosensitizers for PDT applications, in which prolonged
continuous exposures often result in photobleaching and an associated reduction in efficiencies.

It is important to note that the nature of the copolymer coats was critical in determining the
performance of the PTB7 CPNs as singlet oxygen producers. Whilst the addition of the F127
coat resulted in a 7.5-fold improvement of the singlet oxygen production compared to bare
PTB7 CPNs, the addition of PSMA coat completely quenched it! This observation cannot be
explained by the different size/density/nature of the copolymer coats, all of which affect the
diffusion of the molecular oxygen through the coat. This is because both F127 and PSMA are
amphiphilic polymers that contain oxygen in their composition and whilst F127 does form
looser shells compared to PSMA, the PSMA shells are smaller than F127; therefore we expect
the diffusion of molecular oxygen to be comparable for the two. Equally, the difference in
singlet oxygen production cannot be attributed to any differences of the photophysical
processes occurring within the core of the CPNs, i.e. within the PTB7 polymer itself. The
absorption, emission and excitation spectra of the two coated CPNs samples are very similar
(see SI figures S4.4 and S4.5 for normalized spectra that allows easier comparison); this
suggests that the key photophysical processes occurring in the PTB7 cores are identical for the
two CPN types. Therefore, the observed quenching of singlet oxygen production must originate
at the interface of the CPN core and its copolymer coat, with PSMA completely quenching the
triplet excited state of the PTB7 and the F127 facilitating the triplet-triplet energy transfer from
PTB7 to molecular oxygen.. This photo-initiated toxicity dependency on the capping agent

highlights the significance of its role in determining the properties of the CPNs, and explains

4648 19,49

why some CPNs are described as non-toxic whilst others are reported to be PDT-active.
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It is expected that further investigations into these aspects will allow on-demand modulation

of phototoxic behavior of CPNs via an appropriate selection of its solubilizing shell.

Superoxide production by CPNs

Photodynamic therapy does not always rely on the singlet oxygen production — other ROS
can also be exploited. Therefore, we also investigate the possibility that our CPNs could
produce another type of ROS — the superoxide radical of oxygen, O2" — which is also known to
cause cell damage.’®>! In this study, O> production by CPNs was measured directly and in real-
time by using chronoamperometry.’>>* This involved the use of a gold electrode to which
cytochrome ¢ was bound. The cytochrome ¢ was reduced to its Fe?* state by O»” produced by
CPNs, before being re-oxidized to its Fe*" state at the electrode surface. This redox cycling led

to a current that was proportional to the rate of O, production, as shown in Figure 5(a).
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Figure 5. Superoxide production by CPNs in response to photostimulation at 365nm. (a)
Schematic showing the proposed mechanism of electrochemical superoxide detection by CPNs
using a cytochrome c¢ functionalised gold electrode, poised at +100 mV. (b) Repeated

photostimulation of 40 pg/mL PTB7@F127 CPN sample at 365nm produced reproducible
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current spikes. (¢) The effect of PSMA and F127 coating on superoxide production by PTB7
CPN samples of high concentrations (90 for bare PTB7 and 100 pg/mL for PTB7@PSMA and
PTB7@F127 CPNs). (d) The effect of CPN concentration on superoxide production,
demonstrated using the bare PTB7 CPN sample. Each data point in panels (¢) and (d) represents
an average of 80 seconds worth of data (1.2 min). During the photostimulation, the light source

was consistently positioned at a distance of 10 mm away from the electrode/CPN solution.

Measurements showed that all three PTB7 CPN samples produced superoxide radicals upon
illumination at 365 nm with a 6 W lamp (Figure 5). Note that the 365 nm wavelength was
chosen as it contributed minimally to the measured electrical currents; conversely, the use of
light sources emitting in the red or NIR spectral regions, although superior for excitation of
CPNs, was impractical in this case as it caused direct photoexcitation of the gold electrode,
resulting in measurements of overwhelmingly large currents that overshadowed those arising
as a result of superoxide production by CPNs. Further control experiments involved using
periodic illumination and addition of 100 ug/mL of superoxide specific scavenger superoxide
dismutase (SOD). The modulation by periodic illumination (Figure 5(b)) and its quenching by
SOD (Figure S6.1) confirmed that the current measured was superoxide radical specific and
that it was, in all cases, photoinitiated (see SI for further details). Unusually, at relatively high
CPN concentrations of ~100 pg/mL, the initial rate of superoxide production was comparable
for all three samples (see the non-normalized data in SI), indicating that it originates from the
PTB7 core. However, on continued exposure to UV radiation (Figure 5(c)), the superoxide
production by bare PTB7 CPNs decreased rapidly, indicating a potential degradation of the
sample. In contrast, the coated CPN samples experienced only a moderate decrease in the
superoxide production (<15%) over the ~9 minutes irradiation period. This is significant

because, at high concentrations, there is a high probability that the photo-generated superoxide
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radical will encounter and cause damage to another CPN, degrading the sample, whereas lower
concentration reduces this risk, as seen for bare PTB7 CPN sample of low concentration in
Figure 5(d). Clearly, and importantly, the F127 and PSMA copolymer coats are sufficient to
protect the PTB7 core from unfavorable photodegradation even at high sample concentrations,
which maintains their ability to produce ROS such as superoxide radicals for longer periods of
time. The protection offered by the copolymer coats against the ROS produced by the CPNs
themselves, and the consequent longevity of the sample, is critical for the implementation of

PTB7 CPNs as PDT-enabled probes in vivo.

In vitro ROS production by PTB7 CPNs

The optical, physical, and photochemical properties of our CPNs in aqueous dispersions, as
described above, clearly demonstrate their potential as photosensitizers. To determine whether
they would perform equally well in more complex, biologically relevant environments, we
tested their feasibility as PDT agents by performing an intracellular ROS assay (see Methods
for details).

The HaCaT cell line (immortalized human keratinocyte skin cells) was chosen for the
purpose because PDT is particularly suited to the treatment of skin conditions. The full
experimental details of the intracellular assay can be found in the Methods section. Briefly, the
assay involved the use of a non-fluorescent sensor 2°,7’—dichlorofluorescin diacetate (DCFDA)
which is oxidised into a fluorescent form 2’,7’—dichlorofluorescein (DCF) by hydroxyl,
peroxyl and other ROS. In this case, the ROS were produced by the CPNs following
irradiations with a lamp whose emission spectrum covered the first biological transparency
window (660-850 nm). The resulting fluorescence signals from DCF yielded a measure of
ROS production by the CPNs, measured in % relative to tert-butyl hyperoxide (TBHP, positive

control, 100% ROS production), and the medium only as a negative control (0% ROS
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production). As non-irradiated controls, cells dosed with the same concentrations were
incubated under light exclusions for the same durations as the irradiation course, to ensure the

same exposure conditions.
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Figure 6. In vitro ROS production by PTB7 CPNs in HaCaT cells incubated with
PTB7@F127 CPN samples at concentrations up to 45 pug/mL (a). Cells were incubated with
(red data points) and without NIR irradiation (grey data points) for 60 minutes prior to ROS
measurement. The intracellular ROS production was also measured as a function of time
following exposure to 45 pg/mL PTB7c@F127 CPNs (b). The dashed grey line and the height
of the light grey box correspond respectively to the mean and standard deviation of ROS
production for non-irradiated cells exposed to 45 pg/mL CPN samples. Each data point is an
average of three repeats (n = 3). For all measurements, the NIR source used for irradiation of

samples had a broad emission profile covering the 660 — 850 nm spectral range.

Results of the assay showed that non-irradiated samples incubated with CPNs produced
relatively small amount of ROS, and the differences in DCF signal of these samples and the
negative control were not statistically significant (p>0.05; Figure 6 and Figure S8.1). The
presence of CPNs had minimal detrimental effect on cell proliferation; this fact was confirmed
by a viability assay, as discussed in Section 8§ of the SI. Irradiated samples, however, showed
a significant and dose-dependent increase in ROS production (0.001<p<0.05, as indicated by

asterisks in Figure 6). Furthermore, for the highest concentration (45 pg/mL), there was a
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statistically distinguishable increase of DCF signal for incubation times of up to 60 minutes
(p<0.05 between 0/30 min and 30/60 min timepoints), after which the signal did not vary
significantly (p>0.05 for 60/120 min). These results confirm the ability of our CPNs to generate
ROS under photoexcitation in biological environments and validate their photosensitizing

abilities under NIR-I excitation.

PTB7 CPNs as NIR-I imaging agents

The existence of other modalities besides photosensitization, such as those allowing in situ
imaging of tissues, are of particular interest for theranostic applications of nanoparticle-based
agents because they allow delineation of treatment areas and therefore constitute a non-invasive
diagnostic tool. In many cases, imaging modalities are achieved through addition of a dopant
(e.g. covalent conjugation of an MRI probe to the nanoparticle surface). However, PTB7 CPNs
are inherently NIR fluorescent, thereby offering an in-built imaging modality. To demonstrate
the potential of PTB7 CPNs for theranostic applications, we imaged the NIR fluorescence of
our CPNs in A549 cell cultures . The uptake was assessed semi-quantitatively based on the
evaluation of the fraction of cells showing both internalization and stable external adherence
after multiple washes. The experimental details are provided in the Methods section.

The recorded images confirmed that the CPNs were widely but non-uniformly distributed
within the cells (Figure 7 and Figure S7.1 in SI). Samples incubated with the bare PTB7 CPNss,
showed the weakest fluorescence signals (Figure S7.2), consistent with the lowest fluorescence
QY of this sample. Of the two coated samples, PTB7@PSMA CPNs provided the strongest
fluorescence signals, evaluated in terms of the photons recorded per pixel of NIR fluorescence
image, despite having a lower fluorescence QY than PTB7@F127 CPNs (Figure S7.2); we
attribute this to a more efficient internalization of the PTB7@PSMA CPNs by the A549 cells

and note that a different trend could be observed for other cell lines.
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Figure 7. PTB7 CPNs as in vitro NIR fluorescence imaging probes. Human lung epithelial
cells (A549) following incubation with (a) PTB7@F127 and (b) PTB7@PSMA CPNs at
concentration Csock = 150 pg/mL, imaged using 40x objective and RG715 filter (700-1000 nm).
In both panels, the NIR fluorescent image (red) under 400-650 nm excitation is superimposed
on (greyscale) ambient-light image. (¢) The number of detected fluorescence photons (average
per pixel) arising from PTB7@PSMA (purple data) and PTB7@F127 CPNs (red data) imaged
through 10x objective, for different concentrations. Error bars are standard errors, based on
measurements in eight subregions of recorded image. The linear fit to the data (dashed lines)

were obtained using OriginLab 2019b software and are shown as guidelines only.

Fluorescence images of cells incubated at lower concentrations of CPNs suggested a
concentration-dependent nanoparticle uptake and fluorescence: for coated PTB7 CPNs, the
average number of fluorescence photons scaled linearly with CPN concentration during
incubation, as expected (Figure 7(c)). Ambient images of these samples confirmed that neither
the reduced fluorescence signals for different capping agents (Figure 7(b)) nor lower CPN
concentrations (Figure 7(c)) are due to variations of cell numbers and distributions, which were
similar in all cases (Figure S7.3).

Therefore, the improvement of the fluorescence signals for PTB7@PSMA CPNs is again
attributed to the higher affinity of PSMA to A549 cells, resulting in larger overall CPN numbers

being retained on the sample post-incubation and washing (Figure 7). This agrees with existing
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literature on PSMA, in that it is known to facilitate the penetration of the lipid bilayer of cell
membranes, and the internalization and binding of drug-polymer conjugates with the
hydrophobic milieu of the cell.*>>’ PTB7@F127 CPNs, on the other hand, demonstrated
reduced cell uptake and internalization into the A549 cells, as is expected for folate receptor-
deficient cells.®® We note, however, that this folate receptor-dependent uptake of the

PTB7@F127 CPNs, along with well-established functionalization of these CPNs with

59,60 61,62

appropriate ligands, can be exploited to achieve tumor type-specific uptake and
therefore a high degree of selectivity to tumorous tissues in theranostic applications.
Nonetheless, these results perfectly demonstrate that the capping copolymers are crucial in
determining the particle uptake profiles; therefore, a promising future direction is the control

of CPN functionalization aimed at ligand-mediated targeting.

CONCLUSION
In this work, we have successfully prepared PTB7 CPNs, both bare and coated with F127

and PSMA copolymers. We demonstrated that the prepared CPNs have many
advantageous properties for theranostic applications that consolidate bioimaging-based
diagnostics and photodynamic therapy. The optical properties of PTB7 CPNs allow linear
excitation and collection of emission in the NIR-I transparency window, making them a
very good bioimaging agent; their sizes are optimum for accumulation in tumorous tissues
via the EPR effect; and finally, they generate various ROS species upon photoexcitation,
including singlet oxygen with quantum yields of up to 33% in water, highlighting their
potential for PDT applications.

Furthermore, we demonstrated that selection of the capping material is crucial in
determining the key properties of the CPNs. These not only include their fluorescence QY,

their hydrodynamic size, and their cellular uptake, but also the nature and efficiency of
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ROS production. We show that, despite having similar optical and physical properties, and
thus also similar chain packing and photophysics, the photosensitizing behavior of the
F127- and PSMA-coated PTB7 CPNs was widely different: coating PTB7 CPNs with
F127 copolymer lead to an improvement of singlet oxygen production, whilst a similar
process with the PSMA copolymer led to its complete quenching.

These results highlight the critical importance of the interplay between conjugated
polymer and its capping agent, and the resulting photophysical and chemical properties of
the conjugated polymer nanoparticles. They also explain why most conjugated polymer
particles are biologically inert yet some can display photo-initiated toxicities that can be

exploited for photodynamic therapy applications.

METHODS
Material. Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl} {3-

fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (PTB7), Pluronic F-127
(F127), Poly[styrene-co-maleic anhydride] (PSMA), Tetrahydrofuran (THF), Methylene Blue
(MB), Atto700 dye and Cytochrome ¢ (from horses heart) were all purchased from Sigma-
Aldrich. Singlet Oxygen Sensor Green (SOSG), Deuterium oxide (D20), 3,3'-
dithiobis(sulfosuccinimidyl propionate)) (DTSSP) and Tris Buffer were obtained from Thermo
Fisher Scientifc.

Preparation of PTB7 CPNs. To prepare PTB7 CPNs using the nanoprecipitation
method described previously by Wuer al, PTB7 powder wasdissolved inTHFat a
concentration of 1 mg/mL, while the F127 (or PSMA) powder was dissolved in THF at a
concentration of 100 mg/mL. The two solutions were sonicated until the powders were fully
dissolved and then mixed in 1:1 ratio. 2 mL of this mixed solution were then added in step-

wise manner to 10 mL of deionised (DI) water, 200 pL at a time, under ultrasonication and
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vigorous stirring. The solution was then left to continuously stir for additional 72 hours in order
to completely remove THF from CPNs via evaporation. Upon completion of this period, the
sample was purified of any unbound or loosely bound copolymer by centrifugal ultrafiltration
through a Millipore centrifugal filter (30 kDa, Sigma Aldrich) at 7000 rpm for 20 minutes,
repeated twice.

To prepare the bare PTB7 CPNs, the protocol was essentially same, with the exclusion of
addition of the F127/PSMA solution to the PTB7 solution, and a reversal of the roles of the
water and PTB7 solution, i.e. instead of adding PTB7 to DI water, 10 mL of DI water were
added to 1 mL of 1 mg/mL PTB7 solution in THF, in steps of 100 puL, under ultrasonication.
The rest of the protocol remained the same.

Characterisation of CPNs. Hydrodynamic diameters of CPNs in aqueous solutions were
obtained using Malvern Zetasizer Nano ZS. Atomic force microscopy images were obtained
using the Bruker Icon Dimension Atomic Force Microscope. TEM imaging was performed on
a JEOL 1400 Transmission electron microscope, operated at 120 kV. UV-vis spectra were
recorded using a Shimadzu UV-2600 spectrophotometer. Steady-state photoluminescence
spectra were recorded using an Agilent Cary 60 spectrophotometer. Concentration of samples,
sizes of excitation and emission slits and integration times were adjusted as necessary to obtain

a reasonable signal. Full experimental protocols for all measurements can be found in SI.

Singlet oxygen generation. Production of singlet oxygen by CPNs in aqueous solutions was
monitored using a spectroscopic method, employing the Singlet Oxygen Sensor Green (SOSG)
as a chemical sensor, according to the manufacturer’s instructions. The test solution was
prepared by diluting 100 pL of 100 pg/mL CPN solution in 400 pL of TRIS buffer and 500 L.
of D20, in a 1400 pL microcuvette (Hellma). For comparison measurements, the concentration

of the samples was further and finely adjusted by addition of minute amounts of D20, to ensure
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same absorbance by all samples at the stimulation wavelength (635 nm). To this, 0.2 uL of 5
mM SOSG probe was added in the dark just prior to the start of spectroscopic measurements.
Singlet oxygen production by the CPNs was continuously stimulated using a 635 nm diode
laser (ThorLabs, 4.5 mW) with an elliptical beam profile (4.5 mm x 1 mm), and SOSG
fluorescence at 530 nm (A, = 500 nm) was recorded at 30 second intervals, with each
spectrum recorded over a 3 second period. Methylene blue (MB) was used as a positive control,
employing the same protocol as above, but replacing the CPN solution with 100 nM solution
of MB instead.

The QY of singlet oxygen production by CPNs was measured using MB as a reference

(@;er = 0.52 in ethanol). Singlet oxygen production by MB was first recorded 5 min after the

addition of the SOSG probe, for different concentrations of MB. These data were then used as
a calibration curve to convert the SOSG fluorescence into yield of singlet oxygen for similar

measurements involving a concentration series of CPN samples (full details in SI).

Superoxide radical detection. Superoxide radicals photo-generated by the CPNs were
detected using chronoamperometry. A MultiPalmSense4 low-noise potentiostat (Alvatek,
Gloucestershire, UK) was used for the purpose, with Ag/AgCl glass reference electrode (Clark
Electrochemical Instruments Ltd, Reading, UK) and a 2 mm O.D. gold working electrode,
encased in KEL-F plastic (Biotech Instruments Ltd., Kimpton, UK). Immediately prior to
measurements, the working electrode was functionalised with cytochrome ¢ using a protocol

1.,°> without modification. For measurements, the CPN

described previously by P. Manning et a
stock solutions were diluted to the required concentrations with PBS. The working electrode
was placed inside the solution and the UV lamp was positioned in such a way as to illuminate
the solution from the side. Currents were then recorded for a period of up to 30 minutes, with

the potentiostat operating at +100mV versus Ag/AgCI.

26



Cell culture. A549 human lung epithelial and HaCaT human keratinocyte cell lines
(European cell culture collection — ECACC, and U. Nottingham respectively) were maintained
in Roswell Park Memorial Institute RPMI-1649 with 10% v/v Fetal Bovine Serum (FBS) and
supplemented with 100 IU/ml penicillin-100 pg/ml streptomycin solution and 2 mM L-
glutamine (Sigma Aldrich, Dorset, UK). For experiments, 100 ul cells at an optimal density of
5x10° cells/ml (HaCaT) or 5x10* cells/ml in complete cell culture medium were seeded onto
bottom pclear black 96-well plates (Greiner Bio-One, Gloucester, UK) and incubated

overnight.

ROS and viability assays with PTB7 CPNs. The DCFDA cellular ROS detection kit (Abcam,
Cambridge, UK) was used to determine the ROS production induced by photoexcitation of
CPN:ss, according to the manufacturer’s instructions. Briefly, the cells were washed with 100 pl
of 1X ROS assay buffer. The buffer was then replaced by 100 pul of DCFDA solution and
incubated for 45 minutes in the dark, and then replaced by PTB7@F127 CPNs dilutions in
RPMI medium (0-45 pg/mL). Without allowing time for internalisation, NIR irradiation was
applied with a light dose of 10 J/cm? at 660 - 850 nm using Derma Red Lamp (Care Lamps,
Care Lamps, UK) to excite the nanoparticles. Normalised fluorescence readings from the ROS-
signalling DCF with an emission wavelength of 520-530 nm were taken at time intervals of 0,
30, 60 and 120 minutes upon incubation. Positive control wells for the ROS assay were
supplemented with 100uL THBP and negative control wells contained untreated cells (n=3).
The result shows a significant increase in ROS production in the presence of even a very small
amount of PTB7@F127 CPNs, while at higher CPN concentrations, the ROS production

inevitably becomes dependent on the incubation time.
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To better understand the cytotoxicity of PTB7@F127 CPNs, different concentration of
PTB7@F127 CPNs with different incubation times from 0-120 min were investigated. We used
the PrestoBlue (PB) assay (Life Technologies, Carlsbad, USA), a commercially available,
ready-to-use, water-soluble preparation. A HaCaT viability assay with PB reagent was
performed according to the manufacturer's protocol. Briefly, HaCaT cells were seeded in 96-
well plate at a density of 1 x 10* cells per well. Prior to the assay, the growth medium was
replaced by PTB7@F127 CPNs dilutions in RPMI (Sigma-Aldrich, USA), 0-45 pg/mL. At the
end of treatment, the cells were washed with PBS and incubated with PB reagent. The viability
signalling PB (resorufin) fluorescence was read (Ex/Em 560 nm/590 nm) after 0, 60 and 120

minutes. The cell viability was expressed as a percentage relative to the untreated cells.

Near-infrared imaging. Cell cultures were prepared with CPN concentrations 1/10, 1/100
and 1/1000 of the stock solutions (90 pg/mL for bare PTB7 CPNs; 150 pg/mL for
PTB7@PSMA CPNs and 200 pg/mL for PTB7@F127 CPNs), by first replacing the A549
growth medium with CPN dilutions in complete culture cell medium (10 pL), and then
incubating with cells for 7 hours. Following incubation, cells were washed with warm
phosphate-buffered saline (pH 7.0) and fixed with paraformaldehyde. Culture-containing
plates were then imaged using an Olympus 1X71 fluorescence microscope in transmission
mode, imaging onto a 512x512 Hamamatsu 9100-23B electron-multiplying (EM-)CCD. All
images were taken through a 3 mm Schott RG715 long-pass filter (715FCS; Knight Optical,
Maidstone) which, together with the EM-CCD quantum efficiency, isolated the detection
sensitivity to ~700-1000 nm. Ambient and fluorescent images were obtained by varying the
illumination spectrum from a 6 V, 30 W halogen lamp which provides broadband illumination;
ambient images utilised , a 3 mm Schott RG665 long-pass filter (665FCS; Knight Optical),

while fluorescent images were obtained through a 3 mm Schott BG39 short-pass filter paired
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with a 1 mm IR-cut short-pass filter (575FCS and 400FIC; Knight Optical) restricting the
excitation wavelength range to ~400-650 nm, crucially outside the ~700-1000 nm bandpass of
the imaging system. Fluorescent images required moderate EM sensitivity gain. (Note that the
“ambient” illumination overlaps with the CPN excitation spectrum (Fig. 3a) in the range ~650-
750 nm, but ambient images are used for orientation purposes only and are in any case
dominated by the illumination spectrum.) The recorded raw images were minimally processed

using ImageJ (Rasband 1997).
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