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Conjugated polymer nanoparticles have shown great promise in biological imaging due to their stable
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optical properties and inert composition but are usually polydispersed. By encapsulating conjugated

polymer CN-PPV with a thin silica shell, it is possible to generate photo-stable, nearly monodispersed

rsc.li/sensors

Conjugated polymer nanoparticles (CPNs) have emerged as a
key imaging technology. Most optical imaging techniques
employ organic fluorescent dyes as probes. Such dyes
however, show limits such as unsatisfactory brightness,
photobleaching and small Stokes shifts which result in a low
limit of detection." Consequently, materials that are bright
whilst exhibiting improved photo-, bio-, and environmental-
stability with a large Stokes shift are now under investigation
for fluorescence microscopy and clinical imaging.” In recent
years there has been a focus on the development of inorganic
semiconductor quantum dots (QDs) which exhibit favourable
optical properties.” However, as they are normally composed
of heavy metals such as cadmium and selenium, there are
concerns regarding toxicity and issues surrounding
disposal."® Conjugated polymers are attracting attention due
to their biocompatibility, superior optical properties and
enhanced photostability.””® Their wide range of biological
applications include labelling,” imaging,'® sensing,'' and
drug delivery.'* A key drawback, however, is the lack of
structural conformity in conjugated polymer nanoparticles
when compared to quantum dots. In most cases, CPNs appear
poly dispersed due to the lack of control over morphology
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hollow nanoparticles with tuneable emission.

during synthesis. Whilst the optical properties remain
impressive, the varied particle sizes will ultimately present
issues when the exact particle dimensions are required, for
example, when the number of antibodies per particle are
required, or when specific sizes are required for biological
clearance. In an ideal scenario, it would be beneficial to have
monodispersed particles composed of inert materials, that
exhibited emission tunability like quantum dots.

Here, we describe a bioinspired silicification approac
(through nano-precipitation) to produce a set of silica-based
monodispersed nanoparticles with a clear core/shell
structure,"*™'® and we report the effect of different emissive
polymer: capping agent ratios on the nanoparticle's optical
characteristics. We obtained a variety of nearly
monodispersed, colloidally stable hollow particles which
exhibited high quantum yields and good photo-stability over
time. Due to the preference for biological probes to emit
towards the red end of the visible spectrum, we chose
poly(2,5-di(hexyloxy)cyanoterephthalylidene) (CN-PPV). We
further studied the ability of these nanoparticles as
fluorescent probes by considering the uptake of the particles
in HeLa cells. The ability to tune the wavelength without
changing the chemical composition makes these organic
nanomaterials  particularly appealing for biomedical
applications.

In brief, a typical preparation was carried out in a one-pot
reaction as described in the supporting information. All
reagents were dissolved in THF using differing ratios of the
emissive conjugated polymer to Pluronic F127 capping agent
(between 1:10 and 1:1000), and then injected into deionised
water under sonication. The vial was left open to allow the
THF to evaporate over four days.

Transmission electron microscopy (TEM) revealed core-
shell structures, as shown in Fig. 1, with the silica shell
appearing darker (due to higher electron density) compared
to the PPO blocks of the Pluronic F127 and the conjugated
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Fig. 1 Transmission electron CN-PPV

microscopy
nanoparticles with a silica shell, prepared with different ratios of
conjugated polymer to Pluronic F127 capping agent. A) 1:10. B) 1:100.
C) 1:1000. Scale bars = 100 nm.

images of

polymers. It is also noteworthy that there was no significant
difference in the shape or size of the nanoparticles when
comparing the different ratios of conjugated polymer to F127
used to manufacture the particles (Fig. 1 and S1f) and on
average, the particles had a core diameter of 24 nm. We
suggest the cores were comprised of the F127 and CN-PPV,
whilst the shells were silica. The hydrodynamic diameters of
the particles ranged between 30 and 80 nm with a PDI of ca.
0.16, depending on the reagent ratio (Fig. S21). Lower
conjugated polymer to F127 ratios resulted in an increase in
hydrodynamic diameter, and a red shift in the fluorescence
emission wavelength of CN-PPV as shown in Fig. 2. Such
observations are consistent with a variation in the emitting
polymer conjugation length, attributable to the tertiary
structure of the polymer backbone, as previously noted on
the behaviour of PPV derived polymers."””'® The particles
were found to have a zeta potential value of ca. -10 kV.

How and why the nanoparticles formed a hollow relatively
monodispersed morphology is currently unknown and will be
explored The free polymer CN-PPV in THF has an absorption
maximum at ca. 450 nm and an emission peak at ca. 550 nm.
When prepared as nanoparticles described here, the emission
could be tuned between ca. 550 nm (free polymer) and ca.
650 nm by tuning the ratio of conjugated polymer to Pluronic
F127, as shown in Fig. 2. It is known that during
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Fig. 2 A) Image of conjugated polymer nanoparticles with differing

polymer to Pluronic F127 ratios. B) Absorption (solid lines) and

emission (dashed lines) of neat polymer in THF (black), and

nanoparticles prepared with different conjugated polymer to Pluronic

F127 ratios of 1:1000 (yellow), 1:100 (orange), 1:10 (red).

encapsulation, the conjugated polymer is forced to coil and
twist, shortening its effective conjugation length and hence
the observed shift in the emission wavelength. The associated
absorption spectra exhibited a notable red shift and
significant broadening, also shown in Fig. 2. This is again
due to the increased inter-chateractions which allowed rapid
energy transfer from high energy to lower energy segments
due to the short-conjugated lengths and weakly emissive
aggregates. Due to this forced coiling, the polymers
interacted closely with each other causing delocalisation of
the m-electrons, leading to an increased inter-chain aggregate
state."® Numerous groups have reported similar observations
based on the photo-physical behaviour of water-dispersed
conjugated polymer nanoparticles.>'®** These effects
appeared to be independent of the silica shell, as
nanoparticles prepared without the silica shell also displayed
these optical shifts. The nanoparticle photo-stability over a
period of 1 month was also explored. An aqueous suspension
(3 mL) was stored in a quartz cuvette with a sealed lid, and
the sample was excited at 450 nm periodically over a 35-day
period, with 3 readings taken at each chosen day (Fig. S37). It
was shown that whilst there was a slight emission red shift,
likely due to aggregation, the actual intensity of the sample
did not vary significantly over the time period (dropping to
95% of the initial (¢ = 0) intensity). The quantum yield (QY)
for CN-PPV in THF was calculated to be 59% as a dye
comparison to rhodamine 6G.>' The QY of the 1:10 CN-PPV
NPs was 17% and the QY of the 1:1000 CN-PPV NPs was
recorded as 51%. Particles without silica had QYs of 37%.
The overall decreased quantum yield when compared to the
free polymer was suggested to be attributed to defects in the
polymers entrapped within the nanoparticles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical

microscope
nanoparticles (CN-PPV : Pluronic F127 ratio of 1:10) in HeLa cells.

image showing uptake of CN-PPV

To investigate their potential use in biological imaging,
the silica-shell passivated CN-PPV particles (1:10) were
initially incubated with HeLa cells at a low concentration (1
pg ml™ CN-PPV concentration) for 24 hours. After
incubation, the cells were washed with PBS before being fixed
in 10% formalin and the nucleus and actin were stained.
Fig. 3 shows cellular uptake of the CN-PPV NPs at 60x
resolution. The silica-shell cross-linked CN-PPV loaded
particles (red) were either located on the surface of the HeLa
cells or more likely were endocytosed by the cells although
not taken into the nuclear area.

In conclusion, stable, brightly emissive, colour tuneable
nanoparticles were successfully prepared by encapsulating
CN-PPV in a silica-shell. By preparing these nearly
monodispersed materials, a significant challenge in the
preparation of biologically applicable nanoparticles has been
addressed. Whilst conjugated polymer nanoparticles have
excellent optical properties with almost unparalleled stability,
the structural properties lag behind more established
materials, such as quantum dots and gold nanoparticles.
Whilst this might not immediately appear important in
simple cellular imaging, to find true utility in routine
advanced diagnostic applications, and ultimately in the
clinic, materials must be prepared to a higher standard than
is currently used. Anecdotal evidence has highlighted that
numerous nanomaterials still struggle to find routine,
reproducible use. Applications such as flow cytometry require
a well-defined surface chemistry to avoid cross reactions and
agglomeration, which is only possible with materials of a
well-defined size. Likewise, if other more common tests (such
as the now ubiquitous lateral flow assays) require
quantitative or semi-quantitative outputs, a specific and
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constant particle morphology, and hence surface and
targeting moieties will be essential. As we report here,
entrapping the conjugated polymer within the silica shell, it
was possible to provide small, relatively monodispersed,
colloidally stable particles that had high quantum yields and
good photo-stability over time. Upon incubation with HeLa
cells, bright fluorescence was observed within the cells,
particularly in the region surrounding the nuclei of the cells
which suggests that uptake occurred. Further work will
include adding a specific surface functionality that can allow
monovalent interactions with required biological giving
quantitative feedback on disease states.
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