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Semiconducting polymer dots (Pdots) with both narrow-band absorption and emission are desirable for
multiplexed bioassay applications, but such Pdots with absorption peaks beyond 400 nm are difficult to
achieve. Here we describe a donor—energy transfer unit—acceptor (D—-ETU-A) design strategy to
produce a BODIPY-based Pdot that exhibits simultaneously narrow absorption and emission bands. A
green BODIPY (GBDP) unit was employed as the main building block of the polymer backbone,
conferring a strong, narrow-band absorption around 551 nm. An NIR720 acceptor provides narrow-band
NIR emission. The small Stokes shift of the GBDP donor allows introduction of a benzofurazan-based
ETU, resulting in a ternary Pdot with a fluorescence quantum yield of 23.2%, the most efficient yellow-
laser excitable Pdot. Due to the strong absorbance band centered at 551 nm and weak absorbance at
405 nm and 488 nm, the Pdot showed high single-particle brightness when excited by a 561 nm (yellow)
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1. Introduction

Semiconducting polymer dots (Pdots) are a class of small
(usually < ~30 nm) fluorescent probes for in vitro and in vivo
imaging, biosensors, optical theranostics, and other biomedical
applications.’™” Pdots provide ultrahigh brightness,'*® excel-
lent photostability,>>** low cellular toxicity,*® good water dis-
persibility, tunable photophysical properties, and easy
bioconjugation.* Pdots are also capable of multi-color emission
at the single-particle level, with tunable relative fluorescence
intensities,* a capability that is useful for developing spectrally-
barcoded probes for multiplexed assays. However, the design of
such probes is limited by the availability of fluorophores with
distinct excitation and emission. We previously developed
a series of Pdots with narrow-band emission by incorporating
green and red BODIPY dyes into a blue-emitting polyfluorene
(PF) backbone.” By adjusting the relative content of the narrow-
emission BODIPY dyes in the backbone, a set of 20 spectral-
intensity-encoded Pdots with 405 nm laser excitation were
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when excited at 561 nm than at 405 nm or 488 nm.

obtained for cell barcoding and tracking.*® However, it is diffi-
cult to obtain many more Pdot barcodes by simply increasing
the fluorescent components due to the emissive spectra overlap
problem.

The number of Pdot barcodes available for multiplex assays
could be further increased by integrating additional Pdots with
narrow absorption near other commonly used laser sources
(488, 561, and 633 nm). For example, by designing another set
of 20 Pdot barcodes which can be excited by a 561 nm laser
while exhibiting weak fluorescence when excited by a 405 nm
laser, the number of fluorescence-encoded cells in a single
detection could be doubled. One limitation of existing Pdots is
their broad absorption bands,*”*® which result in comparable
emission intensities when excited by different light sources.
Another limitation is the lack of bright, long-wavelength excit-
able (LWE) Pdots (A;ps > 520 nm). Blue laser (405 or 488 nm)-
excitable PF- or PFBT-based Pdots with high fluorescence
quantum yield (®¢ > 30%) have been achieved,*' but most
LWE Pdots have shown low @&; (<10%),>***¢ mainly due to
aggregation-induced self-quenching in the solid-like Pdot state.
A few LWE conjugated polymer nanoparticles with higher &
have been reported,®** but these approaches have often
involved dilution of the conjugated polymer content in the
nanoparticles.

Therefore, there remains a need for bright LWE Pdots with
narrow-band absorption and emission, with A,,s near the
commonly-used laser excitation wavelengths of 561 nm or
633 nm. Here we employ a donor-energy transfer unit-acceptor
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(D-ETU-A) design strategy with the novel use of a BODIPY unit
as the predominant building block of a Pdot polymer backbone
to produce LWE (561 nm) Pdot with simultaneously narrow
absorption and emission bands, a large Stokes shift (165 nm),
and a high fluorescence quantum yield (9 = 23.2%).

2. Results and discussion

As shown in Fig. 1, the designed ternary D-ETU-A copolymer,
PFBDP-NIR720 (P1), is composed of a green emissive BODIPY
(GBDP) unit as predominant light absorber (D), 4,7-bis(4-
octyloxy-2-thienyl)-2,1,3-benzooxadiazole (DOTBO) as the ETU,
and a previously reported NIR720 emitter'® as the acceptor (A).

The corresponding P1 Pdots were obtained by using a nano-
precipitation method developed previously in our lab.** Briefly,
as shown in Fig. 1, conjugated polymer was co-dissolved with an
optimized amount (20 wt%) of the amphiphilic polymer
carboxyl-functionalized polystyrene-g-poly(ethylene oxide) (PS-
PEG-COOH) in tetrahydrofuran (THF), and the mixture was
quickly injected into Di-water under sonication. Organic THF
solvent was then removed by blowing nitrogen gas into the
mixture at ~70 °C. The resulting solution was filtered with
a 0.22 um cellulose membrane filter to remove aggregates to
obtain a Pdot solution at 0.01 mg mL ™.

The GBDP unit was chosen as the main building block
because in its core structure, the coordination of the boron
atom holds the dipyrromethene ligand in a highly rigid and
planar conformation, giving GBDP a sharp and intense
absorption band with a peak at around 500 nm, which is
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Fig.1 The chemical structure of PS-PEG-COOH and synthesis routes
of P1 polymers. And the schematic illustration of P1 Pdot formation
and its application for selective excited cell imaging.
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Fig. 2 (a) Absorption spectra of GBDP dye and PFBDP polymer (P4) in
diluted THF solution; (b) absorption spectra of P4 in THF and in the
Pdot state; (c) Stokes shift of P4 in THF solution; (d) spectral overlap of
donor emission and ETU absorption, and of ETU emission and
acceptor absorption.

attributed to the Sy—-S; (—7*) transition. The full width at half
maximum of this main absorption band (FWHM,y,) is as small
as 19 nm (Fig. 2a). Relatively weaker broad absorption bands in
the shorter wavelength region can be assigned to the Sy-S,, (n =
2) (7v-7*) transition.* Due to the strong and narrow absorption
of the BODIPY core, its alternative copolymer derivatives usually
exhibit a narrow and S,-S; transition-dominated absorption
band as well.***

The GBDP segment was alternatively copolymerized with 9,9-
dioxylfluorene to form PFBDP (P4, Scheme S17), acting as the
predominant absorber in the P1 Pdot. Pure P4 polymer in
diluted THF solution exhibits a pronounced bathochromic shift
of the absorption maximum (57 nm) relative to the initial GBDP
dye because of its significant extension of m-conjugation
(Fig. 2a). In addition, the main absorption band of the P4
polymer becomes broader than that of GBDP dye (45 nm vs. 19
nm) as a result of the extended m-conjugation and reduced
molecular rigidity.** Compared to P4 polymer in THF, P4 Pdot in
aqueous solution shows a broader S,-S; absorption band
(FWHM,ps: 57 nm vs. 45 nm) and a much lower & (1.2% vs.
65.6%) due to formation of non-emissive H-aggregates (Fig. 2b).

To obtain an efficient PFBDP-based Pdot, it was necessary to
introduce an energy-transfer unit to compete with H-aggregates
and to maximally capture the excitation energy of PFBDP. The
small Stokes shift of P4 (25 nm, in THF solution) (Fig. 2c)
provided sufficient spectral width to add the DOTBO ETU,
which was selected due to its ideal spectral overlap with the
PFBDP energy donor and NIR720 acceptor (Fig. 2d). A small
amount of NIR720 was incorporated into the polymer back-
bone, resulting in the ternary D-ETU-A P1 polymer. Three P1
variants with different ETU and NIR720 composition (recording
based on the feeding ratios) were characterized: P1-1 (20 mol%
ETU, 3 mol% NIR720), P1-2 (10 mol% ETU, 3 mol% NIR720),
and P1-3 (10 mol% ETU, 2 mol% NIR720) (Fig. 1).

The properties of the three P1 variant Pdots are listed in
Table 1. The three Pdots showed an average diameter of 21-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photophysical properties and diameters by DLS of there P1
Pdots

Aabs APL
Pdot [nm] [nm] D¢ [%] Size [nm]
P1-1 550 715 14.5 22.5
P1-2 551 715 23.2 21.8
P1-3 551 715 19.8 24.6

25 nm based on dynamic light scattering (DLS). Of the three
P1 variants, P1-2 exhibited the best performance, with the
highest @¢(23.2%), lowest relative absorption intensity in the
UV/blue region, and most complete energy transfer from the
ETU to the NIR720 emitter (Fig. S1t). The &; of P1-x series
Pdots is determined by the trade-off between energy transfer
efficiency and aggregation-induced fluorescence quenching.
The light absorbed by PFGBDP host cannot be fully utilized
with low ETU and NIR720 emitter content. On the other hand,
high ETU and NIR720 emitter content will lead to
aggregation-induced fluorescence quenching. The P1-2 Pdot
with a feeding ratio of x = 0.1 and y = 0.03 optimized this
trade-off. Based on these results, P1-2 Pdot was selected for
further characterization.

As shown in Fig. 3a, the number-average diameter of
hydrated P1-2 Pdot was ~22 nm evaluated by DLS. Fig. 3b shows
the profile of dried P1-2 Pdot on cupper mesh substrate by high-
resolution transmission electron microscopy. The P1-2 Pdot has
a dominant narrow absorption band with A,,s at 551 nm, close
to the 561 nm laser source (Fig. 3c). The FWHM,s of P1-2 is only
56 nm, much narrower than that of PFBT-NIR720 (P2, 104 nm)
and PFDHTBT-NIR720 (P3, 112 nm), which are commonly used
in NIR Pdots (Fig. S2t).** Compared to the pure P4 Pdot, the
relative absorbance of the P1-2 Pdot in the short wavelength
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Fig.3 Characterization of P1-2 Pdot, the best performing of the three
P1 Pdot variants. (a) and (b) Size distribution characterized by DLS (a)
and TEM (b, scale bar =100 nm); (c) absorption and emission spectra;
(d) single-particle fluorescence imaging using a wide-field total
internal reflection fluorescence microscope (scale bar = 100 um).
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region (300-450 nm) is slightly stronger, mainly because of the
introduction of the DOTBO unit, but is still much lower than
that of existing non-BODIPY-based Pdots. The building blocks
used in previously reported Pots include extended 7t-conjugated
repeated units (such as PPV derivatives), and strong electron
donating and electron withdrawing repeated units (such as
PFDHTBT). These types of polymers have non-rigid and twisted
molecular structures, and usually exhibit a broader and rela-
tively weaker Sy-S; (-m* transition or intramolecular charge
transfer) absorption band in the longer wavelength region than
our P1 polymers. Because of the excellent spectral overlap of the
D/ETU and ETU/A in P1-2, sufficient cascade energy transfer
occurred to produce a narrow emission band with a FWHMey;
of 46 nm.

The GBDP unit also gives the P1-2 Pdot a larger molar
extinction coefficient (¢) than that of existing NIR Pdots. The
maximum absorbance (An.x) of the P1-2 Pdot at 0.005 mg
mL ™' is 0.3, ~1.9 times that of the PFBT-based Pdot and 2.7
times that of the PFDHTBT-based Pdot (Table S1t). Because
single-particle brightness is proportional to the product of
absorption cross-section and @y, higher ¢ leads to a brighter
Pdot. Single-particle fluorescence imaging of P1-2 Pdots was
acquired by using a wide-field total internal reflection (TIRF)
microscope (Fig. 3d), with a mean-averaged single-particle
brightness of 3.0 x 10° photons per frame. The P1-2 Pdot
also exhibits a large Stokes shift of 165 nm, a favourable
feature for minimizing fluorescence noise from the excitation
source.

To further evaluate the brightness of the P1-2 Pdot, we
compared it with that of a currently used fluorescence probe
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Fig. 4 Single-particle brightness of (a) the P1-2 Pdot and PE-Cy5.5
excited using a 561 nm laser, and (b) the P1-2 Pdot excited using 405,
488, and 561 nm lasers.
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Fig. 5 Confocal fluorescence microscopy images of MCF-7 cells
labeled with the P1-2 Pdot (scale bar = 50 um): (a) bright-field image,
and corresponding fluorescence images with laser excitation at (b)
561 nm, (c) 488 nm, and (d) 405 nm, showing selective excitation at
561 nm.

PE-Cy5.5. The absorption and fluorescence spectra of PE-
Cy5.5 are shown in Fig. S3.f The single-particle brightness
of the P1-2 Pdot and PE-Cy5.5 were assessed by using a custom
single-particle flow analyzer.** Using this system and 561 nm
laser excitation, the mean single-particle brightness of the P1-
2 Pdot is ~6.8 times that of the PE-Cy5.5 probe (Fig. 4a). The
main purpose in designing the P1-2 polymer was to obtain
a bright Pdot which can be selectively excited by a 561 nm
laser. Therefore, we also acquired the single-particle bright-
ness of the P1-2 Pdot when excited by 488 nm and 405 nm
lasers at the same laser power density. The mean brightness
ratios were 13.4 for Isg1 nm/Isgs nm and 18.2 for Isgq nm/T405 nms
indicating minimal cross excitation at 405 nm and 488 nm
(Fig. 4b).

To test the capability of the P1-2 Pdot for use in multi-
excitation encoding applications, we allowed MCF-7 breast
cancer cells to take up the P1-2 Pdot via endocytosis. Confocal
fluorescence microscopy images of Pdot-labeled MCF-7 cells
were acquired at different excitation wavelengths (Fig. 5). The
cells were much brighter when excited with a 561 nm laser than
with a 488 nm or 405 nm laser: the cell brightness ratio was 9.4
for Isey nm/lass nm and 12.5 for Ise; nm/laos nm (Fig. S41). These
results are consistent with the single-particle flow results and
indicate that the P1-2 Pdot possesses excitation selectivity and is
suitable for wuse in multi-excitation-based fluorescence
encoding.

3. Conclusions

Here we report an efficient 561 nm laser-excitable NIR Pdot,
achieved via the novel use of a BODIPY unit as the primary
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absorber in a Pdot. This ternary D-ETU-A type Pdot exhibits
simultaneously narrow absorption and emission bands,
together with high single-particle brightness and a large Stokes
shift. Due to the strong, narrow absorption around 551 nm, the
Pdot is much brighter when excited by a 561 nm laser than
when excited by a 488 nm or 405 nm laser. This property makes
the Pdot can be utilized for selective yellow laser excited living
cell imaging. Furthermore, we are trying to adopt this BODIPY-
based D-ETU-A design strategy to develop 561 nm laser excited
Pdot system with distinct emission spectra for multiplexed
bioanalysis such as cell barcoding we previously reported® or
mRNA-FISH application.
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