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Abstract

Conjugated polymer nanoparticles are widely used in fluorescent labeling and sensing, as they have
mean radii between 5 and 100 nm, narrow size dispersion, high brightness, and are photochemically
stable, allowing single particle detection with high spatial and temporal resolution. Highly crosslinked
polymers formed by linking individual chains through covalent bonds yield high-strength rigid
materials capable of withstanding dissolution by organic solvents. Hence, the combination of
crosslinked polymers and conjugated polymers in a nanoparticulated material presents the possibility
of interesting applications that require the combined properties of constituent polymers and
nanosized dimension. In the present work, FSBT@pEGDMA nanoparticles composed of poly
(ethylene glycol dimethacrylate) (pEGDMA; a crosslinked polymer) and containing the commercial
conjugated polymer poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) were synthesized and
characterized. Microemulsion polymerization was applied to produce FSBT@pEDGMA particles with
nanosized dimensions in a ~25% yield. Photophysical and size distribution properties of
F8BT@pEDGMA nanoparticles were evaluated by various methods, in particular single particle
fluorescence microscopy techniques. The results demonstrate that the crosslinking/polymerization
process imparts structural rigidity to the FSBT@pEDGMA particles by providing resistance against
dissolution/disintegration in organic solvents. The synthesized fluorescent crosslinked nanoparticles
contain (for the most part) single F8BT chains and can be detected at the single particle level, using
fluorescence microscopy, which bodes well for their potential application as molecularly imprinted
polymer fluorescent nanosensors with high spatial and temporal resolution.

Introduction

Conjugated polymers (CP) are organic macromole-
cules formed by a series of repeating units (monomers)
linked together by a succession of single and double
(or triple) bonds alternated along the backbone chain.
This structure gives the material unique properties
such as high electrical conductivity, mechanical pro-
cessability, and the ability to emit light in the visible
region of the electromagnetic spectrum after optical or
electrical excitation. Because of these properties, CP
are used in various organic-electronic devices such as

solar cells [1, 2], organic light emitting diodes (OLED)
[3], sensors [4], etc. Recently, CP nanoparticles
(CPNPs) were synthesized, which are useful for
various applications [5-7]. In particular nanoparticles
(NP) of the commercial conjugated polymer F8BT
have been prepared with average radii between 5 and
30 nm and low size dispersion. These particles possess
high brightness and photochemical stability, allowing
their detection/monitoring at the individual-particle
level with high spatial and temporal resolution [7, 8].
These characteristics make them particularly suitable
for fluorescent labeling and/or sensing applications.
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Scheme 1. F8BT, EGDMA, SDS, and KPS molecular structures.

Furthermore, molecular imprinting polymers (MIPs)
are materials which exhibit high selectivity and affinity
for a specific substrate through binding sites produced
by self-assembly of a template molecule (analyte of
interest) with monomers containing appropriate func-
tional groups (which have strong monomer-template
specific interactions), followed by crosslinked copoly-
merization [9, 10]. After polymerization, the template
molecule is removed from the polymer, leaving
recognition/binding sites which in terms of size,
shape, and functional affinity are complementary to
the template [11]. Crosslinking is essential to preserve
the three-dimensional structure of recognition/bind-
ing sites upon template washing/removal. MIP gen-
eration using CP matrices, and particularly CPNPs,
presents the possibility of various applications such as
in ultra-sensitive analyte sensing technologies [12].
However, polymer chains in CPNPs are held together
by van der Waals forces, and their structure is not rigid
enough to withstand washing steps usually employed
to remove occluded templates (within the polymer
matrix) in the molecular imprinting process.

In the present work we prepared polymer NP
crosslinked  poly-EGDMA
(pPEGDMA) matrix entrapping F8BT polymer chains
(F8BT@pEGDMA NP). The particles were synthesized
by microemulsion polymerization inside micelles
containing F8BT chains and EGDMA crosslinker
monomers. The particles were characterized by UV-
visible absorption spectroscopy, atomic force micro-
scopy (AFM), dynamic light scattering (DLS), Brow-
nian motion single particle tracking (BM-SPT),

formed by a rigid

spectral fluorescence microscopy, and monitoring of
single particle fluorescence intensity transients. The
synthesized particles have nanosized dimensions and
are highly fluorescent. Moreover FSBT@pEGDMA
NPs maintain their integrity in organic solvents such
as toluene and ethyl acetate, suggesting that the three-
dimensional pEGDMA matrix imparts sufficient
rigidity to the particles to make them suitable for
molecular imprinting. Finally, we demonstrate that
these particles can be detected at the single particle

level with high spatial and temporal resolution using
fluorescence microscopy.

Experimental methods

Materials
Poly(9,9-dioctylfluorene-alt-benzothiadiazole)
(F8BT; MW = 70 000 kg mol ', PDI = 2.4, Ameri-
can Dye Source Inc.), potassium persulfate (KPS;
Sigma-Aldrich, >99%), sodium dodecyl sulfate (SDS;
Sigma-Aldrich, >99%), ethyl acetate (EtOAc; Sigma-
Aldrich, 99.7%), sulfuric acid (H,SO,; Cicarelli, 98%),
hydrogen peroxide (H,O, Cicarelli 30% v/v),
toluene (Sigma-Aldrich, 99%), acetone (Sintorgan,
99.5% HPLC grade), and methanol (MeOH; Merk,
99.8% HPLC grade) were used as received. Ethylene
glycol dimethacrylate (EGDMA; Sigma-Aldrich,
99.8%) was used prior to elimination of polymeriza-
tion inhibitors (hydroquinones) by repeated elution
through a column loaded with Dehibit 200 (Poly-
science) resin. Chemical structures of FSBT, EGDMA,
SDS, and KPS are shown in scheme 1. Tetrahydro-
furan (THF; HPLC grade, Cicarelli) was refluxed for
5h with potassium hydroxide pellets (KOH; pro-
analysis grade, Taurus) and subsequently distilled over
freshly activated molecular sieves (4 A, Aldrich).
Double-distilled water was further purified by an
ELGA PURELAB Classic UV system (~18.2 M}
cmfl) to remove ions, organic and particulate matter
(0.2 uM filter). Nitrogen (N, 99.99%, Air Liquide)
was used as received.

F8BT NP synthesis

F8BT NP were prepared by the re-precipitation
method [5, 6]. F8BT was dissolved (with the aid of
sonication and mild heating ~40 °C) in freshly dis-
tilled THF to a concentration of ~0.5gL'. The
solution was filtered with a 0.2 yum pore-size PTFE
membrane syringe filter (Iso-Disc, Sigma-Aldrich) to
remove any undissolved polymer. The concentration
of the filtered solution was recalculated by comparing
absorption spectra before and after filtration, and the
resulting solution was diluted to a final concentration
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of 0.1gL™". 0.3mL of this solution were quickly
injected into 2.5 mL of water under vigorous stirring.
Upon contact with water the polymer chains collapse
forming NP containing of one or several chains (nano-
aggregates) [5, 6].

F8BT@pEGDMA NP synthesis

The FSBT@pEGDMA NP were synthesized by micro-
emulsion polymerization. 0.3 mL of F8BT (0.1 gL ™"
and 0.13 mL of EGDMA (0.03 mol L) solutions in
THEF were independently injected into 2.3 mL of water
containing SDS (15mmol L~') with continuous
stirring. The resulting mixture was purged with N, for
10 min in a glycerin bath at 80 £ 0.1 °C (Memmert,
WNB 7). After N, purging 100 pL of freshly prepared
KPS water solution (0.14 mol L") was injected in the
pre-polymeric mixture and left to react for 20 h in the
glycerin bath. KPS is a well know radical polymeriza-
tion initiator that can be thermally activated [13].
EGDMA has been previously used as crosslinker to
prepare polymer NP containing hydrophobic mono-
mers (e.g. methyl methacrylate, butyl acrylate, and
butyl methacrylate), by microemulsion polymeriza-
tion in water using SDS as surfactant and KPS as
initiator [14, 15]. Thus, despite EGDMA’s moderate
water solubility (~1 gr L™ "), it is reasonable to assume
that both F8BT and EGDMA are at least partially
distributed within or near the hydrophobic phase of
the microemulsion. Our results indicate (vide infra)
that upon polymerization these systems vyield
F8BT@pEGDMA NP where F8BT chain(s) are
retained within the pEGDMA crosslinked matrix.
After polymerization SDS was eliminated by three
cycles of particle precipitation (centrifugation at
13 000 rpm for 1 h) and re-suspension in 2 mL of clean
water. After each cycle, surfactant removal was tested
by cooling the supernatant to 6 °C (SDS Kraft temper-
ature [16]). No SDS precipitate was observed upon
cooling the final centrifugation step supernatant.
Analogous precipitation/re-suspension cycles were
carried out using MeOH to remove EGDMA excess.
The purified pellet was dried to constant weight at
40 °C and the synthesis yield was calculated as 25% for
F8BT@pEGDMA NP. Particle suspensions in different
solvents were prepared by sonication (5 min, Arcano,
PS-30A) of particles in the desired solvent.

Atomic force microscopy (AFM)

Samples were prepared by spincasting NP suspensions
(12 mg LY on freshly cleaved mica substrates (SPI,
Grade V-1 Muscovite). AFM images were obtained on
an Agilent 5400 AFM microscope in tapping mode
operating at a scan rate of 12.05 microns s 1 with
resolution of 512 x 512 pixels and a physical image
size of 15 x 15 um, using a cantilever (uMasch,
NSC15/AIBS) with nominal frequency of vibration of
325kHz, radius of curvature <10nm, and force
constant of 46 N m ™. Images (five images per sample)
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were processed with the Gwyddion program [17].
Field curvature effects were first corrected using the
‘Remove Polynomial Background’, ‘Correct lines by
matching height median’, and ‘Level data by mean
plane subtraction’ functions. The resulting images
were then analyzed, with the same program, to select
particles using the ‘Mark grains by threshold’ function
and finally the ‘Grain Distributions’ function was used
to obtain the maximum height of each identified
particle. The resulting data were used to build NP
height histograms.

Dynamic light scattering (DLS)

Measurements were performed with a Zeta-Sizer
Nano ZS90 Instrument, at a temperature of 25 °C.
Light scattering results were analyzed with Zetasizer
software (provided by the instrument manufacturer)
to obtain hydrodynamic radius distributions by num-
ber. Particle suspensions for DLS were prepared with
water filtered through 0.2 um pore filters right before
data acquisition. Extreme care was taken to reduce
contamination by dust.

Fluorescence microscopy
Fluorescence microscopy single particle tracking
(SPT) and topographic images were acquired with a
home-built inverted epi-fluorescence microscope
assembled on an anti-vibration optical table (Thor-
labs, PTM11109). Excitation was provided by the
458 nm and 488 nm lines of a CW Ar-ion laser
(Modu-Laser, Stellar Pro L 300), a linear polarizer
(Thorlabs, LPVISE100-A), and a quarter waveplate
(Thorlabs, AQWP05M-600) used to obtain a circularly
polarized beam. The laser beam was later magnified 10
times using a pair of lenses (Thorlabs, LA1540-A-ML
and Thorlabs, AC254-150-A-ML) and focused with a
third lens (Thorlabs, LA1979-A) at the back focal plane
of a Reichert 40 x 0.66 NA objective previous reflec-
tion on a dichroic mirror (Edmund #386-331 for
458 nm or Semrock DI01-R488-25x36 for 488 nm).
Emission from the sample was collected through the
same objective, spectrally filtered with a long pass filter
(Semrock BLP01-458R-25 for 458 nm or Semrock
BLP01-488R-25 for 488 nm), and focused with a tube
lens (Nikon, ITL200 # Thorlabs) on the chip of an
EM-CCD camera (Andor, iXonEM+897) to form
fluorescence topographic images of the sample (x, y, Iy)
where x and y coordinates correspond to sample
spatial dimensions in the focal plane and the It
coordinate corresponds to the emission intensity.
Acquisition of spectral information was achieved
by redirecting (with a folding mirror) the microscope
collection path and focusing it on the entrance slit of
an imaging spectrograph (Andor, Shamrock 303i). In
spectral mode a four-dimensional hyperspectral data
cube (x, y, A, Iy) was constructed where the A coordi-
nates correspond to emission spectral dimensions.
The spectrograph is equipped with a high throughput
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diffraction grating (50 grooves mm ', blazed at
600 nm), an EM-CCD camera coupled to the exit slit,
and a variable aperture motorized entrance slit. Data
were acquired in spatial scanning mode where emis-
sion from a narrow line (~1 um wide) at a fixed x-
coordinate (and variable y) in the sample plane is dis-
persed to create a spectral image (y, A, Iy). A series of
such images was taken at different x coordinates (x-
scanning), by moving the sample position in the x
direction using a nano-positioning stage (MadCity-
Labs, Nano-LP 100). Combination of this series in
Image] [18] software allowed us to construct the
hyperspectral cube. Andor Solis software was used to
simultaneously control camera acquisition and
spectrograph parameters. Typical excitation power at
the sample plane for topographic, SPT, and spectral
emission images were 0.50, 1.63, and 0.06 W cm ™2 at
458 nm respectively, unless otherwise noted. Typical
image pixel size was 360 nm. Diffraction limited size of
individual emitting spots was confirmed using a 100x
oil immersion objective lens (Motic, 1.25 NA) result-
ing in an image pixel size of 150 nm. Pixel sizes were
calibrated using a grid distortion target (Thorlabs,
R1L3S3P). For the acquisition images NP suspensions
(~1.2 x 10 °mgL™") were spincoated on freshly
cleaned cover-slips to an average surface concentra-
tion <0.1 particle ym ™ to allow for individual parti-
cle identification. Diffraction-limited spots observed
in the images were attributed to single particles
because the number of spots varies linearly with the
concentration of the suspensions used for spincoating.
Cover-slips (Ted Pella Inc., Goldseal No. 1.5) were
cleaned by immersion/sonication for 15 min in acet-
one, 15 min in water, and 1 h in H,SO,:H,0, (1:4 v/
v), followed by rinsing with abundant water and stor-
ing on MeOH. Right before use, cover-slips were
retrieved from MeOH and flamed with a Bunsen bur-
ner to quickly eliminate the solvent.

The time dependence of fluorescence intensity of
individual particles (It.sp) was determined from a time
series of emission micrographs (microscope movies)
recorded at 57.3 Hz for a total of 1000 frames and ana-
lyzed with home-written software. Excitation power at
the sample plane was 18.7 W cm ™ % at 488 nm.

Brownian motion analysis of single particle
trajectory (BM-SPT)

Trajectories of individual freely diffusing particles in
water were constructed from temporal series of
fluorescence images (movies) acquired using the
previously described microscope. The trajectories
were later analyzed to characterize Brownian motion
parameters and obtain single particle hydrodynamic
radii distributions (vide infra). Samples were prepared
by loading NP water suspensions (1.2 x 10> mgl™")
in sealed chambers formed by placing a piece of double
sided tape, having a central 5mm circular hole,
between two clean cover-slips (see figure S1 in the
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supplementary data, available at stacks.iop.org/MAF/
5/024001/mmedia). The use of sealed chambers
prevents the formation of convection currents in the
sample that would invalidate the assumption of pure
Brownian motion on the analyzed particles. Also, to
minimize the detection of particles interacting with
surfaces (hence not freely diffusing) data were
acquired with the detection focal plane centered
between the top and bottom cover-slip planes of the
sample chamber. The distance between cover-slip
planes was measured to be ~100 pm, while the depth
of field of the instrument was measured to be < 2 ym
(in excellent agreement with theoretical calculations
[19]). This assures that the detected particles are
relatively far from both top and bottom chamber
surfaces. Movies were recorded at a frame rate of
31.23 Hz for a total of 500 frames and were later
analyzed using the ‘Mosaic Single-Particle Tracking
Tool” routine [20] on Image] software to generate
single particle trajectories and their corresponding
mean diffusion coefficients (D). A detailed description
of trajectory analysis, can be found in the supplemen-
tary data. The hydrodynamic diameter (d) for each
particle/trajectory was calculated using D [21]:

kT
3D

()]

where k;, is the Boltzmann constant, T the liquid’s
temperature (293 K), and 7 its viscosity (1 mPas).
More than 130 particles/trajectories were analyzed for
each sample and used to construct the SPT hydro-
dynamic diameter distributions shown in figure 4.
Sample movies used in these experiments are available
for download in the supplementary data.

Absorption and emission spectroscopy

UV-vis absorption spectra were recorded on a diode-
array spectrophotometer (Agilent Hewlett-Packard,
HP 8452A) in 1cm cuvettes at room temperature.
Emission measurements were acquired from dilute
solutions (Abs;.c < 0.1) in 1cm cuvettes at room
temperature and with excitation at the sample absorp-
tion maximum. Emission spectra were recorded with a
spectrofluorometer (Horiba, Fluoromax-4) using the
following parameters: 1 nm slits for both the excitation
and emission monochromators, 0.1 s integration time
per point, and with automatic correction for the
spectral instrument response.

Results and discussion

Nanoparticle size characterization

UV—visible absorption spectroscopy

Figures 1(a) and (b) show photographs and schematic
representations of F8BT NP and FSBT@pEGDMA NP
suspended in water. An increase in turbidity is
observed in the FSBT@pEGDMA NP sample which
suggests increased particle size compared to that of the
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Figure 1. Photographs and schematic representation of FSBT NP (12 mg L") (a) and FSBT@pEGDMA NP (12 mg LY ®b)
suspended in water. (c) Absorption spectra of water suspensions of F8BT NP (black line) and FSBT@pEGDMA NP (red line).

F8BT NP sample. Figure 1(c) shows the absorption
spectra of both F8BT (black line) and
F8BT@pEGDMA NP (red line) suspensions in water.
No significant differences are observed in the F8BT
spectral bands of both samples, suggesting that the
average conformation and composition of F8BT
chains are not significantly affected by the crosslink-
ing/polymerization of EGDMA monomers nor by the
presence of KPS polymer initiator radicals. A slight
increase in scattering is observed for FSBT@pEGDMA
NP relative to F8BT NP, which is assigned to a particle
size increase in the former.

AFM

Water suspensions of NP were deposited over clean
mica substrates as described in the experimental
section and particle heights were measured using
AFM. Figures 2(a) and (b) show AFM images of F8BT
NP and F8BT@pEGDMA NP samples. Figure 2(a)
inset shows the size distribution of the F8BT NP with a
mean height of 6 nm. Figure 2(b) inset shows a
topographic profile corresponding to the white line in
the image. In this case a particle size distribution was
not constructed because most particles agglomerate
during deposition. However the height of the agglom-
erates is less than 50 nm suggesting that individual
particle sizes are smaller than this value.

DLS

Figure 3 shows hydrodynamic diameter distributions
measured by DLS of F8BT NP (a) and
F8BT@pEGDMA NP (b) suspended in water having a
mean hydrodynamic diameter of 45 nm and 74 nm,
respectively. The data confirm that the size of the
F8BT@pEGDMA NP increases as compared to that of
F8BT NP. The results are consistent with F8BT
molecules being contained within larger crosslinked
poly-EGDMA NP. The lack of agreement between
AFM and DLS results for F8BT NP can be rationalized
considering that particle height measured over mica
surfaces might not be equivalent to its diameter due to
potential deformations induced by particle-mica
interactions. Additionally cantilever induced NP
deformation can also affect the NP height histograms
measured by AFM, although by using tapping mode
the deformation is expected to be minimized [22].
Furthermore the large differences between AFM and
DLS (or BM-SPT, vide infra) might be a partial
consequence of particle aggregation in solution. Addi-
tionally hydrodynamic diameters are usually larger
than particle heights measured in dry conditions due
to particle solvation shell and particle shape deviations
from perfect spherical symmetry assumed in the
former [23].
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Figure 2. AFM images of FSBT NP (a) and FSBT@pEGDMA NP (b) over mica. False color height scale on the right is in nm. Inset
panel (a): F8BT NP height distribution measured by AFM. Inset panel (b): topographic profile of line (1) shown in (b).
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Figure 3. Hydrodynamic diameter histograms obtained by DLS of water suspensions of F8BT NP (a) and FSBT@pEGDMA NP (b).
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Table 1. NP size characterization results.

Tech./measurement (nm)

Sample NP AFM® DLS" BM-SPT®
F8BT 6(2.6) 45 (13) 75 (66)
F8BT@pEGDMA <50° 74 (26) 142 (98)

* mean particle height,

* mean hydrodynamic diameter. Standard deviations are
shown in parentheses.

¢ no distributions were recorded for this sample, see text.

BM-SPT

Analysis of individual particle trajectories, as described
in the experimental section, for FS8BT NP and
F8BT@pEGDMA NP suspended in water, yielded
hydrodynamic diameter distributions shown in
figures 4(a) and (b), respectively. The mean hydro-
dynamic diameters obtained by this method, 120 nm
for F8BT NP and 196 nm for FBT@pEGDMA NP,
show the same trend observed in DLS results. BM-SPT
histograms provide real single-particle statistics and
thus are, in principle, more representative of the true
hydrodynamic diameter distribution than DLS histo-
grams, which are constructed by fitting ensemble-
averaged photon scattering autocorrelation functions.
However the limited dynamic range imposed by the
experimental conditions in BM-SPT hinders the
detection of dim/small NP, biasing the size distribu-
tion towards brighter/larger NP. This effect could
explain the differences observed in the hydrodynamic
diameter distributions measured by DLS and BM-
SPT. Size characterizations results are summarized in
table 1.

Nanoparticle integrity characterization

Fluorescence microscopy

Figures 5(a) and (b) show fluorescence microscopy
images of samples prepared by deposition of
F8BT@pEGDMA NP suspensions in water and EtOAc
respectively, on clean glass cover-slip substrates
through spincasting. Diffraction limited bright emis-
sion spots observed in both images are assigned to
fluorescence emission from individual NP.

The previous results confirm that the synthesis
method allows us to obtain particles with nanometric
dimensions that can be detected at the single particle
level using fluorescence spectroscopy. The sample pre-
pared from ethyl acetate (figure 5(b)) shows a clear
increase of average background intensity compared to
that prepared from water (figure 5(a)). At this point it
is important to note that F8BT is soluble in EtOAc at
low concentrations (<10 mg 1""). Control experi-
ments with samples prepared by depositing pure
EtOAc over clean glass cover-slips (not shown) indi-
cate that the background intensity observed in
figure 5(b) is not due to fluorescent impurities present
in EtOAc. These observations suggest that the rela-
tively high background signal observed in figure 5(a) is
due to individual F8BT chains that were not efficiently
entrapped inside the crosslinked matrix of a fraction of
F8BT@pEGDMA NP. Therefore F8BT chains were
easily removed from this fraction of particles upon
contact with EtOAc. On the other hand, the large
number of intense emission spots observed in the
sample deposited from EtOAc indicates that in a sig-
nificant fraction of FSBT@pEGDMA NP, F8BT chains
are efficiently retained. Thus in this latter fraction of
particles the crosslinking/polymerization process was
successful in maintaining the structural integrity after
suspension in EtOAc.

To further test the integrity of FSBT@pEGDMA
NP upon exposition to organic solvents, we performed
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Figure 5. Emission micrograph of FSBT@pEGDMA NP deposited on clean cover-slip from water (a) and EtOAc (b) suspensions.

the following comparative washing/dissolution
experiment.  Samples of F8BT NP and
F8BT@pEGDMA NP were prepared by depositing
water suspensions of the particles over clean cover-
slips. Figures 6(a) and (b) show representative emis-
sion micrographs of samples containing F8BT NP and
F8BT@pEGDMA NP, respectively. After initial ima-
ging each sample was gently washed with toluene
(good F8BT solvent) by carefully covering the whole
cover-slip surface with solvent and then trickling the
liquid by slowly turning the cover-slip vertically and
letting it dry out. Figures 6(c) and (d) show representa-
tive emission micrographs of F8BT NP and
F8BT@pEGDMA NP samples after washing. Statis-
tical analysis (performed in several sample regions
with ~500 particles/‘field of view’ before washing)
indicates that 92% and 11% of particles are lost after
the washing process, for F8BT NP and
FSBT@pEGDMA NP samples, respectively. These
results can be rationalized considering that in the
F8BT NP sample the washing procedure leads to dis-
solution of most deposited particles due to the excel-
lent  solubility = of  F8BT in  toluene
(solubility > 1gL™"). On the other hand, the cross-
linked pPEGDMA matrix is not dissolved by toluene
and might act as a retaining net hindering dissolution
and removal of the entrapped F8BT chains. Thus it is
likely that most of these particles maintain their integ-
rity and remain adsorbed on the cover-slip after wash-
ing with toluene although other factors can also be
atplay.

Spectral fluorescence microscopy

To unequivocally elucidate the origin of background
differences observed in cover-slip-deposited samples
of F8BT@pEGDMA NP from water and EtOAc

suspensions (as previously seen in figures 5(a) and (b))
we acquired hyperspectral data cubes for each sample.
Figures 7(a) and (b) show the wavelength integrated (x,
¥, Iy) images of samples prepared by deposition of
F8BT@pEGDMA NP from water and EtOAc, respec-
tively. Figure 7(c) shows the emission spectra of two
representative single FSBT@pEGDMA NP (green and
red lines) marked with color coded arrows in
figures 7(a) and (b), and the bulk corrected emission
spectrum of F8BT NP in water suspension (black line).
All spectra show almost identical features associated
with F8BT emission, minor differences observed are
associated with lack of correction, by microscope
spectral response, on the single molecule spectra.
These results are consistent with those of absorption
spectra (figure 1) indicating that F8BT structure and
conformation are not significantly altered by EGDMA
crosslinking/polymerization. Figure 7(d) shows the
average emission spectra from background regions in
figures 7(a) (green line) and (b) (red line). Background
regions were carefully selected to avoid the presence of
individual particles. Both spectra were corrected by
subtracting the background emission of a clean cover-
glass under identical experimental conditions. The
average spectrum from background regions in
figure 7(b) (red line) shows characteristic features of
F8BT emission, confirming that the relatively high
background signal observed in samples of
FSBT@pEGDMA NP deposited from EtOAc
(figure 5(b)) is mainly due to free F8BT chains
extracted from the particles by interaction with the
solvent.

Single-particle fluorescence intensity fluctuations
Temporal fluorescence intensity fluctuations of indi-
vidual particles were studied for FSBT@pEGDMA NP
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washing. Scale bar: 10 m. Insets: Irshown in false color scale.

Figure 6. Representative fluorescence microscopy images of samples of FSBT NP (left column, (a) and (c)) and FSBT@pEGDMA NP
(right column, (b) and (d)) deposited over glass cover-slips before (top row, (a) and (b)) and after (bottom row, (c) and (d)) toluene

and F8BT NP to gain deeper insight on their photo-
physical properties. Hundreds of individual-particle
fluorescence-intensity transients were analyzed for
each sample. For FSBT@pEGDMA NP samples ~52%
of the particles show single step ‘high/low’ intensity
fluctuations (blinking) whereas for FSBT NP samples
less than 2% of the particles display such behavior.
Figures 8(a) and (c) show representative single-
particle I; transients displaying blinking behavior for
F8BT@pEGDMA NP and F8BT NP, respectively.
Sample movies used in these experiments are available
for download in the supplementary data. Blinking in
CP is known to be a consequence of efficient energy
transfer among a large number of chromophores pre-
sent in a single polymer chain. Due to this efficient
transfer almost all excitation energy collected by the

chain is funneled towards one (or a few) low-energy
chromophore(s) that is(are) responsible for most I of
that polymer molecule. When the excited state of the
low-energy accepting chromophores are deactivated
by a quencher, the I; of the molecule is significantly
reduced [24-29]. In contrast, CPNPs are usually com-
prised of several polymer chains and have a sig-
nificantly larger number of chromophores as
compared to single polymer molecules. In most
CPNPs a considerable number of chromophores are
responsible for the observed emission of individual
particles, thus typically they do not display blinking
behavior [30]. However some small CPNPs (aggre-
gates comprised of 2—-3 polymer chains) can also show
blinking behavior. Figures 8(b) and (d) show repre-
sentative single-particle Iy transients displaying non-
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Figure 7. Emission micrographs of FSBT@pEGDMA NP (deposited over a clean cover-slide) from water (a) and EtOAc (b)
suspensions. Scale bar: 10 m. Inset: Iyin false color scale. (c) Single particle emission spectra of representative particles marked with
an arrow in the upper panels (red and green color coded, right I¢scale) and ensemble emission spectrum of F8BT NP water suspension
(black line, left I scale). Single particle spectra were offset to improve presentation. (d) Average emission spectra of background

blinking behavior for FSBT@pEGDMA NP and F8BT
NP, respectively. Transients showing blinking on both
samples are assigned to particles containing a single
(or very few) F8BT chain(s) per particle (see figure 1(b)
schematic representation). The relatively long ‘low
intensity’ periods (>15 ms) observed in these I; blink-
ing transients (see figures 8(a) and (¢)) are tentatively
assigned to quenching by (reversibly formed) poly-
mer/molecular-oxygen (O,) adducts with charge
transfer character (polymer™/O,7) as previously
reported for single molecules of an analogous CP [24].
These quenchers could form by reaction of O, with
excited chromophores and disappear by back electron
transfer. Electron deficiencies (such as radical-cations
or hole-polarons) have been shown to be effective
quenchers of excited chromophores in F8BT
[5, 31, 32]. The blinking behavior of our
F8BT@pEGDMA NP is particularly relevant for their
application analyte detection
schemes. In principle, the interaction of one of these

in ultrasensitive

particles with a single analyte molecule (acting as emis-
sion quencher) could lead to significant deactivation
of its It thus providing a readily accessible analytical
signal with single-molecule sensitivity. Figures 8(a)
and (c) insets show single-particle Iy distributions and
mean I; ((It)) of FBBT@pEGDMA NP and F8BT NP
samples, respectively. The lower (I;) and the larger
fraction of blinking particles in the FSBT@pEGDMA
NP sample are consistent with the interpretation that
most of these particles contain a very small number of
F8BT chains (in many cases only one) as compared to
F8BT NP which contain a larger number of emitting
polymer chains per particle, larger (It), and show
almost no blinking.

Conclusions

F8BT@pEGDMA NP were successfully synthesized
and characterized using an array of techniques, in
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Figure 8. Representative single particle emission intensity transients of FSBT@pEGDMA NP ((a), (b)) and F8BT NP ((c), (d)) samples
showing typical blinking ((a), (c)) and non-blinking ((b), (d)) behavior. Insets: single-particle fluorescence-intensity distributions of

F8BT@pEGDMA NP (a) and F8BT NP (c) samples.

particular single particle fluorescence microscopy.
The nanometric size of the prepared NP is adequate
for high spatial-resolution sensing applications. The
spectral properties of the conjugated polymer chains
are not significantly affected by the crosslinking/
polymerization process. Furthermore, fluorescence
microscopy and spectral fluorescence microscopy
observations demonstrate that most particles maintain
their integrity upon contact with solvents that usually
dissolve non-polar non-crosslinked polymers (e.g.
EtOAc and toluene). This result indicates that the
particles can withstand organic-solvent washing steps
used in the preparation of MIP materials. Additionally
we demonstrated that the emission of the newly
developed particles can be monitored at the individual
particle level with high spatial and temporal resolution
using fluorescence microscopy. Moreover, it was
found that a large fraction of F8BT@pEGDMA
particles display fluorescence blinking characteristic of
single conjugated polymer molecules, a behavior that
is useful in sensing applications based in fluorescence
super-quenching [33, 34]. These combined character-
istics bode well for the use of FSBT@pEGDMA NP as

MIP matrices for highly sensitive and selective analyte
detection strategies. For example, several MIP NP
systems capable of detecting specific analytes via
luminescence transduction mechanisms have been
reported in a recent review [35]. Furthermore, fluores-
cence sensing strategies in crosslinked conjugated
polymer materials have been reported for detection of
nitroaromatic compounds [12]. Finally our cross-
linked-NP preparation strategy does not require
complicated synthetic/purification procedures and, in
principle, it is sufficiently flexible to allow for the
incorporation of different commercially available CP
into pEGDMA NP.
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