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A phenyleneethynylene polymer (here denoted pPy3E-sqS) was synthesized and characterized by UV-vis
spectroscopy, fluorescence spectroscopy, and TEM, and was used for the staining of polymeric nanocap-
sules. The nanocapsules presented good temporal stability, without changes in shape or fluorescence, and
were suitable for use in drug release systems. The mean particle size was around 430 nm, the polydis-
persity index was below 0.2, and the zeta potential was around —13 mV. The release kinetics is one of the
most important factors to consider in drug delivery systems, and here it was observed that nanocapsules
containing the fluorescent polymer still maintained the ability to modulate the release of the fungicides
tebuconazole and carbendazim (used as model drugs) after 4 days. Preliminary results indicated that
staining with the fluorescent pPy3E-sqS polymer could be used as a valuable tool to track the behav-
ior of polymeric systems in the environment. However, further studies will be needed to clarify the
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environmental behavior and possible toxicity.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There is increasing interest in the study and application of nano-
materials in agriculture, as one of the approaches to resolving global
challenges such as population growth, climate change, and the need
to improve productivity while at the same time decreasing harm to
the environment [1,2]. The application of nanotechnology in agri-
culture aims to reduce applications of agrochemicals, detect and
treat diseases, improve the uptake of nutrients by plants, direct the
release of active ingredients towards specific sites, and mitigate
effects on non-target plants [2-6].

Due to the increased use of nanomaterials in various fields,
including agriculture, there is a need for thorough knowledge of
the interactions of these substances with both target and non-
target plants, as well as to follow their behavior in the environment,
especially considering their toxicity [7-10]. To this end, the use
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of stained nanocapsules has shown promise for investigating the
interactions of nanomaterials with various matrices.

The use of nanocapsule systems stained with fluorescence dyes
is a common approach employed to study cells and tissues in vivo
and in vitro [11-13]. The advantages of using fluorescence tech-
niques include high sensitivity, rich contrast, easy staining, and the
use of standard analytical methods [14-16].

Various dyes used to stain nanomaterials exhibit high quantum
yields, but in many cases, problems of cytotoxicity have limited
their broad application in biological studies [14-16]. It is therefore
important to develop and evaluate new materials with potential
for use in future applications in areas including agriculture, envi-
ronment, and bio-medicine.

The chain structures of conjugated polymers show alternation
of single and double or triple bonds, creating extended delocal-
ization of electrons and consequently the generation of electronic
properties [17-19]. The excitation energies of these m-conjugated
materials are usually in the visible range, making them optically
active [20].

In this work, we report the preparation and characterization
of polymeric nanocapsules consisting of polycaprolactone and
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Scheme 1. Reagents and conditions: (a) DCC/DMAP, CH,Cly, 0 to r.t. °C, 15 h; (b) [(CgHs )3 P],PdCl; (2.5 mol%), Cul (1.5 mol%), EtsN, 80°C, 36 h.

stained with a fluorescent poly(phenyleneethynylene) sequenced
with flexible thioester-diethyldisulfide chains. This system, here-
after denoted pPy3E-sqsS, has the potential to enable the detection
of nanocapsules by UV/Vis and fluorescent spectroscopy, as well
as by laser scanning confocal microscopy (LSCM). The feasibility
of different formulations of nanocapsules, unstained or stained
with pPy3E-sqS, were evaluated as carrier systems by loading them
with tebuconazole and carbendazim. These compounds, which are
fungicides, were used here as model drugs. The physicochemi-
cal stabilities and the release profiles of the loaded and unloaded
fluorescent nanocapsules were assessed as a function of time.
This study opens perspectives for monitoring the interactions of
polymeric nanocapsules with target and non-target organisms in
agriculture, such as their penetration into leaves, interaction with
the soil matrix, and diffusion to water resources, in order to under-
stand the ways in which nanocapsules interact with these complex
systems. In addition, nanocapsules stained with pPy3E-sqS could be
employed to evaluate the toxicity in soil (such as towards worms —
Caenorhabditis elegans), plants, and insects.

2. Materials and methods
2.1. Materials

The following chemical products were obtained from
Aldrich and were used without further purification: poly-
caprolactone (PCL), poly(vinyl alcohol) (PVA), copper(I)
iodide, dichlorobis(triphenylphosphine)  palladium(ll), 6-
bromopyridine-3-carboxylic acid, 2-mercaptoethylsulfide, sodium
diethyldithiocarbamate, dicyclohexylcarbodiimide (DCC), and
dimethylaminopyridine (DMAP). CH,Cl,, CHCl3, hexane, and
methanol were purchased from Aldrich and JT Baker. THF and
triethylamine were distilled from sodium/benzophenone complex
and KOH, respectively.

2.2. Synthesis of pPy3E-sqS

S,S’-2,2’-thiobis(ethane-2,1-diyl)
carbothioate) (compound 3 in Scheme 1)

A round bottom flask fitted with a stirrer, condenser, and
calcium chloride guard tube was loaded with 6-bromopyridine-
3-carboxylic acid (3.3 g, 16.33 mmol) (compound 1 in Scheme 1),
2-mercaptoethylsulfide (0.96 mL, 7.42 mmol) (compound 2 in
Scheme 1), and 80 mL of CH,Cl, (methanol free). The solution was
cooled to ~0°C, followed by dropwise addition of DCC (3.306 g,
16.0 mmol) and DMAP (55 mg, 0.445 mmol) dissolved in 10 mL of
CH,Cl,. The mixture was then heated at 50 °C overnight. The urea
formed was filtered off and the filtrate was washed with a 0.5 M HCI

bis(6-bromopyridine-3-

solution. The mixture was transferred to a separating funnel and
the organic layer was extracted with CH,Cl, and dried with MgSO,.
After filtering off the drying agent, the solvent was removed under
vacuum and the crude product was chromatographed through a
silica gel column using CH,Cl; as eluent, resulting in a 68% yield of
a white powder with the following characteristics: mp 141-143°C;
TH NMR (CDCl3, 300 MHz) & (ppm): 8.8 (s, 2H, H-Ar), 8.0 (d, 2H, H-
Ar), 7.62 (d, 2H, H-Ar), 3.35 (t, 4H, —COS-CH;), 2.9 (t, 4H, —CH,-S-);
13C NMR (CDCl3, 75 MHz) & (ppm): 189.06 (C=0), 148.93 (N-C2),
147.23 (C6-Br), 136.61 (C4), 131.57 (C3), 128.30 (C5), 31.59 (-CO-
S-CH;-), 29.29 (-CH,-S-).

Degassed EtsN (40mL) was added through a dry cannula,
under a nitrogen atmosphere, to a two-neck round bottom flask
containing compound 3 (220mg, 0.42 mmol), [(CgHs5)3P],PdCl,
(7.8mg, 0.11mmol), and Cul (ca. 1.0mg). The mixture was
heated at 60°C for 15min. Subsequently, 1,4-diethynyl-2,5-
bis(dodecanoxy)benzene (compound 4) (189mg, 0.38 mmol)
dissolved in dry and degassed Et3N (5mL) was added using a
syringe, followed by stirring for 36 h at 80°C. After cooling, the
mixture was filtered to eliminate the ammonium salt, washed with
THF, and the organic phase was evaporated to a minimal volume
prior to precipitation with methanol (50 mL) containing sodium
diethyldithiocarbamate?! (15 mg), followed by centrifugation. The
pasty residue was recovered into 4 mL of CHCl3 and precipitated
twice in clean methanol. Finally, the product was passed through
a preparative SEC column (Bio-Beads SX1, Bio-Rad) using toluene
as eluent. It was then concentrated, dissolved in 10.5 mL of CHCls,
and refrigerated until used. The yield was 72%, \,,s (¢)=408 nm
(79.98 gL cm1), and Ay (¢)=480nm (0.30 + 0.02).

2.3. Characterization of pPy3E-sqS

A JEOL Eclipse spectrometer was used to acquire 'H NMR
(300 MHz) and 13C NMR (75.4 MHz) spectra at room temperature,
using CDCl3 as the solvent and internal standard. The molecular
weight of the polymer was determined by GPC, using an Agilent
Technologies 1200 series HPLC (Model 61316A) with PS stan-
dards, refractive index detector, and toluene as the mobile phase
at45°C and 1 mLmin~!. For the photophysical characterization of
the polymer, spectroscopic grade chloroform (Sigma-Aldrich) was
used. UV-vis spectra were acquired with an Agilent 8453 spec-
trophotometer. Fluorescence emission and excitation spectra were
obtained using a Perkin Elmer LS50 B spectrofluorimeter operated
at an excitation wavelength of 394 nm. The temperature was con-
trolled at 25.04+0.3°C by means of a recirculating water bath.
The fluorescence quantum yield was determined according to the
literature, using 0.1 M H,SO4 quinine sulfate (¢ =0.54)[22] as a
standard. Three different samples with optical density at 394 nm
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lower than 0.1 were analyzed, and the values were averaged.
Lifetimes were determined with a flash photolysis spectrometer
(LP920 KS, Edinburgh Instruments). A 0.01% suspension of Ludox
AS40 (Aldrich) in ultrapure water was used for the prompt signal.
The data were fitted using the instrument software.

The average lifetime (t) was calculated from the lifetimes
obtained (t;), using the following equation:

=217 (1)

where f; is the fractional fluorescence contribution of each lifetime
T;, given by:

T
= 3
21061'7.'1‘

fi

(2)
and « is the pre-exponential coefficient obtained from the fit.

2.4. Preparation of the polymeric nanocapsules

The emulsion/solvent evaporation technique was employed to
prepare the polymeric nanocapsules [24]. Briefly, a known amount
of the pPy3E-sqS fluorescent polymer was dissolved in 10 mL of
acetone. Simultaneously, another solution was prepared contain-
ing 400 mg of PCL dissolved in 20 mL of chloroform. These solutions
were emulsified by ultrasonication for 1 min at 90 W. This primary
emulsion was added to an aqueous solution (50 mL) containing
150 mg of PVA, and the resultant solution was ultrasonicated for
8 min to form a double emulsion. Finally, the organic solvent was
removed with the aid of a rotary evaporator and the emulsion was
concentrated to a final volume of 10 mL. Taking into account the
mass of PCL polymer used in the preparation of the nanocapsules,
different concentrations of the fluorescent pPy3E-sqS polymer (0.5,
1, 2, 3, and 4% w/w) were added to the formulations in order to
identify the concentration that resulted in the greatest coverage of
the nanocapsules. Nanocapsules without fluorescent polymer were
prepared as a control.

2.5. Polymeric nanocapsules characterization

Characterization of the nanocapsules was performed using flu-
orescence spectra obtained for the samples immediately after
preparation and following storage under refrigeration for differ-
ent time intervals. Zeta potential measurements were carried out
using a ZetaSizer Nano ZS90 analyzer (Malvern Instruments), at a
fixed angle of 90° and temperature of 25 °C. NTA analyses employed
a laser with a wavelength of 532nm (green), a CMOS camera,
and NanoSight v. 2.3 software [25]. Electron microscopy was per-
formed using an FEI Titan 300KkV field emission gun microscope
equipped with an S-TWIN symmetrical condenser-objective lens
with a spherical aberration coefficient (Cs) of 1.25 mm. The images
were acquired with a CCD camera. A Zeiss-LEO microscope (Model
906) was employed to investigate the morphology of the nanocap-
sules. Laser scanning microscopy images were acquired with a Zeiss
Pascal 5 instrument, with excitation using an argon 458 nm laser.
A two-channel configuration was chosen in order to obtain fluo-
rescence and reflection images. In the fluorescence image, only the
nanocapsules coated with the polymer could be seen, while the
reflection image showed the entire sample. The color of the flu-
orescence was selected from the palette of the software and was
therefore not a direct visualization of the emission. The samples
were prepared using polymer concentrations of 0.5, 1, 2, 3, and 4%.
A 10 pL aliquot of each suspension was diluted in 10 mL of water,
and 0.1 mL of this preparation was dropped onto a microscopic slide
and left to dry for one day at room temperature, prior to the analysis.

2.6. Release experiments

Drug release kinetic assays were performed in order to deter-
mine whether addition of the fluorescent pPy3E-sqS influenced
the profile of release from the nanocapsules [26]. For this pur-
pose, carbendazim and tebuconazole were used as model drugs, in
order to enable comparison with previously published results [27].
The release assays were performed under dilution sink conditions,
with constant stirring. Appropriate amounts of the formulations
were diluted in the central acceptor compartment (using deionized
water). Aliquots were collected and transferred to Falcon tubes at
intervals of 15, 30, and 60 min during the first eight hours, after
which two aliquots were obtained every 24 h, up to 96 h. The sam-
ples were centrifuged in order to sediment out the nanocapsules,
and the concentrations of the compounds were determined by
HPLC.

3. Results and discussion
3.1. Polymer synthesis and characterization

The semi-rigid polymer (compound 5), here denoted pPy3E-
sqS, was synthesized according to the chemical route given in
Scheme 1. The pathway essentially consisted of two reactions: i)
thioesterification of 6-bromopyridine-3-carboxylic acid (1) with 2-
mercaptoethylsulfide (2) under the N,N’-dicyclohexylcarbodiimide
(DCC)/DMAP-mediated esterification conditions, in CH,Cl,, to
give S,5’-2,2’-thiobis(ethane-2,1-diyl) bis(6-bromopyridine-3-
carbothioate) (3), with a yield of 68%; ii) the Pd/Cul cross-coupling
reaction between the corresponding dibromide terminated
monomer (3) and 1,4-diethynyl-2,5-bis(dodecanoxy)benzene
(8) [15]. The use of a co-solvent was avoided, because it would
drastically increase the molecular weight, which usually gives rise
to insoluble aggregates.

The polymer was submitted to a metal decomplexation process
by precipitation, once with a methanol/sodium dithiocarbamate
solution, and twice with clean methanol. The shortest oligomers
were eliminated using a preparative SEC column (Bio-Beads SX1,
Biorad), with toluene as eluent. The proton resonance peaks of
pPy3E-sqS were broader, compared to those of the corresponding
monomers; the acetylenic proton disappeared, while the protons
near the bromine could be identified, suggesting that the molec-
ular chains were mainly terminated by bromines (Fig. 1S). The
polymer (5) was soluble in chloroform, THF, and toluene. It was
partially soluble in dipolar solvents such as dimethylformamide
and dimethylsulfoxide, and was precipitated in polar solvents such
as methanol and ethanol. The average molecular weight, calculated
using PS standards, was 26504 g/mol, and the polydispersity index
was 2.99 (typical of polycondensed conjugated polymers). The
polymer presented conjugated and fluorescent phenyleneethyny-
lene units alternating with flexible sequences containing sulfur
atoms, imparting a partially amphiphilic character that improved
its solubility in common organic solvents, preventing chain aggre-
gation due to - electronic interactions and allowing interaction
with poly(caprolactone).

Fig. 1A shows the UV-vis, excitation, and fluorescence spectra
in CHCl3. The polymer exhibited a main absorption peak at 403 nm,
which could be attributed to HOMO-LUMO electronic transitions,
and a higher energy peak at 324 nm, probably due to the HOMO-
1/LUMO transition associated with the alkoxy substitution in the
phenyleneethynylene. The emission spectrum presented a broad
band with maximum at 480 nm, at any excitation wavelength, as
shown in Fig. 1B. The excitation spectrum corresponded to the
absorption spectrum, as can be seen in Fig. 1A. These two latter fea-
tures indicated that the emission was always generated by the same
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Fig. 1. UV-vis (black line), excitation (red line), and fluorescence (blue line) spectra of the pPy3E-sqS polymer in chloroform (A); Fluorescence spectra of the polymer in
chloroform, at different excitation wavelengths (B). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

electronic transition and that the two absorption bands were asso-
ciated with only one chromophore. The fluorescence quantum yield
(b =0.30) was on the same order of magnitude reported for other
poly(phenyleneethynylene)s, and somewhat lower than found for
a PPE with similar sequence.

The fluorescence decay showed a bi-exponential fit (Fig. S2, Sup-
porting information), with an average lifetime of 1.69 ns. From the
values of quantum yield and lifetime, a non-radiative constant (kp;)
of 0.41 ns and a radiative constant (Kk;,q) of 0.18 ns were obtained.
Despite the high absorption coefficient (£=79.98gL-1 cm™1), the
fact that kn was greater than k;;q was in agreement with the fluo-
rescence quantum yield and revealed that de-excitation processes
competed with fluorescence. As the Stokes’s shift (An=4014cm™1)
was quite large, internal conversion was probably one of the possi-
ble de-excitation mechanisms. However, the possible existence of
intersystem crossing could not be excluded, especially as bromine
terminal groups were present (as indicated by the NMR spec-
tra). Overall, a quantum yield of 30%, together with the partially
amphiphilic character of the polymer, indicated that pPy3E-sqS
should be a good candidate for use as a fluorescent dye.

3.2. Staining and characterization of the nanocapsules

Different weight percentages of pPy3E-sqS were added to the
poly(epsilon-caprolactone) nanocapsules and the samples were
first analyzed by LSCM microscopy. As an example, Fig. 2 shows
the fluorescence and reflection images obtained for nanocapsules
stained with 3% of the fluorescent pPy3E-sqS. The images for the

other polymer percentages are provided in the Supporting infor-
mation (Fig. S3).

The poly(epsilon-caprolactone) nanocapsules did not emit
under the excitation conditions used, as can be observed for the
image corresponding to 0% of polymer. The nanocapsules appeared
to be quasi-spherical, although some particles coalesced due to
the drying process that was necessary for the LSCM analyses.
At 0.5%, practically no emission could be seen, while fluorescent
nanocapsules began to appear at a polymer concentration of 1%. The
quantity of fluorescent spots increased with the polymer concen-
tration, and at 3% all of the nanocapsules present in the reflection
image could also be seen in the fluorescence channel. At 4%, there
was a clear decrease in fluorescence intensity, indicative of reab-
sorption effects. Fluorescence spectra of the different suspensions
were acquired separately with a fluorimeter.

Based on the LSCM observations, the spectrum for the 0.5%
suspension was not included in Fig. 3, which illustrates the fluo-
rescence spectra of the particles with 1, 2, 3, and 4% of polymer
dissolved in distilled water. These spectra showed a red shift,
relative to the spectrum of the polymer in chloroform (Fig. 1B),
which could be explained by the solid-state effects reported for
conjugated polymers, in particular if the polymer is considered
to interact with the capsule as a thin layer. There was also a red
shift as the percentage of polymer increased, which could again
be attributed to solid-state effects, with increased thickness of the
polymer layer coating resulting in decreased intensity. Despite the
fact that UV-vis spectra could not be recorded, due to the turbid-
ity of the suspensions, the red shift suggested that the thickness
increased, so an increase in the absorption was expected. Hence,
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Fig. 2. LSCM fluorescence (left) and reflection (right) images of nanocapsules coated with 3% of the fluorescent pPy3E-sqS.
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Fig. 3. Fluorescence spectra of the nanocapsules stained using different polymer
concentrations.

the fluorescence quenching was probably due to self-absorption.
In terms of fluorescence intensity, the best results were obtained
using 1% polymer. However, the LSCM results indicated that com-
plete coating of the particles was only achieved with concentrations
of 3% and above. As the intensity was dramatically quenched at 4%,
a concentration of 3% was taken as the optimum, considering both
the spectroscopic and microscopic characterizations.

In order to obtain further information concerning the staining
process, the pPy3E-sqS polymer and the stained nanocapsules were
analyzed using HRTEM. Fig. 4a shows a planar view of a film of
pPy3E-sqS with a calculated periodicity of 0.25 + 0.02 nm. Selected
area electron diffraction (SAED) analysis (Fig. 4a insert) showed a
reflection at d = 0.25 nm. These distances correspond to the separa-
tion between conjugated chains, where the dodecanoxy side chains
are lengthened perpendicularly to the film surface, as indicated
in Fig. 4b, suggesting that strong -7 interaction between conju-
gated segments predominated in this polymer, as usually found for
phenyleneethynylene macromolecules [28].

In order to investigate the effect of staining with the polymer
on the nanocapsules, and to determine whether 3% of fluorescent
polymer was sufficient to provide full coverage, a drop of stained
nanocapsules was observed by TEM (Fig. 4c), and a section of one
nanocapsule was submitted to HRTEM analysis (Fig. 4d). Three
regions could be clearly identified: i) a region with periodicity
of 0.25 nm, similar to that of the conjugated polymer backbones
assembled parallel to the surface, as previously discussed; ii) a
region where the polymer backbones lay flat on the surface; and
iii) amorphous regions associated with the poly(caprolactone)
nanocapsule wall (shown with an arrow), indicating that the
nanocapsules were not totally covered by the pPy3E-sqS. The illus-
tration in Fig. 4e provides a visual overview of the staining process.
Increasing the content of polymer led to a tendency of the polymer
on the nanocapsule surface to self-assemble, hence increasing the
thickness, which was consistent with the greater quenching of flu-
orescence at higher polymer concentrations, described previously.
In other words, the self-assembling of the polymer to form blocks of
molecules was stronger than its interaction with the nanocapsule
surface. This hypothesis will be confirmed using a similar polymer,
but with glycol side chains (currently under synthesis).

3.3. Colloidal stability of the stained polymeric nanocapsules

Before investigation of the release profiles of the test compounds
from the nanocapsules coated with pPy3E-sqS, the particle stabil-
ity was evaluated by measuring the mean diameter, polydispersity
index, zeta potential, and fluorescence intensity, as a function of

time (up to 90days). The mean diameter obtained by DLS for
the nanocapsules without pPy3E-sqS (Fig. 5a, black columns) was
249.3 + 3.4 nm immediately after preparation and remained with-
out significant changes during the storage period, with a value
of 245.6 + 5.1 nm after 90 days. The polydispersity index (Fig. 5a,
black line) of the nanocapsules remained below 0.2 throughout
the storage period, indicating good homogeneity of the nanocap-
sule size distribution. The nanocapsules with pPy3E-sqS (Fig. 53,
red column) showed a greater mean diameter (428.544.1 nm),
compared to the control nanocapsules, and maintained this size
distribution range during the 90 days of storage, without any sig-
nificant changes. This increase in the mean diameter was indicative
of incorporation of the fluorescent polymer in the polymeric net-
work of the nanocapsules, as previously discussed for the HRTEM
images. The polydispersity index (Fig. 5a, red line) showed a value
0f 0.29 £+ 0.05 immediately after preparation, then decreased to 0.2
after 15 days and subsequently remained constant up to 90 days of
storage

Measurement of the surface charge of nanocapsules, known
as the zeta potential, provides an indication of the stability of
colloidal systems; higher values (positive or negative) are indica-
tive of greater stability. The initial zeta potentials (Fig. 5b) were
—-13.1+£1.3mV and —-6.9 £ 1 mV for nanocapsules with and with-
out the fluorescent polymer, respectively, and the values increased
after 90 days of storage. However, the surfactant used during the
synthesis of the nanocapsules was poly(vinyl alcohol), which is
known to stabilize colloidal systems by steric hindrance, so elec-
trostatic stabilization was not the main mechanism responsible for
stabilization of the formulations [21,22,23,29].

The mean diameters of the nanocapsules with and without
pPy3E-sqS were measured using nanoparticle tracking analysis
(NTA), as a function of storage time. Unlike the PSC technique,
which determines the size distribution of a set of nanoparticles,
NTA analyzes each particle individually. In addition to the size
distribution, this technique is able to determine the concentra-
tion of nanocapsules present in the formulation (Fig. 6). For the
nanocapsules without pPy3E-sqS, the same mean diameters were
obtained by both techniques (DLS and NTA). The concentration of
the control nanocapsules was around (5.60+0.65) x 10'2 parti-
cles/mL, and remained almost constant during 90 days. There was
no formation of aggregates (which would have been observed if
the concentration of the nanocapsules decreased over time). Unlike
the control nanocapsules, in the case of the nanocapsules with the
fluorescent polymer, a smaller diameter was obtained using NTA
(286.6+5.40nm), compared to DLS (428.5+4.11 nm). Although
both techniques measure Brownian motion, there is a difference in
the nature of the analysis. NTA identifies and tracks the movement
of the particles on a particle-by-particle basis, while DLS does not
observe the particle, but instead uses the dispersion in light inten-
sity caused by constructive and destructive interferences, hence
explaining the difference between the two techniques in terms of
particle size. The nanocapsules with pPy3E-sqS showed a concen-
tration of (7.05+0.23) x 1012 particles/mL.

Finally, the fluorescence of the pPy3E-sqS in the formulation
was characterized using spectroscopic analysis. The results (Fig. 7)
showed that there was a slight decrease in fluorescence intensity
for the nanocapsules with 3% of pPy3E-sqS, with an approximately
20% reduction in intensity after 90 days of storage.

3.4. Release kinetics of model drugs

Two model molecules (carbendazim and tebuconazole) were
employed to evaluate whether the presence of pPy3E-sqS altered
the release kinetics, compared to the values reported previously for
nanocapsules without pPy3E-sqS [27].
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Fig. 4. (a) HRTEM image of a film of pPy3E-sqS polymer deposited on a Lacy carbon grid, with (insert) the SAED pattern of the corresponding film. Both images show a
periodicity of 0.25 nm; (b) Illustration showing the correspondence between the periodicity of 0.25 nm and the distance between planes of conjugated segments; (c) TEM
image of a nanocapsule with the fluorescent pPy3E-sqS polymer; (d) HRTEM image of one section of the nanocapsule; the arrow indicates the amorphous morphology of an
uncoated nanocapsule section, while the magnified image shows the same periodicity of 0.25 nm found for the pPy3E-sqS polymer; (e) Sketch of the nanocapsule, showing
self-assembly of the pPy3E-sqS polymer in two configurations.
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pPy3E-sqS (red column) and nanocapsules with pPy3E-sqS (black column). The values represent the means of three experiments (n = 3). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Cumulative release of carbendazim and tebuconazole from nanocapsules
containing the fluorescent pPy3E-sqS polymer. The values represent the means of
three experiments (n=3).

The results (Fig. 8) showed that for both compounds, there was a
rapid release from the interior of the nanocapsules during the first
600 min, followed by sustained release. After 5760 min, around 30%
of the carbendazim incorporated in the nanocapsules was released,
while around 50% of the tebuconazole was released over the same
period. A possible explanation for the MBC release profile is that
from O to 400 min, the MBC molecules that were associated more
superficially with the nanocapsules were released. Between 400
and 4800 min, the cumulative release remained constant, while
after 4800 min, the MBC molecules that had been inserted into
the nanocapsule cores began to be released to the environment.
Hence, there was slow release of the encapsulated MBC. These
results were in agreement with those obtained for nanocapsules
without pPy3E-sqS, where 20% of carbendazim and 46% of tebu-
conazole were released after 5760 min [27]. This indicated that the
conjugated polymer did not affect the process of release from the
nanocapsules.

4. Conclusions and perspectives

This work describes the synthesis and characterization of a flu-
orescent conjugated polymer and its incorporation on the surface
of polymeric nanocapsules, with the aim of developing an optical
detection system for the tracking and monitoring of nanoparti-
cles in the environment. Considering that incorporation of the
conjugated polymer might cause destabilization, the system was
evaluated using physicochemical characterization and investiga-
tion of the kinetics of release of active agents from the stained
nanocapsules.

A semi-rigid rod-like poly(phenyleneethynylene) sequenced
with flexible thioester-diethyldisulfide chains, denoted pPy3E-sqs,

was synthesized by the Sonogashira cross-coupling reaction. In
chloroform, the pPy3E-sqS polymer emitted high energy light in
the blue region at 480 nm, with a high quantum yield, making it a
good candidate for staining nanocapsules.

Analyses using LSCM and HRTEM microscopy confirmed that
the fluorescent polymer (pPy3E-sqS) interacted with the poly-
meric wall of the nanocapsules. The stained nanocapsules showed
a mean diameter of around 428.5+4.1 nm and remained stable
over a period of 90days. NTA and TEM analysis showed that the
nanocapsules were spherical, with an average concentration of
(7.05 +£0.23) x 1012 particles/mL. The release profiles of the model
drugs were not affected by the presence of the fluorescent polymer.

The nanocapsules provided efficient drug release and remained
stable during storage. Therefore, they could be used in many mon-
itoring applications, including those involving the interaction of
nanocapsules with target and non-target organisms. These systems
may be used in different areas such as health, biotechnology, and
agriculture, amongst others. Further work will be needed in order
to characterize the interactions of the nanocapsules with model
plants, as well as to evaluate their toxicity.
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