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Abstract: Controlled release systems have gained con-
siderable attention owing to their potential to deliver
molecules, including ions and drugs, in a customized
manner. We present a light-induced ion-transfer plat-
form consisting of a dispersion of nanoparticles (NPs,
~300 nm) with the conductive polymer poly(3-octylthio-
phene-2,5-diyl) (POT) in the core and a potassium (K™)-
selective membrane in the shell. Owing to the photo-
active nature of POT, POT NPs can be used for a dual
purpose: as a host for positively charged species and as
an actuator to trigger the subsequent release. POT® and
doped POT™ coexist in the core, allowing K* encapsula-
tion in the shell. As POT’ is photo-oxidized to POT",
K™ is released to the (aqueous) dispersion phase to
preserve the neutrality of the NPs. This process is
reversible and can be simultaneously assessed using the
native fluorescence of POT’ and via potentiometric
measurements. The NP structure and its mechanism of
action were thoroughly studied with a series of control
experiments and complementary techniques. Under-
standing the NP and its surrounding interactions will
pave the way for other nanostructured systems, facilitat-
ing sophisticated applications. The delivery of ionic
drugs and interference/pollutant catching for advanced
sensing/restoration will be considered in future research.j

Introduction

Nanoparticle (NP)-based drug delivery systems have re-
ceived considerable attention because of their potential to
improve the efficiency and safety of traditional non-targeted
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therapies. These systems are engineered to encapsulate a
therapeutic drug in nanosized substrates and release it in a
controlled manner via a physicochemical trigger, such as
light irradiation,!"! magnetic fields,” or a chemical gradient.”
One important feature of this technology is the increased
bioavailability of the administered drug compared to tradi-
tional methods.”! Indeed, controlled release systems can
focus the administration of therapeutics to a targeted tissue,
organ, or cell type, customizing the clinical treatment while
avoiding side effects for healthy tissues/organs. By locally
targeting the affected body region and selectively releasing
the required drug, the dose and frequency of treatment can
be minimized while maximizing the positive effects. Further-
more, cross-reactivity and physicochemical degradation may
be diminished as a direct consequence of NP
encapsulation.”] Once the clinical target is achieved, and
depending on their size and composition, NPs are cleared by
the immune system after a certain time, typically ranging
from minutes to hours. Interestingly, any interaction with
the host immune system can be minimized by modifying the
NP surface with proteins, such as albumin.™” Thus, tailoring
the NP structure and dimensions makes it feasible to adapt
the retention time in the body so that the therapeutic effect
is maximized, and any side effects are minimized.

Several materials have been proposed to design NPs
intended for drug delivery applications.”! Indeed, it is
possible to provide NPs with adequate biocompatibility and/
or enhanced stability,” tracking ability through fluorescence
imaging,'”! and/or further therapeutic properties (e.g., self-
heating or generation of reactive oxygen species).!'"! Semi-
conductor materials, such as transition metal dichalcoge-
nides, have been proposed for simultaneous photodynamic
and photothermal therapy.'” Lipid NPs have been demon-
strated as carriers of vaccines,!'” and conductive polymers
have been engineered to deliver insulin and diclofenac.!'*!!
Specifically, conductive polymers are considered biologically
safe, and functional layers can be introduced to increase
their biocompatibility or retention time.'*'”! Moreover,
owing to their intrinsic semiconducting features, different
electrochemical processes can be performed to modify or
actuate such materials. For example, once polyaniline
(PANI) is electrochemically activated, it releases protons
and is an efficient acidification actuator on the microscale!"
with confined local effects.” The operation underlying local
pH changes generated by activated PANI has been modeled,
and, in principle, it could be translated to the NP
configuration.” Moreover, any conducting polymer‘s elec-
trochemical, photochemical, or photoelectrochemical behav-
ior is prone to manifest in the NP configuration.”"
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Among the available conducting polymers, polythio-
phenes have gained significant attention in the fields of
(bio)sensors, energy generation, and organic electronics.
These polymers work based on hole-transport
conductivity.m] Moreover, ion-transfer processes can be
analytically exploited when combined with ion-selective
membranes in ion-selective electrodes (ISEs) under con-
trolled potential protocols.’** When incorporating a lip-
ophilic cation exchanger, such as sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl|borate (Na*TFPB~), in the
membrane, the conducting polymer backbone can be
reversibly doped with TFPB™. This facilitates the generation
of positive charges by applying a potential, which ultimately
results in a cation transfer at the sample-membrane
interface.’ Moreover, as p-type semiconductor materials,
when polythiophenes are irradiated with a suitable wave-
length, electron-hole pairs are generated.” Combined with
the doping process, this can be tuned to achieve selective
light-induced doping/dedoping of polythiophene-based NPs.
This strategy has already been adopted in the literature,
mainly for analytical purposes.””’ The strategy of having
poly(3-octylthiophene-2,5-diyl) (POT) in the shell of NPs
comprising a cation exchanger and selective receptor for
potassium ions (K*) in the core, has been proposed for use
as nanosensors.” More studies are needed to clarify the
processes involved in the fluorescence modulation in POT-
based NPs to exploit their potential in different applications
properly, not only as sensors but also for the delivery of
charge species that are confined in the NPs.

Herein, we propose a series of NPs with a core-shell
POT-membrane structure resembling the traditional archi-
tecture of ISEs based on a POT-membrane double-layer
configuration.” We hypothesized that a series of charge
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reallocation events may occur by shifting the ratio between
neutral (i.e., the base state of POT, POT’) and oxidized
POT (POT"). This may encapsulate/release ions (in this
case, K*, as a proof of concept) on demand. To demonstrate
this, photo-oxidation was imposed on a series of NPs whose
shells (i.e., the ion-selective membrane) had different
compositions. The NP was strategically loaded with different
ionophores and cation exchangers to understand each
component’s role and synergies upon irradiation. The
elucidation of the working mechanism aligns with the
encapsulation/delivery features, and thus, applicability be-
yond traditional ion sensing is proposed. The developed NP
technology is promising in terms of providing nanocarriers
of charged species, which is useful for the delivery of ionic
drugs and interference/pollutant removal.

Results and Discussion

Synthesis and characterization of POT NPs. Figure la
depicts the process developed for synthesizing the POT-
membrane core—shell NPs. Pristine POT NPs were prepared
by adding 500 pL of a solution of POT dissolved in THF
(50 mg of regioregular POT in 5mL of THF) to 5mL of
polyvinylalcohol (PVA) solution in water (1 % in mass). The
addition was performed dropwise under stirring at 600 rpm
in an open vial. With this procedure NPs with a POT-PVA
core—shell structure are obtained. Then, to include the ion-
selective membrane elements in the NPs shell (plasticizer,
cation-exchanger, ionophore), we added dropwise 200 uL of
a solution containing 8 mg of valinomycin (K™ ionophore,
Val), 1mg of Na*TFPB~ (or another cation exchanger
containing a general lipophilic anion R™, Val : R™ in a
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Figure 1. (a) Schematic of the synthesis of the NPs and their fluorescence behavior. (b) DLS size distribution of the pristine POT and POT-
membrane NPs. (c) TEM image of a pristine POT NP (POT/PVA). (d) TEM image of a POT-membrane NP (POT/PVA/DOS/Val/R"7). (e) Bright
field, fluorescence, and combined bright field and fluorescence microscopy images of the POT-membrane NP. Excitation wavelength: 550 nm. (f)
TEM image of the POT-membrane NP incubated in 10 mM KCl for 24 h. (g) Boxplot of the thicknesses measured by TEM of the shell of the

different NPs. Scale bars: 100 nm.
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6.5:1 mol ratio) and 15 mg of DOS in 1 mL of THF to 1 mL
of the pristine POT NP emulsion while stirring for 30 min at
600 rpm in an open vial. To ensure the evaporation of THF,
we blew a stream of compressed air on the surface of the
dispersion while stirring for 30 min. A 1mg/mL POT-
membrane core—shell NP solution was obtained.

The size of the POT NPs is mainly dictated by the
concentration of the stabilizing agent (PVA) and the
agitation set by the magnetic stirrer for the preparation
process. Regarding the latter, a rotation of 600 rpm was
found as the optimal to obtain stable nano-emulsions of a
certain NP size (ca. 300 nm, see below). If other NP
dimension is desired, an ultrasound-assisted procedure is
recommended instead of the mechanical stirring herein
used. Smaller NPs will result in shorter times for K* uptake
accompanied by lower saturation levels and vice versa.
While interesting, this study is outside the scope of the
current work.

Dynamic light scattering (DLS) measurements of the
pristine POT and POT-membrane NPs were performed.
The data were fit to a lognormal distribution to obtain the
mean hydrodynamic particle size (Figure 1b). The pristine
POT NPs had an average size of 398 nm with a polydisper-
sity index (PDI) of 0.33, whereas the POT-membrane NPs
showed an average size of 368 nm with a PDI of 0.25.
Although the hydrodynamic size of NPs largely depends on
aggregation occurring during the corresponding measure-
ment, both NPs had similar size distributions using DLS and
transmission electron microscopy images (TEM, see below),
with only a ca. 25 % difference, which was expected upon
comparing these techniques.’) The obtained PDI implies
that POT-based NPs have a rather homogeneous size
distribution, which is acceptable for drug delivery
applications.””

Figures 1c and 1d present TEM images of a single
pristine POT NP and a single POT-membrane NP. A clear
core-shell structure was revealed, with a shell size of 5-
30 nm, where the higher values corresponded to the POT-
membrane NPs. The shell is composed of hydrophilic PVA,
and thus, it is in contact with the aqueous dispersion,
whereas the core is hydrophobic POT. When the PVA
contained membrane-like components (plasticizer, exchang-
er, and ionophore), the shell swelled slightly (~10 nm). This
structure was further confirmed with separate bright field
and fluorescence microscopy images and their combination
(Figure 1e). A higher fluorescence intensity was observed in
the core with respect to the shell, corresponding to the
fluorescence emission of neutral POT (POT’) and the
absence of significant fluorescence by the shell. The outer
layer physically separates the membrane-related compo-
nents, providing the selective ion-transfer capabilities (i.e.,
the exchanger and ionophore) and the POT core in the
POT-membrane NPs. Notably, to our knowledge, this is the
first time that such a core-shell POT-membrane structure
has been reported for NPs, and it resembles the architecture
of voltammetric ion-selective electrodes in the macro format
previously reported by our group for ion analysis.?!*

Additionally, we studied the morphology of the POT-
membrane NPs when incubated in 10 mM KCI solution for
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24 h (the sample was dried overnight upon placing it on a
glass slide for imaging). As shown in Figure 1f, no significant
swelling or shrinkage of the shell and/or core was observed
after incubation. Magnification of the core-shell interfaces
of pristine POT and POT-membrane NPs (the latter without
and with K" incubation) are provided in Figure S1 in the
Supporting Information for better visualization and compar-
ison. Figure 1g shows the box plot of the measured thickness
of the shell presented in the pristine POT and POT-
membrane NPs without and with KCI incubation. The
thickness of the shell in pristine POT NPs was 9+3 nm. For
the POT-membrane NPs, it was 21 &7 nm, and for the POT-
membrane NPs incubated in 10 mM KCIl for 24 h, the
thickness was 24+8nm. A Tukey’s range test was per-
formed to assess the differences in the means for the
thicknesses of the shells («=0.01, n=15). The pristine POT
showed statistically significant differences from the POT-
membrane NPs, whereas incubation did not generate a
significant difference.

The zeta potential of POT-membrane NPs in 100 mM
Tris buffer was found to be -1.24+0.3 mV, whereas POT-
membrane NPs in 100 mM Tris buffer and 10 mM K*
showed a slightly more negative zeta potential of —2.1+
0.4 mV. The decrease in the absolute zeta potential maybe
related to the absorption of K* into the NPs’ structure when
the membrane-like shell is presented.

Behavior of POT-based NPs for ion encapsulation.
Figure 2a presents the absorbance spectra of solutions
containing pristine POT NPs and the POT-membrane NPs
in Tris buffer (0.1 M, pH=7.8) and after 24 h of incubation
in 1M KCl. A Fluoromax Plus fluorometer (Horiba)
coupled to a Micromax 384 well-plate reader (Horiba) was
used for these experiments, using a sample volume of
150 pL. The pristine POT NP solution (black line) exhibited
strong fluorescence with two bands from 600 to 800 nm
upon irradiation at 550 nm. In contrast, the fluorescence
drastically decreased in the POT-membrane NP solution
(red line). Interestingly, the fluorescence signal recovered
almost the same intensity as for the pristine POT NPs when
the POT-membrane NPs were incubated in KCl (green line).
Moreover, this trend was confirmed in the UV-vis absorb-
ance spectra (Figure S2, Supporting Information). Because
the fluorescent nature of POT is related to its neutral state
(POT"),™ the experiments suggested that POT" is present in
the pristine POT NPs, while POT™ appears in the presence
of R™ (which can dope POT" in the core) in the membrane.
In NPs with a lipophilic anion, POT" is mainly present after
incubation in KCI because K* enters the membrane with
the assistance of the ionophore. Therefore, R™ returns to the
shell, and POT™* reverts to POT’. This mechanism is based
on electroneutrality conditions, both in the shell and core
phases, and is illustrated in Figure 1a.

The proposed mechanism implies that POT’, which is
known to be the energetically preferred basal state of
POT,®¥ can be converted to POT' upon irradiation at
550 nm and in the presence of R™ in the shell, which can
compensate the generated positive charge in POT. Notably,
this process will be accompanied by expelling Na® (cation
part of the cation exchanger) from the NP to the solution.

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Figure 2. (a) Fluorescence spectra of pristine POT NPs, POT-mem-
brane NPs prepared with the K* ionophore and NaTFPB in the absence
and presence of incubation in 1 M KCl and T M NaCl (66 mM after
mixing with the NP solution), and POT-membrane NPs without an
ionophore. (b) Fluorescence spectra of NPs containing the Na™*
ionophore and NaTFPB or KTCIPB as the cation exchanger. (c)
Fluorescence spectra of NPs prepared with NaTFPB or NaBF, as the
cation exchanger (with the K™ ionophore) in the absence and presence
of incubation in 1 M KCl (66 mM after mixing with the NP solution).
The spectrum of pristine POT NPs is included for reference. (d) Plot of
the logarithmic concentration of NaTFPB in the shell (no ionophore)
versus the fluorescence signal at 665 nm upon 550-nm irradiation. (e)
Dynamic fluorescence signal at 665 nm under 550 nm irradiation was
observed with POT-membrane NPs containing NaTFPB as the cation
exchanger, with the NPs being incubated at increasing KCl concen-
trations. (f) Dynamic fluorescence signal at 665 nm under 550-nm
irradiation of POT-membrane NPs containing NaBF, as the cation
exchanger, with the NPs incubated at increasing KCl concentrations.
Figures (e) and (f) were normalized to the emission intensity of
pristine POT at each time. Notably, each experiment was performed in
triplicate (i.e., sample aliquots were placed in three consecutive wells
of the plate), finding a variation coefficient <5% in the intensity
displayed at 655 nm. While only one spectrum at each condition is
shown in panels (a)-(c), error bars are related to the triplicates in

panels (d)—(f).

Thus, NPs without containing the K* ionophore must
display no fluorescence, as the core will be POT* doped
with R™. This is what we found in the related experiments
(pink line, Figure 2a). Moreover, other authors reported on
the formation of POT" (and other polythiophenes deriva-
tives) was possible upon irradiation (visible at 510 nm or
UV at 420 nm) in the presence of O,. For example, poly(3-
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hexylthiophene) (PHT) can be photoinduced to a singlet
excited state PHT*(S,) that evolves to PHT /O, ion pairs,
which can thus result in chemical interactions of PHT"
-0,”.3 This behavior could translate into POT*/R~
charge pair formation in our NPs only when R™ is available.

Of note, R™ is unavailable to doped POT* when the
POT-membrane NPs are incubated with K*, because R is
the counter anion of the ionophore-K* complex formed in
the membrane-like shell. The formation of such a complex is
energetically favored (logfx: _vainomyen = 9-3 in the mem-
brane phase).”” Thus, the single NP reaches an energetic
state based on the ionophore of K*/R~, which is more
favorable than that with the POT*/R™ pair. Indeed, when
the POT-membrane NPs were incubated in 1 M NaCl, with
Na*® less preferred than K* by the ionophore (
108xa+ valinomyein = 6.4 in  the membrane phase),”” no
fluorescence was observed (blue line, Figure 2a), in contrast
to the situation when KCl incubation was accomplished.

To be more precise, the only case showing a flat
fluorescence spectrum was the NP solution without the K*
ionophore, i.e., the NP does not have any preference to
capture cations from the solution. The other NPs displayed
two pronounced bands, indicating a POT/POT™ ratio in the
core of differing degrees. This depends on the R™ availability
in the PVA phase. Overall, the competition between POT™
and ionophore-M* (M* =any cation) by R~ in the NPs
results in selective encapsulation of the cation upon irradi-
ation.

The selectivity of the POT-membrane NPs for K* is
dictated by the ionophore, i.e., valinomycin, in analogy to
ion-selective membranes of similar compositions. It is
known that the main interference in valinomycin-based
systems selective for K* will be Na* (logarithmic selectivity
coefficient calculated for membranes of
logKgna = —4.2).F% Also, Na™ will be the main possibly
interfering ion considering biological samples. In our experi-
ments, POT-membrane NPs incubated in high concentration
(up to 1 M) of Na* for long times (up to 24 hours) showed
negligible Na™ uptake, displaying similar fluorescence recov-
ery as the blank solution (Figure 2a). This result pointed out
the high selectivity of the NPs toward K" uptake versus
Na*.

Replacing the K* ionophore with the Na* ionophore
revealed similar trends, confirming the proposed ion
encapsulation mechanism, and demonstrating the versatility
of the NP platform to selectively encapsulate different
cations. This also showed the importance of the appropriate
selection of the cation exchanger, which must not contain
the cation of interest if customized encapsulation is desired.
As observed in Figure 2b, when the cation in the exchanger
salt was Na®, POT* did not form, as evidenced by the high
fluorescence of the corresponding curve (orange line, Fig-
ure 2b) due to the presence of POT® in the core. This is
because the ionophore-Na* complex originally formed in
the NP upon its synthesis and the complex attracts most of
the R™. Hence, POT" cannot be converted to POT". In
contrast, potassium tetrakis(4-chlorophenyl)borate (K*
TCIPB™) allowed Na™ encapsulation, as deduced from the
absence of fluorescence (grey line, Figure 2b) related to the
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presence of POT* in the core. Given these results, it is
possible to directly encapsulate a target cation in the NP
during its synthesis, when the cation is available as a cation
exchanger and the corresponding selective ionophore is
considered. In any case, the cation can be encapsulated after
incubation of the NPs prepared with a cation exchanger not
containing such a cation and the corresponding ionophore,
which is a universal approach for encapsulation.

Influence of the nature and concentration of the lip-
ophilic anion in the encapsulation mechanism. The nature
of the lipophilic anion in the cation exchanger and its
concentration may influence the mechanism and the corre-
sponding fluorescence signal, in terms of magnitude and
kinetics, of the NPs. To study this, we synthesized a POT-
membrane NP emulsion with sodium tetrafluoroborate (Na*
BF,") as the cation exchanger instead of Na*TFPB-,
maintaining the same molar concentration. Notably, BF," is
smaller and less lipophilic than TFPB~. The fluorescence
spectra of NPs based on Na*TFPB~ or Na*BF,” in the
absence and presence of incubation in a 1 M KCI solution
are presented in Figure 2c. Two main aspects are shown.
First, the fluorescence was lower when we used TFPB™ (blue
solid line, Figure 2¢c) than when BF,” was used (pink dotted
line, Figure 2c). Compared with the original fluorescence
displayed by the pristine POT NPs (black line, Figure 2c),
the decreases in fluorescence were approximately 100 and
60 %, respectively. Second, the fluorescence recovery after
incubation in KCl was also different, with recoveries of
100 % (blue dashed line) and 80 % (pink dashed line) of the
original fluorescence of the pristine POT NPs for TFPB~
and BF,", respectively.

The effect of the concentration of the lipophilic anion on
the fluorescence signal was evaluated by decreasing the
NaTFPB concentration in the NPs (original content: 0.2
mg,rrpe/MEpor) and obtaining the emission spectra (Fig-
ure S3, Supporting Information). The experiment was per-
formed using NPs without the K* ionophore. However,
similar results were expected when the ionophore was
utilized because no incubation steps were performed (i.e.,
no K* in the system). The fluorescence was found to
increase with decreasing NaTFPB concentration. Moreover,
at a fluorescence emission of 665nm, the plot of the
normalized intensity (considering the signal of pristine POT
NPs as 1.0) with the logarithm of NaTFPB concentration is
shown in Figure 2d, revealing a linear relationship (R?*=
0.96). This behavior is explained by the fact that less
NaTFPB in the membrane results in less POT™ formed.
Thus, the fluorescence is expected to continuously increase
until it resembles the fluorescence of pristine POT NPs.
Why is this trend linear with a logarithmic NaTFPB
concentration instead of a direct concentration? For differ-
ent NaTFPB concentrations, different Na® concentrations
are likely expelled from each NP into the solution. This
results in a different potential at the sample-membrane
interface. Such a potential is known to follow the Nernst
equation (i.e., linear with the logarithmic concentration of
Na™ in the sample) in POT-membrane systems analogous to
the NP structure in this study.”*") Because the POT/POT™*
ratio in the core providing the fluorescence intensity
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depends on available R™ in the membrane, which connects
to the expelled Na* generating the membrane potential, the
intensity may ultimately depend on the logarithmic R~
concentration.

Concerning the kinetics, we performed dynamic studies
of the fluorescence signal in POT-membrane NPs prepared
with NaTFPB or NaBF, upon incubation in 0.1 M KClI (final
concentration of K* in the solution of 66 mM after mixing
with the NPs). Figures 2e and 2f show the fluorescence at
665 nm under 550 nm irradiation for the two different NPs
(red lines). In principle, a higher incubation time could be
expected to result in more K* encapsulated in the
membrane. Thus, a higher fluorescence signal (closer to that
of pristine POT NPs) results. According to the literature,
the uptake of K* may occur on the timescale of seconds,™!
and hence, any time-dependent fluorescence increase will be
related to particular changes in the molecular structure of
the POT core.[”! In our experiments, the rearrangement of
the POT structure in the NP core seems to occur on the
timescale of hours in the case of NaTFPB, with a gradual
increase of the fluorescence until the 10 h. After that, a
steady-state fluorescence signal was achieved. In contrast, a
constant signal was recorded for the NPs based on NaBF,,
with no considerable fluorescence increase detected with
time. The same fluorescence behavior was found for
decreasing KCl concentrations in the incubation solution
(Figure 2e and Figure 2f). The trends found for TFPB~ and
BF, indeed agree with previous findings because small ions,
such as BF,”, are known to have a small influence on the
crystallinity of poly(3-alkylthiophenes), which will facilitate
the generation of the fluorescence signal.l*!!

To our understanding, a change in the lipophilic anion
has two effects: 1) different oxidation degrees of the POT
core, i.e., from POT’ to POT™, decreasing the original
fluorescence of pristine POT NPs, and ii) different effect on
the crystalline domains in the POT structure, which are
responsible for an enhanced fluorescence signal by the
restriction of intramolecular motion (RIM). An increase in
the mobile amorphous fraction with non-radiative energy
dissipation paths has been shown to occur.?*! The smaller
size of BF,” with respect to TFPB~ will have less effect on
the supramolecular structure of the POT backbone in the
core. Then, because BF, is less hydrophobic than TFPB™,
the tendency to reach the POT core will be lower. The
balance of all these factors is key to understanding the lower
fluorescence decrease (c.a. 100% compared to ~60%)
observed when BF,™ is used as a cation exchanger instead of
TFPB™. Overall, the hydrophobic feature of the TFPB~
ensures a quantifiable fluorescence decay due to the
appropriate formation of POT? in the NP core, which
indicates that more K" can be introduced into the NP
structure via encapsulation. This allows us to tailor the NP
synthesis with different K* loading capacities, depending on
the concentration of NaTFPB in the shell, which will be
relevant to future loading/release Schemes for real applica-
tions.

Concentration-dependent photo-induced ion encapsula-
tion into POT-based NPs. Subsequently, we evaluated the
effect of the KCI concentration in the incubation solution on
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the K* amount encapsulated in the membrane. The
concentration range was from 107 to 107' M, with 0.1 M
Tris buffer (pH=7.8) as the background. These solutions
were mixed in a 2:1 (KCLNPs) ratio with NPs prepared with
NaTFPB or NaBF, as the cation exchanger. The initial
fluorescence spectrum was obtained at t=0, when the
corresponding NP solution was added to the KCI solution.
Then, the spectrum was recorded every hour until 12 h and
then after 24 h. The signal at 665 nm was selected to create
the dynamic profiles presented in Figures 2e and 2f for
NaTFPB NPs and NaBF, NPs, respectively.

In both cases, increasing K* concentrations in the
solution resulted in a higher fluorescence, and this effect
was more prominent in the case of NaTFPB. Thus, K*
encapsulation in the shell was demonstrated to occur: some
of the POT" in the core becomes POT’, with released R~
overseeing the pairing of the K* ionophore complex, there-
fore maintaining the overall neutrality of the NP. At
increasing K* concentrations, the fluorescence tends to
approach that displayed by the pristine POT NPs. This
behavior is much clearer in the case of NaTFPB. As
discussed above, when the nature of the lipophilic anion was
evaluated, a higher amount of K* is encapsulated with
longer incubation times, which resulted in a higher
fluorescence signal until a steady state was reached. This
occurred at ca. 10 h for NaTFPB and at 1 h for NaBF, at all
the assayed concentrations, which was expected according to
the mobility of each anion.

Figure 3a presents the plots of the fluorescence signals at
665 nm (24 h of incubation for TFPB~ and 12 h for BF,,
according to the previous results) with the logarithmic
concentration of K* in the samples of NaTFPB NPs and
NaBF, NPs. Acceptable linearity was found in both cases,
and the sensitivity for the NaTFPB NPs was higher than that
for NaBF, NPs (0.248 vs. 0.026). Interestingly, along with
the wide dynamic range given by the logarithmic depend-
ence of the fluorescence with the K™ concentration, the
higher sensitivity of NPs loaded with NaTFPB makes them a
valuable alternative for nanosensing applications, as pre-
viously reported in the literature for other NP systems.”

Ion-release behavior of POT-based NPs. The
fluorescence of POT-membrane NPs (with NaTFPB) incu-
bated for 24 h in solutions of increasing K™ concentrations
were assessed upon continuous irradiation with a 550-nm
LED lamp using an inverted microscope fluorescence setup.
We measured 2 pL of each sample containing a 1:2 volume
ratio of NPs and K* solution, ensuring complete exposure
to the light source. Upon irradiation, the fluorescence
decreased until reaching a steady-state signal at approxi-
mately 60 s (Figure 3c). In contrast, for the sample contain-
ing NPs in buffer and no K, the fluorescence was constant
over the entire experiment (purple line). We hypothesized
that after spontaneous K* encapsulation in the NPs (during
the 24-h incubation process), K* is released back to the
sample upon LED irradiation, as indicated by the
fluorescence decrease. This phenomenon was not observed
in the fluorescence experiments with the fluorometer
because of the higher light density (3.5 Wcem™2) and lower
sample volume used.
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Figure 3. (a) Normalized emission intensity of the POT-membrane NPs
using NaTFPB (black line) and NaBF, (red line) as the cation exchanger
with different concentrations of K*. (b) Experimental setup used to
perform the fluorescence microscopy experiments. The K* concen-
tration in the sample was monitored using potentiometric micro-
needles. WE MN: working electrode microneedle. RE MN: reference
electrode microneedle. (c) Real-time microscale fluorescence measure-
ments of POT-membrane NPs incubated in different concentrations of
K" for 24 h before irradiation. (d) Dynamic K* concentration profiles
obtained using the microneedles before, during, and after irradiation at
550 nm (gray background =irradiation ON). (e) Normalized
fluorescence intensity (black line) and normalized electromotive force
(EMF) of the POT-membrane NPs incubated in a solution containing
100 mM K™ for 24 h under 550-nm irradiation. (f) In situ monitoring of
the K™ delivery processes according to the fluorescence intensity
(black) and EMF (blue) under 550-nm irradiation (gray background =ir-
radiation ON).

To confirm that the light-induced fluorescence decrease
was unequivocally due to K* delivery from the NPs, we
monitored the K* concentration in the sample using a
potentiometric microneedle-based sensor. The (K*-selec-
tive) indicator and reference electrodes were prepared as
reported elsewhere.!! Figure 3b and Figure S4 show how
the microneedles were positioned in the microscopy setup.
Notably, these were positioned not to interrupt the light
path (see Figure S5). The microneedle format was used to
miniaturize the potentiometric setup so that it can be used
with the reduced sample volume utilized in the microscope,
which is needed to trigger the release of K* and record the
emission from the NPs simultaneously. The potentiometric
signal of the solution was recorded before, during, and after
irradiation at 550 nm. The profiles are shown in Figure 3d.
Upon irradiation, the K* concentration rapidly increased in
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the solution until it reached a steady state in approximately
1 min, as revealed by the increase in the potential (electro-
motive force, EMF). This behavior confirmed the K*
release from the NPs into the solution. A gradual return to a
lower K" concentration was observed when the light was
off. We detected the achievement of the initial K* concen-
tration in the solution only in the case of the 100-mM
incubation solution.

Upon semi-quantitative analysis, we observed percent
increases of 14, 36, and 11 % from the initial K concen-
tration when the steady-state potential was reached during
irradiation of the 1-, 10- and 100-mM samples (the K*
concentrations were fixed in the standard solutions used for
mixing with the NPs). Furthermore, the K" uptake was
confirmed with a control experiment using pristine POT
NPs incubated with the 100-mM KCI solution. A constant
dynamic potential was observed before, during, and after
irradiation (Figure S6), confirming the absence of any K~
release or uptake. Interestingly, for the case of the POT-
membrane NPs incubated with the 100-mM KCI solution,
when the fluorescence signal of the NPs and the potential
measured in the solution were normalized (from 0 to 1) and
compared, the profiles revealed similar behavior (Figure 3e).
This highlighted two findings: i) what occurs in the NPs
reflects in the solution and vice versa and ii) both results
(fluorescence and potentiometry) follow a similar depend-
ence with K* concentration in solution (i.e., a logarithmic
dependence).

Interestingly, when the irradiation applied to the NP
sample after incubation in 100 mM KCI was intermittent
(two ON-OFF cycles of 300s each), a slight fluorescence
recovery was observed between the irradiation pulses (Fig-
ure 3f, black line). This recovery was attributed to the re-
incorporation of K* from the medium to the NP shell. The
experiments revealed that the delivery/uptake process can
be repeated up to five consecutive times (Figure S7),
demonstrating the reversibility of the cation uptake/release
process. Notably, a higher number of cycles was not possible
to be assessed because the effect of the evaporation of the
sample. Moreover, monitoring the K* concentration in the
medium using the microneedle sensor confirmed the
increase and decrease of K* within the ON-OFF cycles
(Figure 3f, blue line). These results are additional exper-
imental evidence of the spontaneous K* uptake by the NPs
and the light-driven K* delivery to the sample.

The emission decay was recorded at varying power
densities and considering different KCI concentrations in the
sample solution (1000 mM, 100 mM, 10 mM and 1 mM). A
power-law decay was observed, with an
In(au.) =a(au.) (1 +t(ms))® trend (Figure S8a). Interest-
ingly, the a and b parameters showed a correlation with the
irradiation intensity (Figure S8b) but not with the concen-
tration. This result evidenced the dependence of the cation
delivery process with the irradiation intensity.

To assess the effect of the ionic strength of the samples
on the K* uptake/delivery process, experiments with differ-
ent Tris concentrations (100 mM, 10 mM, and 1 mM) were
performed. The POT-membrane NPs were incubated for
24 h in the buffer solutions additionally containing 100 mM
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K* and the typical fluorescence decay experiment was
accomplished (Figure S9). The curves overlapped between
them, indicating that the uptake and delivery of K* were
not affected by the ionic strength of the solution. Moreover,
to discard possible matrix interferences when using the NPs
in real samples in a near future, experiments in horse serum
were performed. An aliquot of POT-membrane NPs was
incubated for 24 h in horse serum, in which the K7
concentration was assessed by ion chromatography ([K']=
2.41 mM). In parallel, another aliquot was incubated in a
buffer solution with the same concentration of K*. The
delivery and reuptake of K™ were recorded for both
solutions, displaying no significant differences in the results
(Figure S10), also considering kinetics.

Proposed mechanism of ion encapsulation and delivery
using POT-membrane NPs. As a summary of all the
information from the previous experimental evidence, Fig-
ure 4a provides a visual representation of the mechanism
involved in the encapsulation and release of K* in POT
NPs, linked this with a modulation in the original
fluorescence form pristine POT NPs. In addition, the reader
is kindly referred to the Supporting Information (Section
1.8) for a summary of the reactions taking place when the
NP-sample interface is considered. First, the pristine (POT-
PVA core-shell) NPs were modified with membrane-like
components: a plasticizer, cation exchanger, and ionophore.
The oxidation of the POT core is enhanced upon introduc-
ing a lipophilic anion in the shell that can stabilize the
generated positive charge. Two processes were found to
experimentally occur simultaneously: i) slight swelling of the
PV A shell, which could be related to the introduction of the
plasticizer, and ii) a decrease in the fluorescence of the
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Figure 4. (a) lonophore-assisted cation uptake to the NPs. (b) Light-
induced cation release from the NPs. (c) Diagram of the main steps
involved in the fluorescence process.
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pristine POT NPs. The latter confirmed the oxidation of the
POT and the stabilization of the formed POT* by the
lipophilic anion (R™), which followed the RIM effect. When
valinomycin-based NPs are incubated with K*, this cation
penetrates the NP shell and forms a charged K*-valinomy-
cin complex paired with (R7). This implies undoping of the
POT core, breaking the POT*-R™ interaction, and leading
to the recovery of the native POT fluorescence. Light-driven
K* delivery, when encapsulated in the NP shell, was
possible (Figure 4b), and this could be monitored by
fluorescence and potentiometry measurements. POT is a
photoactive material that can be oxidized under light and
oxygen with sufficient irradiation density. In the case of
NPs, the POT core can be partially converted to POT™
through photooxidative processes, as previously reported for
other POT configurations/structures.”!

Figure 4c illustrates a Jablonski diagram with the
proposed mechanism according to the literature and our
experimental evidence herein obtained.” Thus, pristine
POT" is in the fluorescent state when synthesized, and the
non-fluorescent state (POT ™) can be obtained by chemically
doping the polymer with a lipophilic anion (R7) or by
photooxidation in the presence of molecular oxygen. The
presence of oxygen is required for this process to happen.
Indeed, according to electron paramagnetic resonance
studies applied to the photooxidation process of poly(3-
hexylthiophene) (P) in presence and absence of molecular
oxygen, the formation of P"/O*" was demonstrated as an
intermediate metastable state. It is herein assumed that
POT will behave similarly as this polymer (same family)."!
To confirm this, POT NPs were modified with NaTFPB in
nitrogen-saturated solutions. The fluorescence signal was
found to be significantly higher in the absence of oxygen
(Figure S11a), meaning that oxygen acts as an electron
acceptor in the POT doping process. Moreover, the signal
was found to decrease with time due to the gradual presence
of oxygen in the NPs solution (Figure S11b).

When the polymer core is in the non-fluorescent (POT™)
state, the fluorescence can be achieved by incorporating
cations with the assistance of the ionophore, forming POT®.
By irradiating the NPs, the equilibrium can be displaced
toward forming the non-fluorescent POT™ state, releasing
the cations inside the NPs’ structure. In the NPs, generating
positive charges in the POT core forces K* delivery from
the shell to the sample to maintain the electroneutrality.
The packing/structure of the polymer chains is affected,
considering that R™ enters the lattice to dope the generated
positive charge, decreasing the fluorescence. Finally, it is
possible to correlate this decrease in fluorescence with the
K™ delivery from the NP into the solution via potentiom-
etry, demonstrating the controlled light-enabled delivery of
charged species.

Conclusion

The ion-transfer capabilities (i.e., encapsulation and release)
of core-shell POT-based NPs were demonstrated in this
study. Comprising a membrane-like shell loaded with differ-
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ent ion exchangers and ionophores, the NPs have different
fluorescence levels depending on the POT/POT" ratio in
the core. Accordingly, the fluorescence changes provided an
understanding of the ability of the POT-membrane NPs to
incorporate cations into their structures selectively. The
overall process involves the ability of the NP to introduce
lipophilic anions (part of the ion exchanger) from the shell
into the core and vice versa and thus doping/undoping the
POT/POT™ core, an encapsulating/releasing in turn the
desired cation (e.g., K* or Na*). The working mechanism is
highly dependent on the nature of the lipophilic anion:
TFPB™ presented better cation uptake abilities than BF, .
Moreover, the fluorescence signal had a linear relationship
with the logarithmic concentration of the cation in the
sample solution. While cation encapsulation occurs via
direct incubation of the NPs in the corresponding sample,
cation delivery from the NP (after its encapsulation) is a
light-driven process requiring a specific irradiation wave-
length. Thus, the photooxidation of POT to POT™" in the
core was used for controlled cation delivery from the NP to
the solution, which was monitored via fluorescence and
potentiometry measurements. On-off cycles of irradiation
allowed for subsequent delivery/encapsulation of K* (as
proof of concept) from/to the NPs, which is a time-depend-
ent process. Future efforts should focus on the on-demand
encapsulation/delivery of clinically relevant charged species
(e.g., amino acids, drugs) and/or the development of
advanced sensing systems on the nanoscale.
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