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Inflammatory disorders often correlate with an unusually high intracellular production of hypochlorous acid
(HOCI). Therefore, its rapid, sensitive, and specific detection is crucial for an early diagnosis and treatment
evaluation. While nanoparticles for detection have already been reported, multimodal nanoparticles that
simultaneously detect and eliminate reactive oxygen species (including the excess of HOCI) are scarce despite

MEH-PPV
Quercetin their interest. Herein, we developed highly selective fluorescent nanoparticles using the copolymer poly(2-
Theranostic methoxy-5-(2-ethylhexyloxy)-1, 4-phenylenevinylene) (MEH-PPV), with (MEH@CS) and without a chitosan

coating (MEH). The conjugated polymer is oxidized in the presence of HOCI, exhibiting a rapid (in less than 30 s)
and sensitive fluorescence turn-off response with a log-log linear HOCI relationship within dynamic ranges of ~
0.784-83 pM and ~ 0.384-55 pM for MEH and MEH@CS NPs, respectively, allowing to monitor basal HOCI
levels within the standard physiological concentration range (5 — 25 pM) and its differentiation from over-
production. Moreover, the nanoparticles can encapsulate and release quercetin (a powerful natural scavenger for
HOC), leading not only to monitoring but also to a reduction in pro-inflammatory cytokines of inflammation-
stimulated macrophage cells.

1. Introduction [4-7]. With this aim, several bioanalytical HOCl-detection techniques
have been developed in the past decades, such as colorimetric, biolu-

Hypochlorous acid (HOCI), one of the most significant reactive ox- minescent, luminescent, electrochemical, and chromatographic

ygen species (ROS) in the human body, is generated through the con-
version of hydrogen peroxide (H202) and Cl™ anions of the cellular fluid,
catalyzed by the myeloperoxidase (MPO) enzyme present in the mito-
chondria [1-3]. HOCI is involved in immune reactions that help fight
invasive bacteria and kill pathogens [1-3] and it also contributes to the
regulation of the crucial physiological processes such as cell prolifera-
tion and apoptosis [3,4]. However, intracellular levels of HOCI over
specific thresholds (reaching values as high as 340 pM), relate to various
inflammatory diseases, such as asthma, rheumatoid arthritis, athero-
sclerosis and neurodegenerative disorders like Parkinsons and Alz-
heimer’s disease, and can induce DNA fragmentation and protein
oxidation through oxidative stress [1,3-7]. Therefore, the development
of effective methods for the rapid, sensitive, and specific recognition of
endogenous HOClI is crucial in the prevention of inflammatory diseases

* Corresponding authors.

methods [6,7]. Among them, optical approaches have become popular.
Numerous molecular fluorescent probes have been reported [8-20]
revealing their non-invasive nature, high sensitivity with spatial reso-
lution, real-time detection (time response as fast as 40 s), far-red/near
infrared emitting properties, and good biocompatibility [5,7-10].
However, most of them still suffer from limited chemical and colloidal
stability, lack any mitochondrial-targeting ability, exhibit slow response
and low fluorescence quantum yield and have restricted emission
wavelengths, making it difficult to discriminate from autofluorescence
[5,7,21].

To overcome this challenge, nanostructuration of the dyes has
emerged as a versatile alternative [22]. Representative examples include
self-calibrating nanopolymers with dual targeting [23], a
pyrene/pyridyl-based ultrafine reactive fluorescent turn-off nanoprobe
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[24], fluorescent polymeric nanoparticles with single-wavelength exci-
tation [25], a nanoflare-based DNA sensor assembled with a gold
nanoparticle [26], turn-off naphthalimide-functionalized fluorescent
silica nanoparticles [27], or a nanoprecipitated dual-functional (HOCI
and CI) fluorescent nanosensor [28]. However, fewer examples of
multimodal nanoparticles that simultaneously detect and release
free-radical scavengers or antioxidants have been reported, in spite of
their interest. Yan et al [29] developed a P-selectin targeting
PLGA-based nanocarrier doped with two lipophilic dyes and
co-delivering betulinic acid and resveratrol drugs, known ROS scaven-
gers. In this case, ROS imaging was achieved by fluorescence resonance
energy transfer BRET-FRET effect injecting non-linked luminol to the
NPs. Ma et al. [30], successfully synthesized theranostic NPs linking, a
two-photon AIE fluorophore and the antioxidant drug prednisolone via a
ROS-responsive bond, but the detection seems to be unspecific for an
oxidant molecule. Liu and co-workers [31], also reported a
HOCl-activated fluorescent nanoplatform based on Au NPs coated with a
sensitive HOCI probe and the redox drug methylene blue on its surface,
showing HOCI concentration-dependent photoacoustic signal intensity
for quantification specifically for cancer therapy. Wei et al [32].
developed a highly sensitive probe conjugated with an antioxidant
prodrug, that easily integrates into a single structure HOCI detection in
NIR emission and therapy through the selective breaking of amino and
carboxyl groups. All in all, these few examples so far reported confirm
the possibility to combine both monitoring and down-regulation of ROS
levels (including the excess of HOCI). However, this research area is still
at early development stages with further developments needed,
specially achieving multimodal and sensitive nanoplatforms with fast
detection responses while still autoregulating ROS extent.

Here we demonstrate that nanoparticles (NPs) of the poly(2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV)
polymer are promising candidate for this. Indeed, HOCl-induced
oxidation shortens the inter/intramolecular conjugation polymer
length, not only modifying its emission and absorption properties [33,
34], but simultaneously releasing anti-inflammatory drugs. The nano-
particle fabrication method was precipitation/solvent diffusion method
[35-39], and the encapsulated HOCI scavenger, quercetin (QCT) (see
Scheme 1) [40-45]. It is a natural flavonoid showing excellent
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anti-inflammatory and antioxidant properties in experimental models of
atherosclerosis, diabetes, and hypertension [41,46]. To further enhance
cellular uptake, the nanoparticles were additionally coated with the
polysaccharide chitosan (CS) [45-49]. The activity of the resulting
QCT-MEH@CS nanoplatform was studied on HeLa cancer cells and
RAW264.7 murine macrophages, a commonly used in vitro model for
inflammation studies, stimulated with phorbol myristate acetate (PMA)
and lipopolysaccharide (LPS) to produce endogenous HOCI. Analysis of
cell viability, fluorescence and the inhibition of the pro-inflammatory
cytokines interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-o)
[50-54], showed excellent results confirming the validity of our
approach (non-coated MEH NPs were also analyzed and studied for
comparison purposes).

2. Materials and methods
2.1. Materials

Poly[2-methoxy-5-(ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV) (MW 40,000-70,000), chitosan oligosaccharide lactate (MW
5000), potassium phosphate dibasic and monobasic anhydrous, iron (II)
perchlorate, potassium superoxide (KO), sodium sulfite (NaySOs),
quercetin (QCT), lipopolysaccharides from Escherichia coli O55:B5
(LPS), phorbol 12-myristate 13-acetate (PMA), and crystal violet were
acquired from Sigma-Aldrich. Sodium hypochlorite (NaOCl, 11-15 %)
was purchased from Alfa Aesar. Tetrahydrofuran (THF) anhydrous,
acetic acid (glacial 99.5 %), hydrochloric acid (HCl, 37 %) and dimethyl
sulfoxide (DMSO) were acquired from Scharlau. Hydrogen peroxide
(H202, 35 %) was obtained from Fluka. Nylon and polyethersulfone
(PES) filters (0.22 pm) were purchased in Branchia and Fisher brand,
respectively. Fetal Bovine Serum (FBS), Dulbecco’s modified Eagle’s
medium (DMEM), Minimum Essential Medium-o GlutaMAX no nucleo-
sides (MEM-a), Trypsin-EDTA (0.25 %), and Phosphate buffer saline 1X
(PBS) were from Gibco Life technologies. The BD™ CBA Mouse
Inflammation Kit was purchased from BD Biosciences. Milli-Q water was
used in all the experiments.

Quercetin MEH-PPV
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Scheme 1. Graphic representation of QCT-MEH@CS NP preparation and the mechanism behind their multimodal capabilities for detecting and treating inflam-
mation. The preparation process of QCT-MEH@CS nanoparticles is the precipitation/solvent diffusion method (top). NPs’ fluorescence turn-off response in presence
of endogenous HOCI generated by LPS/PMA stimulation while the released QCT down-regulates HOCI concentration, as well as the pro-inflammatory cytokines IL-6

and TNF-a (bottom).
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2.2. Synthesis of MEH-PPV-based NPs

2.2.1. Synthesis of MEH NPs

MEH nanoparticles (NPs) were obtained by precipitation through the
solvent-diffusion method[39]. Firstly, 1.5 mg of MEH-PPV (Scheme
S1A) was dissolved in 3 mL of THF (0.5 mg mL’l). The solution was
sonicated in an ultrasound bath for 10 min to completely dissolve the
polymer. 1 mL of the MEH-PPV solution was quickly added to 4 mL of
water upon vigorous stirring (1400 rpm). The stirring was immediately
stopped after the addition. The as-formed NPs were stirred (700 rpm) at
room temperature (RT) for 4 h in order to evaporate the organic solvent.
After that, NPs were filtered with a 0.22 pm PES filter. MEH NPs (and the
next synthesized MEH@CS and QCT-MEH@CS NPs suspensions) were
stored in a refrigerator at 4°C and covered with Al foil during all ex-
periments to prevent the possible light-induced degradation of the
copolymer.

2.2.2. Synthesis of MEH@CS NPs

Chitosan (CS)-coated MEH NPs (MEH@CS NPs) were obtained
following the same protocol as for MEH NPs, except the aqueous phase,
which consisted of a 7 mL chitosan (CS) (Scheme S1B) solution
(14.3 pg mL~ D). Preformed CS solution (1 mg mL™Y) was prepared in
acetic acid (1 % v/v) and stirred at 300 rpm for 4 h at RT. After the
synthesis, NPs were filtered with a 0.22 pm Nylon filter.

2.2.3. Synthesis of QCT-MEH NPs and QCT-MEH@CS NPs

The synthesis of QCT-containing nanoparticles (QCT-MEH NPs and
QCT-MEH@CS NPs) loading different concentration of QCT followed
the same protocols as for MEH NPs and MEH@CS NPs, respectively, with
the following variations (Scheme S1C): first, 0.5 mg of MEH-PPV was
mixed with the corresponding volume of a preformed THF quercetin
stock solution. THF was added to that mixture until it reached 3 mL.
Then, the solutions were sonicated for 10 min to homogenize. Several
MEH-PPV:QCT molar ratios between 1:18 and 1:36 were used to form
the NPs. After that, the corresponding solution was quickly added to
4 mL of Milli-Q water (if QCT-MEH NPs were desired) or to the chitosan
aqueous phase (for the QCT-MEH@CS NPs).

2.2.4. Preparation of oxidizing agents

Hydrogen peroxide (H202) and hydrochloric acid (HCI) solutions
were prepared by diluting the compounds directly in MilliQ water until
the desired concentration of the stock solution was reached. Hypo-
chlorous acid (HOCI) and bisulfite ion (HSO3) solutions were obtained
by diluting sodium hypochlorite (NaOCl) and sodium sulfite (Na3SOs),
respectively, in MilliQ water, following the procedure described before
[28]. Superoxide anion (e¢02") was accomplished by dissolving potas-
sium superoxide (KO2) in dimethyl sulfoxide (DMSO) at 1 mM][28].
Finally, hydroxyl radical (¢OH) was produced by combining iron (II)
perchlorate (1 mM) with HyO5 (3 mM)[28]. To evaluate selectivity to-
wards HCIO by fluorescence spectroscopy, equal volumes of freshly
prepared oxidizing agents and NPs (in phosphate buffer pH 5.7) at twice
the desired concentration were mixed, resulting in final concentrations
of 23 ug mL~! for NPs, 100 uM for Hy05, and 15 uM for HOCI, HCI, ¢OH,
02" and HSO3. All measurements were performed before and after 1 h
of incubation.

2.3. NPs characterization

2.3.1. Dynamic light scattering (DLS) and Z-potential (ZP) measurements

Size and ZP measurements were performed using the Malvern Z-sizer
nano-zs with a 173° scatter angle. NPs were diluted in water at 25 °C,
except when another temperature is indicated. A disposable folded
capillary cell was used for both ZP and DLS measurements. To ensure
accuracy, average values were obtained from 3 cycles (both size and ZP).
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2.3.2. Scanning and transmission electron microscopies

SEM images were acquired using the FEI Quanta 650 FEG micro-
scope. Sample suspensions (100 — 150 pL) were deposited on metal stubs
covered with Al tape, air-evaporated overnight (O/N), and coated with a
5 nm layer of Pt. TEM (and STEM) images were recorded using a JEOL
1400 TEM microscope operated at 120 kV. A droplet of NPs suspension
(10 - 50 pL) was placed and dried onto Ted-Pella carbon-coated copper
grids.

2.3.3. UV-Vis and fluorescence spectroscopies

Absorption spectra of NPs were recorded in transmission mode using
the Agilent Cary 60 spectrophotometer, employing a 1x1 cm quartz
cuvette. Depending on the sample solvent, water, THF or phosphate
buffer saline (PBS) were used as blanks. Fluorescence emission spectra of
NPs were measured by means of a PTI QuantaMaster 300 phosphores-
cence/fluorescence spectrophotometer (Horiba Ltd.), using a 1x1 cm
quartz fluorescence cuvette. All emission spectra were obtained using a
pulsed Xenon lamp, to reduce the risk of NPs’ photodegradation due to
the minimized irradiation time. The excitation wavelength was fixed at
the absorption maximum (Aexe = 490 nm). The dilution effect was cor-
rected for the final emission spectra when applied. Fluorescence in-
tensity of 9, 10-diphenylanthracene (DPA), was used as a reference
standard for experiments conducted over several days[55]. Absolute
quantum yield was examined using a C9920-02 G absolute quantum
yield spectrometer (Hamamatsu), equipped with an integrating sphere
to capture all light emitted from the sample without requiring a refer-
ence. The amount of absorbed photons was determined from the scat-
tering peaks at the excitation wavelength of the incident light, given by
the blank (cuvette-filled solvent) and sample.

2.3.4. Kinetics experiment

A quartz glass fluorescence cuvette was filled with a solution con-
taining 23 pg mL ! in MilliQ water of the corresponding MEH-PPV NPs,
followed by the addition of 10 uM of HOCL. The fluorescence intensity of
the solution was recorded as a function of time using a C9920-02 G
absolute quantum yield spectrometer (Hamamatsu), equipped with an
integrating sphere to capture all light emitted from the sample. The
measurements were taken over a period of 2 min (Aexe = 490 nm). The
response time at 90 % (tgq o), which is the time required by the NPs to
reach 10 % of intensity difference between the emission at ty (I, before
exposure to HOCI) and the fluorescence at steady state (Isieady), when it
does not change over time, was determined as follows: first the loss rate
of fluorescence was calculated using the formula: Integrated PL. Loss
Rate = [I(t) - Isteady]/[Io - Isteady]. Then the resulting curve was fitted to a
non-linear curve (biexponential) and the time at a fluorescence loss of
0.1 was interpolated to estimate a value for tgg o.

2.3.5. Quantitative analysis of QCT in QCT-MEH@CS NPs

To determine the mass of QCT loaded in the QCT-MEH@CS NPs, the
following procedure was used. After THF evaporation in the last step of
the synthesis, the supernatant of QCT-MEH@CS and MEH@CS NPs was
removed using an UF cross-flow filter (mPES 750 kDa, Spectrum®
MicroKross). Then, concentrated NPs were diluted in water. QCT-
MEH@CS and MEH@CS NPs were lyophilized for 1 day, and the same
amount of NPs were subsequently added to 3 mL of THF, followed by
15 min of sonication to disrupt the NPs and redissolve the drug and/or
polymers. The amount of encapsulated QCT was determined as the
difference in absorption between the THF solutions of the redissolved
QCT-MEH@CS and MEH@CS NPs (since absorption is additive in the
linear range below 1), measured by UV-Vis at 372 nm [42,46]. The
concentration of the QCT was determined from a calibration curve using
the Lambert-Beer’s law (see Fig. S10C). Each molar ratio was measured
in triplicate from different batches and the final results were averaged.
To determine the encapsulation efficiency (EE) and the loading capacity
(LC) of the obtained nanocarriers, the following expressions were used
[49]: EE (%) = [QCT encapsulated (g)] x 100 / [Total QCT fed (g)], LC



E. Villar-Alvarez et al.

(%) = [QCT encapsulated (g)] x 100 / [QCT encapsulated (g) +
MEH-PPV (g)].

2.4. Biological characterization

2.4.1. Cell culture

RAW264.7 murine macrophage cells (ATCC) were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) supplemented with 10 % (v/v)
fetal bovine serum (FBS) in an atmosphere of 10 % CO5 at 37 °C. Human
cervical adenocarcinoma cells HeLa (ATTC) were cultured in Minimum
Essential Medium-a GlutaMAX with no nucleosides (MEM-a) supple-
mented with 10 % (v/v) FBS in an atmosphere of 5 % CO, at 37 °C. In all
experiments, cells were grown to 80-90 % confluence before trypsini-
zation and subjected to no more than 30 cell passages.

2.4.2. Cytotoxicity assay

To evaluate the toxicity of NPs, cells were seeded (5 000 cells per
well) in a 96-well plate and allowed to adhere for 24 h. A range of
concentrations from 0 to 100 pg mL™! of the corresponding MEH and
MEH@CS NPs, as well as 30 ug mL~! of QCT-MEH@CS NPs obtained
from different MEH-PPV:QCT ratios, were added in triplicate. Cell sur-
vival was determined after 24 and 48 h of incubation using the crystal
violet viability assay protocol[56]. This assay was chosen to ensure that
the dye absorbance ()\?r'fifx = 590 nm) was not influenced by the NPs
absorption (Af,&’;x = 490 nm), as observed in other cytotoxicity tests
(MTT, CCK8). Absorption was measured using the SpectraMaxR iD3
multi-mode microplate reader (Molecular Devices) and compared to
control wells, containing cells without NPs. Background signals were
eliminated by subtracting the average signal from wells without cells.
The average absorption of NP-free cells was set to 100 %. Each experi-
ment was conducted independently three times to ensure accuracy and
reproducibility. The following equation for cell survival rate (SR) was
used: SR (%) = (OD_treated_cells — OD_blank) x 100 / (OD_control_cells
- OD_blank), where OD is the optical density at 590 nm.

2.4.3. Confocal and epi-fluorescence microscopy

Bioimaging fluorescence confocal microscopy (TCS SP5, Leica) was
used to visualize qualitatively the internalization of the MEH-PPV NPs
(MEH and MEH@CS NPs). For confocal images, 80 000 cells/well were
seeded on Mattek glass-bottom microwell dishes (35 mm dishes, 14 mm
glass microwell diameter, No. 1.5 coverglass of 0.16 mm thickness).
After 24 h, MEH and MEH@CS NPs (30 pg mL’l) were added and
incubated for an additional 24 h. Subsequently, microwells were
washed twice with pre-warmed PBS to remove non-internalized NPs.
Cell membranes were stained with Cell Mask deep red dye, and mito-
chondria with Biotracker 400 Blue (Sigma-Aldrich).

NPs internalization was also followed by bright field (BF) and epi-
fluorescence (EF) microscopy (Nikon eclipse Ts2R microscope). For
that, 20,000 cells were seeded in 24-well plates and incubated for 24 h
for cell adhesion. MEH and MEH@CS NPs (30 pg mL™1) were incubated
for 6 and 24 hours. Afterward, wells were washed twice with pre-
warmed PBS to remove non-internalized NPs and, subsequently, the
medium without red phenol was added to visualize live cells. EF images
were taken with an excitation wavelength of 470/40 nm (green chan-
nel). BF and EF images were merged, using the open-source graphics
editor FIJI (ImageJ). For colocalization experiments, the same protocol
was followed except for incubation with the mitochondrial tracker
(MitoTracker red, ThermoFisher-Invitrogen) after PBS washes, visual-
ized with an excitation wavelength of 525/50 nm (red channel). JaCop
and colocalization finder plugging for FIJI software were used to
calculate Pearson’s coefficient.

2.4.4. Flow cytometry

In order to quantify the MEH-PPV NPs internalization, a flow
cytometry assay was carried out using the Cytoflex flow cytometer
(Beckman Coulter) recording 10,000 events (applying the detector filter
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in the phycoerythrin (PE) channel, 585/42 nm) after excitation with a
blue laser (488 nm) and analyzing them with CytExpert software. For
this assay, 100,000 cells/well were seeded in a 12-well plate and incu-
bated for 24 h for cell adhesion. Subsequently, the culture medium was
replaced with NPs (30 pug mL ! in cell culture medium), and the cells
were incubated for the desired period of time for NPs internalization.
After that, cells were washed twice with PBS to remove non-internalized
NPs, trypsinized and collected in Eppendorf tubes. Next, samples were
centrifuged and the pellet was resuspended in 0.5 mL of medium
without phenol red. Cells incubated without NPs were used as reference.
The experiment was conducted independently three times to ensure
accuracy and reproducibility.

2.4.5. HOCl in vitro detection and inhibition

To examine the NPs responsiveness to HOCI in vitro, cells were
stimulated with LPS and PMA. Briefly, 50,000 cells/well were seeded in
a 12-well plate. After 24 h, MEH, MEH@CS and QCT-MEH@CS NPs
(30 pg mL™1), were added to the corresponding wells, resuspended in
cell culture medium and incubated for 24 h. Afterward, cells were
washed twice with PBS, to remove non-internalized NPs. To stimulate
the HOCI production, the corresponding concentration of LPS in culture
medium was added to the corresponding wells. After 6 h of incubation,
PMA (usually 1 ug mL™}, unless otherwise indicated) was added directly
and incubated for 1 h. Subsequently, cells were washed twice with PBS,
trypsinized and collected in Eppendorf tubes. Samples were centrifuged
and resuspended in 300 pL of PBS. The samples were measured using the
same conditions as in the uptake assay using the Cytoflex flow cytometer
(Beckman Coulter). Untreated cells and LPS/PMA-stimulated cells were
used as controls. Each concentration was tested in triplicate and con-
ducted independently three times to ensure accuracy and
reproducibility.

2.4.6. Determination of IL-6 and TNF-a levels by ELISA

Levels of tumor necrosis factor-alpha (TNF-a) and interleukine-6 (IL-
6) cytokines in each sample were determined using a commercially
available CBA mouse inflammation ELISA kit from BD Biosciences ac-
cording to the manufacturer’s instructions. Briefly, 50,000 cells/well of
RAW264.7 macrophages were cultured in a 12-well plate for 24 h. Af-
terwards, QCT-MEH@CS NPs (30 ug mL~Y) with different MEH-PPV:
QCT ratios were added, resuspended in cell culture medium, and incu-
bated for 24 h. After washing the cells twice with PBS to remove non-
internalized NPs, the cells were stimulated with LPS (5 pg mL™ D).
After 6h of incubation, PMA (1 ug mL™') was directly added and
incubated for 1 h. Cell culture supernatants were collected and imme-
diately quantified using ELISA kits according to the manufacturer’s in-
structions using a FACSCalibur flow cytometer (Becton Dickinson).
Untreated cells, LPS/PMA-stimulated cells and MEH@CS treated cells
were controls.

2.4.7. Statistical Analysis

OriginPro (Version 2022, OriginLab Corporation, Northampton, MA,
USA) was used for statistical analysis/graphing, except for IC50 values
that were determined by a four-parameter nonlinear logistic regression
model using GraphPad Prism (Version 10.2, GraphPad Software Inc.,
Boston, MA, USA). The NPs fluorescence intensity was obtained from the
integration of the emission spectra and expressed as the mean + SD of
three independent experiments (n = 3), except for QCT encapsulation (n
=5). All statistical analyses were analyzed with a two-tailed Student’s t-
test, with a p-value less than 0.05 considered statistically significant.

3. Results and discussion
3.1. Synthesis and physicochemical characterization

MEH-PPV-based NPs (i.e., MEH and MEH@CS NPs) were prepared
by the precipitation/solvent diffusion method [37-39,57] and its
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surface modified with CS [46-49] combining the solvent diffusion
method with the Layer-by-Layer (LbL) technique [57]. Briefly, a solution
of the fluorescent hydrophobic polymer MEH-PPV dissolved in a volatile
solvent, miscible in water (THF), was quickly injected into Milli-Q water
under vigorous stirring. The organic solvent diffuses rapidly to the
aqueous phase, inducing the precipitation of the polymer and forming
the nanoparticles (MEH NPs). Simultaneously, if the cationic polymer CS
was previously dissolved in the aqueous phase, it adsorbs onto the NPs
surface through Van der Waals but mainly via electrostatic interactions
with the electronegative methoxy groups of the MEH-PPV (MEH@CS
NPs). Finally, the organic solvent was eliminated by evaporation,
resulting in the formation of a stable colloidal nanoparticle dispersion.
Dynamic light scattering (DLS) data showed an average size of 57 +
12 nm (PDI 0.13) and 107 4 6 nm (PDI 0.2) for MEH and MEH@CS NPs,
respectively. The ZP of the MEH NPs was —38 + 1 mV, whereas the
MEH@CS NPs exhibited a ZP of +23 + 4 mV, confirming the successful
surface charge inversion and the effective coating with CS. Spherical
nanoparticles with good monodisperse dimensions, similar to those
found by DLS, were observed by scanning electron microscopy (SEM)
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and transmission electron microscopy (TEM) for both MEH (Fig. 1A-C)
and MEH@CS NPs (Fig. 1D-F). Notably, TEM and STEM images revealed
a lower electron density shell for MEH@CS NPs (Fig. 1E-F) compared to
MEH NPs (Fig. 1B-C), which suggested the presence of CS coating
around the NPs.

The absorption and emission spectra of colloidal MEH and MEH@CS
NPs in water were compared to the spectra of the non-structured
copolymer dissolved in THF. The absorption spectra of both NPs sus-
pensions were slightly red-shifted (A3, = 499 nm) with respect to the
spectrum of the MEH-PPV dissolved in THF ( ab§X = 488 nm) (Fig. 1G).
This fact was mainly attributed to the conformational changes experi-
enced by the polymer chain within the NPs originated by aggregation-
induced intra- and intermolecular chain interactions [33,58]. This
bathochromic shift was more evident in the emission profile (Fig. 1H)
(Aexe = 490 nm) as both NPs showed a significant red-shifted spectra
(A& = 595 nm) compared to that of the THF copolymer solution (\&%k
= 553 nm). This fact has been attributed to interchain energy transfer
from high-energy to lower-energy domains, characterized by a higher
degree of aggregation and larger electronic delocalization [58]. By

(G)
104 —— MEH NPs
' —— MEH@CS NPs
— —MEH-PPV
. 0.8-
(2]
Qo
< 06+
£
—
S 0.4-
=
0.24
0.0

400 500 600
Wavelength (nm)

300 700

(H)
1.0 ——MEH NPs
= A —— MEH@CS NPs
30;') I\ — —MEH-PPV
=084 I
) [
]
c [
= 064 ,
X "
= [
. 044 1 "
~
Z 0.2+, ~. .
1 R
0.0 T T T T il TS
550 600 650 700 750 800

Wavelength (nm)

Fig. 1. MEH-PPV-based NPs. (A) SEM, scale bar = 1 um, (B) TEM, scale bar = 200 nm, and (C) STEM, scale bar = 50 nm; images of MEH NPs. (D) SEM, scale bar =
2 um, (E) TEM, scale bar = 200 nm, and (F) STEM, scale bar = 50 nm, images of MEH@CS NPs. (G) Absorption and (H) emission spectra of MEH-PPV copolymer in
THF (A%, = 488 nm and AS%L = 553 nm, black dashed lines), MEH and MEH@CS NPs water suspensions (A2, = 499 nm and AS%: = 595 nm, red and blue lines,
respectively). Both the MEH-PPV solution and the NP suspensions were excited at Aeye = 490 nm.
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changing the excitation wavelength (e.g., Aexe = 365 nm), the recorded
emissions slightly changed their intensities but not the spectra profiles,
which means that the same emitting species is excited at the two
wavelengths (Fig. S1). Comparable quantum yield (QY) values for MEH
(8.6 %) and MEH@CS NPs (9.4 %) were obtained, but lower when
compared to the bulk MEH-PPV solution (26 %). This reduction in QY
can potentially be ascribed to reabsorption and quenching effects due to
the aggregation of the polymer chains, common of conducting polymer
NPs and films [33].

3.2. Chemical and colloidal stability

It is well known that MEH-PPV in solution undergoes chain scission
through photo-oxidation processes activated by daylight [34,59,60].
Therefore, to assess their light fastness during the laboratory manipu-
lation experiments, the colloidal dispersions of MEH NPs and MEH@CS
NPs were exposed to ambient light at room temperature for an extended
15-day period. According to the DLS data, a decrease of ~ 20 nm in size
for MEH NPs, along with a noticeable Zeta Potential (ZP) decrease down
to ~ —11 mV for both NPs, was found (Figs. S2A-B). After 15 days, a ~
25 % and ~ 40 % loss in absorbance for MEH and MEH@CS NPs,
respectively, was detected (Figs. S2C-D), which may suggest that the
NPs could be unstable during this period. The decrease was faster for the
fluorescence (Figs. S2E-G), fact ascribed to the emission quenching
caused by the formation of little amount of photodegradation products,
yet enough to quench the fluorescence of the MEH PPV polymer. For
both comparison purposes and to evaluate their shelf life over an
extended period, the experiment was repeated with an aliquot of the
same batch of redispersed NPs but this time in the absence of light
(shielding the suspensions from light with Al foil) at 4°C. In this case,
NPs did not experience any significant alteration in NPs size, ZP or
spectral properties (as shown in Figs. S2A-G), confirming a stability even
higher than that of MEH-PPV bulk solutions [34]. All in all, NPs are
stable enough to be manipulated during the preparation experiments but
preferably stored in water at 4 °C in dark conditions to minimize the
aging effect impact. The experiment in absence of light was repeated
again with the same batch of NPs, but this time using a phosphate buffer
saline (PBS) at pH 7.4 (isotonic buffer commonly used in cell culture to
maintain pH and minimize osmotic shock in living cells) [61]. Under
these conditions, NPs displayed a significant increment in size (>
800 nm), especially for MEH@CS NPs, tending to form larger aggregates
visible to the naked eye. This was accompanied by a ZP decrease, which
manifested a negative surface charge with average values of —28.6 +
2.1 mV and —13.7 + 5.8 mV for MEH and MEH@CS NPs, respectively
(as shown in Figs. S2A-B). Furthermore, the intensity of both absorption
and fluorescence significantly decreases due to the NP precipitation
(Figs. S2H-K), most likely due to the salt-induced shielding effect of the
repulsive electrostatic forces [61], and the consequent formation of
larger aggregates.

According with these results, a meticulous colloidal stability assess-
ment was also tested in cell culture media. For this reason, the experi-
ments under dark conditions were repeated at 37 °C for 3 days,
incorporating now 10 % fetal bovine serum (FBS) and incubated in
different simulated biological environments: i) in PBS [62] at pH 7.4,
which mimics extracellular conditions[61], ii) at pH 5.7, simulating
intracellular conditions [61], and iii) in MEM-a cell culture medium
without red phenol (pH 7.0). Water suspensions of both NPs at 37 °C
were also measured as a control reference. In all the cases, both MEH
and MEH@CS NPs consistently maintained ZP values around ~ —11 mV,
in contrast to the control water suspensions (-43.7 + 1.2 mV and 29.6 +
1.3 mV for MEH and MEH@CS NPs, respectively). These results support
the formation of an outer negatively charged FBS protein corona around
the NPs, hindering their intrinsic surface charge (Figs. S3A-B) [47,61,63,
64]. More differences were found for their NP size. MEH@CS NPs
redispersed in PBS show notable variations attributed to the pH-induced
conformational changes in the CS shell (Fig. S3C, day 0). At acidic pH, a
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volume expansion (and therefore a thicker protein corona) is found as a
result of the repulsions between the protonated amino groups of the CS
coating (CS isoelectric point = 6.3 [47]). On the contrary, at alkaline pH,
the CS structure shrinks due to the reduction in the repulsive forces
between those groups, causing less attraction of the negative serum
proteins on the NPs’ surface. The size of MEH NPs was not affected by
the pH, as expected (Fig. S3D). After a 3-day incubation period at 37 °C,
NP aggregation was observed upon incubation with PBS (see
Figs. S3C-D), induced by the shielding effect of the salt, as was previ-
ously mentioned, affecting their colloidal stability (see Figs. S2A-B) and
optical properties (see Figs. S2H-K). No aggregates were formed for both
MEH and MEH@CS NPs in water or MEM-a cell culture media, and no
significant variations in absorbance and fluorescence intensity
throughout 3 days were observed in MEM-a at 37 °C (Figs. S3E-F),
confirming their colloidal stability.

3.3. Cellular uptake and intrinsic cytotoxicity

The intrinsic cytotoxicity of MEH and MEH@CS NPs was assessed in
two distinct inflammatory cell line models: i) the mouse macrophage
RAW264.7 cells, traditionally used to study anti-inflammatory drug
activity as they produce abundant cytoplasmic HOCI [16,18,54], and ii)
the well-known human cervical carcinoma HeLa cells, recognized for
their elevated production of HOCI compared to that in normal cells,
which in fact acts as a pivotal signaling regulator for proliferation across
numerous cancer cell lines [15,17]. The NPs exhibit
concentration-dependent cytotoxicity in the RAW264.7 cell line after
both 24 and 48 h of incubation, displaying a half-maximal toxicity
concentration (IC50) of 68 + 3 and 56 + 1 g mL’l, for MEH and
MEH@CS NPs, respectively (Fig. 2A). In HeLa cells, notably, we
observed minimal cytotoxicity within the tested range. This resulted in
significantly lower toxicities, showcasing a survival rate of over 75 %
under similar experimental conditions (Fig. 2B). These results empha-
size the good biocompatibility of the NPs at concentrations below =
50 ug mL~! reinforcing their suitability for cellular applications.

Cellular uptake of MEH@CS and MEH NPs (30 ugmL™)) in
RAW264.7 and HeLa cell lines after 24 h of incubation was analyzed by
epi-fluorescence and confocal microscopies and flow cytometry assays,
which provide quantitative validation of the uptake. In all the cases,
intracellular fluorescence emission (Aexe = 470 nm, green channel for
epi-fluorescence microscopy) was observed, though it was especially
remarkable for MEH@CS NPs (Fig. S4). Indeed, the intensity of the
fluorescent signal detected for MEH@CS NPs in both cell lines, which
directly correlates to the number of internalized NPs[65], was found to
be approximately two orders of magnitude higher for the coated nano-
particles (Fig. 2C-D). These results were supported by confocal micro-
scopy assays. XZ-YZ stack images confirmed the intracellular
localization only for MEH@CS NPs on both cell lines and discarded any
fluorescence emission coming from the cell surface (Fig. 2E). Such a
difference in cell internalization for both families of NPs has been
tentatively attributed to the differential surface charge of the NPs.
Positively charged MEH@CS NPs exhibited faster uptake via electro-
static attractions, especially in conditions of passive targeting [66-70].
These results agree with the lower toxicity within the cell lines (p =
0.023) of MEH NPs (see Fig. 2A-B).

Given that HOCI] primarily originates in the mitochondria [71],
further MEH@CS NPs co-localization experiments were conducted using
epi-fluorescence microscopy together and a mitochondrial tracker (see
Methods section). Internalized MEH@CS NPs fluorescence emission
(green channel, Aexe = 470 nm) displayed a notable overlap with the
mitochondrial dye fluorescence (red channel, Aexe = 525 nm, as evi-
denced in the merged image Fig. 3A, for both cell lines. Moreover, a
robust Pearson’s correlation coefficients (PCC) of 0.91 and 0.96 were
obtained for RAW264.7 and HeLa cells, respectively (see Fig. 3A).
Furthermore, colocalization experiments using a confocal microscope
were carried out and the results suggest that NPs potentially reach the
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Fig. 2. In vitro biological characterization of MEH-PPV-based NPs. Survival Rate of (A) RAW264.7 macrophages and (B) HeLa cells, exposed to different concen-
trations of MEH@CS (blue dots) and MEH NPs (red squares) for 24 (solid symbol) and 48 h (empty symbol) (n = 3). Statistical analysis via a two-tail Student’s t-test.
*p < 0.05; otherwise no statistically significant difference. Fluorescence intensity histogram analysis of (C) RAW264.7 macrophages and (D) HeLa cells, incubated for
24 h with 30 pug mL~! of MEH NPs (red) and MEH@CS NPs (blue). Cells without NPs (green) were used as control. (E) Confocal microscope average projection of a
stack of images of RAW264.7 cells after 24 h incubation with MEH NPs and MEH@CS NPs (30 pg mL'); respectively, and HeLa cells after 24 h incubation with
MEH@CS NPs (30 ug mL™ Y (green = NPs, red = plasma membrane, blue = mitochondria). White arrows pinpointing the location for the YZ (vertical) and XZ
(horizontal) axes projections, confirming NPs presence within the cytoplasm. Scale bars, 20 pm for RAW264.7 and 50 pm for HeLa.

mitochondria (Fig. 3B). These results are in agreement with previous
studies showing preferential mitochondrial localization for small
(1-100 nm) CS-coated NPs on several cell lines, including RAW264.7
macrophages [69-77],

3.4. HOCI sensitivity and selectivity in bulk suspensions

HOCI detection by MEH and MEH@CS NPs colloidal dispersions
(23 pg mL™Y) was monitored following its absorption and fluorescence
progression over time at three fixed acid concentrations (10, 100, and
1000 pM). Noticeably, both NPs exhibited a rapid absorption intensity
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Fig. 3. Colocalization of MEH-PPV-based NPs in living cells. RAW264.7 macrophages and HeLa cells were incubated for 24 h with MEH@CS NPs (30 pg mL 1) and
washed before imaging for mitochondrial staining. (A) Live cell imaging performed by fluorescence microscopy. Green channel (534/56 nm band pass emission, 470/
40 nm band pass excitation): MEH@CS NPs, red channel (587/58 nm band pass emission, 525/50 nm band pass excitation): MitoTracker red for mitochondria.
Merged image of green and red channels displays the colocalization of NP-mitochondria (in yellow). Scatter plot shows the correlation diagram between green and
red channels. Scale bars = 50 pm. (B) Live cell confocal images (green = NPs, blue = BioTracker blue for mitochondria). White arrows point to the possible colocation

of NPs-mitochondria. Scale bars = 20 pm.
decrease that stabilizes after 30 min, regardless of the HOCI concen-

tration (Figs. SSA-B). However, the precise estimation of its fluorescence
time response at HOCl concentrations of 100 and 1000 pM was
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prevented due to the rapid fluorescence sensitivity to this acid and
subsequent rapid emission quenching (Figs. S5C-D). Finally, the fluo-
rescence kinetics was evaluated for the lowest HOCI concentration of
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Fig. 4. Time-dependent responses of the fluorescence intensity of MEH-PPV-based NPs exposed to HOCI. Time evolution of the integrated fluorescence intensity loss
rate (\exc= 490 nm) of MEH (A) and MEH@CS NPs (B) (23 pg mL ') upon addition of a low concentration of HOCI (10 pM). The data were calculated using the
formula: Integrated PL. Loss Rate = [I(t) - Isteady)/ (Ip — Isteady)]- Data points were fitted on origin using nonlinear curve fit.
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10 pM. The integrated fluorescence intensity decreases quickly reaching
a minimum value and an equilibrium state within 40 s and 20 s for MEH
and MEH@CS NPs, respectively (Fig. 4 and S6). The tq o, determined as
the time required for the NPs to reach 10 % of the intensity difference
between the emission at tg (Iy, before exposure to HOCI) and the fluo-
rescence at the steady state (Isteady), does not change with time. For both
NPs this value was determined to be less than 20 s (Fig. 4), thus, as far as
we know it is comparable or even faster than other reported HOCI
probes[7], and confirm that both NPs could be utilized for nearly
real-time detection of HOCI

The experiments were repeated at pH 5.7 (intracellular pH) and a
fixed HOCI exposure time of one hour (well above the stabilization time
for both absorption and fluorescence optical properties), while
increasing the acid concentration up to ~ 200 pM (Fig. 5A-B and S7A-C).
UV-vis spectra of both NPs showed a linear decrease in absorption
(Figs. S7D-E) and a noteworthy blue shift of the maximum from Agbs =
490 nm to 360 nm, which overall yielded discoloration of the NP sus-
pensions (see Fig. 5A and S7A-B). The linear absorbance decrease can be
directly related to the concentration reduction of the MEH-PPV within
the NPs, due to its HOCl-induced degradation. Concomitantly, fluores-
cence intensity underwent a significant and faster reduction (ASR, =
595 nm), even at the lowest tested HOCI concentration (see Fig. 5B and
S7C). The fast emission loss was ascribed to the MEH-PPV concentration
decrease and its emission quenching (via photoinduced electron transfer
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processes), caused by species formed from the degradation that act as
electron trapping centers [78]. Energy transfer from the MEH-PPV to the
formed species was instead discarded as the degraded NPs absorb at
shorter wavelengths (higher energies), resulting energetically impos-
sible any Forster Resonance Energy Transfer or radiative reabsorption.
Triplet-triplet energy transfer was also discarded since the measure-
ments were carried out under air atmosphere, thus under conditions of
very short lifetime of triplet states. All in all, both absorption and
emission spectra exhibit significant changes, though fluorescence was
the preferred technique as its fast and sudden changes allow for a
quicker determination of weaker HOCI variations.

Next step aimed to estimate the detection limit (LOD), minimum
HOCI concentration that can be reliably detected, for both MEH and
MEH@CS NPs. The detection dynamic range is comprised between the
lowest concentration measurable distinguishable from zero, defined as
the lower limit of detection (LODp;,), and the largest detectable one
within a linear response range (LODp,ay) [79,80]. Therefore, to estimate
the detection dynamic range, fluorescence emission spectra of aqueous
suspensions of NPs (23 ug mL™) at pH 5.7 (intracellular pH) were
recorded after 1 h of exposition to several HOCI concentrations. A
concentration range with a linear response was identified by applying a
natural log-log transformation approach to the data (Fig. 5C and S7F).
The integrated emission of both families of NPs displayed a good linear
correlation with the HOCI concentration on the natural log-log scale
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Fig. 5. Absorption and fluorescence responses of MEH-PPV-based NPs towards HOCI. (A) UV-vis absorption spectra of MEH@CS NPs (23 ug mL 1) at pH 5.7 exposed
for 1 h to different concentrations of HOCI (0 — 200 uM), inset: color change of the MEH@CS NPs suspension after HOCI exposition (100 uM). (B) Fluorescence
spectra of MEH@CS NPs (23 pg mL™ (Aexe = 490 nm) at pH 5.7 after exposition for 1 h to solutions of different HOCI concentrations (0 — 200 pM), inset: decay plot
of the corresponding integrated fluorescence intensities of the MEH@CS NPs suspension exposed to different concentrations of HOCI. (C) Log-Log plot, on a natural
log scale, of the integrated emission intensity of MEH@CS NPs against the HOCI concentration (uM) of the different solutions used. (D) Relative fluorescence intensity
(Aexc/em = 490/595 nm) of MEH (orange) and MEH@CS (green) NPs (23 g mL 1) towards H,0, (100 uM), HCI (15 pM), HOCI (15 pM), HSO3(15 puM), O3 (15 uM),

and eOH (15 uM) in phosphate buffer (pH 5.7).
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below ~ 60 uM and ~ 90 uM (concentrations after which the change in
fluorescence intensity becomes negligible, reaching a plateau at the
bottom of the curve), for MEH@CS (R* = 0.994) and MEH (R? = 0.96)
NPs suspensions, respectively (Fig. 5C and S7F). From here, LODp;,
values were determined using the equation 3s/k, where k is the slope in
the observed linear range on the natural log-log curve, and ¢ is the fitting
error on the intercept [17,18,25,27]. LODpax values were determined by
the cross-point between the natural log-log linear curve and the noise
background plateau curve [81]. Thus, the resulted dynamic intervals
(LODpjn, LODpax) for MEH and MEH@CS NPs were calculated to be
(0.784, 83 + 4) uM and (0.384, 55 + 3) uM, respectively, similar to
others found in ON-OFF fluorescence molecular probes[7], both indi-
cating detection capabilities over the normal physiological concentra-
tion range of 5 — 25 pM [18,81].

Finally, and for comparison purposes, the reactivity of both MEH NP
and MEH@CS NPs towards other common reactive species present in
biological systems (H,0,, HCl, HSO%", hydroxyl radical (eOH), and su-
peroxide anion (e0O3)) was studied as done for HOCI (Fig. 5D and S8),
These species could competitively oxidize and degrade the MEH-PPV
polymer, contributing to their optical property variations and inter-
fering with the correct estimation of HOCI concentration [5-7]. As
depicted in Fig. 5D, no significant fluorescence variations were detected
for any of the tested species, corroborating the good selectivity of the
MEH-PPV-based NPs towards the HOCI.

3.5. Detection of endogenous HOCI reactivity in living cells

The intracellular HOCI detection abilities of MEH and MEH@CS NPs
(30 pg mL™) were examined in both HeLa cells and RAW264.7 mac-
rophages by monitoring fluorescence changes using flow cytometry. To
stimulate the generation of intracellular HOCI, lipopolysaccharide (LPS)
from Escherichia coli, supplemented with phorbol 12-myristate 13-ace-
tate (PMA) were used[14-17,25-27]. LPS is an endotoxin that triggers
inflammation, leading to the production of ClIO~ via myeloperoxidase
(MPO) pathway[14,19]. PMA stimulated the Nicotinamide adenine
dinucleotide phosphate (NADPH)-oxidase route, resulting in the pro-
duction of H05[1,82]. Non-stimulated cells and cells stimulated
without NPs were used as blanks. Control groups treated with only
LPS/PMA (without NPs), did not show any significant emission changes.
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Following stimulation with a fixed PMA amount (1 pgmL™l),
internalized MEH@CS NPs in HeLa cells exhibited a significant fluo-
rescence decrease as LPS concentration increases (0-10 pg mL’l)
reaching a plateau from where the emission became independent of the
LPS concentration (Fig. SOA). This implies that for this kind of tumoral
cell, endogenous Hy05 acts as a limiting factor for HOCI production,
despite MPO representing the main route for its generation under the
evaluated conditions. Thus, to increase the peroxide precursor concen-
tration and catalyze more HOCI, PMA concentration was varied (0-2 pg
mL’l), while LPS concentration was kept constant (1 pg mL’l). At these
conditions, a decrease in fluorescence intensity for MEH@CS NPs was
observed with increasing PMA concentration, displaying a correlation
with the emission variation detected (Fig. S9B). Unexpectedly, elevated
concentrations of PMA (> 10 pg mL_l) showed a slight increase in the
NPs emission. This phenomenon could be attributed to the reported
toxicity of high intracellular HyO, and HOCI levels, induced by the
excess PMA used, which, in turn, triggers cell apoptosis and detachment
[83]. Consequently, the detected emission arises predominantly from
non-discarded cells after the wash procedure, minimally influenced by
PMA. The observation of apoptotic bodies under optical microscopy
further supports this hypothesis at these PMA concentrations.

Notably, for MEH@CS NPs incubated on RAW264.7 cells, an
apparent linear emission decrease was observed upon an increase in LPS
concentration (0-10 pg mL™), at a fixed PMA amount (1 ug mL™ )
(Fig. 6A), suggesting a correlation between intracellular HOCI produc-
tion and the emission variation from MEH@CS NPs, particularly when
LPS concentrations remained below 10 pg mL™. Similar to the obser-
vation at high PMA concentrations in HeLa cells, an increase in NPs
emission was detected at the highest LPS level (10 pg mL™1). This in-
crease is attributed to the substantial rise in intracellular HOCI con-
centration resulting from elevated LPS levels, which leads to cell
apoptosis and detachment[19,29,84]. This outcome was corroborated
by both optical microscopy and flow cytometry, displaying emissions
solely from the cells that were not discarded during the wash procedure
and thus less affected by the endotoxin treatment.

On the other hand, when MEH NPs were internalized in both cell
lines, they showcased insignificant fluctuations in fluorescence emission
on HeLa cells upon variation of PMA (p > 0.4 vs. control) or LPS con-
centration (p > 0.2 vs. control), as well as on RAW264.7 macrophages (p
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Fig. 6. Endogenous HOCI detection by MEH-PPV-based NPs. (A) Median fluorescence intensity values from RAW264.7 macrophages incubated for 24 h with MEH
(red bars) and MEH@CS NPs (blue bars) (30 pg mL™). Endogenous HOCl was generated upon the addition of LPS solutions of different concentrations
(0-10 pg mL™ ) and, after 6 h, PMA solutions (1 pg mL~1). RAW264.7 macrophages without NPs (green bars) were used as a control. Cells without LPS/PMA
treatment were used as negative controls. Statistical analysis vs. control via two-tail Student’s t-test: *p < 0.05; **p < 0.01; ns means no statistically significant
difference. (B) Fluorescence intensity histogram analysis of RAW264.7 macrophages incubated without NPs (green), MEH (red) and MEH@CS (blue) NPs
(30 ug mL 1) for 24 h. Endogenous HOCI was generated by stimulation with LPS (5 ug mL ™) and PMA (1 pg mL™!) (lighter colors). Cells without stimulation (darker
colors) were used as negative controls. Fluorescence values in all experiments were determined by flow cytometry (n = 3) and acquired with a PE filter (585/42 nm

band pass).
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> 0.3 vs. control). This was plausibly attributed to the limited uptake of
the NPs and their higher upper limit of detection (LODpax) (= 83 uM),
both contributing to a low NP emission signal in the cells that avoids any
possible determination of intensity changes (see Fig. 6 and S9).
Considering this, HeLa cells are known to express notably diminished
MPO levels, and was reported that they produce approximately 19 times
less HOCl than RAW264.7 macrophages during a bacterial infection
[16]. Thus, these findings effectively underscore the potential of
MEH@CS NPs in detecting endogenous HOCI, even within cellular
contexts marked by reduced MPO levels, as observed in HeLa cells.

3.6. Encapsulation of the HOCI scavenger quercetin (QCT)

As shown above, exposure of the NPs to HOCI induces the degrada-
tion of the MEH-PPV polymer, provoking simultaneous NP disintegra-
tion. This HOCI-triggered effect could thus be used not only to detect but
also to self-release pre-encapsulated drugs, allowing for the auto-
equilibration of the overproduced intracellular HOCI levels. Therefore,
next, the aim was to obtain NPs of MEH-PPV encapsulating the water-
insoluble HOCI scavenger quercetin (QCT). Attempts to obtain QCT-
containing MEH and MEH@CS NPs (QCT-MEH and QCT-MEH@CS
NPs) were done by dissolving the desired amount of the drug in the
organic phase together with the MEH-PPV copolymer, prior to the
emulsification step, and following the protocol previously described (see
Methods for more details). The syntheses were optimized using different
MEH-PPV:QCT molar ratios ranging from 1:18-1:36. In the case of QCT-
MEH NPs, TEM and SEM images of the different molar ratios explored
unveiled the formation of a non-structured material plus needle-shaped
crystals (0.5 — 5 um), lacking nanoparticles in all the cases (Fig. S10A).
The needle-like structures were attributed to the segregation and crys-
tallization of the excess of QCT present in the organic phase, during the
emulsification [85-88]. This was further corroborated by provoking
direct crystallization of QCT from THF solutions (the same solvent used
for the NPs synthesis), which gave similar needle-like structures.

Attempts to synthesize QCT-MEH@CS NPs with MEH-PPV:QCT
molar ratios exceeding 1:27 also evidenced morphological de-
formations of the NPs as well as the appearance of needle-like crystals.
More promising were the results obtained from the syntheses with MEH-
PPV:QCT molar ratios below 1:27 (Fig. S10B), where the intricate
charge balance between the three components was likely maintained
[89]. TEM and SEM images showed the presence of spherical nano-
particles with dimensions of 108 + 9 nm, very similar to those found for
native MEH@CS NPs (see Fig. 1D-F). These results suggest that above a
certain concentration, the QCT destabilizes the nanoemulsion, diffusing
out to the water and forming crystals. In contrast, at lower concentra-
tions, it remains dissolved in the solvent during the MEH-PPV precipi-
tation, trapping the drug. To confirm the QCT encapsulation, optical
characterization of the NPs was done. Compared to the QCT-free NPs,
the absorption spectrum of the QCT-containing NPs manifested an
increment of absorbance at 372 nm attributed to the QCT absorption
(Fig. S10C)[42,46]. This variation was used to quantify the amount of
QCT encapsulated (see Materials and Methods section). The drug
loading rate (DL) and encapsulation efficiency rate (EE) of the
QCT-MEH@CS NPs obtained using MEH-PPV:QCT molar ratios below
1:27 were quantified (see Table 1 and SI for further details), reaching

Table 1
Averaged QCT mass measured, drug loading (DL) and encapsulation efficiency
(EE) for the QCT-MEH@CS obtained using different MEH-PPV:QCT molar ratios
(n=5).

Molar ratio QCT mass (ug) DL (%) EE (%)
1:18 6.0 £ 1.5 1.18 11.9
1:24 11.1 + 4.7 2.18 17.1
1:25 13.1 +£3.3 2.56 18.8
1:27 20 + 14 3.91 27.1
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maximum values of 3.91 % and 27.1 %, respectively. It is also worth
mentioning that, the encapsulation of QCT in MEH@CS NPs induces a
fivefold increase in their water solubility, from 2.15 ug mL™! at RT
(intrinsic solubility in water [90]) to 11 yg mL ™! in its encapsulated
form (QCT-MEH@CS NPs). Finally, no significant changes were
observed in the emission spectra of QCT-MEH@CS NPs (Figs. S10D),
indicating that QCT is not affecting the nanostructuration and stacking
of MEH-PPV polymer chains, neither induce undesired emission
quenching phenomena of the polymer.

A preliminary assay of stimuli-triggered release of encapsulated QCT
was conducted by exposing a bulk suspension of QCT-MEH@CS
(75 pg mL~! with a MEH-PPV:QCT molar ratio of 1:27) to 1 mL of
HOCI (600 pM) for 1h (after this time the NPs suspension turned
colorless). Noteworthy SEM images of the treated NPs showed no
spherical NPs but cubic crystals (50-700 pm) attributed to free QCT
(Fig. S11A). The change in morphology for the QCT crystals with respect
to the previously obtained needle-like structures is not unexpected. It is
already reported that QCT adopts different crystalline structures (nee-
dles-like and cubic), depending on the crystallization conditions, ki-
netics and whether it incorporates water molecules into its lattice during
crystal growth[91,92]. In any case, to corroborate these results, further
experiments were done by exposing QCT-free NPs to HOCI. In this case,
beyond the amorphous material resulting upon decomposition of the
MEH-PPV polymer, no additional cubic or needle-like crystalline ma-
terial was found (Fig. S11B).

3.7. Invitro HOCI inhibition by QCT-MEH@CS NPs

To investigate the potential anti-inflammatory effect of QCT-
MEH@CS NPs, RAW264.7 macrophages were selected as suitable in
vitro model due to their ability to produce high levels of HOCI after
stimulation with LPS/PMA[29,43]. More specifically, the
dose-dependent effect of the drug released from the QCT-MEH@CS NPs
was studied in order to evaluate its cytotoxicity.

For this, RAW264.7 macrophages were incubated with the NPs
(30 pg mL 1) obtained from several MEH-PPV:QCT molar ratios (1:18 —
1:27) during 24 and 48 h (Fig. 7A). A significant increment in the
cellular survival rate (> 90 %) was observed compared with the
MEH@CS NPs control (= 73 %) (p < 0.05). Furthermore, a notable in-
crease in cell proliferation was noted at 48 h (p = 0.03), aligning with
findings from previous studies with macrophages(93]. Worth
mentioning, QCT-MEH@CS NPs also exhibited a substantially higher
cell survival rate compared to free QCT (2 pg mL™ D (p < 0.03) [45,93,
94]. All in all, the successful intracellular delivery of the drug via passive
diffusion was confirmed.

To test the in vitro inhibition of HOCIl, macrophages were incubated
with QCT-MEH@CS NPs (30 ug mL’l) obtained at different MEH-PPV:
QCT ratios under LPS (5 pg mL™Y) and PMA (1 ug mL 1) stimulation.
LPS/PMA-stimulated and non-stimulated cells were also exposed to
MEH@CS NPs (QCT-free) as controls. Changes in NPs fluorescence
emission from cells were evaluated by flow cytometry (Fig. 7B-C). As
expected, all LPS/PMA-stimulated cells showed a decrease in fluores-
cence compared to non-stimulated cells containing MEH@CS NPs
(control), due to the production of HOCI. The fluorescence intensity
showed by LPS/PMA-stimulated cells incubated with QCT-MEH@CS
NPs was higher than that of the LPS/PMA-stimulated cells incubated
with QCT-free MEH@CS NPs, and increased with the amount of the
loaded QCT (p < 0.4) (Fig. 7C). The higher fluorescence intensity was
attributed to the rapid scavenging of HOCI by the QCT released from the
MEH@CS NPs[43,95], which displays a lower degradation degree as a
consequence of the reduction of the acid concentration (Fig. 7B).
Furthermore, the increase in fluorescence emission from QCT-MEH@CS
NPs with increasing QCT load gave a direct correlation of the optical
signal with the QCT dosage (Fig. 7C), directly aligned with the HOCI
downregulation[43,94].

Finally, to verify the anti-inflammatory role of QCT-MEH@CS NPs,
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Fig. 7. Characterization of endogenous HOCI inhibition. (A) Cell Survival Rate of RAW264.7 cells exposed to QCT-MEH@CS NPs (orange) with different QCT
loadings for 24 h (solid bars) and 48 h (hatched bars). Cells without NPs (green), cells exposed to free QCT (2 pg mL™ ) (violet), and cells incubated with MEH@CS
NPs (blue) were used as controls. Statistical analysis for QCT-MEH@CS NPs vs. MEH@CS control (blue asterisk) and for NPs loading only 1.9 ug mL ! of QCT vs. free
QCT (violet asterisk). (B) Fluorescence intensity histogram analysis of LPS/PMA-stimulated RAW264.7 cells exposed for 24 h to MEH@CS (pink) and QCT-MEH@CS
NPs at 1:27 molar ratio (red). Non-stimulated cells incubated with MEH@CS NPs (blue) and cells without NPs were used as controls (green). Fluorescence was
acquired by flow cytometry with a PE filter (585/42 nm band pass). (C) Median fluorescence intensity values from RAW264.7 cells incubated with MEH@CS NPs
(blue) without stimulation (hatched bar) and under LPS/PMA treatment (solid bar), and QCT-MEH@CS NPs (orange) with different QCT loadings under LPS/PMA
stimulation. Cells without NPs were used as control (green). Fluorescence values were determined by flow cytometry with a PE filter. Levels of (D) IL-6 and (E) TNF-«
cytokines produced by LPS/PMA-stimulated RAW264.7 macrophages incubated with MEH@CS (blue), and QCT-MEH@CS NPs with different QCT loadings (orange),
measured by bead-based ELISA kit. Cells without NPs (green) were used as controls. All NPs concentrations were set at 30 ug mL~'. Concentrations of 0.9, 1.6, 1.9
and 2.9 pg mL~! of encapsulated QCT corresponded to the synthesis of NPs using MEH-PPV:QCT 1:18, 1:24, 1:25 and 1:27 molar ratios, respectively. LPS/PMA
stimulation consisted of cell stimulation with LPS (5 ug mL™1) and the addition of PMA (1 ug m™Y) after 6 h of LPS treatment. All the data were demonstrated as mean
+ SD (n = 3). Statistical analysis vs. corresponding control via two-tail Student’s t-test: *p < 0.05; **p < 0.01; ns means no statistically significant difference.
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the quantification of the main pivotal pro-inflammatory cytokines,
namely interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a),
was carried out. These cytokines are closely linked to cellular oxidative
stress caused by HOCI overproduction [43,95]. Levels of both cytokines
were measured by flow cytometry in LPS/PMA-stimulated RAW264.7
macrophages through a bead-based ELISA kit (Fig. 7D-E). Cells exposed
to MEH@CS NPs were used as NP control. LPS/PMA (at concentrations
of 5 and 1 ug mL™}, respectively) significantly increased IL-6 and TNF-a
levels compared to both blank control groups (< 40 pg mL™1), resulting
in increments of 498 and 21732 pg mL™}, respectively. Nevertheless,
the elevated expressions of both pro-inflammatory cytokines underwent
substantial reduction through treatment with QCT-MEH@CS NPs in a
dose-dependent trend, reaching minimal values of 280 pgmL™! (~
44 %) for IL-6 (p < 0.04), and 13036 pg mL~! (= 40 %) for TNF-a (p <
0.02), in good agreement with other existing studies [43,95]. In sum-
mary, these results suggest that QCT-MEH@CS exhibits the capacity to
reduce the levels of inflammatory mediators IL-6 and TNF-a within
LPS/PMA-stimulated RAW264.7 macrophages, effectively inhibiting the
inflammatory response.

4. Conclusion

MEH@CS NPs with good colloidal stability in water and cell culture
medium, can effectively discriminate between abnormal and common
HOCI cellular physiological concentrations, with an impressive high
sensitivity and fast response as a fluorometric turn-off probe with a
LODpax of 55 pg mL~L Moreover, the NPs exhibit an excellent HOCI
selectivity over its biological precursors (H2O» and HCI) and other bio-
logical reactive oxygen species. MEH NPs exhibit similar behavior,
except a higher 83 pg mL™! LODy,, value, though these NPs were
excluded due to their inability to encapsulate QCT and their limited
cellular uptake in both tumoral HeLa cells and RAW264.7 macrophages.
Finally, further in vitro assays with MEH@CS NPs corroborated the
successful intracellular delivery of QCT, inhibiting abnormal endoge-
nous HOC] levels and downregulating concentrations of pro-
inflammatory cytokines IL-6 and TNF-a in LPS/PMA-stimulated
RAW264.7 cells. In conclusion, QCT-MEH@CS NPs represent a very
promising theranostic tool for addressing HOCl-associated inflamma-
tory diseases. Further advantages of this family of NPs when compared
with off/on sensors (usually preferred to quenching ones), are: I) the
significative fluorescence emission quenching upon HOCI exposure,
even at lower analyte concentrations, allows for reliable detection,
overcoming challenges related to slight reductions of fluorescence in-
tensity of the sensor; II) the rapid decrease in fluorescence occurs in less
than 1 minute, providing a fast detection system; III) third, the emission
quenching is associated to the MEH-PPV polymer and NPs degradation,
resulting in the release of the payload simply stimulated by the analyte
itself; IV) NP intensity remains detectable up to =~ 50 pM, a value above
the physiological range (5-25 uM) enabling early detection of incipient
HOCI overproduction and facilitating preventive treatment drug release.
This feature is particularly useful for investigating mechanisms associ-
ated with intracellular HOCI increments due to inflammatory diseases,
such as asthma, rheumatoid arthritis, atherosclerosis and neurodegen-
erative disorders like Parkinsons and Alzheimer and last but not least V)
it highlights the economic viability of our approach with a rapid and
easy manufacturing process.
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