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Abstract

Objective Chronic inflammation is characterized by excessive cytokine production and macrophage infiltration, contributing
to disease progression. This study aimed to enhance the therapeutic efficacy and local delivery of carvacrol (CVL), a natural
PPAR-y activator with anti-inflammatory properties, through the development of a poly(lactic-co-glycolic) acid (PLGA)-
based nanoparticle delivery system with hyaluronic acid (HA)-dependent macrophage targeting.

Methods Poly(lactic-co-glycolic) acid (PLGA)-based nanoparticles encapsulating CVL (CP NPs) were prepared and coated
with 1.5% w/v hyaluronic acid (HA) to form CHP NPs for CD44 receptor-mediated targeting of pro-inflammatory mac-
rophages. Physicochemical characterization, encapsulation efficiency, and drug release profile were evaluated. Cellular uptake
and cytokine modulation were assessed in lipopolysaccharide-stimulated macrophages.

Results CP NPs exhibited a size of 155+ 3 nm and a zeta potential of -57.7 + 1.3 mV, while HA coating yielded CHP NPs
with a size of 225+ 18 nm and a zeta potential of -25.5 +0.3 mV. Encapsulation efficiency and loading capacity reached
91 +5% and 26 + 7%, respectively. HA coating enhanced nanoparticle internalization by 41% compared to uncoated NPs. A
sustained release profile was achieved, with 50+ 13% of CVL released over 21 days. In macrophages, CHP NPs increased
anti-inflammatory cytokines IL-1ra (+258%), IL-4 (+260%), and IL-10 (+40%), while reducing pro-inflammatory cytokines
IL-1a (-25%), IL-1B (-36%), and TNF-a (-36%) relative to untreated cells.

Conclusions HA-coated PLGA nanoparticles effectively delivered CVL, enhancing macrophage targeting and promoting
an anti-inflammatory response. This platform offers a promising strategy for treating chronic inflammation-related diseases.
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Introduction

Under adverse conditions, inflammation serves as the body
first line of defense and as innate immune response, primar-
ily regulated by macrophages [1, 2]. These macrophages
exhibit remarkable plasticity, which determines the inten-
sity and progression of inflammation through cytokine
release. Macrophage plasticity encompasses a spectrum of
phenotypes rather than a strict dichotomy between pro- and
anti-inflammatory states. While macrophages are often cat-
egorized into pro-inflammatory (M1-m) and anti-inflam-
matory (M2-m) phenotypes, this classification represents
only two extremes within a highly dynamic and context-
dependent continuum [3-5]. In response to various micro-
environmental cues, macrophages can adopt intermediate or
hybrid states that exhibit overlapping functional properties
[5]. Acute inflammation, typically driven by macrophages
with an M1-like phenotype, plays a crucial role in main-
taining homeostasis and protecting tissues from infection
or injury [6]. However, the resolution of inflammation is
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Anti-inflammatory response

a tightly regulated process involving multiple macrophage
subsets with anti-inflammatory and tissue-repair functions.
A failure to properly transition through these phenotypic
states, particularly an inadequate shift toward pro-resolving
macrophages, can result in chronic inflammation, leading to
persistent tissue damage and contributing to diseases such
as chronic pain [7].

Carvacrol (2-methyl-5-(1-methylethyl) phenol, CVL) is
a phenolic monoterpene and a major constituent of oregano
(Origanum vulgare L. with 66% abundance) and thyme
(Thymus vulgaris) [8, 9], and it is widely recognized for
its antibacterial [10], antimicrobial [11] and anti-inflam-
matory properties [12]. Furthermore, although CVL has a
relatively high boiling point (~237 °C), its measured vapor
pressure (2.96 x 102 mm Hg) suggests a certain extent
of volatility, allowing evaporation under ambient condi-
tions [13-15]. CVL anti-inflammatory action is mediated
through the activation of peroxisome proliferator-activated
receptor-y (PPARY), leading to the suppression of inflamma-
tory cytokines like cyclooxygenase-2 (COX-2) production
[16, 17], and interleukin-6 (IL-6), as proved in literature
[18-20]. Despite its therapeutic potential, direct adminis-
tration of free CVL may cause cytotoxicity in healthy cells,
limiting its clinical applicability [21-23]. Yammine e? al.
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reported reduced toxicity of encapsulated CVL as compared
to its free counterpart [24]. Therefore, encapsulation of CVL
within nanoparticles has emerged as a promising strategy to
mitigate this cytotoxicity by improving its biocompatibility
and therefore effectively harnessing the anti-inflammatory
mechanism of action [25].

One therapeutic strategy to resolve chronic inflammation
involves the polarization of pro-inflammatory M1-m to anti-
inflammatory M2-m phenotype [26]. To achieve this, such
therapeutic nanosystem must specifically target M1 mac-
rophages (M1-m) to ensure high efficacy. Hyaluronic acid
(HA), a naturally occurring ligand, binds directly to the cluster
of differentiation 44 (CD44) receptor, which is abundantly
expressed on the surface of M1-m. This interaction facili-
tates receptor-mediated uptake of the nanosystem by M1-m
[27]. Furthermore, the HA is extensively utilized in scientific
research due to its versatility, with application in nanoparticles
[28] and nanocarriers [29] development, often in combina-
tion with polymers [30], for the targeted delivery of therapeu-
tic agents. To mention, the role of HA in the modulation of
inflammation is widely acknowledged, however, it remains a
subject of scientific debate. Indeed, while some studies sug-
gest that low molecular weight (LMW) HA promotes inflam-
matory responses and high molecular weight (HMW) HA
exhibits anti-inflammatory effects, other research presents
conflicting evidence, challenging this dichotomy [31]. Never-
theless, HA remains a hot topic in nano drug delivery methods
for cancer [29, 32, 33] and inflammatory diseases [34-36].

HA, being a weak acid, is characterized by its negative
charge which allows it to be efficiently coated onto poly-
meric nanoparticles such as poly(lactic-co-glycolic acid)
(PLGA) with the assistance of charged surfactants like
cetyltrimethylammonium bromide (CTAB). This coating
enhances the delivery of poorly water-soluble drugs by
improving stability, bioavailability, and target specificity
[37]. Polymeric nanoparticles offer a promising strategy
to reduce the cytotoxicity but also overcome the volatil-
ity associated with the delivery of free drugs, allowing for
their administration through various routes and enhancing
their therapeutic potential [38, 39]. “ Generally, carvacrol
exhibits good chemical stability in vitro, however, following
administration, its in vivo pharmacokinetic profile is largely
governed by extensive biotransformation [40]. After enter-
ing circulation, carvacrol undergoes extensive oxidation
and conjugation reactions, resulting in fast clearance from
the bloodstream and contributing to adverse physiologi-
cal effects such as hypotension and hypothermia [41-43].
These are metabolic and pharmacokinetic limitations rather
than issues of intrinsic chemical instability. Encapsulation
of CVL in PLGA nanoparticles helps overcome these chal-
lenges by reducing premature drug leakage and enabling a
controlled and sustained release profile [10].

In this study, we developed a novel PLGA nanoparticle
system encapsulating CVL to investigate its ability to target
inflammation while preserving a hydrophobic environment
for CVL loading. Furthermore, the HA coating on PLGA
nanoparticles was performed to enable precise targeting of
inflamed tissue, and macrophage uptake was evaluated. The
impact of this system on inflammatory response modula-
tion was highlighted through macrophage polarization and
cytokine suppression. Overall, this study represents the
first exploration of this targeted nanotherapeutic platform,
providing new insights into its potential for inflammation
management by demonstrating, for the first time, the com-
bined effect of HA-coated and CVL-loaded PLGA nano-
particles on macrophage uptake and inflammatory response
modulation.

Materials and Methods
Materials

Poly(lactic-co-glycolic acid) (PLGA) with a molecular
weight of 17 kDa and acid-terminated structure (PURA-
SORB PDLG 5002 A) was obtained from Corbion (Amster-
dam, the Netherlands). Carvacrol (CVL) with a purity
greater than 98.0% was purchased from TCI EUROPE N.V.
(Zwijndrecht, Belgium). Hyaluronic acid (23 kDa) was sup-
plied by ContiPro (Dolni Dobroug, Czech Republic). Cetyl-
trimethylammonium bromide (CTAB) and bovine serum
albumin (BSA) were sourced from Sigma-Aldrich (St.
Louis, Missouri, United States). Dichloromethane (DCM),
stabilized with ethanol, was provided by Carlo Erba (Milan,
Italy). Distilled (DI) water was obtained with the apparatus
RO 60 TS demi2 water deionizer provided by Gamma 3 Eco-
logia (Castelverde Costa Sant'abramo, Italy). The phosphate-
buffered saline (PBS) used for the experiments was based on
the 150 mM buffer solution at pH 7.4 of NaCl (136.9 mM),
KH,PO, (1.7 mM), and Na,HPO, (13.4 mM).

For macrophage isolation, NCTC clone L-929 mouse
fibroblasts cell line was obtained from ATCC (distributed
by LGC, Milan, Italy) and cultured using Eagle Minimum
Essential Medium (EMEM) (LGC, Milan, Italy). Additional
reagents including fetal bovine serum (FBS), penicillin,
streptomycin, and Roswell Park Memorial Institute (RPMI)
1640 Medium were purchased by Gibco, Life Technologies
(Milan, Italy).

Hyaluronic Acid-coated PLGA Nanoparticles
The protocol for formulating PLGA nanoparticles was

adapted and modified from Pradhan et al. [44]. Oil/water
solvent evaporation method was used to develop PLGA
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Scheme 1 Schematic representation of (a) HA-coated PLGA empty nanoparticles (HP NPs), and (b) CVL-loaded uncoated PLGA nanoparticles
(CP NPs) and CVL-loaded HA-coated PLGA nanoparticles (CHP NPs). Partially created with BioRender.com.

nanoparticles where CTAB was used as a surfactant dis-
solved in the water phase (Scheme 1a). Briefly, a solution of
100 mg of PLGA dissolved in 3 mL of DCM was gradually
added dropwise to an aqueous phase consisting of 18 mL
of 0.5% w/v CTAB solution. To mention, CTAB is a qua-
ternary ammonium surfactant with a positive charge, which
enables it to ionically bind the surface of PLGA nanopar-
ticles, thereby imparting a net positive surface charge to
the nanoparticles [45, 46]. This positive charge facilitates
the addition of HA, a negatively charged polysaccharide at
physiological pH, by enabling electrostatic interactions with
the cationic regions of the CTAB molecules. Afterwards,
the emulsion was homogenized (T 25 digital ULTRA-TUR-
RAX®) at 11,000 rpm for 15 min and left to stir at 500
rpm overnight in order to allow the solvent evaporation. To
prepare HA-coated PLGA nanoparticles (Scheme 1a), 10
mL of a 1.5% w/v HA solution was added dropwise to the
PLGA nanoparticles suspension. The resulting HA-coated
PLGA nanoparticles were stirred for 15 min at 600 rpm and
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centrifuged at 3000 g and at 4° C for 20 min, favoring the
removal of uncoated HA [44, 47]. The empty HA-coated
PLGA nanoparticles (namely HP NPs) were then collected,
freeze-dried and stored at —20°C until further use.

Carvacrol-loaded Nanoparticles

For the loading of CVL, 25 mg of CVL was dissolved in
the organic phase mixture containing PLGA and DCM, and
then added dropwise into the aqueous phase following the
protocol described in Sect. "Hyaluronic Acid-coated PLGA
Nanoparticles" (Scheme 1b). The resulting nanoparticles,
CVL-loaded PLGA-nanoparticles (namely CP NPs) and
CVL-loaded HA-coated PLGA-nanoparticles (namely CHP
NPs) were freeze-dried and stored in the freezer (—20°C)
until further use. The loading capacity and encapsulation
efficiency was evaluated following the method described on
Sect. "CVL Encapsulation Efficiency and Loading Capac-
ity". All experiments were performed at least 4 times.
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Nanoparticles Characterization
Size, PDI and Zeta Potential

The hydrodynamic diameter, polydispersity index (PDI) and
zeta potential ({) of the formed nanoparticles were determined
by Dynamic Light Scattering (DLS) technique with the Zeta-
sizer Nano equipped with 633 nm HeNe (Malvern Instruments,
Malvern, UK). For the measurements, 5 mg of freeze-dried
HP, CP or CHP NPs, prepared following Sects. "Hyaluronic
Acid- coated PLGA Nanoparticles" and "Carvacrol- loaded
Nanoparticles", were suspended in 1 mL of DI water at 25 °C
and an angle of 90°. All measurements were performed at 25°
C and in triplicates. Data were corrected for viscosity using the
Malvern Zetasizer software (version 8.01).

Scanning Electron Microscopy

The morphology of the CHP NPs (formulation described in
Sect. "Carvacrol-loaded Nanoparticles") was evaluated by a
field emission-scanning electron microscope ZEISS SIGMA
300 FESEM equipped with the Gemini column (1.2 nm
@ 15 kV) (SEM, Zeiss Sigma 300, Zeiss, Germany). The
dried CHP NPs sample was sputtered under vacuum with
a chromium layer of approximately 100 A thickness (Quo-
rum Q150T ES, Quorum Technologies, Lewes, UK) before
analysis. Conductive thin films (chromium and graphite)
were deposited on the samples with the QUORUM Q150T.

Fourier-Transform Infrared Attenuated Total Reflectance
(FT-IR ATR) spectroscopy

To highlight the presence of the HA coating on the PLGA
nanoparticles, the chemical composition of the nanoparti-
cles and the HA polymer was evaluated using FT-IR ATR
analysis, performed with a PerkinElmer FT-IR spectrom-
eter (Spectrum Two UATR) equipped with a ZnSe crystal
(Waltham, Massachusetts, United States). The measure-
ments were processed by a PerkinElmer data manager Spec-
trumTM 10 Software in a 400—4000 cm™' range at a2 cm™ !
resolution and 4 scans.

CVL Encapsulation Efficiency and Loading Capacity

Gas Chromatography-Mass Spectrometry (GC-MS, Agilent
GC-MS 8890 5790B, Milan, Italy) was used to calculate
drug encapsulation efficiency (EE%) and loading capacity
(LC%) following the Egs. 1 and 2 respectively:

Amount of drug encapsulated % 100

Encapsulation Efficiency (EE%) = Toral drug added
(1)

) __ Amount of drug encapsulated 00

@

To prepare the samples for EE% and LC% analyses,
1 mL of acetone was added to 100 pL of the supernatant
obtained from freshly prepared nanoparticles. The mixture
was then centrifuged at 3000 x g for 10 min at 4 °C [48]. The
supernatant was then collected and analyzed with GC-MS
to estimate the non-encapsulated CVL. The instrument was
equipped with an Agilent 7650 autosampler (Agilent, Santa
Clara, California, USA). The samples were injected using an
Agilent 5190-2295 Ultra Inert liner (Agilent, Santa Clara,
California, USA). The injection volume was 1 puL, injector
temperature was set at 250 °C and the injection was per-
formed in split mode (10:1). The column was an Agilent
HP-5MS (30 m*250 um*0.25 um) (Agilent, Santa Clara,
California, USA). The gas used as carrier was Helium with
a flow rate of 1.2 mL/min. The oven temperature was set
at 40 °C held for 1 min, then it was increased with a rate
of 20 °C/min up to 180 °C. Finally, the temperature was
increased to 325 °C with a rate of 100 °C/min held for 4 min.
Total runtime was 13.45 min. The molecules, after chroma-
tographic separation, were ionized by electron ionization
with the standard energy of 70 eV and analyzed by a single
quadrupole. Ionization source and quadrupole were held,
respectively, 230 °C and 150 °C. The MSD operated in SIM
mode, monitoring the ions with a m/z of 91, 135, 150, with
a dwell time of 100 ms each. The chromatograms were ana-
lyzed using the Agilent OpenLab CDS ChemStation Edition
(Agilent, Santa Clara, California, United States).

For further verification, CP nanoparticles were mixed
with 1 mL of acetone, centrifuged at 3000 g for 10 min at 4°
C, and analyzed with GC-MS for measuring the amount of
encapsulated CVL within the CP nanoparticles. It is impor-
tant to note that CHP NPs with a hyaluronic acid (HA) coat-
ing were not tested due to the hydrophilicity of HA and its
incompatibility with the GC-MS system. The tests were
performed multiple times to ensure reliability and consist-
ency of results (n=4).

Loading Capacity (LC%

Total weight of nanoparticles

In vitro Drug Release Studies

The release studies were conducted on CHP NPs in phos-
phate-buffered saline (PBS, pH 7.4 composition given in
Sect. "Materials") containing 4.5% w/v bovine serum albu-
min (BSA). Albumin-supplemented release media for drug
release evaluation has been tested in literature to enhance
solubility of hydrophobic drugs [49, 50]. Prior to release,
the CVL solubility in 150 mM PBS +4.5% w/v BSA was
evaluated. For this, 1 mg of CVL was added to 4,6,8 and 10
mL of PBS +4.5% w/v BSA solution and incubated at 37°
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C overnight. Then, 500 pL of each sample was centrifuged
at 10,000 rpm and 22° C for 20 min [48, 51]. Afterwards,
1 volume of supernatant (100 uL) was added to 10 X the
amount of acetone and centrifuged at 5000 rpm for 10 min
at 22° C. The samples were then tested with GC-MS. Based
on the results, 8 mL of the media (PBS +4.5% w/v BSA) per
1 mg of CVL was chosen for the release study.

To perform the release study, 3.85 mg of CHP NPs (cor-
responding to 1 mg of encapsulated CVL) was added to
28 mL of PBS +4.5% w/v BSA solution and incubated at
37° C while continuously shaking (350 rpm) using an IKA
vortex 4 digital IKA®-Werke GmbH & Co. KG, Janke &
Kunkel-Str. 10 79,219 Staufen, Germany). Sink conditions
were maintained in the compartment during release studies.
Aliquots were collected at different time points and prepared
for GC-MS analysis as previously described [52, 53].

In vitro Anti-inflammatory Activity

Bone Marrow Macrophages Derivation

Collection of Feeder Layer from L-929 Fibroblasts NCTC
clone 929 (L.-929 cells) (ATCC; LGC Standards, Milano,
Italy) were cultured in Eagle Minimum Essential Medium
(EMEM) (ATCC; LGC Standards, Milano, Italy), 10% heat-
inactivated-fetal bovine serum (HI-FBS; ATCC; LGC Stand-
ards, Milano, Italy), penicillin and streptomycin in the incu-
bator at standard conditions (37 °C, 5% CO,). Each 3 days,
the medium was collected and filtered.

Bone Marrow Macrophages Isolation and Cultures Cell
studies were performed using bone marrow derived mac-
rophages (BMDMs) collected from 3-month-old C57BL/6
J male mice (Envigo, San Pietro Al Natisone, Italy). The
mice used for bone marrow cell extraction partake to the
Authorization number: 1044/2024-PR. Animals were sac-
rificed by carbon dioxide euthanasia and cervical disloca-
tion. Femurs and tibia were removed, and the bone marrow
was flushed by injecting Roswell Park Memorial Institute
(RPMI) 1460 medium (Life Technologies, Milano Italy) into
the bone cavity[54]. For macrophages isolation bone marrow
cells (BMCs) suspension was plated in 100 mm dishes in
presence of RPMI 1460 medium, supplemented with 10%
HI-FBS, penicillin and streptomycin, 30% of the L.-929 cul-
ture supernatant and the macrophage colony-stimulating
factor (M-CSF) (Life Technologies, Milano, Italy) at the
concentration of 10 ng/mL. The purpose of adding M-CSF
is to stimulate monocytes to differentiate into neutral mac-
rophages (MO), as previously demonstrated [55]. Cells were
cultured until confluent, and the medium was replaced every
3 days thereafter.
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Bone Marrow Macrophages Studies

Macrophages were detached using 0.25% trypsin—-EDTA
(Gibco, Life Technologies, Milano, Italy) and plated on
coverslips (previously sterilized and inserted in six well cul-
ture plates) at the density of 10x 10* cells/well. Cells were
cultured in the supplemented medium. When macrophages
reached 80% of confluence, some cultures were treated for
24 h with lipopolysaccharide (LPS; 150 ng/ml (Escherichia
coli, Sigma-Aldrich) to polarize them toward the M1 inflam-
matory phenotype [56, 57] while the other were maintained
in the only enriched medium. Subsequently, nanoparticles
were added to the inflamed M1 and uninflamed MO mac-
rophages [56, 57]. Specifically, MO and M1 macrophages
were incubated with 1 mL of HP and CHP NPs at two dif-
ferent concentrations (5 pg/mL and 10 ug/mL). To explain,
only CHP NPs contained CVL, with 1.3 pug and 2.6 pg of
CVL, respectively. Additionally, 1 mL of free CVL with two
different concentrations (2.6 pg/mL and 10 pg/mL) were
tested to assess polarization and cytokine release. All the
nanoparticle compositions are described in Sects. "Hya-
luronic Acid- coated PLGA Nanoparticles" and "Carvac-
rol- loaded Nanoparticles".

Analyzing Macrophage Polarization

After 4 days of incubation with the nanoparticles and free
CVL (see Sect. 2.6.2), cells were washed with PBS, (pH 7.4),
fixed in 4% paraformaldehyde (PFA) and permeabilized with
0.3%v/v Triton X-100 for 20 min as previously described [58].
A method to study the M1 and M2 macrophages phenotype
can be based on the evaluation of the expression of their spe-
cific markers through immunofluorescence analysis [59]. Thus,
cultures were incubated for 2 h at room temperature with the
following primary antibodies: a rabbit anti-CD86 (diluted
1:100) and a mouse anti-iNOS (diluted 1:50) (Life Technolo-
gies, Milano, Italy) to evaluate the expression of M1 markers;
a mouse anti-CD206 Coralite 488 (diluted 1:50) and a rabbit
anti-CD163 (diluted 1:50) (Life Technologies, Milano, Italy)
to study the expression of M2 markers. After 3 washing with
PBS (150 mM, pH 7.4), cells were incubated with the second-
ary antibodies Alexa fluor 488 chicken anti-mouse and Alexa
fluor 594 goat anti-rabbit, both diluted 1:80, for 2 h. Cells were
then washed 2 times with PBS and incubated for 45 min with
DAPI (4',6-diamidine-2"-phenylindole dihydrochloride; diluted
1:1000) at 37 °C. Finally, all cultures were washed 3 times with
PBS and coverslips were mounted on slides in PBS/Glycerol
1:1. The slides were analyzed with a C2 Plus confocal laser
scanning microscope (CLSM, Nikon Instruments, Florence,
Italy). The microscope images were processed using NIS-Ele-
ments imaging software (Nikon Instrument, Florence, Italy).
Controls were performed by samples incubation with the only
secondary antibodies, or by complexing the primary antibodies
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with the specific blocking peptide. The mean fluorescence
intensity (MFI) was analyzed by a fluorometer Tecan Infinite
(Tecan Infinite reader; Tecan, Milano, Italy).

Nanoparticle Internalization

Coating the nanoparticles with HA is motivated by its
reported capability to bind to the CD44 receptor on M1
macrophages, facilitating enhanced cellular internalization
[27, 60]. To observe the efficacy of HA-coated nanoparticles
(CHP NPs) to internalize in M1-m, as compared to uncoated
CP NPs, nanoparticle uptake was visualized by staining CHP
and CP NPs with Nile red [61]. A Nile red stock solution of
1 mg/mL was prepared, out of which 10 L. was added to the
PLGA organic phase. The nanoparticles were further pre-
pared like stated in Sects. "Hyaluronic Acid- coated PLGA
Nanoparticles" and "Carvacrol- loaded Nanoparticles". For
the cell analyses, LPS-treated BMDMs were incubated with
1 mL of working nanoparticle (CP and CHP NPs) concen-
tration of 10 pug/mL for 24 h. The uptake was studied by
quantifying the fluorescence signal of Nile red. Specifically,
the mean fluorescence intensity (MFI) was measured by a
fluorometer Tecan Infinite (Tecan Infinite reader; Tecan,
Milano, Italy).

Evaluating Cytokine Production

To further verify the anti-inflammatory effect of CVL, the
expressions of certain inflammatory cytokines was also
analyzed. The cells were treated as in Sect. Bone marrow
macrophages studies, and the supernatant was collected after
48 h. The amount of different pro- (IL-1a/1p and TNF- o)
and anti- (IL-1ra/4/10) inflammatory cytokines was tested
with Mouse Cytokine Array Panel A kit (R&D Systems).
Immunoreactive spots were quantitated densitometrically
using ImageJ software.

Statistical Analysis

The p values were determined by a Student’s test with two-
tailed distribution performed with the software GraphPad
Prism 9 (GraphPad Software Inc., La Jolla, California),
where p values < 0.05 are considered statistically significant
(*p<0.05, **p<0.01).

Results and Discussion

Nanoparticles Characterization

The hydrodynamic diameter of the formulated nanoparticles
was characterized using dynamic light scattering (DLS), as

summarized in Fig. l1a. The size of the empty PLGA nano-
particles was determined to be 162 +2 nm with a low poly-
dispersity index (PDI) of 0.09 +0.03, indicating a narrow
size distribution. Consistent with previous studies [44, 47],
the incorporation of hyaluronic acid (HA) led to a signifi-
cant increase in HA-coated PLGA nanoparticles (HP NPs)
size, reaching 285+ 17 nm (PDI 0.39 +0.01). This trend
aligns with findings by Pradhan er al. [44], who reported a
size increase proportional to the concentration of HA. Addi-
tional details on the effects of varying HA concentrations
and molecular weights on nanoparticle size optimization are
provided in the supplementary materials accompanying this
paper (Table S1 and Figure S1, Supporting Information).
Encapsulation of carvacrol (CVL) into PLGA resulted in CP
nanoparticles with a mean hydrodynamic size of 155+3 nm
and a low PDI of 0.07 +0.03, indicating a uniform size distri-
bution. Also in this case, HA-coated CP nanoparticles (CHP
NPs) increased the size to 225 + 18 nm with a higher PDI of
0.3440.12, reflecting a broader size distribution. Morpho-
logical analysis using scanning electron microscopy (SEM)
revealed an overall smaller CHP nanoparticle distribution size
than the one determined by DLS (Fig. 1b). This discrepancy is
likely due to differences in measurement conditions between
the two techniques. Specifically, the larger size observed in
DLS measurements can be attributed to sample preparation,
where nanoparticles are suspended in water. This suspension
can lead to water absorption by the highly hydrophilic hya-
luronan coating and subsequent swelling of the nanoparti-
cles. The swelling effect is particularly pronounced due to the
hygroscopic nature of HA, whose negatively charged subunits
promote water retention [62]. This phenomenon highlights the
influence of surface modification on nanoparticle behavior in
aqueous environments and suggests that the hydrodynamic
size measured by DLS may more closely reflect the func-
tional state of nanoparticles in biological conditions [63]. In
contrast, SEM analysis requires dried samples, which elimi-
nates the possibility of nanoparticle swelling due to water
absorption. Consequently, the smaller size of the nanoparti-
cles observed in SEM images reflects their dehydrated state,
minimizing the influence of HA-induced water retention.

The surface charge ({-potential) of empty PLGA nano-
particles was measured at+57.7+ 1.3 mV, attributed to
the addition of CTAB as a surfactant. However, upon
coating with HA to form CHP NPs, the {-potential of HP
NPs decreased significantly to —25.5+0.3 mV. This shift
in charge can be attributed to the anionic nature of HA,
stemming from its carboxyl groups, which aligns with the
expected negative surface charge conferred by HA. These
findings underscore the significant impact of HA coating
on both particle size and surface charge, which are critical
parameters influencing nanoparticle stability and interaction
with biological systems.
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Fig. 1 (a) Size, PDI, and zeta potential ({) of all the prepared nanoparticles (n=3, mean +SD); (b) SEM analysis of CHP NPs, highlighting the
smaller nanoparticle size observed compared to DLS measurements; (c¢) FT-IR spectra of PLGA nanoparticles (black), native hyaluronic acid
(HA) (red), and HA-coated PLGA nanoparticles (HP NPs) (blue), confirming the successful coating of PLGA with HA through characteristic

peaks. Partially created with BioRender.com.

CVL is known for its high encapsulation efficiency profile
in polymers [64, 65]. Using Eq. 1, the encapsulated CVL
accounted for 90.8 +5.2%, with a loading capacity (LC%) of
26.0+6.6%, as calculated using Eq. 2. These results demon-
strate the effectiveness of the single-emulsion solvent evapo-
ration method used in this study. Furthermore, even after
lyophilization, carvacrol remains within the nanoparticles,
indicating the effective encapsulation of the molecule.

In comparison, a previous study reported a CVL encap-
sulation efficiency of ~26% in PLGA nanoparticles prepared
using the solvent displacement method [10]. In contrast, our
method demonstrated a substantial improvement, tripling
the encapsulation efficiency (~90%). Additionally, the LC%
increased from the reported ~21% to~26% in our formula-
tion, which correlates with the significant improvement in
EE%. This improvement highlights the advantages of the
single-emulsion solvent evaporation method, which appears
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to provide a more favorable environment for the efficient
encapsulation of CVL.

Furthermore, the FT-IR spectra confirmed the successful
coating of PLGA nanoparticles with hyaluronic acid (HA)
by displaying characteristic peaks from both components
(Fig. Ic). The spectrum of PLGA nanoparticles (black)
shows distinct absorption bands, including a strong C=0
stretching vibration at~ 1750 cm™', characteristic of ester
bonds, C-O stretching in the range of 1180-1080 cm !,
and C-H stretching near 2990-2940 cm'. Native HA (red)
exhibits key peaks such as a broad O-H stretching vibration
between 3300-3400 cm™!, indicative of hydroxyl groups, as
well as amide I (1650 cm™") and amide II (1550 cm™) bands,
which correspond to the amide bonds in HA. Additionally,
C-O-C stretching vibrations around 1070-1030 cm™' con-
firm the polysaccharide structure of HA. The HA-coated
PLGA nanoparticles (blue) spectrum retains the key features
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of both PLGA and HA, demonstrating successful coating.
The presence of the broad O-H stretching (3300-3400
cm’l), amide I and II bands (~ 1650 cm~! and ~ 1550 cm’l),
and C—O—C stretching near 1070-1030 cm™! confirms the
presence of HA, while the retained C =0 stretching at~ 1750
cm! indicates the integrity of the PLGA core. These find-
ings align with literature values [30, 66, 67] and confirm
the successful functionalization of PLGA nanoparticles with
HA, which is essential for applications such as targeted drug
delivery and biomaterial engineering.

In addition, the preservation of physicochemical proper-
ties over time is a critical aspect for therapeutic nanosystems
to ensure formulation reproducibility. To minimize poten-
tial degradation and aggregation phenomena during storage,
all nanoparticle formulations were lyophilized and stored
at—20 °C as a precautionary measure. This storage condi-
tion was selected to preserve nanoparticle integrity during
the study period, rather than to define long-term shelf life..
To prevent aggregation and maintain nanoparticle stability
during the freezing and drying processes, a cryoprotective
agent is typically added. Common cryoprotectants include
saccharides such as sucrose or trehalose. However, in this
study HA, a polysaccharide already present in the drug
delivery system, serves as an intrinsic cryoprotectant. HA
helps reduce crystal growth and create a stabilizing, hydrated
network around nanoparticles, limiting aggregation under
lyophilization conditions [68—70]. After 4 months of stor-
age, HP NPs exhibited a mean size of 201 +2 nm with a PDI
of 0.17+0.01, indicating a stable size distribution. How-
ever, by 6 months, the particle size increased significantly to
649 +43 nm with a PDI of 0.75 +0.20, suggesting the onset
of aggregation or instability. In contrast, CHP NPs demon-
strated less stability, indeed their size was already 661 + 114
nm and 0.55 +0.19 of PDI after 2 months of storage at —20
°C. Under these storage conditions, empty HP NPs main-
tained their physicochemical stability, particularly in terms
of particle size, for up to 4 months. In contrast, CVL-loaded
CHP NPs showed a progressive reduction in stability. This
behavior is likely attributable to the presence of the encap-
sulated drug, which may impose additional stress on the
polymeric matrix and promote aggregation phenomena over
time. [71]. Future optimization of the formulation or storage
conditions may help mitigate this issue and enhance the shelf
life of drug-loaded nanosystems.

Furthermore, to prove the advantages of the presented
nanosystems, an evaporation study was conducted where
1 mg of free CVL and CHP (encapsulating 1 mg CVL)
were placed in an open vial at room temperature, and their
weight was measured at different time points. After 24 h,
a~13% drop was observed in the pure CVL weight, whereas
only a~5% weight drop was noticed in CHP after 3 days
(Figure S2, Supporting Information). After 96 h, more than

50% of pure CVL was noted to be evaporated. As discussed
earlier, the mass loss observed for CVL is attributed to its
low vapor pressure, which enables gradual evaporation of
the compound over time, ultimately resulting in the reduced
weight measured at the end of the study. This study con-
firmed that the encapsulation of CVL in CHP can improve
its shelf life and evaporation rate, which is essential for its
use further studies.

Carvacrol Release Studies

The release profile of CVL from HA-coated PLGA nanopar-
ticles was monitored over 66 days in PBS +4.5% w/v BSA
media under sink conditions (Fig. 2). BSA was included in
the release medium to enhance the solubility of hydrophobic
compounds, ensuring accurate measurement of its release
kinetics [50, 51]. Equation 3 was applied to investigate the
release kinetics of CVL from HA-coated PLGA nanoparti-
cles and to characterize the underlying mechanisms govern-
ing its release profile. Using this approach, distinct phases in
the release profile were identified. The burst release phase
exhibited a 19+ 1% CVL release, whereas ~30% of the drug
underwent release over the next 21 days, reaching ~50% of
CVL released. The first part of CVL release can be attrib-
uted to the amount of drug encapsulated close to the surface
of PLGA nanoparticles or drug adsorbed to the external
surface, which characterizes the burst release phenomenon.
Specifically, 14 +1% of the drug was released immediately
at the first time point (1 h), as the drug located on the sur-
face becomes rapidly stripped away in an uncontrolled man-
ner by the release medium. Between 14 and 19% release,
the drug requires approximately 6 h to dissolve, exhibiting
a nearly constant release rate that resembles a zero-order
profile. This portion of the release is attributed to desorp-
tion processes, reflecting the disruption of weak interactions
between the polymer matrix and CVL. Subsequently, a sec-
ond phase with a similar zero-order—like trend is observed,
likely governed by the gradual degradation of PLGA. In this
final phase, drug release relies on the gradual degradation
of the polymeric nanoparticles, ensuring a sustained and
controlled delivery over 21 days. Indeed, PLGA is a well-
known drug carrier for its biodegradability but notorious for
its slow-release profile [72—-75]. The review by Fredenberg
et al. [75] described the various mechanisms of drug release
from PLGA noting many studies that reported the adsorb-
ance of BSA on PLGA and subsequent delayed drug release.
Moreover, a strong drug-polymer interaction can also cause
a slow release [76, 77]. Considering that the nanoparticles
were coated with a highly hydrophilic HA, it is possible
that the initial burst release noticed may have been due to
the release of the CVL close to the surface of PLGA caused
by diffusion through water absorbed by the HA. Once this
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Fig.2 The cumulative release profile of CVL from CHP NPs in PBS with 4.5% w/v BSA was analyzed using GC-MS. A burst release of CVL
was observed in the first 7 h, followed by a sustained release until day 21. Data are presented as mean+SD (n=3).

initial phase is over, the subsequent drug release is attrib-
uted to the aliquot of the drug encapsulated deep within
the core of the nanoparticles. This phase likely involves the
erosion of the nanoparticle and/or the release of the drug
from the polymer matrix through further water absorption.
Both mechanisms are expected to occur slowly due to the
inherently slow-degrading nature of PLGA.

Overall, a prolonged release of ~50% CVL in the first
21 days was observed. Notably, the release was moni-
tored until day 66, with no further increase in the per-
centage of CVL released. A similar slow drug release
profile of CVL from chitosan nanoparticles was also
reported by Keawchaoon et al. [78]. The study reported
triphasic release profiles in different pH media for over
a span of two months. A more acidic buffer (pH 3) was
observed with the highest release rate of 52%, while
pH 7-11 reported release rates of 22-33%. In another
study performed by Niza et al., CVL encapsulated in
polylactide showed an incomplete release at 37°C (pH
7.4) [79]. This release profile was enhanced by modi-
fying the pH to acidic conditions and/or performing
the experiments at higher temperatures. This is in line
with our studies where BSA was used in the release
media which has a reported pH range of 4-9. While our
study employed PLGA nanoparticles and HA, it can be
said that CVL has an inherent nature of a slow-release
profile. Other studies have also mentioned significant
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loss in the amount of CVL during the release studies
which may amount to lower cumulative drug released
[80]. Furthermore, release studies from Taghipour et
al. reported aggregation of BSA around the PLGA
nanoparticles, which leads to the formation of protein
corona, significantly hampering the cumulative release
of drugs from the core of the nanoparticles [§1]. Even
though the outer coating of HA can significantly reduce
the adsorption of proteins, still remains a possibility of
its formation [82, 83]. Therefore, the combined effects
of CVL evaporation, non-acidic conditions, and poten-
tial protein corona formation result in incomplete CVL
release from CHP NPs.

Nanoparticle Uptake by M1 Macrophages

A targeted drug delivery system is essential for maximizing
therapeutic efficacy while minimizing unintended effects.
By reducing damage to nearby healthy cells, such systems
improve patient outcomes and reduce adverse effects [84,
85]. In this study, HA was utilized to enhance the precision
of CVL-loaded PLGA nanoparticles delivery specifically to
M1 macrophages (M1-m). This targeted approach is crucial,
as it ensures that the therapeutic effects are concentrated
solely on the intended cells. The difference in cellular uptake
after 24 h of incubation of PLGA nanoparticles co-loaded
with CVL and Nile red, with and without HA coating, is
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depicted in Fig. 3. Before nanoparticles incubation, M1-m
cells were pre-treated with lipopolysaccharide (LPS). LPS
pretreatment is crucial for nanoparticle uptake studies
involving M1 macrophages because it polarizes the mac-
rophages toward a pro-inflammatory state, mimicking con-
ditions seen in infection or disease [86]. M1 macrophages,
characterized by their heightened phagocytic activity and
cytokine production, provide a realistic and physiologically
relevant model to evaluate how nanoparticles interact with
activated immune cells [87]. This step ensures accurate
assessment of nanoparticle efficacy, targeting potential, and
safety under inflammatory conditions, which are often the
therapeutic focus in drug delivery or immunomodulation
research.

Notably, LPS-treated M1-m cells incubated with HA-
coated CVL-loaded PLGA nanoparticles (CHP NPs)
exhibited a significant increase in total mean fluorescence
intensity (MFI) compared to uncoated CVL-loaded PLGA
nanoparticles (CP NPs). Nile red, a hydrophobic fluores-
cent dye, was chosen to label the nanoparticles due to its
strong affinity for lipid-rich environments and co-loaded
with CVL. It shares the same hydrophobic nature as CVL,
making it an ideal marker for tracking the distribution and
uptake of CVL-loaded nanoparticles [88]. Specifically, the
MFI recorded was 33,453 + 3,599 a.u. for CHP NPs while
a signal of 47,055 +4,544 a.u. was noted for CP NPs. This
represented approximately a+41% higher fluorescence sig-
nal when the nanoparticles were coated with HA, indicat-
ing enhanced uptake. The observed increase is attributed
to HA functioning as a direct ligand for the CD44 receptor
on the M1-m surface, facilitating receptor-mediated endo-
cytosis and improving nanoparticle internalization. The
observed increase in uptake due to HA coating aligns with
previous studies [1, 51], further validating the role of HA

in enhancing macrophage-specific targeting. These findings
underscore the potential of HA-functionalized nanoparticles
as a robust platform for targeted drug delivery, offering a
compelling strategy to improve therapeutic outcomes.

Macrophage Polarization

Macrophages exhibit remarkable plasticity, enabling them
to polarize into either a pro-inflammatory (M1) or an anti-
inflammatory (M2) phenotype in response to environmen-
tal stimuli. This dynamic polarization plays a critical role
in immune regulation and has significant implications for
the development of targeted therapies for inflammatory dis-
eases [89-91]. In this study, LPS treatment was employed
to polarize macrophages into the M1 phenotype effectively,
as evidenced by the significantly higher expression of M1
markers CD86 and iNOS compared to M2 markers CD163
and CD206. This polarization model provided a robust
framework to evaluate the effects of CVL-loaded HA-coated
PLGA nanoparticles (CHP NPs) on macrophage phenotype
modulation.

The study revealed that treating M1-polarized mac-
rophages with 5 pg/mL of CHP NPs (containing 1.3 pg of
CVL) led to a modest increase in the M2 marker CD163
(+93%), indicating limited polarization resistance at this
concentration (Fig. 4). However, when the CHP NPs concen-
tration was increased to 10 ug/mL (containing 2.6 ug/mL of
CVL), the effects became striking. Specifically, M1 markers
CD86 and iNOS were drastically reduced (—83% and —84%,
respectively), while M2 markers CD163 and CD206 were
significantly elevated (+321% and +399%, respectively).
These results demonstrate a clear dose-dependent effect,
reinforcing the potency of CHP NPs in shifting macrophages
from a pro-inflammatory to an anti-inflammatory state. This
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Fig.3 Uptake of PLGA (CP) and HA-coated PLGA (CHP) nanoparticles (NPs) co-loaded with CVL and Nile red by M1 macrophages (M1-
m). (a) Confocal laser scanning microscopy (CLSM) images of M1-m monocultures after 24 h of incubation with CP and CHP NPs at 37 °C,
showing intracellular NPs localization. Partially created with BioRender.com. (b) Quantification of total mean fluorescence intensity (MFI) as
described in Sect. 2.3.7, indicating the extent of NPs uptake. Data are presented as mean + SD (n=6), with *p <0.05. Scale bar=20 pm.
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Fig.4 LPS pre-treated macrophages were incubated with different concentrations of CHP NPs (CHP NPs). CHP NPs with 5 pug/mL concentra-
tion showed a lower polarization of M1 macrophages to M2 macrophages, as compared to a higher CHP NPs concentration of 10 pg/mL. The
total MFI was calculated as described in Sect. 2.3.7. All values are expressed as mean +SD (n=6), with **p <0.01.

underscores the importance of optimizing CHP NPs concen-
trations for effective therapeutic outcomes.

To further investigate the synergistic effects of CVL and
HA-coated PLGA nanoparticles, parallel experiments were
conducted using equivalent (2.6 ug/mL) and higher (10 pg/
mL) concentrations of naked CVL and unloaded HA-PLGA
nanoparticles (HP NPs). In all the control groups (Fig. 5),
the formulations showed negligible effects on macrophage
polarization, with minimal changes in M1 and M2 markers.
At CVL 10 pg/mL, naked CVL-treated macrophages exhib-
ited an ambiguous phenotype, with moderate reductions in
CD86 (—40%) and iNOS (—38%) but only limited increases
in CD163 (+115%) and CD206 (+ 189%), indicating a lack
of strong polarization in either direction. Similarly, treat-
ment with HP NPs at 10 pg/mL failed to elicit a significant
M2 response. Overall, these findings highlight the critical
role of HA-mediated targeting and sustained CVL release in
maximizing therapeutic efficacy. Unlike naked CVL and pla-
cebo HP NPs, which displayed only partial or inconsistent
effects, CHP NPs effectively suppressed pro-inflammatory
M1 markers while robustly enhancing M2 polarization. This
underscores the novel synergistic potential of CHP NPs in
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immune modulation, paving the way for its application in
inflammation-related therapies. Therefore, the HA coating
of the PLGA nanoparticles plays a pivotal role in targeting
macrophages and enhancing therapeutic outcomes. HA affin-
ity for CD44 receptors, which are overexpressed on activated
macrophages, facilitates selective uptake of CHP NPs by the
target cells [1, 27, 60]. This targeted delivery mechanism
likely contributes to the enhanced anti-inflammatory effects
observed with CHP NPs treatment. Additionally, the HA
coating may improve nanoparticle stability and biodistribu-
tion, further augmenting their efficacy.

An important observation was the dose-dependent toxicity
associated with higher concentrations of CVL and CHP NPs
(Figs. 4-5), necessitating the exclusion of higher doses from
the study to maintain cell viability. While 10 ug/mL of CHP
NPs was identified as an effective concentration for macrophage
polarization, higher doses led to significant cytotoxicity, under-
scoring the delicate balance between therapeutic efficacy and
safety in nanoparticle-based drug delivery systems (data not
shown). This finding highlights the importance of optimizing
nanoparticle formulations and dosing regimens to minimize
off-target effects while maximizing therapeutic benefits.
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Modulation of Inflammatory Cytokine Production

The production of inflammatory cytokines plays a pivotal
role in regulating the inflammatory response at the site of
injury or infection. These signaling molecules orchestrate
the activation, resolution, or amplification of the immune
response, and their balance is critical in determining the pro-
gression of inflammation [12, 34]. To better understand the
therapeutic potential of the CHP NPs, the cytokines expres-
sion profile of LPS-treated macrophages was analyzed for
both pro-inflammatory cytokines (IL-1a, IL-1p, TNF-a)
and anti-inflammatory cytokines (IL-1ra, IL-4, IL-10). The
detailed results are illustrated in Fig. 6. In LPS-stimulated
macrophages, a hallmark of inflammation is the robust pro-
duction of pro-inflammatory cytokines such as IL-1a, IL-1p,
and TNF-a [34, 92, 93]. After treatment with 10 pg/mL of
CHP NPs, a substantial reduction in these pro-inflamma-
tory mediators was observed. Specifically, IL-1a expression
decreased by —25%, IL-1f by —36%, and TNF-a by —36%,
as shown in Fig. 6a-c. These reductions highlight the abil-
ity of CHP NPs to suppress key inflammatory pathways,
likely due to the sustained release of CVL and HA-mediated
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targeted delivery. TNF-a, a pivotal cytokine that amplifies
the inflammatory cascade, was notably reduced, indicating
that CHP NPs could effectively disrupt the inflammation
feedback loop. Similarly, IL-1a and IL-1, which contrib-
ute to tissue damage and immune cell recruitment, were
significantly downregulated, reinforcing the broad anti-
inflammatory potential of CHP NPs treatment. In addition
to reducing pro-inflammatory cytokines, CHP NPs treat-
ment markedly increased the levels of anti-inflammatory
cytokines. As depicted in Fig. 6d-f, IL-1ra expression
increased by +258%, IL-4 by +260%, and IL-10 by +40%
following CHP NPs administration. These cytokines play
essential roles in resolving inflammation and promoting tis-
sue repair, further supporting the therapeutic potential of
CHP NPs.

Taken together, these findings underscore the powerful
dual action of CHP NPs in both suppressing pro-inflamma-
tory pathways and enhancing anti-inflammatory responses.
The HA-mediated targeted delivery and sustained release of
CVL enable effective macrophage reprogramming, making
CHP NPs a promising strategy for inflammation modula-
tion and tissue regeneration. For example, IL-1ra acts as
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Fig.5 LPS-treated macrophages were incubated with different concentrations of CVL (2.6 and 10 pg/mL) and HP NPs (10 ug/mL), to observe
the difference in the marker expressions of M1-m and M2-m. Failure to see a significant increase in the M2-m marker expressions on incubation
with HP NPs and free CVL, confirm the anti-inflammatory effect of CVL in CHP NPs. The total MFI calculated as described in Sect. 2.3.7. All

values are expressed as mean=+SD (n=06).
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Fig.6 The difference in the cytokine expressions in LPS-treated macrophages. (a) Decrease in pro-inflammatory cytokines, IL-1o/p and TNF-a,
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titated densitometrically using Imagel software. The total MFI calculated as described in Sect. 2.3.7. All values are expressed as mean+SD

(n=3), with *p <0.05.

a natural antagonist to IL-1a/f, competitively inhibiting
their pro-inflammatory effects, while IL-4 and IL-10 are
key regulators of M2 macrophage polarization and immune
homeostasis. The dramatic upregulation of these cytokines
indicates that CHP NPs not only suppresses inflammation
but also actively promotes resolution and repair processes.

The dual action of CHP NPs, by downregulating pro-
inflammatory and upregulating anti-inflammatory cytokines,
points to a sophisticated mechanism of immune modulation.
The HA coating facilitates targeted delivery to inflammatory
macrophages, which are abundant in receptors for hyaluronic
acid, ensuring that the nanoparticles reach their intended
site of action. Once internalized, the slow and controlled
release of CVL enables sustained suppression of inflamma-
tory mediators while preventing macrophage activation from
rebounding. Moreover, the enhanced expression of IL-4 and
IL-10 suggests that CVL influences the signaling pathways
that drive macrophage polarization from the pro-inflamma-
tory M1 phenotype to the anti-inflammatory M2 phenotype,
as demonstrated previously [12, 17-19]. To mention, also in
this case, the control groups did not show any effect on the
cytokine modulation levels.

These findings are particularly significant given the chal-
lenges associated with current anti-inflammatory therapies,
which often lack specificity and have systemic side effects
[94, 95]. By selectively targeting inflammatory macrophages
and modulating their cytokine production, CHP NPs
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presents a novel therapeutic approach. The ability to simul-
taneously suppress harmful inflammation while enhancing
reparative processes sets this system apart as an advanced
and potentially transformative treatment for inflamma-
tory diseases, including those involving chronic or exces-
sive immune activation. Given the potent effects observed
in cytokine modulation, CHP NPs has the potential to be
adapted for a variety of clinical applications. Beyond the
scope of this study, its use could be extended to conditions
such as rheumatoid arthritis, inflammatory bowel disease,
and even neuroinflammatory disorders. Furthermore, the
platform versatility allows for modification with other bio-
active agents, expanding its utility across a broad range of
inflammatory and degenerative diseases.

Conclusion

In conclusion, this study demonstrates the successful
development and characterization of hyaluronic acid (HA)-
coated PLGA nanoparticles (CHP NPs) loaded with car-
vacrol (CVL), highlighting their potential in targeted anti-
inflammatory therapy. The novelty lies in the integration of
HA for macrophage-specific targeting via CD44-mediated
uptake and the use of a single-emulsion solvent evaporation
technique that yielded a remarkably high CVL encapsula-
tion efficiency (~90%), surpassing previous methods. The
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sustained release of CVL, along with enhanced M1-to-M2
macrophage repolarization and cytokine modulation, illus-
trates the therapeutic relevance of this platform. Importantly,
the study not only confirms the physicochemical stability
and functional efficacy of the nanoparticles but also pro-
vides mechanistic insights into how HA surface function-
alization enhances cellular uptake and immune modulation.
The demonstrated dose-dependent effects on inflammatory
marker expression, along with controlled toxicity at thera-
peutic concentrations, underscore the translational promise
of this nanosystem. Collectively, these findings pave the way
for advancing CHP NPs as a clinically translatable nano-
therapeutic for targeted inflammation control and immune
modulation.
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