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Background: inflammatory diseases, including rheumatoid arthritis and osteoarthritis, are major health pro-
blems worldwide, often treated with glucocorticoids. These exert anti-inflammatory effects by modulating
macrophages and other cells involved in the inflammatory response. While they can be highly effective in
managing inflammation, long-term use of glucocorticoids is associated with significant side effects,
highlighting the need for targeted strategies and controlled release in specific tissues and cells. We propose
the use of hyaluronic acid-conjugated pH-sensitive liposomes to deliver prednisolone (LipoHA:PDP) to
activated macrophages. Materials & methods: we evaluated the cytotoxicity and targeting potential of
LipoHA:PDP using the THP-1 cell line. Results: LipoHA:PDP significantly inhibited the release of inflammatory
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mediators and reduced NF-kB translocation to the nucleus. The liposomes also decreased reactive oxygen
species (ROS) production. Moreover, LipoHA:PDP prevented albumin denaturation, which impacts immune
recognition, inflammation, and tissue damage. Conclusion: LipoHA:PDP was revealed to be a promising
nanotherapy to enhance the therapeutic efficacy and efficiency of prednisolone on chronic inflammation
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1. Introduction

Inflammation is a complex immune defense process of the
body"? that occurs in response to noxious stimuli." The inflam-
matory response that follows, in a controlled form (acute
inflammation) has the function of restoring homeostasis,”*
through the elimination of pathogens, cellular debris and
inflammatory mediators.> However, if this process is not prop-
erly regulated, inflammation can become chronic, favoring the
development of autoimmune diseases, inflammatory diseases™>
and even cancer."

The search for a detailed understanding of the inflammatory
response has led to the development of a variety of anti-
inflammatory agents, including glucocorticoids,” such as pre-
dnisolone, considered an essential anti-inflammatory by the
World Health Organization (WHO)."* Despite their potent anti-
inflammatory effects,>® prolonged glucocorticoid therapy can
lead to a multitude of serious side effects.'” For this reason,
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the European League Against Rheumatism (EULAR) recom-
mends the use of glucocorticoids for short periods, functioning
as a transition therapy to other classes of anti-rheumatic
drugs.® However, to overcome the limitations associated with
glucocorticoids, nanoscale drug delivery systems have been
developed, where liposomes have assumed a prominent role.

Due to the versatility that liposomes present, their applica-
tions are evident in various literature sources. Ferreira-Silva
et al.’ describe the use of liposomes for rheumatoid arthritis
(RA), highlighting the significant role of prednisolone. Metse-
laar et al. performed a comparative study between methylpred-
nisolone (Depo-Medrol®, commercial drug) and PEGylated
liposomes loaded with prednisolone sodium phosphate. In this
clinical trial (phase 3), 150 patients were evaluated and the
results showed that the liposomal formulation is more effective
than Depo-Medrol® in the treatment of RA flares.™

Knowing that in inflammatory conditions local acidification
occurs,” pH-sensitive liposomes can be even more effective
than conventional ones, delivering drugs at the inflamed site
and releasing them in a controlled manner.">'? In this context,
HA-conjugated pH-sensitive liposomes were formulated to load
prednisolone.’® Previously, it was demonstrated that the devel-
oped liposomes present favorable characteristics for an intra-
venous or intra-articular administration, the release of the drug
under acidic conditions and in vitro (L929 and RAW 264.7 cell
lines) citocompatibility.*?
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In the present study, the safety profile was established and
the efficacy of the formulation was proved through anti-
inflammatory and antioxidant activities assessment. Thus, the
citocompatibility of liposomes in human macrophage cell line
(THP-1) and red blood cells (RBCs) was evaluated. Using in vitro
models of inflammation, the anti-inflammatory capacity of
liposomes was also evaluated, including their ability to inhibit
the release of inflammatory cytokines (interleukin (IL)-1p, IL-6,
IL-8, TNF-o, and chemokine (C-C motif) ligand 3 (CCL-3)), as
well as the ability of liposomes to inhibit the nuclear factor-xB
(NF-xB) signalling pathway. As numerous pieces of evidence
suggest, there is an intimate correlation between oxidative
stress and inflammation,* thus reactive oxygen species (ROS)
induction and scavenging capacity of the formulations was
assessed.

2. Experimental section
2.1 Materials

Hyaluronic acid (HA, 250 kDa) was a kind gift from Bloomage
Biotechnology (Bloomage Biotechnology Corporation, Jinan,
China). Prednisolone disodium phosphate (PDP) was pur-
chased from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan).
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (NBD-DSPE) were purchase from Avanti®
Polar Lipids Inc. (Alabaster, ALA, USA). Chloroform and methanol
were acquired from Thermo Fisher Scientific (Waltham, MA, USA)
and Atom Scientific (Cheshire, UK). Cholesterol hemisuccinate
(CHEMS), Triton™ X-100, resazurin sodium salt, ethyldimethyl-
aminopropyl-carbodiimide (EDC), N-hydroxysuccinimide (NHS),
2,2'-azinobis-(3-ethybenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS), sodium chloride (NaCl), potassium persulphate,
chlorpromazine, filipin, cytochalasin-p, sodium azide, HEPES
hemisodium salt, trypan blue solution, propidium iodide, phor-
bol 12-myristate 13-acetate (PMA), 2/,7’-dichlorofluorescein diace-
tate (DCFH-DA) and bovine serum albumin (BSA) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Roswell Park Memorial
Institute medium (RPMI), 0.25% Trypsin-EDTA (1x), Penicillin-
Streptomycin (Pen-Strep) and Heat Inactivated Fetal Bovine Serum
(FBS) (origin: South America) were purchased from Gibco™® by Life
TechnologiesTM (Loughborough, Leicestershire, UK). NF-kB p65
Antibody (F-6) Alexa Fluor®™ 647 was purchased from Santa Cruz
Biotechnology (Heidelberg, Germany). Hoechst 33342® and Cell-
MaskTM were purchased from Invitrogen by Thermo Fisher
Scientific (Waltham, MA, USA). THP-1 macrophage cell line
(ATCC® TIB-202™) was obtained from the American Type Culture
Collection (ATCC). Ultrapure water (18.2 MQ cm) was purified by
an Ultra-pure water system (Healforce, Shanghai, China).

2.2 Synthesis of DPPE-HA conjugate

HA-DPPE conjugate synthesis was achieved using carbodi-
imide chemistry previously described by Gouveia et al.'* Briefly,
100 mg of HA was dissolved in 50 mL of ultrapure water,
followed by incubation with 0.5 g of EDC and 0.52 g of NHS
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at pH 4.0 for 2 h at 37 °C. Followed by the addition of 100 mg of
DPPE to the activated HA resulting solution and further pH
adjustment to 8.6 (borate buffer solution). This reaction was
maintained for 24 h at 37 °C. At the end of the incubation, the
excess reagents and by-products were separated by centrifuga-
tion (2870 x g, 4 °C and 30 min) and were repeatedly (at least
3 times) washed with PBS buffer, reducing the pH back to the
physiological level. The solution was lyophilized using Lyo-
Quest 85 plus v.407 Telstar freeze dryer (Telstar®™ Life Science
Solutions, Terrassa, Spain), yielding a white dry powder.

2.3 Preparation of pH-sensitive liposomes

pH-sensitive liposomes were prepared by the thin-film hydration
methods previously described by Gouveia et al.™® Briefly, DPPE :
CHEMs and DPPE : CHEMS : DPPE-HA lipid solution of 10 mM,
respectively, in a molar ratio of 6.5:3.5 and 6.5:3.5:0.03, were
prepared in a round-bottom flask by dissolving the amounts of
lipids in a chloroform : methanol mixture (3:2). For drug formu-
lations, PDP was dissolved only in methanol and then added to
the remaining organic phase. The organic phase solvents were
evaporated using a rotary-evaporated under nitrogen flow, with
the round-bottom flasks immersed in a bath at 42 °C. After this
process, the thin film was hydrated with HEPES-buffered solution
at pH 7.4, followed by vigorous vortex stirring. The formulations
were extruded three- and- ten-times, respectively, through 600-
and 100-nm polycarbonate filter membranes, under the pressure
of nitrogen gas and above the main phase transition temperature
of the lipids mixture (65 °C).

2.4 Leakage of PDP from liposomes in simulated synovial fluid

In vitro leakage of PDP from liposomes was performed using
a Slide-A-Lyzer dialysis device (Slide-A-Lyzer™ MINI Dialysis
Device, MWCO 10 kDa, Thermo Scientific™, MA, USA). The
leakage profile was assessed in simulated synovial fluid (SSF,
composition is given in ESL,{ Table $1)."*> Lipo:PDP with and
without HA modification (0.5 mL at 1.5 mM in SSF) was added
into the upper compartment of the dialysis device and 14 mL of
the SSF was added to the lower compartment. Devices were
then placed in an incubator shaker (ES-60, Lan Technics, USA)
at 125 rpm at 37 °C. At regular intervals, aliquots of 1 mL were
collected from the lower compartment and replaced with 1 mL of
fresh buffer heated at 37 °C. The PDP amount that passed through
the dialysis membrane was quantified by measuring the absor-
bance (248 nm), using a UV-Vis spectrophotometer (V-660, Jasco
Corporation, MD, USA). Free PDP was used as a control.

Mathematical models for PDP-release kinetics (including
zero-order and first-order equations, Higuchi, Hixcon-Crowell
and Korsmeyer-Peppas) were applied to each release profile to
evaluate the mechanism of PDP release. The fitting of each
model was evaluated based on the correlation coefficient (R*)
values obtained.

2.5 Cell culture conditions

Monocytes (THP-1 cell line) were cultured at 37 °C and 5% CO,
atmosphere in RPMI-1640 supplemented with 10% FBS (v/v)
and 1% Pen-Strep (v/v).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For in vitro cellular studies in macrophages, THP-1 cells
differentiation into mature macrophages-like state (M0 macro-
phages) was induced through incubation with 20 ng mL ™" of
PMA for 24 h at 37 °C and 5% CO, atmosphere. After this
incubation time cells were treated with PMA, the culture
medium was replaced with fresh medium without PMA and
incubated for 24 h at 37 °C and 5% CO, atmosphere.

2.6 Safety profile

2.6.1 Cell viability. For the cell viability assay, THP-1 cells
were seeded at a concentration of 5 x 10" cells per well in 100 pL
of medium in 96-well plates and differentiation as mentioned
above (for macrophages assay). Different concentrations of lipo-
somes (Lipo, LipoHA, Lipo:PDP and LipoHA:PDP) and free PDP,
were added, and cells were incubated for 24 h. Positive (culture
medium) and negative controls (Triton™ X-100 2% (v/v) in PBS)
were also included. After this time, supernatant was discarded
and 100 pL of resazurin solution (0.01 mg mL ™" in culture
medium) was then added to each cell-seeded well and incubated
for 2 h at 37 °C in a 5% CO, atmosphere. Fluorescence was read
using a microplate reader (BioTek Instrumenst Inc., Synergy HT,
Software: Gen5 v1.08.4. BioTek Instruments Inc.; Winooski, USA)
at 560 nm excitation and 590 nm emission filter. Cell viability was
determined according to the following equation (eqn (1): cell
viability calculation formula):

Sample — Negative control

- - x 100
tive control — Negative control

1)

% Cell viability = Posi

2.6.2 Hemolysis. The hemocompatibility of liposomes and
free PDP was determined by the hemolysis assay, using the
method previously described by Moraes et al.'® Briefly, human
blood (from 3 healthy donors) collected in an ethylenediami-
netetraacetic acid (EDTA) was centrifuge (955 x g, 5 min, 4 °C)
to separate red blood cells (RBCs). The supernatant was dis-
carded, and the RBCs were washed three times with sterile
saline solution (0.85% (w/v) of NaCl). The RBCs obtained were
diluted to 4% (v/v) in saline solution. 100 puL of RBCs were then
incubated with 100 puL of samples (liposomes and free PDP,
diluted in saline solution at the desired concentrations) in a 96-
well plate at 37 °C for 1 h. After that, the supernatant was
collected and analysed for hemoglobin release by UV-Vis
spectroscopy at 540 nm using a plate reader. Untreated RBCs
were used as negative control (0% lysis), and RBCs treated with
1% Triton™ X-100 were considered the positive control (100%
lysis). The hemolysis percentage was calculated by the following
equation (eqn (2): hemolysis calculation formula):

. Sample — Negati trol
Hemolysis (%) = — .amp e egative c.on ro < 100
Positive control — Negative control
@)

2.7 Efficacy studies

2.7.1 Cell uptake. Fluorescent liposomes were produced by
the addition of NBD-DSPE at 1 mol% of the amount of lipid in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the organic phase upon thin-lipid film preparation. The cellular
uptake of empty NDB-fluorescent liposomes was evaluated in
THP-1 cell line by flow cytometry. Briefly, cells were seeded at
a density of 5 x 10° cells per well in 100 uL of medium in a
24-well plate and incubated at 37 °C with 5% CO, for 24 h and
differentiated as above mentioned. Then, 1.5 mM of NBD-
fluorescent liposomes (Lipo and LipoHA) were added (corres-
ponding to 217.5 pL), and cells were incubated for 1, 2, 4 and
6 h. After each incubation time, cells were washed twice with
PBS to remove any cellular debris or noninternalized lipo-
somes, detached with 0.25% trypsin-EDTA and recovered in
150 pL of fresh culture medium and centrifuged at 200 x g for
5 min. After centrifugation, cells were recovered in 150 pL PBS
and analyzed in a BD Acuuri™ Cé6 flow cytometer (Biosciences,
Erembodegem, Belgium) under 488-nm excitation and 530-nm
emission wavelengths. Before analysis, 1.5 pL trypan blue was
added to each sample to quench the NBD-fluorescent signal
coming from liposomes and dead cells were excluded by
staining with propidium iodide (1.5 pL). For each sample,
a minimum of 10000 events were recorded and the auto-
fluorescence of cells in PBS was used as control.

2.7.2 Cell uptake pathway. The cellular uptake of NBD-
fluorescent liposomes was studied using the method previously
described by Moraes et al."® and Gouveia et al."® Briefly, cells
were seeded at a density of 5 x 10° cells per well and differ-
entiated as above mentioned. After this, cells were preincu-
bated for 30 min at 37 °C with 5% CO, with four pathway inhi-
bitors solutions (Table S2, ESI): (i) chlorpromazine (10 ug mL ™),
filipin (1 pg mL™"), cytochalasin-p (5 pg mL ") and sodium azide
(1 pg mL 7). Additionally, cells were incubated at 4 °C for 30 min.
Then incubated with 1.5 mM NBD-fluorescence liposomes for 1 h
at 37 °C. Prior to flow cytometric analysis, cells were recovered in
fresh RPMI as previously described.

2.7.3 Enzyme-linked immunosorbent assay. Enzyme-linked
immunosorbent assay (ELISA)-based methods were used to deter-
mine the concentrations of pro-inflammatory cytokines secreted
into culture supernatant after lipopolysaccharide (LPS, from
Escherichia coli 055:B5 strain) stimulation of differentiated-THP-
1 cells. Firstly, THP-1 cells were seeded at a concentration of
5 x 10* cells per well in 96-well plate and differentiated as above
mentioned. Following cells were pre-incubated either with 1.5 mM
of samples liposomes (Lipo, LipoHA, Lipo:PDP, LipoHA:PDP and
PDP) for 2 h and then cells were stimulated to M1 macrophages
with 1 pg mL™" of LPS and incubated for 24 h in a 37 °C and 5%
CO, atmosphere. After this incubation time the supernatant was
collected, and the concentrations of the pro-inflammatory cyto-
kines were determined in the supernatant using an ELISA kit. The
analysis was done according to the manufacturer’s protocols (R&D
Systems, Minneapolis, USA), for interleukin (IL)-18 (Human IL-1
DuoSet ELISA), IL-6 (Human IL-6 DuoSet ELISA), IL-8 (Human IL-8
DuoSet ELISA), CCL3 (Human CCL-3 DuoSet ELISA) and TNF-o
(Human TNF-o. DuoSet ELISA). Untreated cells were used as
negative control, and cells treated with LPS were used as a positive
pro-inflammatory control.

2.7.4 NF-xB signalling imaging. Nuclear factor-kB (NF-kB)
signalling imaging was performed using confocal laser scanning

Mater. Adv.,, 2025, 6, 3875-3888 | 3877
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microscopy (CLSM). Firstly, THP-1 cells were seeded at a concen-
tration of 2.5 x 10° cells per glass-bottom Petri dish (ibidi) in
400 pL of medium, and activated as above mentioned. Then M1
macrophages were incubated with 1.5 mM either liposomes (Lipo,
LipoHA, Lipo:PDP and LipoHA:PDP) or free PDP for 24 h in a
37 °C and 5% CO, atmosphere. Following treatment, cells were
washed with PBS and fixed using Formalin solution (Sigma-
Aldrich) for 10 min at room temperature. After this step, the cells
were washed with PBS and then incubated with 0.2% Triton™ X
for 10 min at room temperature to permeabilize the membrane.
Then, the immunostaining blocking was performed using 5%
bovine serum albumin (BSA), to prevent unspecific antibody
binding. After 1 h at room temperature, cells were incubated with
NF-kB p65 Antibody (F-6) Alexa Fluor®™ 647 1:100 diluted in 1%
BSA overnight in a humidified chamber at 4 °C. In the next day,
cells were washed with PBS and the nucleus was stained with
Hoescht 33342® (Thermo Fisher Scientific, Waltham, MA, USA)
for 10 min at room temperature, before visualization under CLSM.

Images were acquired on a Leica Stellaris 8 confocal micro-
scope (LeicaMicrosystems, Wetzlar, Germany) equipped with
the Leica Application Suite X package (LAS X) using a Aey/Aem Of
650/668 nm (NF-kB), and Aey/Aem Of 405/461 nm (Hoechst
33342®), with a resolution of 1024 x 1024 using a 63X/1.4 oil
immersion objective. Images were analyzed using Fiji Image]
software (version 2.0, National Institutes of Health). CLSM
studies were performed at the Imaging by Confocal and
Fluorescence Lifetime Laboratory, CEMUP, Portugal.

2.7.5 Protein denaturation. BSA was used as the source of
protein in this experiment, as previously described by Daram
et al."” and Chataut et al.'® with some modifications. Briefly,
the reaction mixture consists of 450 puL of BSA aqueous solution
(5% wi/v) and 50 pL of formulation (liposomes and free PDP).
Samples were incubated at 37 °C for 30 min, followed by
heating at 70 °C for 5 min and cooled down at room tempera-
ture. Phosphate buffer (pH 6.3) of 2.5 mL was added to the
assay mixture and mixed. The turbidity of samples was mea-
sured with a UV-Vis spectrophotometer at 660 nm. Water was
added instead of the samples in the assay mixture for the
preparation of negative control. Percentage inhibition of dena-
turation was calculated by the following equation (eqn (3):
inhibition denaturation calculation formula):

Negative control — Sample
Negative control

% Inhibition denaturation =

®)

2.7.6 Reactive oxygen species. Intracellular reactive oxygen
species (ROS) induced by liposomal formulations and PDP was
measured by 2',7'-dichlorofluorescein diacetate (DCFH-DA)
assay. Briefly, THP-1 cells were seeded at a concentration of
1 x 10° cells per well and differentiated as above mentioned.
The samples were incubated with the cells for 24 h at 37 °C and
5% CO, atmosphere. After this time, the samples were removed
and cells washed with PBS and incubated with 10 uM of DCFH-
DA for 30 min and prepared for analysis by flow cytometry
according to the method described above. Hydrogen peroxide
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(H,0,) was used as a ROS positive control - incubated for 1 h
before the addition of DCFH-DA.

Additionally, cellular imaging was performed using CLSM.
For this, the cells were prepared and treated as described for
the ROS measurement by flow cytometry. After incubation with
DCFH-DA, cells were incubated with CellMask™, for the mem-
brane staining. After 10 min of incubation, cells were washed
with PBS and fixed using Formalin solution. The nucleus was
stained using Hoechst 33342® (10 min). Images were acquired
on a Leica Stellaris 8 confocal microscope (LeicaMicrosystems,
Wetzlar, Germany) equipped with the Leica Application Suite X
package (LAS X) using a Aey/Zem Of 485/530 nm (DCFH-DA),
Jexl2em Of 649/666 nm (CellMask™) and Aey/Aem Of 405/461 nm
(Hoechst 33342"), with a resolution of 1024 x 1024 using a
63X/1.4 oil immersion objective. Images were analyzed using
Fiji Image] software (version 2.0, National Institutes of Health).
CLSM studies were performed at the Imaging by Confocal and
Fluorescence Lifetime Laboratory, CEMUP, Portugal.

2.7.7 Radical scavenging. The evaluation of antioxidant
activity was performed by the 2,2’-azinobis-(3-ethylbenzothia-
zoline-6-sulphnate) radical cation decolorization test (ABTS
assay) previously described by Esposito et al.'® Briefly, the ABTS
solution was prepared by mixing equal volumes of ABTS (7 mM
in water) and potassium persulfate (2.45 mM in water) and left
incubating 12-16 h at room temperature protected from light.
The ABTS solution was diluted with water to an absorbance of
0.90 £ 0.02 at 734 nm, and 50 pL of formulations (liposomes
and free PDP) were added to 50 pL of diluted ABTS solution.
After this, the absorbance was read using a plate reader (BioTek
Instrumenst Inc., Synergy HT, Software: Gen5 v1.08.4. BioTek
Instruments Inc.; Winooski, USA). The cation decolorization
over time was followed by reading the absorbance at different
times of incubation (0.5, 1, 2, 3 and 7 h). A sample blank (ABTS
control) was tested in each assay. The percentage of radical
scavenging activity (% RSA) was calculated by the follow-
ing equation (eqn (4): radical scavenging activity calculation
formula):

Control — Sample

%RSA =
RS Control

x 100 (4)

2.8 Statistical analysis

GraphPad Prism 10 Software (San Diego, CA, USA) was used to
perform the statistical analysis. Statistical comparisons of the
mean between groups were assessed by one-way or two-way
ANOVA. Differences were considered significant with a p-value
under 0.05. Data are represented as mean + SD.

3. Results and discussion

In the study by Gouveia et al.,* LipoHA : PDP liposomes were
comprehensively evaluated for their physicochemical properties,
including size, zeta potential, encapsulation efficiency, load
capacity, and morphology using transmission electron micro-
scopy. Additionally, the biocompatibility of these liposomes was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) Schematic representation of the liposome production method. (B) Cumulative PDP leakage in simulated synovial fluid. Data are expressed as

mean + SD (n = 2). Differences between groups were assessed using two-way ANOVA followed by Dunnett test. For Lipo:PDP **p < 0.01 and
**x%n < (0.0001 in comparison to PDP. For LipoHA:PDP ep < 0.05 and eeeep < 0.0001 in comparison to PDP. (C) Correlation coefficients (R?) from
various drug release models for each developed liposomal formulation. (D) Linear profile and R? obtained for the developed liposomal formulations by

the Higuchi model.

demonstrated through experiments on L929 and RAW 264.7 cell
lines. The present study establishes the proof-of-concept efficacy
of LipoHA : PDP liposomes (Fig. 1(A)) as an improved formula-
tion for addressing arthritic conditions. Thus, the biocompatible
concentrations of liposomes were established in THP-1 cell
line and RBCs. Subsequently, the anti-inflammatory efficacy of
liposomes, including their ability to inhibit the release of
inflammatory mediators and NF-kB signalling pathway, was
evaluated through in vitro models. And finally, their capacity to
reduce oxidation was also assessed.

3.1 Leakage of PDP from liposomes in simulated synovial
fluid

Pioneers in the field of drug delivery systems, liposomes are the
most successfully studied nanocarrier for local and systemic
drug delivery.”® In the particular case of joint diseases, such as
RA and osteoarthritis, intra-articular injections are still an
attractive strategy for drug delivery.>! In these cases, the use
of nanostructures such as liposomes the drug’s efficacy and
reduces off-target adverse effects.”® However, the joint environ-
ment may interfere with the performance of the liposomal
formulations under study. In this sense, it becomes crucial to
assess the release of PDP from liposomes in synovial fluid.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Effectively, the composition of synovial fluid is more complex
than the composition of solutions used in vitro for leakage
studies.”* This is because the composition of synovial fluid
is similar to the composition of plasma in terms of organic
molecules and electrolytes.>® Contrary to what happens in
plasma, synovial fluid still has a high content of HA, which is
responsible for its viscosity.® In vivo, the amount of synovial
fluid is very limited,”* which makes it difficult to use it in
studies that would need to replicate the intrinsic environment
of the joint. Therefore, to mimic this environment, solutions
based on phosphate buffer and HA have been used, which allow
recreating the viscosity of the synovial fluid,* called simulated
synovial fluid (SSF).

Analyzing the data obtained (Fig. 1(B)), it is possible to
observe that the amount of free PDP in the SSF is superior to
the leakage of PDP in the liposomes, thus showing the con-
trolled release of PDP from the liposomes, which constitutes an
advantage for the intra-articular delivery of PDP. However, no
clear differences are observed between Lipo:PDP and Lipo-
HA:PDP. Despite this, the presence of HA in liposomes may
be important for targeting purposes, since it can interact with
the CD44 receptor expressed in most cells,* including acti-
vated macrophages.'® The literature reports that the CD44-HA
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interaction plays an important defense role, being associated
with the recruitment of leukocytes to inflamed sites.>

The release kinetics profile of PDP was studied by applying
the mathematical models above mentioned (Section 2.4),
and the main results are presented in Fig. 1(C). The values
obtained for the correlations coefficient (R*) (ESI, Table S3)
show that the best fit, for both liposomal formulations, was
obtained by the Higuchi model (Fig. 1(D)). This kinetics release
model assumes that the drug’s release occurs by a diffusion
mechanism.?® In these situations, drug release is mediated by a
concentration gradient.”®*” Mathematically, this diffusion is
represented by Fick’s law of diffusion,”””® which states that the
diffusion flux is proportional to the concentration gradient.?®

3.2 Safety profile assessment

The cell viability of liposomal formulations with and without
PDP was evaluated in monocytes and macrophages (THP-1
cells), after 24 h of incubation. The results (Fig. 2(A) and (B))
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show that free PDP has no cytotoxic effects, with cell viability
greater than 80% at all concentrations studied, both in macro-
phages and monocytes. The results obtained for differentiated
cells (Fig. 2(A)) do not show cytotoxic effects associated with
liposomal formulations, both in the absence and presence of
PDP, at all concentrations used. On the other hand, in mono-
cytes (Fig. 2(B)) it can be seen that except for LipoHA:PDP, all
liposomal formulations have a viability percentage below 70%.
For LipoHA:PDP there is an increase in the viability percentage,
only at a concentration of 1.50 mM this value is slightly below
70%. In any case, it is important to mention that studies
performed on monocytes are inherently associated with greater
variability and errors since cells are not adhered. Thus, the loss
of cells in an inhomogeneous way will influence the conversion
of resazurin to resorufin, resulting in lower cell viability values.

The literature reports the key role that macrophages play in
the development of chronic inflammatory diseases, such as RA.
In the particular case of this disease, there is an increase in the
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Fig. 2 Effect of liposomal formulations and PDP in THP-1 cell line: (A) macrophages and (B) monocytes, at different concentrations after 24 h of
incubation. Data are expressed as mean + SD (n = 3). Differences between groups were assessed using two-way ANOVA followed by Dunnett test.
*» < 0.1, *p < 0.01, **p < 0.001 and ****p < 0.0001 in comparison to PDP. (C) Hemolysis percentage obtained for the different liposomal
formulations, at different concentrations after 1 h of incubation. Data are expressed as mean =+ SD (n = 3). Differences between groups were assessed
using two-way ANOVA followed by Dunnett test. *p < 0.1, **p< 0.01 and ***p < 0.001 in comparison to PDP.
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number of macrophages in the synovial tissue, which are
responsible for the production of inflammatory cytokines and
for contributing to the degradation of cartilage and bone.?*
Therefore, the results obtained in the cell viability studies show
the therapeutic potential of the formulations developed for the
targeted delivery of PDP to activated macrophages.

As mentioned earlier, although prednisolone is referred to
as an essential anti-inflammatory by the WHO, its prolonged
use is associated with side effects. We also mentioned that
these side effects could be overcomed using nanotechnology to
develop drug delivery systems, such as liposomes. In the body,
liposomes are exposed to a series of biological barriers that
they need to overcome to exert the effect for which they were
designed.®® One of these barriers is the bloodstream, since after
administration the liposomes inevitably end up in contact
with this fluid. Once in the blood, liposomes face a series of
interactions with biological molecules that can lead to changes
in surface chemistry, which in turn can lead to changes in
biological response.’®?' As such, when drug delivery systems
are designed to target a specific location after circulating in the
bloodstream for long periods, their compatibility with the
blood is of great importance.®”

The hemocompatibility of the liposomal formulations was
assessed through a hemolysis assay using human RBCs col-
lected from 3 healthy donors. Hemolysis assay was carried out
in a concentration range from 0.19 mM to 1.50 mM, and
possible toxicity was analyzed after 1 h, through the percentage
of hemolysis. The results presented in Fig. 2(C) show that the
hemolysis values obtained were less than 5% in all cases, with
a maximum hemolysis percentage of approximately 4%,
obtained for Lipo at a concentration of 1.50 mM. According
to the rate of hemolysis obtained, liposomes can be classified
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into (1) non-hemolytic - hemolysis rate below 2%, (2) slightly
hemolytic - hemolysis rate between 2 and 5%, and (3) hemo-
lytic — more than 5% of hemolysis.**** Although all hemolysis
values obtained are less than 5%, the profile obtained indicates
that the introduction of HA functionalization leads to lower
hemolytic rates, so LipoHA:PDP is indicated for intravenous
administration. Effectively, Mota et al, demonstrated that
nanoparticles functionalized with HA (HA concentrations that
vary between 4.7 x 107> to 8.34 uM) result in hemolytic rates
lower than 1%.>° in another example, Janik-Hazuka et al.,
demonstrate that oil-core nanocapsules based on a derivative
of HA, used for the administration of compounds derived from
garlic oil, are capable of reducing the hemolytic rate to about
half compared to the free compound.*® Similarly, Xiao et al.,
showed that the functionalization of cationic liposomes with
HA also leads to a reduction (below 5%) in the hemolytic rate,*”
which corroborates the results obtained.

3.3 Efficacy assessment

As described in the literature, macrophages play an essential
role in the pathogenesis of inflammatory joint diseases, so the
cellular studies in the following subsections will be carried out
with differentiated cells.

3.3.1 Liposomes internalization by macrophages. The
results obtained for the studies of cellular internalization in
macrophages (Fig. 3(A)) show that cellular internalization
occurs in both Lipo and LipoHA formulations after 1 h of
incubation. For the Lipo formulation, there is a significant
increase in cell uptake after 2 h of incubation. It has already
been described that liposomes containing phosphatidylethanol-
amine (PE) in their composition have a high affinity for interact-
ing with the cell membrane, probably due to poor hydration of
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(A) Cellular uptake of fluorescence marked liposomes in THP-1 macrophages over time (1, 2, 4 and 6 h). Data are expressed as mean + SD (n = 3).

Differences between groups were assessed using two-way ANOVA followed by Sidak test. *p < 0.1 and **p < 0.01. (B) Effect of low temperature and
pathway mechanism on the uptake of fluorescence marked liposomes by THP-1 macrophages. Data are expressed as mean + SD (n = 3). Differences
between groups were assessed using two-way ANOVA followed by Dunnett test. ***p < 0.001 and ****p < 0.0001 in comparison to 37 °C.
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their small head group, which results in aggregation.""*® In the
case of LipoHA, there is an initial uptake greater than that of
Lipo. However, the fluorescence values obtained over time tend
to stabilize. This evidences that the conjugation of liposomes
with HA allows an efficient cellular uptake and, at the same
time, that there may be a saturation of the pathway responsible
for the internalization of LipoHA.

It is known that macrophages have the ability to internalize
particles up to 300 nm by mechanisms of endocytosis mediated
by clathrin, caveolae, phagocytosis and micropinocytosis.*®
In the case of pH-sensitive liposomes, it is known that they
are internalized, in their stable form, by endocytic pathways,
undergoing subsequent destabilization in endosomes (acid
pH).*® In this sense, to evaluate the mechanism of cellular
uptake of liposomal formulations, several uptake inhibitors
were used. Additionally, it was evaluated whether this cellular
uptake mechanism is an active energy-dependent process.

To verify the uptake of Lipo and LipoHA was energy-
dependent, a temperature of 4 °C and sodium azide were used.
Fig. 3(B) shows a significant decrease in the internalization of
both Lipo and LipoHA formulations at 4 °C. Reduced tempera-
tures cause the plasma membrane to become rigid, making
passive diffusion more challenging or even preventing it
altogether.'® The uptake of Lipo and LipoHA in the presence
of endocytosis inhibitors was also evaluated. For both formula-
tions, the most evident effect is a decrease in cellular uptake in
the presence of cytochalasin-p. This inhibitor is primarily
associated with macropinocytosis and, to a lesser degree, with
caveolae-mediated processes.*® It can also lead to the depoly-
merization of actin filaments present in the cell’s cytoskeleton,
which influences macropinocytosis-mediated internalization.*’
Taken together, these data show that both Lipo and LipoHA
formulations are internalized by energy-requiring mechanisms
and that the main mechanism involved in the depolymeriza-
tion of actin filaments. In LipoHA, the impact of cytochalasin-p
is more pronounced, as it relates to the CD44 receptor to which
HA can bind. Studies indicate the association of the cytoplas-
mic tail of the CD44 receptor with actin filaments,*"** facili-
tating the binding of HA to CD44 via the actin cytoskeleton.*?
Thus, inhibition of Lipo and LipoHA internalization by cyto-
chalasin-p indicates that the interaction of the cytoplasmic
domain of the CD44 receptor with the cytoskeleton is important
for receptor localization and it can regulate CD44-HA binding,**
that is, blocking actin polymerization will inhibit HA binding.****

Chlorpromazine and filipin were also employed to assess the
involvement of clathrin- and caveolae-mediated endocytosis,
respectively. Chlorpromazine is a cationic compound that dis-
rupts clathrin-mediated endocytosis by interfering with adaptor
protein 2 (AP2), a protein complex essential for the formation of
clathrin-coated vesicles.”® On the other hand filipin interacts
with cholesterol in the cell membrane, disrupting its organiza-
tion and thereby inhibiting caveolae-mediated endocytosis.*”

3.3.2 Anti-inflammatory efficacy. One of the key factors in
the pathogenesis of inflammatory joint diseases, such as RA
or osteoarthritis, is the imbalance of cytokines,*® which can
disrupt the catabolic and anabolic processes of the joint.*’
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This imbalance leads to the production of pro-inflammatory
cytokines that initiate a pathological process that leads to
damage to cartilage and other intra-articular structures.*® In
pathologies of this type, activated macrophages release a variety
of pro-inflammatory cytokines, including interleukin (IL)-1f,
IL-6, IL-8, TNF-o. and CCL-3.*® Thus, the ability of the developed
liposomal formulations to inhibit the production of these
inflammatory mediators was evaluated.

Fig. 4(A)-(E) shows the values obtained for the secretion of
interleukins (IL-1pB, IL-6, IL-8, TNF-o. and CCL-3) after exposure
of activated macrophages to the developed liposomes. In general,
liposomal formulations, and free PDP, are found to inhibit the
release of inflammatory mediators, except for IL-8 (Fig. 4(C))
where there is no inhibition for Lipo and PDP. However Lipo:PDP
and LipoHA:PDP can inhibit the release of IL-8. It is also
important to note that for IL-6 (Fig. 4(B)) no results are presented
for Lipo:PDP since it is below the detection limit, which is still
indicative of a suppression of IL-6 release.

The findings align with existing literature, exemplified by
Schweingruber et al’s study, where liposomes (DPPC:DSPE-
mPEG200:Chol) loaded with prednisolone demonstrated reduced
expression of IL-1f and IL-6 in peritoneal macrophages isolated
from C57BL/6 wild type mice.>® Additionally, Bartneck et al.
demonstrated in another study that unloaded liposomes
(DPPC:DSPE-PEG200:Chol) effectively inhibited the release of
IL-1B, IL-6, and TNF-o.”!

Taken together, the results obtained show that liposomal
formulations can suppress the release of inflammatory media-
tors and thus regulate inflammation. Note further that the
functionalization of liposomes with HA leads to greater sup-
pression of the release of these inflammatory mediators, evi-
dent essentially in IL-1f, IL-8 and TNF-o. Except for IL-8, it is
also verified that LipoHA:PDP has a superior suppression of
inflammatory mediators. This shows LipoHA:PDP potential as
anti-inflammatory agent.

Nuclear factor-kB (NF-kB) represents a family of transcrip-
tion factors,”>”* that play an important role in responding to
external stimuli,>* thus playing an important role in immune
homeostasis.”>® Despite this, inadequate regulation of NF-xB is
associated with inflammatory diseases®**>®” and has already
been detected in human synovial tissue during the joint
inflammation process.’*"®

In non-stimulated cells, NF-xB is found in the cytoplasm
in its inactive form, through interaction with the inhibitory
protein IkB** ! which masks NF-kB subunits.®® When cells are
exposed to stimuli such as cytokines, LPS, UV radiation, and
free radicals, NF-kB activation is induced.”>*® After the stimu-
lus, phosphorylation of the IkB protein is triggered and its
consequent degradation,’>*****? which leads to the transloca-
tion of NF-«B to the nucleus where it can trigger the expression
of several molecules’ flags.>*>%>° In all cell types involved in the
inflammatory response, coordinated activation of this tran-
scription factor occurs.®® It is also known to play a crucial role
in the transcription of M1 macrophages®® and to be involved in
the induction of pro-inflammatory cytokines such as IL-1f,
IL-6, TNF-a,>>°%%2 11-8°%%% and CCL-3.%°
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Fig. 4 ELISA (A)—-(E) for interleukin secretion: (A) IL-1B, (B) IL-6, (C) IL-8, (D) TNF-a and (E) CCL-3. Data are expressed as mean + SD (n = 3). For all
interleukins differences between groups were assessed using one-way ANOVA followed by Dunnett test. **p < 0.01, ***p < 0.001, ****p < 0.0001 in
comparison to LPS. (F) In vitro inflammation-related studies on M1 macrophages after incubation with liposomal formulations or PDP. Representative
CLSM images of NF-kB translocation from cytoplasm to the nucleus. THP-1 macrophages were treated for 24 h in the absence (MO and M1
macrophages) and in the presence of liposomal formulations or PDP. Cells were then stained for NF-xB (NF-xB p65, red signal) and nucleus (Hoescht
33342, blue signal). Scale bar: 20 um. (G) Inhibition of albumin denaturation assay showing inhibition of heat denaturation of albumin when 1.5 mM of
formulation was incubated with albumin. Data are expressed as mean £ SD (n = 2). Differences between groups were assessed using one-way ANOVA
followed by Dunnett test. **p < 0.01, ***p < 0.001 and ****p < 0.0001 in comparison to PDP. eeeep < 0.0001 in comparison to control (water).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mater. Adv.,, 2025, 6, 3875-3888 | 3883


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00041f

Open Access Article. Published on 29 April 2025. Downloaded on 3/23/2026 3:12:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

As depicted in Fig. 4(F) through confocal microscopy, NF-kB
is primarily located in the cytosol of MO macrophages. How-
ever, upon polarization to M1 macrophages (via LPS exposure),
NF-kB translocates to the nucleus. Upon treatment of activated
macrophages with either liposomal formulations or PDP,
inhibition of NF-kB translocation to the nucleus is observed,
indicating the anti-inflammatory efficacy of both liposomal
formulations and PDP.

It is known that the glucocorticoid receptor (GR), after
binding to glucocorticoids, is translocated to the nucleus where
it regulates the expression of target genes acting as an anti-
inflammatory and immunosuppressive agent.”* Indeed, GR
induces the synthesis of the inhibitory protein IxkB**** and
represses NF-kB activation through protein-protein inter-
actions that block access to the NF-kB binding site.®® Despite
this, the literature already reposts other works that support the
results obtained, as is the case of the work developed by
Gouveia et al. where is reported that pH-responsive polymer-
somes are capable of reducing the translocation to the nucleus
of NF-kB, both in the presence and absence of PDP, despite
this, in the presence of PDP the effect is more pronounced.®*

It is already established that protein denaturation is one of
the causes of inflammatory and arthritic diseases.®>®° Pathol-
ogies such as rheumatoid arthritis and lupus erythematosus
may originate from a type III hypersensitivity reaction.®>®” This
reaction, during protein denaturation processes, leads to the
production of antigens®>®® which, in turn, trigger the produc-
tion of pro-inflammatory cytokines.®” Substances that prevent
protein denaturation may act as a potential antiarthritic
agent.®*™®” In this sense, we evaluated the ability of PDP and
liposomal formulations to prevent protein denaturation, where
bovine serum albumin (BSA) was used as a model. Albumin
represents about 60% of the total protein in the blood and
undergoes denaturation when exposed to heat, expressing
antigens that are associated with the type III hypersensitivity
reaction.®®

The relative percentage of inhibition of BSA denaturation
(Fig. 4(G)) by the liposomal formulations, at 1.5 mM, ranged from
98.6% to 99.1%. In the case of PDP, the value obtained was 99.4%.
These results show that the liposomes under study have potential
as antiarthritic agents. However, similar to the results that have
been obtained in previous assays, LipoHA and LipoHA:PDP show
an improved inhibition over non-functionalizing liposomes.

3.3.3 Antioxidant efficacy. Reactive oxygen species (ROS)
are produced in low amounts by cells,*® essentially acting as
signalling molecules®®”® and as mediators of inflammation.”
Under normal physiological conditions, there is a balance
between the production and destruction of free radicals, when
this balance is disturbed and large amounts of ROS are
generated, tissue damage (oxidative stress) occurs® considered
central in the progression of inflammatory diseases.”®”* This
imbalance is also considered to be one of the mechanisms
responsible for cartilage damage,”” as happens, for example, in
rheumatoid arthritis or osteoarthritis.®®”*73

We evaluated the intracellular generation of ROS in macro-
phages (Fig. 5(A) and (B)) in response to exposure to liposomal
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and PDP formulations. Fig. 5(A) shows the results obtained for
the DCFH-DA assay using confocal microscopy. As evidenced by
the images presented, it appears that the generation of ROS
occurs both in the presence of liposomal formulations and
PDP. Despite this, it appears that in all cases the generation of
ROS is lower than in the presence of H,0,, used as a positive
control. Similarly, the results obtained by flow cytometry
(Fig. 5(B)) show that the developed formulations, as well as
PDP, induce less ROS production than the control (H,O,).
Notably, Lipo and PDP exhibit very similar inhibition, approxi-
mately 58%, while surface functionalization of liposomes with
HA leads to reduced values, particularly noticeable in Lipo-
HA:PDP, where values decrease to approximately 43%.

Although these results show that liposomal formulations
slightly induce ROS production, this induction was not superior
to PDP control, thus showing that liposomes can be useful, in
this respect, as a vehicle for PDP. As mentioned, LipoHA:PDP
was the formulation that presented the most promising results,
which, once again, proves the potential application of this
formulation for the administration of PDP.

While liposome formulations have been found to induce
ROS production, the same is true of other examples in the
literature. In the work developed by Wan et al., it is reported
that liposomes (DSPC:DSPE-PEG) without drug induce ROS in
the same percentage as the positive control. When liposomes
are loaded with a drug, there is a decrease in ROS generation
compared to unloaded liposomes, however, they have a higher
percentage of ROS than free drug.”* In another study, Sanner
et al., show that prednisolone is capable of inhibiting the
generation of ROS, in platelets.”> Although they are a product
of normal cellular metabolism,”®”” free radicals are highly
reactive and capable of initiating cell-damaging chain reactions
In this sense, the 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) scavenging assay was used to verify the
antioxidant capacity of the developed liposomal formulations.
The results present in Fig. 5(C) show an antioxidant effect for
HEPES - the liposome production medium. Despite this, an
antioxidant capacity of liposomal formulations and free PDP is
also observed. These effects are visible on a large scale up to 1 h
of testing, however, an antioxidant capacity superior to HEPES
can be observed throughout the entire test time. It should be
noted that LipoHA and LipoHA:PDP are more efficient than
Lipo and Lipo:PDP.

Several studies have explored the use of liposome-based
drug delivery systems and HA for the delivery of prednisolone.
An example is the work reported by Tsai et al., which describes
HA-containing prednisolone-encapsulated liposomes. Although
this represents a distinct approach, it also emphasizes the benefits
of using HA in combination with liposomal formulations to
enhance anti-inflammatory effects.”® Despite the different design,
our formulation shows a more controlled release profile (approxi-
mately 80% over 24 h), in contrast to the rapid release reported for
the hydrogel system (nearly 100% in 150 min). Additionally,
while Tsai et al. focused on nitric oxide reduction,”® our system
demonstrated a broader modulation of inflammatory mediators.
The liposomes also exhibited favorable safety features, including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Representative CLSM images for reactive oxygen species (ROS). THP-1 macrophages were treated for 24 h in the absence (control) and in the
presence of liposomal formulations or PDP. Cells were then stained for ROS (2’,7’-dichlorofluorecein diacetate — DCFH-DA, green signal), nucleus
(Hoechst 33342, blue signal) and cell membrane (Cell Mask, red signal). Scale bar: 20 um. (B) Determination of ROS production in THP-1 macrophages
after incubation with liposomal formulations and PDP for 24 h. ROS production was quantified by incubating 10 uM of the probe DCF-DA with cells for
30 min followed by cell fluorescence quantification of the resultant DCF by flow cytometry. Data are expressed as mean + SD (n = 3). Differences
between groups were assessed using one-way ANOVA followed by Turkey test (PDP) or Dunnett test (control). ***p < 0.001 and ****p < 0.0001 in
comparison to PDP. eesep < 0.0001 in comparison to control (H,O,). (C) ABTS radical scavenging activity of liposomal formulations and PDP. Data are
expressed as mean + SD (n = 3). Differences between groups were assessed using one-way ANOVA followed by Dunnett test. *p < 0.1, **p < 0.01,
***p < 0.001, ****p < 0.0001 in comparison to HEPES.
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non-hemolytic behavior and no protein denaturation, further
supporting their potential for therapeutic applications.

4. Conclusions

Inflammatory joint diseases often go undetected until they reach
advanced stages due to the absence of specific biological markers.
As there is currently no cure for these conditions, preventing joint
degradation becomes paramount. While there are drugs available
on the market that effectively manage inflammation, such as
glucocorticoids, their prolonged use often results in undesirable
side effects. To address these issues and maximize the potential of
known molecules already used in clinical settings, nanotechnology
has been developing drug delivery systems, with liposomes emer-
ging as prominent players in this endeavor.

Here we present pH-sensitive liposomes where predniso-
lone, a potent anti-inflammatory, is incorporated. The results
demonstrate that liposomes can release PDP in a controlled
way in an environment that mimics the joint environment.
Furthermore, the developed liposomes do not show toxicity up
to 1.5 mM concentration, in macrophages. The internalization
of liposomes by macrophages and their ability to attenuate the
release of inflammatory mediators was demonstrated. More-
over, similarly to what happens with prednisolone, liposomal
formulations are capable of suppressing the activation of the
NF-kB signalling pathway, which shows, once again, their anti-
inflammatory capacity.

To increase targeting to activated macrophages, functionaliza-
tion with HA was performed. This strategic step in the design of
liposomal formulations proved to be of great importance. The
results presented show that the internalization of liposomes may
be dependent on the availability of the CD44 receptor expressed on
the surface of macrophages. In addition, it is shown that functio-
nalized liposomes, in general, have greater anti-inflammatory
capacity, are non-hemolytic and do not promote protein denatura-
tion. Given the formulation features, LipoHA:PDP has potential as
an intravenous or intra-articular anti-inflammatory agent.

Thus, the pH-sensitive liposomes conjugated with HA hold
promise as a nanotherapeutic approach for treating chronic
inflammation, potentially mitigating the side effects linked to
prolonged prednisolone therapy.
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