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Lung injuries are increasingly prevalent due to various diseases causing alveolar
damage, potentially leading to respiratory disorders. This study employed an
incubation method to develop nano-encapsulated ibuprofen within a chitosan
matrix for targeted pulmonary therapy. The encapsulation was successful without
altering the molecular structure of chitosan, and a 500 mg dose was identified as
optimal through lung tissue cell viability and histological analysis. The controlled
release mechanism of this formulation ensures targeted delivery to the lungs,
reducing inflammation and promoting alveolar regeneration. This approach
highlights the importance of dose optimization and presents a promising
strategy to enhance the efficacy and safety of pulmonary treatments.
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1 Introduction

In recent years, nanotechnology has improved various scientific and industrial fields,
with medical and pharmaceutical applications being particularly relevant (Mansour et al.,
2023). These fields have experienced unprecedented progress due to the utilization of
nanoencapsulated systems, designed to significantly optimize drug efficacy, improve
solubility, enhance bioavailability, and minimize adverse side effects by encapsulating
therapeutic agents (Party et al., 2023; Yang et al., 2020).

Pulmonary pathologies are prevalent worldwide due to numerous factors, such as smoking,
infections, and toxins, leading to chronic or acute diseases. These conditions, though generally
treatable, can become fatal or cause a permanent reduction in lung function if alveolar damage
occurs (McGee et al., 2020; Patrisio, 2020). The COVID-19 pandemic, from 2020 to 2022,
exacerbated this issue, causing widespread cases of pneumonia and resulting in thousands of
deaths due to alveolar damage (Ambasch et al., 2021).

The alveoli play a fundamental role in the respiratory system, being responsible for gas
exchange. Consequently, damage to these structures directly impairs lung function and
causes significant pain and discomfort (Pontes and Grenha, 2020). Despite the availability
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of numerous therapeutic agents, their side effects, necessary higher
doses, and systemic risks often counteract their benefits (He et al.,
2022; Newman, 2017). This problem necessitates innovative drug
delivery methods explicitly targeting the lungs, offering relief while
mitigating systemic risks.

Ibuprofen, a nonsteroidal anti-inflammatory drug (NSAID), has
historically been one of the most widely used medications for managing
inflammation (Ha and Paek, 2021; Party et al, 2023). Although its
widespread use undeniably shows therapeutic benefits, prolonged or
improper use can lead to numerous health complications, such as
stomach ulcers, kidney damage, and cardiovascular problems (Xu et al.,
2023). However, it is appropriate and targeted administration through
holds
inflammations due to its anti-inflammatory effects (Baek et al., 2017).

nanoencapsulation promise for treating pulmonary

Chitosan is a biocompatible and biodegradable material with
notable anti-inflammatory and regenerative properties (Gulati et al.,
2021). Its applications in wound healing have been reported over the
years, highlighting its potential to promote tissue regeneration (Liu
et al,, 2018). Additionally, chitosan has been used in the controlled
release of drugs when employed as a matrix in nanoencapsulated
compounds (Chatterjee and Hui, 2019; Huang et al., 2017).

Nanoencapsulation of ibuprofen in a chitosan matrix offers a
dual benefit. First, it utilizes the anti-inflammatory properties of
ibuprofen to control pain (Gliszczynska and Sanchez-Lopez, 2021)
Simultaneously, the regenerative properties of chitosan promote
alveolar healing and regeneration (Kim et al., 2023). Furthermore,
this encapsulation nanosystem enables controlled drug release to the
alveolar region, potentially reducing the systemic side effects
associated with traditional drug administration.

In this study, we developed a multifunctional
nanocomposite of ibuprofen encapsulated in a chitosan matrix,

have

combining the therapeutic properties of ibuprofen with the
regenerative capacities of chitosan to repair damaged alveoli. We
have analyzed the methodologies employed, described the results
from studies in rodents, and discussed the implications of our
findings in pulmonary medicine.

To address the critical issue of dose-dependent efficacy and
safety, we have evaluated the effects of ibuprofen at doses of
1,000 mg, 500 mg, and 250 mg. These specific dosages were
selected based on their relevance to achieving a therapeutic
balance between efficacy and minimizing adverse effects. Higher
doses (1,000 mg) are investigated to understand the upper limit of
anti-inflammatory benefits, whereas moderate (500 mg) and lower
doses (250 mg) are explored for their potential to provide sufficient
therapeutic outcomes while reducing the risk of systemic side effects.
This range of dosages allows for a comprehensive assessment of the
optimal therapeutic window for treating pulmonary inflammation
with ibuprofen-loaded chitosan nanoparticles.

2 Materials and methods
2.1 Reagents

The reagents used for the experimentation were low molecular
weight chitosan (Sigma-Aldrich CAT: 448869-250G), sodium

tripolyphosphate  (TPP) (Sigma-Aldrich CAT:238503-500G),
99.7% glacial acetic acid (J. T. Baker CAT: 9508-05), 28.0%-
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30.0% ammonium hydroxide (J. T. Baker CAT: 9721-03) and
37% hydrochloric acid (J. T. Baker CAT: 4218-03), which were
used without additional purification; In addition, tridistilled water
(Technology and control) and ethanol absolute (Biopack) were used.
The active ingredients were ibuprofen (Sigma Aldrich).

2.2 Synthesis of chitosan matrix

For the synthesis of chitosan nanoparticles (chitosan NPs), the
ionic gelation method was chosen based on the report by Calvo et al.
(1997), with certain parameter modifications according to Hassani
et al. (2015). This method uses a cross-linking agent, in this case,
TPP, in different concentrations, which was slowly added dropwise
into chitosan solutions, which was slowly added dropwise into
chitosan solutions. These solutions were previously prepared
using a 1% acetic acid solution (v/v) and magnetic stirring for
about 2 h. The dripping was carried out with the help of a peristaltic
pump, and the flow rates were around 0.1 mL/min, all while the
solution in question was vigorously stirred at 750 rpm. Once the
dripping had finished, the samples were left to react for 60 min and
vortexed for 5 min. Once the samples were ready, they were placed
in an ultrasonic bath for short periods (5-10 min) at room
temperature to achieve good dispersion and reduce the size.

2.3 Ibuprofen encapsulation process

To introduce the active ingredient, the incubation method was used.
Chitosan NPs were prepared in solution and subsequently mixed with
ibuprofen solutions at a specific concentration of 2 mg/mL. The
ibuprofen solution was added to the chitosan NPs solution using a
peristaltic pump to ensure controlled and consistent addition. The
mixtures were then stirred vigorously for 60 min to ensure thorough
adsorption of ibuprofen onto the surface of the chitosan NPs (Gan &
Wang, 2007). In this method, the active ingredients are anchored to the
chitosan NPs solely by surface adsorption.

2.4 Scanning electron microscopy
(SEM) analysis

The scanning electron microscopy (SEM) technique was used
with a JEOL JSM-7610F microscope to identify the morphology of
the obtained particles and verify their size and distribution.

2.5 Dynamic light scattering (DLS) analysis

To characterize the NPs, particle size analysis was performed
using a dynamic light scattering instrument (Malvern Instruments
Zetasizer Nano).

2.6 Encapsulation efficiency analysis
The NPs were precipitated with the loaded drug (using a basic

NH,OH solution and centrifugation), and the supernatant
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medium was taken as a sample to determine the loading
efficiency. Subsequently, the amount of free drug in the
determined by UV-Vis
spectroscopy (using Beer-Lambert law and a calibration curve

solution (unloaded drug) was
constructed from solutions of known concentration at 195 and
218 nm). The efficiency of the drug encapsulated in the NPs was
calculated using the formula reported by Saha et al. (2010)
(Equation 1), where the amount of drug used is related to the
amount of free drug in the solution.

Encapsulation E f ficiency = *100 (1)

(T, ~Te)
Ty
Where T, is the initial amount of drug used for loading into the

nanoparticles, Tr is the amount of drug measured in the supernatant

(unloaded drug).

2.7 Fourier transform infrared spectroscopy
(FTIR) analysis

Fourier transform infrared spectroscopy (FTIR) was performed
using a PerkinElmer FT-IR Spectrum Two instrument to determine
the interactions between the components, including both the bare
NPs and the drug-loaded NPs, to analyze their interactions within
the structure.

2.8 In vitro analysis (MTT assay)

The impact of Chitosan NPs and Chitosan-Ibuprofen-loaded
NPs on A549 cell viability was assessed using the MTT assay
(CyQUANT MTT Cell Proliferation Assay Kit Protocol, 2024).
A549 cells were seeded at a density of 7.5 x 10* cells per well in
a 96-well plate and allowed to stabilize for 48 h. Following
stabilization, cells were treated in triplicate with Chitosan-IB NPs
(1,000 mg, 500 mg, 250 mg) or Chitosan NPs unloaded. After 24 h of
treatment, cells were washed with PBS, and MTT solution (0.5 mg/
mL) was added for 4 h to induce formazan crystal formation.
Dimethyl sulfoxide (DMSO) was then used to dissolve the
crystals, and absorbance was measured at 550 nm using a
Scientifi™ Multiskan™ GO
Spectrophotometer (Fisher Scientific). Cell viability was calculated

Thermo Microplate

according with Equation 2:

control ABSssy — sample ABSss .

00
control ABSss,

)

Relative cell vioability =

Where control ABSss, is the absorbance value of the control
plate, sample ABSss, is the absorbance value of each sample
according with the well.

2.9 In vivo analysis
To validate the therapeutic potential of the ibuprofen-loaded

chitosan nanoparticles observed in vitro, we conducted in vivo
experiments in a rat model of acute lung injury. Female
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Sprague-Dawley (SD) rats, weighing between 220 and 250 g at
approximately 6 weeks of age, were housed in the avian facilities of
the UNAM bioterium in Juriquilla, Qro, under a 14 L:10D
photoperiod with ad libitum access to commercial food and water.

Acute lung injury was induced by intravenous administration of
oleic acid (OA). Briefly, OA was diluted in 70% ethanol and
physiological saline to a concentration of 25 mg/mL, and the
pH was adjusted to 7.5. Rats were anesthetized with an
intravenous dose of ketamine (15 mg/kg) via the jugular vein,
and OA was subsequently administered at a rate of 20 mg/kg/
min for 5 min via the same route. In 250 grats, this equated toa 1 mL
dose of the OA solution.

We hypothesized that the nanoparticles would mitigate
inflammation and promote alveolar repair in vivo. To assess this,
nanoparticle treatment (1 mL) was administered intravenously
30 min and 24 h after OA injury. Blood samples were collected
at 0-, 1-, 24-, and 48-h post-injury to evaluate potential alterations in
lung function (e.g., hemoglobin levels). Rats were sacrificed at 48 h,
and lung tissue was collected for histological analysis to assess the
extent of alveolar damage and repair.

All procedures were conducted in compliance with the
guidelines approved by the Committee on Bioethics CEAIFI-
151-2021-PL

2.10 Plasma free hemoglobin test

Hemoglobin levels in rat blood were determined
spectrophotometrically at 415, 450, and 700 nm according to
Fairbanks et al. (1992), with calibration following the method of
ROSA et al. (2020). Higher hemoglobin levels were indicative of

improved pulmonary condition (Auvinen et al., 2021).

2.11 Histopathological evaluation

The tissues (lung, liver) were collected and were fixed in PFA
10% for 24-48 h at room temperature, dehydrated in ethanol, and
embedded in paraffin wax. Tissue sections (7 pm thick) were then
cut using a microtome and mounted onto charged glass slides
(Superfrost/Plus, Fisher, Pittsburgh, PA).

Histopathologic examination was also performed to determine
signs of cellular infiltration and edema in the lung tissue using
hematoxylin-eosin ~ staining. All tissues were examined by
histopathologist in a double-blind analysis, and presence of
alterations were classified by percentage of the area affected
(Tirkmen et al., 2024).

Serial tissue sections were cleared in xylol [Baker], 3 times (3x)
during 5 min, rehydrated in a graded series of ethanol (absolute, 2 x
5 min; 96% 2 x 5 min; 70%, 5 min; 50%, 5 min; deionized water
5 min), and equilibrated in water (1 min). Slides were incubated with
[Merck, Darmstadt,
Germany] in 5% absolute ethanol, 10% aluminum potassium
sulfate [Sigma, St. Louis, MO], 0.25% mercury (II) oxide red
[Aldrich, St. Louis, MO] for 3 min, rinsed with water with
agitation for 1 min and rapidly passed through acidic alcohol
(0.1% HCI in 70% alcohol), washed in water for 1 min and then
dipped five times in ammoniacal water (0.1% NH4OH in deionized

Harris hematoxylin (0.5% hematoxylin
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FIGURE 1
SEM images of chitosan nanoparticles (Np) and chitosan-IB Np films. (A) Chitosan Np at x5,000 magnification. (B) Chitosan Np

at 20,000 magnification. (C) Chitosan-IB (250 mg) Np at x1,000 magnification. (D) Chitosan-IB (250 mg) Np at x2,500 magnification. (E) Chitosan-I1B
(500 mg) Np at x1,000 magnification. (F) Chitosan-IB (500 mg) Np at x10,000 magnification. (G) Chitosan-1B (1,000 mg) Np at x2,500 magnification. (H)
Chitosan-1B (1,000 mg) Np at x4,900 magnification.

water) and rinsed in distilled water for 1 min. The slides were then  ethanol (70%, 96% 3x, 100%3). All sections were then dipped in two
incubated in eosin Y [Sigma], 0.25% in 60% acidified alcohol) for ~ baths of xylol (3x each) before mounting permanently using
15 s, rinsed with water and then dehydrated in a graded series of =~ Entellan [Merck].

Frontiers in Nanotechnology 04 frontiersin.org


https://www.frontiersin.org/journals/nanotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fnano.2024.1429889

Olvera Rodriguez et al.

10.3389/fnano.2024.1429889

25
—Q0.05%
A ——— 500 mg/mi
—— 1000 mg/mi
— 250 mg/ml
S
(]
£
=
o
=
1 1 1
0 10 20 30 40

Size (nm)

FIGURE 2

DLS analysis of chitosan nanoparticles (Np) and chitosan-IB Np systems.
(1,000 mg) Np, Chitosan-IB (500 mg) Np, and Chitosan-IB (250 mg) Np
systems diluted 10-fold.

3 Results

3.1 Scanning electron microscope (SEM)
analysis for chitosan Np and Chitosan-IB np

To prepare samples for scanning electron microscopy (SEM)
analysis, Chitosan Np and Chitosan-IB Np were dispersed onto a
thin chitosan film and subsequently sputter-coated with a thin layer
of gold. Figure 1A depicts the SEM image of Chitosan Np, revealing
surface irregularities attributed to the presence of the nanoparticles.
A higher magnification image (Figure 1B) further illustrates these
irregularities as elongated structures. This morphology may be a
result of the nanoparticle fixation process onto the chitosan film,
potentially causing aggregation or alignment during drying.

The SEM image in Figure 1C, representing films with Chitosan-
IB (250 mg) Np, reveals significant agglomeration of material on the
surface, with numerous zones exhibiting high nanoparticle density.
Upon closer inspection in Figure 1D (a zoomed-in view), the
agglomerated material appears to alter the morphology of
individual particles, resulting in a thread-like appearance. This
morphological change suggests that the agglomeration process
may induce particle-particle interactions that lead to the
formation of elongated structures.

In contrast to previous images, the SEM image of the film with
Chitosan-IB (500 mg) Np (Figure 1E) appears to have a lower
particle density. However, upon closer inspection of the central
region, certain structures suggest the presence of nanoparticles. A
zoomed-in view of this area (Figure 1F), particularly within a scratch
on the film, reveals distinct and well-defined particles. Despite the
seemingly low nanoparticle density, this observation confirms their
presence and demonstrates that even at lower concentrations, the
nanoparticles can be visualized and identified through SEM analysis.

Finally, in the film loaded with Chitosan-IB (1000 mg) Np,
irregularities are observed at the film’s edge (Figure 1G), likely due to
the presence of nanoparticles. Zooming in on this edge region
(Figure 1H), the nanoparticles become more visible, exhibiting a
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FIGURE 3

FTIR spectra of chitosan-IB nanoparticles at different drug
loadings: (A) 1,000 mg, (B) 500 mg, and (C) 250 mag.

consistent size and shape within the observed field. This consistency
suggests a uniform distribution of nanoparticles at higher
concentrations, potentially forming a more continuous layer on
the film surface.

3.2 Dynamic light scattering (DLS) analysis or
chitosan unloaded and loaded

The particle size was measured in two cases. In the first case,
shown in Figure 2A, the concentration of the nanoparticle system
was high. When the system contained only chitosan, the size was
about 6 nm. When loaded with 250 mg/mL of ibuprofen, the size
decreased to 3.5 nm. With 500 mg/mL of ibuprofen, the size
increased to 9 nm, and with 1,000 mg/mL, the size was 3 nm.
The size distribution shows no discernible trend in the system as a
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function of ibuprofen loading. This effect is likely due to the
interaction between the polymer chains and the molecule of the
drug or to the fact that the concentration promotes the interaction of
the electrical charges in the solution as can be seen in the SEM
images, which causes compression in the chitosan matrix.

In the second stage in Figure 2B, the solution of the
nanoencapsulated system was diluted to maintain the size of the
chitosan particles. The tendency in the size when the system was
loaded is present. The size of the system when the ibuprofen was
250 mg/mL was bimodal and had a size of 1 nm and 15 nm, then the
system loaded with 500 mg/mL reached 30 nm. When 1,000 mg/mL
was present in the system, the size was 22 nm; the increase in size is
due to the agglomeration of the particles to maintain the stability of
the suspension.

3.3 Fourier transform infrared spectroscopy
(FTIR) analysis

The FTIR spectra in Figure 3 corresponding to the
nanocapsulated system of chitosan-ibuprofen generally show no
significant shift in intensity and signals depending on the different
content of ibuprofen in the chitosan matrix in all cases, indicating
that the ibuprofen is wholly contained in the chitosan matrix and
does not cause any changes or modifications in the molecular
structure of the chitosan polymer, implying that the
nanocapsulated system was successful.

Moreover, the characteristic IR signals of chitosan are present in
the spectra; the signals corresponding to - OH stretching are at
3,240 cm™, at 2,800 cm™', the NH, stretching signal is present, the
amide I and ITare at 1,680 cm ™' and 1,400 cm™', respectively, and the
signal in the range between 900 cm™" and 1,100 cm ™ is the C-O-C
stretching signal, which remained unchanged after encapsulation.

The lack of a clear trend in particle size with varying ibuprofen
loading, as measured by DLS, suggests that chitosan’s ability to
encapsulate ibuprofen and adjust its size is responsible for the
observed patterns. This conclusion is supported by FTIR
spectroscopy, which shows characteristic chitosan signals without
significant shifts or changes in intensity, indicating that ibuprofen
loading does not alter the fundamental chemical structure
of chitosan.

3.4 Encapsulation efficiency analysis

The incubation method demonstrated high encapsulation
efficiency for all tested drug concentrations (1,000 mg, 500 mg,
and 250 mg). In all cases, the encapsulation efficiency exceeded 80%,
indicating that most of the drug was successfully incorporated into
the nanoparticles during this process. This result highlights the
effectiveness of incubation as a reliable and efficient method for drug
encapsulation in the present study.

3.5 In vitro analysis

The observed viability of cells in the various dilutions of chitosan
nanoparticles shows a moderately decreasing trend as the dilution
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becomes more severe, according to the presence of chitosan
observed in Figure 4A. Remarkably, the variation in viability
between dilutions remains minimal, with a maximum difference
of only 3% between the densest and the most dilute concentrations.
This result suggests that the A549 cells exhibit a relatively uniform
level of viability when exposed to different concentrations of
The
biocompatibility of chitosan nanoparticles with the A549 cell line

chitosan  nanoparticles. results could indicate the
or a limited cytotoxic effect within the concentration range tested.

Additionally, the results indicate a dose-dependent decrease in
A549 cell viability with increasing concentrations of ibuprofen
delivered via chitosan nanoparticles. In Figure 4B, the initial
minimal effect at 15.625 mg suggests a higher tolerance of cells
at lower doses of ibuprofen. However, as the concentration
increases, the more pronounced cytotoxic effects become
apparent, with a marked decrease in cell viability from 97% to
70% throughout the range of ibuprofen tested. This highlights the
potential impact of drug volume on cellular responses and
underscores the importance of careful dosing when using
chitosan nanoparticles as drug carriers.

The extended range of ibuprofen concentrations emphasizes the
dose-dependent decrease in A549 cell viability. While the decrease
from 150 mg (95% viability) to 200 mg (83% viability) is quite
pronounced in Figure 4C, subsequent increases in ibuprofen loading
lead to a more gradual decrease in cell viability. This could indicate a
certain saturation or tolerance threshold of the cells, beyond which
they react less dramatically to increased drug concentrations.
Remarkably, the cells retained 70% viability even at the highest
dose of 500 mg, indicating a possible resistance of the A549 cell line
to ibuprofen when administered via chitosan nanoparticles.

The highest concentrations of ibuprofen in Figure 4D showed an
intriguing pattern of A549 cell viability. The slight increase from
70% (500 mg) to 75% (600 mg) suggests nonlinear responses or
possible these

concentrations. The subsequent decreases and fluctuations at

experimental fluctuations at high drug
900 mg illustrate the complexity of cellular responses at such
high concentrations of ibuprofen. The data illustrates that
although there is a general trend towards decreased viability at
high ibuprofen concentrations, the relationship is not strictly linear,
especially at very high concentrations. This highlights the
complexity of drug-cell interactions and the need for thorough
studies ~ when

pharmacodynamic ~ and  pharmacokinetic

considering drug delivery via nanoparticles.

3.6 Hemoglobin analysis

In Figure 5 presents the free hemoglobin levels in rats over a 48-
h period. Control rats maintained a stable hemoglobin range of
15.0-15.5 mg/dL. In contrast, oleic acid-injured rats initially
experienced a decrease in hemoglobin (11.4-14.7 mg/dL), but
levels increased to 15.0-16.4 mg/dL within 1 hour of receiving
either Chitosan NP or Chitosan-IB NP.

At 24 h, the 250 mg/mL and 1,000 mg/mL nanoparticle doses
resulted in decreased hemoglobin levels (13.9 and 14.7 mg/dL,
respectively). However, following a second dose at 48 h, both
groups showed an increase, reaching levels comparable to the
control group (14.7 and 14.9 mg/dL). Notably, the 500 mg/mL
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FIGURE 5

Hemoglobin levels in rats after treatment with chitosan-based
nanoparticles. The graph shows the comparison of hemoglobin levels
in rats treated with Chitosan Np, Chitosan-IB (1,000 mg) Np,
Chitosan-1B (500 mg) Np, and Chitosan-1B (250 mg) Np,

assessed to determine the potential impact of treatments on the
health of the animals.
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dose maintained a consistent hemoglobin level of 15.1 mg/dL
at 24 h.

3.6.1 Initial increase

The initial increase in hemoglobin could be a compensatory
mechanism triggered by lung injury and inflammation of the
alveolar epithelium. This inflammation might impair oxygen
exchange in the lungs, leading the body to produce more
hemoglobin to try and enhance oxygen transport.

3.6.2 Subsequent decrease

The decrease in hemoglobin after 24 h may indicate depletion of
the epithelial tissue due to the ongoing injury. As the epithelial cells
are damaged, they are less able to produce hemoglobin, leading to a
decline in its levels.

3.6.3 Higher doses

The fact that higher doses of the Chitosan-IB Np (500 and
1,000 mg/mL) did not cause the same fluctuations in hemoglobin
levels as lower doses suggests a different mechanism of action or a
threshold effect. This indicates that these higher doses might be less
toxic and potentially fall within a therapeutic window. Therefore,
they are promising candidates for in vivo testing, although further
research is needed to confirm their safety and efficacy. This research
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Negative
Control

Treatment with
Chitosan-1B (250mg) Np

Treatment with
Chitosan-1B (500mg) Np

Treatment with
Chitosan-18 (1000mg) Np

FIGURE 6

Histological analysis of rat lung tissue (H&E stain); (A,B): Healthy lung tissue from control rats [(A): 10X, (B) 40X]; (C,D): Lung tissue from negative
control rats [(C): 10X, (D) 40X]; (E,F): Lung tissue from rats treated with Chitosan-IB (250 mg) Np [(E): 10X, (F): 40XI; (G,H): Lung tissue from rats treated
with Chitosan-1B (500 mg) Np [(G): 10X, (H): 40X]; (I,3): Lung tissue from rats treated with Chitosan-I1B (1,000 mg) Np [(I): 10X, (J) 40X].

would involve additional in vitro and in vivo studies to assess both
short-term and long-term effects and to determine the optimal dose
that balances efficacy with safety.

The observed increase in hemoglobin in untreated and lower-
dose nanoparticle groups, followed by a subsequent decrease,
indicates a complex physiological response. The stable
hemoglobin level maintained by the 500 mg/mL dose suggests
that it may be a more optimal treatment option. Although the
1,000 mg/mL dose exhibited a similar hemoglobin curve, the in vitro
results indicate that it does not offer additional benefits compared to
the 500 mg/mL dose.

The references to (Gaggar and Patel, 2016; Shaver et al., 2016)
likely provide further evidence for the link between lung injury,

Frontiers in Nanotechnology

inflammation, and hemoglobin fluctuations. These studies may offer
insights into the specific mechanisms involved in this response.

3.7 Histological analysis

Rats without induced damage, Figures 6A, B, correspond to
healthy lung tissue (control), demonstrating the normal
histological architecture of the lung section. In damage rats
with Chitosan Np (negative control) in Figures 6C, D, the
lung tissue exhibited marked alveolar damage, underscored by
disruption of the structural architecture. An
response with a

increased

inflammatory significant macrophages
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TABLE 1 Histopathological findings in lungs tissues rats exposed to Chitosan Np and Chitosan-1B (250 mg, 500 mg, 1000 mg) Np.

Characteristic

Lung tissue Alveolar damage Inflammation Macrophage infiltration
Control
Panel A and B - - -
Negative control
Panel C and D +++ +++ +++
Damage + 250 mg
Panel E and F ++ ++ 4
Damage + 500 mg
Panel G and H - + +
Damage +100 mg
Panel I and | ++++ et ++

Abbreviations: IB: ibuprofen; (—): no histopathological alterations; (+): histopathology in 10%-15% area; (++): histopathology in 20%-50% area; (+++): histopathology in 60%-70%; (++++):

histopathology in >70% area.

infiltration, the white blood cells associated with inflammation
and tissue repair, were observed. Severe tissue deformation
emphasizes the severity of the damage and the severity of the
lung injury over 72 h and provides the basis for a comparative
evaluation of therapeutic interventions (Table 1).

In rats with damage and administration of the system of
Chitosan-IB (250 mg) Np, resulted in a detectable reduction in
inflammatory cell infiltration and tissue damage compared to
negative control, as shown in Figures 6E, F. The inflammatory
landscape was attenuated as shown by the reduced number of
macrophages, indicating a dampened immune response.
However, alveolar deformation persisted, albeit to a lesser
extent, indicating that this dosage attenuated but did not
completely halt the progression of damage, suggesting some
efficacy of the drug at this dosage. Detailed analysis of Figures
6G, H shows that the system of Chitosan-IB (500 mg) Np
represents a promising therapeutic scenario in which the
alveoli retain their structural integrity. This finding is further
supported by the presence of type II lipophages, cells naturally
associated with lung tissue repair and regeneration processes,
suggesting an active healing mechanism. The comparison with
the control group and the group treated with Chitosan-IB
(250 mg) Np suggests that the Chitosan-IB (500 mg) Np
achieves an optimal balance in therapeutic efficacy,
combining the prevention of damage with the activation of
repair mechanisms, creating a favorable environment for
healing. In addition, the reduction in macrophage presence
underlines a significantly lower inflammatory response
compared to the other groups, supporting the hypothesis that
the Chitosan-IB (500 mg) Np may represent the most
appropriate therapeutic window during the 72-h period
studied and
previous option. Nevertheless, the escalated dose of 1,000 mg
of the system Chitosan-IB (1,000 mg) Np (Figures 6, J)again

appears to lead to increased inflammation, with alveolar

represents a significant improvement over

deformation and macrophage numbers mirroring those of
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untreated controls. This could indicate a possible overdose or
saturation effect, where an excessive drug concentration either
becomes ineffective or exacerbates condition. A summary of the
results can be seen in Table 1. Considering the 72-h duration of
action, it is obvious that the positive or negative effects of the
drug manifest themselves relatively quickly. The observations
between the different dosages underline the importance of dose
optimization in therapeutic interventions. While the 500 mg
dose seems promising, the unexpected results of the 1,000 mg
dose show again that ‘more’ is not always ‘better’ when
administering drugs.

The other organs of the different groups were also analyzed
and showed no histological differences between them. The hearts
showed no signs of inflammation or necrosis of the myocardium.
The livers also showed no remarkable changes, apart from a
lymphocytic infiltration in the periportal area. There was no
tubular damage or necrosis in the kidneys, where toxicity is
usually observed. The glomeruli also showed no changes.

4 Conclusion

In conclusion, this research successfully demonstrates the

considerable  potential of  ibuprofen-loaded  chitosan
nanoparticles as a targeted therapeutic strategy for pulmonary
conditions involving alveolar damage. The nanoparticles were
exhibiting high

and a

efficiently synthesized and characterized,

encapsulation efficiency, biocompatibility, dose-
dependent effect on cell viability in vitro. Notably, in vivo
experiments in a rat model of acute lung injury validated the
therapeutic potential of these nanoparticles, with a 500 mg/mL
dose over 72 h demonstrating optimal efficacy in reducing
inflammation and promoting alveolar repair. These findings
aid the way for further research to elucidate the underlying
mechanisms of action and to validate these promising results

in larger samples and over different time periods, ultimately
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advancing the development of this innovative drug delivery
system for targeted pulmonary therapy.
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