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INTRODUCTION
Numerous research-based studies have shown the 

important therapeutic benefits of phytochemicals. Despite being 
researched to treat a number of complex human illnesses, phyto 
drugs have a number of limitations that keep them from realizing 
their full potential as active pharmaceutical ingredients. Low 
permeability, low water solubility, high toxicity, instability, 
low bioavailability, are some of these limiting factors which 
make the formulation development of phytodrugs [1,2]. Drug 
delivery for conditions like chemotherapy, diabetes, and cancer 
treatment may be improved by the use of nanocarriers for active 
phytoconstituents, which have demonstrated encouraging 

results in this regard. Utilizing this approach, some of its 
disadvantages might be eliminated and a stable pharmaceutical 
product made entirely of phytochemicals trapped in nano-
carriers could be developed. When appropriately adapted, 
enabling the administration through nanocarriers may increase 
the drug’s systemic availability and desired target action. [3].

Many fruits, including citrus fruits, tomatoes, and 
bergamot, contain flavanones, also known as flavonoids, 
like naringenin. Additionally, it exists as glycosides, most 
notably as  naringin  (NAR). This phytochemical is thought to 
have anti-inflammatory, antitumor, antiviral, antiadipogenic, 
cardioprotective properties [4]. A study has suggested the 
protective activity of NAR against the  Lipopolysaccharide 
-induced apoptosis in PC12 cells [5]. The findings by Zhao 
et al. [6] indicated that NAR inhibits inflammation and 
apoptosis in endothelial cells by controlling the Hippo-YAP 
Pathway. The cardio protecting mechanism and effect were 
summarized by Heidary Moghaddam et al. [7]. Another 
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ABSTRACT
Naringin (NAR), a citrus flavonoid has been reported to have anti-inflammatory, antitumor, antiviral, antiadipogenic, 
and cardioprotective qualities. However, because of its poor aqueous solubility, therapeutic applications of NAR are 
limited. The present research involves development of nanocarriers of NAR using biocompatible natural polymer 
chitosan and tripolyphosphate using ionic gelation method. Surface morphology studies indicated the structure of 
the prepared nanocarriers with an entrapment of more than 80% and appreciable average size range of around 100 
nm. Drug release studies suggested that the drug released at a controlled manner with around of around 65% over 
a period of 6 hours with a burst release of around 20% in the first hour. 3-(4, 5-dimethythiazol2-yl)-2, 5-diphenyl 
tetrazolium bromide test using HEK 293 cells demonstrated that highest concentration of NAR loaded nanocarriers 
(100 μM) showed optimal viability and cells were not harmed by nanocarriers. In-vivo anti-inflammatory activity 
study suggested that prepared formulation (50 mg/kg) significantly reduced development of carrageenan induced 
paw edema, comparable with diclofenac treated rats (10 mg/kg) but significantly enhanced for rats treated with NAR 
only (50 mg/kg). Together, the results suggested that chitosan based nanocarriers could be an efficient tool to deliver 
naringin thus ensuring better bioavailability to enhance its therapeutic potential. 
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concentrations, and polymer concentrations were tested and the 
best formulations were tabulated in Table 1.

Characterizations of NLC nanocarriers

Fourier Transform Infrared study (Fourier Transform Infrared 
study) spectrum analysis

The FTIR studies were carried out for NAR,  chitosan 
and the NLC carriers under identical conditions to detect any 
possible interactions between the components that may lead 
to precipitation of the drug. It was carried out by mixing the 
sample with potassium bromide to form a pellet and scanning 
the sample over a wavelength from 4,000 to 400 cm–1.

X-ray crystallography analysis
The X-ray crystallography of NAR,  blank NLC 

carriers, and NLC carriers containing NAR was performed by 
Cu Kα radiation, at a voltage of 40 kV and 30 mA. The angle 
of scanning was adjusted from 5° to 70°, and the scanned rate 
was 4°/min.

Entrapment efficiency (EE)
After ultra-centrifuging NLC samples, the sediment 

and supernatant fluids were gathered. Absorbance was then 
measured with a UV spectrophotometer in the supernatant for 
the unentrapped drug concentration [19]. EE and drug loading 
capacity (LC) was determined using to equation: 

EE = (Amount of NAR encapsulated into formulation)/
(Amount of the total NAR added) × 100

LC = (Weight of NAR in formulation)/(Total weight 
of the formulation) × 100

Physical characterization
Using a Zetasizer Nano Instrument, dimension of 

the prepared NLCs was determined. A suitable concentration 
of NLC was agitated at 100 rpm and maintained at 37°C 
in distilled water. After being allowed to dry at ambient 
temperature, the NLC nanocarriers’ structure was examined 
using a scanning electron microscope (SEM) and transmission 
electron microscope (TEM) to study their surface properties. 
For TEM, a drop of diluted NLC suspension was deposited on 
a film-coated copper grid, stained with one drop of 2% (w/v) 
aqueous solution of phosphotungstic acid, and then allowed to 
dry for contrast enhancement.

In vitro release study
Naringin, equivalent to 5 mg, was filled into a dialysis 

bag and placed in phosphate buffer solution (pH 7.4, 50 ml). The 

research has elucidated the anti-degenerative properties 
for cartilage and bones [8]. Bajgai et al. [9] comprehensive 
analysis from 2024 provides insight on how sepsis-induced 
multiple organ dysfunction can be alleviated. However, it 
has also been reported to have low bioavailability because of 
poor aqueous solubility and hence several researchers have 
suggested various ways to improve its delivery for effective 
therapeutic benefits [10–13].

In this work, the biocompatible natural polymer 
chitosan was used to load naringin into nanocarriers. Chitosan 
is a natural polycationic polymer that can attach to mucous 
membranes and increase absorption in the gastrointestinal tract 
by loosening the tight connections between epithelial cells. 
In recent years, chitosan has been widely researched due to 
its exceptional ability to serve as a nanocarrier material [14]. 
They are affordable, have a large range of drug compatibility, 
and allow for sustained delivery [15]. As a crosslinking agent, 
sodium tripolyphosphate (TPP) is utilized [16]. When combined 
with chitosan, sodium TPP works wonders as a crosslinking 
agent. By forming stable nanopockets, they prolong the release 
of the medicine and help it travel to its target site of action. 
In order to examine naringin’s bioavailability and possible 
anti-inflammatory effects, the current study employs the 
ionotropic gelation process to create chitosan-TPP cross-linked 
nanoparticles  (NPs). The prepared NPs were characterized for 
drug loading, size distribution, surface morphology and release 
studies. Rats were used in in vivo anti-inflammatory study, and 
HEK 293 cells were used in an in vitro cytotoxicity assay to 
confirm non-toxicity to normal cell lines.

MATERIALS AND METHODS

Materials
Naringin, chitosan (≥75% deacetylated), and dimethyl 

sulfoxide (DMSO) was purchased from Sigma Aldrich. Glacial 
acetic acid and sodium TPP were purchased from HiMedia 
Laboratories, dialysis membrane of MW cut off, 12,400 
was purchased from Sigma Aldrich. All other chemicals 
used for the research study were of laboratory grade. 3-(4, 
5-dimethythiazol2-yl)-2, 5-diphenyl tetrazolium bromide 
(MTT) used for cytotoxicity studies was purchased from Sigma 
Aldrich. All chemicals for cell culture analysis were cell culture 
grade.

Method of preparation of naringin loaded chitosan (NLC) 
nanocarriers

NLC nanocarriers were created via the ionic gelation 
technique. Acetic acid 1% (v/v) was used to prepare chitosan 
solution. The chitosan solution was continuously mixed as 
naringin was added dropwise. Over the course of 2 hours, 
while stirring continuously, the chitosan solution was gradually 
combined with the sodium TPP solution, which was kept at 4°C 
[17,18]. Chitosan was used at different concentrations (0.5–2 
mg/ml). Drug was incorporated into the NLC nanocarriers 
at a concentration of 0.25 mg/ml. Amount of TPP used was 
optimized at 0.5 mg/ml which was fixed for all formulations. 
To find the best formulation, a range of TPP volumes, drug 

Table 1. Impact of chitosan concentration increase on ZP, PDI, and 
particle size.

Formulation Chitosan 
(mg/ml)

Particle 
Size (nm)

PDI ZP 
(mV)

%LC %EE

NLC1 0.5 91.92 0.2 25.6 25 75.25

NLC2 1 130.3 0.25 28.1 16.67 82.41

NLC3 1.5 215.21 0.43 32.2 12.5 65.5

NLC4 2 470.5 0.33 36.6 10 58.8
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beaker was magnetically stirred at 100 rpm while being kept at 
37°C ± 0.5°C. UV spectrophotometry was used to measure the 
absorbance after 5 ml samples were taken out and replaced with 
new buffer solution at predefined intervals [19].

Cytotoxicity study
Cell line and reagent: The National Collection of 

Cell Sciences, Pune is the source of human derived embryonic 
kidney HEK 293 cells. The cells were kept in modified Eagle’s 
medium supplemented with 2 mM glutamine, 10% fetal 
bovine serum that has been heat-inactivated, 1% penicillin-
streptomycin solution, and 5% CO2 at 37°C in a humidified 
atmosphere.

Cytotoxicity assay: The MTT technique was employed 
to assess the vitality of cells in vitro [20]. In 96-well plates, 
8,000 HEK 293 cells were planted each well and allowed to 
attach for a full day. The following day, the used media was 
removed and replaced with new glutamine medium containing 
varying concentrations of NAR (6.25, 12.25, 25, 50, and 100 
μM) for 24 hours. After the target time point was reached, 20 μl 
of MTT dye (5 mg/ml) dissolved in phosphate buffer saline was 
added to each well, and the incubator was left in the dark for 4 
hours at 37°C. After carefully extracting the media containing 
MTT dye, 100 μl of DMSO was given to each well to dissolve 
the formazan crystal. The wells were then left for 10 minutes 
at room temperature in the dark. Each well’s absorbance was 
calculated using a micro-plate reader at 570 nm [21].

Cell viability (%) = Atreatment – Ablank/Acontrol – Ablank × 100%

Anti-inflammatory activity
Male and female Wistar rats weighing between 100 

and 150 g were employed to assess the formulation’s anti-
inflammatory properties. Before the trials began, the rats 
were given a balanced food and unlimited access to water for 
approximately 2 weeks while they adjusted to the laboratory 
environment. Every animal was housed at 24ºC ± 2ºC with a 
relative humidity of 60% ± 5% and exposed to a 12/12 hour 
light/dark cycle by the appropriate institutional review body. 
Animal experiments in the present study and the study protocol 
was reviewed and approved by Institutional Animal Ethical 
Committee (IAEC) of Dr B C Roy College of Pharmacy and 
AHS (Reference No: BCRCP/IAEC/2/2019).

The paw edema model induced by the phlogistic agent, 
carrageenan, was employed to evaluate the anti-inflammatory 
activity of prepared NLC carriers. Rats were divided into five 
groups (n = 6), and were given one of the following treatments: 
Group 1: distilled water + carrageenan; Group 2: blank 
formulation + carrageenan; Group 3: free NAR (50 mg/kg, p.o) 
+ carrageenan; Group 4: NLC (50 mg/kg, p.o) + carrageenan; 
and Group 5: diclofenac (10 mg/kg, p.o.) + carrageenan.

A single hour following the administration of the 
various agents, the right hind paw’s sub-plantar tissue was 
injected with 0.1 ml carrageenan (1% w/v in saline) to induce 
edema. After administering carrageenan, paw volume was 
measured plethysmographically at 0th, 1st, 2nd, 3rd, 4th, and 
6th hours [22,23]. The % of inhibition was calculated using the 
following formula:

% Inhibition = (Increase in paw edemacontrol – Increase 
in paw edematreated)/Increase in paw edemacontrol) × 100

RESULTS AND DISCUSSION

Synthesis of NLC nanocarriers
Naringin loading into chitosan is facilitated by 

electrostatic attraction, hydrogen bonding, and hydrophobic 
interactions. Chitosan, a hydrophilic organic polymer, has a 
positive charge due to protonation in an acidic environment. 
NAR with hydroxyl and glycoside groups, can create hydrogen 
bonds with chitosan’s amino groups, keeping it stable inside the 
matrix. Hydrophobic pockets in chitosan can capture lipophilic 
NAR molecules and load them into the chitosan network. 
Stabilization of NAR within the chitosan matrix may be due 
to weak van der Waals forces, which facilitate non-covalent 
interactions over short distances. Chitosan’s gel-like network in 
aqueous environments allows it to form complexes with various 
drug molecules, including NAR. . Naringin can be encapsulated 
within the chitosan matrix by mixing it with chitosan. When 
chitosan is dissolved in an acidic solution, it swells and turns 
cationic. When NAR is added to the chitosan solution, it 
interacts with the chitosan through hydrogen bonding and 
electrostatic interactions [24–26].

Characterization and optimization of NLC nanocarriers
FTIR spectrum analysis: The FTIR spectra of NAR 

revealed two prominent peaks corresponding to the wavenumber 
of the hydroxyl group at wave number regions 1,664.02 and 
3,330.14 cm−1. The compound’s structure and the outcome of 
the infrared spectroscopy (IR)  spectrum assessment for NAR 
matched, confirming the result. The IR spectra of chitosan 
show several absorption bands corresponding to its functional 
groups. A broad peak around 3,431.78 cm–1 is observed due 
to the stretching vibrations of hydroxyl (O-H) groups, often 
associated with hydrogen bonding. The N-H stretching of 
primary amine groups is also present, overlapping with the O-H 
band. The C-H stretching vibrations of the chitosan polymer 
backbone appear at 2,925.98 and 2,881.09 cm–1. The most 
prominent peaks are the amide I band at 1,642.03 cm–1, which 
corresponds to the stretching of carbonyl bonds from residual 
N-acetyl groups in partially deacetylated chitosan. The C-N 
stretching of amine groups shows characteristic peaks around 
1,381.03 and 1,320.80 cm–1. The FTIR spectra of the chitosan 
nanoparticle verified the presence of the chitosan’s important 
peak. The tip of the peak in chitosan NPs has shifted to 3,427.85 
cm–1, indicating an increase in hydrogen bonding; in TPP. The 
FTIR spectrum of a chitosan nanoparticle loaded with NAR 
revealed a characteristic peak change from 1,664.02 to 1,642.09 
cm–1, indicating that NAR had been incorporated into the 
chitosan nanoparticle without any possible interaction that may 
lead to precipitation of the drug (Fig. 1a). All functional groups 
have been mentioned in Table 2.

The Drug-polymer (chitosan) characterization has 
further been done with the help of X ray diffraction spectra of 
the compound together with the polymer (chitosan). The drug 
diffractogram (Fig. 1b (A)) shows that most of the peaks are sharp 
and crisp indicating that the drug bears mostly crystalline nature 



004 Chaki et al. / Journal of Applied Pharmaceutical Science 2025;X(X):001-010

Online F
irst

in its form. However, the chitosan peaks (Fig. 1b (B)) revealed 
suppressed and interspersed peaks suggesting its amorphous 
nature. Interestingly the formulation diffractogram (Fig. 1b (C)) 
reveals high resemblance with the polymer suggesting that the 
polymer has been in the outer core of the formulation while the 
drug has been entrapped inside the polymeric core. Moreover, 
the height of the peaks of the formulation at specific 2θ values 
are found to be quite different from that of the polymer as well as 
the drug suggesting that there have been change of crystallinity 
or arrangement of atoms in specific planes of the formulation 
(or Drug-Polymer complex). Now this could be a plausible 
inference that the change of crystallinity or atomic arrangement 
(marked by the change of intensity of peaks) might be due to the 
drug-polymer interaction that has incurred to the value addition 
of the complex.

In order to produce NLC nanocarriers with the 
desired size range, the formulation process variables 
were optimized. The zeta potential (ZP), particle size, 
entrapment efficiency, and polydispersity index (PDI) 
were all significantly impacted by each of these process 
variables. Table 1 illustrates how increasing the chitosan 
concentration affects ZP, PDI, and average particle size. 
Particle size average, PDI, and ZP all grew progressively 
with rise in the level of chitosan. The particle size of the 
prepared NPs ranged from 91.92–470.5 nm which suggested 
that the size of the NPs increased as the concentration of 
chitosan increased from 0.5 to 2 mg/ml. The ZP of the NPs 
varied around +30mV which indicated a good stability for 
the prepared NPs. Figure 2 depicts the particle size of one 
of the optimized formulations. Furthermore, increasing the 
chitosan content from 0.5 to 1 mg/ml resulted in a noticeable 
improvement in the nanoparticles’ encapsulation efficiency. 
However, an increase in concentration beyond 1.5 mg/ml 
further showed a decrease in the drug entrapment, possibly 
because of inconsistent interaction of chitosan with TPP. At 

Figure  1. (A) FTIR spectra of Naringin (B) FTIR spectra of Chitosan (C) FTIR 
spectra of NLC formulation. 

Table 2. FTIR analysis grouping.

Peaks (wavenumber in 
cm–1)

Naringin Chitosan Naringin-chitosan 
nanoparticle

1,664.02 cm–1 -C=O stretch of chalcopyrone 
moiety of the flavonoid

3,330.14 cm−1 -OH stretch the flavonoid

3,431.78 cm–1 -OH stretch of the polymer

2,925.98 cm−1 The C-H stretching vibrations of the chitosan 
polymer backbone

2,881.09 cm–1 The C-H stretching vibrations of the chitosan 
polymer backbone

1,642.03 cm–1 the stretching of carbonyl bonds from residual 
N-acetyl groups in partially deacetylated 

chitosan

1,381.03 and 1,320.80 cm–1 The C-N stretching of amine groups

3,427.85 cm–1 -OH peak shift to chitosan 
nanoparticle

1,664.02 to 1,642.09 cm–1 -C=O stretch of chitosan 
nanoparticle
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indicates Fickian diffusion, meaning drug release is controlled 
primarily by a diffusion mechanism without significant 
polymer relaxation or swelling. Since the Higuchi model also 
describes diffusion-driven release, the high linearity observed 
in the Higuchi plot (R² > 0.98) aligns well with the Fickian 
diffusion mechanism. This confirms that the drug release from 
the formulation follows a diffusion-controlled process without 
significant contributions from polymer erosion or swelling (Fig. 
4b).

The linearity of the assay method was calculated by 
estimating the R2 value of the curve. The R2 estimated as 0.993 
(Table 2) suggested a good linearity of the calibration curve. 
The limit of detection (LOD)  was determined as 91.9059 μg/
ml and limit of quantification (LOQ) as 278.5027μg/ml (Table 
3). The accuracy (percentage recovery) varied from 99.96%–
103.79%  (Table 4 and Table 5). 

MTT assay for assessing cytotoxicity
MTT test showed that the NAR did not damage 

the cells. The absorbance values increased at NAR doses 
in certain concentrations of NLC, but were non-significant 
as compared to untreated cells (p > 0.05). Figure 5a and b 
represents cell viability analysis. For viability, HEK 293 
cells were treated with the indicated concentrations (0–100 
μM) of NAR for 24 hours and MTT assay was performed 
to check cell viability. The data are presented as means of 
triplicate samples for each treatment and values given as 
mean ± SEM. Statistical analysis was performed by students 

higher chitosan concentrations, this could be explained by 
the formation of more chitosan chains per volume [27].

The NLC nanocarriers were spherical, well-separated, 
uniformly distributed, and had a rough surface and morphology, 
according to the morphology studies (Fig. 3a). Figure 3b 
exhibits well dispersed nanocarriers of chitosan through TEM 
under a magnification of 200× which corroborates with the 
results obtained by SEM.

In vitro release studies: Drug release studies indicated 
that a controlled release of approximately 65% of the drug 
could be achieved over 6 hours. All of the formulations, 
however, displayed a 15% burst release within the first hour. It 
is possible that the surface of the nanocarriers contained drug 
molecules, which would account for the initial fast release. The 
drug embedded in the matrix was the cause of the consistent and 
slow release of NAR from NPs. Results clearly suggests that 
with an increase in chitosan concentration there is a reduction 
in the rate of drug release from the nanocarriers (Fig. 4a] [28]. 
In order to know the mechanism of drug release from the 
formulations, the release data were treated according to zero-
order, first-order, Higuchi, Hixson-Crowell and Korsmeyer 
Peppas model. None of the formulations followed complete 
zero order release pattern. The release profiles could be best 
expressed by Higuchi’s plot as it exhibited high linearity (R2 > 
0.98). Thus, the mechanism of drug release from nanocarriers 
can be described by diffusion controlled mechanism with a burst 
release. The release exponent n was found to be less than 0.45 
in the Korsmeyer-Peppas model for all formulations, which 

Figure 2. Particle size distribution of prepared NLCs. 
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t-test; Bars = SE; n.s. = non-significant. The cells exhibited 
optimal viability at the highest concentration of NLC (100 
μM) and 0.5% chitosan, it was concluded that the cells were 
healthy safe at these concentrations which are nontoxic to 
the normal cell’s growth and viability. Additionally, we saw 
no morphological alterations in the HEK 293 cells following 
the medication treatment as in comparison with the untreated 
group. Figure 6 represents images of morphological changes 
of untreated control and NLC-treated HEK 293 cells observed 
under an inverted light microscope (20× magnification) and 
no morphological changes are observed [29].

Anti-inflammatory activity
The posterior intraplantar left paw volume in the 

vehicle treated group grew gradually after receiving an injection 
of 0.1 ml of carrageenan (1% w/v), peaking at 0.89 ± 0.03 ml 
after 6 hours. The % inhibition of paw edema for the NAR 
treated group was found to be 9.52%, 13.95%, and 19.10% at 
the 3, 4 and 6 hours mark, respectively. At the 3, 4, and 6 hours 

Figure 4a. Release profile of NLC formulations. 

Figure 4b. Release kinetics of NLC formulations.

Table 3. Table for validation parameters.

Parameter Value

Linearity R2 = 0.993

LOD (3.3 σ/s) 91.9059 μg/ml

LOQ (10 σ/s) 278.5027 μg/ml

σ = Standard deviation of the intercept; s = slope of the regression (fitting) 
curve.

Figure 3b. Surface morphology study using transmission electron microscopy. 

Figure 3a. Morphology study using scanning electron microscopy (SEM). 
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p < 0.05, significant difference compared amongst free naringin 
and naringin loaded nanoparticle group; when comparing the 
naringin-loaded nanoparticle group to the standard control 
group (treated with Diclofenac), ns indicates p > 0.05, non-
significant (by one way ANOVA followed by Dunnett’s test).

The acute anti-inflammatory efficacy of NLC has been 
assessed using pleurisy caused by carrageenan. Carrageenan 
is utilized in the screening process for anti-inflammatory 
compounds because it is a phlogistic agent and creates a severe 
inflammatory response when injected locally into a rat’s paw. 
Carrageenan-induced inflammation occurs in three distinct 

marks, the percentage suppression of paw edema for the NAR 
loaded nanoparticle group was found to be 297.66%, 33.72%, 
and 42.67%, respectively. With p > 0.05, result was found to 
be similar to that of the diclofenac treated group with one way 
ANOVA, accompanied by Dunnett’s test. The % inhibition for 
the diclofenac treated group was found to be 36.90%, 41.86% 
and 46.94% at the 3, 4 and 6 hours mark, respectively. Figure 
7 explains NLC’s anti-inflammatory properties assessed over 
time using pleurisy induced by carrageenan. Every value is 
presented as Average ± SEM (n = 6); * indicates a significant 
difference (p < 0.05) between the free NAR group and the 
conventional control group. Diclofenac treated; # denotes 

Table 4. Estimation of accuracy (recovery).

Taken concentration  (μg/ml)

Abs 1 Abs 2 Abs 3

Recovered 
conc1 

(μg/ml)

Recovered 
conc 2 
(μg/ml)

Recovered 
conc 3 
(μg/ml) Average SD

40 0.6321 0.6785 0.6624 39.10377 43.48113 41.96226 41.51572 2.222581

50 0.7345 0.749 0.7587 48.76415 50.13208 51.04717 49.98113 1.14897

60 0.8667 0.8989 0.8478 61.23585 64.27358 59.45283 61.65409 2.43744

Figure 6. Microscopic images of no morphological changes of HEK cells at 
different naringin concentrations of NLC. 

Figure 7. NLC’s anti-inflammatory properties assessed over time using 
pleurisy induced by carrageenan.

Figure 5. Graphs showing MTT assay for cytotoxicity analysis on HEK cells at 
different naringin concentrations against control. 



008 Chaki et al. / Journal of Applied Pharmaceutical Science 2025;X(X):001-010

Online F
irst

Overall, the study’s results demonstrate the intriguing 
possibilities of chitosan-based nanocarriers as a NAR delivery 
system, providing increased bioactivity and prolonged release. 
These characteristics make them a promising candidate for 
additional research and development in the management of 
pathologic conditions where the therapeutic potential of NAR 
might be beneficial. To confirm these results and investigate 
the complete therapeutic potential of NLC nanocarriers, future 
research can be conducted on in vivo assessments and clinical 
trials.
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