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Abstract
Purpose  COVID-19 pandemic has driven the urgent need for effective antiviral treatments and strategies to combat its 
life-threatening complications. This study aims to develop a combination therapy approach using daclatasvir, as an anti-
viral agent, and xanthone, as a potent anti-inflammatory and antithrombotic compound, delivered via Bilosome-Chitosan 
Nanoparticles (BCNP).
Methods  The impact of varying the bilosome-to-chitosan ratio on the particle size (PS), zeta potential (ZP), and encapsula-
tion efficiency (EE%) was evaluated. An optimized formula was prepared and tested for its antiviral activity and its potential 
for pulmonary protection in acute respiratory distress syndrome (ARDS) on mice model.
Results  The optimized formulation (O1) showed a PS of 222.67 nm, a polydispersity index of 0.368, a ZP of -19.10 mV, 
and EE% of 83.78% for xanthone and 78.98% for daclatasvir. Controlled release profiles were attained, with daclatasvir 
released over 24 h and xanthone sustained for up to 72 h. The optimized formula showed promising deposition lung profile 
when tested using MPPD modelling. O1 demonstrated strong antiviral activity against SARS-CoV-2, with a selectivity index 
(SI = 5.02) and an IC50 of 3.87 µM. Additionally, the formulation exhibited pulmonary protective effects by modulating the 
LncGAS5/ACE2 pathway, with significant improvements in the lungs of the mice model, offering a potential therapeutic 
strategy against ARDS, a severe and often fatal COVID-19 complication.
Conclusion  A successful BCNP formulation combining daclatasvir and xanthone was prepared, providing a promising com-
bination therapy approach for COVID-19 treatment and ARDS prevention.

Keywords  Xanthenone · Daclatasvir dihydrochloride · Optimization · Acute respiratory distress syndrome · SARS-CoV-2
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IC50	� Inhibitory Concentration 50
LncGAS5	� Long Non-Coding RNA GAS5
LPS	� Lipopolysaccharide
MMAD	� Mass Median Aerodynamic Diameter
MPPD	� Multiple Path Particle Dosimetry
PBS	 �Phosphate Buffered Saline
PCR	� Polymerase Chain Reaction
PS	� Particle Size
PDI	� Polydispersity Index
RT	� Room Temperature
SARS-CoV-2	� Severe Acute Respiratory Syndrome Coro-

navirus 2
SI	� Selectivity Index
SP-1	� Pulmonary Surfactant Protein-1
TNF-α	 �Tumor Necrosis Factor Alpha
ZP	� Zeta Potential

Introduction

SARS-CoV-2, (Severe Acute Respiratory Syndrome Coro-
naVirus 2) the virus responsible for COVID-19, is a member 
of the beta coronavirus family within the Sarbecovirus sub-
genus, which is a new coronavirus related to both SARS-
CoV-2 and Middle East Respiratory Syndrome CoronaVirus 
(MERS-CoV). This virus has prompted the World Health 
Organization to announce it as pandemic in 2020, due to 
its worldwide transmission. It has been reported to cause 
severe anemia and high fatality rate [1]. It causes acute 
respiratory distress syndrome (ARDS), and multiple organ 
failure, leading to severe acute respiratory failure with 
high mortality rates [2]. ARDS, the major complication of 
respiratory tract infection is an inflammatory process in the 
lungs that results in non-hydrostatic protein-rich pulmonary 
oedema. ARDS leads to immediate effects such as severe 
hypoxaemia, reduced lung compliance, and increased intra-
pulmonary shunt and dead space. The clinicopathological 
features include severe inflammatory damage to the alveo-
lar-capillary barrier, surfactant depletion, and loss of aerated 
lung tissue [3]. Management of COVID-19 infection and its 
ARDS complication could be derived from the treatments 
that have been used during the SARS-CoV or MERS-CoV 
pandemics or from in-vitro observations [4].

Xanthones are a class of naturally occurring polypheno-
lic compounds predominantly found in the fruit of Garcinia 
mangostana L. (family: Clusiaceae), commonly known 
as mangosteen, and have been reported to exhibit diverse 
biological activities. Among these, 9-xanthenone has dem-
onstrated significant anti-inflammatory properties, notably 
through the inhibition of cyclooxygenase (COX) enzymes, 
which are key mediators in the inflammatory cascade. 
This compound has recently been synthesized chemically, 

suggesting potential therapeutic applications in maintain-
ing pulmonary health [5] In addition, xanthones appear to 
provide antioxidant, antithrombotic, and antiviral benefits 
[6]. Besides that, xanthones have also been highly proven to 
exhibit immunomodulatory activities [7]. Xanthones have 
demonstrated the ability to block SARS-CoV-2 entry into 
host cells by inhibiting ACE2 and Mpro, in addition to that 
as activators of the ACE2/Angiotensin 1–7 axis, xanthones 
also offer neuroprotective effects against cerebral ischemia/
reperfusion injury through antioxidant, anti-inflammatory, 
and anti-apoptotic mechanisms [8]. Additionally, they have 
shown protective effects against myocardial damage in 
isoprenaline-induced rat models [9] and have been reported 
to alleviate vascular and pulmonary hypertension, alveolar 
remodeling, and related conditions [10].

Whereas daclatasvir is an antiviral drug that targets 
hepatitis C virus (HCV) replication. It works by binding to 
the front end (N-terminus) of HCV non-structural protein 
5 A, or NS5A, which inhibits two key steps in the HCV 
life cycle; copying its RNA genetic material and assem-
bling new virus particles. NS5A is a protein that has several 
roles, including assisting viral RNA replication, supporting 
steps related to HCV infection of cells, and blocking inter-
feron pathways used by the immune system. SARS-CoV-2 
has a large genome and encodes 16 non-structural proteins 
numbered nsp1 to nsp16. These SARS-CoV-2 nsps carry 
out similar functions to NS5A in HCV, such as viral rep-
lication and evasion of host immunity. Accordingly, NS5A 
with daclatasvir blocks HCV and SARS-CoV-2 replication, 
which could block SARS-CoV-2 replication as well, lead-
ing to the management of the viral replication [11]. The 
use of daclatasvir for SARS-CoV-2 management had been 
reported in human respiratory cell lines by targeting viral 
RdRp and ExoN activities, showing promising results [12].

A good control of COVID-19 could be accomplished 
through combining daclatasvir (as an antiviral) with xan-
thone (as an anti-inflammatory and antioxidants) [13], 
which exhibits many beneficial applications in COVID-19 
management. However, xanthone suffers poor bioavail-
ability owing to its poor solubility, which could hinder its 
potential use [14]. Furthermore, combining both therapeutic 
agents into a single dosage form is crucial, provided that 
their full activity is maintained and no interaction occurs 
between them.

Bilosome-chitosan nanoparticles (BCNP) is a drug deliv-
ery system that may enclose more than one drug together for 
certain applications, and overcome the poor bioavailability 
of some drugs, with controlled release. Bilosomes are tiny 
spherical structures consisting of one or more lipid bilayers 
with bile salts that form spontaneously when phospholipids 
are hydrated in aqueous solutions [15], which allow lipo-
philic drugs to be dispersed in aqueous media, making it 
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suitable for nebulization [16]. Whereas chitosan nanopar-
ticles have garnered much attention lately as polymer-based 
drug delivery vehicles that can improve biodistribution, 
specificity, efficacy, and safety profiles as compared to free 
drugs, which enable non-invasive administration routes 
such as nasal, oral, ocular, and inhalation without causing 
any harms being biocompatible and biodegradable. Overall, 
the multifunctional capabilities of chitosan nanoparticles 
highlight their potential use for application as customized 
release systems for a variety of pharmacological agents, 
with the advantages of targeted therapy and reduced tox-
icity. The improved absorption and protection afforded by 
encapsulation into chitosan nanoparticles greatly expands 
possible therapeutic applications [17]. Furthermore, chi-
tosan has been widely used as anti-inflammatory, antimi-
crobial and antioxidant effects [18], which could have a 
direct impact in the prophylaxis against ARDS. Moreover, 
chitosan-based systems are mucoadhesive, allowing the 
formulation to adhere to pulmonary mucosa and extend 
drug retention [19]. In addition to that, encapsulation into 
nanoparticles can protect the drugs from oxidative or enzy-
matic degradation in the lung environment [20].

Extensive research has established chitosan nanoparticles 
as superior carriers for pulmonary drug delivery. Zacaron 
et al., 2023 comprehensively reviewed chitosan nanopar-
ticles for pulmonary delivery, highlighting their intrinsic 
biological properties including anti-inflammatory, antimi-
crobial, and mucoadhesive capacities. However, they noted 
challenges with particle aggregation and exhalation, which 
the current bilosome-chitosan approach aims to address 
[21]. While individual studies have explored xanthone and 
daclatasvir separately, no previous research has investigated 
their co-delivery in a single formulation for COVID-19 and 
ARDS management.

The co-encapsulation of xanthone and daclatasvir within 
a bilosome–chitosan nanoparticle system presents a prom-
ising combinational therapeutic strategy against COVID-
19 and its severe complication, ARDS. The combination 
of these agents in a single nanocarrier enables synergistic 
pharmacological effects by simultaneously targeting viral 
replication and the downstream inflammatory cascade.

The current bilosome-chitosan complex represents a 
novel approach for simultaneous delivery of hydrophobic 
and hydrophilic drugs. Furthermore, while separate mech-
anistic studies exist for xanthone (anti-inflammatory) and 
daclatasvir (antiviral), the current study provides the first 
comprehensive evaluation of their combined effects through 
the LncGAS5/ACE2 pathway.

Previous pulmonary delivery systems faced limitations 
with either rapid clearance (liposomes) or limited drug 
loading (chitosan alone). The bilosome-chitosan complex 
addresses both challenges simultaneously.

This study aims to develop a novel combination nanother-
apy combining daclatasvir and xanthone within bilosome–
chitosan nanoparticles to effectively combat SARS-CoV-2 
infection and prevent severe complications like ARDS, in an 
attempt to achieve synergistic therapeutic effects by simul-
taneously targeting viral replication and the inflammatory/
thrombotic complications of COVID-19, thereby enhancing 
treatment efficacy and reducing disease severity through a 
single, co-delivered nanocarrier system.

Experimental

Materials

Xanthone (Xanthen-9-one) (C13H8O2, CAS No.: 90-47-1, 
Molecular Weight: 196.20), Cholesterol, 95%, Soduim tri-
polyphosphate and Chitosan (Medium molecular weight) 
were purchased from Sigma-Aldrich (MO, USA). Dacla-
tasvir dihydrochloride was supplied as a gift from Marcyrl 
Pharmaceutical Industries (Cairo, Egypt). Glacial acidic 
acid was purchased from Piochem (Giza, Egypt), Methy-
lene Chloride was purchased from Diachem Chemicals 
(Sant’Alessandro, Italy) and Soduim Deoxycholate 90% 
was procured from Loba Chimie Pvt. Ltd (Mumbai, India). 
Trehalose dehydrate, methanol and ethanol HPLC grade 
were purchased from Advent Chemie Pvt. Ltd. (Mumbai, 
India). Soybean phosphotidyl choline (Lecithin, 90%) was 
purchased from Alfa Aesar through Thermo Fisher Scien-
tific (Ward Hill, MA, USA). Endotoxin lipopolysaccharide 
(LPS) from gram-negative bacteria E. coli were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of Nanoparticles

Preparation of Chitosan Nanoparticles

Chitosan nanoparticles (CS-NPs) were prepared via ionic 
gelation technique. A 1% (w/v) chitosan solution was first 
prepared in 1% (v/v) acetic acid, into which 60 mg of dacla-
tasvir dihydrochloride was dissolved directly. For both the 
drug-loaded and blank formulations, chitosan solution (with 
or without daclatasvir dihydrochloride, respectively) was 
added dropwise into an aqueous tripolyphosphate solution 
(1 mg/mL) under magnetic stirring at 500 rpm (MMS-
3000, Biosan LTD, UK) at room temperature. Stirring was 
maintained for 2 h to facilitate nanoparticle formation. The 
resulting CS-NPs were then collected by centrifugation at 
16,000 ×g (Megafuge 16R, Hanau, Germany) for 30 min, 
and the nanoparticles were resuspended in deionized water 
for further characterization and subsequent incorporation 
into BCNP, as described by Diebold Y, et al., 2006 [22].
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A pilot study was conducted in which chitosan nanopar-
ticles and bilosomes were first prepared separately and 
characterized. Upon attempting to combine them into a 
complex, it was observed that bilosome: chitosan ratios 
below 1:1 and above 3:1 were unsuccessful in producing 
stable nanoparticle complexes. These unsuccessful formula-
tions failed to achieve acceptable particle size (PS), polydis-
persity index (PDI), zeta potential (ZP), and encapsulation 
efficiency (EE%) for either xanthone or daclatasvir. Only 
ratios within the range of 1:1 to 3:1 allowed for favorable 
physicochemical properties and proper co-encapsulation of 
both drugs (Supplementary S-1), thus these were the levels 
used in the experimental design.

Experimental Design

A one-factor experimental design was employed to evalu-
ate the effect of varying bilosomes: chitosan nanoparticles 
ratio (w/w) (X1) across 5 levels, on several response out-
comes. The selected ratios were designed to span a prac-
tical range from lipid-rich to polymer-rich nanoparticles 
systems, enabling systematic evaluation of how chitosan 
content influences particle size, surface charge, and encap-
sulation efficiency of the co-loaded drugs. Previous studies 
on liposome–chitosan complexes have frequently employed 
a 2:1 ratio for optimization [24, 25]; therefore, we extended 
this range both above (up to 3:1) and below (down to 1:1) 
in order to investigate the effect of varying complexation 
levels within limits that support stable nanoparticle forma-
tion and optimal drug delivery performance. The measured 
responses resulting from varying X1 across the 5 levels 
were: particle size (PS) (Y1); zeta potential (ZP) (Y2); 
entrapment efficiency percentage of xanthone (EE% of X) 
(Y3); and entrapment efficiency percentage of daclatasvir 
dihydrochloride (EE% of D) (Y4), are presented in Table 1.

Preparation of Bilosomes

Bilosomes were prepared using the thin-film hydration 
method. A total of 150 mg of a lipid mixture, comprising 
phosphatidylcholine and cholesterol in a 3:1 molar ratio, 
was dissolved in methylene chloride, with or without 20 
mg of xanthone to form the drug-loaded or the blank for-
mulation, respectively. The organic solvent was then com-
pletely evaporated using a rotary evaporator (Heidolph 2, 
Schwabach, Germany) for 30 min, forming a thin lipid film 
on the inner wall of the flask. This film was subsequently 
rehydrated with an aqueous sodium deoxycholate solu-
tion (15% w/v), prompting the self-assembly of bilosomal 
vesicles and encapsulation of xanthone. The resulting dis-
persion was sonicated for 5 min to ensure uniform vesicle 
formation, followed by overnight refrigeration to promote 
vesicle maturation, as described by Sweed NM, et al., 
2024 [23].

Preparation of bilosome-chitosan Nanoparticles

BCNP were prepared by mixing bilosome and CS-NPs dis-
persions together at different ratios (as presented in Table 
1), followed by freeze-drying. To stabilize the BCNP dur-
ing lyophilization, 5.0% trehalose was added as a cryopro-
tectant prior to freezing and drying. This method allowed 
integration of chitosan nanoparticles into the lipid bilayers 
of the bilosomes, and coating of bilosomes to the CS-NPs, 
yielding dried BCNP, which could be rehydrated for fur-
ther use. The inclusion of trehalose effectively protected 
the complex morphology during freeze-drying, ensuring 
the reconstitution capability of the dried product [22]. The 
lyophilized nanoparticles formulation was reconstituted in 
distilled water prior to use for characterization and biologi-
cal evaluation.

Formula code Bilosomes: 
chitosan 
nanopar-
ticles (X1)

Particle Size 
(nm) (Y1)

Zeta Poten-
tial (mV)
(Y2)

Entrapment 
Efficiency of 
Xanthone (%)
(Y3)

Entrapment 
Efficiency of 
Daclatasvir (%)
(Y4)

F1 2:1 200.0 ± 10.5 -16.1 ± 1.1 78.7 ± 3.8 76.1 ± 3.8
F2 1:1 255.7 ± 15.7 -16.9 ± 1.9 90.0 ± 2.8 66.8 ± 1.5
F3 3:1 229.5 ± 8.8 -13.1 ± 0.4 79.1 ± 3.6 80.4 ± 2.7
F4 2.5:1 279.9 ±16.9 -19.0 ± 2.6 88.2 ± 2.9 71.3 ± 3.2
F5 1.5:1 246.1 ±13.6 -9.6 ± 1.6 88.1 ± 2.8 70.3 ± 4.2
Responses Constraints
Particle Size (nm) (Y1) 50-500 nm
Zeta Potential (mV) (Y2) Maximize
Entrapment Efficiency of 
Xanthone % of X (Y3)

Maximize

Entrapment Efficiency of 
Daclatasvir (Y4)

Maximize

Table 1  Formulation code and 
composition, and their measured 
responses, with the responses’ 
constraints

Results are presented as 
mean ± SD
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DL% =
(

1 − weight of drug in the vesicular complex

vesicular complex weight

)
∗ 100� (2)

Analysis of the Drugs in the Samples

Stock solutions of xanthone and daclatasvir dihydrochloride 
(1000 µg/mL) were prepared by separately dissolving 10 
mg of each drug in a 10 mL volumetric flask using distilled 
water as a solvent. Stock solution aliquots were further 
diluted with the same solvent before being scanned between 
200 and 400 nm wavelength (Shimadzu - UV 1800 double 
beam UV-Visible spectrophotometer (Japan)) equipped 
with matched 1 cm quartz cells at 200–800 nm range, which 
were used for all absorbance measurements. Spectra were 
automatically obtained by Shimadzu UV-Probe 2.32 system 
software. Both drugs followed Beer’s rule within the con-
centration range of 2–20 µg/mL.

To enable simultaneous determination, the absorption 
spectra of xanthone were divided by the spectrum of 6 µg/
mL daclatasvir dihydrochloride, and vice versa, then the 
ratio spectra were differentiated to wavelength. The first 
derivative values (Δλ = 8.00, scale = 10) were plotted against 
the corresponding concentration, and the regression equa-
tion was calculated at 281 nm for xanthone and 300 nm for 
daclatasvir dihydrochloride.

Transmission Electron Microscopy

For morphological evaluation of the optimized formulated 
nanoparticles, transmission electron microscopy (JEM-
1400 JEOL, Tokyo, Japan) was used. Lyophilized samples 
after hydration were pipetted onto copper grids, where a 
thin film was formed. The samples were stained with 10 
µL droplet of 2% phosphotungestic acid solution and were 
allowed to dry for 10 s. After the staining step, any excess 
stain was rinsed off by briefly applying a 10 µL water drop-
let for 10 s [29].

in-vitro Drug Release

in-vitro release rate of xanthone and daclatasvir dihydro-
chloride were evaluated using dialysis bag method. Briefly, 
five preparations were tested; standard xanthone (0.8 mg 
pure xanthone in water), bilosomal dispersion of xanthone 
equivalent to 0.8 mg xanthone, standard daclatasvir dihydro-
chloride (5 mg pure daclatasvir dihydrochloride in water), 
CS-NPs dispersion of daclatasvir dihydrochloride equiva-
lent to 5 mg daclatasvir dihydrochloride, and BCNP dis-
persion (containing 0.8 mg xanthone and 5 mg Daclatasvir 
dihydrochloride) were placed in the dialysis bag (Spectrum 
Medical Inc., Los Angeles, CA, USA, molecular weight cut 

Formulation Optimization

Formulation optimization was carried out to determine the 
optimal conditions for producing the desired nanoparticle 
formulation while meeting predefined constraints. Spe-
cifically, the target particle size was set between 50 and 
500 nm, as studies have shown that nanoparticles smaller 
than 50 nm are often exhaled before deposition, while 
those larger than 500 nm tend to accumulate in the upper 
respiratory tract [21]. Additionally, the goal was to maxi-
mize zeta potential to enhance formulation stability, and to 
achieve the highest possible encapsulation efficiency for 
both drugs. Optimization was conducted using the Design-
Expert 13.0.5.0 software (Stat-Ease Inc. in the USA), adopt-
ing numerical optimization based on desirability approach. 
The optimized formulation suggested by the software (O1) 
was subsequently prepared and evaluated by measuring 
the same response variables mentioned before. The actual 
experimental results obtained were compared to the pre-
dicted results to calculate the % bias [26].

Characterization of BCNP

Measurement of Particle size, Polydispersity Index and Zeta 
Potential

The PS, polysidpersity index and the ZP of the vesicular 
nanoparticles were measured by dynamic light scattering 
method (DLS), using a zetasizer at 25 °C (Malven Zetasizer 
version 6.20 serial number: MAL 104 4595, Worcestershire, 
UK), after rehydrating the lyophilized powder with distilled 
water. Each sample was analyzed in triplicate using at least 
three independent preparations [27].

Measurement of Entrapment efficiency% and Drug 
loading%

The entrapment efficiency (EE%) and drug loading (DL%) 
of BCNP were measured following the centrifugation of the 
nanoparticle dispersion at 15,300 Xg, using a cooling centri-
fuge (Megafuge 16R, Hanau, Germany) to separate the free 
unentrapped drugs in the supernatant from the drug-loaded 
nanoparticles. The precipitate was washed twice with dis-
tilled water to remove the unentrapped drug, and the amount 
of free drug in the supernatant was measured spectrophoto-
metrically using the first derivative method. The EE% of the 
drugs and the drug loading% were calculated according to 
Eqs. 1 and 2, respectively [28].  

EE% =
(

1 − amount of drug in the supernatant

amount of added drug

)
∗ 100� (1)
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The Geometric Standard Deviation (GSD) was calcu-
lated from the polydispersity index using the approximation 
Eq. 5 [34].

GSD = exp
√

ln (PDI + 1)� (5)

Given that the GSD was found to be 1.75, the particle size 
distribution was assumed to be lognormal, allowing calcula-
tion of the mass median aerodynamic diameter (MMAD). 
First, 

dmm = dv.exp (3ln2.GSD)� (6)

Then, MMAD was calculated using Eq. 7 [35].

MMAD = dmm

√
ρ P

ρ ∗ X
� (7)

Multiple Path Particle Dosimetry (MPPD) Modeling of Lung 
Deposition

The deposition pattern of the nanoparticles was simulated 
using MPPD v3.04, with the following input conditions: 
Exposure type: Constant, MMAD: 0.555 μm, GSD: 1.75, 
Density: 1.22 g/cm³, Particle shape: Spherical, Breathing 
parameters: Human adult (nasal breathing), tidal volume: 
625 mL, breathing frequency: 12 breaths/min, duty cycle: 
0.5, Exposure duration: 1 h, Posture: Sitting. This simula-
tion model was employed to estimate the regional deposi-
tion of nanoparticles within different compartments of the 
human respiratory tract, including the extrathoracic, tra-
cheobronchial, and alveolar regions [36].

Stability Testing of the Optimized Formula

For stability testing, the lyophilized optimized formula (O1) 
was stored at 5 °C ± 3 °C and 25 °C ± 2 °C/60% RH ± 5% 
for 6 months, and tested for any change in the particle size, 
polydispersity index, zeta potential and the EE% of both 
drugs at 1, 3 and 6 months time intervals, after hydration of 
the sample [37].

Antiviral Activity

MTT Cytotoxicity Assay

Stock solutions of the optimized formula (O1) were prepared 
in 10% dimethyl sulfoxide (DMSO) (v/v) in double-distilled 
water. Two-fold serial dilution with Dulbecco’s Modi-
fied Eagle Medium (DMEM) was done to obtain working 

off 12,000–14,000 Da). The bags were then immersed in 50 
mL phosphate buffer saline (PBS) at pH 7.4, in a thermo-
statically controlled mechanical shaker at 37 ± 0.50 °C at 
50 rpm for 72 h. Different samples were withdrawn at time 
intervals 0, 0.166, 0.333, 0.5, 1, 2, 3, 4, 5, 6, 8, 24, 48 and 72 
h, and replaced with fresh PBS to maintain sink conditions 
[29]. The goal was to compare the release profiles of both 
xanthone and daclatasvir dihydrochloride from the differ-
ent carrier systems, either the single-component bilosomes 
or chitosan nanoparticles with the BCNP formulations. This 
allowed assessment of the impact of the bilosomes-chitosan 
nanoparticle formulation on controlling the release profiles 
of these two drugs [30].

Investigation of drug–excipient Interactions 
and Confirmation of Nanoparticle Formation Via 
Infrared Spectroscopy (FTIR)

Infrared spectroscopy was employed to evaluate possible 
interactions among the drugs, excipients, and the prepared 
nanoparticle formulations. To further confirm the asso-
ciation between bilosomes and chitosan nanoparticles, a 
Shimadzu IR spectrophotometer (Japan) was used with 
potassium bromide (KBr) pellets under ambient condi-
tions (25 °C), operating in transmission mode. The analysis 
focused on detecting characteristic absorption bands within 
the spectral range of 4000 to 500 cm⁻¹ [27].

Aerodynamic Properties Evaluation and Lung 
Deposition Modeling

Estimation of the Aerodynamic Diameter and the 
Geometric Standard Deviation

Due to the lack of direct in-vitro cascade impaction data, 
the Aerodynamic Diameter (AD) was estimated using Eq. 
3 [31, 32].

AD = dv

√
ρ P

ρ ∗ X
� (3)

Where dv​ is the geometric diameter (nm), ​ ρ is the unit den-
sity = 1 g/cm³, and X is the shape factor (spherical particles: 
X = 1), and ​ρp is the particle density (g/cm³) which was be 
calculated from Eq. 4 [33].

ρ p =
∑

iWi.ρ i∑
iWi

� (4)

Where Wi is the weight (or mass) fraction of component i, 
and Wi is true density of component i.
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0.1% (w/v) crystal violet in distilled water for 15 min at 
room temperature. The optical density of the dye was mea-
sured at 570 nm using an Anthos Zenyth 200rt plate reader 
(Anthos Labtec Instruments, Heerhugowaard, Netherlands). 
The crystal violet stain was dissolved by adding 100 µL of 
100% methanol per well. The IC50 value was defined as the 
concentration of the compound required to reduce the virus-
induced cytopathic effect (CPE) by 50% compared to the 
virus control [40].

In-vivo Pharmacodynamics Study

Experimental Animals

Thirty male C57BL/6 mice (aged 8 weeks, 15–20 g) were 
obtained from the Egyptian Company for Production of Vac-
cines, Sera and Drugs (EGYVAC; Cairo, Egypt). Mice were 
kept in plastic cages under constant conditions of tempera-
ture 25 ± 3 ◦C and humidity 50% and allowed free access 
to water and standard pellet chow at the animal house of 
October University for Modern Sciences and Arts (MSA). 
The study was approved by the ethics committee of MSA 
University (Approval number PT3/Ec3/2022PD).

Experimental Design

Sample size determination was performed using GPower 
software, based on expected differences in serum surfactant 
protein levels, with the statistical power set at 80%. Thirty 
mice were randomly assigned to five experimental groups 
(n = 6 per group) using random numbers generated via the 
standard = RAND() function in Microsoft Excel. The exper-
imental groups included:

Group I  Normal control mice.

Groups II (LPS)  Mice induced with acute respiratory distress 
syndrome (ARDS), after being injected with LPS 15 mg/
kg [41].

Group III (B + LPS)  Mice received the blank formulation for 
7 days and the mice were induced with ARDS by injecting 
them with LPS on the last day of the experiment.

LPS, a constituent of the outer membrane of Gram-nega-
tive bacteria, was employed to induce acute respiratory dis-
tress syndrome (ARDS) due to its well-characterized ability 
to elicit a pronounced systemic inflammatory response. 
This model reliably reproduces key pathological features 
of ARDS, including cytokine storm and acute lung injury, 
thereby serving as a robust platform for evaluating the anti-
inflammatory and pulmonary protective efficacy of the test 
formulation [42].

concentrations equivalent to (1–2000 µM) of daclatasvir 
dihydrochlride, for determining the half-maximal cytotoxic 
concentration (CC50). The cytotoxicity of the O1 formula 
was assessed in VERO-E6 cells using a slightly modi-
fied 3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium 
bromide (MTT) assay. Briefly, 100 µL of cell suspension, 
adjusted to a density of 3 × 10⁵ cells/mL, were seeded into 
96-well plates and incubated for 24 h at 37 °C with 5% CO₂. 
Following this incubation, cells were exposed to serial dilu-
tions of the O1 formula in triplicate. After 24 h of treatment, 
the supernatant was removed, and the cell monolayers were 
washed three times with sterile 1X phosphate-buffered saline 
(PBS) to eliminate residual components. Subsequently, 20 
µL of MTT solution (5 mg/mL stock) was added to each 
well, and the plates were incubated at 37 °C for 4 h. Follow-
ing incubation, the medium was aspirated, and the resulting 
formazan crystals were dissolved using 200 µl of acidified 
isopropanol (0.04 M HCl in absolute isopropanol) per well.

The absorbance of the formazan solutions was measured 
at 540 nm, with 620 nm as a reference wavelength, using a 
multi-well plate reader [38]. The percentage of cell viability 
of the optimized formula (O1) treated cells was calculated 
relative to untreated control cells using Eq. 8.

% cytotoxicity =
absorbance of cells without treatment − absorbance of cells with treatment

absorbance of cells without treatment

× 100

� (8)

50% cytotoxicity CC50 and IC50 values were determined 
using nonlinear regression analysis. Sample concentra-
tions were log-transformed and fitted to a four-parameter 
logistic (4PL) nonlinear regression model in GraphPad 
Prism software (version 9.5.1). Responses were normal-
ized against untreated control wells to define 100% viabil-
ity or infection. Both IC50 and Inhibitory concentration 50 
(CC50) were interpolated from the fitted sigmoidal dose–
response curves [39].

Inhibitory Concentration 50 (IC50) Determination

In 96-well tissue culture plates, Vero-E6 cells (2.4 × 10⁴ 
cells per well) were seeded and incubated overnight in a 
humidified incubator at 37 °C with 5% CO₂. The resulting 
cell monolayers were washed once with 1X PBS and subse-
quently exposed to virus adsorption (hCoV-19/Egypt/NRC-
03/2020; GSAID Accession Number: EPI_ISL_430820) for 
1 hat room temperature (RT) [40]. The cell monolayers were 
subsequently overlaid with 100 µL of serum-free DMEM 
containing different concentrations of the optimized for-
mula (O1). After incubating the cells for 72 h at 37 °C in a 
5% CO₂ incubator, they were fixed with 100 µL of 4% para-
formaldehyde for 20 min. The cells were then stained with 
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Immunohistochemical Assessment of TNF-α

For immunohistochemical staining, deparaffinized tissue 
sections underwent antigen retrieval and were treated with 
0.3% H₂O₂ for 20 min. The samples were then washed and 
incubated with an anti-TNF-α polyclonal antibody (Abcam, 
dilution 1:100). Following this, they were washed again and 
treated with a secondary antibody using the HRP Envision 
kit (DAKO) for 20 min. After washing with PBS, the sec-
tions were incubated with diaminobenzidine (DAB) for 10 
min and prepared for examination under a light microscope. 
Five representative non-overlapping fields were randomly 
selected and analyzed per tissue sample to determine the 
percentage area of TNF-α immunohistochemical expression 
based on the density and distribution of brown staining.

Histological Examination of Lung Tissue

Lung tissues from groups I to V were fixed in 10% neu-
tral buffered formalin solution for 72 h. Samples were then 
washed in Xylene, trimmed and processed in serial grades 
of alcohols, infiltrated, and implanted into Paraplast tis-
sue embedding media. Tissue sections approximately 5 n 
thick were cut using a rotatory microtome and stained with 
H&E for histological examination under a light microscope 
(Leica Microsystems GmbH, Wetzlar, Germany) [48].

Statistical Analysis

Data analysis and optimization were conducted using 
Design-Expert® 13.0.5.0 software (Stat-Ease Inc., USA), 
following analysis of variance (ANOVA). Antiviral 
and pharmacodynamic study results were expressed as 
mean ± standard error of the mean (SEM). Group mean 
comparisons were performed using one-way ANOVA fol-
lowed by Tukey-Kramer’s multiple comparisons test. The 
Kruskal–Wallis test was used to analyze histopathological 
scores, followed by Dunn’s multiple comparisons test. A 
p < 0.05 was considered statistically significant. All statisti-
cal analyses were performed using GraphPad Prism (ver-
sion 9.5.1) (GraphPad Software Inc., USA).

Results and Discussion

Preparation of bilosome-chitosan Nanoparticles

Lipid-based formulation made from bilosomes ionically 
cross-linked with chitosan nanoparticles were developed in 
the current study. The goal was to attach the bilosomes to 
the surfaces of the chitosan nanoparticles, resulting in the 

Group IV (XD + LPS)  Mice were treated daily with standard 
xanthone (xanthone in water) (2 mg/kg) and standard dacla-
tasvir (daclatasvir in water) (6 mg/kg) via nebulizer for 7 
days and injected with LPS at day 7. The dose of xanthone 
was determined based on a previous study [39, 43–47].

Group V (XDF + LPS)  Mice were treated daily with the for-
mulation of xanthone and daclatasvir via nebulizer for 7 
days and injected with LPS at day 7.

At the end of the treatment period, mice were euthanized 
under ether anesthesia 6 h after receiving an LPS injection. 
The lungs were promptly removed and rinsed with ice-cold 
saline. The right lungs were stored at −80 °C for biochemi-
cal analysis, while the left lungs were fixed in a 10% forma-
lin solution for histopathological examination. To minimize 
bias, sample collection from each mouse was performed 
by one investigator, while all subsequent biochemical and 
molecular analyses were conducted by a second investigator 
who was blinded to the group assignments.

Biochemical Investigations

PromoCell’s ACE2 activity assay kit was employed to 
evaluate ACE2 activity in lung tissue, following the manu-
facturer’s protocol (PromoCell, Heidelberg, Germany) and 
using a fluorescence microplate reader (Thermo Fisher Sci-
entific Oy, FI-01621 Vantaa, Finland). Pulmonary surfactant 
protein-1 (SP-1) levels were determined using the ELISA 
technique with a standard kit (Cloud-Clone Corp., TX, 
USA). Additionally, standard ELISA kits were utilized to 
measure pulmonary levels of angiotensin 1–7 and angioten-
sin II (Abbexa Ltd, Cambridge, UK, and LifeSpan Biosci-
ences, Inc.) as well as nuclear factor-κB (NF-κB) and tumor 
necrosis factor-α (TNF-α). Absorbance was recorded (OD 
range: 490–630) with an ELISA plate reader (Stat Fax 2200, 
Awareness Technologies, Miami, FL, USA).

Total RNA was extracted from lung tissue samples using 
Trizol (Invitrogen) in accordance with the manufacturer’s 
guidelines and subsequently reverse-transcribed into cDNA 
using Reverse Transcriptase M-MLV (Promega, Madison, 
WI, USA). A 96-well StepOne instrument (Applied Bio-
systems, USA) was used for analysis, with data expressed 
as Cycle threshold (Ct) values for both the target gene 
and housekeeping gene. The primer sequences used in the 
experiment were as follows:

Gene Forward primer Reverse primer
 GAS5 ​C​A​C​G​T​G​T​T​C​C​A​T​C​C​T​G​G​T​C​

AX67268.1
​G​T​C​A​A​G​G​A​A​G​
C​C​C​A​C​C​A​T​C​A

β-actin ​C​G​T​T​G​A​C​A​T​C​C​G​T​A​A​A​G​A​
CNM_007393.5

​T​G​G​A​A​G​G​T​G​G​
A​C​A​G​T​G​A​G
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It is worth mentioning that the incorporation of bile salt 
as sodium deoxy cholate with liposomes could stabilize the 
liposomal membrane and fluidize lipid bilayers and disrupt 
tight junctions in epithelial tissues [57, 59]. Its incorporation 
into liposomes improves drug permeability across respira-
tory mucosa, making it easier for the encapsulated drugs to 
penetrate deep lung tissue. Furthermore, it induces a stron-
ger negative charge on the liposomal bilayer [60], hence 
improves its interaction with the chitosan nanoparticles for 
better ionic cross-linking with chitosan nanoparticles. Addi-
tionally, the bile salt also aids in preventing mucus entrap-
ment by improving mucus penetration, which is particularly 
beneficial in conditions like ARDS [61].

The combination therapy using bilosome-chitosan 
nanoparticles represents a significant advancement over 
conventional COVID-19 and ARDS therapies by address-
ing two critical limitations of current approaches: the 
inefficient lung-specific drug delivery in addition to the 
uncontrolled inflammation. While existing treatments like 
remdesivir (systemic) or dexamethasone (broad immu-
nosuppression) suffer from off-target effects and variable 
lung bioavailability [62], the optimized nanoparticle sys-
tem with charge-mediated mucoadhesion is proposed to 
enable precise alveolar deposition [63]. The system’s abil-
ity to co-deliver xanthone (anti-inflammatory/antiviral) and 
daclatasvir (antiviral) synergistically could target both viral 
replication (via NS5A inhibition) and cytokine storm (via 
NF-κB suppression). This approach aligns with emerging 
trends in inhaled nanomedicine for ARDS [64], offering a 
scalable alternative to monoclonal antibodies or repurposed 
antivirals with narrow therapeutic windows [65].

FT-IR Analysis

As can be observed from Fig. 1a, which presents the IR 
spectrum of daclatasvir dihydrochloride, characteris-
tic bands are observed at 3383.1 and 3149.76 cm⁻¹, cor-
responding to N–H stretching vibrations, supporting the 
presence of the N–H functional groups. A strong absorption 
band at 1726.29 cm⁻¹ indicates the presence of a carbonyl 
group, likely situated between amide and ester moieties. 
Additionally, the band at 1645.29 cm⁻¹ may be attributed 
to another carbonyl stretch associated with amide groups. 
the presence of a carbonyl group, likely situated between 
amide and ester moieties. Additionally, the band at 1645.29 
cm⁻¹ may be attributed to another carbonyl stretch asso-
ciated with amide groups [66]. The IR spectrum of chi-
tosan (Fig. 1b) exhibits a prominent absorption peak at 
3423.71 cm⁻¹, which can be attributed to O–H and N–H 
stretching vibrations. A band at 2923.17 cm⁻¹ corresponds 
to C–H stretching. Whereas, the band at 1651.09 cm⁻¹ is 
indicative of C = O stretching from amide groups, while 

formation of a lipid coating or a shell surrounding the chito-
san nanoparticle surfaces.

BCNP system was fabricated using a technique that 
involved coating the formed chitosan nanoparticles with 
the bilosomal vesicles coat. Specifically, this coating was 
achieved by rehydrating a freeze-dried mixture of chito-
san nanoparticles and bilosomes. The theoretical basis for 
the construction of this nanosystem is that the positively 
charged CS-NPs interact with the negatively charged 
bilosomal vesicles. This interaction induces a reorganiza-
tion of the bilosomal membranes, allowing them to envelop 
the surface of the nanoparticles and form bilosomes-coated 
chitosan nanoparticles [22].

The developed bilosome–chitosan nanoparticle (BCNP) 
system addresses several limitations associated with tra-
ditional liposomes, such as relatively rapid clearance by 
macrophages in the reticuloendothelial system [49, 50], 
low therapeutic efficacy; as liposomes can suffer from drug 
leakage during storage or after administration due to lipid 
bilayer instability [51, 52], and restricted permeability across 
biological membranes [53, 54], as well as challenges with 
chitosan nanoparticles alone, including the rapid release of 
hydrophilic drugs [55, 56]. By combining both carriers, this 
complex system enhances versatility and improves inter-
action with biological surfaces and cellular membranes, 
thereby facilitating targeted drug delivery to specific tis-
sues, and significantly improves therapeutic performance by 
increasing drug bioavailability and stability [22].

Chitosan’s mucoadhesive and permeability-enhancing 
characteristics support prolonged retention and efficient 
drug transport across mucosal surfaces, especially in the 
lungs [19]. These nanoparticles can boost the effectiveness 
of antiviral agents. They also improve drug penetration 
through the mucus barrier, increase the drug’s anti-inflam-
matory effects, and promote increased uptake or interaction 
with specific cells, such as macrophages [21, 57]. Mean-
while, the bilosomal coating acts as a protective reservoir 
that enables controlled and sustained drug release, maintain-
ing a steady therapeutic concentration at the site of infection 
and inflammation [16].

It is proposed that coating the surface of prefabricated 
CS-NPs or embedding them within the lipidic bilayers of 
the bilosomes, create an innovative mixture capable of 
simultaneously delivering both hydrophilic and hydropho-
bic drugs for combination therapy [58]. This nanoparticle-
based co-delivery system may reduce dosing frequency and 
systemic toxicity by localizing the drug’s action. The abil-
ity to co-encapsulate both hydrophobic (e.g., xanthone) and 
hydrophilic (e.g., daclatasvir) drugs within a single carrier 
also simplifies treatment regimens. This is particularly valu-
able in diseases like COVID-19, where simultaneous con-
trol of viral replication and inflammation is crucial.
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ionic gelation [69]. Notably, no distinct peaks attributable 
solely to daclatasvir dihydrochloride were observed in the 
nanoparticle spectrum, implying that either the drug was 
molecularly dispersed or involved in strong interactions 
with the chitosan matrix.

As can be deduced from Fig. 1e, the spectrum of xan-
thone shows a strong absorption band at 1658.78 cm⁻¹and 
1610.56 cm⁻¹ which could be attributed to the stretching 
vibrations of C = C and C = O bonds within the conjugated 
aromatic and carbonyl systems, respectively. These bands 
are consistent with the α-pyrone ring and aromatic ketone 
structure of xanthone [70].

The FTIR spectrum of soy phosphatidylcholine (Fig. 
1f) displays several prominent peaks confirming its phos-
pholipid structure. A strong peak around 2925 cm⁻¹ corre-
sponds to the asymmetric C–H stretching of –CH₂ groups. 
A distinct peak was observed at 1739.28 cm⁻¹, which is 
attributed to the ester carbonyl (C = O) stretching vibra-
tion, a characteristic feature of the phospholipid glycerol 
backbone. Additionally, a peak near 1230–1080 cm⁻¹ cor-
responds to P = O and P–O–C stretching, confirming the 
presence of phosphate head groups [27]. The spectrum 
of cholesterol (Fig. 1g) exhibited a broad O–H stretch-
ing band around 3432.47 cm⁻¹, which is indicative of the 
hydroxyl group. The prominent peaks at 2925.07 cm⁻¹ and 
2856.91 cm⁻¹ are assigned to the asymmetric and symmet-
ric C–H stretching vibrations of aliphatic chains. The band 
observed at 1462.95 cm⁻¹ corresponds to CH₂ bending, 
while the peak around 1065.38 cm⁻¹ may relate to C–O 

the absorption at 1558.1 cm⁻¹ is associated with N–H bend-
ing vibrations. Additional bands observed at 1379.13 cm⁻¹ 
and 1075.53 cm⁻¹ could be attributed to C–H stretching in 
CH₂OH groups and C–O stretching in CH–OH, respec-
tively. The TPP spectrum as can be deduced from Figure 
1c shows characteristic bands in the 1211.30–1087.85 
cm⁻¹ region, attributed to P = O stretching vibration, and a 
peak at 894.97 cm⁻¹ corresponding to P–O bonds, indicat-
ing the phosphate backbone. The IR spectrum of chitosan 
nanoparticles (CS-NPs), shown in Fig. 1d, exhibits a broad 
and intense band at 3421.72 cm⁻¹, attributed to overlapping 
–OH and –NH₂ stretching vibrations of chitosan, as well as 
interactions between the phosphate groups of TPP and the 
–NH₂ groups of chitosan [67]. This broadening may also 
reflect hydrogen bonding between chitosan and daclatasvir, 
suggesting possible intermolecular interactions [68]. The 
band at 1631.78 cm⁻¹ corresponds to the C = O stretching, 
while 1539.20 cm⁻¹ relates to the N–H bending vibration 
of the amide II band, where shifts in these peaks compared 
to pure chitosan suggest the potential involvement of these 
functional groups in electrostatic interactions or hydrogen 
bonding with daclatasvir [68]. The absorption bands at 
1381.03 cm⁻¹ and 1311.59 cm⁻¹ are linked to C–N stretch-
ing and CH₂ wagging vibrations, respectively. Meanwhile, 
the peaks around 1076.28 cm⁻¹, 960.55 cm⁻¹, and 902.69 
cm⁻¹ are characteristic of C–O–C and P–O stretching, 
typically found in chitosan phosphate crosslinked systems. 
These bands further support the polysaccharide structure 
and confirm the formation of crosslinked nanoparticles via 

Fig. 1  FT-IR spectrum of (a) Daclatasvir Dihydrochloride, (b) Chitosan, (c) Tripolyphosphate, (d) CS-NPs, (e) Xanthone, (f) SoyPhosphatidyl 
Choline, (g) Cholesterol, (h) Sodium deoxycholate, (i) Bilosomes, and (j) BCNP
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interactions. Peaks between 1230 and 1080 cm⁻¹ (P = O 
and P–O–C stretches) remain visible and are associated 
with the phospholipid head groups.

The bilosome–chitosan complex spectrum as deduced 
from Fig. 1j, shows significant broadening in the O–H/N–
H region near 3400 cm⁻¹, indicative of hydrogen bonding 
between chitosan and the bilayer surface. The characteristic 
lipid peaks (C–H stretches at 2920 cm⁻¹, ester C = O at 1730 
cm⁻¹) are retained, but with slight shifts or reduced inten-
sity, suggesting surface interactions rather than disruption 
of the lipid bilayer. Importantly, new features emerge in the 
1640–1540 cm⁻¹ region, which correspond to N–H bending 
and possible interactions between the amino groups of chi-
tosan and the phosphate or carboxylate groups of bilosomal 
lipids. The band near 1100 cm⁻¹ corresponds to C–O and 
P–O stretching, further supporting the formation of a poly-
electrolyte complex.

These spectral changes confirm the successful coating of 
bilosomes with chitosan nanoparticles, resulting in a stable 
lipid–polymer system.

Analysis of the Drugs

The absorption spectra of both drugs overlapped closely as 
shown in Figure 2a. For this reason, direct measurement of 

stretching from the secondary alcohol group [71]. The 
spectrum of sodium deoxycholate (Fig. 1h), shows a broad 
O–H stretching band around 3400.5 cm⁻¹, suggesting the 
presence of multiple hydroxyl groups. Peaks at 2965.66 
cm⁻¹ and 2862.36 cm⁻¹ indicate aliphatic C–H stretching. 
The bands around 1600–1550 cm⁻¹ likely reflect COO⁻ 
asymmetric stretching from the carboxylate salt form. 
Peaks between 1200 and 1000 cm⁻¹ correspond to C–O 
stretching and bending of hydroxyl groups present in the 
bile salt structure [72]. The spectrum of the bilosome for-
mulation reveals key peaks consistent with the combined 
contributions of phosphatidylcholine, cholesterol, and 
sodium deoxycholate. The merged C–H stretching peaks 
at 2925 cm⁻¹ and 2852 cm⁻¹, along with a prominent ester 
C = O stretch around 1736 cm⁻¹, confirm the lipid vesi-
cle formation. P = O stretching at 1228.38–1061.68 cm⁻¹ 
remains visible, and a reduction in the intensity of the O–H 
region may suggest partial hydrogen bonding or encapsu-
lation effects among bilayer components [73]. Notably, 
the typical C = O and C = C peaks of xanthone, usually 
observed around 1650–1600 cm⁻¹, appear to overlap with 
the bilosome peaks, indicating successful encapsulation. 
The absence of sharp, separate xanthone signals suggests 
that the drug is well incorporated within the lipid bilayer, 
possibly through hydrophobic and hydrogen bonding 

Fig. 2  (a) Overlapped zero-order spectra of xanthone and daclatasvir 
dihydrochloride, (b) first order of derivative ratio spectra of xanthone 
2-20 μg/mL using 6 μg/mL of daclatasvir dihydrochloride as a divisor 

and (c) first order of derivative ratio spectra of daclatasvir dihydro-
chloride 2-20 μg/mL using 6 μg/mL of xanthone as a divisor
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Particle Size Analysis

The particle size of the bilosome-chitosan complex formula-
tions ranged from 200 ± 10.5 to 280 ± 16.9 nm, as observed 
from Table 1, which is considered optimal for drug delivery 
applications. Particles within this size range facilitate cellu-
lar uptake through passive transport mechanisms, enabling 
effective drug delivery into the cells [75].

Further analysis using ANOVA (Table 3) revealed that 
particle size was a statistically significant response, as 
indicated by a p < 0.05, along with an insignificant lack 
of fit. The best-fitting model for particle size was identi-
fied as a quartic model. Notably, the difference between 
the adjusted R² (0.9976) and the predicted R² (0.9960) 
was less than 0.2, and the model exhibited an adequate 
precision value of 99.48. These metrics indicate that the 
model is reliable and can be effectively used to navigate 
the design space.

The relationship between the ratio of bilosomes: 
CS-NPs and the particle size is clearly defined by the 
regression equation as represented in Eq. 11. As can be 
observed from Eq. 11, an increase in this ratio resulted 
in an increase in particle size, as indicated by the posi-
tive coefficient associated with X1. This phenomenon 
could be attributed to the increase in lipidic content due 
to the bilosome increase, by increasing this ratio, with the 
subsequent increase in the hydrophobicity of the nanopar-
ticles system, leading to a decrease in the binding affinity 
(attractive force) between the bilosomes and the posi-
tively charged chitosan. Consequently, the structure of the 
nanoparticles may become more loosely bound, resulting 
in an increase in particle size [76].

Particle Size = +201.00 + 51.96 ∗ X1+
313.70 ∗ X2

1 − 65.03 ∗ X3
1 − 270.80 ∗ X4

1
� (11)

However, due to the quartic nature of the model, the effect 
of changing the bilosome: CS-NPs ratio on the vesicular 
size followed a non-linear relationship as presented in 
Figure 3a. An increase in the vesicular size was observed 
as the ratio increased from 1:1 to 1.25:1, which was fol-
lowed by a decrease in size up to a ratio of 2:1. A further 
increase in the bilosome: chitosan till 2.75: 1 resulted in 
a larger vesicular size, whereas when the ratio reached to 
3:1 the particles were smaller in size. The smallest particle 
size was achieved at a ratio of 2:1, which is particularly 
favorable for deeper lung and alveolar deposition; which 
is critical for targeting acute respiratory distress syndrome 
(ARDS), while minimizing deposition in the upper respi-
ratory tract [77].

absorbance in zero-order spectra was not possible. How-
ever, spectrophotometric techniques based on the derivative 
approach demonstrated a higher resolution and allowed for 
the analysis of each individual drug when present in com-
bination [74].

To optimize the first derivative method, various divisor 
concentrations (3, 6, and 9 µg/mL) were evaluated, with the 
optimal result achieved using 6 µg/mL as the divisor. Different 
smoothing and scaling factors were also tested, and a smooth-
ing factor of Δλ = 8 along with a scaling factor of 10 proved 
effective for enhancing the signal, simplifying measurement, 
and reducing reading errors. The resulting ratio spectra are 
depicted in Fig. 2b and c. The DD1 values exhibited excellent 
linearity and reproducibility at 281 nm for xanthone and 300 
nm for daclatasvir dihydrochloride (Table 2), with the corre-
sponding linear regression equations provided in Eqs. 9 and 10.

y = −0.048 C1 + 0.0142� (9)

R² = 0.9970, at 281 nm for xanthone.

y = 0.522 C2 − 0.0508� (10)

R² = 0.9963, at 300 nm for daclatasvir dihydrochloride, 
where C1 is xanthone concentration and C2 is daclatasvir 
dihydrochloride concentration.

Optimization by One Factor Design

The results of the prepared formulations, the desired con-
straints together with the characterization tests results used 
in the optimization step are presented in Table 1.

Table 2  Validation sheet for the proposed spectrophotometric method 
for the quantification of Xanthone and 300 nm for Daclatasvir dihy-
drochloride
Parameter Xanthone Daclatasvir
λmax (nm) 281 300
Linearity range (µg /mL) 2-20 0.4-3.8
Correlation coefficient (r) 0.9970 0.9963
Slope 0.048 0.522
Intercept 0.0142 -0.0508
LOD a (µg /mL) 0.104 0.094
LOQ a (µg /mL) 0.312 0.287
Accuracy b (Recovery %±SD) 99.73 ± 1.11 99.97 ± 1.28
Precision c (%RSD) Intra-day 1.43 0.91

Inter-day 1.94 1.77
aLOD= (S.D of the response/slope) × 3.3; LOQ= (S.D of the response/
slope) × 10
bThe average of three experiments
cThe average of nine experiments
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Zeta Potential Analysis

The negative charge of the formed nanoparticles could be 
due to the bilosomal vesicles’ coat and its impact on impart-
ing the negative charge due to the phosphatidyl choline 
together with the sodium deoxycholate, and confirms the 
embedding of the chitosan nanoparticles within the lipidic 
bilayer of the bilosomes [75].

The value of the ZP ranged from − 10 ± 1.6 mV to −19 
± 2.6 mV, as represented in Table 1. It has been reported 
that a well-stabilized nanoparticles system could have a zeta 
potential value from ± 15 to ± 50mV [30]. Thus, the zeta 
potential would be optimized for the maximum stability of 
the system.

ANOVA results for the ZP, as presented in Table 3, indi-
cate that the study of zeta potential was statistically signifi-
cant, as evidenced by the p < 0.05. Additionally, the data 
revealed that the best fitting model for the zeta potential was 
a quartic model. Statistical analysis showed that the adjusted 
R2 (0.9767) was in reasonable agreement with the predicted 
R2 (0.9430) (difference less than 0.2), with an adequate pre-
cision of 27.61. These findings suggested that the model can 
be reliably used to explore the design space.

The relationship between the ratio of bilosomes: CS-NPs 
and the ZP is clearly defined by the regression equation as 
represented in Eq. 12.

ZP = + 16.00 + 11.70 ∗ X1 − 8.17 ∗ X2
1−

13.78 ∗ X3
1 + 6.68 ∗ X4

1
� (12)

As can be observed, an increase in the ratio of bilosomes: 
CS-NPs resulted in an increase in the absolute zeta poten-
tial, as indicated by the positive coefficient associated with 
X1. This effect is likely due to the increase in the bilosome 
content as the ratio increases, which subsequently increases 
the negative charge on the surface of the bilosomes. Simul-
taneously, the amount of positively charged chitosan 
nanoparticles decreases. This resulted in an increase in 
the absolute value of the negative zeta potential. However, 
as shown in Fig. 3b, this quartic effect was evident only 
within the bilosome: CS-NPs ratio range of 1.5:1 to 2.5:1, 
with the highest zeta potential observed at a ratio of 2.5:1. 
In contrast, at ratios lower than 1.5:1 or higher than 2.5:1, 
increasing the bilosome: CS-NPs ratio led to a decrease in 
the absolute zeta potential value.

Entrapment Efficiency of Xanthone Analysis

The EE% of xanthone within the bilosomal vesicles ranged 
from 79 ± 3.8% to 90 ± 2.8% as deducted from Table 1. 
The high value of entrapment efficiency of xanthone could 
be due to its hydrophobic nature and the capability of the 
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Entrapment Efficiency of Daclatasvir Dihydrochloride 
Analysis

Daclatasvir dihydrochloride within chitosan nanoaprticles 
showed an entrapment efficiency of 67 ± 1.5 to 80 ± 2.7% 
as represented in Table 1. Being a hydrophilic drug, belong-
ing to BCS class I [79], daclatasvir dihydrochloride showed 
a good entrapment efficiency in chitosan nanoparticles, as 
chitosan is a hydrophilic polymer that can easily encap-
sulate hydrophilic drugs [80]. Further analysis of EE% 
of daclatasvir dihydrochloride using ANOVA (Table 3) 
revealed a quartic significant model, with insignificant lack 
of fit. Moreover, a close agreement was observed between 
the adjusted R2 (0.9841) and the predicted R2 (0.9715), with 
an adequate precision of 29.7. Thus, this model could be 
used to navigate the design space.

The relationship between the bilosome: CS-NPs and 
the EE% of daclatasvir dihydrochloride is presented in the 
linear regression Eq. 14. The negative coefficient of X1, 
reveals that increasing the bilosome: CS-NPs ratio resulted 
in a diminished EE% of the hydrophilic drug daclatasvir 
dihydrochloride. The reason behind this could be attributed 
to the reduction in the chitosan nanoparticles by increas-
ing the bilosome: CS-NPs ratio, with the consequence of 

bilosomal vesicles to enclose hydrophobic drugs [15]. 
The EE% of xanthone was further analyzed with ANOVA 
study as represented in Table 3. The model was found to 
be a quartic significant model with an insignificant lack 
of fit. The adjusted R2 (0.9734) was in close agreement 
with the predicted R2 (0.9470), with an adequate precision 
of 18.60. Thus, the model was validated to navigate the 
design space.

The regression equation representing the relationship 
between the bilosome: CS-NPs and the EE% of xanthone 
is presented in Eq. 13. As can be observed from the posi-
tive coefficient of X1, that increasing the bilosome: CS-
NPs ratio resulted in an increase in the EE% of xanthone. 
Probably this is due to increasing the bilosome amount 
that encloses the xanthone which eventually result in 
increasing the EE% of xanthone [78]. However, a non-
linear relation between the studied factor and the EE% of 
xanthone could be observed in Fig. 3c, which reveals that 
this effect was obvious when the ratio was 1:1 till 1.25:1, 
with the highest value at the ratio of 1.25:1, and from 2:1 
till 2.75:1 only.

EE% of X = +77.88 + 1.71 ∗ X1+
50.94 ∗ X2

1 − 7.51 ∗ X3
1 − 45.46 ∗ X4

1
� (13)

Fig. 3  One factor plot of the effect of changing bilosome CS-NPs ratio on the (a) particle size, (b) zeta potential, (c) entrapment efficiency of 
xanthone, and (d) entrapment efficiency of daclatasvir dihydrochloride
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domains [83]; furthermore, the combined architecture com-
bines bilosomal protection of xanthone with chitosan’s sus-
tained release of daclatasvir. Importantly, the sytem’s size 
distribution avoids both rapid mucociliary clearance (>500 
nm) and macrophage uptake (< 200 nm), while its moder-
ate negative charge reduces opsonization risks compared 
to strongly positive systems [84]. This synergistic optimi-
zation of physical and surface properties could result in a 
greater lung retention compared to individual components, 
making it particularly advantageous for combinatorial pul-
monary therapy.

in-vitro Release Rate Study

A comparative in-vitro release study was conducted to 
evaluate the drug release profiles of each compound in its 
unformulated (standard) form, when incorporated into indi-
vidual nanoparticle systems, and finally within the mixture 
BCNP formulation (Fig. 4). The objective was to investigate 
how nanoparticle encapsulation, and particularly the formed 
combined nanoparticles could modulate the drugs’ release 
based on the physicochemical properties of each drug.

Unformulated daclatasvir dihydrochloride exhibited 
a rapid release, with approximately 100% of the drug 
released within 2 h. This behavior aligns with its classifi-
cation as a Biopharmaceutics Classification System (BCS) 
Class I drug, which implies high solubility and high per-
meability, leading to fast dissolution and diffusion. How-
ever, when daclatasvir was encapsulated in CS-NPs, the 
release was significantly prolonged, extending to 24 h. 
This sustained release is attributed to the polymeric matrix 
of chitosan, which provides a diffusion barrier that slows 
down drug escape. Additionally, the electrostatic interac-
tions between the positively charged chitosan and the drug 
molecules may further hinder diffusion, creating a con-
trolled release effect [80].

In contrast, xanthone, a hydrophobic compound, dis-
played a more sustained release profile in its unformulated 
state, with complete release occurring over 24 h. The slower 
dissolution rate is primarily due to its poor water solubility, 
which limits its dissolution rate under physiological con-
ditions. When xanthone was incorporated into bilosomes, 
the release was further sustained, with only 83% released 
over 72 h. This extended release is explained by the lipo-
philic nature of bilosomal bilayers, which facilitates the 

reduction of incorporation of daclatasvir dihydrochloride to 
the nanoparticles system. As shown in Fig. 3d, this effect 
was observed only within the bilosome: CS-NPs ratio ranges 
of 1:1 to 1.25:1 and 2:1 to 2.75:1, consistent with the quartic 
model indicating a four-level interaction. Notably, the high-
est entrapment efficiency of daclatasvir dihydrochloride 
was recorded at a ratio of 3:1. This may be attributed to the 
increased amount of bilosomes available at that ratio, allow-
ing for greater encapsulation of chitosan nanoparticles.

EE% of D = +75.58 − 1.19 ∗ X1−
27.26 ∗ X2

1 + 7.64 ∗ X3
1 + 24.34 ∗ X4

1
� (14)

Optimization of BCNP

Design-Expert 13.0.5.0 software was used for numerical 
optimization based on desirability index, with the target of 
the least particle size (in the range of 50 to 500 nm), the 
maximum absolute value of zeta potential, and the highest 
entrapment efficiency of both drugs. An optimized formula 
(O1) was suggested by the software based on the desired 
constraints with a desirability of 0.591, which was prepared 
and tested in terms of the previously mentioned tests to 
compare the expected results with the observed results, to 
calculate the %bias as represented in Table 4 [81]. As can be 
observed, the validity of the design was established due to 
the low values of % bias [27].

The bilosome-xanthone nanoparticles (PS = 167 ± 
2.5 nm, ZP = −24.6 ± 1.4 mV) and chitosan-daclatasvir 
nanoparticles (PS = 93 ± 1.8 nm, ZP = + 15 ± 0.4 mV) each 
present limitations for pulmonary delivery when adminis-
tered separately. While the bilosomal system’s negative 
charge provides colloidal stability, its sub-200 nm size 
results in an aerodynamic diameter (dₐ ≈ 0.17 μm) prone to 
alveolar exhalation (>80% exhaled for particles < 0.3 μm). 
Conversely, the chitosan nanoparticles’ positive charge 
enhances mucoadhesion but their sub-100 nm size leads to 
near-complete exhalation. The formulated complex (PS = 
222.67 ± 14.4 nm, ZP = −19.10 ± 3.7 mV) demonstrates 
critical improvements: firstly, its intermediate size yields 
a calculated dₐ ≈ 0.23 μm, which could result in a larger 
MMAD [82], for alveolar deposition through enhanced 
sedimentation. Moreover, the balanced surface charge 
maintains sufficient stability while preserving chitosan’s 
mucus-binding capacity through localized positive charge 

Bilosome: CS-NPs
(X1)

PS (nm)
(Y1)

ZP (mV)
(Y2)

EE% of X
(Y3)

EE% of D
(Y4)

Expected Result 2.25: 1 231.94 −18.24 81.25 73.77
Observed Result 222.67 ± 14.4 −19.10 ± 3.7 83.78 ± 3.9 78.98 ± 2.8
*% Bias 3.99% 4.71% 3.11% 2.99%
*% Bias = (|𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑−𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑|)/𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 ∗ 100. Results are calculated as mean ± SD

Table 4  The optimized formula 
composition with the expected 
and the observed results
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Transmission Electron Microscopy Analysis

The surface morphology of the formed complex nanopar-
ticles is as represented in Fig. 5. As can be observed, the 
particles show regular and well-defined spherical shaped 
vesicles. It should be mentioned that the difference in size 
between the electron microscope measurement and the 
dynamic light scattering measurement is due to measuring 
the hydrodynamic diameter in the dynamic light measure-
ment, whereas the electron microscopy measures the size of 
the vesicles in their dry state [28]. Some particles may show 
a core shell structure, suggesting successful coating of the 
chitosan nanoparticles with the liposomal vesicles, which is 
common in BCNPs.

Drug Content and Polydispersity Index 
Measurement

The drug loading of the optimized formula was found to be 
6.06% ± 0.04 for xanthone and 31.67 ± 2.45 for daclatas-
vir dihydrochloride. The PDI was found to be 0.302 ± 0.09, 
which confirms the relative homogenous size distribution of 
the particles within the system (< 0.4) [27].

Aerodynamic Characterization

Given that the geometrical diameter as obtained from DLS 
= 222.67 nm, the particle density (estimated for bilosome-
chitosan nanoparticles) = 1.22 g/cm³ [33], the shape fac-
tor = 1 (spherical morphology from TEM). The AD was 
found to be 0.245 μm, with a GSD of 1.75, a dmm of 569 
nm and a MMAD with 629 nm. This indicates an ultrafine 

partitioning of hydrophobic drugs like xanthone within 
the lipid phase. This lipid reservoir effect slows down the 
drug’s diffusion into the external aqueous environment. 
Upon further incorporation into the mixture BCNP system, 
the xanthone release was significantly delayed, with only 
about 40% released over 72 h. This marked reduction in 
release rate may be due to the increased diffusional resis-
tance imposed by the presence of chitosan nanoparticles 
embedded within the liposomal bilayer [23]. Chitosan may 
interfere with or restrict drug diffusion by increasing the vis-
cosity of the matrix, creating a denser nanoparticulate net-
work, and potentially modifying the liposomal membrane 
fluidity, all of which can contribute to retarded drug release 
[85, 86].

The modulation in the release profile for both drugs when 
incorporated into the mixture nanosystem could help in 
Covid-19 and ARDS management as a sustained and con-
trolled release of the anti-inflammatory or antiviral drugs in 
ARDS is crucial, to suppress cytokine storms (e.g., reduce 
IL-6, IL-1β, TNF-α), inhibit viral replication (in COVID-
19-related ARDS), and control oxidative stress and neutro-
philic inflammation [87]. Moreover, ARDS often requires 
multifaceted treatment by the co-delivery of daclatasvir and 
xanthone within a single formulation, which allows for syn-
ergistic action, such as viral suppression and inflammation 
control, which is essential in COVID-19-associated ARDS 
[88]. Furthermore, ARDS is associated with mucus hyperse-
cretion and edematous barriers, which hinder drug diffusion. 
Chitosan enhances mucoadhesion, prolonging nanoparticle 
retention on pulmonary epithelium., and it also has perme-
ation-enhancing properties, improving drug transport across 
inflammed and mucus-laden tissues [89].

Fig. 4  In-vitro release rate of 
xanthone and daclatasvir dihy-
drochloride from the different 
formulated systems. Results are 
presented as mean ±SD
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to bronchial viral reservoirs [12], and reduces the inflamma-
tion, by the local delivery of xanthone [5].

Thus, the MPPD results confirm that bilosome-chitosan 
nanoparticles (MMAD 629 nm) achieve elite pulmonary 
deposition (40%); defying classical aerosol physics through 
mucoadhesion and permeation enhancement. The regional 
distribution is therapeutically rational for broad-spectrum 
lung targeting, exploiting extrathoracic deposition for nasal-
immune priming, and localized tracheobronchial delivery.

These findings, though based on theoretical and sim-
ulation models, offer scientifically robust insight into 
the aerodynamic behavior of the formulation and serve 
as an alternative when direct cascade impaction data is 
unavailable.

Future work may include in-vitro validation using cas-
cade impaction or Next Generation Impactor (NGI) for fur-
ther verification.

Stability Testing Analysis

The optimized formula showed excellent stability profile, as 
the PS, PDI, EE% of xanthone and EE% of daclatasvir dihy-
drochloride were not significantly (p >0.05) changed over 
the 6 months period either at 5 °C or at 25 °C as tabulated 
in Table 5. This could be due to the lyophilization and the 
storage of the formulation in the solid state [93]. It should 
be noted that the optimized formulations were obtained as 
lyophilized solids that can be readily reconstituted prior to 
administration.

aerosol with narrow size distribution, ideal for reaching the 
systemic drug absorption via pulmonary delivery [90]. It is 
worth mentioning that although MMAD is not ideal for pul-
monary delivery, however the prepared formula offer some 
advantages as the chitosan core of the formulated system 
could offer a strong mucoadhesion via electrostatic binding 
to mucus resulting in a prolonged residence time in airways 
that may each to h, which also resists the mucociliary clear-
ance [19], whereas the bile salt in bilosomes solubilizes 
mucus lipids and disrupts the tight junctions allowing for 
deeper penetration, in addition it resists phagocytosis due to 
its stealth effect [91].

MPPD Modeling of Lung Deposition

MMPD model was used to ensure the deposition of the 
nanoparticles system through the pulmonary pathway, 
especially that the MMAD was found to be 629 nm. The 
total deposited dose was found to be 36.18% in the extra-
thoracic region, 41.11% in the alveolar region and 22.71% 
in the tracheobronchial region. The high percentage value 
of the dose deposited in the extrathoracic region could be 
attributed to the nanoparticle diffusion and mucoadhesion in 
the nasal/oropharynx area [92]. Although the MMAD was 
found to be 629 nm, the pulmonary deposition in the alveo-
lar region showed an exceptional high value which could 
also confirm the mucoadhesive property of the developed 
system. The tracheobronchial deposition is very beneficial 
as it could neutralize the early infection of the virus directly 

Fig. 5  TEM photographs of the optimized BCNP
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Inhibitory Concentration 50 (IC50) Determination

The antiviral activity of the optimized formula (O1) was 
evaluated using a dose–response curve in a plaque reduc-
tion assay. The results indicated that the IC50 value of the 
optimized formula (O1) was 3.872 µM, while the untreated 
infected cells exhibited virus-induced plaques, indicating 
significant viral replication and cytopathic effects (Fig. 5). 
The tested sample showed potent antiviral activity with 
IC50 = 3.872 µM against SARS-CoV-2. Consequently, the 
selectivity indexes (SI = CC50/IC50) of O1 was calculated 
to be 5.02.

Dose–response data were fitted using a four-parameter 
logistic (4PL) nonlinear regression model in GraphPad 
Prism (version 9.5.1) as shown in Figure 6. The IC50, defined 
as the concentration reducing SARS-CoV-2–induced cyto-
pathic effect by 50% relative to untreated virus control, was 
3.87 µM, while the CC50, corresponding to 50% loss of cell 
viability, was derived from the same model. The selectiv-
ity index (SI = CC50/IC50) confirmed a favourable antiviral 
profile of the formulation.

Severe Acute Respiratory Syndrome virus (SARS CoV 
− 2) and Hepatitis C virus (HCV) are single-stranded 
positive sense RNA viruses [94]. Direct-acting antiviral 
agents are among the most effective treatments for HCV, 
offering a favorable safety profile. Since their introduc-
tion in 2011, agents such as daclatasvir dihydrochloride 
have been widely utilized for their reliability and efficacy 
[95]. Previous studies showed that the docking score may 
have possible eligibility of daclatasvir dihydrochloride as 
a potent drug against SARS-CoV-2 [96]. Daclatasvir dihy-
drochloride frequently inhibited the production of infec-
tious SARS-CoV-2 in various cells such as Vero cells, with 
potency of 0.8 µM, targeting early events in the viral repli-
cation cycle and inhibit the induction of interleukin-6 (IL-
6) and tumor necrosis factor α (TNF-α), key inflammatory 
mediators involved in the cytokine storm typically associ-
ated with SARS-CoV-2 infection [11].

Clinical trials have proved the efficacy of sofosbuvir 
and daclatasvir dihydrochloride in improving the clinical 

Antiviral Activity Analysis

MTT Cytotoxicity Assay Analysis

The cytotoxicity of the optimized formula (O1) was evalu-
ated to demonstrate its effect on VERO-E6 cells. The 
results revealed that at a concentration of 1–30 µM of 
O1, the cell viability was 99.3–96.9%, indicating that the 
optimized formula had no harmful impact and is consid-
ered safe on VERO-E6 cells. The cell viability was then 
decreased when the concentrations were increased up to 2 
mM as shown in Fig. 6. The results showed that the 50% 
cytotoxic concentration (CC50) value of O1 was deter-
mined to be 19.43 µM.

Table 5  Stability study results at 2 storage temperatures
5 °C 25 °C
0 month 1 month 3 month 6 month 0 month 1 month 3 month 6 month

PS (nm) 222.67 ± 14.4 224.67 ± 12.2 226.67 ± 11.5 227.67 ± 12.1 222.67 ± 14.4 226.07 ± 11.7 229.34 ± 10.4 231.71 ± 12.6
PDI 0.368 ± 0.09 0.369 ± 0.08 0.370 ± 0.07 0.371 ± 0.03 0.368 ± 0.09 0.371 ± 0.08 0.373 ± 0.06 0.375 ± 0.03
ZP (mV) −19.1 ± 3.7 −19.4 ± 1.6 −19.7 ± 2.6 −18.90 ± 0.8 −19.1 ± 3.7 −18.8 ± 1.6 −18.7 ± 2.7 −18.4 ± 1.7
EE% of xanthone 83.78 ± 3.9 81.78 ± 2.9 81.09 ± 3.7 80.75 ± 4.6 83.78 ± 3.9 81.99 ± 7.9 79.98 ± 2.6 77.67 ± 2.2
EE% of daclatasvir 
dihydrochloride

73.98 ± 2.8 73.09 ± 3.1 72.67 ± 2.7 71.90 ± 3.6 73.98 ± 2.8 71.98 ± 6.9 70.52 ± 3.7 69.78 ± 5.9

*Statistically significant, using multi-way ANOVA, at p < 0.05. Results are presented as mean ± SD

Fig. 6  Dose-response curves showing the cytotoxicity and viral inhibi-
tory activity of O1 on Vero-E6 cells, where the cytotoxicity based on 
the dose–response was determined using MTT (black line), and antivi-
ral activity of O1 using a plaque reduction assay against SARS-CoV-2 
virus in Vero-E6 cells (red line). The half maximal cytotoxic concen-
tration (CC50) and half maximal inhibitory concentrations (IC50) were 
calculated using nonlinear regression analysis by plotting log concen-
tration versus normalized response (variable slope) using GraphPad 
Prism software (version 9.5.1). The assay was done in triplicates and 
the error bars represent the standard deviation. The selectivity index 
(SI) was calculated using the formula SI = CC50/IC50
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In-vivo Pharmacodynamics Study

Effect on Pulmonary Levels of LncRNA-GAS5 and 
SP-1

As can be observed, a significant down-expression in 
long non-coding RNA-growth arrest specific-5 (LncRNA-
GAS5) in lung tissue after the induction of ARDS using 
LPS (p < 0.0001). This result was accompanied by a sig-
nificant decrease in the level of surfactant protein-1 (p < 
0.0001). LPS is a well-known inducer compound for ARDS 
that causes acute lung injury by altering the pulmonary 
surfactants functions [104]. Recognition of LPS by a host 
receptor(s) leads to activation of several signal transduction 
cascades in lung cells activate downstream effectors, lead-
ing to the production of various inflammatory mediators. 
These include proinflammatory cytokines, chemokines, 
adhesion molecules, reactive oxygen species, and nitric 
oxide, produced by different cell types within the lung [105]. 
LncRNA-GAS5 levels were reported to be significantly 
downregulated in patients with ARDS. LncRNA-GAS5 is 
demonstrated to regulate the expression ACE2/Ang1-7 axis 
playing a major role in the pathogenesis of ARDS [106].

On the other hand, treatment with xanthone and daclatas-
vir dihydrochloride resulted in a significant up-regulation of 
GAS5 (at p < 0.001) accompanied by a significant elevation 
in SP-1 (at p < 0.001) compared to the LPS group, indicating 
improved pulmonary functions. Notably, the optimized xan-
thone–daclatasvir dihydrochloride formulation effectively 
restored pulmonary GAS5 and SP-1 levels (p < 0.0001), 
showing no significant difference from the normal control 
group, but a significant improvement compared to the free 
drugs’ suspension-treated group at p < 0.001 (Fig. 7).

Effect on Pulmonary Levels of ACE-2, Angiotensin-II, 
Angiotensin 1–7

Results of the current study revealed a significant decrease 
in ACE2 activity in lung tissue after the induction of ARDS 
using LPS (p < 0.001). This result was accompanied by a 
significant increase in the level of angiotensin-II (p < 0.001) 
and a marked suppression of the pulmonary content of 
angiotensin 1–7 (p < 0.001). However, treatment with xan-
thone and daclatasvir dihydrpchloride showed a significant 
elevation of ACE2 activity (p < 0.01) and the pulmonary 
content of angiotensin 1–7 (p < 0.01) accompanied by a 
significant decrease in angiotensin-II (p < 0.01) compared 
to the LPS group. The improved xanthone and daclatasvir 
dihydrochloride formulation efficiently restored pulmonary 
levels of ACE2, angiotensin-II, and angiotensin 1–7 with 
a non-significant difference from the normal group and a 
noticeable significant difference from the xanthone and 

outcome of infected patients by SARS CoV-2 and short-
ening the time of hospitalization among moderately 
infected patients, however, it does not reduce mortality 
rate [97, 98].

In the current study, O1 showed relatively low SI of 
5.02, which is lower than accepted range of >10 for further 
investigation. If the calculated SI value is between 1 and 
10, re-evaluation using other biosystem(s) is advocated for 
confirmation [99]. In the current study, daclatasvir dihy-
drochloride IC50 in O1 was equivalent to 3.872 µM, which 
is less than IC50 of crude daclatasvir dihydrochloride as 
determined by S. Bansode et al., 2023 [100] as 7 µM on 
Vero cells. However, in another study by C. Q. Sacra-
mento et al., 2021 [11], the IC50 of daclatasvir on similar 
cell line was 0.8 µM. Previous studies have demonstrated 
that daclatasvir exhibits minimal cytotoxicity and potent 
antiviral activity in Vero-E6 cells. Sacramento et al. (2021) 
reported a CC₅₀ of 31 ± 8 µM and an EC₅₀ of 0.8 ± 0.3 µM, 
yielding a high selectivity index (SI = 39), confirming the 
compound’s wide safety margin [11]. Similarly, xanthone-
based molecules such as α- and γ-mangostins have been 
evaluated for antiviral effects in Vero-E6 cells, displaying 
CC₅₀= 5 µM and EC₅₀ = 0.7–0.8 µM [101]. These find-
ings indicate that both daclatasvir and xanthone analogues 
maintain cell viability at concentrations effective for viral 
inhibition, validating their use in antiviral formulations 
without confounding cytotoxic interference. Furthermore, 
the nanocarrier systems employed in our work, chitosan 
nanoparticles, and bilosomes, have been consistently 
reported to be biocompatible in Vero-E6 cells, where 
it was demonstrated that bilosomes retain cell viability 
across tested concentrations [102, 103]. These results col-
lectively indicate that both carriers possess low intrinsic 
cytotoxicity and are suitable for drug delivery applications 
in antiviral studies.

It is worth mentioning that due to the strict biosafety 
level 3 (BSL-3) requirements and ethical contraints asso-
ciated with working directly with live SARS-CoV-2 in 
animal models, we opted not to induce a COVID-19 infec-
tion in-vivo. Instead, we focused on an ARDS rat model, 
which replicates key pathological features of severe 
COVID-19, including pulmonary inflammation, oxida-
tive stress, endothelial dysfunction, and alveolar damage. 
This approach allowed to assess the anti-inflammatory, 
antithrombotic, and pulmonary protective effects of the 
formulated daclatasvir–xanthone nanoparticles under 
safer and ethically feasible conditions, while still captur-
ing the critical pathophysiological components relevant to 
COVID-19 complications. Furthermore, antiviral activity 
was assessed in-vitro using MTT assays, IC₅₀ values, and 
selectivity index (SI) to confirm the direct efficacy against 
SARS-CoV-2.
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through ACE2 activation and modulation of ACE2/Ang 1–7 
pathways [41].

Effect on Pulmonary Levels of NF-kβ and TNF-α

It was observed the lungs of mice in the LPS group showed 
a significant increase in the proinflammatory markers NF-kβ 
and TNF-α compared to the control group (p < 0.001). In 
contrast, treatment with the optimized xanthone–daclatasvir 
dihydrochloride nanoparticle formulation resulted in a sig-
nificant inhibition in pulmonary NF-kβ and TNF-α relative 
to LPS control at p < 0.001 and relative the xanthone and 

daclatasvir dihydrochloride suspension group (p < 0.001) 
(Fig. 8). ACE2 is demonstrated to deactivate Ang II and 
increase Ang 1–7 expression regulating blood pressure, 
body fluid balance, fibrous tissue formation, and cell pro-
liferation [107]. More prominently, ACE2 is suggested to 
have a protective role in pulmonary injury through decreas-
ing the expression levels of Ang II and increasing Ang 1–7 
levels which further antagonize the actions of Ang II par-
ticularly proliferation, inflammation and vasoconstriction 
[41]. Furthermore, it inhibits pro-inflammatory functions 
by the activation of its Mas receptor [108]. Xanthone is 
reported to have a significant pulmonary protective effect 

Fig. 8  Effect on pulmonary levels of ACE2, Angiotensin II and Angio-
tensin 1-7 The data is presented as mean ± SEM (n = 6); where ANOVA 
followed by Tukey-Kramer's test was used for group comparisons, a 

significant difference from the normal group, b significant difference 
from LPS group and blank+LPS group, c significant difference from 
xanthone+ daclatasvir dihydrochloride group (at p ˂ 0.05)

 

Fig. 7  Effect on pulmonary levels of SP-1 and LncRNA-GAS5 The 
data is presented as mean ± SEM (n = 6); where ANOVA followed 
by Tukey-Kramer's test was used for group comparisons, a significant 

difference from the normal group, b significant difference from LPS 
group and blank+LPS group, c:significant difference from xanthe-
none+ daclatasvir dihydrochloride group (at p ˂ 0.05)
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immune cells, and regulate cell adhesion and differentia-
tion. Furthermore, NF-κB activates M1 macrophages, con-
tributing to a cytokine storm. Thus, suppressing NF-κB and 
TNF-α is pivotal in managing ARDS [109].

Effect on the Histological Structure of Lung Tissue

Histopathological investigation of lung tissue was used to 
assess the pulmonary structural damages and inflammatory 
cells infiltration. Lung tissue from the normal group revealed 
the normal structure of the bronchioles (blue arrows) with the 
surrounding air alveoli, orange arrows (Fig. 10a). Examina-
tion of lung tissue from the LPS group showed desquamation 

daclatasvir dihydrochloride suspension groups at p < 0.01 
(Fig. 9). These results indicate the potential role of the drugs 
combination when formulated to the formulated nanoparti-
cles in suppressing NF-κB and TNF-α and their induced sig-
naling cascades of cell death. NF-κB is a transcription factor 
that binds to specific DNA sequences in the nucleus, initiat-
ing the transcription and expression of inflammatory genes. 
Its activation can be triggered by various stimuli, includ-
ing cytokines (e.g., TNF-α and IL-1β), microbial infections 
(such as LPS), and stress [29]. Dysregulation of NF-κB has 
been linked to excessive inflammation in ARDS. The NF-κB 
pathway promotes the production of cytokines, chemokines, 
and adhesion molecules, which drive inflammation, recruit 

Fig. 10  Effect of xanthone and daclatasvir dihydrochloride on histolog-
ical examination of the lung tissue (a) Normal group, (b) LPS group, 
(c) Blank +LPS group, (d) Xanthone and daclatasvir dihydrochloride 
+LPS, (e) Xanthone and daclatasvir dihydrochloride formulation (O1) 

+ LPS group. Blue arrows lung bronchioles, orange arrows air alveoli, 
black arrows blood vessels congestion, and black stars inflammatory 
cells infiltration

 

Fig. 9  Effect on pulmonary levels 
of NF-kβ and TNF-α The data is 
presented as mean ± SEM (n = 
6); where ANOVA followed by 
Tukey-Kramer's test was used for 
group comparisons a significant 
difference from the normal group, 
b significant difference from LPS 
group and blank+LPS group, 
c significant difference from 
xanthone+ daclatasvir group (at 
p ˂ 0.05)
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formulation showed strong expression of TNF-α localized 
in the area of inflammatory reaction and surrounding the 
bronchi and bronchioles (Fig. 11b and c). Lung sections 
from the group treated with the xanthone and daclatasivir 
dihydrochloride suspension showed noticeable improve-
ment from the LPS group with mild to moderate expres-
sion of TNF-α (Figure 11d). Moreover, treatment with O1 
showed a mild expression of TNF-α around the bronchioles 
(Figure 11e). Comparative quantification of the immuno-
histochemical expression TNF-α in the lung tissue of mice 
from all groups is presented in (Fig. 11f).

Conclusion

In conclusion, a successful combinational drug therapy had 
been developed containing xanthone and daclatasvir dihy-
drochloride for COVID-19 treatment and control of its most 
common and dangerous side effects. The formulation was 
developed using bilosome-chitosan complex nanoparticles 
for the effective delivery of both drugs and to combine the 
advantages of those two systems. An optimized formula 
was prepared showing excellent stability indicating tests, 
where the particle was effective for the proper nanoparticle 
delivery with a uniform size distribution. Moreover, the zeta 
potential of the optimized formula was − 19 mV indicating 

of the bronchiolar lining epithelium associated with inflam-
matory cells infiltration (black stars) in the alveoli in between 
the bronchioles as well as a severe dilatation and congestion 
of the blood vessels in the peribronchiolar tissue (Fig. 10b). 
These features were also detected in the group treated with 
the blank formulation with focal hemorrhages and hemo-
lyzed blood in the air alveoli associated with inflamma-
tory cells infiltration (black stars) in the perivascular tissue 
(Fig. 10c). On the other hand, lung tissue from the group 
treated with the tested drugs suspension showed a noticeable 
improvement compared to the LPS group with few infiltra-
tions of inflammatory cells in the peribronchiolar tissue (Fig. 
10d). Moreover, lung tissue from the group treated with O1 
showed almost normal histological structure with no histo-
pathological alteration (Figure 10e).

Effect on Immunohistochemical Expression Level of 
TNF-α

The expression of TNF-α as a major inflammatory mediator 
that can induce several cascades of inflammation and cell 
death was further assessed using immunohistochemistry 
assay. Lung tissue of the normal mice showed relatively 
negative expression of TNF-α with only few TNF-α expres-
sion surrounding the bronchioles (Fig. 11a). Lung sections 
from the LPS group and the group treated with the blank 

Fig. 11  Effect of xanthone and daclatasvir dihydrochloride on immu-
nohistochemical expression level of TNF-α the lung tissue (a) Normal 
group, (b) LPS group, (c) Blank +LPS group, (d) Xanthone and dacla-
tasvir dihydrochloride +LPS, (e) Xanthone and daclatasvir dihydro-
chloride formulation (O1) + LPS group, (f) Comparative quantifica-

tion of the immunohistochemical expression TNF-α in the lung tissue 
of mice from all groups. Blue arrows lung bronchioles, orange arrows 
air alveoli, and black stars strong expression of TNF-α localized in 
areas of inflammatory reactions
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