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ABSTRACT: Aim: Targeted delivery of chemotherapeutics by functionalized
nanoparticles exhibits a wonderful prospect for cancer treatment. The main
objective of this research was to develop folate receptor-targeted silibinin (SB)-
loaded inhalable polymeric nanoparticles (FA-CS-SB-NPs) for the treatment of
lung cancer. Method: The qbD approach was implemented to prepare SB-loaded
nanoparticles. Folic acid was conjugated by electrostatic conjugation in an
optimized batch. The therapeutic potentials of formulations were determined using
a lung cancer cell-bearing rat model. Result: Optimized formulation exhibited a
spherical surface with a mean particle size of 275 ± 1.20 nm, a PDI of 0.234 ±
0.07, a ζ-potential of 32.50 ± 0.21, an entrapment efficiency of 75.52 ± 0.87%, and
a CDR of 63.25 ± 1.21% at 48 h. Aerodynamic behaviors such as the mass median
aerodynamic diameter (MMAD) and geometric size distribution (GSD) were
found to be 2.75 ± 1.02 and 3.15 ± 0.88 μm, respectively. After 24 h of incubation
with FA-CS-SB-NPs, the IC50 value was found to be 24.5 g/mL. FA-SB-CS-NPs maintained a significantly higher deposition of SB
in lung tissues. Conclusions: Thus, the noninvasive nature and target specificity of FA-CS-SB-NPs pave the way for pulmonary
delivery for treating lung cancer.

■ INTRODUCTION
Lung cancer is one of the most common cancers, and it plays
an important role, with a higher mortality rate in both primary
and metastatic neoplasia. The World Health Organization
categorizes lung cancer into four primary types: adenocarci-
noma, large-cell carcinoma, squamous-cell carcinoma, and
small-cell carcinoma. Photodynamic therapy, chemotherapy,
surgery, and target-specific therapy are all options for lung
cancer treatment.1

The main component of the silymarin extract is silibinin,
flavonolignan that can be found in the seeds and fruits of
Silybum marianum.2 This phytoconstituent has been shown to
have antioxidant, cardioprotective, anticancer, anti-inflamma-
tory, and neuroprotective properties. Silibinin has been
approved by the USFDA as safe with no significant side
effects. According to the researcher’s analysis of the literature,
silibinin was utilized in the treatment of different types of
cancers, including colon cancer, lung cancer, skin cancer,
cervical cancer, and ovarian cancer.3 Silibinin is rapidly
absorbed after oral administration, with a tmax of 2−4 h and
a half-life of 6 h. Conventional silibinin has a low oral rate of
absorption of 23−47%, resulting in low bioavailability. Low
water solubility, less penetration into gut epithelial cells,
metabolism in the liver, and rapid systemic clearance may all

contribute to the drug’s low bioavailability.4,5 Nanomedicine
has evolved dramatically in cancer therapy over the past
decade, and a substantial quantity of nanoscale drug carriers
have been built to carry chemotherapeutic medications to
increase bioavailability and tissue delivery with the main goal
of improving the therapeutic index.6 The nanoparticulate drug
delivery technology embraces tremendous promise for
successfully enhancing the therapeutic effectiveness of multiple
anticancer drug molecules. Recent nanotechnology expansion
has produced a variety of nanomaterials suitable to treat lung
cancer.6 Nanoparticles, renowned for their biocompatibility,
serve as optimal carriers for in vivo drug delivery to cancer
cells. Among them, chitosan NPs (CSNPs) stand out with
exceptional attributes, showcasing controlled release behavior.
The unique advantages of chitosan NPs make them a
promising technology for precise and effective drug delivery
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in the fight against cancer.7,8 CSNPs are susceptible to
modification by other ligands, such as folates, epidermal
growth receptors, and polypeptides, due to their primary
amino acids.9 Hence to improve the modification of CSNPs
with ligands that are specific for receptors on tumor cells,
which can lead to the specificity of drug delivery to tumor cells.

Improving CSNPs’ targeting efficacy involves linking them
to specific ligands, such as antibodies or low-molecular-weight
compounds like folate, through chemical or biological
conjugation. This enhancement strategy aims to optimize the
precision and efficiency of CSNP interactions with target
entities. The folate is a well-studied ligand due to its stability,
minimal immunogenicity, and low cost. Furthermore, human
cancer cells, including A549 cells, show higher levels of folate
receptors (FRs) than normal cells.10

Folate is a well-known tumor-targeting moiety and it is
frequently conjugated with NPs because of its capacity to form
a unique bond with FRs.11 The c-carboxyl derivative
component of conjugated folates is covalently bonded, which
explains the high affinity of folate ligands. The uptake of folate-
conjugated substances by FRs has comparable kinetics to that
of free folate.12 FRs are promising therapeutic targets that are
influenced by a variety of cancers. Folate is thought to act as a
targeting ligand for anticancer drugs, limiting undesired attacks
on healthy tissues. Folate enters targeted tumor cells via the
endocytosis process with the help of cellular receptors,
enhancing cellular uptake.13 To summarize, folate-conjugated
nanoparticles are suitable polymeric carriers for targeted
medication delivery to malignancies.

A new approach to nanotechnology has arisen in the recent
decade, with the purpose of focusing on lung disorders such as
cancer. The idea is to combine pharmaceutical delivery using
nanotechnology with an inhalational delivery device. This
method has sparked research into the lung’s potential utility as
a doorway for pharmaceutical entrance. Because of their vast
surface area for absorption (100 m) and relatively thin
absorption membrane (0.1−0.2 m), the lungs are a well-
organized channel for medicines into the bloodstream.
Furthermore, the lungs have lower local metabolic activity
than the oral route, and the inhalation route is less sensitive to
first-pass metabolism.14,15 Chemotherapy inhalation has been
confirmed to be beneficial for treating lung cancer. When
compared to parenteral delivery, inhalation can modify the
biodistribution of medications and boost the accumulation of
their noticeably higher fraction in the lungs. Inhalation also
helps to limit the systemic distribution of anticancer drugs,
which reduces their associated toxicity.16,17 As a result, targeted
inhalational NP administration to the lungs is a promising field
of cancer nanotechnology research that many formulation
scientists, oncologists, and biomedical researchers are inter-
ested in.

The concept of quality by design (QbD) is becoming widely
accepted in the pharmaceutical development industry due to
its overall productivity in optimizing an appropriate exper-
imental design space. Pharmaceutical quality by design (QbD)
is an organized development methodology that begins with
predetermined objectives and places a strong emphasis on
understanding and controlling processes and products using
applied science and risk management for the nanoparticles
developed for the inhalation route.18 The use of the quality by
design (QbD) methodology has resulted in the establishment
of standardized, formulation-driven procedures for getting the
optimum product. Successful commercialization of nanosized

formulations containing anticancer medicines might be
possible if scaling-up challenges are properly addressed.19

DoE studies, such as Plackett−Burman (PB) and Box−
Behnken designs, must be performed on important parameters
based on risk assessment of process and formulation factors;
specific ranges for critical parameters should be established
within specified ranges to obtain the desired outcome (degree
of substitution (DS)).20,21 Videira et al. proved that a
paclitaxel-loaded lipid nanocarrier was found to be more
efficacious compared to IV therapy.22 Tomoda et al. claimed
that by spray-dried PLGA NP drug concentration in the lungs
was found to be greater after intravenous delivery of the free
drug.23 Roa et al. confirmed that Inhalable effervescent DOX
NPs were found to be an effective treatment for lung cancer in
their investigation.24

The aim of the current research was to develop folic acid-
conjugated silibinin-loaded CSNPs and to assess their
synergistic anticancer effectiveness in a lung cancer mouse
model. Moreover, in this study, we explored the antiprolifer-
ative effects on A549 cells, bioavailability, pharmacokinetics,
and tissue distribution study. This platform significantly
increased drug delivery to the tumor while also producing
great efficacy. The drug carrier folic acid-linked nanoparticles
could be effective in treating lung cancer. In this case, drug
delivery that targets receptors has the potential to be highly
beneficial in correcting the poor pharmacokinetics of silibinin
and enhancing therapeutic outcomes in patients with advanced
lung cancer.

■ MATERIALS AND METHODS
Materials. Silibinin was procured from Sigma-Aldrich,

Mumbai (India). Chitosan (CS) (M.W 120−350 kDa, degree
of deacetylation: 95%) was gifted by Cognis Gmbh Pvt. Ltd.
Germany as a polymer. Sodium tripolyphosphate (STPP) as a
cross-linking agent, Tween 80 as a surfactant, 4-(methylni-
trosamino)-1-(3-pyridyl)-1-butanone (NNK) as a lung cancer
inducer, and folic acid as an active targeting agent were
purchased from Sigma-Aldrich, Mumbai (India). All other
excipients and solvents were of pharmaceutical and analytical
grade. Double distilled water was used throughout the study.
Method. Preparation of CSNPs was accomplished using an

ionic gelation technique.23 Chitosan was dissolved in an
aqueous solution of acetic acid (0.02% v/v) to obtain a 0.5
mg/mL chitosan solution. Silibinin and Tween 80 were
dispersed in the above solution with constant stirring. Cross-
linker STPP was dissolved in distilled water at a concentration
of 0.5 mg/mL. An STPP aqueous solution was added dropwise
using a syringe needle (0.22 μm, Millipore) into the above
chitosan solution containing SB with continuous stirring at
different speeds by a high-speed homogenizer (IKA T25
Digital S22 Homogenizer, India). The stirring was continued
for a specific amount of time. The resulting nanosuspension
was centrifuged at 8000 rpm for 30 min before being washed
with distilled water (Remi Laboratory Centrifuge, R-4CDX).
Because the centrifugation process generates a lot of heat, the
temperature was kept at −4 °C to keep the nanoparticles
stable. The supernatant liquid was removed, and the settling
nanoparticles were redispersed in a phosphate-buffered
solution pH 7.4 and ultrasonically disaggregated for 5 min.25

Freeze-Drying of Chitosan NPs. Two milliliters of the
nanoparticle suspension was placed in glass vials with rubber
stoppers for lyophilization. The freeze-dryer (LSFD1SU,
Delvac Pumps Pvt. Ltd., Chennai, India) was set at −40 °C
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for 72 h. Detailed procedures were performed as per methods
described in Patel et al.26,27

Defining the Quality Target Product Profile and
Critical Quality Attributes. A number of patient-centered
quality characteristics (QA) were found to satisfy the QTPP,
including physical properties of drugs such as particle size,
entrapment, and cumulative drug release after 24 h.
Biopharmaceutical Performance, it is imperative to understand
which of these can potentially be the critical quality attributes
(CQAs) of nanoparticle formulations.28

Risk Assessment. A risk assessment plan was developed in
order to classify probable interactions between drugs and
excipients with various unit activities and to quantify the
risk(s) or failure(s), if any. The Ishikawa diagram was created
to structure the risk assessment process to identify the causes
and components that affect the CQA of a drug.
Risk Analysis by the Placket−Burman Design (PBD).

The relative effects of particle size, entrapment efficiency, and
cumulative drug release after 48 h of nanoparticles were
assessed using PBD as the primary screening method. On the
basis of preliminary investigations, high and low values for each
factor were selected. The PBD was constructed with 12 runs
using Design Expert software (Trial version 12.0.0, Stat- Ease
Inc.). Based on risk assessment, seven independent variables
were selected. The variables with significant main impacts on
the selected responses were identified using the Pareto chart
and analysis of variance (ANOVA) results.29

Optimization Using the Box−Behnken Design. A
Box−Behnken experimental design with 3 factors, 3 levels,
and 15 runs was chosen for the optimization study. Particle
size, encapsulation efficiency, and cumulative drug release at 48
h (CDR at 48 h) were selected as dependent variables. For
predicting the optimal region, a quadratic equation generated
for the variables is explained below in eq 1.

= + + + + +

+ + + +

Y X X X X X X X

X X X X X X
0 1 1 2 2 3 3 12 1 2 13 1 3

23 2 3 123 123 1
2

1
2

2
2

2
2

3
2

3
2

(1)

where Y denotes the measured response, β0 denotes the
constant, and β1, β2, and β3 are the coefficients for the factors
X1, X2, and X3. The coefficients of interaction are β12, β23, β13,
and β123, while the coefficients of the quadratic terms are β1

2,
β2

2, and β3
2.

All DOE statistical treatments were performed using Design
Expert software (Trial ver. 12.0.0, Stat- Ease Inc.).29,30

Optimization of the Design Space and Validation of
the Model. The polynomial equations were developed by the
trial version of Design Expert Software (12.0.0) and also tested
to refine the models for statistical significance. The checkpoint
batches were selected within the design space and compared
between the predicted and experimental results of the
responses, and % error was calculated to validate the selected
model by using below eq 2.31

=

×

% relative error
predicted value experimental value

predicted value

100 (2)

Characterization and Evaluation of Prepared Nano-
particles. Measurement of the Particle Size, ζ-Potential,
and Polydispersity Index. The physicochemical properties of
nanoparticles, such as particle size, polydipsersity index (PDI),
and ζ-potential of the particles, were measured on a Zetasizer-

Nano ZS (ZEN3600 Malvern Zetasizer Nano series Nano-ZS,
UK.) as per the method described in Patel et al.26,32

Measurement of Drug Entrapment Efficiency. %EE was
calculated by centrifugation of the aqueous phase to determine
the free drug concentration. % EE was measured as per the
method described in Patel et al.26,32 The % EE was calculated
using the following eq 3.

= ×
i
k
jjjjj

y
{
zzzzz

% entrapment efficiency

total amount of drug free amount of drug
total amount of drug

100

(3)

In Vitro Drug Release and Drug Release Kinetic Study.
Modified dialysis diffusion techniques were employed to
determine the drug release profile from produced polymeric
nanoparticles. Drug release and release kinetics were measured
as per methods described in Patel et al.26,33,34 The produced
sample was quantified using an HPLC System (Shimadzu
Corporation, Japan).

Method of Conjugation of Folic Acid on Nanoparticles.
Ten milligrams of folic acid was dissolved in a solution
containing 2 mL of anhydrous dimethyl sulfoxide and 10 mL of
a 20% w/v aqueous solution of sodium hydroxide. The
resulting solution was dropped into 10 mL of a phosphate-
buffered solution pH 7.4 containing 30 mg of optimized
nanoparticles prepared for 30 min under stirring conditions
using a laboratory magnetic stirrer at 500 rpm (Remi
Instrument Pvt Ltd., Ahmedabad). The resulting solution
was subjected to a high-speed homogenizer (Omni Program-
mable digital Homogenizer, Mumbai) at 5000 rpm for 4 h.
Loading efficiency of the difference between the amount of
folic acid initially added and the amount of folic acid in the
supernatant was used to determine the amount of folic acid in
the produced nanoparticles. To obtain powders, the collected
products were washed three to four times with deionized
water, centrifuged at 15,000 rpm for 15 min, and then freeze-
dried (FA-CS-SB-NPs).35

Formulation of the Inhalable Powder. Initially, flow
property was calculated for silibinin nanoparticles. The FA-
CS-SB-NPs and anhydrous inhalable-grade lactose were
manually mixed (1:1.5.) using the geometric dilution method
to increase the flow property. The Hausner ratio, angle of
repose, and Carr’s index were carried out after adding
inhalable-grade lactose.36 The optimized formulation was
then analyzed for particle size to see how the nanoparticles
changed on being inhaled.

Determination of Mass Median Aerodynamic Property
Evaluation. The mass median aerodynamic diameter
(MMAD) of unconjugated nanoparticles and folic acid-
conjugated nanoparticles were investigated by using an
Andersen cascade impactor with eight stages (model 200-
800, Thermo Fischer Scientific, MA). Procedures were
performed as per the method described in Patel et al. The
percent respirable fraction (RF) was calculated as mentioned
below in eq 4.26,37

=

×

%RF
amount of drug deposited on stage 2 through 7

total loaded dose
100 (4)

Characterization of the Prepared Folic Acid-Con-
jugated Chitosan Nanoparticles (FA-CS-SB-NPs). Fourier
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Transform Infrared (FTIR) Spectroscopy. The IR spectra of
compounds such as silibinin, chitosan, and folic acid-
conjugated nanoparticles were recorded using FTIR spectros-
copy (CARY 630, Agilent Technologies). Spectra were
recorded as per the method described in Patel et al.26,38

Differential Scanning Calorimetry (DSC). DSC analysis of
the samples was performed on a DSC 60 (Shimadzu, Tokyo,
Japan) precalibrated for temperature and heat flux accurately
using indium. DSC analysis of the samples such as silibinin,
chitosan, and folic acid-conjugated nanoparticles was per-
formed as per the method described in Patel et al.26,38

Scanning Electron Microscopy (SEM). SEM (JEOL-JSM-
6380LVERDA) was used to examine the form and surface
morphology of the optimized folic acid-conjugated CSNPs. To
determine the surface morphology, shape, and size of each
sample, images were taken at varying magnifications in a
vacuum chamber while placing the probe.38

Nuclear Magnetic Resonance (NMR). The NMR spectra of
folic acid-conjugated CSNPs were acquired using a 500 MHz
NMR spectrometer (AVANCE 500, Bruker, Rheinstetten,
Germany) and a CF3COOD/D2O mixture (0.1 mL
CF3COOD in 0.5 mL D2O) as a solvent. The NMR spectra
of the FA-CS molecule were used to calculate the degree of
substitution (DS) of folic acid to the monosaccharide residue
of CS.38

X-ray Powder Diffraction Study. A Pananalytic diffrac-
tometer system recorded X-ray powder diffraction patterns of
pure drug and folic acid-conjugated CSNPs (Xpert pro-PW 30-
40/60 multipurpose diffractometer, Philips, India). The
samples were inserted in a sample holder and scanned at a
scan angular speed of 2θ min−1 from 2θ to 50θ. The diffraction
patterns were collected and plotted using Xpert High Score
Plus software.39

In Vitro Cytotoxicity Assay. In Vitro Cytotoxicity Assay
Performed in A549 Cells by MTT Assay. A549 cells were
cultured in an RPMI medium supplemented with 10% (v/v)
fetal bovine serum and gentamycin sulfate (10 g/mL) (NCCS,
Pune, Maharashtra, India). Cells were maintained at 37 °C in a
5% CO2/95% air-humidified incubator. A549 cells were seeded
in 96-well plates at a density of 10,000 viable cells per well and
incubated for 24 h to allow cell adhesion. Various
concentrations of prepared formulations (CS-SB-NPs and
FA-CS-SB-NPs) ranging from 0.39 to 50 μg/mL and pure
silibinin were added to the respective wells along with blank
and untreated controls in triplicate. Plates were incubated for
24 h at 37 °C in a CO2 incubator.40,41 The whole procedure
was performed as per the method described in Patel et al.26

Using eq 5, the percent cell viability was computed using
untreated cells as 100%. Results are expressed as the
percentage of Viable cells respect to control values.

= ×percent cell viability
absorbance test

absorbance control
100

(5)

In Vivo Study. Animals. Sprague-Dawley rats (weight:
200−250 g) were housed in polypropylene cages under
standard conditions of temperature (25 ± 10 °C), relative
humidity (55 ± 10%) cycle, and ad libitum supply of standard
food and filtered water. Animals were acclimatized to a 12 h
light/dark period 1 week before the experiment and fasted
overnight with free water to access. The Institutional Animal
Ethics Committee (IAEC), Department of Pharmaceutical
Sciences, Saurashtra University, Rajkot, Gujarat, India, was
formed in accordance with the guidelines of the Committee for

the Purpose of Control and Supervision of Experiments on
Animals (CPCSEA), Government of India (Protocol approval
no.: IAEC/DPS/SU/1705; dated 12th December, 2016).

NNK Lung Cancer Model. The lung cancer model was
developed using the method given by Bhatnagar et al. and was
modified to meet the needs of the study.42 After 1 month, the
rats were given a single high dosage (2.5 mg/kg body weight)
of NNK, followed by 3 weeks of lower doses (1.5 mg/kg body
weight), for a total dose of 100 mg/kg body weight. Two
animals were sacrificed every month for 3 months and in the
5th month. At each month, lungs, liver, kidneys, and spleen
were removed for histopathological evaluations. Blood samples
from rats were collected from the tail vein, and serum was
separated for further biochemical estimations to analyze the
various biochemical parameters during the induction period of
lung cancer. The experiments were terminated after 20 weeks.
When tumor volumes grew to 100 mm3, the tumor volume was
calculated with eq 6 as follows

= × ×tumor volume (mm ) 1/4 length width3 2 (6)

Rats were randomly asssigned into three groups, namely,
saline, CS-SB-NP, and FA-CS-SB-NP with 06 animals in each.
Control animals were injected with saline on the same
schedule. The prepared formulation (2.5 mg/kg) was given
by a microspray aerosolizer through an inhalation route
continued for 2 months for 3 days a week. The remaining
tumor-induced rats were used for further study.

Sample Collection and Serum Preparation. After anes-
thesia with diethyl ether, blood was collected from the tail vein
using heparinized capillary tubes. The blood was allowed to
clot for 30 min at room temperature and then centrifuged for
20 min at 1200 rpm. The serum was then aliquoted and stored
at −80 °C until use.
Biochemical Measurements. Estimation of Lipid Perox-

idation. The reaction mixture contains 500 L of a 10%
homogenate, 500 μL of 15% TCA, 300 μL of 25% TBA, and
300 μL of 5 N HCL in a total volume of 1.6 mL. For 15 min,
the reaction mixture was immersed in boiling water at 95 °C.
Finally, the tubes were placed on ice and centrifuged at 3000
rpm for 10 min. The absorbance at 512 nm of the supernatant
containing thiobarbituric acid reactive substances (TBA-RS)
was measured using a UV spectrophotometer.43

Estimation of Superoxide Dismutase Activity. The
reaction mixture contained 25 μL of the homogenate, 0.2
mL of epinephrine, and 0.8 mL of carbonate buffer (pH 9.2). A
UV spectrophotometer was used to detect absorbance at 295
nm. SOD activity was measured in units per milligram of the
protein.44

Estimation of Catalase Activity. The assay combination
consisted of 1.95 mL of phosphate buffer (0.05 M, pH 7.0), 1.0
mL of hydrogen peroxide (0.019 M), and 50 L of serum in a
total of 2.0 mL. A UV spectrophotometer was used to record
the rate of change in absorbance per minute at 240 nm.45

Estimation of Glutathione Reductase Activity. The assay
system taken in a 3 mL quartz cuvette consisted of 1.0 mL of
Tris EDTA (0.2M), 0.9 mL of EDTA (20 mM), and 20 μL of
Elman’s reagent. The mixture was incubated for 30 min and
100 μL of the homogenate was added. The mixture was
measured at an absorbance of 412 nm by a UV−visible
spectrophotometer.46

Histological Examinations. During the experiment, animals
were sacrificed under ether anesthesia at specific time intervals
and following treatment, and important organs such as the
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lungs, liver, spleen, and kidneys of rats from each group were
rapidly removed. The specimens were postfixed in buffered
formalin (10% v/v) for 24 h. Tissues were sectioned (3−4 mm
thick) after fixation, dried with 100% alcohol, embedded in
new paraffin, and allowed to cool. Cross sections of each tissue
were cut on a microtome and stained with hematoxylin and
eosin (H&E). Using an Olympus BX50 Microscope System
(Olympus, Japan), microphotographs were taken and the slides
were examined for histopathological anomalies.42

Biodistribution Study. Tumor-bearing rats were used in
biodistribution studies. After the tumors developed in rats, a
biodistribution study was carried out. The animals were
separated into three groups of six for free SB, CS-SB-NPs, and
FA-CS-SB-NPs. Standard SB was supplied by the lateral vein at
a dose of 3.5 mg/kg body weight. The rats were given CS-SB-
NPs and FA-CS-SB-NPs (2.5 mg/kg) using a microspray
aerosolizer. Animals from each group were sacrificed at specific
times, such as 2, 8, 24, and 48 h. Blood samples were drawn
from the ocular artery and deposited in test tubes containing a
heparin solution of 10 L. The plasma was centrifuged
immediately and kept at −20 °C until the assay. Organs
such as the lungs, livers, and kidneys were taken. Before
homogenization, organs were washed with saline and weighed.
To prepare tissue samples for homogenization, 0.5 mL of
plasma (or tissue homogenate) was added to 0.2 mL of a
methyl testosterone methanol solution (7 g/mL) as the in-
house standard for silibinin analysis. Tissue samples were then
placed on ice. For 5 min, the mixture was vortexed with 3 mL
of aceto acetate and then centrifuged at 3000 rpm for 10 min.
After 10 min, dry samples were reconstituted with 0.4 mL of
methanol and further centrifuged at 2000 rpm. HPLC was
used to determine the total quantity of silibinin.47

The total targeting efficiency (Te
c), targeting index (rec), and

relative overall targeting efficiency (RTe
c) of the prepared

nanoparticles were measured and compared to those of the
silibinin solution in order to assess the lung-targeting
characteristic of the chitosan-coated PLGA inhalable nano-
particles. The three targeting evaluation 7−9 indices are as
follows.

=r (AUC)NP/(AUC)sole
c (7)

=T I(AUC)TM/(AUC)e
c

(8)

= ×R T T T( NP Sol)/ Sol 100%Te
c

c c c (9)

where the denomination refers to the sum total of drug
exposure to all tissues, including the targeted tissue (Sol: SB-
sol; NP: SB-NP).

Assessment of Antitumor Activity. After tumor induction,
rats were randomly assigned into four groups: control, SB, CS-
SB-NPs, and FA-CS-SB-NPs nanoparticles, each with six
animals. On the same day, control animals received saline
injections. Prepared CS-SB-NPs and FA-CS-SB-NPs nano-
formulations were administered by a microspray aerosolizer for
2 months at a dose comparable to 2.5 mg/kg body weight of
SB. At days 0, 3, 12, 18, 24, and 30, rats were frequently
examined for differences in tumor size. A vernier caliper was
used to determine the size of the tumor mass.48 Tumor
volumes were determined using eq 10.

= × ×tumor volume (mm ) 1/4 length width3 2 (10)

Colloidal Stability. In homogenates of plasma, serum, liver,
kidneys, brain, spleen, and lungs, colloidal stability was

assessed. Blood was drawn from the retro-orbital sinus of
anesthetized animals, and plasma and serum were separated by
centrifugation at 3000 rpm for 10 min; the tissues underwent
homogenization in 2 mL of pH 7.5 phosphate buffer, followed
by a 10 min centrifugation at 4 °C and 10,000 rpm.45 Before
being used in a colloidal stability study, the supernatant was
extracted and diluted 1:10 (v/v) with deionized water. After 2,
4, 6, 8, 12, 24, and 48 h in biological fluids, the particle size of
the generated SB-loaded PCL/Pluronic F68 NP was measured.

Pharmacokinetic Study. Rats were randomly distributed in
three groups (n = 6). Group I was administered with pure
silibinin (3.5 mg/kg). Group II and III were administered
through a microspray aerosolizer with CS-SB-NP and FA-CS-
SB-NP (2.5 mg/kg). Serial blood samples were obtained from
the retro-orbital plexus of rats at intervals of 2, 3, 4, 6, 8, 12, 24,
and 48 h in plastic tubes containing heparinized saline, which
acts as an anticoagulant. Plasma samples were obtained by
centrifuging the blood at 10,000 rpm for 20 min at 40 °C and
storing them at 200 °C before analysis (Centrifuge 5418R,
Eppendorf AG, Germany). Drugs were extracted from rat
plasma using a simple protein precipitation process and
measured using HPLC analysis.49

High-Performance Liquid Chromatography. An HPLC
System (Shimadzu Corporation, Japan) was utilized to
quantify SB in prepared samples. The system was managed
using a CTO-20AC column oven with an autosampler and a
C18 (250 4.6 mm) agilent column. The method was found to
be linear in the 5−30 μg/mL concentration range (R2 =
0.9995; n = 3).50

Data Analysis. Profiles of plasma concentration (g) vs time
(h) were created, and the peak plasma concentration (Cmax)
and time of occurrence (Tmax) were directly recorded from the
profiles. GraphPad Prism version 4 was used to calculate the
area under the concentration−time curve (AUC0t) using the
linear trapezoidal method.

The mean and standard deviation of all pharmacokinetic
parameters of the produced chitosan NPs and the silibinin
solution were calculated (SD). Graph Pad Prism statistical
analysis was used to analyze the data, which included a
student’s unpaired t test. The significance levels were set at
<0.05, < 0.01, and <0.001.

Toxicity Experiment. Rats were randomly divided into
various groups, such as the control group (n = 6), the pure SB
group (n = 6), and folic acid-conjugated nanoparticles (n = 6).
The experimental group was treated with SB (3.5 mg/kg) and
folic acid-conjugated nanoparticles (2.5 mg/kg) daily for 2
weeks. Every day, the control group was given normal saline
through the caudal vein. During this period, all rats were
allowed to drink water and eat. The rats were sacrificed 2
weeks later to acquire several tissues (lungs, liver, kidneys, and
spleen) for weighing.50 The immune organ index was
calculated using eq 11.

=
G

G
immune organ index

weight of immune organs ( )
body weight ( )

(11)

Accelerated Stability Study. According to the International
Conference on Harmonization (ICH) Q1A(R2) guidelines
and a previously documented approach by Chalikwar et al.,51

the optimized batch of inhalable FA-CS-SB-NP was used to
conduct accelerated stability studies. Particle size, percent EE,
and percent CDR were measured after 48 h of redispersion of
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the sample in deionized water, with a 3 month sampling
interval.52,53

■ RESULTS AND DISCUSSION
Risk assessment, an aspect of the QbD approach, was
introduced to provide the CQAs with a comprehensive insight
into critical material attributes and critical process parameters
based on the few preliminary literature studies and reviews.
The optimization of these parameters could lead to robust
formulation of nanoparticles.
Defining the Quality Target Product Profile and

Critical Quality Attributes. In order to achieve the QTPP, a
number of patient-centric quality attributes (QAs) were
determined, including the drug product’s physical character-
istics, such as particle size (which is necessary for the
formulations to reach the intended site), percent entrapment
efficiency (better nanoparticulate drug delivery system), and
CDR after 48 h (provides insights into its pattern of sustained
release), which are commonly selected as CQAs in studies
pertaining to QbD-based nanostructured drug delivery
systems.
Risk Assessment: Ishikawa Diagram. In order to

determine any potential risk associated with the formulation
and process variables on the CQA of nanoparticles of silibinin,
an Ishikawa diagram was created, which included average
particle size, encapsulation efficiency, and cumulative drug
release at 48 h. Eight possible risk factors were identified based
on prior information, review literature, and exploratory
experiments, and these factors were further tested in
experimental designs. A fishbone diagram representing the
impact of critical material properties and process parameters
on the development of silibinin’s nanoparticulate drug delivery
technology is presented in Figure 1.
Risk Assessment: Plackett−Burman Design. Plackett−

Burman (PB) designs are screening designs that have a large
number of variables and a limited number of runs. A total of 12
experimental trials were conducted with five independent
variables, and the selected response variables showed a wide
range, indicating that the independent variables had significant

effects on the selected response parameters. ANOVA was used
to analyze the data, and a Pareto chart was used to evaluate the
parameter. In the Pareto chart (data not shown), effects above
the Bonferroni limit are almost certainly significant; effects
above the t-value limit may be significant and effects below the
t-value limit are almost certainly not significant. The Pareto
chart in Figure 2 shows that speed had the greatest
standardized influence at a 95% confidence interval, while
chitosan molecular weight had no effect on mean particle size.
The data show that the determination coefficients (R2) were
greater than 0.9, suggesting that the model could explain over
90% of the variation in the response and that the model’s
goodness of fit was validated (data not shown). The obtained F
value was compared to the theoretical value in order to
determine the regression model’s relevance. The theoretical
value F is 7.25. For each regression model, the F-ratio was
found to be significantly bigger than the theoretical value with
a very low probability (p < 0.001), indicating that the
regression model is significant with a 95% confidence level.
The importance of F and R2 indicated that the predicted and
observed values were linearly related.54

The results from the Pareto chart indicate that as the
concentration of chitosan increased, particle size increased,
whereas with the increase in STTP concentration and
homogenization speed, particle size decreased. Particle size
was found between 210 ± 0.15 and 399 ± 1.01 nm.

Equations 12−14 illustrate the polynomial equation that
indicates the correlation between the independent variables
and the dependent variable

= + +

+ +

Y X X X

X X X X

25.36 0.0523 0.125 0.0254

0.0025 0.0032 0.1584 0.856
1 1 2 3

4 5 6 7
(12)

= + +

+

Y X X X X

X X X

25.847 2.325 2.321 3.254 2.3214

1.2547 2.3256 3.2145
2 1 2 3 4

5 6 7 (13)

Figure 1. Fishbone diagram for SB-loaded chitosan nanoparticle formulation.
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= + +

+ +

Y X X X

X X X X

36.584 0.258 1.587 2.5874

3.5874 1.8745 4.6589 5.6547
3 1 2 3

4 5 6 7
(14)

The coefficients in equations indicate the quantitative impacts
of the independent variables on the response variables. When
the coefficient has a negative sign, it means that when the value
of the independent variable increases, the value of the response
variable lowers and vice versa. The absolute value of the
coefficient indicates the size of the independent variable and its
effect on the response variable; the greater the value, the
greater the size. As expected, addition of more chitosan and
STPP enhanced EE, whereas an increase in the homoge-

nization speed led to lower EE. The results showed that EE
varied between 55.10 ± 0.88 and 79.33 ± 1.23.

Cumulative drug release at 48 h was found from 60.21 ±
1.24 to 72.52 ± 1.69. As the chitosan concentration and STTP
concentration increased, cumulative drug release at 48 h was
also increased. However, the homogenization speed showed a
negative effect on cumulative drug release at 48 h. Placket−
Burman design did not evaluate the interaction terms between
variables. Hence, still most significant factors were further
evaluated by the Box−Behnken design.

Based on the Plackett−Burman design, critical parameters
such as chitosan concentration, STTP concentration, and
homogenization speed were further studied in the Box−
Behnken design.

Figure 2. Response surface plot and contour plot for (A) particle size, (B) % entrapment efficiency, and (C) CDR at 48 h.
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Optimization by the Box−Behenken Design. Effect of
Independent Variables on Particle Size. Particle size for all
batches lies between 190 ± 0.87 and 398 ± 1.54 nm. In
comparison to X2 and X3, X1 had a significant effect on particle
size (p < 0.005), according to the statistical analysis of particle
size data. Particle size was also affected by the interaction terms
X12 and X32. Having nanoparticles of the ideal size is crucial for
both intratumoral distribution and cellular internalization. A
smaller size of nanoparticles increases their surface area, which
contributes to optimum exposure to the tumorous lung
region.55

The size of the nanoparticles increased as the chitosan
concentration increased. The concentration of the cross-
linking agent (STPP) and the homogenization speed on
particle size were shown to have an inverse relationship.

The full mode regression eq (eq 15) from effect analysis was
obtained for particle size as follows.

= + +

+ + +

+

Y X X X X X

X X X X X X

X

214.25 32.52 12.25 32.54 25.32

32.25 6.325 65.98 85.25

85.69

1 1 2 3 1 2

1 3 2 3 1
2

2
2

3
2

(15)

Significant factors were defined as regression coefficients with a
p-value less than 0.05. The terms with p-values greater than
0.05 contributed the least to response prediction. As a result,
removing nonsignificant (p > 0.05) components from the full
model and using regression between significant terms gave the
reduced model eq 16.55

= + +

+ + +

Y X X X X X

X X X X

214.25 32.52 12.25 32.54 25.32

6.325 65.98 85.25
1 1 2 3 1 2

2 3 1
2

2
2

(16)

The Fisher F test with probability (P > F = 0.0231)
demonstrated that the model was significant in ANOVA,
showing that selected factors had a substantial effect on particle
size. The correlation between independent and dependent
variables was investigated using response surface plots.

The result showed that as the chitosan concentration
increased, particle size also increased. This mainly occurred
due to formation of a more viscous solution as the
concentration of chitosan was high.56 A similar effect of
polymer concentration on particle size of nanoparticles was
reported by many researchers such as Mainardes and
Evangelista57 and Quintanar-Guerrero et al.58 In order to
decrease chitosan mobility and enhance physical properties like
stability, cross-linking compounds are typically used in the
formulation of nanoparticles. STPP is a polyanion that
interacts with the chitosan amino groups during the ionic
gelation process to generate a gel via inter- and intramolecular
cross-linkages. The production of CSNPs causes the nano-
particle dispersion to become increasingly turbid as the
amount of STPP increases. When the STPP concentration
was very low, the reaction solution was clear and viscous,
similar to a pure chitosan solution, indicating that the STPP
concentration was insufficient to produce a cross-linked
structure of chitosan. As the amount of STPP increased, NP
began to develop, and particle sizes decreased. This could be
owing to enhanced inter- and intracellular cross-linking. This
could be because chitosan and STPP improved inter- and
intra-cross-linking. However, as the amount of STPP increased
to more than 1%, the size of the CSNPs started to increase.
This might be the result of more chitosan molecules being

involved in the creation of a single nanoparticle due to the
excess STPP after the chitosan molecules had fully cross-
linked.59,60 Since the homogenization speed was based on the
speed of the rapidly rotating mixing heads, it was an excellent
measure of the energy input to the system. The mechanical
collision with the wall caused by the high acceleration of the
liquid and the shear stress in the space between the rotor and
the stator due to the rapid rotation of the stator were the
mixing forces that broke the larger droplets into smaller ones.
Homogenization at high speeds reduces particle size, allowing
the synthesis of smaller nanoparticles. More energy is
produced in the process as the homogenization speed
increases, resulting in rapid dispersion of the polymeric organic
phase and the formation of nanoparticles of small size with a
monomodal distribution. Because the mixing energy was
insufficient at lower mixing speeds, the final mean particle size
of the generated nanodispersions was greater in this opera-
tional area. Lower homogenization speeds resulted in a
bimodal distribution, which could be attributed to insufficient
organic-phase dispersion. However, at 15,000 rpm, the process
was difficult to manage in terms of froth and air bubble
formation. The response surface plot and the contour plot for
particle size are shown in Figure 2A.

Effect of Independent Variables on Entrapment Effi-
ciency. Entrapment efficiency for all batches lies between
56.16 ± 0.98 and 81.21 ± 0.98%. From the statistical analysis
of entrapment efficiency data, it can be observed that X1 and X2
had significant effects on entrapment efficiency as compared to
X3. Interaction terms X12 and X13 also had significant effects on
entrapment efficiency.

The full mode and reduced model regression equations from
effect analysis were obtained for entrapment efficiency as
below eqs 17 and 18.

= + +

+ + +

+

Y X X X

X X X X X X X

X X

325.52 26.58 18.95 25.54

35.65 87.54 15.254 78.56

89.65 82.65

2 1 2 3

1 2 1 3 2 3 1
2

2
2

3
2

(17)

= + + +
+ +

Y X X X X

X X X X

325.52 26.58 18.95 35.65

87.54 78.56 89.65
2 1 2 1 2

1 3 1
2

2
2

(18)

The Fisher F test with probability (P > F = 0.0158) in ANOVA
demonstrated that the model was significant, showing that
selected variables had a substantial effect on EE. The
correlation between independent and dependent variables
was investigated using response surface plots. Drug entrapment
efficiency (%) (Y2) improved with increasing chitosan
concentration, owing to greater bond formation between
drugs and the polymer. Furthermore, a higher amount of
chitosan has a better capacity for ionic gel formation, which
inhibits silibinin from moving to the external phase and boosts
drug encapsulation efficiency. The increase in viscosity of the
organic phase (emulsion droplet) of the W/O/W emulsion
between the two aqueous phases (internal drug solution and
external surfactant solution) can explain the increase in DEE
with the polymer concentration. This increase in the viscosity
of the organic phase can reduce drug diffusion from the
internal aqueous phase to the external. As a result, more drug
molecules are incorporated into the nanoparticles, which
improves DEE. Mao and colleagues reported a 2-fold increase
in DEE as polymer content increased (from 8 to 32%).61 With
an increase in STPP concentration, the chitosan matrix’s cross-
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linking density improves, resulting in increased entrapment
efficiency.61 When the emulsification speed was increased from
5000 to 15,000 rpm, the encapsulation efficiency increased
from 65.21 to 84.12%. Although not linear, increasing the
homogenization speed from 10,000 to 15,000 rpm (69.52 to
77.62%) enhanced the encapsulation efficiency more than
increasing the homogenization speed from 5000 to 10,000 rpm
(65.21 to 70.32%). A unidirectional and less turbulent flow in
the case of a lower speed may have contributed to the drug loss
from the organic phase, which could account for the increase in
encapsulation efficiency. The response surface plot and the
contour plot for encapsulation efficiency are shown in Figure
2B.

Effect of Independent Variables on CDR at 48 h. CDR at
48 h for all batches lies between 59.65 ± 2.14 and 70.54 ±
2.05%. From the statistical analysis of CDR at 48 h, it can be
observed that X1 and X3 had significant effects on CDR at 48 h
as compared to X2. Interaction terms X13 and X23 also had
significant effects on CDR at 48 h. The full mode and reduced
mode regression eqs (eqs 19 and 20) from effect analysis were
obtained for CDR at 48 h.

= + + +

+ + +

+

Y X X X

X X X X X X X

X X

215.32 15.62 32.58 45.32

58.65 67.85 25.89 47.58

86.32 98.58

3 1 2 3

1 2 1 3 2 3 1
2

2
2

3
2

(19)

= + + +

+ +

Y X X X X

X X X X

215.32 15.62 45.32 67.85

25.89 47.58 98.58
3 1 3 1 3

2 3 1
2

3
2

(20)

The model was shown to be significant in ANOVA, with a
significant effect of chosen variables on particle size, according
to the Fisher F test with probability (P > F = 0.0235). Using
response surface plots, the relationship between independent
and dependent variables was explained.

As polymer and cross-linking agent concentration increased,
a more cross-linking structure was formed, which took more
time to diffuse the drug from the polymer matrix, so it
sustained drug release. However, the increasing polymer after a
point resulted in a decrease in vitro drug release, which is a
trend predicted to decrease the release rate with an increase in
polymer density in the matrix. The burst release of nano-
particles might be due to the diffusion of the drug that was
adsorbed on the surface of nanoparticles. Drug release was
increased with the increase in the rate of addition of chitosan,
indicating the better cross-linking density of the chitosan
matrix.62 The response surface plot and the contour plot for
CDR at 48 h are shown in Figure 2C.

The total amount of drugs released after 48 h increased as
the homogenization speed increased. Due to the high particle
size and low yield caused by the slow homogenization speed,
the difference in release profiles can be related to the particle
size of the nanoparticles. Larger particles showed a slower rate
of drug release due to the longer diffusion paths that the drug
had to travel to reach the dissolving medium.63

Validation of the Model. The BBD overlay plot from
Design-Expert software was used to help select the optimal
combination of independent factors to formulate NPs. From
point prediction software, one formulation was chosen for
Design-Expert, and its responses were evaluated. Based on the
predetermined values of the dependent variables, the
optimization technique yielded the expected results. To
confirm the accuracy of the optimized formulation, the

experimental values (actual) of a selected batch are compared
to the predicted values of dependent variables. Checkpoint
batches were obtained from an extensive grid search. Based on
the overlay plot, checkpoint batch CP1 was formulated using a
chitosan concentration of 1.73%, an STPP concentration of
0.91%, and a homogenization speed of 12,500 rpm, having a
predicted particle size of 273 nm, an entrapment efficiency of
76.55%, and the CDR at 48 h of 62.82%. The experimental
particle size is 275 ± 1.20 nm, the entrapment efficiency is
75.52 ± 0.87%, and the CDR at 48 h is 63.25 ± 1.21%,
respectively, which shows an error of less than 8% in all
responses.

Physicochemical Characteristics. The PDI values for all
batches fall between 0.125 ± 0.08 and 0.879 ± 0.112. To
achieve a uniform size distribution in the formulations, a
smaller PDI value is highly desirable. The presence of
positively charged chitosan in nanoparticles results in a
positive ζ-potential of larger than 30 mV, indicating excep-
tional colloidal stability. If chitosan concentration increases
from lower to high, the ζ-potential increases because of the
presence of a cationic amino group in the chitosan.64,65 ζ-
Potential decreased with an increase in STPP concentration.
STPP is anionic in nature, so the presence of a higher amount
of STPP on the surface of nanoparticles could decrease the ζ-
potential (31.50 ± 0.25 to 39.89 ± 0.41 mv).

Release Kinetics and Mechanisms of Drug Release. The
release effect shows that the drug was released from
formulations in the range from 58.45 ± 0.87 to 70.54 ±
2.05% within 48 h. It follows a biphasic release mechanism. For
instance, 10−12% of drug release in the first 2 h and 65−70%
within 48 h. The drug release mechanism from CSNPs is
related to the amount of drug on the particle surface, drug
diffusion from the CS matrix, and CS degradation and erosion.
The presence of free SB in the external phase and on the
nanoparticle surfaces could have caused the burst release. Due
to the solid matrix of NPs and the resulting immobilization of
the drug, a gradual and sustained release profile is
expected.66,67 Furthermore, chitosan interacts with biological
fluids, salts, and various delivery media to which formulations
are exposed, allowing for even more precise drug release
control. To summarize, the initial burst release revealed that
drugs may be attached to nanoparticles near the particle
surface and release when they come into contact with the
dissolution medium. Increased diffusion allows the drug to be
released for a longer period of time. The polymeric shell
surrounding it has a distance and obstructive impact on it.

Several mathematical models were used to investigate the
release kinetics and mechanisms of silibinin from CSNPs in
this study (zero order, first order, Higuchi, Hixson−Crowell
and Korsmeyer−Peppas). The exponent n (correlation values)
of the release data that well fitted to the Korsmeyer−Peppas
release model is approximately 0.3, confirming that Fick
diffusion is the controlling factor for drug release according to
the correlation values. The data from drug release kinetics
suggest that drug release from nanoparticles may follow a
complex mechanism of diffusion and erosion, as best supported
by the Korsmeyer−Peppas kinetic model. Furthermore,
formulations suit the Korshmeyer−Peppas model well
(0.748). In this case, anomalous SB diffusion from NPs is
demonstrated by “n” values ranging from 0.43 to 0.85, where
drug release is regulated by NP erosion and polymer chain
relaxation.68
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Folic Acid Conjugation. Folic acid was successfully
conjugated to a batch of CS-SB-NP that had been optimized.
The Z-average of the uncoated nanoparticles (226 ± 1.05 nm)
and the coated nanoparticles (277 ± 1.15 nm) with chitosan
was both significantly smaller than 300 nm. It has been
discovered that the obtained particle size range is distributed
throughout the lungs through pulmonary administration (i.e.,
from the region of the upper lobe to the lower lobe).69

NMR Study. Folic acid conjugation to chitosan was
demonstrated using NMR. The presence of two carboxylic
groups (−COOH) at the terminal position of folic acid makes
it more reactive. The formation of an amide bond between the
activated N-hydroxysuccinimide ester of folic acid and the
primary amine groups of chitosan led to the synthesis of FA-
CS-SB-NPs. Figure 3A shows the NMR spectrum of folic acid-
conjugated nanoparticles. The acetamino group CH3 was
responsible for the peaks at 3.256 ppm, whereas the carbons 3,
4, 5, and 6 of the glucosamine ring of chitosan were
responsible for the CH peak at 4.125 ppm. The formation of
an amide bond between the activated folic acid ester and the
primary amine groups of chitosan gave strange signals at
approximately 5.680 ppm, corresponding to the H22 folic acid

proton.70 Salar et al. acquired similar findings by grafting folic
acid on chitosan for silibinin delivery to specific targets.71,72

Formulation of a Dry Powder Inhaler and Character-
ization. Formulations were combined using the geometrical
dilution method with anhydrous inhalable-grade lactose at a
ratio of 1:1:05 in order to improve the flow property and
convert the FA-CS-SB-NP formulations into an inhalation
form. As flow characteristics, the angle of repose, Hausner
ratio, and Carr’s index were ascertained.

Determination of MMAD and the Geometric Standard
Deviation. The size and shape of particles are the most
important factors in determining deposition in different parts
of the lungs. Aerodynamic particles with a diameter of 0.5−5
μm can reach the alveoli and small airways.73 The cascade
impactor scenario of the nonconjugated and folic acid-
conjugated nanoparticles is shown in Figure 3B. Less than
10% of the particles were deposited in phases 0−2 and 6−7.
Particle deposition was greater than 10% but less than 20% in
stages 3 and 4 but greater than 20% in stage 5. A fine fraction
was defined as particle size less than 5.74 The fine particle
fraction, extra fine particle fraction, and emitted dose for
unconjugated nanoparticles and folic acid-conjugated nano-

Figure 3. (A) NMR spectrum of FA-CS-SB-NPs and (B) aerosolization behavior of CS-SB-NP and FA-CS-SB-NPs from the Anderson cascade
impactor.
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particles were 84.2, 25.68, and 12.5% and 67.8, 21.45, and
8.57% respectively. MMAD and GSD of unconjugated
nanoparticles and folic acid-conjugated nanoparticles were
calculated to be 2.78 ± 0.85 and 2.10 ± 0.77 μm, as well as
2.75 ± 1.02 and 3.15 ± 0.88 μm, respectively. Dynamic
particle size for folic acid-conjugated nanoparticles was 1.74 ±
1.10 μm, and the geometric standard deviation was 1.84 ± 0.98
μm. This shows that the prepared formulation has a deep lung
penetration rate. Effective delivery may be facilitated by a tight
size distribution centered on fine particle size, as indicated by a
low MMAD and low GSD. This indicates that the MDI is
capable of reaching the lungs deeply. Based on data collected
during particle deposition on various stages of the cascade
impactor, the particle size obtained in both formulations
(150−400 nm) is relevant for deposition in the trachea,
primary and secondary bronchi, and alveolar region for deep
lung penetration.75

Characterization of the Prepared Formulation. FTIR
Spectroscopy. Figure 4A displays the FTIR spectra of the
drug, polymer, and formulation. The peak at 1031.25 cm−1 in
the pure chitosan spectrum was attributed to the presence of
the saccharide structure. Stretching vibrations of amide I,
amide III, and OH were assigned to peaks at 3450.25, 1375.34,
and 1582.12 cm−1, respectively. The FTIR spectra of silibinin
showed peaks at 1434.14, 3376.44, and 1663.04 cm−1,
corresponding to the symmetric aromatic ring stretching
vibration (C�C ring), phenolic (OH) vibrations, and mixed
(C�O) amide and (C�C) vibrations, respectively. CSNPs
loaded with silibinin demonstrated C�C aromatic, N−H/C−
H stretching, and CH2 wagging associated with the OH groups
of chitosan at 1549.35 and 1482.20 cm−1.76 When the folate-
modified chitosan was compared to the chitosan spectra, a new

amide bond, indicating the IR band, was found at 1560 cm−1.
As shown in Figure 4A, the absence of the drug’s characteristic
peak indicates that the drug was successfully entrapped within
the polymeric matrix of the nanoparticles. This led to the
conclusion that the drug and polymer were compatible with
one another and did not interact.

DSC. The DSC thermogram of pure silibinin shows a broad
endothermic peak at 146.19 °C, corresponding to its melting
point. The DSC thermogram of CS-SB-NP and FA-CS-SB-NP
showed an endothermic peak between 82.48 and 84.34 °C and
an exothermic peak between 190.25 and 192.68 °C of chitosan,
as indicated in Figure 4B. The endothermic peak, also known
as the dehydration temperature (TD), is attributed to water
loss associated with chitosan’s hydrophilic groups. The total
removal of the distinctive peak of silibinin in the DSC
thermogram of nanoparticulate formulation indicates that the
medication was molecularly dispersed within the polymeric
matrix.77 The DSC curve of silibinin, CS-SB-NPs, and FA-CS-
SB-NPs is shown in Figure 4B.

Scanning Electron Microscopy Study. Using scanning
electron microscopy, the optimized batch (FA-CS-SB-NPs)
morphology was investigated. The SEM study images are
displayed in Figure 4C. The scanning electron microscopy
(SEM) images of the folic acid-conjugated silibinin-loaded
nanoparticles revealed a smooth surface and a spherical shape.
X-ray Diffraction. From the XRD studies, silibinin (Figure

4D) shows diffraction peaks at 2θ of 17.75, 19.31, 23.5, 26.15,
and 28.19°. Some of the peaks are sharp and strong, indicating
that silibinin in its natural state is crystalline. The prepared FA-
CS-SB-NPs show diffraction peaks in the same range with
roughly half the intensity, indicating that the crystalline nature
has been reduced to the amorphous form.78 These results

Figure 4. (A) FTIR spectra of (a) silibinin, (b) chitosan, (c) CS-SB-NPs, and (d) FA-CS-SB-NPs. (B) DSC spectra of (a) silibinin, (b) CS-SB-
NPs, and (c) FA-CS-SB-NPs. (C) Scanning electron microscopy images of the optimized batch (FA-CS-SB-NPs) for surface study. (D) XRD of a
(a) pure drug and (b) optimized formulation (FA-CS-SB-NPs).

Figure 5. (A) In vitro cytotoxicity analysis of SB, CS-SB-NPs, and FA-CS-SB-NPs in A549 cancer cells using MTT assay. (B) Analyzing the
morphology of A549 cancer cells post-treatment with (a) control, (b) SB, (c) CS-SB-NPs, and (d) FA-CS-SB-NPs.
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indicate that silibinin was successfully encapsulated into the
nanoparticles as a molecular dispersion. Some reflections can
be observed, indicating the semicrystalline nature of folic acid.
Figure 4D shows several sharp reflections at 2θ of 45.2 and
47.5°, indicating the reflection pattern of folic acid, thus
indicating that the conjugation of folic acid in the chitosan
drug matrix was accomplished.
In Vitro Cytotoxicity Assay. The capacity of nanoparticles

to enter into cancer tissues and cells is the most critical
requirement for their pharmacological effectiveness, as this
ensures that the drug is available for a long time. Therefore,
lung cells were subjected to a cellular uptake assay.

MTT assay was used to assess cell viability after exposing the
A549 cell line to various concentrations of free SB, CS-SB-NPs,
and FA-CS-SB-NPs (0.39−50 g/mL) for 24 h at 37 °C. Figure
5A shows that the cellular absorption efficiencies of both CS-
SB-NPs and FA-CS-SB-NPs in A549 cells are concentration-
dependent. However, FA-CS-SB-NPs had a substantially
higher uptake efficiency than CS-SB-NPs. Folic acid
receptor-targeted FA-CS-SB-NPs showed significantly (p <
0.05) better cellular uptake in A549 cancer cells than

nontargeted formulations. Again, the availability of FA on
the particle surface, which may facilitate ligand−receptor
interactions and is abundant in A549 cells, might increase the
drug concentration inside the intracellular environment, which
is the primary reason for FA-CS-SB-NPs’ uptake in most cases.
To determine the true cytotoxic effect of formulations on
cancer cells, the IC50 value was used. It is the concentration
required to kill 50% of the initial cells. After 24 h of incubation
with FA-CS-SB-NPs, the IC50 value was found to be 24.5 g/
mL. Nanoparticles have been shown to minimize the MDR
effect, which should boost SB’s anticancer potency by lowering
the P-glycoprotein-mediated efflux from cells. The significant
cellular absorption of FA-CS-SB-NPs in A549 cancer cells is
consistent with its enhanced anticancer impact.
Microscopic Analysis. After treatment with anticancer

drugs, a morphological study of cancer cells was performed.
The formulations were incubated for 24 h after being exposed
to cancer cells. The control cells were normal and spread over
the well plate coverslip, but cells in the formulation-treated
group shriveled. The morphology of cancer cells differed
between formulations, which was consistent with the

Figure 6. Microscopic images illustrating pathological alterations in different organs. (A) Control group, (B) group treated with NNK after 3
months, (C) group treated with NNK after 5 months, (D) treatment with CS-SB-NP formulation after the 2nd month, and (E) treatment with FA-
CS-SB-NP formulation after the 2nd month.
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cytotoxicity experiment. FA-CS-SB-NP-treated cells had fewer
and rounder morphologies, indicating that the formulations
were more cytotoxic. Because of its somewhat increased
absorption in cancer cells, the SB also caused significant
alterations in cancer cells. These findings clearly show that folic
acid-linked nanoparticles will be effective in the treatment of
lung cancer (Figure 5B).
In Vivo Study. NNK-Induced Lung Cancer Model.

Biochemical parameters. Lipid Peroxidation: The MDA
concentration was used as an indication to detect changes in
lipid peroxidation levels in sera. When compared to the control
group, the MDA content in the sera of NNK-treated rats
increased significantly by 4.21, 21.4, and 35.16% at 2, 3, and 4
months, respectively (data are not shown).

Activity of Superoxide Dismutase and Catalase. During
the progression of the disease, the levels of enzymatic
antioxidants in the sera of control and treated rats were
compared. When compared to the control group, SOD
activities in the NNK treatment group were reduced by
10.437, 29.16, and 45.21% at 2, 3, and 4 months, respectively
(data are not shown). Catalase activity in the diseased group
decreased significantly with time by 5.21, 12.3, 19.6, and
23.56%, respectively (data are not shown).

Reduced Glutathione Level. The effect of NNK on serum
levels of the nonenzymatic antioxidant GSH. When compared
to the control group, the NNK-treated group exhibited a
significant decline of 5.21, 10.23, and 19.85% at various time
intervals (data are not shown).

In experimental animals, exposure to NNK has been linked
to the development of neoplastic tumors.79 It is feasible to
acquire a better understanding of the mechanisms underlying

the changed metabolic process in human lung cancer by
investigating biochemical abnormalities in an animal model.
NNK, on the other hand, has been shown to disrupt the
mitochondrial respiratory chain, resulting in an increase in the
superoxide anion and hydrogen peroxide generation. Due to
the disruption of cellular functions and integrity, this may
result in increased lipid peroxidation and oxidatively damaged
macromolecules, such as lipids, DNA, RNA, and antioxidant
enzymes, in subsequent cells.80

Histopathological Observation. Figure 6A provides an
illustration of the histology of a control network in these types
of tissues. The test group animals in the 3rd month (Figure
6B) showed atypical changes in the bronchial epithelial lining,
an in the 5th month showed tumor cells in alveolar septa
(Figure 6C). However, tumors treated with CS-SB-NPs
(Figure 6D) had missing extracellular networks, indicating
superficial activity on lung cancer tumors. Tumors treated with
FA-CS-SB- NPs (Figure 6E) demonstrated that folate receptor
levels were maximal in groups receiving FA-CS-SB-NP
nanoparticulate formulations compared to the control group.
The expression of folate receptors in comparison to the
standard group suggests potentially outstanding results in
terms of the treatment of lung malignancies. It can be inferred
that FA-CS-SB-NPs’ increased tumor-specific activity was
caused by their targeting of FR, which is overexpressed in
lung cancer tumors. Histopathological examinations revealed
no alterations in the treated group’s other organs, including the
liver, spleen, and kidneys. All of the preceding findings show
that FA-CS-SB- NPs have improved toleration, selectivity, and
therapy efficacy in A549 lung cancer. FA-CS-SB- NPs are a

Figure 7. Biodistribution study of CS-SB-NP and FA-CS-SB-NP formulations in various organs (liver, lungs, kidneys, spleen, and plasma) at 2, 8,
24, 48 h.
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good choice because of their high drug loading, ease of
production, and quick cellular uptake.

Tissue Distribution Study. The administration of SB by CS-
SB-NPs and FA-CS-SB-NPs determined the drug’s sustain-
ability and extended residence time in several deep-seated
organs (Figure 7). When CS-SB-NP and FA-CS-SB-NP
formulations were administered, the highest concentration of
SB was found in the lungs, followed by the liver and kidneys.
The drug was localized in the lung tissue at 20.96 ± 2.23 and
41.25 ± 3.25% for CS-SB-NPs and FA-CS-SB-NPs, respec-
tively, after 48 h.

These findings suggest that formed surface-engineered NPs
have a higher targeting efficiency. The drug concentration in
the liver and kidneys is much lower, and the spleen is nearly
nonexistent. Thus, there is no risk of cell toxicity. Our findings
reveal that FA-CS-SB-NPs allowed for more drug accumu-
lation in the lung tissue than in nontargeted organs (Figure 7).
According to the findings, FA plays an important role in the
selective localization of FA-CS-SB-NPs in lung cancer cells.
The folic acid receptors identified the FA-anchored nano-

particles, which were then delivered to lung malignant cells via
receptor-mediated endocytosis. In comparison to folic acid-
conjugated nanoparticles, unconjugated CSNPs accumulate in
the lungs in smaller amounts.

In Vivo Antitumor Activity. Figure 8 shows the antitumor
activity of plain SB, CS-SB-NPs, and FA-CS-SB-NPs. The free
medication did not diminish the tumor volume. It is most
likely due to its quick elimination from circulation or its
decreased tumor-targeting efficacy. However, free medication
did appear to slow the rapid development in the tumor
volume, as evidenced by the steady climb in the curve of the
animals administered with normal saline. SB-loaded CSNPs
were found to reduce the tumor volume. Interestingly, from
the 2nd day onward, the free drugs demonstrated enhanced
and considerably stronger (p0.001) antitumor efficacy than SB
administered by CS-SB-NPs and FA-CS-SB-NPs. The larger
tumor volume reduction was estimated with FA-CS-SB-NPs
(Figure 8A). This is because folic acid-conjugated FA-CS-SB-
NPs are actively targeted to overexpressed FA receptors on
tumor surfaces. It also resulted in higher NP uptake than with

Figure 8. (A) Alterations in the rat tumor volume following the administration of saline, SB, CS-SB-NPs, and FA-CS-SB-NPs. (B) Assessing mice
tumor weights following a 30-day treatment period. (C) Plasma kinetics of nanoparticles (CS-SB-NPs and FA-CS-SB-NPs) in the rat. (D) Lung
kinetics of nanoparticles (CS-SB-NPs and FA-CS-SB-NPs) in the rat after inhalation administration of nanoparticles.

Table 1. Pharmacokinetic Parameters of Silibinin Solution, Chitosan NPs, and Folic Acid-Conjugated Chitosan NPs in the
Plasma and Lung Kinetics in the Sprague-Dawley Ratsa

plasma kinetics lung kinetics

parameters silibinin solution CSNPs folic acid-conjugated NPs silibinin solution CSNPs folic acid-conjugated NPs

Cmax (μg/mL) 23.62 ± 13.25 45.25 ± 11.25 102.3 ± 28.02 32.45 ± 25.85 68.58 ± 58.54 25832.12 ± 42.12
Tmax 1 ± 2.21 4 ± 1.25 3 ± 3.21 1 ± 2.21 12 14
AUCtotal (μg h/mL) 978.5 ± 118.52 1253 ± 84.58 2588.62 ± 256.31 745.2 ± 102.5 1587.22 ± 247.25 4958.55 ± 325.5
T1/2 (h) 8.9 ± 1.25 11.25 ± 2.25 16.4 ± 5.21 4.3 ± 0.58 45.85 ± 1.89 56.32 ± 3.65
CL (1/h) 0.87 ± 0.89 0.78 ± 1.22 0.62 ± 2.58 0.57 ± 1.02 0.52 ± 0.85 0.48 ± 1.02
MRT (h) 4.25 ± 1.05 4.85 ± 2.21 9.58 ± 1.25 3.88 ± 0.87 5.65 ± 0.88 8.54 ± 1.76
Frel 1 3.18 5.20 1 4.21 8.20

aResults are in triplicate (n = 3).
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unconjugated NPs. This could be a characteristic of FA-CS-SB-
NPs’ specific accumulation in tumors followed by receptor-
mediated endocytosis, resulting in better antitumor action
when compared to CS-SB-NPs. The tumor weight of the FA-
CS-SB-NP group also demonstrated good anticancer activity,
as indicated in Figure 8B. In vivo, antitumor effectiveness
results suggested that FA-CS-SB-NPs could be helpful in the
treatment of lung cancer.

Pharmacokinetic Study. After a single dosage of silibinin-
containing nanoparticles was administered via the pulmonary
route, the levels of silibinin in the blood and lungs were
measured. Various pharmacokinetic parameters after pulmo-
nary administration of free silibinin, CS-SB-NPs, and FA-CS-
SB-NPs are listed in Table 1.

The drug level was measured at six distinct time intervals
ranging from 6 to 48 h (Figure 8C). In comparison to free
silibinin, both nanoparticles demonstrated sustained drug
release profiles for up to 48 h (Figure 8D). Our formulation
demonstrated the ability to keep the plasma concentration of
silibinin above the minimum inhibitory concentration (0.5
mg/L) required for effective lung cancer treatment. When
compared to the silibinin solution, the maximum plasma
concentration (Cmax) achieved was nearly four times greater for
manufactured folic acid-attached nanoparticles, and the time to
achieve maximum plasma concentration was reduced from 3 to
1 h. However, it was discovered that the free drug reached its
peak in the lungs and plasma in just 1 h. This finding suggests
that administering prepared nanoparticles will increase the rate
of absorption. Every time point showed that the prepared
nanoparticles’ plasma concentration was noticeably higher than
that of the ones administered with the silibinin solution. Folic
acid-conjugated nanoparticle formulation increased the AUC
3.45 times and 7.25 times in plasma and lungs, respectively.
The improved AUC values suggest that the drug availability of
the formulation was higher for the folic acid-conjugated
nanoparticle formulation. The improved bioavailability of
silibinin after pulmonary administration of folic acid-con-
jugated nanoparticles can be attributed to several reasons. Folic
acid acts as an active targeting agent, directly reaching the
targeted site. The difference in serum drug concentrations
found resulting from CS-SB-NP and FA-CS-SB-NP therapy is
strongly related to surface attributes, selectivity, and conferred
various shielding effects.81

Toxicity Testing. Table 2 presents the outcomes concerning
the immune organ index and weight gain among the three rat
groups. The weight gains of rats in the FA-CS-SB-NP group,
SB, and control group were 30.21 ±. 25, 29.85 ± 3.21, and
25.45 ± 0.89 g, respectively. According to the foregoing
findings, rats belonging to the experimental group gained more

weight as compared to rats belonging to the control group. As
a result, it is conceivable that the original SB and FA-CS-SB-
NPs have a minor influence on rat body weight but have no
hazardous effect on their organs. No statistically significant
variations were observed in the indices of immune organs
between the control and experimental cohorts. The data
indicate comparable organ metrics in both groups.

Stability Study. The study aimed to determine the product’s
shelf life through accelerated degradation, ensuring a robust
estimation. The optimized formulation underwent a 6 month
stability study following ICH criteria, assessing particle size,
drug entrapment efficiency, and drug release every 48 h (data
are not shown). No significant differences were observed in
response; hence, formulations were stable. No considerable
alterations in particle size (nm), % encapsulation efficiency (%
EE), and % cumulative drug release (% CDR) at 48 h were
observed at 5 ± 2 °C after 6 months and at 25 ± 2 °C/60 ±
5% RH after 6 months, demonstrating insignificance (p >
0.05). The observed decline in the CDR percentage at the 48 h
mark can be attributed to a proportional increase in size
coupled with a concomitant reduction in the surface area. The
optimized polymeric NP formulations experienced a decline in
% EE, attributed to potential silibinin leaching during storage.
This decrease in encapsulation efficiency may be a
consequence of prolonged storage conditions.82

■ CONCLUSIONS
Silibinin-loaded folic acid-conjugated Inhalation based CSNPs
optimized by the QbD approach were developed to treat lung
cancer through folate receptor targeting, which is overex-
pressed in lung cancer cells as compared to free silibinin.
Moreover, we found that silibinin-loaded folic acid-conjugated
CSNPs maintained a significant silibinin deposition in tissues
of the lung tumor along with excellent antiproliferative activity.
Additionally, histological research revealed a more effective
anticancer effect of nanoparticles on mice lung tumors. The
presented results show that silibinin-loaded folic acid-
conjugated CSNPs improved therapeutic efficacy and facili-
tated the targeting of silibinin to tumor sites. This kind of
guided drug delivery system demonstrates immense promise
for advancing targeted therapies in treating lung cancer,
offering enhanced precision and effectiveness.
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