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A novel nanocarrier system of phospholipids complex loaded chitosan nanoparticles (FAPLC CNPs) was devel-
oped to improve the oral bioavailability and antioxidant potential of FA. FAPLC CNPs were optimized using a
Box-Behnken Design (BBD). FAPLC CNPs were characterized using differential scanning calorimetry, Fourier
transforms infrared spectroscopy, powder x-ray diffractometry, proton nuclear magnetic resonance, solubility,
in vitro dissolution, ex vivo permeation, and in vivo antioxidant activity in carbon tetrachloride (CCl4)-induced
albino rat model. The characterization studies indicated a formation of the complex as well as FAPLC CNPs. The
FAPLC CNPs exhibited a lower particle size ~123.27 nm, PDI value ~0.31, and positive zeta potential ~32 mV re-
spectively. Functional characterization studies revealed a significant improvement in the aqueous solubility, dis-
solution, and permeation rate of FAPLC and FAPLC CNPs compared to FA and FA CNPs. The FAPLC CNPs showed
significant enhancement of in vivo antioxidant activity of FA by restoring the elevated marker enzymes in the
CCl4-intoxicated ratmodel compared to FA CNPs. Moreover, the pharmacokinetic analysis demonstrated a signif-
icant enhancement of oral bioavailability of FA from FAPLC CNPs compared to FA CNPs. These findings show that
FAPLC CNPs could be used as an effective nanocarrier for improving the oral delivery of FA.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Ferulic acid (FA) (IUPAC name: [E]-3-[4-hydroxy-3-methoxy-phe-
nyl] prop-2-enoic acid), a phenolic acid derivative, found in wheat,
rice, barley, citrus, and somebeverages such as coffee and beer. It is a po-
tent free radical scavenger [1,2]. FA produces several biological activities
such as antioxidant [3], neurodegenerative disorder [4], antidiabetic [5],
anticancer [6], and pulmonary protective effect [7], etc. The antioxidant
activity of FA attributes to the presence of unsaturated side chain, phe-
nolic nucleus, hydroxyl andmethoxy group attached to the phenyl ring,
which ultimately provides stabilization to the structure via resonance
[8]. Moreover, FA has low toxicity and therefore, it has been widely
used in the pharmaceutical and food industry [9]. Despite these poten-
tial medical applications, FA exhibits low bioavailability, rapid metabo-
lism, and elimination via oral administration [10]. Additionally, being a
BCS class II drug (low solubility and high permeability), FA shows a
poor absorption profile from the gastrointestinal tract via conventional
delivery systems. Therefore, we need to develop novel and smart

nanocarriers which can improve the biopharmaceutical properties
of FA.

Literature analysis demonstrated that only some nanoformulations
have been attempted by the authors for enhancing the biopharmaceuti-
cal properties of FA. These include nanostructured lipid carrier (NLCs)
[11], conjugates [12], phospholipids complex [13], hydrogel [14], and
PLGA nanoparticles [15]. Analysis of thesework demonstrated only par-
tial improvement in the dissolution rate of FA, whereas, optimization,
solubility, permeability, oral bioavailability, and antioxidant activity
evaluation were found to have lacked. Likewise, the findings of phos-
pholipids complex work have shown the limited improvement of FA
solubility ~ (3-fold only)without analysis of dissolution rate, permeabil-
ity, oral bioavailability, and antioxidant status of FA [13]. Moreover, the
obtained low solubility of FA in employed soy lecithin based phospho-
lipids can form strong aggregates and agglomeration product, which
could exhibit low dissolution of FA form this phospholipids complex.
The existed drawbacks of these single nanocarriers were overcome in
the present research work by the formation of novel nanocarriers
using a combination of phospholipids complex and chitosan nanoparti-
cles through solvent evaporation and ionic gelation technology, which
can accomplish the benefits of each carrier and circumvent their
limitations.
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Phospholipids complexation technology has been considered as one
of the best techniques for enhancing the biopharmaceutical attributes of
bioactive as compared to others, due to the simple preparationmethod,
high drug loading ability, and long terms stability of the drug. Based on
this, many researchers have used this expertise and reported a signifi-
cant improvement in the solubility, permeability, and oral bioavailabil-
ity of scores of bioactive such as ursolic acid [16], rutin [17],
mangoflorine [18], and capsaicin [19]. These significant improvements
in the bioactives are depending upon the composition of the phospho-
lipids complex. The phospholipids complex consists of phospholipids,
bioactive, and/or synthetic drug and preparation methods i.e. solvent
evaporation method, the most widely used method. In this study, the
LIPOID® SPC-3 (LSPC-3) was used as phospholipids. This lipid-like
class of phospholipids also shows biocompatibility, biodegradability,
metabolic activity, and low toxicity, and thus, it acts as suitable
nanocarriers for translocation of bioactive across the biological mem-
brane [20–22]. Moreover, being biocompatible due to similarity in
lipid content of this lipid with the amphiphilic mammalian cell mem-
brane, it exhibits higher miscibility towards each other and facilitates
the effective permeation of bioactive. The amphiphilic nature of LSPC-
3 also demonstrates aqueous as well as lipid solubility [23,24]. The
LSPC-3 containing hydroxyl group can form interaction with the active
hydrogen atom of any lipophilic drug through the esterification process,
convert into amphiphilic compounds, facilitate its transportation across
the biological membrane and finally, improve the therapeutic efficiency
of drugs [25]. The same mechanism also occurred in the phospholipids
complex, where phospholipids can form polar and hydrogen bonding
interaction with bioactive and enhances their biopharmaceutical prop-
erties to a great extent [26–28].

Chitosan nanoparticles (CNPs) are natural materials that show
physico-chemical, antimicrobial, and biological properties [29]. It can
permeate into the interstitial spaces and increases the cellular uptake
of drugs [30]. It is prepared from chitosan, which is a modified biopoly-
mer, polycationic copolymer, and nitrogenous polysaccharide, obtained
by total or partial deacetylation of chitin [31]. It contains one amino (‐
NH2) and two hydroxyls (OH)2 groups in the glucosidic residual chain.
It is biocompatible and shows non-toxicity to the living tissues. It
shows gel-forming ability, high adsorption capacity, and biodegradabil-
ity properties. These properties of chitosan make it a potential
nanocarrier for improving the encapsulation efficiency and sustained
release properties of drugs [32]. The affinity of the positive charge of
CNPs (due to cationic amino group) towards the negative charge of
FAPLC complex (anionic group) forms strong electrostatic interaction,
leading to increases in the encapsulation of phospholipids complex
into CNPs and forms combined delivery system i.e. FAPLC CNPs, which
prevents its exposure and provide a controlled release of a drug [33].
Additionally, the outside positive charge of FAPLCCNPs can also form in-
teraction with the negative charge of the plasma membrane and mu-
cosa, resulting into increase in their interaction, adhesion, and
retention to the intestinal epithelial cells and enhances the permeability
and absorption of drugs via opening the tight junction between the cells
[34,35]. Earlier reports have shown that the encapsulation of phospho-
lipids complex into the nanosystem i.e. nanoparticles can considerably
improve the biopharmaceutical attributes of bioactive [36,37]. There-
fore, based on the evidence, the developed FAPLC CNPs can be consid-
ered as promising combined drug delivery nanocarriers for improving
the delivery and absorption of bioactive.

In this work, we developed FAPLC CNPs using FAPLC and CNPs via
solvent evaporation and ionic gelation technology. The FAPLC was opti-
mized using the quality by design (QbD) based Design of Experiment
(DOE). Following this, the FAPLC CNPs were characterized for physico-
chemical and functional parameters of particle size analysis, differential
scanning calorimetry, Fourier transforms infrared spectroscopy, powder
x-ray diffractometry, solubility analysis, in vitro dissolution, and ex vivo
permeation studies. Moreover, the FAPLC CNPs were also investigated
for in vivo antioxidant potential in the CCl4-induced albino rat model.

2. Materials and methods

2.1. Chemicals

FA (HPLC purity > 99%) was obtained as a gift sample from Sisco
Research Laboratories Pvt. Ltd. Mumbai, India. LIPOID® SPC-3 was
obtained from Lipoid GmbH, Ludwigshafen, Germany. Chitosan
(molecular weight = 340 kDa and degree of deacetylation = 75 – 80%)
was purchased fromHiMedia Laboratories Pvt. Ltd., Mumbai, India. Acetic
acid, carbon tetrachloride, chloroform, ethanol, methanol, sodium chlo-
ride, sodium lauryl sulfate, sodium tripolyphosphate, and Tween® 20
were purchased from Loba Chemicals Pvt. Ltd., Mumbai, India. Disodium
hydrogen phosphate, potassium dihydrogen phosphate, n-Hexane, and
n-octanol were purchased from Sigma Chemicals, Sigma-Aldrich
Corporation, St. Louis, MO. All other chemicals used in this study were
based on analytical grade.

2.2. Preparation of ferulic acid – LIPOID® SPC-3 complex (FAPLC)

The ferulic acid – LIPOID® SPC-3 complex (FAPLC) was prepared as
per the molar ratio of (1:1.5) using the ethanol-based solvent evapora-
tion method described previously [33]. Briefly, the FA (194.20 mg) and
LIPOID® SPC-3 (LSPC-3) (1173 mg) were individually weighed as per
the above-mentioned molar ratio and transferred into a 100 mL round
bottom flask. The weighed ingredients were mixed and dissolved in
20 mL of absolute ethanol. The solution in the flask was refluxed at a
controlled temperature of 50 °C using a water bath (DSY-2-2, Aiqixia
Apparatus Center, China) for 2 h respectively. The heated solution was
concentrated to get 2‐3 mL of liquid residue. This was then poured
into 10 mL of n-hexane resulted in precipitation of FAPLC. The obtained
complex was filtered and dried under vacuum at 40 °C for 12 h to re-
move traces of residual solvent if any. The dried FAPLC (yield ~92% w/
w) was transferred to amber-colored (light protected) glass vials,
purged with N2, and stored at room temperature (RT) until further
analysis.

2.3. Screening of phospholipids

The screening of four different grades of phospholipids such as
Phospholipon® 80H, Phospholipon® 90H, Phospholipon® 90G, and
LSPC-3 was carried out based on drug content and physico-chemical
properties of the FAPLC. Among all, the LSPC-3 was selected as opti-
mized phospholipids and used in the preparation of FAPLC as per the
molar ratio of (1:1.5) using the solvent evaporation method.

2.4. Determination of extent of complexation of FA in FAPLC

A UV-basedmethod previously described by Tan et al. [39] was used
for the determination of the extent of the complexation of FA in FAPLC.
Briefly, an approximate amount of FAPLC (equivalent to ~50 mg of FA)
was weighed and transferred into 10 mL of the beaker. The weighed
FAPLC powder was dispersed in 5 mL of chloroform and stirred well re-
sulted in the formation of dispersion. In this dispersion, the FAPLC and
LSPC-3 both were dissolved, while, FA remained as insoluble residue.
This residue was filtered and dried at room RT. The dried residue was
dissolved in methanol, diluted suitably, and analyzed for absorbance
at (ƛmax ~311 nm) using a UV‐visible spectrophotometer (Model: V-
630, JASCO International Co., Ltd., Tokyo, Japan). The extent of complex-
ation was calculated using the below-described equation.

Extent of complexation rate %ð Þ ¼ Ct−Cfð Þ
Ct

� 100 ð1Þ

where, Ct indicates the theoretical concentration of FA in FAPLC, and Cf
represents the observed concentration of FA in the filtrate.
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2.5. Preparation of FAPLC loaded chitosan nanoparticles (FAPLC CNPs)

The ionic gelation method described earlier was employed for the
preparation of FAPLC CNPswith slightmodifications [33]. This nanopar-
ticle was prepared using FAPLC, acetic acid solution (2%, w/v), chitosan,
and sodium tripolyphosphate (STPP) respectively. Briefly, the FAPLC
(equivalent to ~10 mg of FA) and chitosan (200, 400, or 600 mg) were
weighed and dispersed in the freshly prepared acetic acid solution.
The developed complex-polymer dispersion was added in a dropwise
manner at a flow rate of 2 mL/min using a nozzle (diameter ~2mm) at-
tached to the peristaltic pump (Model: PP 50V, Electrolab India Pvt. Ltd.,
Mumbai, India) into continuously stirred 400 mL of STPP solution (0.2,
0.3 or 0.4 % w/v). The dispersion was stirred using a magnetic stirrer
at a speed of (800, 1000, or 1200 RPM). This complex-polymer–STPP
cross-linking mechanism resulted in the formation of FAPLC CNPs. The
obtained nanoparticles were kept aside in the STPP solution in the
dark overnight. Consequently, the nanoparticles were filtered (syringe
filter, 0.22 μm), washed using deionized water, and oven-dried at
40 °C. Dried FAPLC CNPs were stored in light-protected glass vials,
purged with N2, and kept at RT until further analysis. Likewise, the FA
CNPs, as well as blank CNPs (free of FAPLC) were also prepared using
the same method as described above.

2.6. The rationale for selecting independent, dependent variables and their
ranges

The preliminary experiments and supporting literature were used
for the selection of independent, dependent variables and their ranges
for the optimization of FAPLC CNPs. The nanoparticles were prepared
using the samemethod as described above. The prepared nanoparticles
were tested for encapsulation efficiency, and based on their results; the
independent, dependent variables and their ranges were selected.
Moreover, to explore further the range of independent variables, the
FAPLC CNPs were optimized at three levels (‐) low, (0) middle, and
(+1) higher using Box-Behnken Design.

2.7. Box-Behnken Design (BBD)

Quality by Design (QbD) is a systematic, scientific and risk-based ap-
proach that commences with predefined objectives of the final product,
and based on this, it identifies the critical parameters of the manufactur-
ing process and/or formulation components that affect the quality of the
product, translates these parameters into critical materials attributes
(CMA) and/or critical process attributes (CPA) and finally establish
these attributes in the form of experimental trials to consistently produce
a product with desired characteristics [38]. In this study, the QbD-based
Design of Experiments (DOE) i.e. Box-Behnken Design (BBD) (Design-
Expert®, Version 10.0.4.0, Stat-Ease Inc., Minneapolis, Minnesota, USA)
was employed to optimize CMAand/or CPA in less number of experimen-
tal trials to achieve the desired FAPLC CNPs. Based on preliminary exper-
iments and supporting literature, the three independent variables i.e.
chitosan (mg, X1), STPP concentration (% w/v, X2), and stirring speed
(RPM, X3) respectively were selected. Likewise, the encapsulation effi-
ciency (% w/w) was selected as dependent variables. The selected inde-
pendent variables were investigated at three levels and coded as (‐1)
low, (0) middle, and (+1) higher respectively. The BBD generated 17#
possible experimental trials along with a statistical model i.e. polynomial
equation as shownbelow. The equation containing the coefficient ofmag-
nitude, interaction terms, and generated positive and/or negative sign
was used for the optimization of the FAPLC CNPs.

Y ¼ b0 þ b1X1 þ b2X2 þ b3X3 þ b11X1
2 þ b22X2

2 þ b33X3
2

þ b12X1X2 þ b13X1X3 þ b23X2X3 ð2Þ

where Y, is the encapsulation efficiency (%,w/w) and b0 is the coefficient
of the independent variable of X. The X1, X2, and X3 represent the main

effects of the study. The interaction terms i.e. X1X2, X2X3, and X1X3 indi-
cate the combined effect of the independent variables on the encapsula-
tion efficiency. The polynomial terms i.e. X1

2, X2
2, and X3

2 show the non-
linearity response of the dependent variables. The coded and real values
of the independent and dependent variables are shown in Table 1,
whereas, the possible experimental trials with an estimated value of en-
capsulation efficiency (%, w/w) are depicted in Table 2.

2.8. Estimation of n encapsulation efficiency

The estimation of the encapsulation efficiency of FA within the
FAPLC CNPs was carried out using the spectrophotometric method de-
scribed previously [40,41]. Briefly, a certain amount of FAPLC CNPs
was weighed and dispersed in 5 mL of 0.1 M HCl. The resulting disper-
sion in 1.5 mL of microcentrifuge tube was ultracentrifuged at 15,000
RPM at 4 °C for 40 min. Next, the supernatant was collected, diluted ap-
proximately, and analyzed at a maximumwavelength (ƛmax ~311) on
aUV‐visible spectrophotometer against the blank. The encapsulation ef-
ficiency and drug loading were calculated using the equation described
below.

Encapsulation efficiency %ð Þ ¼ Total amount of FA−Free FA
Total amount of FA

� 100 ð3Þ

Drug loading %ð Þ ¼ Total amount of FA−Free FA
Weight of nanoparticles

� 100 ð4Þ

2.9. Physical-chemical characterization of FAPLC and FAPLC CNPs

2.9.1. Particle size and zeta potential
Particle size and zeta potential are themostwidely used indicator for

the determination of release behavior and physical stability of a multi
particulate system dispersed in the liquid medium. In this study, the
particle size and size distribution of FA within FAPLC or FAPLC CNPs
were evaluated using Photon Cross-Correlation Spectroscopy (PCCS)
equipped with Dynamic Light Scattering (DLS) technology. Briefly, the
aqueous dispersion of FAPLC or FAPLC CNPs was analyzed for particle
size within the sensitivity range of 1 nm to 10 μm using a particle size
analyzer (Model: Nanophox Sympatec, GmbH, Clausthal-Zellerfeld,
Germany). The same dispersion of formulation was also used for the
analysis of zeta potential within the sensitivity range of – 200 to
+200 mV using Nano Particle Analyzer (Model: NanoPlusTM-2, Partic-
ulate System, Norcross, GA, USA). The detailed procedure for the prepa-
ration of the sample and its evaluation has been reported earlier by our
group [42].

2.9.2. Scanning electron microscopy (SEM)
The samples of FA, LSPC-3, FAPLC, and FAPLC CNPs were analyzed to

study their surface characterization using a scanning electron micro-
scope (Model: Supra®, Carl Zeiss NTS Ltd., Germany) according to the
method described previously in the literature [43]. Briefly, the samples
(~50mg) wereweighed and spread as a thin layer on double-faced car-
bon tape and then loaded into the sample chamber of the SEM. After

Table 1
Coded levels and real values for each independent variable.

Variables Coded levels

−1 0 +1

Independent Real values
Chitosan (X1, mg) 200 400 600
STPP concentration (X2, % w/v) 0.2 0.3 0.4
Stirring speed (X3, RPM) 800 1000 1200

Dependent
Encapsulation efficiency (% w/w)
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loading, the sample was coated using gold (~400°) via a sputter coating
technique. The coated sample was scanned at an accelerating voltage of
10 kV. The scanned image of each sample at various magnifications was
analyzed using instrument attached software (Smart®SEM V05.06).

2.9.3. Fourier transforms infrared spectroscopy (FT-IR)
FT-IR is a valuable analytical tool often used in the identification of

functional group interaction between the formulation components.
The FA, LSPC-3, physical mixture (PM) of FA and LSPC-3, FAPLC, chito-
san, and FAPLC CNPs were analyzed using the FT-IR spectrophotometer
(Model: FT-IR-8300, Shimadzu, Kyoto, Japan). Briefly, the powder mix-
ture of samples and FT-IR grade of potassium bromide was compressed
into thin transparent discs using Mini Hand Press Machine (Model:
MHP-1, P/N-200-66, 747-91, Shimadzu, Kyoto, Japan). This disc was
then scanned at a wavenumber range of 400 to 4000 cm‐1 under the
scanning resolution of 4 cm‐1. The scanned image of each FT-IR sample
was analyzed and interpreted using instrument accompanied software
(IRSolution, version 1.10). The above procedure for the FT-IR analysis
has been reported previously [44].

2.9.4. Differential scanning calorimetry (DSC)
The FA, LSPC-3, PM, FAPLC, chitosan, FA CNPs, and FAPLC CNPs were

analyzed to investigate their thermal properties using differential scan-
ning calorimeter (Model: DSC‐1821e, Mettler-Toledo AG, Analytical,
Schwerzenbach, Switzerland). Briefly, the sample (~2mg)wasweighed
and loaded into a previously calibrated and N2 purged analyzing area.
The loaded sample was subjected to heating at a rate of 10 °C/min in
the heating range of 0 to 400 °C. Following heating, the generated DSC
thermograms of each samplewere read using instrument attached soft-
ware (Universal Analysis 2000, V4.5A, Build 4.5.0.5). The adopted DSC
procedure has been reported by our group earlier [45,46].

2.9.5. Powder x-ray diffractometry (PXRD)
A powder x-ray diffractometer (Model: D8 ADVANCE, Bruker AXS,

Inc., Madison, WI, USA) was employed for the comparative analysis of
crystal characteristics of FA, LSPC-3, PM, FAPLC, chitosan, FA CNPs, and
FAPLC CNPs respectively. Briefly, samples (~50 mg) were loaded into a
sample analyzing area and irradiated using the CuKβ radiation source
(ƛ = 1.5406A0°). The irradiated sample was scanned and detected
using a dimensional silicon strip based technology detector
(LYNXEYE™). The obtained diffraction spectra on the 2θ angle between
the ranges of 3 to 60° at a count rate of 5 s were interpreted using PXRD
accompanied software. An earlier published procedure by our group has
been followed for the PXRD analysis of samples [47].

2.9.6. Proton nuclear magnetic resonance spectroscopy (1H NMR)
The carbon-hydrogen structures, as well as chemical shift values of

the above-mentioned formulation components, were analyzed using a
400 MHz FT-NMR spectrophotometer (Model: Bruker Advance II,
Bruker BioSpin, Billerica, USA). The detailed procedure for the prepara-
tion of the sample, their analysis, and evaluation has been reported pre-
viously [46].

2.9.7. Solubility studies
Amethod earlier described by Singh et al. was used for the solubility

analysis of pure FA, PM, FAPLC, FA CNPs, and FAPLC CNPs respectively
[48]. Briefly, the above-mentioned samples in an excess quantity were
dispersed in 5 mL of distilled water or n-octanol in sealed glass vials.
The content in the vials was then agitated using a shaker (Model: RSB-
12, Remi House, Mumbai, India) for 24 h. After agitation, the developed
dispersionwas centrifuged at 1500 rpm for 25min followedbyfiltration
using a 0.45 μmembrane filter. The filtrate was suitably diluted and an-
alyzed the solution at themaximumwavelength of (ƛmax= ~311 nm)
against the blank to determine the solubility of each sample in water or
n-octanol. The sample absorbance was recorded using a UV‐visible
spectrophotometer (Model: V-630, JASCO International Co., Ltd.,
Tokyo, Japan).

2.10. Functional characterization of FAPLC and FAPLC CNPs

2.10.1. In vitro dissolution studies
A dissolution method similar to that previously described by Maiti

et al. was employed for the comparative evaluation of release perfor-
mance of FA suspension, FA CNPs, FAPLC, or FAPLC CNPs respectively
[49]. Briefly, an approximate amount of the above-mentioned samples
containing ~2 mg of FA was weighed and dispersed in 2 mL of phos-
phate buffer. This dispersion was sonicated and then loaded into the di-
alysis bag. The dialysis bag with a requirement of average diameter
~21.55 mm, average flat width ~32.34, loading capacity ~3.63 mL, and
molecular size cut off ~12,000–14,000 kDa was used in the dissolution
studies. Moreover, the dialysis bagwas rinsed as per themanufacturer's
guidelines. The loaded samples in the dialysis bag were suspended ver-
tically in the dissolution flask containing freshly prepared phosphate
buffer (200 mL, pH 6.8) with Tween® 20 (1% v/v) dissolution media.
The media in the flask was continuously stirred at 50 RPM using a mag-
netic stirrer and maintained at 37 ± 1 °C for 12 h. At a predetermined
time interval, the samples were removed from the flask and compen-
sate with the same quantity of fresh dissolution media. The removed
samples were diluted suitably and analyzed the solution absorbance at
maximum wavelength of (ƛmax ~311 nm) on a UV–visible

Table 2
Box Behnken Design experimental trial formulation batches with obtained encapsulation efficiency values (%, w/w).

Experimental trials X1 X2 X3 Encapsulation efficiencya (%, w/w)

1 0 0 0 78.73 ± 1.17
2 0 −1 +1 50.52 ± 1.54
3 +1 0 −1 65.11 ± 1.56
4 +1 −1 0 62.08 ± 1.12
5 0 0 0 89.76 ± 1.90
6 0 0 0 76.92 ± 1.61
7 −1 +1 0 83.24 ± 0.78
8 +1 +1 0 96.04 ± 1.20
9 +1 0 +1 85.20 ± 1.78
10 0 +1 −1 85.60 ± 1.29
11 0 +1 +1 93.37 ± 1.34
12 0 −1 −1 58.27 ± 1.87
13 −1 −1 0 54.17 ± 0.87
14 0 0 0 91.21 ± 1.76
15 −1 0 −1 68.19 ± 1.54
16 0 0 0 90.47 ± 1.85
17 −1 0 +1 70.23 ± 0.34

a Values are presented as mean ± SD (n = 3).
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spectrophotometer (Model: V-630, JASCO International Co., Ltd., Tokyo,
Japan) against the blank. The recorded absorbance of samples was fur-
ther used for the estimation of the cumulative release of FA.

2.10.2. Ex vivo permeation studies
The comparative permeation pattern of pure FA from FA suspension,

FAPLC, FA CNPs, or FAPLC CNPs across a biological membrane was ana-
lyzed using a previously described everted rat intestinemethod [50]. The
detailed procedure related to the procurement of animals, isolation, and
preparation of rat intestine to everted rat intestine has been reported
previously and the same was followed in this study. Briefly, the pre-
pared everted rat intestine membrane was mounted between the two
supporting ends of the apparatus followed by filling the same apparatus
with the freshly prepared Krebs solution. After this, the entire apparatus
was inserted vertically into a 250mL beaker containing formulations i.e.
FA suspension (100 μg/mL), FAPLC (100 μg/mL), FA CNPs (100 μg/mL)
or FAPLCCNPs (100 μg/mL) prepared in theKrebs solution. The contents
in the beaker were stirred at 25 RPM using a magnetic stirrer, main-
tained at a temperature of 37 ± 0.5 °C, and aerated using a mixture of
carbogen (95% O2 and 5% CO2) throughout the permeation period i.e.
12 h. The samples were withdrawn from the assembly at an interval
of 10 min, diluted suitably, and analyzed for absorbance at a maximum
wavelength (ƛmax ~311 nm) using a UV–visible spectrophotometer
(Model: V-630, JASCO International Co., Ltd., Tokyo, Japan) against the
blank. The measured absorbance of the permeated samples was further
used for the estimation of cumulative permeation of FA and it was esti-
mated using the below described equation.

Apparent permrability ¼ V=A� T½ � � C1=C0 ð5Þ

In the above equation, V shows the serosal content (mL), A repre-
sents the surface area of the intestinal sac (cm2), T represents the time
of incubation (sec), C0 displays the initial concentration on the mucosal
side, whereas, C1 displays the concentration of on the serosal side after
time T.

2.11. In vivo antioxidant activity

2.11.1. Animals
The FA CNPs or FAPLC CNPs were evaluated for in vivo antioxidant

potential using chloroform (CCl4) - intoxicated ratmodel as per the pro-
cedure reported earlier [3,49]. The animal protocol (RSCOP/IAEC/2018‐
19 dated August 19, 2018) for the study was approved and sanctioned
by Rajarshi Shahu College of Pharmacy, Buldhana. The animals (male
and female albino rats, Wister strain) weighing about 150–200 g were
used and preserved in clean colony cages under the controlled temper-
ature (25±5 °C) and relative humidity (50±5%RH) for 12h light/dark
cycle. Following this, the animals were nourished with food (pellet
chow, Brooke Bond, Lipton, India) and water ad libitum. The entire
study was carried out according to the ethical guidelines provided by
the committee for the purpose of control and supervision of experi-
ments on animals (CPCSEA).

2.11.2. Dosing
The animals used for in vivo antioxidant activity were divided into

four groups containing six animals each. Group, I animals administered
only Tween® 20 (1% v/v, p.o.) for seven days and considered as a nega-
tive control, whereas, group II animals administered Tween® 20 (1% v/
v, p.o.) for seven days and on the same day, the group II also received a
single dose of an equal mixture of CCl4 and olive oil (1:1, 5 mL/kg, i.p.)
and considered as a positive control. Group III and IV animals adminis-
tered FA CNPs or optimized FAPLC CNPs (20 mg/kg, p.o.) in Tween®
20 (1% v/v, p.o.) for seven days. Subsequently, on the seventh day,
group III and IV animals also administered a single dose of an equalmix-
ture of CCl4 and olive oil (1:1, 5mL/kg, p.o.) and left them for further ob-
servations. After 24 h of formulation and CCl4 dosing, all the animals

were anesthetized using light ether. From these animals, the blood sam-
ples from the retro-orbital plexus were collected in a tube containing
heparin and then centrifuged using microcentrifuge (Model: RM-12C,
Angle Rotor Head, Remi House, Goregaon (E), Mumbai, India). The ob-
tained supernatant plasma samples were further used for the assess-
ment of liver function tests. Following this, the animals were
euthanized using the cervical decapitation technique followed by isola-
tion of the livers. The livers were washed in ice-cold saline solution and
homogenized in 0.1M PBS (pH 7.4) solution. The clear supernatant was
analyzed to observe the overall influence of the formulations on the per-
formance of in vivo antioxidant marker enzymes.

2.11.3. Estimation of the liver and in vivo antioxidant marker enzymes
The performance of liver function marker enzymes of serum

glutamic oxaloacetic transaminase (SGOT) and serum glutamic pyruvic
transaminase (SGPT) [51], alkaline phosphate (ALP) [52], and total bili-
rubin [53] in rat plasma samples were determined against FA CNPs or
FAPLC CNPs using UV–visible spectrophotometer. Likewise, the antiox-
idant effect of FA CNPs or FAPLC CNPs on in vivo antioxidant marker en-
zymes of glutathione peroxidase (GSH) [54], superoxide dismutase
(SOD) [55], lipid peroxidase (LPO) [56] and catalase (CAT) [57] present
in rat liver homogenate was also determined using UV –visible
spectrophotometer.

2.12. Oral bioavailability studies

2.12.1. Bioanalytical method development
An accurate amount of FA (~10mg) was weighed and dissolved in a

sufficient quantity of acetonitrile to get a final concentration of
200 mg/L. This stock solution was stored at 4 °C until further analysis.
From this solution, different dilutions of FA were prepared and spiked
with 50 μL blank plasma results in the formation of final concentrations
in the range of 0.5–800 ng/mL. These diluted solutions were then used
for the preparation of quality control (QC) samples at three different
concentrations such as low (1.0 ng/mL), medium (20 ng/mL), and
higher (640 ng/mL) respectively. The calibrated as well as QC samples
were stored at−20 °C till further characterization.

An LC-MS/MSmethod previously described by Zhang et al. was used
for the quantitative estimation of FA in rat plasma samples [58]. Briefly,
the LC-MS/MS instruments (Model: ACQUITY UPLC™, Water Corpora-
tion,Milford, MA, USA) equippedwith TandemQuadrupole (TQ) detec-
tor, cooling auto-sampler, and column oven for controlling the
temperature of analytical column was employed in this study. The sep-
arationwas carried out on the stationary phase consisted of the BEHC18
column (50 mm × 2.1 mm, particle size ~1.7 μm, ACQUITY UPLC™,
Water Corporation, Milford, MA, USA) and its column temperature
was maintained at 35 °C. The chromatographic separation was carried
out using a mobile phase composed of acetonitrile and water and the
flow rate was set at 0.2 mL/min throughout the study. The run time
for the sample was set at 3.5 min. The docetaxel (DXT) was used as an
internal standard (IN) due to its structural similarity with the FA. The
samples were analyzed in both, negative and positive ionization mode
usingmultiple reactionmonitoring (MRM). The ion source temperature
was 120 °C. The target ions were scanned at an m/z ratio of 193 for FA
and 808 for DXT respectively. Other supporting parameters such as
data acquisition and peak integration were analyzed using instrument
associated software (Masslynx 4.1 software).

2.12.2. Extraction of FA and sample preparation
A previously described liquid-liquid extraction (LLE) method was

followed for the extraction of the FA from rat plasma samples [58].
The diethyl ether and formic acid (0.5%) was used as an extracting sol-
vent and showed higher extraction recovery and reproducibility. Briefly,
the extraction of FA was started with the oral administration of formu-
lations to the animals. The animalswere divided into groups I and II con-
taining six animals each. Group, I animals received FA CNPs (20 mg/kg,
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p.o.) and group II animals received FAPLC CNPs (~20 mg/kg, p.o.) re-
spectively. Following administration, all the animals were anesthetized
at a pre-determined schedule and withdrawn their blood samples from
retro-orbital plexus into the clean Eppendorf® Safe-Lock
microcentrifuge tube (1.5 mL) containing heparin. The heparinized
blood samples were centrifuged at 800 ×g for 10 min followed by a col-
lection of plasma and preserved at−20 °C till further analysis.

2.12.3. Validation of the extraction and quantification method
International Conference on Harmonization (ICH) guidelines was

followed for the validation of the developed LC-MS/MS method. The
intra-day accuracy and precision analysis were performed using pre-
pared QC samples on the same day (n = 6). The inter-day accuracy
andprecisionwere analyzed using the sameQC samples on three subse-
quent days (n= 6). The extraction of FA from tissue samples and stan-
dard solution were performed and compared concerning extraction
recoveries. Moreover, stability studies i.e. long term (24 h) and short
term (14 days) were carried out on the prepared QC samples.

2.12.4. Study of pharmacokinetic parameters
Following administration of testing formulations, extraction, and LC-

MS/MS analysis, the pharmacokinetic parameters of FA such as half-life
(t1/2), area under theplasma concentration-time curve (AUC) fromzero
to time of final measured sample (AUC0-t) and from zero to infinity
(AUC0-ꝏ), mean residence time (MRT) were estimated using program-
based WinNonlin® software (Version 4.1, Certara USA Inc., Princeton,
NJ, USA). Moreover, Cmax and Tmax were estimated using the plasma
concentration-time curve.

2.13. Statistical analysis

The extent of complexation rate, solubility, and in vitro release data
was reported as a mean ± standard deviation. Additionally, the animal
studies report i.e. liver function tests, in vivo antioxidant study, and
pharmacokinetic analysis data were reported as mean ± standard
error of the mean. The statistical differences between the animals
treated groups were determined using a one-way analysis of variance
(ANOVA). The obtained p-value of less than 0.05 was considered a
significant one.

3. Results and discussion

3.1. Preparation of FAPLC and FAPLC CNPs

In this study, the FAPLC was prepared using ethanol based-solvent
evaporation method. Before this experiment, the preliminary solubility
analysis was conducted for FA and LSPC-3. It was found that both of
these compounds are lipophilic and show higher solubility in organic
solvents [59]. This physico-chemical property of FA was utilized in this
study and prepared the phospholipids complex using the solvent evap-
oration method. The phospholipids complex are lipid compatible mo-
lecular aggregates of drug and/or bioactive and phospholipids and
their formation is depending upon the complete dissolution of a drug
as well as phospholipids in common solvents results in the formation
of stable phospholipids complex. Previous literature reported the use
of dichloromethane [16], 1, 4 – dioxane [46], and tetrahydrofuran
(THF) [60] as a choice of solvents for the preparation of stable

phospholipids complex. These solvents were tested and found that FA
as well as LSPC-3, both showed low solubility and precipitation prob-
lems during the formation of a complex. This solubility problem was
overcome by using ethanol as a choice of solvents because of its semi-
polar nature, class III solvent with a low toxicity profile, and provides
higher solubility for FA and LSPC-3. Therefore, based on solubility, the
ethanol was chosen as an optimal solvent for the preparation of stable
FAPLC.

Following this, the FAPLC was loaded into chitosan nanoparticles
and developed FAPLC CNPs using the ionic gelation method. Chitosan
nanoparticles are formed due to the establishment of strong electro-
static interaction between dissolved polycationic chitosan and nega-
tively charged STPP in a common solvent. Chitosan is an amphiphilic
and polycationic polymer that demonstrates good solubility at below
pH 6.8 due to the protonation of the amino group.

3.2. Screening of phospholipids

The screening of phospholipids was carried out based on high phos-
phatidylcholine (PC) and drug content and their results are presented in
Table 3. As seen in the table, the LSPC-3 demonstrated higher PC content
compared to Phospholipon® 80H, Phospholipon® 90H and
Phospholipon® 90G indicate its suitability for the formation of a stable
complex with FA. Moreover, the high PC content of LSPC-3 also showed
higher drug content (92.61± 0.20% w/w) compared to other phospho-
lipids also suggested that higher PC could favorably interact with FA
resulting in the formation of stable FAPLC with better physical form.

3.3. The rationale for selection of independent, dependent variables and
their ranges

According to the ionic gelation method, the FAPLC CNPs was pre-
pared at a laboratory scale, and based on that, the chitosan, STPP con-
centration, and stirring speed were selected as independent variables,
and the influence of these variables was found significantly on the en-
capsulation efficiency, hence; it was selected as dependent variables.
After this, the range of selected independent variables was finalized
and it was done by using previously published reports which suggest
that the optimal values ~100 mg, 4% w/v, and 700 RPM of the chitosan,
STPP concentration, and stirring speed to produce the stable chitosan
nanoparticles [61]. In this study, these values were used, synthesized
the FAPLC CNPs, and tested for encapsulation efficiency. The tested re-
sults showed that synthesized FAPLC CNPs lowered the value of encap-
sulation efficiency. To improve this, the reported optimal values of
independent variables were shifted from 100 to 200 mg, 4 to 0.2% w/
v, and 700 to 800 RPM respectively. The shifted values produced the
various experimental trials of FAPLC CNPs and demonstrated apprecia-
ble enhancement of encapsulation efficiency. Based on the positive re-
sults and to get more information about formulation in less number of
trials, the range of variables at three levels was explored using BBD be-
cause it provides strong coefficient estimates near the center of the de-
sign space and more efficiency. Moreover, BBD offers an economic
choice to central composite design (CCD) for the fitting of quadratic
models that require three levels for each variable. Hence, based on the
advantages of BBD, the chitosan, STPP concentration, and stirring
speed were studied at three levels i.e. (−1) low, (0) middle, and (+)
higher respectively.

Table 3
Screening of phospholipids for the preparation of FAPLC.

Lipids Drug to lipids ratio Drug content (%, w/w) Physical form

Phospholipon® 80H 1:1.5 73.24 ± 1.22 Sticky and aggregates
Phospholipon® 90H 1:1.5 79.40 ± 0.41 Sticky and aggregates
Phospholipon® 90G 1:1.5 86.52 ± 0.34 Sticky and aggregates
Lipoid® SPC-3 (LSPC-3) 1:1.5 91.61 ± 0.20 Powder
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3.4. Box Behnken Design

The generated experimental trials of FAPLC CNPs using selected in-
dependent variables produced a considerable impact on the encapsula-
tion efficiency, and its results are presented in Table 2. The
encapsulation efficiency value shows a significant variation and based
on this, the lowest and highest efficiency values were 50.52% and
96.04% respectively. The obtained seventeen trials represent the inter-
action between selected independent variables. Subsequent interaction
and analysis of data, the BBD exhibited the results in the form of fit sta-
tistics (Table 4), ANOVA data, diagnostic results, and model graphs re-
spectively. Supporting this, the BBD also displayed the polynomial
equation which shows the influence of independent variables on the
encapsulation efficiency as well as the presence of coefficient of magni-
tude and positive and negative sign also demonstrated a strong impact
on the encapsulations efficiency. These parameters of the polynomial
equation were used further to optimize the FAPLC CNPs.

Y ¼ þ85:42þ 4:08X1 þ 16:65X2

þ 2:77X3−5:65X1
2−5:89X2

2−7:59X3
2 þ 1:22X1X2

þ 4:51X1X3 þ 3:88X2X3 ð6Þ

Based on the ANOVA data (Table 5), the coefficient of magnitude i.e.
b2 and b33 represents the significant terms, while, the bo, b1, b3, b11,
b22, b12, b13, and b23 represents non-significant terms (p > 0.05).
Moreover, the obtained quadratic model for the FAPLC CNPs using
BBD indicates the best fit model. Other parameters such as F-value
and p-value found to be ~8.98 (>1) and 0.05 respectively suggest that
the quadratic model is the best fit model. The lack of fit value ~0.53
(>0.05) indicates the suitability of the quadratic model for these trial
formulations. Supporting this, the adequate precision value ~8.7111
(>4) and the difference between the adjusted & predicted correlation
coefficient value ~ <0.2 indicates the quadratic model is significant
and thus, can be used to navigate the design space. Additionally, the
generated PRESS value ~1540.02 also suggests the suitability of the qua-
dratic model. The polynomial equation containing a positive and nega-
tive sign of the coefficient of magnitude, and their impact on the
encapsulation efficiency also demonstrated that as the concentration
of X1, X2 and X3 increases to the middle level, the efficiency increases

and thereafter, found to reduce as the concentration of variables reduces
concurrently indicates that middle-level concentration of above vari-
ables could be an optimal value for the optimization of FAPLC CNPs.
The influence of X1, X2, and X3 on encapsulation efficiency is presented
in (Fig. 1A and B) respectively.

The optimization of FAPLC CNPswas conducted using numerical and
graphical optimization methods. In the numerical method, the applied
constraints for independent variables of X1, X2, and X3 were in the
range of ~200 to 600 mg, ~0.2 to 0.4, and 800 to 1200 RPM respectively,
whereas, the constraints for encapsulation efficiencywas in the range of
~90.01 to 96.04%. The applied data showed one solution with the rec-
ommended values of independent variables aswell as encapsulation ef-
ficiency. The possible solution also displayed the desirability value close
to 1 indicates the suitability of constraints values and its results are
shown in (Fig. 1C). In the graphical method, the same constraints
were used and it exhibited the results in the form design space overlay
plot (Fig. 1D). The design space also recommended the possible values
of independent variables and encapsulation efficiency. Therefore,
based on the desirability value and design space overlay plot, the opti-
mal values for chitosan (X1), STPP concentration (X2), and stirring
speed (X3)were found to be 338.42mg, 0.35%w/v, and 1003.52 RPM re-
spectively.Moreover, the post- analysis results also showed close agree-
ment between the experimental and predicted values, which further
confirms the validity of the selected design (Table 6).

3.5. Validation of the model

An additional FAPLC CNPs trial using design – generated optimal
values of X1, X2, and X3 was prepared, evaluated, and compared against
model-predicted yield values. The comparative results demonstrated a
good agreement between the actual and model-predicted yield values.
Moreover, bias (%) between these two yields was calculated using the
below-described equation and it was found to be less than 3% indicates
the suitability of the BBD for the optimization of FAPLC CNPs. Addition-
ally, the obtained higher correlation coefficient value ~0.9203 also con-
firms the right selection of design and model.

Bias %ð Þ ¼ Predicted value−observed value
Predicted value

� 100 ð7Þ

3.6. Physico-chemical characterization of FAPLC and FAPLC CNPs

3.6.1. Particle size and zeta potential
Particle size and zeta potential are typically considered as physical

stability indicators of a multiparticulate system. The results of particle
size and zeta potential of FAPLC and FAPLC CNPs are discussed below.
As is reported previously, the LSPC-3 baseddiosmin phospholipids com-
plex at the molar ratio of (1:1, 1:2, and 1:4) produced higher particle
size (around ~536 nm, ~316 nm, and ~350 nm) accompanied with
higher solubility, intestinal absorption, and bioavailability [62]. As a re-
sult, the obtained average particle size of FAPLC was around ~4208 ±
1.40 nmwith a low polydispersity index (PDI) value ~0.39 ± 0.04 indi-
cates narrow particle size distribution of FA within thematrix of LSPC-3
and suitability for oral administration. The higher particle size of FAPLC
was likely attributed to excessive aggregation of LSPC-3 around FAmol-
eculeswhich could lead to remarkable complexation between them and
produced higher particle size and low PDI value [62]. Zeta potential (ζ)
is another physical property of a multi particulate system that provides
information about the surface charges around the particle in suspen-
sion. The FAPLC displayed the zeta potential around ~−12.15 ±
0.20 mV. The zeta potential value higher than ±10 mV is indicative of
considerable stability of the system [63,64] and the zeta potential
value of complex was higher than – 10 mV designates better physical
stability of the complex. This achieved value could be explained by the
fact that a small contribution of LSPC-3 towards complexation may

Table 4
Fit statistics of dependent variables of BBD.

Fit statistics Std.
Dev.

Mean C.V
%

R2 Adjusted
R2

Predicted
R2

Adeq
precision

Encapsulation
efficiency

6.23 76.42 8.16 0.9203 0.8179 0.6290 8.7111

C.V: coefficient of variation.

Table 5
Summary of ANOVA used for data analysis of dependent variables of BBD.

Source Sum of
squares

df Mean
square

F-value P-value Remark

ANOVA: encapsulation efficiency (quadratic model)
Model 3142.61 9 349.18 8.98 0.0043 Significant
A – chitosan 132.85 1 132.85 3.42 0.1070
B – STPP concentration 2218.11 1 2218.11 57.07 0.0001
C – stirring speed 61.33 1 61.33 1.58 0.2494
AB 5.98 1 5.98 0.1538 0.7066
AC 81.45 1 81.45 2.10 0.1910
BC 60.22 1 60.22 1.55 0.2533
A2 134.24 1 134.24 3.45 0.1055
B2 146.02 1 146.02 3.76 0.0938
C2 242.50 1 242.50 6.24 0.0411
Residual 272.03 7 38.87
Cor total 3414.70 16

df: degree of freedom.
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Fig. 1. (A) Counter plot, (B) 3D response surface plot, (C) desirability plot, and (D) design space plot describes the influence of independent variables of chitosan (X1, mg), STPP concentration (X2, % w/v) and stirring speed (X3, RPM) on inclusion
efficiency (%, w/w).
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cause to produce a negative charge on the complex in neutral pH aque-
ous media, which could result in lower zeta potential values. It was also
suggested that the employed phospholipids (its composition and type)
could significantly change the zeta potential values [46].

In addition to this, the particle size and zeta potential of FAPLC CNPs
were also evaluated by PCCS and their results are discussed below. The
average particle size and PDI value of FAPLC CNPs were found to be
~123.27 ± 1.11 nm and 0.31 ± 0.08. The results are in consistent with
earlier published reports which suggest that prepared chitosan nano-
particles using the ionic gelation method with particle size ~142 ±
1.51 nm and PDI value ~0.20 ± 0.09 are appropriate for oral delivery
due to low toxicity, low immunogenicity, and high biocompatibility of
chitosan [65]. The distribution of surface charge of FAPLC CNPs was
found to be ~32±1.28mV. The obtained valuewasmore than reported
+30 mV indicates excellent stability of the chitosan nanoparticles. It
was likely attributed to a positive amino group of chitosan [66]. Thus,
the lower particle size, low PDI, and positive surface charge value sug-
gest excellent stability of FAPLC CNPs.

3.6.2. Scanning electron microscopy
Fig. 2(A–D) shows the surface morphology of FA, LSPC-3, FAPLC, and

FAPLC CNPs respectively. The FA (Fig. 2A) exhibited as large crystalline
needle-shaped particles with well-defined edges and faces. The

appearances of these particles are following earlier reports [13]. SEM
image of LSPC-3 particles (Fig. 2B) appeared as clusters of small and
large particles with ill-defined surface characteristics. The FAPLC SEM
morphology (Fig. 2C) exhibited as large and non-uniform particles
with a smooth surface. This particle morphology also shows the com-
plete absence of FA particles suggesting that FA dispersed entirely in
the LSPC-3 could result in a disappearance of FA particles. Compared
to all, the SEM analysis of FAPLC CNPs (Fig. 2D) particles appeared as
small spherical shaped particleswith heterogeneous and porous surface
suggesting that favorable interaction between complex – chitosan in
STPP solution could result in the formation of spherical shape chitosan
nanoparticles. Additionally, it was also suggested that a combination
of solvent evaporation and ionic gelation technology could be demon-
strated as strong interaction between the complex, chitosan, and STPP
which was resulted in the formation of spherical nanoparticles.

3.6.3. Fourier transform infrared spectroscopy
FT-IR analysis provides vital information about functional group

identification and their interaction with other components used in the
formulations. Fig. 3(A–F) shows the FT-IR spectrum of FA, LSPC-3, PM,
FAPLC, chitosan, and FAPLC CNPs respectively. The FT-IR spectrum of
FA (Fig. 3A) shows the presence of absorption peak at ~3436.6 (OH
stretching), 1617.7 (C = C stretching), 1464.8 (C = C aromatic
stretching vibration), 1688.5 (C = O stretching), 1664.1 (C = C
stretching) and found consistent with earlier published reports [13].
The FT-IR spectrum of LSPC-3 displays in (Fig. 3B). As shown in the fig-
ure, the LSPC-3 showing the characteristics absorption peak at ~3328.5
(OH stretching), 2914.8 and 2829.0 (C-H stretching of long fatty acid
chain), 1736.9 (C = O stretching of fatty acid ester), 1237.5 (P = O
stretching), 1062.3 (P-O-C stretching) and 902.0 [N+ - (CH2)3] [67].
PM FT-IR spectrum shows in (Fig. 3C). The PM exhibits an absorption

Table 6
Post analysis confirmation at two tailed 95% confidence level.

Response Predicted
mean

Predicted
median

Std.
Dev.

n SE
Pred

95% PI
low

95% PI
high

Encapsulation
efficiency

90.4865 90.4865 6.2345 3 6.8221 74.3547 106.61

Fig. 2. SEM image of (A) FA, (B) LSPC-3, (C) FAPLC, and (D) FAPLC CNPs formulations.
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peak at ~3432.9, 1617.7, 1468.6, 1688.5, 2918.5, 2851.4, 1736.9, and
1237.5 indicates additive peaks of FA and LSPC-3. The slight shifting of
the above peaks compared to the original one suggesting some interac-
tion between FA and LSPC-3. The FT-IR spectrum of FAPLC (Fig. 3D) re-
vealed a complete shifting of absorption peaks. The obtained narrow
peak at ~3652.8 was shifted from ~3362.1 indicates hydroxyl group in-
teraction between the FA and LSPC-3. It must be also emphasized that
thepeakposition of FAwas the same as appeared in the original spectra;
however, it became narrow suggesting that the hydroxyl group of FA
could be actively involved in the interaction mechanism with LSPC-3.
The absence of a peak at ~1617.7 and 1464.8 correspondings to C = C
stretching and C = C aromatic ring stretching suggesting shielding of
these groups as a result of phospholipids complexation. Moreover, the
disappearance of peaks at ~1688.5 and 1664.1 was likely due to affinity
between the negative (C= O) group of FA and the positive (N+) group
of LSPC-3 [13]. The peak at ~1736.9 and 1062.3 related to LSPC-3 was
also shifted to 1729.5 and 1084.7 in complex indicating an involvement
of these groups in the complexation process. The shifted peak at ~1233.7
from ~1237.5 in the complex suggesting that (P = O) group of LSPC-3
could be interacted with (OH) group of FA via hydrogen bonding, van
der Waals and ion-dipole forces resulted in the successful formation of
FAPLC.

FT-IR spectrum of chitosan (Fig. 3E) presented a significant absorp-
tion peak at ~3443.32 (O-H stretching), 2880.38 (C-H stretching),
1654.60 (N-H stretching), 1378.32 (amide group), and 1091.45 (C=O
stretching in C-O-C) respectively. The FAPLC CNPs FT-IR spectra
(Fig. 3F) revealed the absorption of a peak at ~3291.2, 2922.2, 2873.8,
1651.2, 1375.4, and 1021.3 respectively. The shifting of these peaks

from their original spectrum could be explained on the basis that posi-
tive (N-H) functional groups of chitosan interacted with negative
charge (C=O) group of FA, LSPC-3, and FAPLC via weak intermolecular
and ionic interaction forces, which could result in the formation of chi-
tosan nanoparticles loaded with FAPLC. Therefore, it can be concluded
that weak and ionic interaction forces between FAPLC and chitosan re-
sulted in the formation of FAPLC CNPs.

3.6.4. Differential scanning calorimetry
DSC is a valuable tool particularly used to determine the physical

and/or solid-state interaction (i.e. appearance, disappearance, shifting,
and/or alter the peak position and area) between the components of
formulations. The developed interaction can provide information re-
garding the formation of a complex. The DSC curve of FA, LSPC-3, PM,
FAPLC, chitosan, FA CNPs, and FAPLC CNPs are shown in Fig. 4(A–G) re-
spectively. The FA DSC curve (Fig. 4A) displayed a high-intensity endo-
thermic peak around ~174.25 °C with an enthalpy value ~105.16 J/g
indicates polymorphic form I of FA [13,59]. (Fig. 4B) shows the DSC
curve of LSPC-3. The LSPC-3 showed three small intensity diffused endo-
thermic peaks around ~78.18 °C, 110.88 °C, and 183.08 °C respectively.
The associated enthalpies of these peaks were ~11.82 J/g, 5.58 J/g, and
1.05 J/g respectively. The earliest two peaks could be attributed to the
melting of a polar component of LSPC-3, while, the later one was prob-
ably attributed to a change of physical state of the hydrophobic part of
LSPC-3 from gel-like state to crystalline state due to increasing the tem-
perature of the LSPC-3 [33,67]. TheDSC curve of PM (Fig. 4C) exhibited a
series of endothermic peaks appeared at ~75.25 °C, 143.58 °C, 185.95 °C,
235.58 °C and 254.45 °C respectively indicating additive characteristics

Fig. 4. Diffractograms of (A) FA, (B) LSPC-3 (C) PM (D) FAPLC (E) chitosan (F) FA CNPs and (G) FAPLC CNPs formulations.
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of FA and LSPC-3, suggesting that the increasing temperaturemelted the
PM, formpartial in situmixture, which could lower the peak intensity as
compared to original peaks. The high-intensity peak of FAwas shifted to
a low-intensity peak around ~143.58 °C indicates favorable interaction
between the FA and LSPC-3. Moreover, the presence of a low amount

of FA ratio in the PM could also be the reason for showing such a low-
intensity peak. Also, two more peaks i.e. 235.58 °C and 254.45 °C ap-
peared in this curve indicates it is related to LSPC-3. The appearance of
these peaks also shows the promising interaction between the compo-
nents. The DSC curve of FAPLC (Fig. 4D) exhibited a novel, broad and

Fig. 5. PXRD spectra of (A) FA, (B) LSPC-3 (C) PM (D) FAPLC (E) chitosan (F) FA CNPs and (G) FAPLC CNPs formulations.
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small intensity endothermic peak around ~75.32 °Cwith enthalpy value
~66.90 J/g and disappeared the original peaks of the components indi-
cates a complete amorphization of FA by LSPC-3 [68]. Moreover, it is
also suggested that polar segment form I of FA and LSPC-3 could interact
via weak intermolecular forces, improved the dispersibility of FAwithin
LSPC-3, and thus, resulted in the formation of a stable complex. The hy-
drophobic interaction ascribed to the aromatic ring of FA may also con-
tribute to the formation of a complexwith LSPC-3 [69]. Additionally, the
obtained different enthalpy values of FA and complex also suggest the
formation of FAPLC.

The chitosan DSC curve (Fig. 4E) displayed a single and sharp endo-
thermic peak around ~302.04 °Cwith an enthalpy value of ~55.61 J/g in-
dicates the melting of chitosan. This peak can be obtained due to the
decomposition of the amino group and it is consistent with previous re-
ports [70]. The DSC curve of FA CNPs (Fig. 4F) displayed three small in-
tensity endothermic peaks around ~183.12 °C, 218.23 °C, and ~250.49 °C
respectively corresponding to FA and chitosan. The broad endothermic
peak of FA at ~183.12 °C indicates the presence of microcrystalline
form I of FA in the chitosan nanoparticles; however, its intensitywas re-
duced compared to the original peak due to interaction with chitosan.
The remaining two peaks of chitosan may be attributed to a possible
change in the physical state of chitosan due to the presence of STPP as
cross-linking agents. Finally, the DSC curve of FAPLC CNPs (Fig. 4G)
showed the low-intensity endothermic peak at ~168.02 °C with en-
thalpy value ~0.82 J/g indicating conversion of crystalline form I to
amorphous FA, suggesting that when complex introduced into chitosan
solution, the protonated chitosan may show strong affinity towards
negative charge FAPLC, further established interaction, reduces its crys-
tallinity and converts into chitosan nanoparticles with different peak
characteristics. Thus, based on comparative DSC curves, it can be con-
cluded that weak intermolecular forces between FA and LSPC-3 and
strong interaction between complex and chitosan results in the forma-
tion of FAPLC and FAPLC CNPs.

3.6.5. Powder x-ray diffractometry
PXRD is a unique characterization technique used widely for the

evaluation of the crystalline state of a drug within thematrix of the car-
rier. PXRD spectra of FA, LSPC-3, PM, FAPLC, chitosan, FA CNPs, and
FAPLC CNPs are shown in Fig. 5(A–G) respectively. The PXRD spectra
of FA (Fig. 5A) showed a series of sharp and mixed intensity peaks at
~9.19 (Lin counts on y-axis ~2150), 8.32 (~600), 12.96 (~1500), 15.77
(~950), 17.57 (~500), 21.34 (~500), 26.65 (~1750) and 29.68 (~600) re-
spectively indicate polymorphic form I of FA. This spectrum is found to
be consistentwith earlier reports of FA [71]. The diffractograms of LSPC-
3 (Fig. 5B) displayed two unrelated peaks. The first low-intensity peak
appeared at ~6.01 (~650), while, the second high and broad intensity
peak appeared at ~21.1 (~2050) indicates the amorphous nature of
LSPC-3 [36]. The diffractograms of PM (Fig. 5C) exhibited a peak of FA
and LSPC-3. The peak intensity of FA in between 5 and 10° was reduced
slightly compared to the original one due to the low amount of FA in PM
as well achievable interaction with LSPC-3, at the same time, the peak
intensity of LSPC-3 in between the region of 20 to 25° was also reduced
compared to original one due to formation of a partial mixture with FA
which may cause to from PM powder with lower peak characteristics.
The PXRD spectrum of FAPLC (Fig. 5D) exhibits very few peaks of FA ac-
companied with low intensity. The complex in between the region of 3
to 17° shows only four low-intensity peaks compared to higher inten-
sity peak in pure FA and PM, whereas, in the region between 17 and
30°, the more broad LSPC-3 peak was appeared in complex compared
to higher, sharp, and narrow range of peak in PM indicating that maxi-
mum amorphization of FA due to a higher amount of LSPC-3 available
for complexation, suggesting that when FA comes in contact with
higher amount of LSPC-3, the molecular interaction occurred between
them due to hydrogen bonding and ion-dipole forces may cause to in-
crease the dispersibility of FA into a polar head group of LSPC-3 matrix,
reduced its crystallinity and form an amorphous complex powder. This

result concludes that molecular interaction and thereafter, the reduc-
tion of crystallinity of FA also confirms the formation of a complex.

The PXRD of chitosan (Fig. 5E) displays two dissimilar, broad, and
high-intensity peaks at ~10° (~1000 count) and 20° (~1600 counts).
These peaks could be caused by crystallinity and developed H-boding
with the amino groups of chitosan [72]. PXRD spectrum of FA CNPs
(Fig. 5F) shows the presence of broad chitosan dominated peaks with
complete disappearance of FA peak indicates partial amorphization of
FA. This observable fact could be caused by the dispersion of FA in the
chitosan matrix could result in the amorphization of FA [73,74].
(Fig. 5G) shows the PXRD of FAPLC CNPs. As seen in the figure, these
spectra show the absolute disappearance of crystalline peaks of FA indi-
cates total amorphization of FA by chitosan aswell as LSPC-3. This result
could be explained on the basis that the amino group of chitosan
interactedwith the polar part of FA and FAPLC through hydrogen bond-
ing and van der Waals forces, this favorable interaction could facilitate
the dispersibility of complex into chitosan polymer resulted in the for-
mation of amorphous chitosan nanoparticles. Thus, it can be suggested
that interaction between chitosan and complex could be responsible
for the preparation of chitosan nanoparticles.

3.6.6. Proton nuclear magnetic resonance
1H NMR is used to determine the physico-chemical interaction be-

tween the formulation components and provide information about
the formation of complex and nanoparticles. 1H NMR spectra of FA,
LSPC-3, PM, and FAPLC are shown in Fig. 6(A, B, C, and D).1H NMR of
FA (Fig. 6A) shows chemical shift values at ~δ 3.813 s (3H for three
CH3 groups, 10Hz), δ 6.340 d (1H, 10Hz), δ 6.803 d (1H, C-H of aromatic
ring), δ 7.076 s (1H, C-H), δ 7.508 d (1H, C-H) and δ 9.570 s (1H, OH)
[71]. LSPC-3 1H NMR spectra (Fig. 6B) exhibited chemical shift values
around ~δ 4.40 (1H, s), δ 4.09 – δ 3.94 (br s, 1H), δ 3.93 – δ 3.75 (s,
2H), δ 3.32 (s, 1H), δ 2.95 (H-8, J = 8 Hz), δ 2.27 (s, 1H), δ 0.89 (s, 3H)
[75]. The 1H NMR spectra of PM (Fig. 6C) showed the chemical shift
values corresponding to FA and LSPC-3 signifies interaction between
them. (Fig. 6D) displays the chemical shift values of FAPLC around ~δ
6.339 d – δ 6.379 d (1H, 10 Hz), δ 6.801 d (1H, for C-H), δ 7.507 s (1H,
C-H) and δ 9.572 s (1H, OH) indicates remarkable shifting of chemical
shift values towards downfield region i.e. (δ > 7). This shifting could
be attributed to molecular interaction of specific phenolic hydroxyl
group of FA with the polar part of LSPC-3 by the means of hydrogen
bonding and van der Waals forces resulting in the formation of a com-
plex. Findings are following earlier reports [36]. This comparative result
concludes thatmolecular -level interaction could be themain reason for
the establishment of the complex.

3.6.7. Solubility studies
The solubility analysis of FA, FA CNPs, PM, FAPLC, and FAPLC CNPs in

water or n-octanol are shown in Table 7. The pure FA showed low aque-
ous solubility around ~0.71mg/mL, whereas, in n-octanol, the solubility
of FA was increased ~1.85 mg/mL respectively. The obtained results are
not surprising because FA is a BCS II drug, which shows low solubility
and high permeability [15]. The PM exhibits higher aqueous solubility
and n-octanol solubility around ~1.83 and ~3.20 mg/mL compared to
pure FA. This could be attributed to close contact of negative charge
(C=O) of FA and positive charge (N+) of LSPC-3 followed by their inter-
action resulted in modest enhancement of aqueous solubility of FA. The
FAPLC revealed higher aqueous solubility around ~5.80 mg/mL (8-fold
higher) compared to pure FA and PM. The solubility result was found
significant (p < 0.05). This improved aqueous solubility could be ex-
plained by the following mechanism i.e. close association, interaction,
dispersion, and followed by amorphization of FA due to the amphiphilic
nature of LSPC-3. Moreover, it may be also suggested that the
enwrapping of two long fatty acid chains of LSPC-3 onto the polar
head of LSPC-3 enclose with FA resulted in maximum dispersion and
amorphization of FA, which could result in enhancing aqueous solubil-
ity. The enhanced n-octanol solubility was likely due to the lipophilic
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character of LSPC-3. On the other hand, the FA CNPs and FAPLC CNPs
demonstrate higher aqueous and n-octanol solubility compared to
pure FA and PM. The FA CNPs displayed higher aqueous solubility ap-
proximately ~2.14 mg/mL (3-fold) compared to pure FA indicating
that conversion of crystalline to an amorphous form of FA, suggesting
that interaction between the protonated amino group of chitosan and
negative oxygen group of FA may reduce its crystallinity and thereby,
increase its dispersibility into chitosan, which resulted in improved
aqueous solubility [76]. The FAPLC CNPs significantly improved the
aqueous solubility around ~8.22 mg/mL (12-fold) compared to FA
CNPs and this could be attributed to the attraction between two oppo-
site charge of phospholipids complex and chitosan polymer, which
form complex-polymer interaction, and this may increase the disper-
sion, amorphization and finally aqueous solubility of FA.

3.6.8. In vitro dissolution studies
The in vitro dissolution studies show the performance of the formu-

lation at a molecular level. Fig. 7 shows the dissolution performance of
FA from its suspension, FA CNPs, FAPLC, and FAPLC CNPs respectively.
The FA suspension displays only ~29% FA dissolution at the end of
12 h attributes to low aqueous solubility of FA and it is correlated with
the solubility studies. In the case of FAPLC, the dissolution rate of FA,
by the end of first 5 h was found to be ~53% and, thereafter also, it re-
leased continuously and reached to a maximum around ~83% indicates
sustained release behavior of FAPLC, suggesting that the enhanced
aqueous solubility, aswell aswettability of FAPLC, could increase the re-
lease of FA via formation of the homogenous aqueous dispersion and
thus, enhanced its dissolution rate [36,77].Moreover, itmay be also sug-
gested that partial amorphization and structural modification owing to
interaction with a positive nitrogen group of LSPC-3 may increase the
wetting of FA in aqueousmedia resulted in enhancement of the dissolu-
tion rate of FA. Compared to this, the FA CNPs and FAPLC CNPs demon-
strated a higher dissolution rate of FA. The FA CNPs by the end of 5 h
exhibited a rapid release of approximately ~30% and then, showed
only ~54% of drug released. The rapid release of FA CNPs could be attrib-
uted to the absorption of FA on the loose surface of chitosan nanoparti-
cles as suggested by Zhang et al. [33]. Additionally, it was also indicated
that the protonation of the amino group of chitosan in presence of phos-
phate buffer (pH 6.8) could facilitate the swelling and then the dissolu-
tion of chitosan. The FAPLCCNPs revealed that the dissolution rate of the
FA in the initial 5 h was approximately ~71% indicates burst release,
while, at the end of 12 h, the same formulation showed maximum re-
lease around ~97% indicates sustained release. The burst effect could
be caused by dissociation of FA from chitosan nanoparticles due to its
weak attachment with chitosan [15], while, the sustained release effect
could be attributed to secure interaction between negative charge of
FAPLC and positive charge of chitosan, which inhibit its dissociation
from the chitosan nanoparticles and sustain the release of FA. Similarly,
the interaction between the negative oxygen charge of FA and the pos-
itive nitrogen charge of LSPC-3 could also retard the release rate of FA.
Moreover, it was also suggested that the utilization of an amino group
of chitosan by FAPLC during nanoparticle formationmay restrict its pro-
tonation in an aqueous environment results in sustained release of FA.
The obtained results suggest that FAPLC CNPs could provide a sustained
release of FA over to that of FA CNPs and PM.

The obtained release data of all the formulationswere fitted into dif-
ferent kinetic models such as zero order, first order, Higuchimodel, and
Korsmeyer-Peppas model and evaluated for kinetic performance. Fol-
lowing analysis, the FAPLC, FA CNPs and FAPLC CNPs displayed Higuchi
as best-fit kinetic model based on obtained higher correlation coeffi-
cient value (R2 = 0.9823, 0.9887 and 0.9764) as compared to lower
zero-order (R2 = 0.9655, 0.9478 and 0.9245) and first-order values
(R2=0.9033, 0.9154 and 0.9018). The obtainedHiguchimodel suggests
diffusion is the mechanism responsible for the release of FA from these
formulations. Moreover, the obtained release exponent value of all the
formulations was found to be <0.5, which also suggests that, the diffu-
sionmechanismmainly responsible for the release of FA from FAPLC, FA
CNPs, and FAPLC CNPs respectively. The release mechanism of FA from
FAPLC could be described by two steps: 1) the FA dissociated from
FAPLC and, 2) the dissociated FA was diffused through the matrix of
LSPC-3. In the case of FA CNPs, the release mechanism is governed by
diffusion of FA from the matrix of chitosan, whereas, the release mech-
anism of FA from FAPLC CNPs could be described by two steps; 1) the
FAPLC released from chitosan nanoparticles and then, 2) the FA released
from thematrix of FAPLC. The findings were following earlier published
reports [78].

3.6.9. Ex vivo permeation studies
Permeability is a complex kinetic process used to determine the

speed at which a dissolved drug passes from the intestinal wall to the
systemic blood circulation [80]. The ex vivo permeation pattern of FA
from its suspension, FAPLC, FA CNPs, and FAPLC CNPs are shown in
Fig. 8. The permeation efficiency of FA from its suspension at the end
of 12 hwas found close to ~26% indicates lowpermeability of FA. The in-
testinal permeability coefficient (Papp) value of FA suspension was
found to be around ~(0.92 ± 0.02 × 10−6 cm/s) also indicates low per-
meability of FA. Compared to suspension, the FA CNPs by the end of
12 h, showed only ~52% FA permeation. The same formulation also
displayed a permeability coefficient value around ~(2.12 ±
0.33 × 10−6 cm/s) suggests a modest increase of FA permeability from
FA CNPs due to interaction between chitosan and phospholipids. The
complex as well as optimized FAPLC CNPs both revealed a high perme-
ation rate of FA. The permeation rate and permeability coefficient value
of FA from FAPLCwas found to be ~81%, and ~(3.22±0.46 × 10−6 cm/s)
respectively attributes to increase miscibility of FAPLC with the biologi-
cal cell membrane, whereas, from FAPLC CNPs the permeation rate and
permeability coefficient value was ~95% and ~(3.46 ± 0.11 × 10−6 cm/

Table 7
Solubility results of FA, FA CNPs, PM, FAPLC and FAPLC CNPs in water and n-octanol.

Samples Aqueous solubility (mg/mL)a n-Octanol solubility (mg/mL)a

Pure FA 0.71 ± 0.09 1.85 ± 0.46
FA CNPs 1.83 ± 0.52 3.20 ± 0.37
PM 5.80 ± 1.14 8.43 ± 1.24
FAPLC 2.14 ± 0.47 4.67 ± 1.11
FAPLC CNPs 8.22 ± 1.20 12.10 ± 2.34

a Values are presented as mean ± SD (n = 3).

Fig. 7. In vitro dissolution pattern of FA from FA suspension, FAPLC, FA CNPs and FAPLC
CNPs respectively. Values are presented as mean ± SD (n = 3).
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s) respectively compared to suspension, FA CNPs, and FAPLC. This more
significant enhancement was likely due to the tight junction opening
ability of chitosan nanoparticles. Moreover, the high degree of
deacetylation of chitosan could also contribute to enhancing the perme-
ability of FA.

The permeability of drug substance is often dependent upon three
main factors such as physiological, physico-chemical parameters of
drug substance, and bio-physicochemical parameters of the gastrointes-
tinal tract [79]. In this study, the successful permeation of FA was
achieved using a combination of phospholipids complex and chitosan
nanoparticles. Phospholipids complex are reported to enhance the
aqueous solubility and permeability of phytoconstituents through in-
creasing its amphiphilicity. Similarly, the LSPC-3 based FAPLC also im-
proved the aqueous solubility and permeability of FA via
amorphization and increasing the amphiphilic nature of FA as evi-
denced by solubility studies. Also, the reported similarity of the lipid
content of mammalian cell membrane (containing amphiphilic phos-
pholipids bilayer) with the structure of LSPC-3 offers excellent biocom-
patibility towards each other [80], and based on this we believe that the
amphiphilic FAPLC could increase its miscibility with the biological cell
membrane (the fluid mosaic model proposed by S. J. Singer and G. L.
Nicolson in 1972) resulted in an efficient permeation of FA. Compared
to this, there is a significant permeation pattern differencewas observed
between FA CNPs and FAPLC CNPs respectively. In the case of FA CNPs,
the established interaction between the positive charge of chitosan
nanoparticles and negative charge of phospholipids bilayer of the cell
membrane can increase their adhesion as well as retention to the

intestinal epithelium, however, the unfavorable interaction between
the same negative charge of FA and LSPC-3 presents in the cell mem-
brane may restrict its entry across the cell membrane and this could
be the main reason for its low permeability through chitosan nanopar-
ticles. Moreover, the partial amorphization of FA by chitosan nanoparti-
cles as clearly seen in DSC, PXRD, and solubility studies could help to
increase its permeability across the cell membrane. In the case of
FAPLC CNPs, the developed interaction between the positive charge of
chitosan and negative charge of phospholipids membrane could allow
maximum adhesion and retention of chitosan nanoparticles with the
epithelium for a maximum time leading to release and contact of
FAPLC with the amphiphilic phospholipids bilayer of a biological mem-
brane, increase its miscibility with the cell membrane resulted in note-
worthy enhancement of FA permeability via paracellular and
transcellular pathways. In supporting to phospholipids complex, the
chitosan nanoparticles with their ability to temporarily opening of the
tight junction of intestinal epithelium cells can also help to increase
the FA permeability [35]. The obtained results conclude that FA CNPs
and FAPLC improve the permeability of FA, however, a combination of
phospholipids complex and chitosan polymer and their further favor-
able interaction drastically increases the permeation rate as well as bio-
availability of FA.

3.7. In vivo antioxidant activity

3.7.1. Liver function tests
CCl4, a well-known hepatotoxin rapidly metabolized by CYP450 en-

zymes into various reactive oxygen species (ROS) i.e. free radicals. These
radicals rapidly react with themacromolecules of the body, induce lipid
peroxidation and finally damage the cellular membrane of hepatic cells,
which in turn, leading to the release of liver function enzymes like SGOT,
SGPT, total bilirubin, and SALP [81]. The release and presence of these
enzymes in the blood signify the hepatic damage. The results of the an-
tioxidant potential of FA CNPs and FAPLC CNPs on liver function liver
marker enzymes are shown in Table 8. As seen, the SGOT, SGPT, total bil-
irubin, and ALP enzymes were elevated significantly in CCL4 induced al-
bino rat model. In response to this, the FA CNPs (20 mg/kg, p.o.)
significantly reduced (p< 0.05) the elevated level of enzyme compared
to the CCL4 treated group indicates the hepatoprotective potential of FA.
Additionally, the FAPLC CNPs more significantly (p< 0.01) restored the
livermarker enzymes at the same dose level indicating that FAPLC CNPs
providemore hepatoprotection over to that of FA CNPs, suggesting that,
opposite charge attraction between FAPLC and CNPs provide effective
interaction, adhesion, and retention on the hepatic cell membrane,
which could improve the permeation and thereby, antioxidant efficacy
of FA.

3.7.2. In vivo antioxidant marker enzymes estimation
Fig. 9 displays the effect of FA CNPs and FAPLC CNPs on the in vivo

antioxidant marker enzymes such as GSH, SOD, CAT, and LPO respec-
tively. The hepatotoxin CCl4 remarkably reduced the GSH level

Fig. 8. Ex vivo permeation profile of FA from FA suspension, FAPLC, FA CNPs and FAPLC
CNPs across everted rat intestinemembrane. Values are presented as mean± SD (n= 3).

Table 8
Effect of FA CNPs and FAPLC CNPs on liver function test parameters (SGOT, SGPT, SALP and total bilirubin) in CCl4-induced rats.

Treatment groups with samples SGPT (IU/L)a SGOT (IU/L)a SALP (IU/L)a Total bilirubin (mg/dL)

Group I: Normal
[Tween® 20 (1%, v/v, p.o.)]

50.11 ± 2.20⁎⁎ 72.33 ± 2.38⁎⁎ 120.50 ± 3.58⁎⁎ 0.70 ± 0.04⁎⁎

Group II: Control
[CCl4 and olive oil (1:1, 5 mL/kg, i.p)]

107.45 ± 3.42 140.74 ± 4.57 190.29 ± 3.19 1.56 ± 0.60

Group III: FA CNPs (~20 mg/kg, p.o.)
[CCl4 and olive oil (1:1, 5 mL/kg, i.p. for 7 days)]

76.02 ± 2.27⁎ 102.45 ± 3.65⁎ 148.39 ± 2.36⁎ 0.91 ± 0.07⁎

Group IV: FAPLC CNPs (~20 mg/kg of MGN, p.o.)
[CCl4 and olive oil (1:1, 5 mL/kg, i.p. for 7 days)]

61.41 ± 2.47⁎⁎ 86.71 ± 3.15⁎⁎ 131.46 ± 3.14⁎⁎ 0.82 ± 0.08⁎⁎

All values are Mean ± SEM (n = 6).
a IU/L – International Units/Liter of plasma.
⁎ p < 0.05.
⁎⁎ p < 0.01 (significant with respect to control group).
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compared to the normal group. The same group on the administration
of FA CNPs (20 mg/kg, p.o.) significantly (p < 0.05) enhanced the GSH
level, whereas, the FAPLC CNPs more significantly (p < 0.01) elevated
the GSH level at the same dose level. The level of SOD was found to be
reduced in the CCl4-intoxicated albino rat model. The FA CNPs at a
dose of (20 mg/kg, p.o.) significantly (p < 0.05) improved the SOD
level. In contrast to this, the FAPLC CNPs at the same dose more consid-
erably (p < 0.01) enhanced the SOD level. CAT, another important en-
zyme was also found to have lowered following CCl4 administration as
compared tonormal groups. The animal group treatedwith FACNPs sig-
nificantly (p < 0.05) elevated the CAT enzyme in the blood, while, the
FAPLC CNPs at a dose of (20 mg/kg, p.o.) appreciably improved its
level as well as activity against the developed free radicals. The signifi-
cance of this result was (p < 0.01). The CCl4-treated groups increased
the lipid peroxidation level over to that of normal groups. However,
on the administration of FA CNPs, the LPO level was reduced drastically.
The FAPLC CNPsmore notably reduced the LPO level. The level of signif-
icance of this study was found to be (p < 0.01). Therefore, the compar-
ative result concludes that FAPLC CNPs demonstrate appreciable
antioxidant activity compared to FA CNPs indicates that the FAPLC
CNPs improved the antioxidant potential of FA and this could be

ascribed to the following reasons. First, the reported antioxidant and
free radical scavenger potential of FA inhibit the formation of ROS by do-
nating their electron to the free radicals, neutralize them and form less
toxic phenolic and quinine methide radical. The chelate forming ability
of FAwith the protonated copper and ironmetals prevent its conversion
into toxic hydroxyl radicals, inhibit the lipid peroxidation, thereby, in-
crease its antioxidant status (14). Second, the developed combined
nanocarriers system could modify the FA resulted in the improvement
of its solubility, dissolution, and permeation rate. This modified prop-
erty of FA could be able to react with free radical and forms
resonance-stabilized phenoxy radical, which is mainly responsible for
its antioxidant activity. The offering of extended conjugation by FAPLC
CNPs to the resonance stabilized phenoxy radical may also account for
the strong antioxidant activity of FA. Third, the adhesion and retention
property of FAPLC CNPs on epithelium could increase the miscibility of
FAPLC with amphiphilic phospholipids bilayer of cell membrane in-
creasing FA permeability via paracellular and transcellular routes and
subsequently enhance the antioxidant status of FA. Fourth, the tight
junction (intestinal epithelium cells) opening ability of chitosan nano-
particles may also increase the permeation rate of FAPLC into the dam-
agedhepatic cells and restored the antioxidant status of liver cells. Sixth,
the enhanced Cmax, Tmax, and biological half-life (t1/2) of FA due to
FAPLC CNPs could increase its circulation time in blood as well as utili-
zation by hepatic cells could improve antioxidant activity of FA. Seventh,
the sustained release property of FAPLC CNPs could also offer more ex-
posure of FA to damaged hepatic cells, which in turn, provide strong an-
tioxidant potential against free radicals. Finally, the amorphization, as
well as improved amphiphilicity of FAPLC CNPs may increase the per-
meation of FA across themembrane and thus, provide an antioxidant ef-
fect. Obtained results concluded that FAPLC CNPs can offer better
hepatoprotection against CCl4 over to that of FA CNPs.

3.8. LC-MS/MS method validation

The obtained validation parameters of the LC-MS/MS method are
discussed below. The selected concentration in the range of
(0.5–800 ng/mL) displayed a good linearity with correlation coefficient
value was (r2 =0.9965). The lower limit of detection and lower limit of
quantification value following validationwere found to be around ~0.15
and 0.5 ng/mL respectively. The intra-day and inter-dayprecision values
were observed to be lower than <5%, whereas, the extraction recovery
of FA from plasma samples was observed between the ranges of
~74.2–79.1% respectively. The stability studies showed no degradability

Fig. 9. Effect of FA CNPs and FAPLC CNPs on rat liver antioxidant marker enzymes, such as
glutathione reductase (GSH) (nmoles/mg of protein), superoxide dismutase (SOD) (units/
mg protein), catalase (CAT) (units/mg protein), and lipid peroxidase (LPO) (nmoles of
MDA released/g tissue). Values are Mean ± SEM (n = 6). *p < 0.05, **p < 0.01
(significant with respect to control groups).

Fig. 10.Mean plasma concentration-time profile curve following oral administration of FA
CNPs (20mg/kg, p.o.), and FAPLC CNPs (~ 20mg/kg of FA, p.o.). Values aremean± SEM (n
= 6). *p < 0.05 and **p < 0.01 (significant with respect to FA CNPs treated group).
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of FAunder the influence of the selected temperature indicates its excel-
lent stability.

3.9. Pharmacokinetic parameters

The plasma concentration vs. time profile curve of FA CNPs and
FAPLC CNPs at a dose of (20 mg/kg, p.o.) are shown in Fig. 10. The FA
CNPs showed a Cmax value around ~(9.40 ng/mL), whereas, the FAPLC
CNPs displayed the higher Cmax value ~(14.6 ng/mL), and thereafter,
the plasma concentration of FA was reduced significantly in both the
formulations. The FAPLC CNPs demonstrated a higher tmax value
around ~(0.40 min), while, FA CNPs exhibited a lower tmax value
around ~(0.20 min). Moreover, the half-life (t1/2) value of FAPLC CNPs
was around ~(0.50 h) as compared to the lower value ~(0.30 h) in FA
CNPs. These results could be caused by the sustained release property
of FA present in FAPLC CNPs. In addition to this, other pharmacokinetic
parameters were also estimated using WinNonlin® software (Version
4.1, Certara USA Inc., Princeton, NJ, USA) and are shown in Table 9. As
seen in the table, the FAPLC CNPs showed higher AUC0-t and AUC0-ꝏ
values around ~(24.80 and 29.40 ng h/mL) over to that lower value ~
(10.60 and 18.60 ng h/mL) of FA CNPs indicates the enhancement of
oral bioavailability of FA. Themean residence timewas increased signif-
icantly around ~(2.08 h) in FAPLC CNPs, while, in the case of FA CNPs,
the mean residence time was lowered ~(1.30 h) indicates the availabil-
ity of FA in the body for a maximum time. Obtained results suggested
that developed interaction between negative charge of FAPLC and pos-
itive charge of CNPs may provide overall modification of FA and this
modification could result in improvement of absorption and oral bio-
availability of FA.

4. Conclusion

The current work demonstrated a successful preparation of FAPLC
CNPs using a combination of phospholipids complex and chitosan nano-
particles via solvent evaporation and ionic gelation methodology. BBD
study demonstrated a successful optimization of FAPLC CNPs using the
design space and desirability plot. Characterization results indicated
the formation of FAPLC and FAPLC CNPs through the contribution of hy-
drogen bonding and van der Waals forces between FA, LSPC-3, phos-
pholipids complex, and chitosan nanoparticles. Moreover, the affinity
of the negative charge of FAPLC towards the positive charge of chitosan
revealed evidence for the formation of FAPLC CNPs. SEM and particle
size analysis of FAPLC CNPs exhibited spherical shape morphology and
its fitness for oral administration. Solubility study showed that FAPLC
CNPs remarkably enhanced the aqueous solubility of FA around ~(12-
fold) over to that of FA CNPs ~(3-fold). In vitro dissolution results re-
vealed biphasic release performance (initial burst and then sustained
release) of FA from FAPLC CNPs as compared to FA CNPs. Likewise, the
permeation rate of FA from FAPLC CNPs was enhanced noteworthy as
compared to FA CNPs. In vivo, the antioxidant potential of FAPLC CNPs
at a dose of (20 mg/kg, p.o.) showed significant absorption of FA into
the damaged hepatic cells and restored the marker enzymes compared

to FA CNPs at the same dose level. Pharmacokinetic analysis revealed an
appreciable improvement of oral bioavailability of FA from FAPLC CNPs
compared to FA CNPs. Obtained results suggested that FAPLC CNPs
could be served as a promising nanocarriers system for the enhance-
ment of oral bioavailability and antioxidant activity of FA.
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