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Abstract
In this study, self-assembled phytosomal soft nanoparticles encapsulated with phospholipid complex (MPLC SNPs) using a
combination of solvent evaporation and nanoprecipitation method were developed to enhance the biopharmaceutical and anti-
oxidant potential of MGN. The mangiferin-Phospholipon® 90H complex (MPLC) was produced by the solvent evaporation
method and optimized using central composite design (CCD). The optimized MPLC was converted into MPLC SNPs using the
nanoprecipitation method. The physicochemical and functional characterization of MPLC and MPLC SNPs was carried out by
differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FT-IR),
powder X-ray diffractometer (PXRD), proton nuclear magnetic resonance (1H-NMR), solubility, in vitro dissolution, oral
bioavailability, and in vivo antioxidant studies. A CCD formed stable MPLC with the optimal values of 1:1.76, 50.55 °C, and
2.02 h, respectively. Characterization studies supported the formation of a complex. MPLC and MPLC SNPs both enhanced the
aqueous solubility (~ 32-fold and ~ 39-fold), dissolution rate around ~ 98% via biphasic release pattern, and permeation rate of ~
97%, respectively, compared with MGN and MGN SNPs. Liver function tests and in vivo antioxidant studies exhibited that
MPLC SNPs significantly preserved the CCl4-intoxicated liver marker and antioxidant marker enzymes, compared with MGN
SNPs. The oral bioavailability ofMPLC SNPs was increased appreciably up to ~ 10-fold by increasing the main pharmacokinetic
parameters such as Cmax, Tmax, and AUC. Thus, MPLC SNPs could be engaged as a nanovesicle delivery system for improving
the biopharmaceutical and antioxidant potential of MGN.
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Introduction

Mangiferin (MGN), a xanthonoid predominantly found in the
leaves, bark, fruits, and root bark of plants such asMangifera
indica (Family: Anacardiaceae) and others, is a super-
antioxidant [1–6]. Following oral administration, it offers a
score of health benefits such as antioxidants [7], blood lipid-
lowering agents [8], anti-proliferative [9], skeletal muscle con-
tractile [10], and brain oxygenation [11]. Recently Imran et al.
[4] have extensively reviewed the potential of MGN in man-
aging lifestyle-related disorders. Enormous literature reports
are available demonstrating the utility of MGN in a variety of
diseases and disorders. MGN is being consistently explored in
life sciences, particularly during the last decade or so, as seen
from the number of published papers. Yang et al. reported the
protective effect of MGN on cerebral ischemia-reperfusion
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injury via enhancing the activation of the Nrf2/HO-1 pathway
[12]. Bhatt et al. reported the cardioprotective activity of
MGN against cyclophosphamide-induced cardiotoxicity via
enhancing lipid profile, antioxidant level, and electrocardio-
graphic parameters [13]. Szandurk et al. investigated the pro-
tective effect of MGN on trinitrobenzene sulfonic acid-
induced colitis in rats and found that MGN at 30 and
100 mg/kg improved the colitis condition in rats by reducing
TNF-α and IL-17 concentration [14]. Sahu et al. investigated
the defensive role of MGN against cisplatin-induced nephro-
toxicity. Results demonstrated that MGN at a dose of 20 and
40 mg/kg appreciably reversed the renal function [15].
Despite the potential offered by MGN as a medicinal agent
and a nutraceutical, its benefits are strongly confined by its
nearly undesirable biopharmaceutical and pharmacokinetic
properties such as low aqueous solubility (0.1 to 0.3 mg/
mL), deprived lipophilicity (logP 0.56), limited and variable
oral bioavailability (1.5 to 5%), rapid phase II metabolism
(glucuronidation), shorter half-life (t1/2) (1.71 h), and fast
clearance from the human body [16–20]. It is categorized as
the Biopharmaceutical Classification System (BCS) class IV
drug. The presence of four phenolic -OH groups contribute
significantly to its extensive glucuronidation, following oral
administration [21], compromising its oral bioavailability and
subsequent therapeutic benefits.

A significant number of formulation strategies have been
explored so far to overcome the above biopharmaceutical
challenges associated with MGN. These attempts include β-
cyclodextrin (β-CD) inclusion complexation [22], salt forma-
tion [23], phospholipid complexation [17, 18], nanostructured
lipid carrier system [24], and spray-dried formulation [25]. A
detailed analysis of these formulation trials demonstrated var-
iable and limited success. Moreover, the phospholipid com-
plexation work of Khurana et al. [17, 18] has shown the lim-
ited improvements in solubility (25-fold only) and dissolution
studies without investigating optimization, entrapment effi-
ciency, oral bioavailability, and in vivo antioxidant activity
of complex and/or nanostructured lipid carriers (NLCs).
Additionally, the author has used Phospholipon® 90G, for
the preparation of phospholipid complex even though it ex-
hibits low solubility for MGN. Phospholipon® 90G is report-
ed to form strong aggregates and agglomeration with drug
and/or bioactive which, in turn, results to the decrease in the
solubility and dissolution performance of drug and/or bioac-
tive [26]. With the consideration of this, we, therefore, used a
novel dual-formulation approach to overcoming the observed
limitations of the previously reported formulations and/or
drug delivery systems (DDS), by designing and developing
an alternate formulation or DDS addressing the existing pain-
in-the-brain biopharmaceutical issues associated with MGN.

Of the several strategies for enhancing the aqueous solubil-
ity of poorly water-soluble drugs in general and BCS class IV
drugs in particular, complexation with phospholipids presents

a unique and appropriate strategy. Previously, this modality
has been used successfully for improving the poor aqueous
solubility, in vitro release rate, and most importantly, the oral
bioavailability of plant-based bioactive such as daidzein [27],
salvianolic acid B [28], chlorogenic acid [19], kaempferol,
and apigenin [29, 30]. Moreover, a phospholipid-based sys-
tem, i.e., formulation, offers several benefits such as ease of
preparation, high drug loading capacity, and long-term stabil-
ity, to name a few. Furthermore, the utilized Phospholipon®
90H and nanoprecipitation method in the current study con-
vert the system into soft nanoparticles with significant im-
provement in solubility, dissolution, absorption, and finally
oral bioavailability of MGN.

Self-assembled phytosomal soft nanoparticles (SNPs) are
lipid-compatible molecular aggregates that form amicelle-like
spherical structure. This delivery system has created signifi-
cant interest among researchers due to several benefits such as
controlled release, maximization of therapeutic efficacy, min-
imization of side effects, gastric protection from luminal en-
zymes, ease of fabrication, drug stability, and, most important-
ly, transportation of drugs across the biological barriers. SNPs
are consisting of bioactive and phospholipids. Phospholipids
are compound lipids, which act as a major part of the biomem-
brane as well as a precursor in the formation of platelet acti-
vation factor, arachidonic acid, and secondary messengers
used in the process of signal transduction [31–33]. As a part
of the biomembrane, phospholipids demonstrate good bio-
compatibility and, thus, serve as excellent drug delivery car-
riers in the transportation of drugs across the biological barrier
[34]. The presence of positive and negative charges in the
phospholipid compound makes it amphiphilic, which shows
lipid as well as water solubility to a greater extent [35, 36].
The presence of hydroxyl group (-OH) of phospholipids can
make successful interactions with active hydrogen part of any
lipophilic drug via esterification process, leading to produce
an amphiphilic compound which further can improve the ther-
apeutic activity of drug molecule via facilitating its transpor-
tation across lipid-rich biomembrane [37]. Moreover, this
physicochemical property of phospholipids is also employed
in the formation of a complex with bioactive through polar
and hydrogen bonding interactions [38–40]. Earlier literature
has shown that phospholipid complex improved the aqueous
solubility, permeability, stability, and site specificity, thereby
enhancing the oral bioavailability and efficacy and reducing
the toxic side effects of hydrophobic drugs [41]. Additionally,
the formation of self-assembled amphiphilic structure [42],
biocompatibility [43], emulsifying [44], and wetting charac-
teristics [42] of phospholipids provide a base material for the
preparation of nanoparticles’ drug delivery system.
Nanoprecipitation technology is a nanoparticle preparation
technique, in which the SNPs are prepared by diffusing the
organic phase containing complex into the continuous water
phase leading to the formation of o/w suspension. Further
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rapid diffusion leads to a decreased interfacial tension and
evaporation of the organic solvent, resulting in the formation
of self-assembled phytosomal SNPs as nanodroplets loaded
with phospholipid complex. Formations of SNPs using this
technology can result in amphiphilic nanoparticles which can
entrap bioactive and phospholipid complex to a greater extent
and facilitate the transfer of complex loaded into SNPs from
water-soluble location to the lipid-soluble location of cell
membrane for exhibiting high drug efficacy [45]. Therefore,
self-assembled phytosomal SNPs are considered to be the
promising dual-formulation technology for improving the bio-
pharmaceutical attributes of many bioactive. Many pharma-
ceutical scientists devised a combined formulation strategy
involving two or more carriers such as polymer gel [46], phos-
pholipid complex loaded in microspheres [47], and phospho-
lipid complex-loaded matrix film [48]. These unique formu-
lations exhibited significant improvement in the biopharma-
ceutical profile of the loaded drug or phytoconstituents.
Previously, it was demonstrated that a noteworthy enhance-
ment of biopharmaceutical properties of drugs relied upon the
successful incorporation of the phospholipid complex into the
nanosystems [49–51]. To the best of our knowledge, such a
novel formulation strategy has not been reported so far in the
literature.

In the present study, we report a systematic and compre-
hensive study of novel dual-formulation strategy for improv-
ing the biopharmaceutical profile of a super-antioxidant
MGN, with a potential impact on its bioavailability and ther-
apeutic utility. The formulations were optimized using the
design of experiments (DoE) methodology, followed by the
physicochemical and biopharmaceutical characterization (par-
ticle size, zeta potential, detailed thermal, spectroscopic, pow-
der X-ray diffraction, solubility, in vitro dissolution studies,
etc.). Finally, the optimized formulations were functionally
evaluated for their antioxidant potential in vivo in carbon tet-
rachloride (CCl4)-intoxicated albino rat model.

Materials and methods

Mangiferin (HPLC purity > 99%) was obtained from Sisco
Research Laborator ies Pvt . Ltd. Mumbai , India.
Phospholipon® 90H was obtained from Lipoid GmbH,
Ludwigshafen, Germany. Carbon tetrachloride, chloroform,
ethylenediaminetetraacetic acid (EDTA), 5,5′-dithiobis-2-ni-
tro benzoic acid (DTNB), sodium chloride, sodium lauryl sul-
fate, and Tween® 20 were obtained from Loba Chemicals
Pvt. Ltd., Mumbai, India. n-Hexane, 1-octanol, m-
phosphoric acid, thiobarbituric acid, and trichloroacetic acid
were obtained from Sigma Chemicals, Sigma-Aldrich
Corporation, St. Louis, MO. All other chemicals were of an-
alytical grade unless otherwise mentioned.

Formulation of mangiferin-phospholipid
complex (MPLC)

Awell-established solvent evaporation method described pre-
viously by Zhang et al. [47] was used for the preparation of
MPLC. Brief ly , MGN (MW, 422.33 g/mol) and
Phospholipon® 90H (MW, 790 g/mol) were individually
weighed in molar ratios 1:0.51, 1:1.02, 1:1.76, 1:2.5, or 1:3
and then transferred to a clean 100-mL round-bottom flask.
The contents of the flask were dissolved in absolute EtOH
(20 mL) and stirred well. The solution was heated under con-
trolled conditions 40.14/44.2/50.15/56.1/60.15 °C on water
bath (DSY-2-2, Aiqixia Apparatus Center, China) for 1.01/
1.42/2.01/2.6 or 3.0 h, respectively. The solvent was evapo-
rated and the residue was mixed with n-hexane (10 mL), lead-
ing to precipitation of MPLC. Further subsequent filtration
and drying under vacuum at 40 °C for 12 h yielded the prod-
uct, which was stored at room temperature (RT) in an amber-
colored glass vial, previously flushed with nitrogen (N2), until
further use.

The rationale for selecting independent, dependent
variables and their ranges

The independent, dependent variables and their ranges were
selected based on preliminary experiments, supporting litera-
ture, and central composite design. A phytosome (drug-
phospholipid complex) is a molecular aggregate of the drug-
phospholipid complex. Therefore, MPLC was prepared using
the same procedure as mentioned above [35] and explored for
the selection of independent, dependent variables and their
ranges. After the selection of variables and their range, the
MPLC was optimized at five levels using the above-
mentioned design.

Central composite design (CCD)

The MPLC formulation was optimized using CCD
(Design-Expert®, Version 10.0.4.0, Stat-Ease Inc.,
Minneapolis, MN, USA) to obtain precise information on
the formulation/process variables with a reasonably lower
number of experimental trials. In the present study, we
have chosen three independent variables, namely, MGN/
phospholipids ratio (X1, w:w), reaction temperature
(X2,°C), and reaction time (X3, h), respectively. The cho-
sen variables were investigated at five levels and were
coded as − 1.73, − 1, 0, + 1, and + 1.73. The extent of the
complexation rate or yield (%) was chosen as a dependent
(response) variable. The detailed analysis led to 20 possi-
ble runs. These formulations were prepared and assessed
one by one for the dependent variable, i.e., yield (%).
Upon fitting the data, a statistical model, i.e., a polynomial
equation along with a desirability plot, was obtained. The
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model (Eq. 1) listed the coefficients of the variables and
the quadratic and interaction terms having a significant
influence on the dependent variable:

Y ¼ b0 þ b1X 1 þ b2X 2 þ b3X 3 þ b11X 2
1 þ b22X 2

2

þ b33X 2
3 þ b12X 1X 2 þ b23X 2X 3 þ b13X 1X 3 ð1Þ

where Y is the dependent variable, bo, the intercept of the
arithmetic average of 20 experimental trials, and b1 to b13
represents the calculated coefficients of (Xi, i = X1, X2, and
X3). X1, X2, and X3 are the main effects. The interaction
terms X1X2, X2X3, and X1X3 are the combined effects of the
independent variables, while polynomial terms X1

2, X2
2,

and X3
2 signify the nonlinear dependency of the response

variable on the inputs. Table 1 lists the details of the ex-
perimental trials along with the coded and real values of
both, the independent and dependent variables. The CCD
and the experimental trials with calculated values of yield
(%) are given in Table 2.

Estimation of the extent of MGN complexation in
prepared MPLC (% yield)

The extent of MGN complexation in MPLC formulations was
determined using UV-visible spectroscopy [52]. Briefly,
MPLC (equivalent to ~ 50 mg of MGN) was transferred to a
beaker, followed by mixing with chloroform (5 mL). In the
resulting dispersion, theMPLC and Phospholipon® 90Hwere
dissolved completely while MGN precipitated out. The insol-
uble MGN was allowed to settle and the dispersion is filtered
using Whatman® quantitative filter paper (ashless, Grade 41,
Sigma-Aldrich Corporation, St. Louis, MO), dried, dissolved
in methanol, suitably diluted, and assayed at the detection
wavelength (~ 259 nm) using a UV-visible spectrophotometer
(Model: V-630, JASCO International Co., Ltd., Tokyo,
Japan). The extent of the complexation of MGN with phos-
pholipids was calculated by Eq. 2:

Extent of complexation %ð Þ ¼ ct−c f
� �

=ct � 100 ð2Þ

where ct is the theoretical concentration of MGN in MPLC

and cf is the observed concentration of MGN in the filtrate.

Preparation of MPLC-loaded soft nanoparticles (MPLC
SNPs)

The MPLC SNPs were prepared by the nanoprecipitation
method reported previously [45]. Briefly, MGN (10 mg)
or MPLC (equiv. to 10 mg of MGN) was accurately
weighed and mixed with dichloromethane (10 mL) using
a magnetic stirrer until a clear solution was obtained. It
was then introduced dropwise (0.2 mL/min) into a mag-
netically stirred distilled water (40 mL). The dispersed

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

Variables Levels

−1.73 −1 0 +1 +1.73

Independent Real values

MGN:Phospholipon® 90H ratio (X1, w:w) 1: 0.51 1:1.02 1:1.76 1:2.50 1:3.00

Reaction temperature (X2,
0C) 40.14 44.2 50.15 56.1 60.15

Reaction time (X3, h) 1.01 1.42 2.01 2.6 3.00

Dependent

Extent of complexation or yield (Y, % w/w)

Table 2 Central composite design experimental trial formulation
batches with obtained yield values (%, w/w)

Experimental trials X1 X2 X3 Extent of complexation, or
yield* (%, w/w)

1 −1 +1 −1 59.20 ± 0.11

2 +1 −1 −1 84.02 ± 0.09

3 −1 −1 +1 78.30 ± 0.43

4 +1 +1 −1 82.10 ± 0.26

5 0 0 0 91.30 ± 0.56

6 +1.73 0 0 87.24 ± 0.51

7 0 0 0 90.16 ± 0.63

8 +1 +1 +1 86.26 ± 0.17

9 0 0 0 88.12 ± 0.24

10 0 0 +1.73 97.71 ± 0.33

11 −1 −1 −1 72.38 ± 0.40

12 0 0 0 90.18 ± 0.20

13 0 0 −1.73 93.41 ± 0.29

14 0 +1.73 0 89.29 ± 0.14

15 −1.73 0 0 70.23 ± 0.50

16 −1 +1 +1 67.17 ± 0.49

17 0 0 0 89.51 ± 0.58

18 0 −1.73 0 68.89 ± 0.41

19 +1 −1 +1 93.41 ± 0.09

20 0 0 0 90.28 ± 0.25

*Values are represented as mean ± SD (n = 3)
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phase was then gradually evaporated while stirring,
resulting in the formation of MGN SNPs or MPLC
SNPs suspension with light green opalescence. The resul-
tant suspension was then freeze-dried using a lyophilizer
(Model: MSW-137, Macro Scientific Works Pvt. Ltd.,
New Delhi, India) under the conditions of controlled con-
denser temperature of − 80 °C and vacuum of 10 Pa.
Finally, the lyophilized MPLC SNPs were stored in
amber-colored (light-protected) glass vials, flushed with
N2, and kept at 4 °C until further use. The MGN SNPs
(free of MPLC) were also prepared using the same proce-
dure, stored, and evaluated.

Estimation of encapsulation efficiency and drug
loading

A method previously described by Sahni et al. [53] and Alam
et al. [54] was used for the estimation of drug loading and
encapsulation efficiency of MGN within MPLC SNPs formu-
lations, before and after lyophilization. Briefly, the prepared
MPLC SNP suspension was transferred into a clean
Eppendorf® Safe-Lock microcentrifuge tube (1.5 mL) and
ultracentrifuged at 15,000 rpm at 4 °C for 40 min. The super-
natant was collected, diluted suitably, and analyzed for the
absorbance of the final solution at (ƛmax, ~259 nm) using a
UV-visible spectrophotometer. The encapsulation efficiency
and drug loading were calculated using the equations de-
scribed below:

Encapsulation efficiency %ð Þ

¼ Total amount of MGN−Free MGN
Total amount of MGN

� 100 ð3Þ

Drug loading %ð Þ

¼ Total amount of MGN−Free MGN
Weight of nanoparticles

� 100 ð4Þ

Physicochemical characterization of MPLC and MPLC
SNPs

Scanning electron microscopy (SEM)

The comparative surface morphology of pure MGN, MPLC,
and MPLC SNPs formulations was studied using a scanning
electron microscope (Model: Supra®55, Carl Zeiss NTS Ltd.,
Germany). Briefly, the sample for SEM (scanning electron
microscopy) analysis was prepared by weighing an individual
sample (~ 50 mg) and spread uniformly over the double-sided
carbon tape attached to the sample holder. Loaded samples
were sputter-coated using a thin layer of gold (~ 4000) and
then examined under the microscope at an accelerating

voltage of 10 kV. The captured images at different magnifi-
cations were read by the attached software (Smart®SEM
V05.06).

Particle size and zeta potential

The particle size and size distribution of MGN in MPLC and
MPLC SNPs were analyzed using Photon Cross-Correlation
Spectroscopy (PCCS) equipped with dynamic light scattering
(DLC) technique reported earlier by us [55]. Briefly,MPLC or
MPLC SNPs (~ 5 mg) were accurately weighed and dispersed
in deionized water (10 mL). The aqueous dispersion was then
placed in the sample chamber of particle size analyzer (Model:
NANOPHOX Sympatec, GmbH, Clausthal-Zellerfeld,
Germany). The particle size analysis (range: 1 nm to 10 μm)
was carried out by adjusting the sample vial position for opti-
mizing the count rate as determined by the software. The
resultant aqueous dispersion of MPLC or MPLC SNPs was
used similarly for measuring the zeta potential using a Nano
Particle Analyzer (Model: NanoPlusTM-2, Particulate sys-
tem, Norcross, GA, USA) loaded with dynamic light scatter-
ing (DLS) setup. A complete analysis was carried out at RT
with a sensitivity range of – 200 to + 200 mV.

Thermal analysis

The thermal behavior of the formulation components such as
pure MGN, Phospholipon® 90H, the physical mixture (PM)
of MGN and Phospholipon® 90H, and MPLC was compara-
tively analyzed by differential scanning calorimeter (DSC)
and thermogravimetric analysis (TGA) (Model: DSC-1821e,
Mettler-Toledo AG, Analytical, Schwerzenbach, Switzerland)
as per the protocol reported by us earlier [56]. Briefly, the
DSC was calibrated using high-purity standard indium (In)
concerning heat flow and heat capacity. The sample analyzing
area was continuously purged with dried N2 at a flow rate of
50 mL/min. The samples (2.0 ± 0.2 mg each) were accurately
weighed and subjected to heating in the range of 40 to 400 °C
at a rate of 10 °C/min. The generated data were analyzed and
interpreted by the instrument software (Universal Analysis
2000, V4.5A, Build 4.5.0.5).

Fourier-transform infrared spectroscopy (FT-IR)

Pure MGN, Phospholipon® 90H, PM of MGN and
Phospholipon® 90H, and MPLC were analyzed by the FT-
IR spectrophotometer (Model: FTIR-8300, Shimadzu, Kyoto,
Japan) according to the previously reported protocols [57].
Briefly, a homogenous mixture of previously air-dried sam-
ples (~ 2 mg) with FT-IR grade potassium bromide (KBr,~
200 mg) in an agate mortar and pestle was prepared, followed
by compression into a thin transparent disc using Mini Hand
Press Machine (Model: MHP-1, P/N-200-66,747-91,
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Shimadzu, Kyoto, Japan) at a pressure of 10 ton/Nm2. The
prepared sample discs were scanned at a wavenumber range
of 4000 to 400 cm−1. The scanning resolution was fixed at
4 cm−1. After scanning, the obtained individual sample spectra
were interpreted using the peaks assigned by the FT-IR soft-
ware (IR solution, version 1.10).

Powder X-ray diffraction (PXRD)

The comparative crystalline nature of the four samples pure
MGN, Phospholipon® 90H, PM, and the MPLC was ana-
lyzed using a powder X-ray diffractometer (Model: D8
ADVANCE, Bruker AXS, Inc., Madison, WI, USA). The
PXRD spectra of the samples were recorded on a 2θ scale
according to a previously reported procedure [30].

Proton nuclear magnetic resonance spectroscopy (1H-NMR)

The 1H-NMR spectra of formulation components, i.e., pure
MGN, Phospholipon® 90H, and optimized MPLC formula-
tions, were analyzed to study their carbon-hydrogen frame-
work using a 400-MHz FT-NMR spectrophotometer
(Model: Bruker Advance II, Bruker, Rheinstetten,
Germany). The analysis was carried out at room temperature.

Solubility studies

The solubility of pure MGN, MGN SNPs, PM of MGN, and
Phospholipon® 90H, MPLC, and MPLC SNPs was deter-
mined using a method previously described by Singh et al.
[50]. Briefly, the samples were added in an excess amount to a
sealed glass vial containing either purified water (5 mL) or 1-
octanol (5 mL) which was further agitated using a shaker
(Model: RSB-12, Remi House, Mumbai, India) for 24 h.
The resulting dispersion was then centrifuged at 1500 rpm
for 25 min. The supernatant was filtered using a 0.45-μmem-
brane filter to get a clear solution. The aliquot was suitably
diluted using purifiedwater or methanol and the absorbance of
the solution was recorded to quantitate MGN (ƛmax~259 nm)
on a UV-visible spectrophotometer. The solubility analysis
was conducted at RT.

Functional characterization of MPLC and MPLC SNPs

In vitro dissolution studies

The comparative in vitro dissolution profile of MGN suspen-
sion, MGN SNPs, MPLC, or MPLC SNPs was analyzed
using a previously reported method [58]. Briefly, the dialysis
membrane (LA395, dialysis membrane-110, HiMedia
Laboratories, Mumbai, India) with an average diameter of ~
21.55 mm, average flat width ~ 32.34 mm, and capacity ~
3.63 mL was used for the dissolution study. The molecular

size cutoff was 12,000–14,000 Da. The membrane was
washed and rinsed according to the manufacturer’s guidelines.
Furthermore, the dialysis bags were prepared and the formu-
lation samples such asMGN suspension (containing ~ 2mg of
MGN), MGN SNPs (~ 2 mg of MGN), MPLC (~ 2 mg of
MGN), or MPLC SNPs (~ 2 mg of MGN) were placed into
the dialysis bags and tied up with the thread. The bags were
then suspended vertically into a beaker filled with dissolution
medium, i.e., phosphate-buffered saline (PBS, 200 mL,
pH 7.4) with Tween® 20 (1%, v/v). The contents of the beaker
were continuously stirred (50 rpm, 37.0 ± 2.0 °C, 12 h) using a
magnetic stirrer. Samples (5 mL) were withdrawn at regular
intervals while maintaining the sink conditions. The samples
were suitably diluted and the absorbance recorded ( max ~
259 nm) using UV-visible spectrophotometer. The cumulative
amount of MGN released from the respective formulations
was determined from the measured absorbance.

Ex vivo permeability studies

The comparative permeation efficiency of MGN from MGN
SNPs and MPLC SNPs across a biological membrane was
evaluated using an everted rat intestine, as described previ-
ously [55, 56, 59]. The study was performed using the intes-
tine isolated carefully from albino rats of either sex with (150–
200 g). On the day of the experiment, the overnight fasted
animals were euthanized using a cervical dislocation method.
The abdomen was incised carefully and the ileocecal part of
the intestine was removed. The jejunal section of the intestine
around ~ 7-cm long was carefully separated without any dam-
age. The tissue was continuously washed with the freshly
prepared Krebs solution. The intestine was then everted using
a well-established, glass-rod procedure, described previously
by Hamilton and Butt [60]. The everted intestine was kept in
the freshly prepared Krebs solution until the permeation
experiment.

The tissue was carefully mounted between the two
tapered ends of the apparatus. Subsequently, the ap-
paratus was filled with the freshly prepared Krebs
solution and inserted carefully in a vertical position
in a 250-mL beaker. The beaker was filled with the
sample solution, MGN SNPs (100 μg/mL), or MPLC
SNPs formulations (100 μg/mL) prepared in the
Krebs solution. The whole assembly was placed on
a magnetic stirrer and the contents of the beaker are
stirred continuously at 25 rpm (37 ± 0.5 °C) for a
period of 12 h. The Krebs solution in the apparatus
as well as in the beaker was under constant aeration.
At pre-determined intervals, samples were withdrawn
and diluted appropriately, and the absorbance at (ƛ-
max ~ 259 nm) is recorded using a UV-visible spectro-
photometer. The apparent permeability was calculated
by Eq. 5:

1061Drug Deliv. and Transl. Res.  (2021) 11:1056–1083



Apparent permeability ¼ V= A� Tð Þ½ � � c1=c0 ð5Þ
where V represents the volume of serosal content
(mL); A , the surface area of the intestinal sac
(cm2); T, time of incubation (sec); c0, the initial con-
centration of on the mucosal side; and c1, the con-
centration on the serosal side after time T.

In vivo antioxidant studies

The antioxidant potential of MGN SNPs and MPLC SNPs
was evaluated in albino rats (male or female) using the
CCl4-induced oxidative stress model reported previously
[58, 61].

Animals

Male and female albino rats (Wistar strain, bred in-house)
weighing 150–200 g were used. The animals were kept under
controlled conditions of temperature (25 ± 5 °C) and relative
humidity (50 ± 5 %RH) with a 12-h light/dark cycle. They
were nourished with pellet chaw (Brooke Bond, Lipton,
India) and water ad libitum. The Institutional Animal Ethical
Committee (IAEC) of Smt. Kishoritai Bhoyar College of
Pharmacy, New Kamptee, Nagpur, sanctioned and approved
the experimental protocols (SKBCOP/IAEC/2017–2018, dat-
ed August 13, 2018) for the current study. The studies were
carried out according to the ethical guidelines available by the
Committee for Purpose of Control and Supervision of
Experiments on Animals (CPCSEA).

Dosing

The animals were divided randomly into four groups of six
animals each. Group I animals received only Tween® 20 (1%
v/v, p.o.) for 7 days and served as blank negative control.
Group II animals also received Tween® 20 (1% v/v, p.o.)
for 7 days. On the seventh day, group II animals received a
single dose of a mixture of CCl4 and olive oil (1:1, 5 mL/kg,
i.p.) and served as a positive control. Group III animals re-
ceived pure MGN SNP suspension at a dose of ~ 60 mg/kg of
MGN, p.o., in distilled water with Tween® 20 (1%, v/v, p.o.)
for 7 days. Group IV received MPLC SNPs at a dose of ~
60 mg/kg of MGN, p.o., in distilled water with Tween® 20
(1%, v/v) for 7 days. After administration of the respective
formulations to the animals, on the seventh day, the same
groups also received a single dose of a mixture of CCl4 and
olive oil (1:1, 5 mL/kg, i.p.).

On the eighth day, the animals with CCl4 intoxication were
anesthetized using light ether anesthesia. The blood samples
were collected from the retro-orbital plexus into tubes containing
heparin and then centrifuged using a microcentrifuge (Model:

RM-12C, Angle Rotor Head, Remi House, Goregaon (E),
Mumbai, India) to obtain clear plasma samples. These were then
used for the estimation of liver marker enzyme (liver function
tests). Afterward, all the animals were euthanized by cervical
decapitation and their livers were removed immediately and
washed in ice-cold saline solution. The isolated livers were ho-
mogenized in 0.1 M PBS (pH 7.4) and then centrifuged to get a
clear supernatant, which was further used for the estimation of
antioxidant marker enzymes.

Liver marker enzyme estimation (liver function test)

The liver function marker enzymes such as serum glutamic
oxaloacetic transaminase (SGOT), serum glutamic pyruvic
transaminase (SGPT), alkaline phosphate (ALP), and total
bilirubin were measured quantitatively to compare the influ-
ence of pure MGN SNPs and MPLC SNPs on liver function
of the rats. The SGOT and SGPT in rat plasma were evaluated
by the previously outlined method [62]. Briefly, SGOT sub-
strate (0.5 mL) [α-L-alanine (200 mM) and SGPT substrate
(0.5 mL) [L-aspartate (200 mM) with 2 mM α-ketoglutarate]
were added in a clean test tube and incubated for 5 min at
37 °C. After incubation, the investigational rat plasma samples
(100 μL) were added into the respective test tubes and the
final volume was adjusted to 1 mL using phosphate buffer
(pH 7.4, 0.1 M). The prepared mixture was then incubated
further for 60 min (SGOT) or 30 min (SGPT) followed by
the addition of 2,4-dinitrophenyl hydrazine as an indicator
and incubated again for an additional 30 min. Following this,
the freshly prepared sodium hydroxide solution (5 mL, 0.4 N)
was added and the absorbance is measured at 505 nm.

The Grifols-Lucas method previously reported by Kind and
King [63] was used to determine the ALP levels in the rat
plasma. Briefly, the reaction mixture was prepared by the addi-
tion of phenyl phosphate buffer (1 mL, 0.5 N) to bicarbonate
buffer (1 mL, pH 10) and then incubated at 37 °C for 3 min. To
this solution, a rat plasma sample (100 μL) was added and
incubated further for 30 min. Subsequently, the freshly pre-
pared sodium hydroxide (0.8 mL, 0.5 N), NaHCO3 (1.2 mL,
0.5 N), and amino-antipyrine (1 mL, 0.6%) solutions were in-
troduced in the above reaction mixture and mixed well. The
absorbance of the final solution was recorded at 520 nm.

Total bilirubin was determined from rat plasma using a
previously reported method [64]. Briefly, in a test tube con-
taining rat plasma (250μL), the sulfanilic acid solution (5 mL,
4mmol/L) and NaNO2 (0.1mL, 144mmol/L) were added and
the contents incubated at 37 °C for 10 min. After incubation,
the absorbance was recorded at 670 nm.

In vivo antioxidant marker enzyme estimation

The antioxidant status of pure MGN SNPs and MPLC SNPs
was assessed bymeasuring its influence on in vivo antioxidant
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marker enzymes, viz., glutathione peroxidase (GSH), super-
oxide dismutase (SOD), catalase (CAT), and lipid peroxidase
(LPO) present in the prepared rat liver homogenate. The anti-
oxidant marker GSH was quantitatively determined using a
well-known method [65]. Briefly, the reaction mixture was
prepared by the addition of liver homogenate supernatant
(200 μL), distilled water (1.8 mL), and precipitating mixture
(0.3 mL) to a clean test tube, mixed well and centrifuged by
using a microcentrifuge at 5000 rpm for 5 min to get clear
supernatant, 1 mL of which was mixed with phosphate buffer
(1. 5 mL, 0.1 M) and 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB, Ellman’s reagent, 0.5 mL). The resulting solution
was analyzed for absorbance at 412 nm. The obtained value
was expressed as μg/mg of protein.

In the rat liver homogenate, the SOD level was estimated as
described previously [66]. Briefly, in a test tube containing
liver supernatant (20 μL), Tris-HCl buffer (2 mL, 75 mM,
pH 8.2) and freshly prepared pyrogallol solution (0.5 mL,
30 mM) were mixed. The resultant solution was recorded for
an increase in absorbance for 3 min. at an interval of 30 s. at
420 nm. The rate of auto-oxidation of the pyrogallol solution
with 50% inhibition by SOD was considered as one unit en-
zyme activity. The value was expressed as units/mg of protein.

A method earlier described by Stocks and Dormandy [67]
was employed for the estimation of LPO in the prepared liver
homogenate. Briefly, to rat liver supernatant (500μL), the freshly
prepared sodium lauryl sulfate (0.2 mL, 0.8% w/v), trichloroace-
tic acid (1 mL, 20% w/v), and thiobarbituric acid (1.5 mL,
0.85 w/v) were added, mixed, and then heated at 100 °C for a
period of 1 h. The solution was cooled to RT and diluted with
distilled water (1 mL). The mixture was centrifuged to separate
the organic layer from the aqueous one. The organic layer was
carefully collected in a cuvette and its absorbance is measured at
532 nm. The molar extinction coefficient of malondialdehyde
(MDA) (1.56 × 105 M−1 cm−1) was used for the calculation of
lipid peroxidation. The LPO enzyme activity was expressed as
MDA (nM/g) in hemoglobin.

Similarly, the CAT enzyme level in the liver supernatant
was determined using the method described by Beers and
Sizer [68]. Briefly, the prepared liver supernatant (100 μL)
was mixed with phosphate buffer (1.9 mL, 50 mM, pH 7.4)
and the freshly prepared H2O2 solution (1 mL, 30 mM). This
mixture was then analyzed at 240 nm. The enzyme activity
was correlated with the extent of H2O2 decomposition.

Histopathological studies

At the end of dosing of formulations and CCl4 intoxication, all
the animals were euthanized by cervical decapitation method.
Subsequently, their livers were removed immediately, washed
in ice-cold saline, and preserved in a neutral buffered formalin
(10% v/v) solution till further processing. The livers were
sectioned and stained using a hematoxylin-eosin reagent.

The stained sections were observed under an optical micro-
scope (Model: DM2500, Leica Microsystems Inc., Buffalo
Grove, IL). The observed and suitable images were captured
using an attached digital camera at a magnification of × 400.

Oral bioavailability studies

Bioanalytical method development

Method development was started by preparing the stock solu-
tion of standard MGN. Briefly, an approximate amount of
MGN (~ 10 mg) was dissolved in sufficient amount of metha-
nol and the solution with a concentration of 1000 μg/mL is
prepared. The prepared solution was stored at 4 °C until anal-
ysis. From this, different concentrations of solutions were pre-
pared and spiked with blank plasma to get the final solution in
the range of 0.05–10μg/mL, respectively. These solutions were
used for the preparation of quality control (QC) samples at a
concentration of low (0.05 μg/mL), medium (0.5 μg/mL), and
higher (10 μg/mL), respectively. In these solutions, the freshly
prepared nitrophenol as internal standard (IN, 4 μg/mL) and a
3mL of acetonitrile were added andmixedwell. The developed
reaction mixture solution was vortexed and then centrifuged at
a condition of 800 × g for 10 min to get clear supernatant. The
obtained supernatant was collected, evaporated, and
reconstituted using 100-μL mobile phase. This solution was
injected into HPLC (Thermo ScientificTM UltimateTM 3000,
Thermo Scientific, San Jose, CA, USA), the peak areas of stan-
dard plasma spiked with various concentration of MGN are
determined, and then the ratio of peak areas of IN and MGN
against the concentration ofMGN is plotted. Following this, the
calibration curve was prepared and linearity was calculated.

A chromatographic method described earlier by Chen
et al. [69] was also followed for the quantification of
MGN in the collected plasma samples. Briefly, the
MGN estimation in plasma was carried out using the
same HPLC system as mentioned in the above method
development section. This system is equipped with a
photodiode array detector (Thermo Scientific, San Jose,
CA, USA). The stationary phase consisted of the
Hypersil GOLD™ C18 selectivity LC column (100 ×
4.6 mm) with a particle size of 5 μm. Acetonitrile and
acetic acid (3%) in MiliQ water were used as the mobile
phase for gradient elution. During the entire analysis, the
flow rate of the optimized mobile phase as well as the
column temperature was maintained at 1.0 mL/min and
30 °C, respectively. The detection was performed at
259 nm. Nitrophenol was used as an IN due to its struc-
tural similarity to MGN. The optimized mobile phase
was used for the effective resolution of MGN peaks in
the HPLC chromatograms. The peaks were analyzed and
interpreted using a software associated with the HPLC
system.
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Extraction of MGN from plasma and sample preparation

The extraction ofMGN from rat plasma was carried out by the
liquid-liquid extraction (LLE) method described previously
[61]. The LLE exhibits high recovery and reproducibility from
the biological matrix. Briefly, male and female albino rats
were divided into two groups containing six animals each
(overnight fasting with free access to water). Group I animals
received pure MGN SNP suspension at a single dose of ~
60 mg/kg of MGN, p.o., and group II received MPLC SNPs
(~ 60 mg/kg, p.o. of MGN). Afterward, the animals were
anesthetized at designated time intervals, and then blood sam-
ples were collected from their retro-orbital plexus. Collected
blood samples were transferred into clean heparinized
Eppendorf® Safe-Lock microcentrifuge tubes (1.5 mL). The
tubes containing samples were centrifuged at 800 g for
10 min. to separate the plasma, which was stored at − 20 °C
till further analysis.

The MGN from plasma samples was extracted by spiking
plasma samples (500 μL) of respective formulations with 20 μL
of IN and of acetonitrile (3 mL). The mixture was vortexed for
1 min and centrifuged at 800 g for 10 min. The supernatant was
carefully collected and transferred to another clean tube. The sol-
vent was allowed to evaporate in a vacuumdesiccator and then the
residue reconstituted (mobile phase, 100 μL). A 20-μL sample
was injected for the quantitation of MGN.

Validation of the extraction and quantification method

The guidelines as suggested by the International Conference
on Harmonization (ICH) were used for carrying out validation
of the developed HPLC method. The validation parameters,
i.e., intra-day accuracy and precision, were determined for
prepared QC samples on the same day (n = 6), while, inter-
day accuracy and precision were determined for the same QC
samples on three following days. Moreover, the extraction
recoveries of MGN from extracted tissue samples and stan-
dard solutions at the same concentration were tested and com-
pared. The short-term (for 24 h) and long-term (for 14 days)
stability studies were also performed on QC samples.

Study of pharmacokinetic parameters

The pharmacokinetic parameters such as Cmax and Tmax were
determined from the plasma concentration time profile. Other
parameters such as half-life (t1/2), area under the plasma con-
centration time curve (AUC) from zero to time of final mea-
sured sample (AUC0-t) and from zero to infinity (AUC0-∞),
clearance (Cl/F), the volume of distribution, and relative bio-
availability (F) were estimated using WinNonlin® statistical
software (Version 4.1, Certara USA Inc., Princeton, NJ,
USA).

Stability studies

According to the ICH guidelines, the long-term stability stud-
ies were carried out on lyophilizedMPLC SNPs formulations.
Briefly, the lyophilized formulation was sealed in clear glass
vials and stored at RT (25 °C) and 4 °C, respectively, for the
period of 6 months. At designated intervals (i.e., 0, 3, and
6 months), the samples were removed and analyzed for parti-
cle size, PDI, zeta potential, and entrapment efficiency of
MPLC SNP formulations.

Statistical analysis of data

The results of solubility and in vitro dissolution and stability
studies were reported as mean ± standard deviation (SD).
Similarly, the results of liver function tests, the in vivo anti-
oxidant activity, and pharmacokinetic studies were represent-
ed as mean ± standard error of the mean (SEM). One-way
analysis of variance (ANOVA) followed by Dunnett’s test
was used for estimating the statistical differences between
treatment groups. An obtained P value < 0.05 was considered
to be statistically significant.

Results and discussion

Formulation of MPLC and MPLC SNPs

MGN is a well-known xanthonoid exhibiting fair solubility in
most organic solvents and poor solubility in water [18, 21].
The present study aimed at improving the aqueous solubility
of MGN by incorporating it in the form of MPLC. We and
others have previously shown that the flavonoid-phospholipid
complexes could be successfully prepared by using 1,4-diox-
ane [30], CH2Cl2 [19], and tetrahydrofuran (THF) [70] (sol-
vent evaporation method). Based on these studies, we have
also used these solvents for the preparation of phospholipid
complex. However, while preparation, we found that both
MGN and phospholipids exhibited poor solubility in the
abovementioned solvents, which further results in precipita-
tion of both the formulation components. To overcome these
inherent solubility issues, we tested other organic solvents for
the solubilization of MGN and phospholipids. Out of all the
solvents tried, absolute ethanol showed better suitability.
Given the semi-polar nature of this class III solvent with a
low-toxicity profile, we chose to formulate MGN with phos-
pholipids using ethanol as a solvent with the hope that it
would result in the stable MPLC formulation.

On the other hand, MPLC SNPs were prepared using di-
chloromethane as a solvent by the nanoprecipitation technique
in four steps: (i) formation of o/w dispersion (of organic phase
in continuous aqueous phase); (ii) dramatic reduction in the
interfacial tension between the two phases, leading to the
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lowered droplet size of MPLC; (iii) formation of soft nano-
particles due to evaporation of the organic solvent; and (iv)
precipitation of nanodroplets from the aqueous environment
with the formation of self-assembled MPLC SNPs.

The rationale for selecting independent, dependent
variables and their ranges

Based on the preliminary experiments, the independent, depen-
dent variables and their ranges were selected and used in the
formulation of MPLC. It was prepared using a solvent evapora-
tion method, and based on this, three independent variables were
selected, i.e., MGN/Phospholipon® 90H ratio, reaction temper-
ature, and reaction time. The ratio acts as the basic composition
of MPLC. Reaction temperature helps in the establishment of a
complex between MGN and Phospholipon® 90H, while reac-
tion time provides the maximum contact between MGN and
Phospholipon® 90H, resulting in the formation of stable
MPLC. The extent of complexation was selected as the depen-
dent variable. After the selection of these variables, their exper-
imental ranges were selected. According to Semalty et al., the
drug/Phospholipon® 90H ratio (1:1), reaction temperature
(40 °C), and reaction time (1 h) are the suitable range for the
successful preparation of phospholipid complex [71]. So, we
utilized the same range for the preparation, resulting in the for-
mation of MPLC with limited solubility and a low extent of
complexation. To improve these parameters, we increased the
MGN/Phospholipon® 90H ratio from 1:1 to 1:2, the reaction
temperature from 40 to 50 °C, and the reaction time from 1 to
2 h, respectively, which resulted in the formation of various
MPLCs with significant enhancement in its solubility and extent
of complexation. However, to explore further the range of inde-
pendent variables at various levels, we selected CCD as one of
the best optimization tools, because it provides the chance to
explore the largest possible processing space at five levels, i.e.,
extremely lower level (− 1.73), low (− 1), middle (0), higher (+
1), and extremely higher level (+ 1.73), respectively. The obtain-
ed experimental trials by using these levels showed a significant
impact on the response variables. Hence, we have chosen three
independent variables and studied their range at five levels using
CCD.

CCD

Table 2 lists the results of the extent of complexation or yield
(%, w/w) for the respective experimental trial formulations of
MPLC obtained using a combination of studied independent
variables. As seen from Table 2, the yield (%) was in the range
of 59.2 to 97.71%, indicating the significant impact of inde-
pendent variables of MGN/Phospholipon® 90H ratio (X1),
reaction temperature (X2), and reaction time (X3) on the re-
sponse variable. At the end of the formulation trials, the fol-
lowing polynomial equation (Eq. 6) was obtained. It was

further used for formulation optimization. Moreover, the gen-
erated positive and negative (+ or −) signs associated with the
coefficient of magnitude were also used to study the influence
of independent variables on the yield as well as for the opti-
mization of the same variables:
Y ¼ 90:13þ 7:13X 1 þ 0:0680X 2

þ 2:54X 3–5:28X 1
2–5:15X 2

2–0:668X 3
2

þ 1:90X 1X 2−03975X 2X 3–0:0425X 1X 3 ð6Þ

The output of the CCD trials, i.e., fit summary,
ANOVA data, polynomial equation, counter, and 3D
response graphs, was critically analyzed wherein the
quadratic model was found to be the best-fit model. It
correlated well with the polynomial equation. The coef-
ficients b1, b11, and b12 were statistically significant (p
< 0.05). Other coefficients b0, b2, b3, b13, b22, b23, and
b33 were statistically non-significant. The model F-value
(3.21) indicates the suitability of the quadratic model for
experimental trial formulations. Additionally, the ade-
quate precision value was greater than > 4 (i.e., 8.133)
and the correlation coefficient value (R2) between ad-
justed and predicted appeared less than < 0.2, which
suggests that the quadratic model is the best-fit model,
and therefore, this model can be used to navigate the
design space. The model summary statistics showed that
the PRESS value for response yield was ~ 4087.42,
which also indicates the suitability of quadratic model
as the best-fit model. The developed positive sign (+) in
the coefficient of the magnitude of X1, X2, and X3

showed that as the concentration of X1, X2, and X3

increases, the yield also increases simultaneously, indi-
cating a direct correlation between the independent and
dependent variables. The overall influence of indepen-
dent variables (X1, X2, and X3) on yield is shown as
counter and 3D response plot Fig. 1a and b. As seen
in this figure, at constant reaction time, the yield was
found to increase, as the X1 and X2 increase to the
middle level and then decreased. Moreover, at the fixed
reaction temperature, the yield increased, increasing the
X1 and X3 to the middle level and then decreased. Also,
at fixed MGN/Phospholipon® 90H ratio, the yield also
increased, as the X2 and X3 increase to the middle level
and then decreased, respectively. Therefore, it can be
concluded that the middle values of X1, X2, and X3

may be found as an optimal value for achieving higher
yield.

The optimization of the suitable experimental trial
with higher yield was achieved by following numerical
and graphical optimization techniques. In both tech-
niques, the constraints were applied to independent and
dependent variables to get the desired and optimized
formulation. The constraints for independent variables
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of X1, X2, and X3 were in the range of 1:1.02 to 1:2.5
(w: w), 44.2–56.1 °C, and 1.42–2.6 h, whereas the con-
straints for yield were in the range of 90.0–96.10 (%,
w/w), respectively. Following the analysis, the design
provided one possible solution of the experimental trial,
which showed recommended values of independent var-
iables as well as desirability value close to 1. The re-
sults of this analysis are shown as desirability plot
(Fig. 1c). In graphical optimization, the constraints used
for yield were the same as that used in numerical opti-
mization, and based on this, it showed the design space
in the form of overlay plot (Fig. 1d). The suggested
values of the design space were used for the preparation
of optimized formulation. Overall, the combination of
desirability and design space overlay plot provided the
optimal values of ~ 1:1.76 (w:w), 50.55 (°C), and 2.02
(h ) f o r t h e i nd ependen t v a r i a b l e s o f MGN/

Phospholipon® 90H ratio (X1), reaction temperature
(X2), and reaction time (X3), respectively.

Validation of model optimization

The validation of the CCD-generated model was carried
out by preparing an additional trial formulation of
MPLC using optimal values of X1, X2, and X3. The
actual yield of MPLC (~ 90.35%) was found in a close
agreement with the predicted value (~ 90.14%). The ex-
perimental confirmation, in a way, validated the robust-
ness of the design-generated quadratic model. The pre-
dicted error or bias (%) between these two yields was
calculated using Eq. 7. It was found to be < 3% (0.21).
Overall, the CCD helped in optimizing the MPLC for-
mulation successfully:

Fig. 1 aContour plot, b 3D response surface plot, c desirability plots, and d design space of extent of complexation or yield (Y,%) as a function ofMGN
and Phospholipon® 90H ratio (X1, w: w), reaction temperature (X2, °C), and reaction time (X3, h)
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Bias %ð Þ ¼ predictedvalue−observedvalue
predictedvalue

� 100 ð7Þ

Physicochemical characterization of MPLC and MPLC
SNPs

SEM

The SEM analysis of pure MGN, MPLC, and lyophilized
MPLC SNPs formulations is shown in Fig. 2a, b, and c, re-
spectively. The particles of pure MGN (Fig. 2a) appeared as a
blend of small and large needle-shaped particles with ill-
defined edges. SEM image of optimized MPLC in (Fig. 2b)
exhibited as large, fused, and irregularly shaped particles with
heterogenous surface suggests the formation of a complex
between pureMGN and Phospholipon® 90H. Compared with
pure MGN and MPLC, the SEM morphology of lyophilized
MPLC SNPs (Fig. 2c) appeared as spherical shaped particles
with heterogenous surface, suggesting that the implementa-
tion of nanoprecipitation coupled with lyophilization technol-
ogy could result in the formation of spherical particles.

Particle size and zeta potential

The physical stability of the sub-micron particles in a liquid
medium is mostly dependent on two parameters—particle size
distribution and zeta potential. Previously, Telange et al. pre-
pared apigenin-phospholipid complex (APLC) and reported
particle size and PDI value around ~ 107.08 ± 1.30 nm and
0.37 as narrow particle size distribution. The APLC enhanced
aqueous solubility and bioavailability following oral adminis-
tration [30]. The same author also developed umbelliferone-
phospholipid complex (UPLC) and its particle size and PDI
values were found to be higher around ~ 7134.79 ± 0.67 nm
and 0.53. The UPLC with these parameters significantly en-
hanced the solubility, permeation, and anti-inflammatory po-
tential of umbelliferone [48]. Figure 3a shows the particle size
distribution of MPLC with mean particle size of 507.55 ±
0.40 nm and polydispersity index (PDI) of 0.43 ± 0.10,

indicating relatively wide particle size distribution of MGN
within MPLC However, upon comparison with APLC and
UPLC, the particle size and PDI value of MPLC was found
to be in between them, suggesting that MPLC particles are
acceptable smaller particle size and thus found to be suitable
for oral administration. Moreover, the particle size of pharma-
ceutical processed materials is found to be inversely propor-
tional to their surface area/volume (SA/V) ratio, which means
that the smaller the particle size, the higher is the SA/V. This
concept is found to apply toMPLC, as the smaller particle size
of MPLC shows a higher SA/V ratio, resulting in increased
solubility and release rate of MGN from MPLC via diffusion
and surface erosion [72]. It is well accepted that smaller par-
ticles (size < 500 nm) are usually taken up by endocytosis
during their transit across the biological membranes. In con-
trast, larger particles < 5 mm are easily absorbed by the lym-
phatic system [73, 74].

Zeta potential (ζ) is yet another significant measure specif-
ically used for the determination of surface charges (+ or −).
This has a direct impact on the physical stability of the
multiparticulate systems. Earlier reports have suggested that
zeta potential of values greater than ± 10 mV is indicative of
considerable physical stability of the multiparticulate systems
[75, 76]. The measured zeta potential of the optimized MPLC
formulations is shown in (Fig. 3b). The observed value of zeta
potential of MPLC formulations was found to be − 12.53 ±
0.17 mV, which is higher than − 10 mV, indicating a physical
stability of MPLC formulations The obtained zeta potential
value of MPLC could potentially be attributed to the small
portion of phospholipids involved in the complexation pro-
cess with the generation of negative charges in an aqueous
environment with near-neutral pH value This mechanism
could provide sufficient negative charges on the surface of
MPLC, making it considerably stable in the aqueous state.
Moreover, the phospholipid composition and its type may also
influence the zeta potential values significantly [30].
Therefore, the results demonstrated that the MPLC formula-
tion of better physical stability was obtained.

Similarly, the measured particle size distribution and zeta
potential of MPLC SNPs are shown in Fig. 3c and d, respec-
tively. Lyophilization of the MPLC SNPs was carried out using

Fig. 2 SEM image of a pure MGN, b MPLC, and c MPLC SNPs formulations

1067Drug Deliv. and Transl. Res.  (2021) 11:1056–1083



sucrose (2% w/w) as cryoprotectant. The formulation exhibited
higher average particle size and PDI value of 906.69 ± 0.20 nm
and 0.50 ± 0.19, respectively (Fig. 3c). The zeta potential of the
lyophilized formulation was comparable to the one before ly-
ophilization, i.e., − 12.22 ± 0.33 mV (Fig. 3d), indicating that
the lyophilization technique preserved the physical, chemical,
and, most likely, biological stability of the formulation. This is
going to be beneficial by preventing the leakage of MGN from
MPLC-loaded SNPs under realistic conditions of use in vivo.
The results were found to be consistent with an earlier report
[45]. Overall, the comparative results of particle size, PDI, and
zeta potential values before and after lyophilization are shown
in Table 3.

In this study, the MPLC SNPs were prepared using the
nanoprecipitation method followed by lyophilization.
Lyophilization is the most widely used method which con-
verts solution or suspension into a lyophilized solid form with
improved stability and particle size of nanoparticles.
However, the freezing, primary drying, and secondary drying
steps of the lyophilization process may create stressful condi-
tions (i.e., formation of ice crystal and particle aggregation via
crystallization) that can result in destabilization of nanoparti-
cles. To reduce this mechanical stress as well as increase the

stability of nanoparticles, the optimization of the lyophiliza-
tion process is needed and it is done by introducing the cryo-
protectant, which can act as protective agents and prevents the
aggregation and/or fusion of nanoparticles during lyophiliza-
tion and enhances its stability. The same optimization was also
carried out for MPLC SNPs using various cryoprotectants at
different concentrations. According to earlier reported studies,
the total seven cryoprotectants, i.e., glucose, fructose (as
monosaccharides), trehalose, maltose, and sucrose (as disac-
charides), PVA, and PVP (as a polymer) were studied at four
concentrations of 0.5, 1, 2 and 5% (w/w), respectively, and
investigate their effect on particle size and PDI of MPLC
SNPs [77]. In the following analysis, the PVP and PVA at
all concentration range significantly increased the particle size
and PDI value of MPLC SNPs around ~ 941.10 and ~
0.74 nm, respectively. It may be attributed to the complete
absence of a thick layer of this polymer at these concentrations
on the surface of nanoparticles, which causes the fusion of
particles and increases the particle size and PDI values of
MPLC SNPs [77]. After lyophilization, all monosaccharides
at lower concentration (0.5 and 1%)maintain the same particle
size and PDI value as that of polymer, while at higher concen-
tration (2 and 5%), it marginally reduces the particle size

Fig. 3 a Particle size distribution, b zeta potential of the optimized MPLC formulation before lyophilization, c particle size distribution, and d zeta
potential of MPLC SNPs after lyophilization

Table 3 Encapsulation efficiency, drug loading, particle size, PDI, and zeta potential values of MPLC SNPs formulations before and after
lyophilization

MPLC SNPs formulations Encapsulation efficiency (%)* Drug loading (%)* Particle size (nm) PDI Zeta potential (mV)

Before lyophilization 82.23 ± 0.37 17.48 ± 0.19 507.55 ± 0.40 0.43 ± 0.10 − 12.53 ± 0.17

After lyophilization 81.63 ± 0.41 16.91 ± 0.30 906.69 ± 0.20 0.50 ± 0.19 − 12.22 ± 0.33

*Data are represented as mean ± SD (n = 3)
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around ~ 936.39 and ~ 0.68 nm, respectively, compared with
polymer, suggesting that the crystallization of these excipients
during lyophilization may lose its ability and/or form weak
interaction with nanoparticles which results in lowering of
particle aggregation to some extent and reduces the particle
size and PDI value of MPLC SNPs [77]. Compared with
polymer and monosaccharides, the trehalose and maltose at
lower concentration (0.5 and 1%) displayed nearly about the
same value as that of values shown by monosaccharides at
lower concentration, i.e., ~ 939.06 and 0.70 nm, respectively,
whereas, at higher concentration (2 and 5%), it marginally
reduces the particle size and PDI value ofMPLC SNPs around
~ 931.50 and ~ 0.62 nm, respectively, suggesting the solidifi-
cation of these materials while lyophilization increases the
interaction with nanoparticles and, thus, reduces the particle
size and PDI value of MPLC SNPs [78, 79]. Among all di-
saccharides, the sucrose displayed best and more significant
results. At lower concentrations, sucrose showed the same
results as that of a lower concentration of disaccharides. At
5% concentration, sucrose marginally reduces the particle size
and PDI value around ~ 923.42 and ~ 0.56 nm, respectively.
However, sucrose at 2% concentration, after lyophilization,
more appreciably reduces the particle size and PDI value of
MPLC SNPs around ~ 906.69 and ~ 0.50, respectively, with
the appearance of spherical shaped particles as shown in SEM
studies. This significant result was likely due to the lyophi-
lized amorphous nature of sucrose, which can form strong H-
bonding interactions with developed nanoparticles, preserves
it in pseudo-hydrated form, and improves stability of nanopar-
ticles [80]. Moreover, the low hygroscopic nature of sucrose
attracts the water molecules from the surrounding environ-
ment which form hydrogen bonding with nanoparticles,
resulting in the reduction of the particle size and preserving
the stability of nanoparticles [81]. Additionally, the phase
transformation behavior of sucrose at higher temperatures
could provide a favorable environment to lyophilization,
forming a stable lyophilized amorphous cake, which shows
high redispersibility, lower residual moisture content, and
long-term stabilization on storage [82, 83]. Based on these
results, the sucrose at 2% (w/w) was chosen as optimum cryo-
protectant improving the stability, particle size, and PDI value
of MPLC SNPs.

Encapsulation efficiency and drug loading

Encapsulation efficiency and drug loading analysis for the
MPLC SNPs formulations before and after the lyophilization
are presented in Table 3 with the respective values before
lyophilization as 82.23 ± 0.37 and 17.48 ± 0.19%. However,
after lyophilization, the MPLC SNPs exhibited no significant
change in encapsulation efficiency (81.63 ± 0.41%) and drug
loading (16.91 ± 0.30%). The results indicate that the adopted
combined formulation strategy had no remarkable influence

on the quite important encapsulation efficiency and drug con-
tent. This is very crucial since the potentially sustained drug
release performance was without any sign of drug leakage.

Thermal analysis

Thermograms of pure MGN, Phospholipon® 90H, PM of
pure MGN and Phospholipon 90H®, and the MPLC are
depicted in Fig. 4a, b, c, and d, respectively. As seen from
(Fig. 4a), pure MGN exhibited a sharp, high-intensity melting
peak at 267.38 °C. Such sharp peaks are indicative of high
purity and the crystalline nature of the substances. The peak
was similar to the one reported previously [61].
Phospholipon® 90H showedmultiple (#5) endothermic peaks
(Fig. 4b). Out of the five peaks, the initial three low-intensity,
broad, and diffused peaks (84.90, 107.99, and 179.91 °C) in-
dicated the melting of the polar region of the phospholipids.
The latter two peaks appeared at 209.66 and 334.43 °C, pos-
sibly due to thermal scrambling in the hydrophobic tails of the
phospholipids leading to the transformation of the gel-like
structure to a crystalline state. These observations were in
agreement with the earlier reports [28, 47]. The PM thermo-
grams showed four endothermic peaks at 86.67, 110.65,
179.91, and 265.42 °C (Fig. 4c). The first three peaks were
contributed by Phospholipon 90H®, whereas the fourth peak
was contributed by pure MGN, demonstrating the additive
nature of pure MGN and Phospholipon 90H®. These peaks
resulted from the melting of the PM at higher temperatures
with the partial formation of the complex, which exhibited
lower melting temperature compared with the original formu-
lation. Moreover, the peak intensity of pure MGN in PM ther-
mograms was lower compared with the corresponding peak in
pure MGN. However, on close observation, it appeared that,
like other small intensity peaks of Phospholipon® 90H, the
low-intensity peak of MGN is also detected and this could be
due to the remnant MGN while the major amount interacted
with Phospholipon® 90H [84]. The thermogram of MPLC
(Fig. 4d) displayed a new low-intensity endothermic peak at
82.11 °C, which was completely different from the original
peaks observed for pure MGN and Phospholipon® 90H.
Moreover, the sharp melting peak of MGN disappeared
completely, indicating the amorphization of pure MGN [30,
72]. A completely different DSC melting behavior indicated
the occurrence of weak intermolecular interactions such as H-
bonding, van der Waals forces, or ion-dipole forces between
pureMGN and Phospholipon 90H®. Thus, it is suggested that
the formulation process completely dispersed MGN within
the phospholipid matrix, leading to the formation of amor-
phous and stable MPLC [85, 86]. Moreover, the pure MGN
and MPLC both exhibited enthalpy of fusion (ΔH) of 29.27
and 152.8 J/g, respectively. This observed difference in en-
thalpy of fusion for MGN and MPLC further confirmed the
formation of the complex.
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In addition to DSC, the thermogravimetric analysis (TGA)
is yet another valuable technique also employed for the inves-
tigation of the thermal performance of the formulation. The
TGA curves of pure MGN, Phospholipon® 90H, PM, and the
MPLC are shown in Fig. 5a, b, c, and d, respectively. Pure
MGN (Fig. 5a) exhibited a pointed decrease in weight loss (~
10%) in the temperature range 250–275 °C, corresponding to
the melting (endothermic peak) of pure MGN. Beyond
275 °C, a continued weight loss was observed, indicating
the thermal degradation of MGN. The TGA curves of
Phospholipon® 90H (Fig. 5b) displayed a sharp loss in weight

(~ 90%) around 225 °C. Beyond this point, the curve showed
consistent lowering. This could be attributed to the physico-
chemical transformation of the phospholipids from the gel-
like structure to the crystalline state. Figure 5c showed the
TGA curve of the PM. It displayed a weight loss (~ 105%)
between the ranges of 225 and 350 °C. Beyond 350 °C, PM
showed rapid weight loss. In contrast to this, MPLC (Fig. 5d)
exhibited a weight loss (~ 125%) between the same ranges as
mentioned for PM; however, on close observations; it was
found that the MPLC beyond 350 °C exhibits slow rate of
weight loss compared with rapid weight loss of PM, which

Fig. 4 DSC thermograms of a
pure MGN, b Phospholipon®
90H, c the physical mixture
(1:1.76) of pure MGN and
Phospholipon® 90H, and d
MPLC formulations

Fig. 5 TGA curves of a pure
MGN, b Phospholipon® 90H, c
the physical mixture (1:1.76) of
pure MGN and Phospholipon®
90H, and d MPLC formulations
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indicates an improved thermal stability of MGN due to the
formation of MPLC complex [87]. This result suggested that
the molecular interaction of MGN with the polar head of
Phospholipon® 90H via polar and hydrogen bonding
interactions could increase their affinity toward each other
and increase the stability of MPLC.

FT-IR

Figure 6 (a, b, c, and d) depicts the FT-IR spectra for pure
MGN, Phospholipon® 90H, PM, and MPLC formulation, re-
spectively. As seen in (Fig. 6a), pure MGN displayed distinc-
t i v e a b s o r p t i o n s i g n a l s a t 3 3 6 7 . 8 6 a n d
3168.22 cm−1corresponding to the O-H stretching,
2939.64 cm−1 for aliphatic C-H stretching, 1648.66 and
1622.56 cm−1 for C=O stretching, 1253.78 and 1095.61 cm−1

for aryl ether C-O-C stretching, 1406.17 cm−1 for C=C
stretching, and 702.12 and 589.28 cm−1 for aromatic bending
vibrations. These signals were consistent with the earlier pub-
lished reports [61]. The FT-IR spectrum of Phospholipon®

90H (Fig. 6b) marked the presence of multiple characteristic
absorption signals, which appeared at 2917.46 and
2849.95 cm−1 (C-H stretching of long fatty acid chain) and
1731.19 cm−1 for C=O stretching vibration of fatty acid ester.
Besides these, some additional signals were also observed at
1237.39 and 1092.72 cm−1 (for P=O and P-O-C stretching) and
970.24 cm−1 for [-N+ (CH3)3]. These FT-IR peaks were in
agreement with the previous reports for Phospholipon® 90H
[28, 50, 88]. The characteristic FT-IR signals exhibited by the
PM are shown in (Fig. 6c). The signals appeared at 3367.86,
3202.94, 2957.00, 2917.46, 2849.95, 1725.10, 1649.21,
1623.17, 1253.78, 1095.61, and 589.28 cm−1. The appearance
of these peaks in the FT-IR spectrum indicated a strong alliance
between pure MGN and Phospholipon 90H®. Finally, the
MPLC FT-IR spectrum (Fig. 6d) showed the absorption signals
at 3368.82, 3260.80, 3237.66, and 1623.17 cm−1. In addition to
this, no new extra peaks were seen. These signals were shifted
from lower to higher frequencies specific to the functional
groups O-H and C=O. The shifting of peaks in MPLC com-
pared with pure MGN suggested that the presence of weak

Fig. 6 FT-IR spectra of a pure MGN, b Phospholipon® 90H, c the physical mixture (1:1.76) of pure MGN and Phospholipon® 90H, and d MPLC
formulations
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intermolecular interactions, i.e., H-bonding, van der Waals
forces, and/or ion-dipole forces, is involved in the formation
of MPLC.

PXRD

The diffractograms for pure MGN, Phospholipon® 90H, PM,
and the MPLC formulation are shown in Fig. 7a, b, c, and d,
respectively. On the 2θ scale, multiple diffraction peaks were
shown by pureMGN (Fig. 7a). Three sharp peaks were seen at
100, 120, and 210, and their intensity was found to be higher
around ~ 8500, 2000, and 1000 counts on y-axis. Moreover,
some additional low-intensity peaks appeared at 13.50, 160,
170, 180, 200, 240, 250, and 270. These peaks signified the
crystalline nature of pure MGN [17]. The Phospholipon®
90H diffraction spectrum (Fig. 7b) exhibited two peaks. The
first peak appeared at 50, while the second one was seen at
210. The intensities of these peaks were around ~ 1600 and
800 counts on the y-axis scale, respectively. Moreover, the
absence of sharp and intense peaks in this diffractogram indi-
cated its amorphous nature [29, 30, 48]. Abundant diffraction
signals were displayed in diffractograms of the PM (Fig. 7c).
These signals were seen at 50, 100, 120, 130, 160, 170, 180, 210,
220, and 230, indicating a partial interaction between MGN
and Phospholipon 90H®. The intensity of the MGN peak in
the physical mixture was lower around ~ 2100 and 500 counts

on the y-axis, compared with the pure MGN, possibly indicat-
ing a lower fraction of pure MGN and hindrance of phospho-
lipids and in situ formation of partial aggregates. It was evi-
dent that the PM exhibited a relatively different diffractogram
compared with those of MGN and Phospholipon® 90H indi-
vidually [47]. As depicted in (Fig. 7d), MPLC exhibited more
or less similar diffraction pattern as that of the PM. However,
the intensity of phospholipid-dominated peaks was increased,
whereas the MGN-dominated peak intensity was suppressed
around ~ 2350 and 600 counts on the y-axis. Moreover, the
third intense peak of MGN disappeared completely in MPLC,
which might be attributed to the merging of the third peak into
the phospholipid-dominated peak. Therefore, based on the
changes in peak intensities in MPLC compared with pure
MGN, it could be ascertained that the complexation proceeded
successfully, wherein the crystalline MGN dispersed into the
phospholipid matrix resulting in the conversion of crystalline
MGN to amorphous MPLC; the complex is stabilized by
weak intermolecular interactions.

1H-NMR

The 1H-NMR spectra of pure MGN, Phospholipon® 90H,
and optimized MPLC are recorded on the δ scale and their
spectrums are depicted in Fig. 8 (a, b, c, and d), respectively.
Pure MGN (Fig. 8a) exhibited chemical shift values around

Fig. 7 The X-ray diffractograms of a pure MGN, b Phospholipon® 90H, c the physical mixture (1:1.76) of pure MGN and Phospholipon® 90H, and d
MPLC formulations
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Fig. 8 1H-NMR spectra of a pure MGN, b Phospholipon® 90H, and c MPLC formulations
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~ δ 12.93 (1H, s, 1-OH), δ10.73 (1H, s, 6-OH), δ10.28 (1H, s,
3-OH, and 7-OH), δ7.88 (1H, s, H-8), δ6.92 (1H, s, H-5), and
δ6.44 (1H, s, H-4, and H-6). Results are consistent with earlier
published literature [89]. Chemical shift values of
Phospholipon®90 (Fig. 8b) appeared around ~ δ 4.85 (1H,
s), δ 4.08–δ 3.96 (br s, 1H), δ 3.83–δ 3.62 (s, 2H), δ 3.38 (s,
1H), δ 3.07 (s, 15H), δ 2.95 (H-8, J = 8 Hz), δ 2.27 (s, 1H), δ
1.26 (s, 2H, s), δ 0.95 (s, 23H), and δ 0.57 (s, 3H, s) [90]. The
1H-NMR spectrum of optimized MPLC formulation is shown
in (Fig. 8c). It exhibited values around ~ δ12.92 (1H, s, 1-
OH), δ 10.70 (1H, s, 6-OH), δ 10.39 (1H, s, 3-OH, and 7-
OH), δ8.225 (2H), δ 7.88 (1H, s, H-8), δ6.93 (1H, s, H-5),
δ6.44 (1H, s, H-4, and H-6), δ3.17 (s, 3H), and δ1.23 (s, 3H),
respectively. Upon comparison, it was observed that there is a
significant shifting of proton signals in downfield (δ > 7) and
upfield (δ < 4) aromatic region of the MPLC, indicating the
formation of a molecular complex between the specific phe-
nolic (3-OH, 6-OH, and 1-OH) group of MGN with the polar
head of Phospholipon® 90H through the involvement of hy-
drogen bonding, ion-dipole, and van der Waals forces of in-
teraction (29, 48). This conclusion suggests the weak intermo-
lecular forces are the main mechanism involved in the forma-
tion of stable MPLC.

Solubility studies

The results obtained from the solubility studies of pure MGN,
MGN SNPs, PM, optimized MPLC, and MPLC SNPs formu-
lation in water or n-octanol are shown in Table 4. It is seen that
pure MGN and MGN SNPs possessed low aqueous solubility
(0.34 and 0.37 μg/mL), while the observed solubility in n-
octanol was 178- and 182-fold higher (60.78 and 64.20 μg/
mL). It was not surprising given the BCS class IV status of
MGN [91]. The outcome of PM solubility studies was a mod-
erate increase (up to 10-fold) in aqueous solubility (3.41 μg/
mL) over pure MGN. This observation was statistically sig-
nificant (p < 0.05). In contrast to aqueous solubility, the PM
did not show significant improvement in solubility in n-
octanol. The considerable improvement in aqueous solubility
of the PM was attributed to the close association of amphi-
philic Phospholipon® 90H with pure MGN during the com-
plexation process. Interestingly, the solubility of MPLC

formulation in water increased significantly (10.79 μg/mL,
~ 32-fold) over pure MGN and the PM. Additionally, the sol-
ubility of MPLC formulation in n-octanol was observed to be
257.15 μg/mL. This was attributed to the physicochemical
modification as well as the amorphization of pure MGN dur-
ing complexation with amphiphilic Phospholipon® 90H. The
MPLC SNPs showed a significant (p < 0.001) increase in
aqueous solubility (13.39 μg/mL, ~ 39-fold) over pure
MGN. From this comparative solubility analysis, it could be
concluded that the MPLC SNPs significantly improved the
aqueous solubility of MGN, and it was likely due to the
amorphized and amphiphilic-assisted nanosized nature of
MPLC SNPs.

Functional characterization of MPLC and MPLC SNPs

In vitro dissolution studies The comparative in vitro release
pattern of pure MGN suspension, MGN SNPs, MPLC, and
MPLC SNPs in PBS (pH 7.4) using dialysis method is shown
in (Fig. 9). The dissolution pattern of MGN suspension and
MGN SNPs exhibited ~ 27 and ~ 30% release (0–5 h) and ~
41 and ∼43% release at the end of 12 h. This could be due to
poor aqueous solubility ofMGN. These results correlated well
with the solubility studies [91]. In comparison, both the
MPLC and MPLC SNPs demonstrated a sharp enhancement
in the rate and extent of dissolution of MGN. For the initial
phase (0–5 h), the MPLC exhibited ~ 53% release, and subse-
quently, the MGN release increased significantly and reached
~ 85% at the end of the 12-h testing period. The increased
MPLC dissolution was likely due to the increased solubility
and wettability of MGN in MPLC owing to the complex for-
mation with Phospholipon® 90H, resulting in uniform disper-
sion in the dissolution medium. These findings agreed with
the earlier reports [48, 92]. The release profile of MGN from
MPLC SNPs showed that the MGN displayed a burst release
(~ 71%) in the initial phase (0–5 h). However, after 5 h,
around ~ 98% of the sustained release of MGN was observed.
The MPLC SNPs exhibited a more sustained release and it
was indicated by the initial burst release and latter prolonged-
release behavior. The initial burst release was attributed to the
absorption of MPLC on the surface of soft nanoparticles that
undergo dissociation of MGN and released in free form in

Table 4 Solubility analysis of
pure MGN, MGN SNPs, the
physical mixture (1:1.76) of
MGN and Phospholipon® 90H
(PM), design-optimized MPLC,
and lyophilized MPLC SNPs

Samples Aqueous solubility (μg/mL)* n-octanol solubility (μg/mL)*

Pure MGN 0.34 ± 0.09 60.78 ± 0.21

MGN SNPs 0.37 ± 0.12 64.20 ± 0.36

PM 3.41 ± 0.17 67.42 ± 0.43

MPLC 10.79 ± 0.32 109.08 ± 0.20

MPLC SNPs 13.39 ± 0.22 117.20 ± 0.44

*Data are represented as mean ± SD (n = 3)
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dissolution medium, whereas prolonged-release was attribut-
ed to the presence of stabilizedMPLCwithin the core space of
soft nanoparticles, and from this, the MGN showed diffusion-
controlled sustained release via two stages: firstly, the MGN
dissociated from MPLC, and secondly, the dissociated MGN
within the core space diffused through the skeleton of soft
nanoparticles. These outcomes indicate that MGN is stable
and release in a sustained manner for a long period attributed
to the formation ofMPLC and following its incorporation into
SNPs. Results are well supported by previous reports [45].
The comparative release profile indicated that MPLC SNPs
provided a sustained release of MGN for longer periods, com-
pared with that of MPLC and suspension. This only

emphasized that MPLC SNPs could be an effective
nanovesicle drug delivery system for the oral administration
of MGN.

The release kinetics of MGN from the formulation was
estimated by the fitting of the observed release data into var-
ious kinetic models, i.e., first-order, zero-order, Higuchi, and
Korsmeyer-Peppas models [93]. The MPLC-loaded SNPs ex-
hibited correlation coefficient value (R2 = 0.983). Based on
this result, the Higuchi model was found to be the best-fit
kinetic model, which described the underlying dissolution
mechanism. Moreover, the same formulation (n = 0.49) indi-
cated that the MPLC SNPs followed diffusion as the main
mechanism for MGN release. It is essentially described as a
two-step process—(i) MGNwas released fromMPLC and (ii)
free MGN then diffused through the phytosomal matrix into
the surrounding medium.

Ex vivo permeability studies The permeability of pure MGN
from MGN SNPs, MPLC, and MPLC SNPs formulations
across the everted rat intestine membrane was studied using
a specially designed apparatus, and the generated results are
depicted in (Fig. 10). At the end of the 12-h permeation peri-
od, MGN from MGN SNPs exhibited only ~ 41% of perme-
ation across the everted rat intestinal membrane. This was
likely due to the low permeability of MGN following the
earlier reports. Compared with the MGN SNPs, the MPLC
and MPLC SNPs showed a higher rate and extent of perme-
ation across the intestinal membrane. By the end of the 12-h
permeation period, the MPLC demonstrated around ~ 82% of
MGN permeation, whereas the MPLC SNP formulation dem-
onstrated ~ 97% of MGN permeation. The results are corre-
lated with dissolution studies.

The observed difference in permeation studies could be
attributed to the formulation methods and phospholipids. In
this study, the MPLC and MPLC SNPs were prepared from
the same phospholipids, and as reported earlier, the phospho-
lipids on complexation with bioactive improved its permeabil-
ity via increasing the amphiphilic nature of bioactive.
Moreover, the similarity of the structural component of
employed phospholipids with the lipid content of mammalian
cell membrane exhibits biocompatibility toward each other
[94]. The biological cell membrane is also made up of phos-
pholipid bilayer and shows the amphiphilic character (the flu-
id mosaic model proposed by S. J Singer and G. L. Nicolson
in 1972). So it may be assumed that the improved
amphiphilicity of MGN using the Phospholipon® 90H could
show higher miscibility with the biological cell membrane and
facilitate effective permeation of MGN [72]. The soft nano-
particles, i.e., MPLC SNPs, prepared using a combination of
solvent evaporation and nanoprecipitation method have mod-
ified the MGN physicochemically, resulting in an increase of
lipophilicity followed by permeation. According to previous
studies, it has been reported that the nanoparticles prepared

Fig. 9 The in vitro dissolution profiles of MGN release from MGN
suspension, MGN SNPs, prepared MPLC, and MPLC SNPs
formulations. Values are presented as mean ± Std. Dev. (n = 3)

Fig. 10 Ex vivo permeation profiles of MGN permeated from MGN
SNPs, MPLC, and prepared MPLC SNPs across everted rat intestine
membrane. Values are presented as mean ± Std. Dev. (n = 3)
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using phospholipids increase their affinity toward the biolog-
ical cell membrane and maximize the drug permeation
[95–97]. In MPLC SNPs, the presence of the excess amount
of MPLC as well as amphiphilic nature of soft nanoparticles
could also increase strong affinity toward the cell membrane
and allow greater miscibility within the phospholipid bilayer
of the cell membrane, significantly enhancing the permeabil-
ity of MPLC SNPs compared with MPLC and MGN.
Moreover, the affinity of MPLC SNPs toward the plasma
membrane provides strong interaction between them, which
may cause destabilization of the membrane as well as the
formation of pore within the membrane, resulting in the trans-
location and permeation of nanoparticles via exchanging of
coating lipids between MPLC SNPs and lipid bilayer [98].
Additionally, the adhesion (i.e., partial wrapping) and com-
plete wrapping and internalization of MPLC SNPs within the
plasma membrane and, subsequently, membrane pore forma-
tion may also be answerable for the enhancement of MGN
permeation [99]. The permeation study indicated that MPLC
enhances the permeation of MGN, but in the form of soft
nanoparticles, their strong affinity to the cell membrane as
well as lipid exchange mechanism could enhance their perme-
ation to a greater extent and subsequently increase the oral
bioavailability of MGN.

In vivo antioxidant activity The influence of orally adminis-
trated formulations containing MGN on CCl4-induced albino
rats is discussed below.

Liver function test

The damage to the hepatic tissue in all groups of animals was
induced by a well-known hepatotoxin, CCl4. After oral ad-
ministration, the CCl4 was metabolized to reactive oxygen
species (ROS), i.e., free radicals, mediated via CYP450 en-
zymes. The generated ROS further biochemically reacted with

various biological macromolecules such as lipids, proteins,
and carbohydrates, which in turn led to oxidative damage.

Table 5 lists the results obtained from the antioxidant stud-
ies of MGN SNPs suspension and MPLC SNPs on liver func-
tion tests. The marker enzymes such as SGOT, SGPT, total
bilirubin, and SALP were elevated significantly following in-
duction by CCl4. However, this elevation in the marker en-
zymes was restored by the administration of antioxidant for-
mulations to the animals. The MGN SNPs suspension (dose:
60 mg/kg, p.o.) exhibited a significant (p < 0.05) reduction in
SGOT, SGPT, total bilirubin, and SALP. In contrast to this,
the MPLC SNPs demonstrated a more significant (p < 0.01)
reduction in the marker enzymes at the same dose level. In
conclusion, the MPLC SNPs exhibited a significant hepato-
protective activity, compared with the MGN SNPs
suspension.

In vivo antioxidant marker enzyme estimation

The performance of orally administrated formulations con-
taining MGN on the in vivo antioxidant marker enzymes such
as GSH, SOD, CAT, and LPO in CCl4-induced albino rats is
shown in (Fig. 11). After CCl4 administration, the GSH level
in rat liver homogenate was reduced rapidly compared with
the normal group. In contrast, the MGN SNP-treated animals
(dose: 60 mg/kg, p.o.) significantly (p < 0.05) increased the
GSH levels. Compared with the MGN SNP suspension, a
more significant (p < 0.01) enhancement in the GSH level
was produced by the MPLC SNPs at the same dose level.
Reduction in the SOD level was observed compared to the
positive control. The MGN SNPs suspension increased the
SOD significantly (p < 0.05) at the dose level of (~ 60 mg/kg,
p.o.). The MPLC SNPs (dose: 60 mg/kg of MGN, p.o.)
showed an improvement (p < 0.01) in SOD levels, compared
to the MGN SNPs. Reduction in the CAT level in the rat liver
homogenate was observed following the oral administration
of CCl4. A significant (p < 0.05) increase in the CAT level was

Table 5 Effect of MGN SNPs and lyophilized MPLC SNPs on CCl4-intoxicated liver function marker enzymes, SGOT, SGPT, SALP, and total
bilirubin

Treatment groups 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.)]

28.03 ± 1.06** 31.10 ± 1.22** 144.31 ± 2.18** 0.30 ± 0.06**

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

61.27 ± 2.02 79.42 ± 3.51 187.34 ± 4.08 0.87 ± 0.03

Group III: MGN SNPs (~ 60 mg/kg, p.o.)
[CCl4 and olive oil (1:1, 5 mL/kg, i.p. for 7 days)]

50.14 ± 2.30* 64.19 ± 1.86* 175.49 ± 2.39* 0.67 ± 0.09*

Group IV: MPLC SNPs (~ 60 mg/kg of MGN, p.o.)
[CCl4 and olive oil (1:1, 5 mL/kg, i.p. for 7 days)]

34.54 ± 1.17** 42.28 ± 1.60** 151.20 ± 2.59** 0.46 ± 0.08**

a IU/L International Units/Liter of plasma

All values are Mean ± Std. Error of Mean (n = 6)

*p < 0.05, **p < 0.01 (significant with respect to control group)
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recorded in the case of pureMGNSNP suspension at a dose of
~ 60 mg/kg, p.o. A further increase in the CAT level in liver
homogenate was seen more significantly (p < 0.01) after oral
administration of MPLC SNPs at the same dose level. In the
case of LPO, the MGN SNP suspension lowered its level
(p < 0.05) in liver homogenate at (~ 60 mg/kg, p.o.) dosing.
The MPLC SNP-treated animals at a dose of ~ 60 mg/kg of
MGN, p.o. exhibited higher and significant (p < 0.01) eleva-
tion in the LPO levels in rat liver homogenate. The overall
study indicated that MPLC SNPs provide more significant
hepatoprotection against CCl4 intoxication. CCl4 is a well-
known causative agent for the liver. Following administration,
CCl4 metabolized into trichloromethyl radical [100], which
causes an increase in lipid peroxidation and lowering of some
enzyme functionality [101], resulting in the production of he-
patocellular degeneration and centrilobular necrosis in the

liver [102, 103]. Earlier reports have shown that numerous
bioactive compounds produce a significant antioxidant activ-
ity against CCl4 -induced hepatotoxicity. MGN, a xanthone
compound, also produces an antioxidant activity against
CCl4-induced liver damage. Moreover; it is also reported as
a potent free radical scavenger, which scavenges the free rad-
ical and, subsequently, protects the liver [4]. However, poor
bioavailability, poor absorption, and low lipophilicity of
MGN limited its antioxidant activity. In this study, the above
major issue of MGN was solved by converting it into soft
nanoparticles loaded with MPLC and evaluated its activity
against MGN SNPs. The MGN SNPs are soft nanoparticles
loaded with MGN without complex that still showed signifi-
cant results in liver function test and in vivo antioxidant stud-
ies attributed to slight improvements in aqueous as well as
lipid solubility and its results are reflected in Table 4.

Fig. 11 Effect of MGN SNPs and
MPLC SNPs on rat liver
antioxidant marker enzymes, such
as glutathione reductase (GSH)
(nmoles/mg of protein), superox-
ide dismutase (SOD) (units/mg
protein), catalase (CAT) (units/
mg protein), and lipid peroxidase
(LPO) (nmoles of MDA released/
g tissue). Values are Mean ± Std.
Error of Mean (n = 6). *p < 0.05,
**p < 0.01 (significant with re-
spect to control groups)
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Compared with MGN SNPs, the MPLC SNPs show more
significant effects. The positive results of MPLC SNPs were
attributed to the following factors that may be involved. First,
the affinity of MPLC SNPs toward the plasma membrane can
provide complete wrapping, internalization, and formation of
the pore of nanoparticles within the membrane, resulting in the
enhancement of permeation of MGN and, thus, increasing the
in vivo antioxidant activity. Second, the lipid exchange mech-
anism between coating lipids of MPLC SNPs and bilayer may
enhance the translocation and permeation of MGN into

hepatic cells leading to the increase of antioxidant enzyme
levels. Third, the improved biological half-life of MGN by
converting into MPLC SNPs also increases its effective time
in systemic circulation, resulting in more utilization of MGN
by damaged hepatic cells. Forth, the sustained release charac-
teristics of MPLC SNPs may provide a prolonged exposure of
the damaged hepatic cells to MGN, leading to the enhance-
ment of the hepatoprotection against CCl4. Finally, the im-
proved lipophilicity of MPLC SNPs can increase its miscibil-
ity with lipid content of biological membrane; facilitate its
effective transportation across the membrane, subsequently,
entering the hepatic cells; and show an effective antioxidant

Fig. 12 Histopathology
micrographs of (× 400) of rat
livers. a Normal: Tween® 20
(1%, v/v, p.o.), b control: CCl4 +
olive oil (1:1, 5 mL/kg, i.p), c
MGN SNPs (60 mg/kg, p.o.) +
[CCl4 + olive oil (1:1, 5 mL/kg,
i.p. for 7 days], and d MPLC
SNPs (~ 60 mg/kg of MGN,
p.o.) + [CCl4 + olive oil (1:1,
5 mL/kg, i.p. for 7 days]

Fig. 13 Mean plasma concentration time profile curve after oral
administration of MGN SNPs (60 mg/kg, p.o.) and MPLC SNPs (~
60 mg/kg of MGN, p.o.). Values are mean ± Std. Error of Mean. (n =
6). *p < 0.05 and **p < 0.01 (significant with respect to MGN SNPs-
treated group)

Table 6 Pharmacokinetic parameters for group of animals after oral
administration of MGN SNPs (60 mg/kg, p.o.) or MPLC SNPs (~
60 mg/kg of MGN, p.o.)

Pharmacokinetic parameters Treatment

MGN SNPs MPLC SNPs

Cmax (μg mL−1) 0.33 ± 0.10 1.32 ± 0.40

Tmax (h) 1.00 ± 0.31 2.00 ± 0.19

AUC0-t (μg h mL−1) 0.74 ± 0.07 7.11 ± 1.43

AUC0- (μg h mL−1) 0.96 ± 0.58 7.30 ± 1.65

t1/2el (h) 2.82 ± 1.29 3.22 ± 1.04

Kel (h
−1) 0.39 ± 0.04 0.19 ± 0.09

cl/F [(mg)/μg mL−1 h−1)] 74.22 ± 2.41 9.39 ± 1.71

Vz/F (L/kg) 302.41 ± 1.28 43.64 ± 2.45

Relative bioavailability (F) – 53.29

All values are Mean ± Std. Error of Mean (n = 6)
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activity. So, this study suggested that MPLC SNPs could be a
promising delivery system in the enhancement of the in vivo
antioxidant activity of MGN compared with MGN SNPs.

Histopathological studies

The investigations of CCl4-induced liver damage of rats in
hematoxylin-eosin-stained microscopic (× 400) images from
groups of animals treated with vehicle (Tween® 20), CCl4
only, CCl4 and MGN SNP suspension, and CCl4 and MPLC
SNPs are shown in Fig. 12 (a, b, c, and d), respectively. As
seen in (Fig. 12a), there were no gross pathological changes in
the vehicle-treated animals. In sharp contrast, the CCl4-treated
animals (Fig. 12b) exhibited pathological changes such as
damage to the fat (steatosis) as well as parenchymal cells.
Additionally, CCl4 also damaged the central lobular vein ex-
tensively. Animals treated with MGN SNP suspension
(Fig. 12c) demonstrated a significant hepatoprotective activity
with modest tissue recovery. Compared with MGN SNPs, the
MPLC SNPs (Fig. 12d) demonstrated a highly significant re-
covery to the damaged hepatic tissue by protecting for longer
periods. These results confirmed that the MPLC SNPs offered
a significant hepatoprotection to the CCl4-exposed hepatic
cells, likely due to the nanosized nature of the drug delivery
system.

HPLC method validation

The results obtained from the HPLC method validation stud-
ies are discussed below. The concentration range (0.05–10μg/
mL) showed good linear relation between the selected con-
centration range and correlation coefficient (r2 = 0.9970). The
results of the limit of detection and limit of quantification
appeared around ~ 10 and 32 ng/mL, respectively. The results
of intra-day and inter-day precision were found to be within
the value of ~ 4%. The absolute extraction recoveries of MGN
from rat plasma samples were observed to be in the range of ~
95.2–96.6%, respectively. After freeze-thaw cycles, the MGN
demonstrated excellent stability, and the variation content of
MGN was found to be ~ 8%. At the end of short-term and
long-term stability studies, the MGN appeared to be stable.

The variation of MGN content was found to be ~ 7 and 16%,
respectively.

Pharmacokinetic analysis

The mean plasma concentration time profile obtained follow-
ing oral administration of MGN SNPs (60 mg/kg, p.o.) or
MPLC SNPs (60 mg/kg of MGN, p.o.) to a group of animals
is shown in (Fig. 13). The MGN SNPs displayed Cmax

(0.3 μg/mL) within 1 h, following which there was a consis-
tent decrease in mean plasma concentration up to 10 h. In
contrast to this, the MPLC SNPs demonstrated Cmax

(0.95 μg/mL) within 1 h. The MGN concentration further
increased to 1.3 μg/mL at 2 h. However, beyond this period,
the MGN plasma concentration decreased at a much slower
rate up to 10 h. From this observation, it is clear that the
MPLC SNPs increased the MGN plasma concentration to a
great extent, compared with the MGN SNPs. This observation
validated our original objective of improving the biopharma-
ceutical profile of MGN significantly.

The obtained pharmacokinetic data were analyzed
using the WinNonlin® (Version 4.1, Certara USA Inc.,
Princeton, NJ, USA) software. The detailed analyses are
shown in Table 6. The orally administrated MPLC
SNPs (dose: 60 mg/kg of MGN, p.o.) displayed a
higher Cmax (1.32 μg/mL), Tmax (2.0 h), and AUC0-∞

(7.3 μg mL−1 h) compared with the MGN SNPs.
Likewise, the elimination half-life value (t1/2el) was also
found to be higher around 3.22 h for MPLC SNPs
compared with MGN SNPs. Moreover, the clearance
(Cl/F), elimination rate constant (Kel), and volume of
distribution (Vz/F) for MPLC SNPs were found to be
lowered around 9.39 μg mL−1 h−1, 0.191 h−1, and
43.64 L, respectively, compared with the MGN SNPs.
The calculated bioavailability value (F) for MPLC SNPs
was 53.29%. Based on the differences in pharmacoki-
netic parameters for both formulations, it indicates that
MPLC SNPs significantly modified the MGN due to
complexation with Phospholipon® 90H along with the
nanoformulation.

Table 7 Stability studies of lyophilized MPLC SNPs at 4 and 25 °C

Parameters At 4 °C At 25 °C

0 months 3 months 6 months 3 months 6 months

Particle size (nm) 906.69 ± 0.20 910.18 ± 2.10 915.08 ± 1.18 920.21 ± 2.34 931.28 ± 2.46

PDI 0.50 ± 0.19 0.56 ± 0.04 0.61 ± 0.19 0.65 ± 0.39 0.73 ± 0.11

Zeta potential (mV) −12.22 ± 0.33 −14.05 ± 1.49 −15.56 ± 2.65 −16.21 ± 1.388 −20.43 ± 1.05

Entrapment efficiency (%) 81.63 ± 0.41 79.86 ± 1.41 77.91 ± 2.10 76.66 ± 1.54 67.58 ± 1.77

All values are mean ± SD (n = 3)
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Stability studies

The results of long-term stability studies are shown in Table 7.
As seen in the table, the MPLC SNPs at both temperature of
25 and 4 °C demonstrated no significant change in the particle
size, PDI, zeta potential, and entrapment efficiency of final
formulation, indicating the presence of sucrose at 2% w/w as
a cryoprotectant in lyophilized formulation could enhance the
stability of the formulation. This result also suggested that the
molecularly interacted MGN with the polar head of
Phospholipon® 90H in lyophilizedMPLC SNPs formulations
could increase their affinity toward each other as well as the
lipophilicity of MPLC, thus, enhancing the stability of MPLC
SNPs.

Conclusions

The developed self-assembledMPLCSNPs using a combination
of solvent evaporation and nanoprecipitation method significant-
ly improved the aqueous solubility, in vitro dissolution rate, oral
bioavailability, and in vivo antioxidant potential of MGN. The
characterization studies confirmed the formation of MPLC and
MPLC SNPs through the contribution of weak intermolecular
forces of interactions, such as H-bonding, ion-dipole forces,
van der Waals forces, etc., between the polar parts of MGN
and the Phospholipon® 90H. The MPLC SNPs exhibited a
smaller particle size and favorable zeta potential, indicating its
suitability for oral administration. Overall, theMPLC andMPLC
SNPs drastically enhanced the aqueous solubility (~ 32-fold and
~ 39-fold) of MGN compared with the MGN SNPs. The results
of the in vitro dissolution studies showed that MPLC SNPs sig-
nificantly enhanced the rate and extent of MGN release via burst
and then sustained release about ~ 98% at the end of the 12-h
dissolution testing, over to that ofMGNSNPs. TheMPLCSNPs
exhibited a higher rate and extent of permeation around ~ 97%,
comparedwith theMGNSNPs. The in vivo antioxidant potential
of MPLC SNPs was enhanced significantly (p< 0.001) in the
CCl4-induced hepatotoxicity in rats when compared with the
MGN SNPs. Moreover, the MPLC SNPs (dose: 60 mg/kg of
MGN, p.o.) improved the oral bioavailability considerably over
MGN SNPs. The final formulation demonstrated an excellent
antioxidant potential in vivo by offering significant restoration
of the hepatic cellular microenvironment. Overall, the promising
results evidenced that the developed self-assembled MPLC
SNPs offered an effective nanovesicle delivery system for en-
hancing the biopharmaceutical and in vivo antioxidant potential
of MGN.
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