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ABSTRACT

This study aimed to develop and optimize mangiferin-loaded solid lipid nanoparticles (MG-SLNs) using the
microemulsion technique and ultrasonication. The MG-SLNs were composed of Labrafil M 2130 CS, MG, ethanol,
Tween 80, and water. The optimized MG-SLNs exhibited a particle size of 138.37 + 3.39 nm, polydispersity
index of 0.247 + 0.023, entrapment efficiency of 84.37 + 2.43 %, and zeta potential of 18.87 + 2.42 mV. Drug
release studies showed a two-fold increase in the release of MG from SLNs compared to the solution. Confocal
images indicated deeper permeation of MG-SLNs, highlighting their potential. Molecular docking confirmed
mangiferin’s inhibitory activity against a-amylase, consistent with previous findings. In vitro studies showed that
MG-SLNs inhibited a-amylase activity by 55.43 + 6.11 %, o-glucosidase activity by 68.76 + 3.14 %, and
exhibited promising antidiabetic activities. In a rat model, MG-SLNs significantly and sustainably reduced blood
glucose levels for up to 12 h. Total cholesterol and triglycerides decreased, while high-density lipoprotein
cholesterol increased. Both MG-SOL and MG-SLNs reduced SGOT and SGPT levels, with MG-SLNs showing a
more significant reduction in SGOT compared to MG-SOL. Overall, the biochemical results indicated that both
formulations improved diabetes-associated alterations. In conclusion, the study suggests that loading MG in SLNs
using the newly developed approach could be an efficient oral treatment for diabetes, offering sustained blood

glucose reduction and positive effects on lipid profiles and liver enzymes.

1. Introduction

The discovery of the sweet nature of urine by the ancient Greek,
Indian and Egyptian civilizations led to the spread of the term “diabetes
mellitus,” a metabolic condition marked by abnormalities in insulin
production, insulin action, or both causing persistent hyperglycemia and
most frequently identified using either the estimate of plasma glucose
(FPG or OGTT) or HbAlc (Sapra and Bhandari, 2021). Various subtypes
were type 1, type 2, maturity-onset diabetes of the young, gestational
diabetes, neonatal diabetes and steroid-induced diabetes (Chaudhury
et al.,, 2017; Kharroubi, 2015). Diabetes patients are more likely to
experience significant health issues such as myocardial infarction,
stroke, renal failure, eyesight loss, and early death (Chaudhury et al.,
2017). According to the 10th publication of the IDF Diabetes Atlas 2021,
more than one in ten adults is diabetic, and this rate of growth is ex-
pected to continue. The global frequency of diabetes among grown-ups
age between 20 and 80 in 2021 was 10.5 % (536.6 million), and it was
expected to expand to 12.2 % (783.2 million) in 2045 (Sun et al., 2022).

* Corresponding authors.

Mangifera indica, a member of the Anacardiaceae family of plants
and popularly recognized for its sweetness, is grown on over 3.7 million
hectares of land worldwide (Samanta, 2022). Several different phyto-
chemicals that were reported from M. indica. Out of these poly-
phenols—including magniferin (MG), catechins, gallic acid, kaempferol,
quercetin, protocatechuic acid, propyl and methyl gallate, ellagic acids,
anthocyanins and rhamnetin are the most prevalent chemical types in
M. indica (Ngo et al., 2019). These phenolic compounds have powerful
antioxidant activity that is beneficial for defending human tissues
against oxidative stress. They also have antidiabetic, anti-oxidant, anti-
inflammatory, anti-lithiatic,c and anti-carcinogenic characteristics
(Samanta, 2022). The World Health Organization advises using natural
medications to manage diabetes. Mango is one of those medicinal plants
that are used successfully in several societies to cure diabetes (Sun et al.,
2022).
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Mangiferin

Mangiferin is a biological material found in different sections of
mango trees, especially in the leaves, bark, and fruit. The growing in-
terest in current years is attributed to the potential health benefits of
mangiferin (Miura et al., 2001; Ichiki et al., 1998). However, similar to
many natural compounds, mangiferin poses formulation challenges. It
exhibits limited water solubility, potentially restricting its bioavail-
ability and efficacy (Liu et al., 2020; Santonocito et al., 2022). This
solubility issue creates hurdles for developing aqueous-based formula-
tions like oral solutions or suspensions. Mangiferin is prone to degra-
dation when subjected to heat, light, and extreme pH conditions.
Additionally, its restricted permeability across biological membranes,
such as the intestinal epithelium, hampers absorption and bioavail-
ability. The identified obstacles can potentially be addressed by incor-
porating mangiferin into Solid Lipid Nanoparticles (SLN) (Zhang et al.,
2021). The loading of mangiferin in the SLN would result in preventing
it from the acidic pH of the stomach thus, making it to reach the
intestine.

In addition, the self-emulsifying excipients used in the formulation of
SLN results in absorption through lipase-mediated chylomicron devel-
opment into the lymphatic system which then upsurges the absorption in
addition to microfold cell and paracellular uptake. After this the man-
giferin can be efficiently transported to the blood flow by intestinal
lymphatics via thoracic lymph duct through microfold cell absorption.
Because lymphatic capillaries’ intercellular connections are more
permeable than blood capillaries at the capillary level, SLN then is
molecularly sieved into the bloodstream lymphatics instead of the way
to the blood capillaries (Zhang et al., 2021; Date et al., 2020). Due to
which, the therapeutic efficacy is increased, thus augmenting the
bioavailability and mean residence time of the mangiferin in the blood.
Howsoever, lymphatic administration is useful for targeting drug car-
riers to the lymphatics as well as for the absorption of medications that
are poorly soluble in the body. In addition, lymphatic distribution of SLN
enhances the plasma concentration of mangiferin while avoiding the
hepatic first-pass effect (Mukherjee et al., 2009). In addition, the man-
giferin released in the blood from the formulation after getting absorbed
in intestine would ultimately reach the organs where alpha (o) — amylase
is being synthesized namely pancreases and salivary glands (Cirri et al.,
2018). The released a- amylase is inhibited in the blood by mangiferin
and the inhibited enzyme is not available for the breakdown of starch in
the intestinal lumen.

Docking studies are to predict and understand the interactions be-
tween a small molecule (ligand) and a biological macromolecule (usu-
ally a protein). The primary purpose of docking studies is to explore the
potential binding modes of a ligand within the active site or binding
pocket of the target protein. This study gives an insight into the drug
mode of action which are later validated by in-vitro and in-vivo param-
eters. Although mangiferin has previously published to show its anti-
diabetic properties by inhibiting alpha-amylase enzyme, a confirmatory
study was done by randomly choosing some antidiabetic targets and
docking them with mangiferin.

When related to other systems, SLNs have several advantages, such
as simplicity of formation, high scale production, low cost, good release
profile, excellent physical stability, preparation without the use of
organic solvents, chemical versatility, no toxicity of the lipid carrier
system, biodegradability of the lipids, being less expensive than poly-
meric carriers, being more reliable, and biodegradability of the lipids,
which improves the performance of pharmaceuticals (Varshosaz et al.,
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2010).

MG faces several challenges when given orally, mainly because of its
limited solubility, reduced bioavailability, significant hepatic first-pass
metabolism, and notable P-gp efflux. Addressing these issues, it’s
crucial to develop a delivery system for MG that can enhance its
bioavailability and ultimately elevate its concentration in the blood-
stream. Therefore, the current work meant to formulate MG-loaded SLNs
to rise the oral bioavailability of the MG by enhancing the solubility of
the MG in the desired lipid that would increase the permeation of MG
across the intestine, thus improving the absorption of the MG that would
help in modulating a-amylase and display anti-diabetic potential. The
developed formulation will surely help in achieving the sole purpose, i.
e., to manage diabetes using phytoconstituents and be safer in com-
parison to synthetic drugs.

2. Material and methods
2.1. Materials

MG was procured from Sigma Aldrich, Mumbai. Solid lipids such as
Glyceryl monostearate, Stearic acid, Palmitic acid, Cetypalmitate,
Deconic acid, Glycerol palmitostearate, gelucire 44/14, Labrafil M 2130
CS and poloxamer 188 were procured from Gattefose. Surfactants such
as Tween 80, Solutol, Labrasol, Tween 60, Transcutol, and Tween 20
from Gattefose. DPPH and Alpha-amylase were bought from Sigma-
Aldrich. Acarbose and metformin were acquired from the dispensary
shop in Delhi. All other chemicals were used are of analytical grade.

2.2. Animals

Male Wistar rats having weight of 250 gm used in various animal
experiments. The examination involving animals was conducted in
accordance with the guidelines set forth by the Standing Committee of
Bioethics Research at Prince Sattam bin Abdulaziz University in Al-
Kharj, Saudi Arabia. The committee approved the use of animals in
the research project (SCBR-020-2023) after careful consideration of the
ethical implications and potential benefits of the study.

2.3. Method

2.3.1. Selection of solid lipid and surfactant

Various solid-lipids, namely glyceryl monostearate, palmitic acid,
stearic acid, Cetypalmitate, Deconic acid, glycerol palmitostearate,
Gelucire 44/14, Labrafil M 2130 CS and poloxamer 188 were selected
according to the solubility of MG in the respective solid lipid. Therefore,
1 g of solid lipid was taken in a vial and in which MG was added
incrementally until the saturated solubility was achieved. The glass vial
was placed on the magnetic stirrer at a temperature above the melting
point. It was noted how much MG was getting dissolved in particular
solid lipids. The production of a clean, transparent mixture served as
proof of full disintegration (Naseri et al., 2015; Qamar et al., 2021). In
the case of the selection of surfactant, lipophilicity was taken into
consideration. For this, a glass vessel was filled with 150 ml of solvent
and 1 g of MG. 10 ml of the solution was taken, and they underwent a 20-
minute centrifugation process at 2200 rpm. A 0.45 m membrane was
used to filter samples to remove powdered solid MG (Cometa et al.,
2020; Li et al., 2009).

2.3.2. Preparation of SLNs

The development of SLN was made by the microemulsion technique
trailed by sonication, in which the oil phase and aqueous phase were
made independently. The oily part was composed of Labrafil M 2130 CS,
MG, and ethanol, whereas the aqueous phase consisted of Tween 80 and
water. Both parts were kept at the similar temperature, i.e., 75 + 2 °C,
and stirred at 800 rpm for 35 mins. After this, the hydrophilic part was
added to the lipidic part, that later treated with the sonication for 150
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sec. This step was followed by pouring emulsion into the cold water that
was then diluted to a final concentration of 25 ml which was allowed to
be agitated for 4 mins. This developed formulation was then passed
through a homogenizer (Stansted Fluid Power Ltd. ESSEX, U.K.) at 7000
rpm (Duong et al., 2020).

2.3.3. Optimization of MG-loaded SLNs

SLNs were optimized by the Design Expert (ver. 12, State-Ease Inc
Minneapolis, USA) software was used. One of the widely employed de-
signs, i.e., CCRD, was used for formulation optimization (Hassan et al.,
2021). The developed formulation was anticipated to have desired PS,
low PDI, and high EE. Based on the independent variables, namely
concentration of solid lipids (2 - 3 %w/v), surfactant concentration (3 —
5 %v/v), and sonication time (100 — 200 sec) incorporated in the CCRD,
20 runs were suggested that were required to be prepared. These inde-
pendent factors shown in Table 4 were used, and their impact on the
dependent factors (PS and EE) was observed. These values of indepen-
dent factors were selected based on the hit and trial method.

2.4. Characterization of optimized MG-SLNs

2.4.1. Particle size and PDI

These parameters were evaluated by Zetasizer (Malvern Zetasizer,
Nano ZS, Ltd., UK) equipped with Malvern software (ver. 7.12). Particle
size was reported by the equipment based on dynamic scattering. The
dilution was done up to 10 times with the help of Milli Q water to obtain
uniformly dispersal and thereafter evaluated at 90° at 25 + 2 °C (Wu
et al., 2020).

2.4.2. Entrapment efficiency (EE)

The developed MG-SLNs were centrifuged at 15,120 g force using
Sigma-3 K30, Osterode am Harz, Germany, for approx. 30 min at 25 +
2 °C. Later the supernatant obtained was taken for evaluation of the MG
entrapped in the formulation. The sample was then diluted using
methanol, then filtering using a 0.25 pm membrane filter. The filtrate
solution being evaluated for MG via a UV spectrophotometer at 439 nm
(Philip, 2011). The quantity of MG entrapment was determined by the
below equation:

W —Wy)
(Wy)
Here, Wx denotes the overall quantity of MG, Wy denotes the

quantity of MG in the supernatant, and Wz denotes the mass of the lipid
(Khan et al., 2016).

EE% = x100 (@]

2.4.3. Zeta potential

This parameter was estimated by Zeta-sizer (Malvern Instruments,
UK) based on the electrophoretic mobility of nanoparticles under the
influence of an electric field. The solution was diluted by utilizing Milli
Q water, followed by adding them into the chamber (Iqubal et al., 2021;
Loo et al., 2013).

2.4.4. Surface morphology

Developed MG-SLNs preparation was evaluated by performing
Transmission Electron Microscope (TEM) Morgagni 268 D. One droplet
of the preparation was transferred on the carbon coated grid. After
dried, the negative-staining was done by 1 % PTA (phosphor tungstic
acid). Then the copper grid of the TEM was analyzed for the shape of the
MG-SLNs (Philip, 2011).

2.4.5. In-vitro release parameter

The analysis was carried out with the help of dialysis pouch having
molecular weight of 12-14 kDa. The 4 ml of MG-SLNs and MG-SOL were
placed in the dialysis membrane containing MG equivalent to 75 mg,
followed by placing it in the 0.1 N HCl and phosphate buffer saline of pH
7.4 that was then stirring on the magnetic stirrer kept at 37 + 0.5 °C.
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Later the solution (2 ml) being taken out at mentioned time intervals
such as 0.5, 1, 2, 4, 8, 12, 24, and 48hr simultaneously and was then
exchanged with the equal quantity of the respective buffer to keep the
sink condition. The obtained solution was then diluted and evaluated for
quantification of the MG in both media at 439 nm. The below-mentioned
equation was used to calculate the % cumulative drug release. Later the
release process was again evaluated via a fitting them in the several
release kinetic parameters, namely first order, zero order, Higuchi and
Peppas Korsmeyer arithmetical parameters (Weng et al., 2020).

Conc.(ug/ml)xDFxVol.ofreleasemedium(ml)

%Drugrelease = x100 2)

Initialdose(ug)

Here, DF = Denotes dilution factor (Qamar et al., 2021).

2.4.6. Ex-vivo permeation study using intestinal segment

This study was carried out by replacing the dialysis membrane with
the intestinal segment of male Wistar rats weighing 250 gm. The in-
testinal segment of the sacrificed rat was removed and cleaned using
Tyrode’s liquid to eradicate all the excretory products that were avail-
able in the duodenum. The intestinal duodenum part with a length of 9.6

+ 0.6 cm and diameter of 2.56 + 0.31 mm was filled with the formu-

lation and solution of the MG separately comprising 75 mg of the MG in
10 ml of SLNs preparation and SOL separately (Kothari and Rajagopalan,
2020). This filled segment was then placed in 100 ml of the PBS (pH 7.4)
that was kept at 37 £ 0.5 °C and shaken at 100 rpm on a magnetic
stirrer. So, at numerous time-points 0.5, 1, 2, 4, 8, 12, 24, and 48 hr, the
2 ml solution was taken out from the diffusion medium followed by the
addition of the same volume of fresh buffer to maintain sink conditions.
All solution was estimated at 439 nm by UV-spectroscopy for the release
of MG (Ahmad et al., 2018). The permeability coefficient was evaluated
via a below equation:

dQ/dt
ACo

Permeabilitycoff . (Pu,,,,) (em/sec) = 3

Here, the proportion of permeable of MG is denoted by dQ/dt, cross-
sectional area of the intestinal part by A, and Co denotes the preliminary
concentration instituted at t = 0.

2.4.7. Confocal laser scanning microscopy (CLSM)

This procedure was performed by filling up the intestinal segment
with Rhodamine 123 (0.5 w/v) treated MG-SLNs and rhodamine hydro-
ethanolic solution, follow up by the ligation at the end of the intestine
and accomplishing it a sac. The intestine-filled sac was kept at 37 +
0.5 °C in the Tyrode’s liquid for 2 h followed by stirring at 50 rpm. After
2 h remedy, the ligated intestine was opened and rinse out with PBS (pH
7.4). This was then sent for the development of the slide. After the
preparation of the slide, the intensity and the depth of penetration of the
MG across the segment for 2 h was sensed via the z-axis by CLSM (LEICA
TCS SPE) with LAS AF software (Alam et al., 2018).

2.4.8. Anti-oxidant using 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay

The anti-oxidant efficacy of the MG-SLNs and MG-SOL was per-
formed using DPPH assay by keeping ascorbic acid as the control. This
detection was done on the capability of the DPPH to remove the free
radicals. All these samples had their stock solution prepared (1 mg/ml)
and were added in the methanol individually, follow up by dilution in
the range 1-50 ug/ml.

Concurrently, adding together of the 1 ml of 200 uM DPPH solution
was accomplished in every dilution (1 ml) of the individual sample.
Every sample was then assessed after 30 mins for the absorbance at 515
nm by spectroscopy by using methanol as blank. The below equation
was then applied to evaluate the % of inhibition;

A —A
%InhibitionofDDPHradical = “T”xmo €))

a
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Here, in the equation, Aa signifies the blank (control) i.e., ascorbic
acid (AA) absorbance and Ab denotes the absorbance of the sample,
respectively.

The graph was plotted between the mean % inhibition and the
respective log concentration, which helped in the evaluation of the 50 %
inhibitory dose (ICsp) from the regressed equation (Leaves et al., 2014).

2.4.9. Molecular docking study

The crystal structures of a-glucosidase (5NN6), a-amylase (5EOF),
PTP1B (2ZMM), and DPP-IV (2G63) were taken from the protein data
bank. These protein structures were made by Protein preparation wizard
in Maestro interface of Schrodinger suite 2021-2. In this step bond order
assignment, addition of polar hydrogens, addition of formal charges on
metal ion, prediction of ionization state, tautomeric states, and finally
restrained minimization of the entire protein was carried out. Receptor
grid was generated by placing a cubical shaped grid keeping the co-
crystallized ligand as the centroid (Mahapatra et al., 2014).

Mangiferin and Acarbose structures were drawn and then prepared
using LigPrep module (Schrodinger, 2021) where polar hydrogens were
added, tautomers were generated and finally they were energy mini-
mized. Low energy conformations of these structures were selected for
extra-precision (XP) docking against 5NN6, 5EOF, 2ZMM, and 2G63
respectively. The XP docking were applied by Glide module of Schro-
dinger suite 2021-2 where a single best pose was generated and the final
assessment was done according to the Glide docking score (Friesner
et al., 2004; Friesner et al., 2006).

2.4.10. Alpha (a) — Amylase inhibitory assay

This method was performed using the dinitrosalicylic acid (DNS)
method. In this procedure, a stock solution (100 ug/ml) of MG was
prepared, out of which different solutions were prepared, including
(25,50,100 & 200 pg/ml) and acarbose (100 pg/ml) that was incubated
with 1 ml of the a-amylase (this was diluted for approx. 10 k in 20 mM of
the sodium PBS (pH 6.9) for about 30 min before the addition of the
starch solution (1 ml of 1 %w/w) of the starch solution). Later this
combination was incubated at 37 + 0.5 °C for about 15 mins. The re-
action then stopped on adding 1 ml DNS reagent, and then the obtained
contents was heat up in the bubbling water bath for 5 mins. The control
was developed without using the sample (Ac) and blank, which was
without a-amylase (Ab). So, the absorbance was evaluated at 540 nm by
UV spectrophotometer. The reference that was used for this procedure
was acarbose. Later the % inhibition was estimated by the below-
mentioned equation (5) (Ngo et al., 2019).

Inhibition (%) = [(Ac — Ap) — (Asample — Ap)l/ (A — Ap) *100 % 5)

2.5. Here a stands for the respective absorbance

2.5.1. Alpha (a) - Glucosidase inhibitory assay

In the a-glucosidase inhibitory assay, a total of 120 pL of the test
sample and 20 pL of a-glucosidase solution (with an activity of 1 U/mL
in a 0.1 M potassium phosphate buffer at pH 6.8) were combined and
placed in a 96-well plate. This mixture was then incubated at 37 °C for
15 min. Subsequently, 20 pL of a solution containing para-nitrophenyl-
a-d-glucopyranoside (5 mM) was added to initiate the reaction, and
incubated for an additional 15 min. To stop the reaction, 80 uL of a 0.2 M
sodium carbonate solution was utilized, and the resulting solution was
analyzed spectroscopy at 405 nm. Acarbose served as the positive con-
trol in this assay (Mahapatra et al., 2014; Schrodinger, 2021; Friesner
et al.,, 2004). Later the % inhibition was estimated by the below-
mentioned equation (6).

Inhibition (%) = [(Ac — Ap) — (Asample — Ap)l/ (A — Ap) *100 % ®)
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2.6. Here a stands for the respective absorbance

2.6.1. Induction of diabetes

Induction of diabetes in albino rats through a combination of a
maximum fat diet and a single intra-peritoneal delivery of a low dose of
streptozotocin (35 mg/kg). After 72 h of streptozotocin delivery, the
fasting blood glucose level (BGL) was determined using a digital gluc-
ometer (Accu Check, Roche, Germany). Rats with fasting BGL levels
same or higher than 220 mg/dL were considered to be in a diabetic
condition and were included in the experimental study.

2.6.2. Evaluation of anti-diabetic activity

The study was conducted following the previously reported study
(Friesner et al., 2006; Trinder, 1969). The study included four groups:

Group-1: Served as the normal control.

Group-2: Was designated as the disease control.

Group-3: Received treatment with MG-SLNs.

Group-4: Received treatment with MG-SOL.

In groups (3) and (4), animals were taken orally with MG equivalent
to 40 mg per kilogram of body weight. Blood glucose levels were
assessed at mentioned time intervals such as 0, 1, 2, 4, 8, 12, and 24 h
using a digital Accu-Check glucometer. Small blood sample was ob-
tained from the rat’s tail and placed on a glucometer strip. The blood
glucose level was displayed on the glucometer screen and recorded. This
evaluation was conducted for up to 24 h, and the %reduction in BGL was
estimated using the provided equation.

. . BGL:—() B BGLr—z
%ReductioninBGL = ~—BGL,
2.6.3. Biochemical study

Following the completion of the study, blood solutions were ob-
tained from the retro-orbital plexus of the animals while under anes-
thesia induced by a light dose of diethyl ether. These blood samples were
permitted to stand undisturbed for 30 min and were then centrifugated
at 3000 revolution per minutes till 15 min. Resulting clear supernatant,
which is the blood serum, was split and stored in a refrigerator at tem-
peratures between 2 and 4 °C. This blood serum was later used for
conducting liver function tests, including SGOT and SGPT, as well as a
lipid profile analysis, which included measurements of cholesterol, tri-
glycerides, and HDL (Trinder, 1969).

2.6.4. Statistical analysis

The data presented in the manuscript have been statistically
analyzed by Graph-Pad Prism software (GraphPad 9.0, San Diego, USA).
All the data are presented as mean + SD. The statistical implications
were established at p < 0.05 until mentioned.

3. Results
3.1. Assortment of solid lipids and surfactant

The highest soluble of MG was obtained in the Labrafil M 2130 CS
(77.63 £+ 5.78 mg/g), as shown in Fig. 1 (a) in comparison to the other
lipids due to the self-emulsifying characteristic of the solid lipid that will
further assist in enhancing the bioavailability of the MG at the required
site thus upsurging the oral bioavailability (Zhang et al., 2021).
Whereas, in the case of surfactants, Tween 80 offered the highest solu-
bility for MG, i.e., 35 + 3.74 mg/ml, as shown in Fig. 1 (b). Tween 80 is a
non-ionic surfactant which is safe for human use due to fewer toxicity
issues (Varshosaz et al., 2010).

3.2. Formulation composition optimization

On putting independent and dependent factors in the CCRD design,
20 runs came up, and according to these runs, various formulations were
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Poloxamer 188

Labrafil M 2130 CS
Gelucire 44/14

Glycerol palmitostearate

Deconic acid

Solid lipids

Cetypalmitate
Palmitic acid
Stearic acid

Glyceryl monostearate
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Tween 20

Transcutol
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Tween 60

Surfactants

Labrasol
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[
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Fig. 1. MG-solubility, A. MG solubility in various solid-lipids, B. MG solubility in various surfactants.

developed. These developed preparations were being assessed for PS and
EE. These factors have been mentioned in Table 1.

3.3. Response surface exploration
3.3.1. Effect of independent factors

3.3.1.1. Particle size. The observed PS values of the developed MG-SLNs
were found to be in the series of 181.42 to 38.97 nm. The quadratic
equation so obtained presented a highly significant effect (p < 0.0001)
of the solid lipid, surfactant concentration, and sonication time on the PS
values. It is probable that an upsurge in the amount of solid lipids will
directly consequence in a rise in the formulation’s particle size (Gaba
et al., 2015). Whereas a rise in the quantity of surfactant leads to drop in
the PS because of the drop in the interfacial surface tension between the
lipidic part and hydrophilic part (Varshosaz et al., 2010; Gaba et al.,
2015). Additionally, because the SLNs formulations’ particles were
broken up during the sonication process, the particle size was also
reduced. Fig. 2(a) shows the effect of these independent variables in
combination with the PS. The amount of both solid lipid and surfactant
in combination displayed a negative impact. Similarly, surfactant con-
centration and sonication time in combination displayed a negative

impact on the PS. But, on the contrary, the sonication time and surfac-
tant amount showed a positive impact on the particle size.

Particle size (R1) = 93.87 + 37.76*A - 13.20*B - 24.68*C — 5.91*AB
-1.10*AC + 0.42*BC + 4.97*A2 - 3.99*B2 + 6.31*C2.

3.3.1.2. Entrapment efficiency. The EE of all the runs obtained was
found to be in the limit of 52.22 to 92.54 %. The impacts of the inde-
pendent levels on the EE of the MG in SLNs was found to be highly
significant < 0.0001, which caused an increase and decrease in the EE.
According to the quadratic polynomial equation obtained, the increment
in the amount of the solid lipid resulted in an upsurge in the EE due to
the entrapping of the drugs in large amounts (Behbahani et al., 2017).
Also, the rise in the amount of the surfactant caused a rise in the EE of
the MG due to the manifolds of the layers of surfactant around the
particle of the formation (Keum et al., 2011). Moreover, Tween 80 has a
high probable to increase the solubilization of the drug. In addition, the
increase in the sonication time increased the encapsulation efficiency of
the MG efficiently (Uner and Yener, 2007). The particles that would
further entrap additional MG are broken when the sonication period is
extended. The combined impact of the independent factors on the EE is
also viewed in Fig. 2(B). Due to the high MG entrapment, the mixture of
solid lipid content and surfactant has a beneficial effect on EE. A
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Table 1
Formulations, evaluated for particle size and entrapment efficiency.
Runs  -Solid lipid Surfactant Sonication PS EE
concentration (A; % w/ (B; % v/ time (nm) (%)
w) w) (C; sec)

1 4 3 100 181.42 92.54
2 1.31 4 150 43.14 53.54
3 3 4 234.09 67.39 66.45
4 3 4 150 95.04 85.05
5 4 3 200 132.42 80.22
6 3 4 65.91 151.54 87.33
7 4.68 4 150 168.21 93.98
8 3 5.68 150 50.72 70.98
9 4 5 200 98.34 77.43
10 2 3 100 94.01 76.55
11 3 2.31 150 109.95 85.02
12 3 4 150 93.44 84.98
13 3 4 150 95.83 84.87
14 2 3 200 43.55 61.09
15 4 5 100 151.52 82.24
16 3 4 150 93.23 86.07
17 3 4 150 94.34 86.12
18 3 4 150 92.11 85.44
19 2 5 100 81.87 72.54
20 2 5 200 38.97 54.22

detrimental result was obtained when solid lipid concentration and
sonication time were combined with surfactant concentration and son-
ication time.

EE (R2) =83.25 +11.63*A + 0.57*B + 0.25*C + 0.39*AB - 0.29*AC
— 0.48*BC -2.95A2 + 2.31B? - 6.31C>

3.3.1.3. Design validation. The CCRD was used to attain the preparation
with optimum PS and EE. The values that have been predicted of all the
responses and factors. Hence, MG-SLNs were then formulated depending
on the run and process variables and responses. In addition, the exper-
imental and predicted values were observed to similar, thereby
demonstrating the authenticity of the optimisation process.

3.4. Optimized formula for the development of MG SLN

After applying CCRD, the optimized MG SLNs were prepared by
taking 3 % w/v solid lipid mixture and 4 % v/v of the concentration of
surfactant, followed by sonication for 150 sec. The MG developed was
mixed in the lipidic phase to encapsulate the drug, follow up by the
adding of ethanol. Then, the aqueous phase was developed, followed by
mixing with the lipidic phase. This was then subjected to sonication for
150 sec to obtain MG SLNs. This developed formulation was then
characterized by various characteristic features (Behbahani et al.,
2017).

3.5. Characterization of optimized MG SLN

3.5.1. PS and PDI

The developed optimized MG SLN formulation exhibited a PS of
138.37 &+ 3.39 nm and PDI of 0.247 + 0.023, as presented in Fig. 3. The
PS obtained of MG loaded SLN is best suited for the development of the
formulation for oral administration as it is in the limited range (Uner and
Yener, 2007). Thus, releasing the MG at the desired site could ultimately
lead to the modulation of diabetes militias. Moreover, the PDI obtained
showed that the developed formulation fell under the range of 0.0 to 1.0,
signifying that the formulation didn’t possess any kind of aggregation,
suggesting its stability and uniformity (Danaei et al., 2018).

3.5.2. EE

EE of MG-SLNs was obtained to be 84.37 + 2.43 %, signifying that
this amount of the MG got entrapped in the solid-lipid and surfactant
that have been employed in the formulation development (Mahajan and
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3.5.3. Zeta potential

The mean ZP of the developed formulation MG-SLNs is observed to
be 18.87 + 2.42 mV, as presented in Fig. 4. As this value of ZP falls under
the range of < — 25 mV or >+25 mV, it can be well seen that the ob-
tained value lies very close to + 25 mV; therefore, it can be so, it can be
well understood that the developed formulation is very much near to
stability. This value of ZP further specifies that the optimized formula-
tion lacks any existence of aggregation (Madan et al., 2014).

3.5.4. Surface morphology

The shape of MG-SLNs was examined using TEM, as shown in Fig. 5,
where it can be seen that the particles were spherical in shape in
developed formulation having black borders and size less than 200 nm.
The image helps in demonstrating that the loaded MG is well encapsu-
lated in the lipid followed by outer covering by the layer of surfactant
(Imran et al., 2020).

3.5.5. In-vitro release analysis

The % cumulative quantity of MG released from MG-SLNs and
MG-SOL in 0.1 N HCI was observed to be 79.12 + 4.87 % and 37.26 +
2.99 %, respectively. In PBS (pH 7.4), it was found to be 80.21 + 5.61 %
and 36.07 + 3.04 %, respectively (Fig. 6.). The initial release of the MG
in large amounts from formulation could be due to the entrapped MG in
the lipidic layer of the SLNs. This factor is further accountable for the
sustained release model of the MG from the preparation. Moving of the
aqueous part in the core of the SLNs resulted in the dissolution of the MG
that caused the increase in the % release. Moreover, the presence of the
surfactant in higher concentrations and the leaky nature of the SLNs
augmented the releasing efficiency of MG in comparison to that of the
SOL.

Various models were used, as depicted in Figs. 7 and 8, to evaluate
the kinetic release of the MG from MG-SLNSs in both the media, namely
0.1 N HCl and PBS (pH 6.4); it was discovered from these models that the
release of the MG from formulation followed Higuchi model in 0.1 N HCL
whereas, Korsmeyer Peppas model was followed in PBS (pH 7.4). These
models were the best-fitted models as the values of R? were found to be
highest amongst others in both the media. Moreover, in PBS (pH 7.4),
the ‘n’ value was found to be 0.32, which is < 0.43, so it can be suggested
that the release of the MG from MG-SLNs in PBS followed Fickian
diffusion (Jazuli et al., 2019).

3.5.6. Ex-vivo permeation study using intestinal segment

The permeation profile of the MG from the formulation and SOL was
evaluated using an intestinal membrane. The permeability coefficient
was found to be 4.87x10 — 3 cm/s when compared to SOL which was
found to be 2.82x10 — 3 cm/s after 2 h, as shown in Fig. 9. In contrast, a
4-times rise in the permeable of MG from SLN and SOL was observed
within 2hr. In addition, a 2-times enhancement was found in the flux
from MG-SLNs (36.53 pgem — 2 h — 1) in comparison with the MG-SOL
(21.91 ugem — 2 h — 1). This significant change in the permeation of MG
from SLNs could be because of the presence of the permeation enhancer,
i.e., Tween 80. Moreover, the nano-size of the formulation contributed
to the permeation, thus enhancing the permeation profile of the SLNs.

3.5.7. CLSM study

This method was implemented to estimate the permeation potential
of the MG from SLNs in comparison to rhodamine hydro-ethanolic so-
lution across the intestinal segment. According to the images as shown in
Figure 10, it can be well understood the formulation treated with dye
was able to permeate deeper, i.e., 30 pm, in comparison to the rhoda-
mine hydro-ethanolic solution. This could become possible because of
the available of the permeable enhancer, namely Tween 80, and the
nano-sized formulation, thus resulting in deeper permeation of due
treated formulation thus, highlighting the emphasis of this study.
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Fig. 2. Effect of variables on A. PS and B. EE.

3.5.8. Anti-oxidant activity

The reducing characteristic of DPPH caused by antioxidants was
evaluated by the decrease in the absorbance at 515 nm, which was
determined by the alteration in colour from violet to colorless. The result
obtained, as shown in Fig. 11, showed a major decrease in the DPPH
radical amount that was brought by MG-SLNs than MG-SOL. There was
an increase in the antioxidant activity of MG-SLNs at 60 pg/mL than the
MG-SOL; that could be due to the collective effect of the MG and the
surfactant as; both are antioxidants in nature. However, the ICsq value of

the AA, MG-SOL, and MG-SLNs were observed to be 23.33 pg/mL, 49.08
pg/mL, and 46.14 pg/mL, accordingly (Thaipong et al., 2006). Howso-
ever, different studies have been conducted, which has significantly
explained the anti-oxidant properties of the MG either in free form or in
formulation (Dar et al., 2005; Samadarsi and Dutta, 2019; Donga and
Chanda, 2021).

3.5.9. Targets and molecular docking
Mangiferin is a C-glucosyl xanthone with a polyphenolic structure.
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Fig. 3. PS and PDI of MG-SLNs optimized formulation.

The xanthone nucleus forms a glycosidic bond with the glucose. The
benzene rings of the xanthone nucleus are essential and responsible for
the hydrophobic contacts, whereas the peripheral (substituted) hydroxyl
groups are involved in forming hydrogen bonds. Phenolic OH groups of
the glucose are responsible for H-bond formation with hydrophilic res-
idues like ASP197 and GLH (Glu) 233. Phenolic OH at C-7 of the ter-
minal benzene ring was found to be involved in forming H-bonds with
ASP356 residue. Both the terminal benzene ring and its adjacent pyran
nucleus form hydrophobic links with residue TRP59 through pi-pi
contact.

Mangiferin has been reported to be inhibitors of various enzymes like
a-Glucosidase, a-Amylase, protein tyrosine phosphatase-1B (PTP1B),
and dipeptidyl peptidase 4 (DPP-1V), which are responsible for causing
type 2 diabetes. To test the binding affinity of mangiferin towards these
enzymes, mangiferin was docked against 5NN6 (a-glucosidase), S5EOF
(a-amylase), 2ZMM (protein tyrosine phosphatase-1B), and 2G63
(dipeptidyl peptidase). Acarbose was also docked against these four
enzymes as a reference standard drug. The docking scores of acarbose
and mangiferin represented in Table 2. Acarbose was having higher
docking scores than mangiferin against all the four enzymes. Mangiferin

has shown docking score of —10.057 against 5EOF, —8.096 against
5NN6, —7.454 against DPP-IV, and —6.301 against 2ZMM. Docking
study results revealed that mangiferin has got the highest binding af-
finity towards o-amylase (SEOF) protein structure in comparison to
other three enzymes. Some previous studies have also shown high
binding affinity of mangiferin against a-Amylase (Picot et al., 2017). The
findings of the docking study led us to conduct mangiferin formulations
mediated in-vitro a-amylase activity, the results of which have been
presented in the next section. Fig. 12 depicts the two-dimensional (2D)
interaction diagram of mangiferin against S5SEOF where different in-
teractions made by the interacting residues of the active site of
a-amylase protein has been shown.

3.5.10. Alpha (a) — Amylase inhibitory assay

a—-amylase is known to be the utmost crucial digestive enzyme that is
responsible for the hydrolysis of o« — 1,4glycosidiclinkages of the car-
bohydrate. It further breaks the large molecules of starch into tiny
fragments of sugar to cross the epithelium of the gut. Therefore, the
inhibition of the o—amylase activity would decline the postprandial
hyperglycemia that would ultimately prevent the risk of development of
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Fig. 4. ZP of the optimized MG-SLNs.

Fig. 5. TEM image of the optimized MG-SLNs.

diabetes. Therefore, in this study, the capacity of MG against « — amylase
activity was evaluated. The results obtained showed that MG-SLN was
highly significant in reducing the o—amylase activity in a dose depen-
dent approach, as shown in Fig. 13. The inhibitory effect of MG-SLN and
MG-SOL was found to be 55.43 + 6.11 % and 51.71 + 6.02 % at 100 png/
mL, but acarbose showed inhibitory effect of 78.01 + 7.45 % at 100 pg/
mL. Therefore, it can be predicted that the inhibitory activity of the MG
in SLN is moderate in comparison to SOL (Ngo et al., 2019; Jazuli et al.,

100+
@
§ 80+
2 —— MG-SLNs 0.1N HCI
g’ 60+ —= MG SOL 0.1N HCI
e —+ MG-SLNs PBS (pH 7.4)
§ 40+ —— MG-SOL PBS (pH 7.4)
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=

0 —rrrrrrrrrrrrrreeeeereererT T
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Time (hr)

Fig. 6. Release study of MG from MG-SLNs and SOL in 0.1 N HCI and PBS
(pH 7.4).

2019). Parallel to this, different studies have shown the enzyme inhib-
itory nature of MG, in which MG significantly reduced the activity of the
a—-amylase thus, acting against diabetes (Sekar et al., 2019).

3.5.11. Alpha (a) - Glucosidase inhibitory assay

The enzyme o-glucosidase plays an imperative role in diabetes
regulation, and it’s commonly assessed using the enzyme-substrate re-
action method, a broadly accepted method in anti-diabetic studies
(Capetti et al., 2020; Gaurav et al., 2020; Tahir et al., 2016). In our
current research, we evaluated the inhibitory effect of MG-SLNs on
a-glucosidase, following the standard enzyme-substrate reaction proto-
col. Additionally, we compared the results to acarbose. Our findings
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indicate that MG-SLN exhibited a remarkable a-glucosidase inhibition of 3.6. Assessment of anti-diabetic activity

68.76 + 3.14 %, whereas acarbose displayed an inhibition of 63.43 +

4.02 %. Notably, MG-SLNs demonstrated a significant and even higher In the study, the reasonable anti-diabetic effects of MG-SOL and MG-

inhibitory effect assessed to the control group treated with acarbose. SLNs were assessed in Wistar rats with STZ-induced diabetes. The
baseline BGL in the normal control (Group (1) were measured at 98 + 3
mg/dL, while the diabetic control group (Group (2) exhibited signifi-
cantly elevated BGL at 232 + 8 mg/dL.
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Rats treated with MG-SLNs (Group (3) exhibited a remarkable and
sustained reduction in blood glucose levels (BGL) for up to 12 h. The
most significant drop occurred in the MG-SLNs treated group, reaching
116 + 4 mg/dL, compared to the MG-SOL treated group (Group (4),
which showed a maximum reduction in BGL to 131 + 5 mg/dL. This
suggests that MG-SLNs exhibited a significantly superior hypoglycemic
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effect compared to MG-SOL, with a p-value less than 0.001.

These findings confirm that MG is more therapeutically effective
when encapsulated in SLN formulation as shown in Fig. 14. The
improved absorption of MG in the SLN preparation may be attributed to
enhanced lymphatic drug transport. The external lipid-based formula-
tion contributes to increased lymphatic transport by promoting the
formation of lipoproteins and intestinal lymphatic lipid flux (Pandey
et al., 2018; Arrua et al., 2021).

3.6.1. Bio-chemical study

In the analysis, serum biochemical considerations were assessed by
standard kits. The levels of total cholesterol (TC) and triglycerides (TG)
showed significant reductions (P < 0.001), while high-density lipopro-
tein cholesterol (H-DLC) levels significantly increased (P < 0.001)
following treatment with both MG-SOL and MG-SLNs when compared to
diabetic control rats (Table 3).

Furthermore, the levels of SGOT and SGPT were significantly
reduced (P < 0.001) after treatment with both MG-SOL and MG-SLNs in
comparable to the diabetic control group. Notably, MG-SLNs exhibited a
significant (P < 0.01) reduction in serum SGOT levels compared to the
MG-SOL-treated group.

These results suggest that both MG-SOL and MG-SLNs significantly
improved the biochemical alterations associated with diabetes. The
disruptions in insulin levels play a primary role in variations in the lipid
profile, which can contribute to cardiovascular complications related to
diabetes (Mersad Sefidgar et al., 2019). Moreover, due to the liver

2=20.0pm 2=25.0un

A. Rhodamine Hydro-
Ethanolic Solution

B. Formulation
2=25.0ym

Fig. 10. Confocal images of the permeation of the MG-SLNs in comparison to a rhodamine-ethanolic solution.
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Docking scores of mangiferin and acarbose.

Enzymes Docking score

Mangiferin Acarbose
a-glucosidase (SNN6) —8.096 —8.819
a-amylase (SEOF) —10.057 —14.869
PTP1B (2ZMM) —6.301 -9.137
DPP-1V (2G63) —7.454 —10.069

357

o>
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¥

toxicity induced by STZ in rats, there is an excessive release of liver
enzymes, and these levels were restored to normal values with MG-SLNs
treatments (Nabi et al., 2013).

4. Discussion

Among all the solid lipids screened for the solubility study of MG, the
highest solubility was observed in Labrafil M 2130 CS due to the self-
emulsifying characteristic of the solid lipid. whereas, amongst surfac-
tants Tween 80 exhibited highest solubility. Tween 80 is a non-ionic
surfactant which is safe for human use due to fewer toxicity issues.
The observed PS values of the developed MG-SLNs were found to be in

ASN

298 ~
HIE
299

Fig. 12. Two-dimensional (2D) interaction diagram of mangiferin against 5EOF.
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Table 3 Table 4
Comparative biochemical estimation in different groups. Independent and dependent variables used in CCRD.
Group TC (mg/ TG (mg/ HDL (mg/ SGPT (U/ SGOT (U/ Factors Levels used
1 I 1 1 1
b b 4 4 db Independent Factors Axial Low Medium High Axial
Normal 61.4 45.9 55.1 33.7 37.3 (-1) 0) (+1)
control .
Diabetic 132.7 68.1 28.4 63.8 63.9 A-Solid lipid 1318 2 ! s 4.681
control concentration (% w/v)
MG-SOL 98.5 56.7 38.9 412 51.4 B'fifcﬁfr‘:ﬁon o) 2318 3 4 5 5.681
MG-SLN: 75.2 51.4 46.6 375 43.7 ;
s C-Sonication time (sec) 65.910 100 150 200 234.09
Dependent Factors Constraints used
. . R1 - Particle size (nm) Minimum
the series of 181.42 to 38.97 nm. As per the DOE, Effect of variables on R - Entrapment Maximum

PS - the amount of both solid lipid and surfactant in combination indi-
cated a negative impact. Similarly, surfactant concentration and soni-
cation time in combination indicated a negative impact on the PS. Effect
of variables on EE - the increment in the amount of the solid lipid
resulted in an upsurge in the EE due to the entrapping of the drugs in
large amounts. Also, the rise in the amount of the surfactant caused a rise
in the EE of the MG due to the manifolds of the layers of surfactant
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efficiency (%)

around the particle of the formation. Tween 80 has a high probable to
increase the solubilization of the drug.

After applying CCRD, the optimized MG SLNs were prepared by
taking 3 % w/v solid lipid mixture and 4 % v/v of the concentration of
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surfactant, followed by sonication for 150 sec. The % cumulative
quantity of MG released from MG-SLNs and MG-SOL in 0.1 N HCI was
observed to be 79.12 + 4.87 % and 37.26 + 2.99 %, respectively. In PBS
(pH 7.4), it was found to be 80.21 + 5.61 % and 36.07 + 3.04 %,
respectively. According to the images, it can be well understood the
formulation treated with dye was able to permeate deeper, i.e., 30 pm, in
comparison to the rhodamine hydro-ethanolic solution. The ICso value
of the AA, MG-SOL, and MG-SLNs were observed to be 23.33 pg/mL,
49.08 pg/mL, and 46.14 pg/mL, accordingly. The findings of the dock-
ing study led us to conduct mangiferin formulations mediated in-vitro
a-amylase activity, the results of which have been presented in the next
section. Parallel to this, different studies have shown the enzyme
inhibitory nature of MG, in which MG significantly reduced the activity
of the o-amylase thus, acting against diabetes. Additionally, we
compared the results to acarbose. Our findings indicate that MG-SLN
exhibited a remarkable a-glucosidase inhibition of 68.76 + 3.14 %,
whereas acarbose displayed an inhibition of 63.43 + 4.02 %. These
findings confirm that MG is more therapeutically effective when
encapsulated in SLN formulation. These results suggest that both MG-
SOL and MG-SLNs significantly improved the biochemical alterations
associated with diabetes.

5. Conclusion

Utilizing CCRD, the MG-loaded SLN was successfully created and
optimized. Additionally, this formulation has the desired properties that
were necessary for oral MG administration to the target site. The refined
formulation additionally demonstrated a discernible release in the MG
from the SLN as opposed to the SOL. The permeation investigation also
demonstrated the deeper MG penetration from the MG-SLNs. When the
DPPH investigation was conducted, MG-SLN and MG-SOL significantly
reduced the amount of oxygen species that would otherwise cause the
level of glucose to rise, acting as effective anti-diabetic drugs. Lastly, the
anti-diabetic profile of the developed formulation was further justified
by performing a molecular docking study, in-vitro a-amylase and
a-glucosidase inhibitory activity assay. The study demonstrated an
enhancement in the inhibitory profile of MG-SLN in comparison MG-
SOL. The developed MG-SLNs also showed promising antidiabetic
properties. Therefore, the study could be concluded by justifying the
fruitful optimization of MG-SLNs and their efficacy in increasing the
orally bioavailability and therapeutic effectiveness of the MG. Moreover,
this finding also indicates the transporting efficiency of SLNs in the
targeted delivery of the drug (MG). Nevertheless, this study still lacks
data from clinical studies, which would later help in achieving the
therapeutic effectiveness of MG along with the risk and benefits in
human.
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