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Abstract

Background: Recent decades witnessed a significant growth in terms of phy-
tocompounds based therapeutics, extensively explored for almost all types
of existing disorders. They have also been widely investigated in Neurode-
generative disorders (NDDs) and Chlorogenic acid (CGA), a polyphenolic
compound having potential anti-inflammatory and anti-oxidative properties,
emerged as a promising compound in ameliorating NDDs. Owing to its poor
stability, bioavailability and release kinetics, CGA needed a suitable nanocar-
rier based pharmaceutical design for targeting NDDs. Objective: The current
study is aimed at the in-silico validation of CGA as an effective therapeutic
agent targeting various NDDs followed by the fabrication of polymeric nanopar-
ticles-based carrier system to overcome its pharmacological limitations and
improve its stability. Methods: A successful in-silico validation using molecu-
lar docking techniques along with synthesis of CGA loaded polymeric nanopar-
ticles (CGA-NPs) by ionic gelation method was performed. The statistical op-
timisation of the developed CGA-NPs was done by Box Behnken method and
then the optimized formulation of CGA-NPs was characterised using particle
size analysis (PSA), Transmission electron microscopy (TEM), Fourier Trans-
form Infrared spectroscopy (FTIR) along with in-vitro release kinetics analysis.
Results & Conclusion: The results attained exhibited average particle size of
101.9 + 1.5 nm, Polydispersibility (PDI) score of 0.065 and a ZP of —17.4 mV.
On a similar note, TEM results showed a size range of CGA-NPs between
90 - 110 nm with a spherical shape of NPs. Also, the data from in-vitro re-
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lease kinetics showed a sustained release of CGA from the NPs following the
first-order kinetics suggesting the appropriate designing of nanoformulation.
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1. Introduction

Neurodegenerative disorders (NDDs) is a collective term given to set of neuro-
logical disorders that exhibits progressive degeneration of neurons (motor or
sensory); including developmental and psychiatric strains [1]. They occur when
neural system in brain and spinal cord starts to gradually deteriorate, resulting
in compromised cellular functioning and eventually leading to neuronal death.
Most of the NDDs arise as a consequence of an intricate cascade of pathological
events, such as neuro-inflammatory changes, oxidative stress, mitochondrial dys-
function and protein aggregations [2]. Many research studies have shown that,
in state of higher oxidative stress, the excessive reactive species formed, induces
disruptions in intra-cellular signalling further causing dysregulation of the in-
flammatory responses. Thereafter, there is an increased generation of many in-
flammatory mediators causing the release of pro-inflammatory cytokines (IL-4,
IL-6, IL-10, IL-1p), tumor necrosis factor (TNFa) activation along with activated
inflammasomes and these mediators are marked, mostly as a sign of mitochon-
drial-derived oxidative stress [3]. Out of all other forms, IL-10 cytokine is primar-
ily responsible for the neuroprotection and neuronal survival and is a known
anti-inflammatory mediator that involves the reduction of pro-inflammatory
molecules in NDDs as the natural response towards the pathological state. Now,
IL-10, not only functions as a suppressor of neuroinflammatory and immu-
no-proliferative response, but also reduces the synthesis and expression of
pro-inflammatory cytokines (IL-12, IL-18, and TNFaq, etc.) that plays an impor-
tant role in inflammation, cell death and inhibition of their receptor activation.
On the contrary, TNFa expression profile is of pro-inflammatory characteristics
thus, it functions as a promoter of the pathological initiators leading to the dis-
ease [4]. Both the receptor types have their own signalling pathways distin-
guished by an intracellular death domain (DD), that is contained by TNFRI1
(Tumour necrosis factor receptor 1) while being absent in TNFR2. The latter
aids in the promotion of cell survival and proliferation functions whereas, the
former (TNFRI1) functions in a pro-apoptotic manner. As we move from neu-
roinflammatory processes to the Reactive Oxygen Species (ROS) generation, one
of the most prominent and distinct features associated with NDDs is the reduced
rate of production and transportation of the neurotransmitter acetylcholine
(Ach) in the diseased subjects. This neurotransmitter is utilized by most of the

cholinergic nerve cells and plays a vital role in peripheral and central nervous
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system (PNS and CNS). The loss of cholinergic neurons due to neuronal cell
death in response to neural inflammation or high ROS environment is observed
in several NDDs including PD (Parkinson’s Disease), HD (Huntington Disease),
ALS (Amyotrophic Lateral Sclerosis) and AD (Alzheimer’s Disease) where a sig-
nificant decrease in the activity of ChAT (Choline acetyltransferase) is observed
[5]. The cholinergic synapses are severely affected by A, correlated to the cog-
nitive decline of the diseased subjects. Further, the biochemical mechanism of
Tau (7) protein is regulated by several levels of its phosphorylation in the brain.
Neuronal cell death mediated by Tau along with hyper phosphorylation also re-
quires the activation of glycogen synthase kinase 33 (GSK3- ), observed in Tau
pathology where formation of neurofibrillary tangles (NFTs) takes place. Un-
checked spreads of these NFTs to several regions of the brain initiates the pa-
thogenesis wherein cognition of the patients is impaired in the first two stages.
Moreover, the activation of GSK3-f takes place due to elevated oxidative stress
levels, neuroinflammation and apoptotic cell death that is brought about by hy-
per phosphorylated Tau. Along with neuronal death and hyper phosphorylation
in Tau, GSK3- S overexpression has been found to cause a failure in mice to per-
form cognitive functioning [6]. Apart from the current drugs and synthetic com-
pounds designed as essential therapeutics for the treatment of various NDDs,
well established phytocompounds are also reported as viable options to improve
neural networking and overall well-being of CNS. They have been extensively
studied for their anti-inflammatory pursuits, preventing and reducing cellular
injuries due to the oxidative stress, modulating multiple signal transduction path-
ways through indirect and direct effects on enzymes, such as kinases, regulatory
proteins and receptors etc. Additionally, it has been suggested that many poly-
phenols exert their beneficial biological effects through chromatin remodelling
and epigenetic adjustments [7]. This broad array of medicinal or biological ac-
tions have made phytocompounds a suitable candidate for treating multifactorial
disorders. Therefore, to address similar concerns, CGA, a known biologically
active polyphenolic compound, derived from the green coffee beans, specifically
Coffea Arabica, the richest source of CGA, was opted to study for its therapeutic
attributes associated with NDDs [8]. Biosynthesis of CGA occurs as a compo-
nent of phenolic secondary metabolites of distinct plant species and formed as
an ester of cinnamic, quinic and caffeic acid [9]. Further, CGA is reported in
many studies to possess enormous anti-inflammatory, antioxidative, neuro-
trophic, anticancer, antiapoptotic and neuroprotective properties. Also, it exhi-
bits the activation of Akt and ERK1/2 signalling pathways and attenuation of as-
trocyte activation as reported by Singh ef al, 2020 [10] [11]. Nevertheless, its
physicochemical property does not show thermodynamic stability as it is very
sensitive to degradation and metabolizes to inactive derivatives in circulation
with bioavailability of only 33% in humans [12] [13]. After analysing its phar-
maceutical limitations, there arises a primary concern that necessitates the urge
to encapsulate CGA in suitable nano carrier system to attain its higher bioavai-

lability, stability and retention time at the targeted site [14].
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2. In-Silico Validation by Molecular Docking

Contemporary advancements in the field of computational biology has opened
several new avenues regarding drug development as well as targeted delivery of
potential therapeutic compounds. Our research encompasses and explored the
various tools that aids in computational simulations at semi-quantum level that
enabled us to illustrate and identify distinct molecules involved in NDD path-
ways leading to the progression of several neurodegenerative pathologies such as
over-expressing proteins, mitochondrial damage, neuronal inflammation, amy-
loid beta plaque formation and elevated ROS levels. Active site molecular dock-
ing was conducted at the search volume greater than 27,000 A’ to reveal the
binding affinities and structural conformations of the ligand-receptor interac-
tion of CGA (ligand) and multiple protein targets IL-10, TNF-u, Tau protein,
Acetylcholine and GSK3p (receptor) [15].

2.1. Protein Preparation and Active Site Identification

Procurement and refinement of target protein (receptor) is a vital as well as neces-
sary step towards achieving quality in-silico study results. All the three-dimensional
X-ray diffracted crystal structures of the proteins were procured by accessing the
Protein Data Bank (PDB) from https://www.rcsb.org/ in .pdb file format. These
are all the protein with their associated PDB IDs; IL-10 (PDB ID: 2ILK;
https://www.rcsb.org/structure/2ILK), TNF-a (PDB ID: 1TNF;
https://www.rcsb.org/structure/1TNF), Tau protein (PDB ID: 6NK4;
https://www.rcsb.org/3d-view/6NK4), Acetylcholine (PDB ID: 10ED;
https://www.rcsb.org/structure/loed) and GSK34 (PDB ID: 1H8F;
https://www.rcsb.org/structure/1H8F). These .pdb files were then subjected for

determining the active sites for ligand binding on them using the CASTp 3.0
(http://sts.bioe.uic.edu/castp/index.html?3trg) tool that provided the explicit po-

sition of residues on protein chain. These attained pocket IDs were downloaded
and viewed in UCSF Chimera 1.14 to access the complete tomography of the
proteins [15] [16]. Thereafter, these downloaded .pdb files were cleansed by re-
moving the water molecules, heat atoms, excising alternating conformations, in-
serting Kollman charges and adding polar hydrogen to the 3-D protein moiety
using Python Molecular Viewer-1.5.6. Subsequently, the .pdb file was converted
into .pdbaqt file for grid formation.

2.2. Devising Ligand (CGA)

Thereafter, the three-dimensional structures for the ligand were retrieved from Pub-
Chem database. Chlorogenic acid (3-(3,4-Dihydroxycinnamoyl)quinic acid) having
the molecular formula of C,;H,;0,, molecular weight of 354.31 g/mol. and PubChem
ID (CID: 1794427; https://pubchem.ncbi.nlm.nih.gov/compound/Chlorogenic-acid).

Ligand was procured in .sdf file format and was processed via LigPrep Tool in

Maestro 2015; moreover by employing OPLS3 force field algorithm a minimised
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energy ligand’s moiety was obtained via PyRx software and the processed file is

then converted to .pdbqt for active site molecular docking [16].

2.3. Grid Generation and Active Site Molecular Docking Studies

The grid generation is simply an explicit demarcation of a receptor region where
active binding interaction can occur which was performed by using AutoDock-
Tools-1.5.6. Also to identify the potential active binding sites and other asso-
ciated data related to interacting residues CASTp 3.0

(http://sts.bioe.uic.edu/castp/index.html?3trg) was employed which further faci-

litates active site molecular docking [17]. AutoDock Vina was used to carry out
molecular docking to investigate the receptor-ligand interaction. All the
processed .pdbqt files of receptor and ligand were employed and this process was
repeated for all five targeted proteins separately. The Lamarckian Genetic Algo-
rithm (LGA) was implemented to understand and analyse various aspects of
flexible docking and PMF (Performance Management Framework) score [18].
Active site molecular docking was concluded after the determination of the best
binding affinities along with their associated three-dimensional structural con-
formations at their respective lowest energy levels. Docked file was then subse-
quently processed to make the .pdb complex of the ligand-receptor file for visua-
lization by PyMOL Viewer 4.3.0 and Discovery Studio 2020 Client. For an ela-
borate and comprehensive docking and visual analysis UCSF Chimera 1.14 and
LIGPLOT" v.2.1 were employed [19].

3. Materials and Methodology
3.1. Materials

Chlorogenic acid (CGA) (RM2705) was purchased from HI Media Laboratories,
Mumbeaij, India. Polycaprolactone (PCL), Chitosan (CS) and Dialysis membrane
were procured from Sigma-Aldrich (USA). All the other chemicals employed in

experiments were also of analytical grade.

3.2. Methodology
3.2.1. Quantitative Analysis of Chlorogenic Acid (CGA)

The quantitative estimation of CGA was performed by preparing the stan-
dard stock solution of CGA (100 pl/mL) with subsequent dilutions (10 - 100
pl/mL) in ethanol. The R* value of 0.992 was recorded after taking the ab-
sorbance for the prepared samples at 334 nm. This prepared standard graph
was later used for estimating the CGA concentrations in various analytical

assays [20].

3.2.2. Synthesis of CGA Loaded Nanoparticles (CGA-NPs)
Fabrication of CGA-NPs was done through ionic gelation method (Figure 1(a)).
For this, CS and PCL were prepared separately in 3% glacial acetic acid by ho-

mogenizing them overnight and thereafter, keeping the same at 37°C separately.
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CGA Drop-wise
(5 mg/ml) addition
=———— (Via syringe) = 0.1 % PCL
Overnight Overnight
stirring stirring
25%CS —> cs > ©S+CGA ~ > CGA-Loaded

NPs

-~ D -

(b)

Figure 1. (a) Diagrammatic representation showing the step by step synthesis of
CGA-NPs by ionic gelation method; (b) Adaptation of probable lattice formation be-
tween CS and PCL with CGA embedded in it.

Further, CGA (5 mg/mL) was added in varied concentration of CS solution
(1.5% - 2.5%, w/v) and this solution was blended with PCL solution of different
concentrations (0.1% - 0.3%) drop wise using a syringe dropper to ensure cali-
brated rate of addition. Lastly, the homogenised solution was stirred conti-
nuously for overnight and covered with sieve for solvent evaporation [21] [22].
Thus Figure 1(b) presents the possible lattice structure between CS, CGA and
PCL.

3.2.3. Determination of Encapsulation Efficiency (EE)

CGA encapsulated inside the polymer matrix was centrifuged (11,200 g) for 20
min at 37°C and the supernatant was collected subsequently. This step was re-
peated thrice, and the pellet was dissolved in distilled water along with collection
of the respective supernatant [23]. Absorbance of the supernatant was recorded
at 334 nm and the concentration of drug in their respective supernatant was
extrapolated using the standard calibrated curve [24]. To determine the total

amount of drug suspending in supernatant, the EE was calculated using the
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mathematical expression given below:

D —-D
Encapsulation Efficiency (EE) = tD s

t

where, D, and D, refer to the total amount of drug and total amount of drug

present in supernatant respectively [25].

3.2.4. Statistical Optimization of CGA-NPs

The experimental design was laid down for optimising the various formulation
batches by Box Behnken design to compose polynomial model for CGA-NPs op-
timisation process [26]. Four independent (CS, PCL concentration, rate of addi-
tion and sonication time) and one dependent (EE) variables were selected for
optimization using Design Expert (Version-12, Stat-Ease Inc., Minneapolis,
Minnesota) [27] [28]. The design description is listed in Table 1 and the poly-
nomial equation generated through quadratic process order on the basis of the

experimental design set up is as follows:
EE=Y+XA-X,B-X,C-X,D-X.AB- X ,AC+ X, AD - X;BC
-X,BD-X,,CD+ X A’ -X,B” - X,,C* - X,,D’

where, EE is the evaluated response of the independent variables, ie; EE, ¥
(59.4) is the intercept and X, - X, are the regression coefficients that were calcu-
lated from the experimental data set values of EE [29] [30]. A, B, Cand Dare the
codes for all the independent variables which depict the interactions whereas 42,
B, C* and I? represents the quadratic terms [31].

Table 1. Description of various independent and dependent variables taken in optimisa-
tion process of CGA-NPs by Box-Behnken design.

Levels
Independent Variable
-1 0 1
A = Polymer 1
i 1.5 2 2.5
CS concentration (w/v)
B = Polymer 2
. 0.1 0.2 0.3
PCL concentration (w/v)
C = Sonication Time (min) 10 15 20
D = Rate of Addition (min) 10 20 30
Dependent Variable Constraint
EE = Encapsulation Efficiency (%) Maximum

3.3. Characterization of Formulated CGA-NPs
3.3.1. Particle Size Analysis (PSA) and Zeta Potential (ZP)

PSA evaluates the size of particles in the colloidal solution that is based on scat-
tering of light, subjected to the random thermal Brownian motion thus, it is also
named as Dynamic light scattering (DLS) [32] [33]. ZP is a measure of a charge
on the surface of NPs and is measured on the Malvern Zetasizer Nano ZS (3000
HS) and it is conceptually based on the technique of electrophoretic light scat-

tering where particle motion is detected in an applied electric field [34] [35].
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Test samples for both the analysis methods were prepared by diluting them with
distilled water in the ratio of 1:100 followed by ultra-sonication (11,200 g) for 20
min and subjected for Zeta sizer unit analysis [36].

3.3.2. Transmission Electron Microscopy (TEM)

In Transmission electron microscopy, the electron beam scans the surface of the
sample to give a 2-dimensional image and operates it at a much smaller wave-
length when compared to standard light microscope. Therefore, the limiting
resolution of electron microscope is much higher thus, enables it to provide bet-
ter optical resolution [37]. The morphology of the NPs was characterized by TEM
using TECHNAI 200 kv TEM (Fei, Electron Optics). The optimised CGA-NPs
were 100 times diluted (1:100) in 5% acetic acid and were sonicated for 15 min.
Subsequently they were coated with 2% Phosphotungstic acid (PTA), a dye that
helps in fixing the sample and a drop from the prepared sample was fixed on the
carbon coated copper grid [38].

3.3.3. Fourier Transform Infrared Spectroscopy (FT-IR)

Fourier-transform infrared spectroscopy (FT-IR) was done to identify and eva-
luate various molecular constituents present on the surface of the nano formula-
tion using IR-810, JASCO, Tokyo at Punjab University, Chandigarh, Punjab, In-
dia. The technique involves transmission of infrared radiation across the sample
due to which different components absorb or emit radiation across different
wavelengths of the infrared spectrum [39]. The test samples (CGA, only NPs and
CGA-NPs) were prepared by Potassium Bromide (KBr) disc method and the
prepared KBr pellets were then placed in the desiccator to form a fine thin film,
that is placed inside the grid for analysis. The FT-IR spectrum is scanned from
400 - 4000 cm™" band width to identify the functional groups present on the sur-
face of the samples [40].

3.4. Physiochemical Parameters (pH, Conductivity, Density,
Specific Gravity and Viscosity)

Physiochemical parameters of formulated NPs were assessed to explore the spe-
cific behaviour of NPs in the colloidal solution. Evaluation of such parameters is
necessary to determine the effective permeation of the designed NP-formulation
through biological barriers [41]. The pH of prepared CGA formulations was
measured by preparing 1% aqueous solution of the same and measuring it by
using a calibrated digital pH meter (Mettler Toledo MP 220, Greifensee, Swit-
zerland) at 37°C. Thereafter, conductivity of CGA-NPs was evaluated on elec-
trical conductivity metre (Orion Star A212) at 25°C. Conductivity is defined as
the degree of dissolved ions in the dispersed phase relative to the dispersion
phase. Furthermore, density and specific gravity of the CGA-NPs were measured
using E-Z Red SP101 Battery Hydrometer and specific gravity bottle respective-
ly. Specific gravity describes the internal friction to flow. Lastly, viscosity was
measured using viscometer (Brookfield viscometer) which is a measure of a flu-

id’s resistance to flow [42].
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3.5. In-Vitro Release Kinetics

The release kinetics of a compound is affected by various factors like pH, salt
concentration and temperature that necessitates the evaluation of the release
pattern of compound from the nano formulation. CGA-NPs were dispersed in 2
mL of distilled water and placed in donor compartment [43]. The receiver com-
partment was filled with phosphate buffer (20 mL, pH 7.2) and in between both
the compartments pre-treated dialysis membrane was placed to establish the
concentration gradient. Thereafter, setup was kept on the magnetic stirrer and
sample from the outlet port was withdrawn after every hour followed by equal
replacement of PBS to maintain equilibrium [44]. The absorbance of collected
samples from the receiver port was analysed at 334 nm and Cumulative Drug

Release (CDR %) was estimated by the following expression:

Volume of sample withdrawn

COR(8) =20 1]+ P[]

x100

where, P4 refers to the percentage release at time [#] and P{#— 1] is the percen-
tage release at time [#— 1]. The prediction of compound release pattern for CGA
from the CGA-NPs was performed by fitting CDR into various release kinetic
models [45] by evaluating the characteristic equation and R? value and best fit is
analysed [46].

Data Analysis: All set of experimental data are reported as mean + SD and
the validation of datasets were done by using two-way ANOVA with p value <
0.01.

4. Results and Discussion

4.1. In-Silico Validation of Receptor-Ligand Interaction

As discussed earlier, in-silico studies were performed by AutoDock Vina (v
1.5.6) that helped in analysing the ligand interaction at specific site with all the
five-protein-complex structures resulting in the effective binding affinity ex-
pressed in terms of kcal/mol. Interaction between proteins and CGA involves
binding of various amino acid residues which results in a formation of highly
stable complex. This stable complex formed between the target and ligand shows
the blocked active site of the over-expressing proteins which is predicted to de-

crease the ROS production and later preventing neurological imbalances [47].

4.2. 3D Structural Conformation of Proteins and Ligand

Three-dimensional conformations with potential active binding sites of all five
target proteins (receptor) are illustrated in Figures 2(a)-(e). These Figures
elucidates the precise positioning of the amino acid residues in the protein struc-
ture and are labelled with distinct colour-coded regions on protein surface along
with their active site binding pockets (shown with red boxes) which are classed

as specific regions exhibiting higher binding affinity for their respective ligands.
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Figure 2. ((a)-(e)) 3D structure of all five-protein-complex with the active site prediction with interacting residues; (a) Acetylcho-
line; (b) GSK3-4; (c) IL-10; (d) Tau; (e) TNF-a; (f) Image representing the 3D structure of CGA using chimera 1.14.

Similarly, Figure 2(f) shows the structure of ligand (CGA) with its carboxyl,
hydroxyl and ester groups placement in its chemical structure [48]. CGA showed
an average weight of 354.30 mM, topological polar surface area of 165 a* formal
charge of 0 and covalently-bounded unit count of 1, which was retrieved from its
PubChem database [49].

4.3. Receptor-Ligand Interaction

The protein-ligand interaction as demonstrated in the study explains the binding
profile of the ligand within the active binding pocket of protein resolutely by
hydrogen bonding through pi-pi hydrophobic interactions as shown in Figure 3.
The essential factor responsible for an ideal binding of ligand with the active
binding site pockets is directly related with its position and alignment of the
substituents on the molecular surface. The docking was performed with all the
five proteins; however, the most active protein-ligand interaction was reported
in acetylcholine and GSK-3p. From Table 2 it can be deduced that acetylcholine
exhibits the best binding affinity than rest of the proteins. Its interaction with
CGA showcases 6 hydrogen bonds between hydroxyl, carbonyl and nitric group
of ligand (CGA) with the residues [Ser 125, Ser 293, Tyr 124, Tyr 337, Arg 296,
Phe 295] therefore possessing an excellent binding energy of —9.3 kcal/mol [50].
Several hydrophobic interactions were also identified with specific residues [Phe
297, Phe 338, Val 294, Leu 289, Thr 83, Asp 74, Asn 87, Gly 121, Trp 86, His 447]
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Figure 3. Receptor-ligand interactions at the active binding site with their respective LigPlot. (a) Acetylcholine; (b) GSK3-4; (c)
IL-10; (d) Tau Protein; (¢) TNF a.

Table 2. Receptor-ligand interaction in terms of binding affinity.

Binding Interacting Residues
Protein Affinity
(kcal/mol) Hydrogen Residues Hydrophobic Residues Salt Bridges (No.)
Ser (125, 293), Phe (297, 338), Val 294,
. Arg 296 (1),
Acetylcholine -9.3 Tyr (124, 337), Leu 289, Thr 83, Asp 74, Asn 87, Phe 295 (1)
Arg 296, Phe 295 Gly 121, Trp 86, His 447
Ser 236, Arg 209, Val (208, 240), Gly 176,
er s ( ), Gly Arg 209 (1),
GSK-38 -6.9 Leu (207, 329), Thr (235, 330, 326), Ser (174, 237),
. i Ser 236 (2)
Chlorogenic Arg 328 Pro (326, 331), His 173
Acid
IL-10 6.1 Val 124, Phe (128, 146), Ile 145, Glu 142,
’ Ala 139 Ala 127, Leu 131, Lys 138, Met 140
Lys 49 (1),
. Tyr 19, Asn 50, Asp (20, 21, 51), Lys 85, ys 49 (1)
Tau Protein -6.8 Arg 56 (1),
Asp 20, Glu 89, Lys 49 Arg (18, 55), Gly 54, Glu 17, Val 51
Arg 127 (2)
TNFa 65 Asp (140, 143), Phe 144, Ala 145, Glu 23, Pro 139, i

Lys 65, Pro 20, Gly 66

Gly (24, 66), GIn 67, Tyr 141, Leu 142
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contributing to the primary binding interaction. The salt bridge formation, at po-
sition Arg 296 and Phe 295 was also observed between the oxygen and nitrogen
atoms which makes the structure more stable and reinforces the interaction at
the active site cavity. Thereafter, GSK-38 was another protein with higher docking
pose, forming 4 [Ser 236, Leu 207, Leu 329, Arg 328] hydrogen bonds with bind-
ing efficiency comparatively less than that of Acetylcholine (-6.9 kcal/mol) [51].
The hydrophobic interacting residues [Phe 297, Phe 338, Val 294, Leu 289, Thr
83, Asp 74, Asn 87, Gly 121, Trp 86, His 447] and showed the salt bridge forma-
tion at Arg 209 and Ser 236. Similarly, the results were prepared for the other
ranked targets revealing their hydrogen bond interactions to fix ligand firmly and
tightly at the targeted site. It is clearly evident from the Table 2 that each target
has a significant binding energy ranging from —9.3 kcal/mol to —6.5 kcal/mol
pointing towards the fact that the CGA has an exemplary binding capability to-
wards all the retrieved targets for limiting process of neurodegeneration in AD

cases [52].

4.4. Statistical Optimization

After subjecting the prepared design model for statistical analysis by Box-Behnken
method, 29 runs with p value of 0.0003 for the model system were obtained. Al-
so, the effect of independent variables over dependent ones was further studied
and contour plots for the same were developed. The concentration of polymers
(CS and PCL), rate of addition and sonication time have a pivotal role on the EE
of the compound (CGA) inside the lattice structure. Also, these factors further
act as an important parameter in altering or controlling the release kinetics of
CGA from the matrix system [53]. The resultant effect of independent variables
on the EE can be explained by the following equation:
EE =59.4+17.84424—-4.36583B —16.2083C —4.48667D — 6.3225 4B
-4.94C+1.044D-0.1BC —0.325BD —2.175CD +14.6858 4>

-5.43167B° —11.7429C* —3.00042D°

where, A is CS concentration (mg/mL), B is PCL concentration (mg/mL), Cis
the sonication time and D is the rate of addition. Moreover, on the basis of re-
sultant data set as represented in Table 3, the concentration of 2.5% CS and
0.1% PCL with 10 mg/mL of CGA (Run 18) was selected as the optimised for-
mulation set as it exhibited the highest and most efficient EE value of 99.59%
and also corresponded well with plotted RSM model graphs (Figure 4) with p <
0.05 (0.05 < p < 0.1) as represented in Table 3 [54]. The maximum EE was
found to be 99.59% with 2.5% of CS and 0.1% of PCL [55].

The developed model system was found to be highly significant with R* value
of 0.8819 and F-value of 7.47 [56]. After the analysis of polynomial equation da-
ta, it was inferred that combination ratio of factor A (CS concentration) and
factor C (sonication time) are directly proportional to the concentration of
compound encapsulated. Whereas, factor B (PCL concentration) and factor D
(rate of addition) were not directly impacting the process of encapsulation
(Table 4) [57] [58].
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Table 3. Representing the generated p-value score in correlation with EE amongst all runs.

X2 -1 @abuve Surfuce

Intercept A B C D AB AC AD BC BD CD A? B? c? D?
EE 59.4 17.8442 -4.36 -16.20 -4.48 -6.32 —49 1.04 -0.1 -0.32 -2.17 14.68 -543 -11.74 -3.004
p-Value <0.0001 0.159 <0.0001 0.14 0.23 0.31 0.84 0.98 0.95 0.67 0.0025 0.19 0.01 0.46
Table 4. Analysis of variance (ANOVA) for designed quadratic model system.
Source Sum of Squares df Mean Square F value p-value
Model 10,830.94 14 773.64 7.47  0.0003 significant
A: CS Conc. 3820.97 1 3820.97 36.90 <0.0001
B: PCL Conc. 228.73 1 228.73 2.21 0.1594
C: Sonication Time 3152.52 1 3152.52 3044  <0.0001
D: Rate of Addition 241.56 1 241.56 2.33 0.1490
AB 159.90 1 159.90 1.54 0.2344
AC 96.04 1 96.04 0.9274  0.3519
AD 4.33 1 4.33 0.0418  0.8410
BC 0.0400 1 0.0400 0.0004  0.9846
BD 0.4225 1 0.4225 0.0041  0.9500
CD 18.92 1 18.92 0.1827  0.6755
A? 1398.96 1 1398.96 13.51 0.0025
B? 191.37 1 191.37 1.85 0.1955
c? 894.46 1 894.46 8.64 0.0108
D? 58.39 1 58.39 0.5639  0.4651
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Figure 4. The response surface methodology based graphical plots representing the sta-
tistical modelling of CGA-NPs correlating their encapsulation efficiencies with all sets of
independent variables.
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4.5. Particle Size Analysis (PSA) and Zeta Potential (ZP)

Based on the results of EE, the highest EE yielding nano formulation was se-
lected for PSA and ZP analysis. The average particle size was recorded as 101.9
nm with polydispersity index (PDI) of 0.066 suggesting the existence of homo-
geneous colloidal solution (Figure 5(a)) [59]. Further, ZP of CGA-NPs showed
to be —17.4 mV (Figure 5(b)) implying lower charge profile of the NPs which
ensures no possible aggregation and minimal repulsive forces with higher stabil-
ity of prepared nano formulation [60].

Size (rnm): % intensity Width (r.nm):

z-average (r.nm): 101.9 Peak 1: 110.4 100.0 30.80
PdI: 0.066 Peak 2:  0.000 0.0 0.000
Intercept: 0.935 Peak 3:  0.000 0.0 0.000

Result quality: Good

Size Distribution by Intensity
) T T T T PP

:

Intensity (%)

0

0.1 1 10 1 [‘)0 1000 10600
Size (rnm)
(a)
Mean (mV) Area (%) Width (mV)
Zeta potential (mV): -17.4 Peak 1: -174 100.0 4.36
Zeta Deviation (mV): 4.36 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.0278 Peak 3:  0.00 0.0 0.00

Result quality: Good
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Figure 5. (a) Graph representing the particle size analysis and (b) Zeta potential of the
optimised nanoparticles (CGA-NPs).
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4.6. Transmission Electron Microscopy (TEM)

TEM reveals the morphological structure and size of the nanoparticle and the
image taken at 15,000x magnification with the scale of 100 nm reflected spheri-
cal morphology of the NPs with particle size range between 90 - 110 nm (Figure
6) [61] [62]. This data is in compliance with the previous characterisation data
of PSA [63].

100 nm
HV = 200.0kV
Direct Mag: 15000x

Figure 6. TEM micrographs showing optimised CGA-NPs at 15,000x at the scale bar of
100 nm.

4.7.FT-IR Analysis

FT-IR graph shows the topographical properties and surface phenomenon of the
NPs subjected for the analysis (Figure 7). The samples containing NPs were ir-
radiated with infrared light and the functional groups present on the surface of
nanoparticles were observed. CGA consists of carboxylic group, hydroxyl group
and ketone group [64] [65]. The signature peaks of FT-IR corresponded to O-H
stretch, C=0 stretch of carboxylic acid and O-H stretch of hydroxyl group and
C=0 stretch of ketone group at 2345 cm™, 1793 cm™', 3386 cm™" and 1654 cm™'
respectively [66]. The O-H stretch of COOH group shows a broad and strong
peak in the range of 3300 - 2500 cm™" whereas, the C=0 group in the range of
1680 - 1750 cm™' depicts increase in wavenumber due to decrease in bond length
because of electronegativity concept as represented in Figure 7. The O-H of hy-
droxyl group in range of 3550 - 3200 cm™" was involved in intermolecular bond-
ing with esters whereas, the carbonyl of ketone group in range 1750 - 1680 cm™
showed the broad peak due to maximum absorption in strongest IR region [67].
On encapsulation of CGA in CH-PCL matrix a broad peak of PCL and CGA is
observed at 3270 cm™' corresponding to amide functional group. The amide
functional group combines the feature of amine and ketone because it has both
N-H and C=0 bond. Therefore, amide shows somewhat broad bend at left end
of spectrum in range of 3500 - 3100 cm™'-NH stretch [68].
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Figure 7. Image exhibiting the FT-IR spectra of all the test samples between the wave-
length ranges of 400 - 4000 cm™".

4.8. Physiochemical Parametric Analysis of Formulated
Nanoparticles

CGA-NPs were tested to evaluate several physiochemical parameters as listed in
Table 5. Recorded data showed the pH value of CGA-NPs as 6.7 + 0.26 which is
acceptable under the GRAS (generally regarded as safe) limits to ensure safe io-
nic strength for the nano formulation [69] [70]. Also, conductivity of NPs was
observed to be 0.221 + 0.05 S‘m™’ that is a slightly higher than that of water
(0.005 - 0.05 S-m™") but would ensure better permeation of NPs by creating suit-
able action potential across the biological barriers [71] [72]. Furthermore, den-
sity and specific gravity of the tested formulation was 1.035 + 0.86 g-ml™" and
1.013 £ 0.27 g-ml™ respectively, which is a desirable behaviour of the colloidal
solution as it was closer to water. Viscosity of the CGA-NPs was 0.894 + 0.9 Pa-s
which is slightly higher that of blood 0.004 Pa-s therefore observed CGA-NPs

transportation would face less resistance due to low viscosity [73] [74].

Table 5. Physiochemical parametric analysis of optimised nanoparticles.

Physiochemical Parameters

Optimised H Conductivity Density Specific Gravity Viscosity
Nanoparticles £ (Sm™) (gml™) (g/cm?) (Pa-s)
6.7 £0.26 0.221 £0.05 1.035 + 0.86 1.013 £ 0.27 0.894 +£0.9
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4.9, In-Vitro Release Kinetics

The release kinetics data showed 95.15% + 0.68% CCR (Cumulative compound
release) of CGA from the NPs matrix within 7 hours and only 5% of it was re-
leased in the last 5 hours [75]. The comparative study of the results obtained for
release kinetics evaluation of test samples (CGA and CGA-NPs) showed a sig-
nificant improvement in the release pattern of CGA in case of CGA-NPs (Figure

8). There is a sharp decrease after half-time (at the 6th hour) seen in the release
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Figure 8. Graph representing the comparative data of cumulative drug release from the
CGA and CGA-NPs.

Table 6. Various kinetic models for in-vitro release of CGA and CGA-NPs.

Kinetic Model Kinetic Model Equation R?
Zero order y="7.5638x+ 28.497 0.7963
First order y=-0.1741x+ 2.0348 0.9696
CGA-NPs Higuchi’s model y=0.0295x+ 0.0682 0.9353
Hixson Crowell’s model y=0.3471x+ 0.2052 0.9645
Korsmeyer-Peppas model y=1.128x+ 0.9755 0.5895
Zero order y=2.0665x+ 37.894 0.1587
First order y=-0.1391x+ 2.1499 0.672
Pure CGA Higuchi’s model y=0.0308x+ 0.7032 0.3799
Hixson Crowell’s model y=0.285x-0.0172 0.7267
Korsmeyer-Peppas model y=1.0702x+ 0.9433 0.5663
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Figure 9. Kinetic drug release analysis of pure CGA using different models (a) Zero order; (b) First order; (c) Higuchi; (d) Kors-

Peppas; (e) Hixson model.

of CGA, as opposed to the consistent release pattern seen in case of CGA-NPs
[76] [77]. The graph of percentage cumulative compound release versus time va-
lidates the sustained release of the drug with time (Figure 8). The verification of
CCR data from the standard models of drug release exhibited the rate constant
of the equation (R* = 0.9696) and plot for CGA-NP best fits in the First order
model of kinetics (see Table 6, Figure 9). The first order model represents a di-
rectly proportional relation between the compound concentration and rate of

release, hence following a linear kinetics [78] [79].

5. Conclusion

The present study highlights the in-silico validation of high-level interaction of
CGA with the active sites of the given proteins (acetylcholine, GSK34, IL-10, Tau
protein, TNFa) that form the validation of the next step. After the confirmation
of their effective binding affinity, synthesis and optimization of CGA-NPs by ionic
gelation method was performed and the statistical optimisation for CGA-NPs

was done using different parameters, that were varied till the maximum encap-
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sulation efficiency was obtained. Moreover, the optimised set of CGA-NPs had
the concentrations of CH and PCL as 2.5% and 0.1%, respectively with a sonica-
tion time of 10 minutes and a 20 minutes’/ml rate of addition resulting in 99.59%
EE. Furthermore, the optimized CGA-NPs were characterized by different tech-
niques. The optimized CGA-NPs had an average particle size of 101.9 + 1.5 nm
with a PDI score of 0.065 + 0.02. The ZP obtained was —17.4 mV. The results
from TEM graphs show that the NPs had a spherical shape and lie in a size range
of 90 to 110 nm which conforms to the results obtained from DLS analyses. The
data obtained from comparative evaluation of in-vitro drug release kinetics shows
a significant improvement in release profile of CGA in the encapsulated NP
form as opposed to the pure form. A sustained release of CGA from the NPs into
the media was observed following the First Order model of kinetics (up to 95.15%
of compound released in the initial 7 hours). Thus, these results indicate a suc-
cessful formulation of CGA-NPs and its ability to treat various NDD diseases
and this formulation can be utilised further on suitable 7n vivo models for testing

and verifying their pharmaceutical efficiency.
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