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Abstract

Cancer is one of the most aggressive
diseases and is the primary cause of mortality
around the world. This can be prevented by
combining anti-cancer drugs to reduce the
resistance to monotherapy and thereby reduce
the toxic effects. Cytotoxic anticancer drugs can
potentially elicit cancer cell death by apoptosis or
necrosis. Our present study aimed to investigate
the combined cytotoxic potential of cisplatin
(CDDP) and diallyl disulfide (DADS) on MDA-
MB-231 breast cancer cell lines. The clonogenic
assay was also performed to assess the effects
of the drug on the proliferation of breast cancer
cells. The results showed that CDDP/DADS
(CDDP and DADS) markedly inhibited cell
proliferation and significantly reduced the colony
formation potential, migration, and invasion
abilities of MDA-MB-231 cells. The apoptosis
assay confirmed that cell death was through an
apoptotic pathway. Cell cycle analysis results
indicated that the combination effect of the drugs
resulted in arresting cells in the G2/M phase of
the cell cycle. Further, the haemolytic assay
revealed that the CDDP/DADS is nontoxic to
RBCs. In conclusion, combining these two
drugs inhibits the oncogenic properties of TNBC
cells, including their growth, survival, migration,
and invasiveness.

Keywords: Cancer, wound healing, colony
formation, apoptosis, cell cycle, Haemolysis.

Introduction

Cancer is a very complex disease,
which is highly heterogeneous, with a multi-
step process involving various molecular events
underlying the initiation and progression of
tumours. According to the GLOBOCAN Statistics
2022, breast cancer (11.5%) is the second most
common disease after lung cancer (12.4%).
Breast cancer is the second most frequent type
of cancer in the world and the fifth most common
cause of death from cancer (1). Although it is
still the most frequent cause of cancer death
in women in underdeveloped regions, in
more developed countries, it is the second most
frequent cause of cancer death in women (2).

Breast cancer mainly affects women
than men; however, this is a rare condition,
accounting for less than 1% of cases.
Approximately 2.29 million new breast cancer
cases were diagnosed in women in 2022,
which represents 23.8% of all cancers and over
15.4% of global breast cancer deaths (https://
gco.iarc.who.int) (3). It follows, therefore,
that numerous people across the world have
breast cancer, something which has made it
to be regarded as a significant public health

Unveiling the effects of cisplatin and diallyl disulfide on MDA-MB-231 breast cancer cells
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problem due to its extensive research focus. Of
all breast cancer-related issues, triple-negative
breast cancer (TNBC) is the most aggressive
form. Triple-negative breast cancers (TNBCs)
are distinguished by the lack of receptors for
progesterone and estrogen and the absence of
HER2 overexpression (4). These tumours are
a distinct subtype of breast cancer, having a
poor prognosis. To overcome this problem,
it is crucial to understand how complicated
the disease is and how it behaves to achieve
effective treatment and management measures
for patients suffering from the disease.

The cells in the tumour, stromal tumour
microenvironment (TME), and extracellular
matrix (ECM) significantly impact how the
tumour behaves inside the body. The ECM
provides structure to cells outside of them, while
TME is known for low pH outside of cells with
high hypoxia (5). These factors influence the
dormant phenotypes of tumour cells, bringing
about drug resistance and poor prognosis
among cancer patients. Tumours are biologically
similar to chronically unhealing wounds, which
show continuous inflammation that leads
to tumorigenesis, growth and metastasis.
Other cells, such as those attracted to the
tumour stromal microenvironment, contribute
significantly towards cancer growth, metastasis
and therapy failure (6). Thus, cancer therapy
combines two or more treatments targeting
different pathways that stimulate carcinogenesis
or facilitate cellular support. Treatment of various
types of cancer often entails mono-therapy;
however, this traditional approach is frequently
less efficacious than combination approaches.
Traditional mono-therapeutic techniques are not
selective for actively dividing cells but instead,
result in killing all non-cancerous ones as well
as unhealthy tissues. Chemotherapy may be
harmful to a patient, causing numerous side
effects and dangers, too (7).

Cisplatin (CDDP) demonstrates
significant antitumor activity across various
cancers by forming cross-linked adducts with
DNA, distorting its structure, and hindering cell

division (8). Diallyl disulfide (DADS), found in
garlic, exhibits promising anticancer properties
by inhibiting the growth of various types of
cancer cells and decreasing carcinogen-induced
cancers in experimental animals (9). These two
compounds differ significantly in terms of their
mechanisms of action. Cisplatin damages DNA,
while diallyl disulfide has multiple mechanisms
of action, including activation of detoxifying
enzymes, suppression of DNA adduct formation,
antioxidant effects, regulation of cell cycle arrest,
induction of apoptosis and differentiation histone
modification, and inhibition of angiogenesis
and invasion. Both compounds have been
studied for their potential role in cancer therapy.
Our present study aimed to investigate the
combined cytotoxic effects of CDDP and DADS
(CDDP/DADS) on MDA-MB-231 breast cancer
cell lines.

Our findings, which delve into the
effects on migration, apoptosis, cell cycle, and
toxicity, hold significant potential to contribute
to developing more effective and less toxic
breast cancer treatments. This underscores the
relevance and impact of our research, inspiring
further exploration and advancement in the field.

Materials and Methods
Materials

Cisplatin (CDDP), diallyl disulfide
(DADS), and triton X-100 were obtained from
Sigma-Aldrich (St. Louis, MO, USA). In addition,
Dulbecco’s modified eagle’s medium (DMEM),
fetal bovine serum (FBS), L-glutamine,
antibiotics, Crystal violet, and phosphate-
buffered saline (PBS) were procured from Hl
Media Laboratories (Kelton, PA, USA). The
apoptosis and cell cycle kits were purchased
from Merck (Darmstadt, Germany). All chemicals
and solvents used were of analytical grade.

Cell Culture

The MDA-MB-231cell line, a widely
used and well-characterized breast cancer cell
line known for its triple-negative breast cancer

Kaavya et al
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(TNBC) phenotype, was obtained from the
National Centre for Cell Science (NCCS), Pune.

Determination of IC,, concentration by MTT
assay

All CDDP/DADS treatments for the
below experiments were made with the IC,; of
the drugs, which was determined using the MTT
assay (10).

Clonogenic Assay

The clonogenic assay was performed to
assess the effects of the drug on the proliferation
of breast cancer cells. MDA-MB-231 cells
(200 cells/well) were cultured in six-well tissue
culture plates for 16 h. Then, drugs were
added to the respective wells according to the
IC,, concentrations (15.78 uM) described in
our previous report (11), and the plates were
re-incubated for 5-10 days. The media was
changed every alternate day, and the plates
were observed for colony (clusters of 20 or more
cells) formation under an inverted microscope
(Nikon, ECLIPSE Ti2, Tokyo, Japan). The
colonies were then stained with 0.5% crystal
violet solution and scored (12). The data has
been represented as % survival derived from
the following equation.

% survival = (Number of colonies after treatment/
Number of tumour cells seeded) X100.

Apoptosis assay

The MDA-MB-231 breast cancer cells
(1x10° cells/well) were seeded and incubated
till the cells were attached to the surface.
After incubation, cells were treated with IC
concentration of CDDP/DADS (15.78 uM) and
allowed to incubate for 24 h. They were then
harvested and washed twice with ice-cold
PBS. Subsequently, the cells were labelled
with Annexin V and the Dead Cell assay kit
according to the manufacturer’s instructions
and incubated for 20 mins in the dark (13,14).
This assay is based on the detection of
phosphatidylserine (PS) on the apoptotic cell
surface using fluorescently labelled Annexin

V. The samples were determined by the Muse
Cell Analyzer (Millipore, USA) and analysed by
software provided by Merck Millipore (15).

Cell cycle analysis

MDA-MB-231 breast cancer cells
(1x108 cells/well) were seeded in 6-well plates
and incubated till the cells were attached to the
surface. After incubation, cells were treated with
IC,, concentration of CDDP/DADS (15.78 uM)
and allowed to incubate for 24 h. The cells were
detached, pipetted, centrifuged at 500 x g at4°C
for 5 min, and washed once with 1 x Phosphate-
buffered saline (PBS). The cells were fixed with
1 ml (70%) of ice-cold ethanol and incubated
at 4°C overnight. The ethanol-fixed cells were
washed with PBS, and 100 pL of Muse cell cycle
reagent was added. The tubes were incubated
for 30 min at dark and analysed on a Muse flow
cytometer (Millipore, USA). DNA content and
cell cycle distribution were analysed using the
software provided by Merck Millipore (16).

Haemolysis activity

The haemolytic efficiency of the CDDP/
DADS was assessed by following the protocol
by Hu et al. (2013), with slight modifications (17).
A fresh blood sample (5 ml) was collected in
heparinised tubes and centrifuged at 2000 rpm
for 5 mins. After discarding plasma, the red blood
cells were washed three times with phosphate
buffer saline. The 2% solution of red blood cells
was prepared in phosphate buffer saline for the
analysis. 500 pL of the red blood cell solution
was added to a micro-centrifuge tube containing
CDDP/DADS (IC,, concentration) to study the
haemolytic activity (18). Phosphate buffer saline
was taken as a negative control, and Triton
X-100 (10% v/v) as a positive control. The
samples were incubated at 37°C for 3-4 hon
the shaker, following the centrifugation at 2000
rom for 5 mins, and the release haemoglobin
content was scanned at 540 nm. The following
equation is used to calculate the haemolysis
(%):

% of haemolysis = (absorbance of test

Unveiling the effects of cisplatin and diallyl disulfide on MDA-MB-231 breast cancer cells
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compound (CDDP/DADS)-absorbance of PBS)/
(absorbance of Triton X-100)*100

Statistical analysis

Data was expressed as the mean %
standard deviation, and a t-test was performed
to identify the significance between groups.
The * p £ 0.05 is significant, ** p < 0.01 is most
significant, and ‘ns’ represents not significant (p
> 0.05).

Results and Discussions
Clonogenic Assay

The colony formation or clonogenic
assay is a widely used method to evaluate cell

Control

12 Hour

24 hour

survival and proliferation under in vitro conditions
(19). This assay helps estimate cell death
before or after treatment with adjuvant therapy
or cytotoxic drugs. Studies have shown that
CDDP and DADS, as a single therapy modality
or combined with other chemotherapeutic
drugs, have demonstrated anticancer effects on
various human cancer cells (20).

After treating MDA-MB-231 cells with
CDDP/DADS for 12 h and 24 h, the control
group formed distinct colonies compared to
the treatment group. The CDDP/DADS group
inhibited colony formation with a 70% reduction
in clonogenic ability, and the colonies were
much smaller than those formed by the control

(Fig. 1).

CDDP/DADS

Figure 1: Comparative observation of colony formation in MDA-MB-231 cells subjected to CDDP/
DADS treatment with control cells at 12 h and 24 h. The yellow arrow marks denote the apoptosis-
undergoing cells in the CDDP/DADS-treated group.

The long-term effects of combination
treatment with CDDP/DADS were assessed

formation in MDA-MB 231 breast cancer cells
treated with the combination of these drugs for

by clonogenic assay. We found that colony 24 h was suppressed to 30% (Fig. 2) (21,22).

Kaavya et al
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Control
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60
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12h 24h

Figure 2: The percentage of MDA-MB-231 cells
that survived after treatment with CDDP/DADS
compared to the control at 12 and 24 h.

Cell death (apoptosis)

Cancer cells are potentially killed by
necrosis or apoptosis with cytotoxic antitumor
drugs. Cell death was identified by analysing
the cell trajectories on the dot-plot diagrams of
Annexin-V-FITC/Pl-stained treated cells. The
plots are divided into four quadrants: live cells in
the lower left quadrant, early apoptotic cells in
the lower right, late-apoptosis cells in the upper
right, and dead cells in the upper left (23).

To determine whether the cytotoxic
effect of CDDP/DADS was associated
with apoptosis, annexin V-FITC/Pl double
staining was used to determine the number
of apoptotic cells by flow cytometry analysis.
Phosphatidylserine (PS) is a crucial biomarker
of early apoptosis and is translocated to the
extracellular domain from the cytosolic portion
of the membrane, identified by annexin V-FITC
staining. As apoptosis proceeds further, the cell
membrane is destroyed, and the PI that goes
into the nucleus eventually stains the DNA (24).
After treatment, the highest early apoptotic
population was 24.20%, with the populations of
viable cells at 70.97% in the CDDP/DADS group
compared to the control, which had 98.26% live
cells (Fig. 3).

APOPTOSIS PROFILE

Contral
80 = CDDPIDADS

Early Late Dead

2420%
Early Apop
3

Figure 3: Apoptotic activity of CDDP/DADS on
MDA-MB-231 cells. (A) Control cells. (B) CDDP/
DADS treated cells. (C) Graph delineating the
percentage of apoptosis for each quadrant (live,
early, late, and dead).

Cell cycle analysis

The importance of chemotherapies
functioning as cell-cycle modulators has
increased due to the recent confirmation of
the concomitant involvement of apoptosis and
cell-cycle inhibition. Flow cytometry analysis
was performed to analyse the various cell cycle
checkpoints. We have evaluated the effect
of CDDP/DADS on the DNA content of MDA-
MB-231 cells by cell cycle phase distribution
(GO, G1, S, G2, and M). The analysed data
suggested that cells exposed to CDDP/DADS
significantly increased the accumulation of
DNA contents up to 40% in the G2/M phase.
The treatment decreased GO/G1 and S phase
cells (Fig. 4). It has been observed that cisplatin
arrests cells at sub-G1, S, and G2 phases
(25), and diallyl disulfide arrests cells at the
G2/M phase. This statement also indicates the
accumulation of the DNA contents up to 31% in
the G0/G1 phase. The cell cycle analysis results
indicate that the combination effect of CDDP/
DADS resulted in arresting cells in the G2/M
phase of the cell cycle.

Unveiling the effects of cisplatin and diallyl disulfide on MDA-MB-231 breast cancer cells
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Figure 4: Analysis of cell cycle arrest of CDDP/
DADS in MDA-MB-231 cells. (A) Control cells.
(B) CDDP/DADS treated cells. (C) Graph
presenting the percentage of cell cycle arrest
for each phase (G0/G1, S, and G2/M).

Haemolytic Analysis

Haemolysis assay is a commonly used
test to evaluate the potential toxicity of com-
pounds on red blood cells. The assay examined
the released haemoglobin from the lysis of red
blood cells. The haemolytic activity of CDDP/
DADS is shown in Figure 5. The results revealed
that control and phosphate buffer saline (negative
control) showed 0.0% haemolysis. Meanwhile,
triton X-100 (positive control) showed 70.60%
haemolysis. Moreover, the haemolysis caused
by CDDP/DADS at 3% for 12 h and 8% for 24
h was negligible compared to Triton X-100.
According to the regulatory guidelines provided
by 1SO-10993-4: 2107, if the compound causes
less haemolysis (below 10% for humans), it is
considered a non-haemolytic compound and
safe for in vivo application. (26,27).

The results (Fig. 5) show that
CDDP/DADS in IC,, concentration do not
show haemolysis activity. According to the
percentage of haemolysis activity, a lower
concentration of CDDP/DADS was found to be
harmless and biocompatible. Thus, the CDDP/
DADS combination could be considered non-
haemolytic and safe for further applications. The
CDDP/DADS combination can be an excellent
anticancer agent in preventing breast cancer
growth and proliferation.

80—
Control
= Control (+)
Control (-)
P CDDP/DADS

40

Haemolysis (%)

20

T ns
ns ns T T
0 - -

12h 24h

Figure 5: Haemolytic activity of CDDP/DADS
at 12h and 24 h. Control is free RBCs, Positive
control (control +) is Triton X-100, and Negative
control (control -) is PBS.

Conclusions

The combination of CDDP/DADS inhibits
various oncogenic properties of TNBC cells,
including their growth, survival, migration, and
invasiveness. CDDP/DADS can be an excellent
anticancer agent in preventing breast cancer
growth and proliferation. Additionally, CDDP/
DADS induces apoptosis in cancer cells and
arrests them in the G2/M phase of the cell cycle.
The haemolysis assay showed that CDDP/
DADS is non-haemolytic, making them a good
choice for various cancer therapies.
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Abstract

Curcumin is a hydrophobic compound
with excellent antibacterial and antioxidative
properties but it exhibits poor bioavailability
which limits its therapeutic value. Nano emul-
sion (NE) is a modern drug delivery system
that can accommodate the poor bioavailability
and solubility of hydrophobic curcumin. The ob-
jective of this study was to formulate curcum-
in-based polyherbal NE mouthwash (Cur-poly-
herbal NE) and evaluate the antioxidant and
cytotoxic properties. The NE formulations were
prepared using glyceryl monooleate (GMO),
Pluronic® F-127, virgin coconut oil (VCO) and
distilled water. Physiochemical characterisation
of Cur-polyherbal NE was performed based on
FTIR and dynamic light scattering analyses, and
their stability at different temperatures was also
determined. The antioxidant activity of formu-
lations was evaluated using DPPH scavenging
assay, and their in-vitro cytotoxicity was inves-
tigated on HEK293 cells. This study demon-
strates that the antioxidant activity of Cur-poly-
herbal NE formulation was superior compared
to corresponding non-NE formulation (p < 0.05).
In-vitro cytotoxicity performed on HEK293 cells
revealed better % cell viability in dose-depen-
dent manner. The promising antioxidant activity
and non-toxicity on HEK293 cells of Cur-poly-
herbal NE may suggest its potential use as saf-
er mouthwash alternative.

Keywords: Nano emulsion, curcumin, poly-
herbal, antioxidant, cytotoxicity

Introduction

Gingival and periodontal disease are
commonly affiliated with the chronic accumula-
tion of bacterial plaque due to poor oral hygiene
(1). The management of plaque-induced gingi-
vitis focused on regular and appropriate dental
hygiene practices including the use of chemical
mouthwashes such as chlorhexidine as useful
adjuncts for mechanical plaque control mea-
sures (2). However, prolonged use of chemical
antibacterial mouthwashes are associated with
several adverse events (3). As an alternative,
plant-derived mouthwash had received sub-
stantial importance due to the numerous thera-
peutic benefits of herbal extracts (4).

Curcumin is a natural polyphenolic
compound derived from the rhizomatous herba-
ceous perennial plant, Curcuma longa Linnaeus
(C. longa L.). Curcumin is widely recognised for
its wide range of therapeutic properties includ-
ing antioxidant, antimicrobial and anti-inflamma-
tory properties (5). The therapeutic properties of
curcumin are associated with its potent free rad-
ical scavenging activity that are linked to various
signalling pathways (6). Traditionally, curcumin
has been used as an herbal remedy to treat
various ailments such as inflammatory diseas-
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es, wounds, and ulcers (7). In modern practice,
several narratives had reported the utilisation of
curcumin for various diseases (8—10). Previous
studies demonstrated the topical application of
curcumin oral gel had significantly reduced in-
flammation in severe gingivitis and periodontal
infections (8,11). However, several reports had
addressed the limitations of native curcumin as
a therapeutic agent due to its low bioavailabili-
ty and poor solubility which greatly hindered its
therapeutic efficacy (12). Recently, the emer-
gence of nanotechnology received recognition
for its ability to solubilise lipophilic drug and ever
since, had drastically improved the efficacious
delivery and bioavailability of hydrophobic com-
pounds, such as curcumin (13).

Various nanoparticle-based drug deliv-
ery systems (DDS) had been pursued including
nanoliposomes, solid-lipid nanoparticle, and
nano emulsion to enhance the bioavailability of
curcumin (14). Amongst these, nano emulsion
had been extensively formulated for the en-
hancement of solubility and absorption of cur-
cumin (15). Nano emulsion (NE) is a lipid-based
colloidal system composed of dispersed oil and
aqueous phases stabilised by means of surfac-
tants (16). The organisation of NE system allows
the solubilisation of hydrophobic compound and
thus, providing better uptake of the compound
for therapeutic application (17). Several studies
had discussed the promising alternative of NE
system in restoring therapeutic properties of
curcumin by reducing rapid clearance and pro-
moting controlled-release to minimise toxicity
(13,15).

Improved understanding of the pleiotro-
pic effects of herbal plants resulted in the ap-
preciation of polyherbal formulation in achieving
greater therapeutic effects that may be unat-
tainable from individual plant (18). Herbal plants
generally have high antioxidant content attribut-
ed from their secondary metabolites, polyphe-
nols (19). The antimicrobial effect of antioxidants
has become considerably recognised as plants’
antimicrobial defence mechanism (20). White
tea (Camellia sinensis L.) is a renowned ther-

apeutic agent associated with its antioxidative,
antimicrobial, and anti-inflammatory properties.
The antioxidative properties of white tea are
attributed to the high content of catechins and
polyphenolic compounds (21). It was previously
reported that white tea contains the highest con-
centration of antioxidants compared to the other
tea variants (22). Previous studies had demon-
strated the bactericidal properties of white tea
against several oral pathogens associated with
its polyphenolic compounds (23).

Ginger (Zingiber officinale) is another
notable rhizomatous plant possessing a wide
range of therapeutic properties including anti-
oxidant, anti-inflammatory, and antimicrobial at-
tributed to several phenolic compounds such as
6-gingerol and shogaols (24). Several narratives
had reported the antibacterial activity of ginger
against several periodontal and plaque-induc-
ing bacteria strains related to phenolic com-
pounds in ginger that caused destruction of
bacterial membrane integrity (25,26). Therefore,
the objective of this study was to develop and
characterise oil-in-water (o/w) polyherbal nano
emulsion mouthwash composed of curcumin,
white tea, and ginger extracts, and assessed
the antioxidant and in-vitro cytotoxic properties.

Materials and methods
Chemicals

Curcumin and ginger powder extract were
Pi Chemicals Ltd. (Shanghai, China). Virgin co-
conut oil (VCO) was procured from local super-
market, Brunei. White tea (Camellia Sinensis L.)
extract with product code FSS10580 was pur-
chased from Formulator Sample Shop (FSS®,
Bareggio, ltaly). Glyceryl monooleate (GMO)
was purchased from Croda™ International (East
Yorkshire, UK). Pluronic® F-127 (P-F127) was
purchased from Sigma-Aldrich (St. Louis, MO,
USA).

The human embryonic kidney cells
(HEK293) cell line was purchased from Amer-
ican Type Culture Collection (ATCC, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM)

Formulation of curcumin-based polyherbal nanoemulsion mouthwash and assessment of its antioxidant and in-vitro
cytotoxic properties
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was purchased from Gibco™ (Thermo Fish-
er Scientific Inc., Waltham, US). 1% penicillin
with streptomycin, 10% (v/v) fetal bovine serum
(FBS), 3-((4,5-Dimethylthiazol-2-yl))-2,5-di-
phenyltetrazolium bromide (MTT), and 0.25%
trypsin-EDTA, were purchased from Sigma-Al-
drich (St. Louis, MO, USA). 6-hydroxy-2, 5, 7,
8-tetramethychroman-2 carboxylic acid (Trolox)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
purchased from Sigma-Aldrich (St. Louis, MO,
USA).

Preparation of curcumin-based polyherbal
nano emulsion

Oil-in-water (o/w) curcumin-based poly-
herbal nano emulsion (Cur-polyherbal NEs) were
prepared by performing a two-step low-energy
Emulsion Inversion Point (EIP) method (27). Dif-
ferent concentrations of GMO (1%, 2% and 4%)
and P-F127 (1%, 2%, 4% and 8%) were used
as surfactants, respectively. As seen from the
composition of Cur-polyherbal NE formulations
on Table 1, the white tea liquid extract (WTE)
and filtered ginger liquid extract (GE) contents
of Cur-polyherbal NEs were kept at 5% and
20% and curcumin content was either 25 and
50 mg. The aqueous phase solution composed
of WTE (5%, w/w), filtered GE (20%, w/w), and
surfactant P-F127 was added dropwise to the
oil phase mixture composed of VCO, surfactant
GMO, and curcumin powder extract (Figure 2).
Finally, distilled water was gradually added to
mark up the total volume of mixture to 100 mL.
The mixture was mixed under continuous mag-
netic stirring at 400 rpm, 45 — 50°C for 30 min-
utes to create spontaneous o/w emulsion. The
formulation of o/w nano emulsion was achieved
by further stirring the emulsion at a higher shear
speed of 3000 rpm for another 30 minutes us-
ing a L5M-A Laboratory Mixer homogeniser
(Silverson® Ltd., Chesham, UK). Obtained nano
emulsion formulations were contained in sealed
bottles and stored inside a cabinet at room tem-
perature (25 + 2°C) throughout analysis period.

Physiochemical characterisation of curcum-
in-based polyherbal nano emulsion

Organoleptic properties

Formulations were evaluated for colour,
odour and density. A 100 mL pycnometer was
used to determine the density in g/mL of the for-
mulations. Whereas, the colour and odour of the
formulations were evaluated based on its inten-
sity(28)50cPs.

pH determination

AE150 pH meter (Fisher Scientific) was
used to determine the pH of Cur-Polyherbal
NEs. 5 mL of each formulation was diluted with
10 mL of tap water before measuring the pH at
room temperature (29).

Dynamic light scattering (DLS) measure-
ments

A Zetasizer Nano ZS (ZEN3600) analyser
(Malvern Instruments Ltd., Malvern, UK) was
used to measure the particle size, polydisper-
sity index (Pdl) and -potential measurements
of the o/w nano emulsions. Prior to the exper-
iment, 100 pL of each formulation was diluted
with 4 mL of distilled water and sonicated in
37°C water bath for 30 seconds to ensure ho-
mogenous scattering of particles. Analysis of
formulations was measured at scattering angle
of 173° and temperature of 25°C. All measure-
ments were performed in triplicate and results
are expressed as mean + SD (29,30).

Stability study

The stability of formulations was as-
sessed by evaluating the change in organolep-
tic properties, phase separation, pH, and densi-
ty at three different temperatures of 4 + 2°C, 25
+ 2°C, and 40°C % 2°C with 5% humidity. Mea-
surements were carried out on the day of stor-
age (day 0) and at predetermined time intervals
of 14 and 30 days. All formulations were kept in
sealed vials (31).

Yusof et al
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FTIR analysis

Optimised Cur-polyherbal NE formula-
tions were scanned using a Fourier transform
infrared spectrometer (FTIR LabSolutions IR,
Shimadzu, Columbia, Maryland, USA) at wave-
length of 400 — 4000cm™" and resolution of 4 cm™!
(32,33)"ISSN”:"18469558”,"abstract”:"© 2017
Rajan Rajabalaya et al., published by De Gruy-
ter Open 2017. The purpose of the study was to
develop a transdermal tolterodine tartrate (TT.

Antioxidant activity of Cur-polyherbal NE
DPPH assay

In order to analyse the antioxidant activity
of Cur-polyherbal NE, DPPH scavenging activ-
ity assay was performed based on the capabil-
ity of the herbal extracts of the formulations in
scavenging the DPPH- free radical. A 0.1 mM
stock solution of 1,1-Diphenyl-2-picrylhydrazyl
(DPPH) in methanol was prepared. All tested
sample including free curcumin and Cur-Poly-
herbal NE formulations (C1-NE and C3-NE)
were dissolved in methanol. The non-nanosized
formulations (C1-E and C3-E) were also pre-
pared to investigate the effect NE system on
the antioxidant capacity of the formulations. The
DPPH assay was performed in a 96-well micro-
plate.

The tested compounds containing DPPH
free radicals were incubated in the dark for 30
minutes at room temperature to allow free-radi-
cal scavenging activity to occur. The antioxidant
compounds present in the test formulations re-
duced DPPH free radicals (purple) to produce
1-Diphenyl-2-picryl hydrazine (yellow). After
30 minutes, the amount of DPPH free radicals
remaining was measured using a spectropho-
tometer microplate reader (EPOCH 2, BioTek
Instruments) at 517 nm. The DPPH assay was
performed triplicate for each tested compounds
and formulations at three independent experi-
ments.

The percentage of radical scavenging
activity was calculated according to Equation

(1):

% DPPH scavenging activity (%):((AsA- Ai) % 100% (1
C
Where, A_represented the absorbance
of sample and DPPH-MetOH solution, A, rep-
resented the absorbance of sample in meth-
anol, and A, represented the absorbance of
DPPH-MetOH solution.

The calculated percentage of DPPH
scavenging activity was plotted against sample
concentration and IC, values were determined
by nonlinear regression analysis.

A powerful antioxidant, Trolox, was used
as a reference positive control. A Trolox calibra-
tion curve was acquired by measuring the ab-
sorbance of 0.1mM DPPH methanolic solution
at 517 nm after addition with increasing concen-
tration of Trolox (0 — 30 mM). The absorbance
readings were obtained after the DPPH reduc-
tion reaction of Trolox at 30 minutes after Trolox
addition. Finally, the DPPH radical scavenging
capacity were expressed as Trolox equivalent
antioxidant capacity (TEAC) in ug/mL of tested
compounds (34).

Trolox Equivalent Antioxidant Capacity (TEAC)
values were calculated as:

TEAC = (IC50 of Trolox (pg/mL))
(IC50 of sample (pug/mL))

(2

In-vitro cytotoxicity study
HEK293 cell line

Human embryonic kidney (HEK293) cells
were grown in 25 cm? culture flasks with com-
plete culture medium containing Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, Life
Technologies, USA) supplemented with 4mM
L-glutamine (Gibco, CA, USA), 10% (v/v) heat
inactivated fetal bovine serum (FBS), 100 IU/mL
of penicillin and 100 pym/mL streptomycin. The
cells were maintained under a controlled humid-
ified atmosphere of 5% CO, and 95% humidity
at 37°C. Cells were regularly sub-cultured using
0.25% Trypsin-EDTA when 80 — 90% cell con-
fluent was reached. Trypan-blue solution (Ther-
moFisher) and haemocytometer were used for

Formulation of curcumin-based polyherbal nanoemulsion mouthwash and assessment of its antioxidant and in-vitro
cytotoxic properties
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cell counting (35)anti-oxidative, and anti-cancer
properties but has poor bioavailability. Liquid
crystals (LC.

HEK293 cell density optimisation for MTT
Assay

Cell density optimisation for MTT assay
was performed prior to MTT cytotoxic experi-
ments. Different ranges of cell seeding densi-
ty (1 x 104, 2 x 104, 3 x 104, and 4 x 10* cells/
well) were seeded in triplicates on 96-well plate.
Each cell density was suspended in complete
culture medium.

In-vitro cytotoxicity study of Cur-polyherbal
NE using MTT Assay

To evaluate the cytotoxicity of Cur-poly-
herbal NE formulations, in-vitro cytotoxicity us-
ing MTT assay was performed on HEK293 cells.
HEK293 cells were resuspended in 100 pL com-
plete culture medium, seeded in 96-well culture
plate at a density of 2 x 10* cells/well and incu-
bated overnight at 37°C, 5% CO, and 95% hu-
midity to allow cell attachment. Following over-
night incubation, culture medium was removed
and cells were treated with 100 pL of culture
medium containing different dilutions (1:1000,
1:100, and 1:10) of C1-NE, C3-NE, non-nano-
sized formulations (C1-E and C3-E) and empty
NE system without herbal extracts (Empty-C1
and -C3) for 24 hours. The HEK293 cells were
also treated with 1% of free herbal extracts (cur-
cumin, GE, and WTE) used in the formulation

of C1-NE and C3-NE. As negative control, cells
were treated with 1% distilled water. The viabili-
ty of cells was determined after 24-hour of incu-
bation. After 24-hour exposure, 30 yL of MTT (1
mg/mL in PBS) was added to respective wells
and incubated at 37°C for 2 hours until purple
formazan crystals were formed. The formazan
crystals were dissolved in 100 pL of isopropanol
and left overnight in the dark before reading the
absorbance at 570 nm using spectrophotometer
plate reader (EPOCH 2, BioTek Instruments).
The measured absorbance is identified as the
number of viable cells in respective well. The
cell viability was expressed as the percentage
of formazan absorbance at 570 nm (36).

Statistical analysis

All tests were performed in triplicates and
data are presented as mean + standard devia-
tion (SD). All statistical analyses were analysed
by one-way analysis of variance (one-ANOVA)
and multiple comparison by Tukey'’s test using
GraphPad Prism (version 8.4.3). A value of p <
0.05 was considered statistically significant.

Results and Discussion

Formulation & preparation of curcum-
in-based  polyherbal nano emulsion
(Cur-Polyherbal NE)

Six formulations were prepared in this
study by investigating the effect of different con-
centrations of surfactants (GMO and P-F127)

Table 1. The different formulations prepared with varying concentration of VCO, GMO and P-F127

Oil-phase Aqueous phase
Formulation c b.F127 Phase
code 9 ur 9 0 - separation
VCO (g) GMO (%) (mg) GE (%) WTE (%) (%) p
F1 1 25 20 5 1 No
F2 2 50 20 5 2 No
F3 10 1 25 20 5 1 Yes
F4 10 2 50 20 5 2 No
F5 5 2 25 20 5 4 Yes
F6 10 4 50 20 5 8 No
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and VCO on the stability of the nano emulsion
formulations. Amongst these, four formulations
(F1, F2, F4, and F6) were successfully produced
stabilised nano emulsion with no visible phase
separation after 24-hour post-production (Table
1). Therefore, these optimised formulations (C1-

NE - C4-NE) were chosen to be further tested
for subsequent physiochemical characterisation
and stability studies. The optimised formulations
with no phase separation are shown at Table 2,
and the visualisation for the optimised formula-
tions is shown on Figure 1.

Table 3. The organoleptic properties, pH values and density of the optimised Cur-polyherbal NE

Oil-phase Aqueous phase |
Formulation WTE P-F127  Distilled
code 0 o - istille
VCO (g) GMO (%) Cur (mg) GE (%) (%) (%) water (mL)

C1-NE 1 25 20 5 1 70
C2-NE 2 50 20 5 2 70
C3-NE 10 2 50 20 5 2 65
C4-NE 10 4 50 20 5 8 65

F5 5 2 25 20 5 4 Yes

F6 10 4 50 20 5 8 No

Abbreviations: VCO, virgin coconut oil; Cur, curcumin; GE, ginger extract; WTE; white tea extract;

GMO, glyceryl monooleate.

Figure 1. Physical appearance of the optimised oil-in-water curcumin-based polyherbal nano emul-
sion. From left to right: C1-NE, C2-NE, C3-NE, and C4-NE.

Physiochemical evaluation of optimised
Cur-Polyherbal NE

The organoleptic properties, pH, and
density of Cur-Polyherbal NE formulations were

evaluated. All of the Cur-Polyherbal NE formula-
tions were opaque with pale yellow colour. The
measured pH values, density, and odour of the
formulations are presented in Table 3.
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Table 3. The organoleptic properties, pH values and density of the optimised Cur-polyherbal NE

formulations.

Lo Formulation code
Characteristics
C1-NE C2-NE C3-NE C4-NE

Colour Yellow Yellow Yellow Yellow
Odour Qil-like Qil-like Qil-like Oil-like
(intensity) (+) (+) (++4) (+++4)

pH 5.43 5.40 5.62 6.05

Density (g/mL) 0.977 0.975 0.957 0.994

Note: '+’ mild; ‘+++ moderate; ‘“++++’ strong odour.

Stability study

The stability of Cur-Polyherbal NE formu-
lations was assessed based on the measured
pH values, density and physical appearance
after 30 days storage. At day 30, the Cur-Poly-
herbal NE formulations presented with acidic
pH values ranging from 4.44 — 6.15 (Table 4).
All formulations stored at 4 £ 2°C and 40 = 2°C
remained visually stable with no phase separa-
tion, although, an increase in density by 0.002
—0.012 g/mL was observed on most of the for-

mulations (Table 4). Furthermore, reduction in
the density of formulation C1-NE and C2-NE
was observed by 0.011 g/mL and 0.002 g/mL
from its initial density, respectively, when stored
at 40 + 2°C after 30 days. Overall, based on the
findings, all formulations presented with rela-
tively acceptable pH values ranging from 5.43
— 6.02 when stored at room temperature (25 +
2°C) after 30 days. On the other hand, it was
shown that formulation C3-NE had the lowest
pH values of 4.44 and 4.88 when stored at 4 +
2°C and 40 + 2°C, respectively (Table 4).

Table 4. The measured pH values of the Cur-Polyherbal NE formulations at three different storage

temperature.
i pH Density (g/mL)
For'::ézt'on Day . . 40°C + . . o 4 5o
4+2°C | 25+2°C 2°C 4+2°C 25+2°C 40°C £ 2°C
0 5.43 5.43 5.43 0.977 0.977 0.977
C1 14 5.35 5.97 4.98 0.977 0.965 0.970
30 5.61 5.43 4.96 0.978 0.965 0.959
0 5.40 5.40 5.40 0.975 0.975 0.975
C2 14 5.38 5.52 5.1 0.971 0.963 0.970
30 5.50 5.50 5.10 0.980 0.963 0.968
0 5.62 5.62 5.62 0.957 0.957 0.957
C3 14 4.78 5.60 4.59 0.966 0.956 0.971
30 4.88 5.79 4.44 0.968 0.962 0.973
0 6.05 6.05 6.05 0.994 0.994 0.994
C4 14 5.77 5.77 5.78 0.923 0.930 0.931
30 6.15 6.02 5.58 0.935 0.930 0.931
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Particle size, polydispersity index, and zeta
potential

The mean particle size, polydispersity
index (Pdl), and C-potential of all four formula-
tions were determined based on Dynamic Light
Scattering (DLS) measurements are presented
in Table 6. All Cur-polyherbal NEs presented with
narrow size distribution (Pdl <0.3) and negative
C-potential values ranging from -0.418 + 0.373
to-1.12 £ 0.695 (Table 5). It was shown that for-

mulation C3-NE presented the best NE charac-
teristic with relatively smaller mean particle size
of 179.8 £ 2.15 nm, PDI of 0.157 + 0.012, and
C-potential of -1.12 £ 0.695 mV. In the contrary,
formulation C1 presented with relatively larger
particle size of 268.3 £ 2.88 nm, PDI of 0.275 +
0.013, and low (-potential of -0.418 + 0.373 mV.
Therefore, due to the distinctive characteristics
of C1-NE and C3-NE, these formulations were
selected for further antioxidant and cytotoxic
studies.

Table 5. Mean particle size, polydispersity index (Pdl), and {-potential of Cur-polyherbal NEs.

Forr::cllaetion Mean particle size (nm) Pc;:lgg(iii;();rdslity Zeta ({)-potential (mV)
C1-NE 268.3 + 2.88 0.275+0.013 -0.418 £ 0.373
C2-NE 135.7+2.15 0.169 £ 0.016 -1.027 £ 0.120
C3-NE 179.8 £ 2.15 0.157 £ 0.012 -1.12+0.695
C4-NE 208.1 £ 1.71 0.292 + 0.004 -0.183 + 0.352

Data are presented as mean + SD (n = 3).

FTIR Analysis

The successful incorporation of curcumin,
WTE and GE in the Cur-polyherbal NE formu-
lations were analysed using FTIR analysis. The
FTIR spectra of formulation C1-NE, C3-NE and
individual components of the Cur-polyherbal
NE formulations were compared for changes in
spectra shifts in the formulations and are depict-
ed in Figure 2. The intense peak at 2926.00 cm™'
was revealed to be attributed from the asymmet-
rical methylene —CH, (aliphatic) group stretch-
ing, whereas, the alkyne —C=C group stretch-
ing resulted in the characteristic dual peaks at
2359.91and 2342.79 cm™ (37). Meanwhile, the
disulfide —C-S group stretching resulted in the
peak at 668.76 cm™'. Furthermore, these char-
acteristic peaks in FTIR spectra of formulation
C1-NE (2926.00, 2359.91, 2342.79 and 668.76
cm™) were also observed at VCO, GE, GMO,
WTE, and curcumin with slight minor shift. Con-
versely, the characteristic dual peaks observed

in formulation C3-NE at 2924.57 and 2854.70
cm™ corresponded to the asymmetrical and
symmetrical methylene —CH, (aliphatic) group
stretching, respectively (38)which are sensitive
to minute structural changes. The lack of speci-
ficity of this technique, on the one hand, permits
us to probe directly the vibrational properties of
almost all the cofactors, amino acid side chains,
and of water molecules. On the other hand, we
can use reaction-induced FTIR difference spec-
troscopy to select vibrations corresponding to
single chemical groups involved in a specific
reaction. Various strategies are used to identify
the IR signatures of each residue of interest in
the resulting reaction-induced FTIR difference
spectra. (Specific. Meanwhile, the correspond-
ing alkyl carbonate —C=0O and nitrate —C=N
stretching resulted in strong peak at 1743.91
and 1636.96 cm', respectively. Furthermore,
the characteristic peaks in formulation C3-NE
(2924.57, 2854.70, 1743.91 and 1636.96 cm™)
were also observed at VCO, GMO, P-F127.
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Figure 2. FTIR spectra of (a) C1-NE, (b) C3-
NE, (c) curcumin powder extract, (d) VCO, (e)
Ginger extract (GE), (f) Glyceryl monooleate
(GMO), (g) Pluronic®F-127, and (h) WTE.

Antioxidant activity of Cur-Polyherbal NE
DPPH assay

All tested samples presented with DPPH
scavenging activity in a dose-dependent man-
ner (Figure 3). At an equivalent curcumin con-
centration of 250 pg/mL, C1-NE and C3-NE
showed higher DPPH scavenging activity of
96.3 = 0.577% and 97.7 = 2.155%, respective-
ly, compared to free curcumin (89.7 £ 1.229%)
at the same concentration (Figure 5(a)), al-
though the differences was not significant.
When compared between NE and non-NE for-
mulations, the DPPH scavenging activities were
significantly reduced (p <0.05) in C1-E (78.6 £
5.154%) compared to C1-NE (96.3 + 0.577%) at
the same curcumin concentration of 250 ug/mL.
Conversely, the reduction in DPPH scaveng-
ing activities of C3-NE compared to C3-E was
not statistically significant (p >0.05). The DPPH
scavenging activities of the three herbal extracts
are presented on Table 7. It was revealed that
free curcumin and GE presented with excellent
antioxidant activities of more than 80%. The IC,
values of free curcumin, C1-NE, C3-NE, C1-E
and C3-E, from the DPPH scavenging assay,

were 3.70, 8.55, 7.74, 16.8, and 11.1ug/mL, re-
spectively (Table 8). The corresponding TEAC
values of free curcumin, C1-NE, C3-NE, C1-E
and C3-E, are presented in Table 8.

(a)
=1 C1-NE

B C3-NE
mm Curcumin

% DPPH scavenging activity

7.81 15.60 31.25 62.50 125.00 250.00
[curcumin] (pg/mL)

(b)

100
mm Ci1-E
= C3-E
= Curcumin

» @ o
T TF

% DPPH scavenging activity
N
o
1

o
1

7.81 15.60 31.25 62.50 125.00 250.00
[curcumin] (ug/mL)

Figure 3. The % DPPH scavenging activity of
(a) C1-NE, C3-NE, (b) C1-E, C3-E at different
equivalent curcumin concentrations (7.81 — 250
pg/mL).

Table 6. DPPH radical scavenging anti-
oxidant activity of against the highest concen-
tration of individual herbal extracts used in the
development of Cur-polyherbal NE formulations

Herbal Concentration | % DPPH scaveng-
extracts (Mg/mL) ing activity

WTE 50 27.0 £0.223

GE 200 85.4 £ 0.031
Curcumin 500 90.7 +1.15

Table 7. DPPH radical scavenging antioxidant
activity (IC,,) performed by DPPH assay.

IC,, (ng/mL)
Sample from DPPH TE‘I‘g (;Cso’
assay 50
C1-NE 8.55 0.375
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C3-NE 7.74 0.415
C1-E 16.8 0.191
C3-E 111 0.289

Curcumin 3.70 0.868

Trolox 3.21 1.000

In-vitro cytotoxicity study
Cell optimisation

Prior to cytotoxic study by MTT assay,
determination of the optimal cell density was
performed on four different cell seeding density
of HEK293 cells. The optimal cell density was
selected according to the ability of the cells to

(@)

1.60
1.40
1.20
1.00
0.80

0.60

Absorbance 517nm

0.40

0.200.
0.00 ®
0

10 20
Number of cells (104)

(b)
A. B .

reach 80 — 90% confluency after 48 hours on
the 96-well plate. This was taken into consid-
eration that HEK293 cells was treated with test
samples after overnight incubation and thus,
100% cell confluence should be avoided prior to
MTT assay. It was stated that the absorbance for
optimum number of cells for MTT assay should
be within the range of 0.75 — 1.25 (39). Out of
the four cell seeding densities, 2 x 10* and 3 x
10* cells/well had an appropriate absorbance of
1.07 and 1.16 (Figure 4 (a)). Whereas, 4 x 10*
cells/well displayed absorbance of 1.80, indicat-
ing 100% cell confluence (Figure 4 (b)). Taking
into account of the 80 — 90 % cell confluency, 2 x
10* cells/well were selected for the MTT assay.

30 40 50

c. D.

Figure 4 (a) The absorbance (517 nm) of different number of HEK293 cells after 48-hour incubation
for cell density optimisation. Figure 4 (b) HEK293 cells viewed under inverted microscope (10x)
after 48-hour incubation for cell density optimisation. Note: (A) 1 x 104 cells, (B) 2 x 10* cells, (C) 3

x 10* cells, (D) 4 x 10* cells.
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In-vitro cytotoxicity of Cur-Polyherbal NE
using MTT Assay

In order to determine whether the selected
NE formulations (C1-NE and C3-NE) were safe
and not toxic to normal cells, different dilutions
of the formulations were tested on HEK293 cells
and the effect on cell viability was determined
by MTT assay. MTT assay was performed on
the three herbal extracts used to prepare the NE
formulation (curcumin, WTE and GE). It was re-
vealed that free curcumin presented lowest cell
viability of 21.3 + 3.06% followed by WTE with
46.7 + 2.08%, respectively, after 24-hour incu-
bation (Figure 5). In comparison, GE expressed
negligible cytotoxicity with 107.3 = 4.73% cell
viability. Since these NE formulations were pre-
pared in distilled water, the effect of 1% distilled
water on cell viability was also tested, and a de-
crease in cell viability (84.7 £ 4.16%) was ob-
served (Figure 5).

When performed on the NE formula-
tions, the MTT assay revealed a dose-depen-
dent cytotoxicity of C1-NE and C3-NE (Figure
6). Evident cytotoxicity of C1-NE and C3-NE
were observed when cells were treated with
the formulations diluted at 1:10 which induced
a reduction of cell viability of 49.0 + 2.83 and
44.0 + 6.66%, respectively. On the other hand,
no evident cytotoxicity was observed for C1-
NE and C3-NE when diluted at 1:1000 with cell
viability above 80%. It was also demonstrated
that empty-C1, -C3 and non-nanosized formu-
lations presented a dose-dependent cytotoxicity
on HEK293 cells. When compared to NE formu-
lations (C1-NE and C3-NE), the corresponding
non-nanosized formulations (C1-E and C3-E)
demonstrated a relatively lower cell viability of
36.3 + 5.34 and 43.6 + 4.04 % when diluted at
1:10, respectively (Figure 6 (a) and (b)). Con-
versely, empty-C1 and -C3 did not present with
substantial cytotoxicity when diluted at 1:1000
with cell viability above 80%.

150

100

% cell viability

Figure 5. The cytotoxic effects of individual
herbal components (GE, WTE and curcumin)
on HEK293 cells after 24-hour treatment by
MTT assay. Error bars represent standard devi-
ation of triplicate, where n=1.

(a)
150
2
£ 1004
; N Empty-C1
: - = Cl-E
" ) == C1-NE
0-
1:1000 1:100 190
Dilution
(b)
2
g . 7 i\i § o Empty-C3
§ ® g § Z § C3-E
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T T

1:100 1:10
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Figure 6. The cytotoxic effect at different dilu-
tions of (a) C1-NE, and (b) C3-NE on HEK293
cells after 24-hour treatment by MTT assay. Er-
ror bars indicate the standard deviation of tripli-
cates, where n=1.
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DiscussiON

Formulation and preparation of Cur-poly-
herbal NE

Curcumin was able to completely dissolve
within oil phase composed of VCO and surfac-
tant GMO. VCO was selected due to its excellent
ability to dissolve curcumin attributed to the sat-
urated medium-chain fatty acids (MCFA) con-
tents of VCO that promotes maximum curcumin
loading into the NE system (40,41). This is in
agreement with previous study whereby VCO
demonstrated as a superior plant-based carrier
oil for development of NE system for hydropho-
bic polyphenols such as curcumin (42). Another
important consideration during the formulation
of NE was to select components that are phar-
maceutically acceptable. In this study, non-ionic
surfactants (GMO and P-F127) were chosen as
they are less toxic compared to the convention-
al ionic surfactants (43). Previous studies had
also described the use of GMO and P-F127 in
the development of NE (44), (45). Surfactant is
required to create a stabilised interfacial tension
present between oil and aqueous phase of NE
by ensuring two immiscible phases are suffi-
ciently adsorbed and thereby, providing homog-
enous NE system (46). Furthermore, it has been
reported that the oil-aqueous interfacial tension
can be further reduced with increasing surfac-
tant-to-cosurfactant content (47). In this study,
the NE system was prepared at varying GMO
to P-FF127 ratio contents. Results showed that
higher GMO to P-FF127 ratio in combination
with higher VCO content exhibited mechanically
stable NE system. This is consistent with previ-
ous study that reported the incorporation of cos-
urfactant promoted better interpenetration be-
tween surfactants, thereby producing compact
interfacial tension that are resistant to particle
flocculation (48).

Physiochemical characterisation of

Cur-polyherbal NE
Organoleptic properties, pH and density
In this study, the pH values of the opti-

mised formulations were found to be on a slight-
ly acidic pH between 5.40 — 6.04, on average.
It has been recommended that the acceptable
pH value for mouthwashes should be more than
5.5 to prevent enamel erosion in acidic environ-
ment (pH < 5.5) (49). Several factors including
chemical reactions and acidic ester contents of
VCO might cause the formulations to be slightly
acidic (50).

Particle size, Pdl and zeta potential

The particle size of the Cur-polyherbal NE
formulation served a critical role in providing en-
hanced curcumin bioavailability (16). The small
particle size of NE systems provide greater sur-
face area that enables better drug permeabili-
ty (51). It was described that the conventional
particle size for nano emulsion ranges between
10 — 200 nm in diameter (52). In this study,
C1-NE and C4-NE presented with mean parti-
cle sizes of more than 200 nm. It was expect-
ed that increasing the VCO content with limit-
ed concentration of surfactants to compensate
for the excessive oil droplet may contribute to
the increment of particle size (53). On the other
hand, all optimised formulations presented with
Pdl values less than 0.30 indicating a mono-
disperse distribution of the particles in the NE
system and better stability (54)or lipidic carri-
ers, are being extensively employed to enhance
the bioavailability of poorly-soluble drugs. They
have the ability to incorporate both lipophilic
and hydrophilic molecules and protecting them
against degradation in vitro and in vivo. There
is a number of physical attributes of lipid-based
nanocarriers that determine their safety, stabil-
ity, efficacy, as well as their in vitro and in vivo
behaviour. These include average particle size/
diameter and the polydispersity index (PDI.

The value of zeta potential provides an in-
dication of the physical stability of an NE system
and its resistance to particle flocculation based
on electrostatic repulsion between the particles
(55). It has been reported that an electrostati-
cally stabilised NE system should present with
zeta potential values around = 30mV (56). In

Formulation of curcumin-based polyherbal nanoemulsion mouthwash and assessment of its antioxidant and in-vitro
cytotoxic properties



Current Trends in Biotechnology and Pharmacy

1834

Vol. 18(3) 1822-1840, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

10.5530/ctbp.2024.3.30

this study, only formulation C2-NE and C3-NE
presented with a more negative zeta potential
values of -1.027 + 0.120 mV and -1.12 + 0.695
mV, relatively, which inherently suggest higher
tendency to agglomerate, eventually. The neg-
ative zeta potential of the formulations may be
due to the dispersion of the anionic fatty acids
and glycerol present on GMO and VCO (57). It
has been described that the physical stability of
NE system is not exclusive to zeta potential val-
ues but also on the concentration of surfactant
used during the formulation (45). The addition of
sufficient surfactant contents may have provid-
ed a rigid oil-aqueous interfacial tension which
may be sufficient to prevent destabilisation of
the NE system.

Stability study

It has been reported that pH alterations
due to chemical interactions greatly impact the
stability and quality of NE systems due to the
electrostatic repulsive interaction that disturb
the interfacial tension (58)a major obstacle
that remains to be overcome is the capacity of
the active molecules in C. asiatica to cross the
blood-brain barrier (BBB. Several authors had
discussed the influence of pH alteration due
to internal chemical reactions which eventual-
ly compromise the quality of emulsions. (59). It
was also reported that NEs produced using veg-
etable oil, in this case was VCO, may observe
a reduction in pH attributed to the hydrolysis of
fatty acid esters (60).

FTIR analysis

The FTIR spectra of Cur-polyherbal NE
formulations in comparison to their individual
components showed no absence in any func-
tional peaks in any of the spectra. Furthermore,
no significant peak shifts or new functional group
stretching were observed in the Cur-polyherbal
NE formulations (C1-NE and C3-NE). Howev-
er, some minor shifts in wavelength peaks were
observed which may suggest that some interac-
tions occurred between the components of the
Cur-polyherbal NE formulations resulting in the
broadening of the peaks.

Antioxidant activity

In this study, the selected NE formulations (C1-
NE and C3-NE) were investigated for their anti-
oxidant activity using DPPH assay based on the
capability of curcumin to scavenge DPPH free
radicals when loaded inside the NE system. The
increased in DPPH scavenging activity of the
NE formulations may be attributed from the well-
known antioxidant properties of the polyherbal
extracts (WTE, GE and curcumin) present in the
NE system which might work synergistically to
produce excellent antioxidant activity (61). This
observation was expected as both curcumin
and GE are renowned for their potent antioxida-
tive properties (62). The increase in antioxidant
activity of renowned antioxidant compounds
after nanoencapsulation has been reported by
some authors (63,64). It has been reported from
a previous study that curcumin and resveratrol
extracts displayed significant improvement in
their antioxidant profile when associated into
lipid-nanoencapsulation (65,66). The authors
suggested that this was influenced by the ki-
netic release of antioxidants from the oil core.
In-vitro cytotoxicity of Cur-Polyherbal NE using
MTT Assay

Cytotoxicity of Cur-Polyherbal NE

In this study, it should be noted that the
absolute concentration of the NEs were unable
to be deduced as additional assay needs to be
performed (67). Thus, in order to assess the cy-
totoxicity of the formulations, several dilutions
of stock NE formulations were made in order to
prepare different concentrations of C1-NE and
C3-NE, accordingly. However, it was known that
C1-NE and C3-NE stock solutions carried cur-
cumin concentration of 250 pg/mL and 500 pg/
mL, respectively. Thus, the cytotoxicity of C1-
NE and C3-NE towards HEK293 cells were de-
scribed by taking into account the concentration
of curcumin (ug/mL) present at different dilution
factors.

In this study, cytotoxicity of C1-NE and
C3-NE were in a dose-dependent manner
whereby reduction in percentage of cell viability

Yusof et al



Current Trends in Biotechnology and Pharmacy

1835

Vol. 18(3) 1822-1840, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

10.5530/ctbp.2024.3.30

was observed with increasing concentration of
the NE formulations. It can be deduced that C1-
NE and C3-NE were evidently cytotoxic towards
HEK293 cells when treated with both formula-
tions at a lower dilution of 1:10, whereby, C1-NE
and C3-NE had equivalent curcumin concentra-
tions of 25 pyg/mL and 50 pg/mL, respectively.
This observation is in agreement with previous
study that reported higher toxicity of curcum-
in-loaded NE (< 40% cell viability) at 40 uM on
HaCaT cell line (68). Furthermore, the differ-
ences in particle sizes between C1-NE (268.3 £
2.88 nm) and C3-NE (179.8 £ 2.15 nm) may in-
fluence the different cytotoxicity observed in this
case. It has been reported that NE system with
smaller particle size had an increased ability to
efficiently deliver loaded drug, in this case was
curcumin, across cellular compartments leading
more exposure of the drug leading to cytotoxici-
ty especially at a higher dose (69). On the other
hand, both empty-C1 and -C3, which comprised
of VCO, GMO and P-F127, did not exhibit any
inherent cytotoxicity at 1:100 dilution which are
in agreement with previous studies that regard-
ed GMO and P-F127 as cytocompatible (70,71).

This study also demonstrated that both
C1-NE and C3-NE generally showed higher
cell viability when compared with free curcum-
in. Zheng et al. (72)which was then investigat-
ed against human embryonic kidney cells (HEK
293 reported that free curcumin exhibited 50%
cytotoxicity at 10 pg/mL compared to curcumin
nanoparticle (CNP) with less than 40% cytotox-
icity at same concentration after 24 h incubation
on HEK293 cells. Several narratives suggested
that the reduction in cytotoxicity was account-
ed from the controlled and sustained release
of curcumin when loaded inside NE system
(68,73). This suggests that the incorporation of
nanotechnology potentially promotes greater
bioavailability of curcumin with less toxicity.

One of the limitations of this cytotoxicity
study by MTT assay was the lack of indepen-
dent experimental repeats and statistical anal-
ysis was unable to be performed due to the na-
ture of the replicates. Thus, this study cannot

conclude whether the cytotoxicity observed in
dose-dependent manner between C1-NE and
C3-NE was altogether significant. Furthermore,
the unknown concentration of NE present on the
formulations limits the understanding of the tox-
icity of formulations associated with NE system.
Thus, additional assay should be performed in
future studies to determine the concentration of
NE present on the formulations. However, as
this was only a preliminary study, results ob-
tained from this cytotoxicity study can provide
as guidelines for future studies to be performed
using a lower concentration of curcumin loaded
on NE system and assess its safety profile.

Conclusion

The selected Cur-polyherbal NE formula-
tion (C1-NE and C3-NE) presented with mean
particle sizes within 100 to 300 nm, low polydis-
persity index (Pdl) (< 0.3), and acceptable stabil-
ity when stored at room temperature. This study
had shown that the NE formulation (C1-NE and
C3-NE) had retained the renowned antioxidant
properties of curcumin, WTE and GE, with
DPPH scavenging activities over 90%. More-
over, when investigated with the corresponding
non-nanosized formulation (C1-E and C3-E), a
significant reduction in DPPH scavenging activ-
ities were observed (p < 0.05) which suggests
the importance of nanotechnology in providing
better therapeutic effects of the formulation.
Whereas, cytotoxicity study of the formulations
on HEK293 cells using MTT assay exhibited
dose-dependent toxicity. This preliminary study
serves as a baseline for further exploration of
polyherbal NE formulations as mouthwash al-
ternative. Studies such as antimicrobial study
on plaque-inducing pathogens should be eval-
uated in the future to investigate the efficacy of
the Cur-polyherbal NE mouthwash to control
gingival and periodontal diseases.
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Abstract

Cotton holds paramount importance
as a natural resource with considerable eco-
nomic, social, and environmental implications.
This study focused on isolating host-specific
mycorrhizal spores for the Mahyco cultivar of
Gossypium herbaceum. A homogenous mix-
ture of soils (HMS) was utilized, incorporating
eight widely used cultivars in Mahabubnagar
District, and maintained for 60 days. After the
designated period, the well-grown Mahyco plant
was carefully extracted and transferred to a pot
containing sterilized soil, ensuring sterile condi-
tions for 8 weeks. Mycorrhizal colonization was
observed in roots, and the soil was sieved to
isolate host-specific spores. Abundant spores
of Glomus mosseae were identified based on
the manual by Schenk and Perez (1987). These
spores were propagated through a funnel ex-
periment and then transferred to pots for mass
cultivation. The efficiency of Glomus mosseae
was tested with four different soils in Mahabub-
nagar District. Deep black soil exhibited optimal
growth in terms of plant development and phos-
phorus uptake, followed by shallow black soil.
This method demonstrates high host specifici-
ty for geographically grown cotton and can be
adapted for the sustainable cultivation of cotton.

Keywords: AMF, Glomus mosseae, Gossypi-
um herbaceum, HMS.

Introduction

Cotton, a crucial natural fibre and eco-
nomically significant crop, bestows considerable
advantages to humans and stands as a pivotal
raw material globally. Despite numerous recent
studies affirming the capacity of arbuscular my-
corrhizal fungi (AMF) to enhance plant growth
(27), yield, quality, and phosphorus acquisition,
(5, 11 19) their impact on the economic and
agronomic traits of cotton (24) remains largely
unexplored. Prior research findings indicate that
mycorrhiza-mediated inoculants can potentially
reduce the necessity for phosphorus fertilization
by at least 25%, and in some cases, up to 50%,
without compromising crop yield (7).

Mycorrhizal associations exhibit diverse
structures and functions, with the arbuscular
mycorrhizal (AM) association being the most
prevalent. This association forms between the
roots of higher plants and Zygomycete fungi
of the order Glomales (30). Numerous recent
studies affirm that arbuscular mycorrhizal fungi
(AMF) enhance plant growth (19), yield, quality,
and phosphorus acquisition (24). Fungi play piv-
otal roles in microbiological and ecological pro-
cesses, influencing soil fertility (17), decomposi-
tion, mineral and organic matter cycling (14), as
well as plant health and nutrition (29). A signifi-
cant effect on host plants is the mobilization of
nutrients like N and P from structural and other
polymers otherwise inaccessible to plant roots.

Host specific arbuscular mycorrhizal fungi (AMF): a boost to growth and phosphorus regulation in
cotton (Gossypium herbaceum)
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Mycorrhizal fungi develop on plants
through three main methods: forming spores
(4), colonized root fragments, or vegetative hy-
phae. The latter two are known as propagules,
structures containing mycorrhizal fungi capable
of initiating new associations. Propagules in
mycorrhizae encompass spores, hyphal frag-
ments, or other structures produced by the fun-
gi. Two types of fungus colonize plants: endo-
mycorrhiza or ectomycorrhiza. Endomycorrhiza
form 90% of relationships with all plant species
(35), while ectomycorrhizal fungi colonize from
outside the root cells, forming relationships with
approximately 10% of all plant species.

Arbuscular mycorrhizal fungi (AMF) es-
tablish symbiotic relationships with plant roots
and can enhance the adaptability of host plants
(3), particularly by providing additional phos-
phorus (P), (1), nitrogen (N), and zinc (31). The
symbiosis with AMF leads to the extension of
root systems, increasing the root surface area
utilized for nutrient uptake by more than 100-
fold. A diverse range of essential agricultural
crops, including wheat, rice, corn, potato, toma-
to, onion, pulses, cotton, and soybean, can en-
gage in symbiotic associations with AMF, high-
lighting their significance in global agriculture.

Numerous studies have reported isolat-
ing mycorrhizal fungi from plant roots, demon-
strating their specificity to particular plants due
to their presence in the rhizosphere vicinity.
However, confirming that plant growth is solely
due to the presence of specific fungi remains
challenging. The present study primarily fo-
cuses on isolating host-specific mycorrhizae
using the HMS (Homogenized Mixture of Soil)
method, where the plant (Gossypium herbace-
um) actively takes up spores beneficial for its
growth. This approach empowers the plant with
the ability to select the most suitable fungi for
optimal development.

Materials and Methods

A uniform blend of soils: Rhizosphere
soils associated with cotton plants were

gathered from six forest locations, namely
Amrabad-Nagarkurnool (Ngkl), Bhadracha-
lam-Khammam  (Khm), Eturunagaram-Wa-
rangal (Wrngl), Jannaram-Adilabad (Adb),
Kataram-Karimnagar (Krmn), and Narsapur-Me-
dak (Mdk). The soil samples were carefully en-
closed in sterile zip-lock bags and transported
to the laboratory.

Preparation of soil samples for homogenous
mixture of soils (hms)

Elimination of undesired materials such
as roots, gravel, stones, and pebbles was con-
ducted upon receiving the soil samples collect-
ed from different locations in the laboratory.
Subsequently, the bulk soil was reduced to the
required quantity using the quartering technique
(28), serving as a source for the isolation of ef-
ficient mycorrhizae specifically for the Mahyco
cultivar of Gossypium herbaceum. Before sow-
ing, the seeds underwent washing 2 to 3 times
to eliminate adhering impurities and miscella-
neous bacteria from the seed surface.

Preparation of Sterile Soil

A sterile soil mixture was created by
combining sand and red soil in a 1:1 ratio, fol-
lowed by autoclaving at 121°C under 15 Ibs
pressure.

Determination of percentage of mycorrhizal
root infection

Roots were cautiously removed and
rinsed thoroughly with water to eliminate any
adhering soil particles. Subsequently, they were
fixed in FAA (Formalin acetic acid alcohol solu-
tion). The roots were submerged in a KOH solu-
tion and autoclaved for 15-20 minutes, followed
by cleaning with distilled water. Acidification was
carried out in 5N HCI, and the staining process
was performed using lactophenol trypan blue.
The clarified roots underwent staining accord-
ing to the technique outlined in (23). The per-
centage of infection was determined using the
formula provided by (13).
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Funnel experiment

Sowing of Mahyco cotton cultivar was
conducted using Glomus mosseae spores in
funnels filled with sterilized soil supplemented
with Hoagland’s Solution (16).

Spore isolation and identification

A total of 100 grams of soil underwent
the process of submersion in 1 litre of water with-
in a beaker. Thorough mixing was accomplished
using a glass rod, and the mixture was allowed
to settle for a duration of 4 to 5 hours. The sus-
pension was meticulously poured through a
series of sieves with mesh sizes of 400, 100,
70, and 50 pym. The residues retained on these
sieves were then rinsed onto Whatman filter
paper. Subsequently, spores were carefully se-
lected using a needle under a stereo binocular
research microscope and arranged on a glass
slide, with or without the application of Melzer’s
reagent for enhanced identification. The identifi-
cation process relied on a thorough analysis of
morphological and subcellular characteristics,
with spores being cross-referenced against the
original description provided by (26).

Sampling diversity

Soil samples were gathered from var-
ious cotton fields in Mahabubnagar District,
including shallow black soil from Malleboinpal-
ly, red soil from Makthal, deep black soil from
Kalwakurthy, and sandy soil from Narayanpet.

Physico-chemical profile of soils in cotton
farming environments

Soil’s available nitrogen content was
assessed using the alkaline potassium perman-
ganate method, as described by (32). The de-
termination of available phosphorous was con-
ducted following the method outlined by Bray
and Kurtz in 1945, while potassium levels were
determined through flame photometry, following
the protocol established by (18).

Results and Discussion

The growth of cotton plants is signifi-
cantly influenced by Arbuscular Mycorrhizal
Fungi (AMF), as observed in the study by (33).
Plants that undergo AMF inoculation demon-
strate increased adaptability to adverse con-
ditions, as reported by (34). In this study, par-

Table-1: Growth parameters of Eight cotton cultivars grown in HMS (aged 50 days)

Cultivar Mycorrhizal Col- | Height of the plant (cm) Plant fresh weight (g) Plant dry weight (g)
onization (%) Shoot Root Shoot Root Shoot Root
Mahyco 82 35.03+0.76 |145+04 10.43+0.35 | 6.33+0.32 | 1.91+0.02 | 1.16 £0.02
Rashi 75 29.4+£0.29 12.56 £0.28 | 9.76 £ 0.3 49+0.26 144 +0.03 | 0.86+0.2
kaveri 71 25.63+0.2 11.93+0.25 |9.66+0.15 |4.53+0.25 |1.31+£0.02 |1+0.04
Marvel 70 24.7+0.19 12.06 £0.11 | 9.13+£0.25 |4.3+0.2 1.29+0.01 [093%0
Obama 70 2423+0.15 [ 11.16+0.25 |9.23+0.15 |3.9+0.2 1.26 +0.01 | 0.89 £0.01
Nusun 68 21.73+0.11 [ 10.6+0.2 8.73+0.2 3.6+£0.2 1.21+£0.02 | 0.82+0.02
Raj seeds | 62 20.7+0.3 10.23+0.15 | 8.63 0.1 3.36+0.15 | 1120 0.79 £ 0.01
Sunny 57 20.56+0.15 [9.7+£0.2 8.36+0.15 |[3.33+0.11 | 1.06+0.01 [0.78 £0.02

ticular emphasis is placed on the host-specific
mycorrhizal spores for the Mahyco cotton cul-
tivar. Eight Cotton cultivars were planted in an
HMS mixture (Table-1), and optimal conditions
were maintained to facilitate seed germination,
allowing the plants to grow for a period of 60
days.

After 50 days of cultivation, the Mahyco
cultivar exhibited a peak mycorrhizal coloniza-
tion rate of 82%, showcasing significant growth
in both plant height and weight. Remarkably, it
demonstrated maximal shoot and root lengths.
Subsequent to the 50-day growth period, the
Mahyco plant underwent transplantation into

Host specific arbuscular mycorrhizal fungi (AMF): a boost to growth and phosphorus regulation in
cotton (Gossypium herbaceum)
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sterile soil. During this transfer, the root zone
underwent three thorough washes with sterile
water and received a mercuric chloride treat-
ment to eliminate any adhered particles. The
seedling was carefully situated in a pot filled
with sterile soil, and stringent laboratory condi-
tions were maintained to foster its robust growth
over the ensuing five (5) weeks.

Following a 5-week growth period (Ta-
ble-2), the roots were carefully extracted to as-
sess mycorrhizal colonization, revealing a re-
corded rate of 62% based on the methodology
outlined by (13). Additionally, 8-10 spores were
isolated using the Wet Sieving and Decanting

method and subsequently mounted on cover-
slips for identification, referencing the Schenk
and Perez manual from 1987, leading to their
classification as Glomus mosseae. These
spores were then propagated through a fun-
nel experiment, a technique described by (33),
spanning a period of 7-14 days.

Throughout this germination phase, the
seeds had direct contact with the mycorrhizal
spores, minimizing the likelihood of spore un-
availability under controlled conditions. Follow-
ing germination, the setup was transferred to a
sterile pot environment for the extensive cultiva-
tion of spores.

Table-2: Growth parameters of Mahyco cultivar in sterile soil aged 5 weeks.

Cultivar | Mycorrhi- Height of the plant Plant fresh weight (g) Plant dry weight (g) Isolated Spore
zal Coloni- (cm)
1 0,
zation (%) Shoot Root Shoot Root Shoot Root
Mahy- 85% 44.9+0.19 | 15.440.2 | 12.46+0.25 | 7.53+0.23 | 2.05+0.04 | 1.26+0.02 Glomus mos-
co seae

Efficacy of Glomus mosseae in four diverse
soil samples

Based on the findings outlined in Ta-
ble-4, it is apparent that the presence of Glomus
mosseae arbuscular mycorrhizal fungi (AMF)
spores significantly contribute to promoting plant
growth. In an effort to address poor plant growth
conditions, as elaborated in the ‘Materials and

Methods’ section, four distinct soil samples
were subjected to NPK and trace element anal-
yses (refer to Table-3). These soils underwent
treatment with Glomus mosseae AMF spores,
with an uninoculated sample serving as a con-
trol. The Mahyco cultivar was cultivated in these
diverse soils over a 50-day period to assess the
efficacy of AMF under natural conditions.

Table-3: Physico chemical characteristics of four diverse cotton soils.

Location Soil type pH N P K S Fe Mn Zn | Cu
Malleboinpally | Shallow black soil | 8.0 | 220.14 | 91.72 | 121.84 | 8.6 | 2.32 | 23.24 | 0.31 | 0.23
Chitteboinpally Red soil 7.0 | 189.68 | 85.15 | 102.69 | 9.8 | 4.57 | 25.31 | 1.02 | 0.22

Kalwakurthy Deep black 8.0 | 235.23 | 102.58 | 138.12 | 8.0 | 2.12 | 31.21| 0.32 | 0.52

Divtipally Sandy soil 8.0| 175.87 | 76.92 | 91.75 | 9.8 | 0.12 | 12.25| 0.18 | 0.04

Across all soil types, Mahyco exhibited
favourable growth parameters and phosphorus
content. The most substantial growth and phos-
phorous content were observed in deep black

soil, followed by shallow black soil. Conversely,
sandy soil displayed comparatively less growth,
and red soil exhibited the least growth and
phosphorous content, as detailed in Table-4.
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E, P <[5 |8z |®|= |23 on both plant growth and nutrient uptake, ac-
§ companied by a noticeable increase in mycor-
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) 25 |0 1|0 |20 [0 .
s E= SEAEIENE % 8 é Some authors assert that the most sig-
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seed germination in HMS, a symbiotic relation-
ship forms with specific fungi in the rhizosphere,
significantly promoting the growth of the cultivar
and exhibiting high specificity for that particular
cultivar. The fungi, as part of their reproductive
cycle, produce spores. These spores may be
released into the soil when conditions are suit-
able for dispersal and germination, as reported
by (38) and (37). However, the precise timing
of spore release from root-associated fungi
may not follow a strict schedule or predictable
timeline. This variability is influenced by diverse
environmental and biological factors, including
plant age, growth stage, soil temperature, mois-
ture levels, and nutrient availability, all of which
impact both the growth of mycorrhizal fungi and
the propensity of cotton roots to establish symbi-
otic relationships. The fifty-day mark post-sow-
ing is a critical juncture for assessing arbuscular
mycorrhizal fungi (AMF) colonization; hence,
agricultural traits were examined during this pe-
riod. Within 36 days, over 80% of cotton roots
situated 25 cm below the soil surface had devel-
oped mycorrhizal associations at the inoculation
point, with subsequent secondary spread occur-
ring in a span of 10-13 days (13, 36).

The HMS Host-Specific Selection meth-
od emerges as a promising solution to address
challenges posed by climate change and the ob-
stacles associated with developing efficient bioi-
noculants, including cost, time, and the complex
study of genetic factors influencing specificity.
This innovative approach ensures the long-term
sustainability of agricultural productivity. The
method, as demonstrated, successfully identi-
fies and isolates geographically specific arbus-
cular mycorrhizal fungi (AMF) spores tailored to
the host plant, such as the Mahyco cultivar and
Gossypium herbaceum, emphasizing high plant
specificity within forest soil HMS. Given its reli-
ance on the availability of various spores under
specific climatic conditions and its adaptability
to interactions between the plant and soil, this
method holds global applicability for develop-
ing efficient bio-inoculants tailored to specific
plants. The overarching aim is to contribute to

environmentally friendly and sustainable agri-
cultural practices worldwide.

Unlike traditional random selection for
mycorrhizal spore, this method distinguishes
itself by referring to and exploring natural com-
binations. This technique could be the most ef-
fective for isolating novel, efficient mycorrhizal
spore. This method demonstrates that the iso-
lated spores are specific to the Cotton cultivar
Mahyco.

The efficiency of Glomus mosseae was
assessed across four distinct cotton soil sam-
ples, revealing varying degrees of colonization,
plant growth, and phosphorous content. Among
these, deep black soil exhibited the highest lev-
els, followed by shallow black soil, showcasing
maximum colonization, plant growth, and phos-
phorous content. In contrast, sandy soil demon-
strated the least colonization, plant growth, and
phosphorous content, with red soil exhibiting
values intermediate between sandy and black
soils.

Conclusion

Successfully identifying and isolating geo-
graphically specific organisms for Gossypium
herbaceum, particularly the highly plant-spe-
cific mycorrhizal spores from forest soil HMS,
demonstrates the efficacy of our method. The
approach relies on the availability of various
mycorrhizal spores to the cotton plant under
specific climatic conditions. The selection pro-
cess is intricately determined by the interaction
between the plant and mycorrhizae. As a result,
this method holds universal applicability for de-
veloping efficient mycorrhizal spores tailored to
the specific needs of cotton plants worldwide.
The versatility of this method proves advanta-
geous for fostering environmentally friendly and
sustainable agricultural practices.
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Abstract

Toothpaste containing sulfate is one
major concern as it is known as irritating and
causes adverse effects in the oral cavity. Hence,
a sulfate-free toothpaste is much more pre-
ferred nowadays. This research paper discuss-
es on three sulfate-free toothpaste formulations
that were prepared and optimized containing
two types of charcoal namely activated coconut
shell charcoal and rice husk charcoal. The for-
mulations differ in the binding agents and sur-
factants used and they are evaluated based on
13 physiochemical characterizations including
organoleptic properties, pH, foamability, spread
ability, tube extrudability, moisture content, FTIR
spectroscopy, cleaning test, toxicity assay, sta-
bility, abrasiveness, grittiness and morphologi-
cal evaluation. One commercial toothpaste was
also included in the test to be used as com-
parison. The objectives of this research are to
prepare and optimize sulfate-free toothpaste
formulations with natural charcoal from coconut
shell and rice husk, evaluate the toothpaste for-
mulations for physiochemical characterization,
stability, toxicity and their effectiveness (clean-
ing test). Menthol crystals were dissolved in
Propanediol and rice husk charcoal were grind-
ed with mortar and pestle. All solid ingredients
(including activated coconut shell charcoal,
carrageenan, sodium dodecyl sulfate (SDS)

and Sangelose) were then mixed together with
a small amount of distilled water. After transfer-
ring to a white tile, liquid ingredients were add-
ed to the solid mixtures and mixed thoroughly
using spatulas. The liquid ingredients included
were dissolved menthol, liquid surfactants (in-
cluding decyl glucoside (DG) and Tween-80
(T-80), glycerin, triethanolamine and coconut
oil. Finally, distilled water was added gradual-
ly until a paste consistency was formed. Three
toothpaste formulations have been developed
namely F1, F2 and F3 of which varied in the
binding agent and surfactant used. All tooth-
paste formulations showed results similar to
commercial toothpaste in terms of appearance,
odour, smoothness, tube extrudability, cleaning
test and grittiness. F1 have the highest basic pH
(9.78) and highest foamability (14 mL) among
the toothpaste formulations. However, F1 have
the lowest germination index (48.1%) indicating
that it is most toxic than the others including the
commercial toothpaste. In conclusion, all three
toothpaste formulations were able to achieve
the desired and acceptable characteristics with
the physiochemical characterization. This study
might provide good scope and be useful for fur-
ther research as being a sulfate-free toothpaste
that uses renewable waste activated coconut
shell charcoal and rice husk charcoal as the
abrasive ingredients and is capable of improv-
ing and maintaining oral hygiene.
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Introduction

Around 300 to 500 BC, toothpaste for-
mulation designs can be found to begin in China
and India where squashed bones and clamshells
were used as abrasives to clean teeth (1,2). In
the Middle Ages, the primary ingredients used
to clean teeth in the Arab were fine sand and
pumice (3). In 2020, about 307 million people
in the United States have used toothpaste and
this might rise to 316 million in 2024 (4). Tooth-
paste can be defined as a semi-solid dentifrice
that cleans and maintains good oral health of
teeth by removing food particles, reduce plaque
formation, reduce stain, polish the tooth surface
and refreshes the breath (2, 5, 6). They pres-
ent in the form of paste, gel, liquid or powder
dentifrices and is to be used with a toothbrush
simultaneously (3, 5). Toothpaste promotes and
maintains oral hygiene with the help of the in-
gredients in the toothpaste and brushing mech-
anism from the toothbrush. Brushing twice a
day for 2 minutes each is the most well-known
recommendation as a daily oral care routine.

Recently, a number of commercial den-
tifrices have been using coconut shell activated
charcoal in their ingredient, either in the form of
powder or paste and are used to whiten teeth.
A coconut shell is the hard outer part of a coco-
nut fruit located between the coconut husk and
coconut flesh. Charcoal is produced by the pro-
cess of removing water and other volatile ele-
ments from carbon-based materials such as co-
conut shell, coconut husk and wood. Moreover,
charcoal can be activated with high temperature
and gases to increase its porosity which results
in activated charcoal (7).

Historically, in India, burnt rice husk in pow-
der form have been used to clean the teeth over
centuries and nowadays, activated charcoal
made from rice husk was seen to be available,
but not widely, as powder for teeth-cleaning.
Rice husk, also referred as rice hull, is the out-
ermost layer of the rice grain. They provide pro-

tective cover to the grain and have an elongated
convex shape (8). Rice husks are the by-prod-
uct of rice production milling process and are
considered as agricultural wastes obtained from
the milling process in large quantity. They have
been recycled to be used for various purposes
including as fuel to be burnt as energy, used in
manufacturing, strengthening construction ma-
terials and used as raw materials such as for
metal polishing agent (8,9).

Numerous common ingredients can be
found in toothpaste including abrasives, bind-
ers, surfactants, humectants, preservatives,
sweeteners and flavours (6). Glycerine func-
tions as a humectant that prevents loss of mois-
ture from the toothpaste (10). It ensures that
the toothpaste remains in a moist condition pre-
venting the toothpaste formulation from drying
out (3, 11). Like thickening agents, humectants
also affect the consistency and stability of the
toothpaste in a long term. Having good water
retention will result in glossy or shiny toothpaste
formulation with an appealing texture within the
mouth (12). In cosmetic industry, triethanol-
amine functions as preservatives, pH adjusters
as well as surfactants (13). Sorbitol acts as a
primary sweetening agent and humectant (10).
Sweeteners work together with the flavorings by
adding sweetness to the toothpaste formulation
(12). One common flavouring agent is menthol
that are used to refresh oral cavity and gives
off cooling sensation (14). While, propanediol
function as a solvent that helps in dissolving
low-soluble ingredients, boosts preservative
and enhance viscosity (13).

Common toothpaste usually uses So-
dium Lauryl Sulfate (SLS) as the surfactant or
foaming agent. However, SLS is known to be
an irritating ingredient and might cause adverse
effects such as oral mucosa inflammation which
might develop into aphthous mouth ulcers or
canker sores. It can also cause skin and eye
irritation (3, 5, 15). Being a sulfate-free tooth-
paste has the advantage of being less irritating
than those toothpaste containing Sodium Lau-
ryl Sulfate. This is a common ingredient found
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in commercial toothpastes and they are known
to might cause adverse effects affecting the
oral mucosa and skin (3). Hence, a more natu-
ral-based and sulfate-free toothpaste is usually
much preferred.

Therefore, this is the first study to com-
bine coconut shell charcoal and rice husk char-
coal to develop a natural-based, safe and effec-
tive sulfate-free toothpaste formulation. In order
to determine whether the formulated toothpaste
is ideal, physiochemical characterization was
done. Common tests that were done in previous
literature include foamability, stability test, abra-
siveness and cleaning test to check toothpaste
effectiveness as well as toxicity assay to ensure
the safety of the toothpaste formulation. An ide-
al toothpaste must be non-toxic, have a good
abrasive effect for cleaning, non-irritant, have a
prolonged effect keeping the mouth clean and
fresh, impart no stain on the teeth, stable in a
long-term and is easily available at an affordable
price (2). The objectives of this research are to
prepare and optimize sulfate-free toothpaste
formulations with natural charcoal from coconut
shell and rice husk, evaluate the toothpaste for-
mulations for physiochemical characterization,
stability, toxicity and their effectiveness (clean-
ing test).

Materials and methods
Chemicals

Activated coconut shell charcoal (Mi-
cronized activated charcoal powder, Take it
Global, Penang, Malaysia) and rice husk char-
coal (prepared in UBD) were used as abrasives.
Carrageenan (Sigma-Aldrich, Missouri, United
States of America) and Hydroxypropyl Methyl-
cellulose Stearoxy Ether (Sangelose 60L, Dai-
do Chemical Corporation, Osaka, Japan) were
used as binding agents. Three surfactants were
included which were Sodium dodecyl sulphate
(Surechem Products Ltd, Suffolk, England), De-
cyl glucoside (C18-C16 Glucoside, Ecosense
3000, Dow Chemicals, United States of America)
and Tween-80 (Polysorbate 80, Merck KGaA,
Darmstadt, Germany). Glycerin (Propane-1,2,3,

triol, Surechem Products Ltd, Suffolk, England)
as humectant, triethanolamine (Glentham Life
Sciences, Corsham, United Kingdom) as pre-
servative, sorbitol (D-Sorbitol, Glentham Life
Sciences, Corsham, United Kingdom) as sweet-
ening agent, Menthol (L-Menthol, Glentham Life
Sciences, Corsham, United Kingdom) as fla-
vouring agent. Propanediol (Propane-1,3-diol,
Zemea, Formulator Sample Shop, Milan, Italy)
was used as dissolvent to dissolve the menthol
crystals. Finally, Cocos Nucifera (Coconut) oil,
bought from local market, as a defoaming agent
and distilled water as the carrier. Three tooth-
paste formulations were developed and their
compositions are shown in Table 1.

Table 1 Ingredients and compositions of the
toothpaste formulations

Formula (Y%w/w)
No. | Formulation code F1 F2 F3
Ingredients
1 Activated coconut 323 | 323 | 323
shell charcoal
2 | Rice husk charcoal 1.0 1.0 1.0
3 | Carrageenan 1.7 - -
4 | Sangelose - 1.7 1.7
s [Sommoed Lor | - | -
6 (Dljeé;)/l Glucoside ) 6.7 )
7 | Tween-80 (T80) - - 6.7
8 | Glycerin 1.7 1.7 1.7
Triethanolamine 1.7 1.7 1.7
10 | Sorbitol 2.0 2.0 2.0
11 | Menthol 1.0 1.0 1.0
12 | Propanediol 13.3 13.3 13.3
13 | Coconut ol 3.3 - -
14 | Distilled water qg.s. qg.s. qg.s.

w/w: weight by weight; F1: Formulation 1; F2:
Formulation 2; F3: Formulation 3; g.s.: quantum
sufficient

Menthol crystals were dissolved in Pro-
panediol and rice husk charcoal were grinded
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with mortar and pestle. All solid ingredients (se-
quence blue) were then mixed together with a
small amount of distilled water. After transferring
to a white tile, liquid ingredients were added to
the solid mixtures and mixed thoroughly using
spatulas. The liquid ingredients included were
dissolved menthol, liquid surfactants (DG and
T80), glycerin, triethanolamine and coconut oil.
Finally, distilled water was added gradually until
a paste consistency was formed (16).

Physiochemical characterization

The three toothpaste formulations as
well as one commercial toothpaste were eval-
uated according to the 13 physiochemical char-
acterizations listed below.

Organoleptic properties

The organoleptic properties evaluated
were colour, appearance, odour and smooth-
ness (texture) of the toothpaste formulations.
The colour and appearance were checked vi-
sually and the odour was checked by smelling
the formulation. While the smoothness was as-
sessed by rubbing the formulation in between
the fingers (1,16)

pPH

The pH was measured by using a digital
pH meter FiveEasy (Mettler Toledo, Greifensee,
Switzerland). A suspension of the toothpaste
was made by taking 1g of the formulation in a
25mL beaker with 10mL of distilled water. Then
after stirring well, the pH was determined within
5 minutes (2)

Foamability

About 1g of formulated toothpaste was
taken and stirred with 5 mL of distilled water in
a 25 mL beaker. Taken into a 25mL measuring
cylinder and V2 was recorded (volume of water
only). With a gloved hand covering the top, the
measuring cylinder was shaken vertically for 10
times. Foams were formed and V1 was record-
ed (volume of foam with water) (1,16,17)

The foamability can be determined by
using the formula below:

where,

V1 — Volume of foam with water (mL)
V2 — Volume of water only (mL)
Spreadability

About 1g of the toothpaste formulation
was placed on a white tile. A glass petri dish be-
low a conical flask containing water (total weight
was about 400g) was placed carefully at the
centre of the formulation. Then, the diameter of
the toothpaste was measured after 15 minutes
have passed (18)

Tube extrudability

The formulated toothpaste was filled in
a small plastic tube. Tube extrudability was de-
termined by pressing the tube with normal force
at room temperature and checking whether the
toothpaste extrude homogeneously (19)

Moisture content

Moisture content was determined by
using moisture analyzer MOC63U (Shimadzu
Corporation, Kyoto, Japan) and the temperature
was set at 105°C. About 1g of the formulated
toothpaste was placed and the final moisture
content was recorded (20).

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spec-
trophotometer IRSpirit (Shimadzu Corporation,
Kyoto, Japan) was used to confirm the function-
al groups in the formulated toothpaste. They
were characterized in attenuated total reflection
mode over a wavenumber range from 4000 to
500 cm-1. A number of 30 scans was set and
the measurement mode was in percentage
transmittance (21)

Cleaning test

Eggshells were used due to their high
amount of calcium, resembling tooth enamel
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and hence were suitable for the cleaning test.
About 200ml of water were boiled in a beaker
and 15 ml of vinegar as well as 20 drops of red
food colour were added. A hard-boiled egg was
immersed in the beaker and let sit for 5 minutes
to be stained. After that, a line was drawn divid-
ing the egg into half (one side of the egg was the
control). A pea-sized (about 0.25g) formulated
toothpaste was taken on to a moist toothbrush
and brushed on one side of the egg with circu-
lar and back-and-forth motion for a total of 10
strokes. Then, the egg was rinsed and the red
stain removal was inspected for presence or ab-
sence (19)

Toxicity assay

In order to check for the toxicity of the
formulated toothpaste, a toxicity assay was
done based on seed germination index. Mung
beans were soaked overnight for about 12
hours. Once sterilized with distilled water, 20
seeds were placed in each container contain-
ing cotton wool pads (each container for each
formulation). For a period of 5 days, about 5-10
mL of formulated toothpaste suspensions and
distilled water (as control) were added to their
respective containers for twice daily at room
temperature to grow the seeds. Then, relative
seed germination (RSG), relative root length
(RRL) and germination index (GI) were deter-
mined according to the formulas below (11).

number of seeds germinated in test

RSG % = 100

- - X
number of seeds germinated in control

average root length in test
RRL % = - x 100
average root length in control

. _ RSG % X RRL %
- 100

Stability

The formulated toothpaste was filled in
Scott bottles and were stored at two different
conditions which were 25°C + 2°C with 60%
5% relative humidity (RH), and at 40°C £ 2°C
with 75% 5% RH for a period of 30 days (Day
0 as control). The organoleptic properties, pH,

foamability, spreadability, tube extrudability,
moisture content and cleaning test were then
evaluated for stability (16,17)

Abrasiveness

On a plastic microscopic slide, a pea-
sized amount (about 0.25g to 0.5g) of formu-
lated toothpaste was placed and 2 drops of
distilled water was added. In a back-and-forth
motion, the formulated toothpaste was rubbed
using a cotton swab with short strokes (about 2
cm) for 30 times. The slide was rinsed carefully
and dried with soft tissue. Then, the intensity of
scratches on the surface of the slide was rated
visually with a scale of 0 (no scratch) to 5 with 5
having a high degree of scratches (19)

Grittiness

A pea-sized amount (0.25g to 0.5g) of
formulated toothpaste was placed on a piece of
butter paper and was rubbed using a finger with
30 strokes in a back-and-forth motion. The gritti-
ness was determined as present or absent (19).

Morphological evaluation

About 1-2 drops of formulated tooth-
paste suspension was placed on a microscope
slide. After a cover slip was set, the slide was
taken to the digital microscope imager (Ce-
lestron, California, United States of America)
which was used to observe and capture high
resolution images. Then, morphological evalu-
ation was done.

Statistical analysis

Each test was performed in triplicates.
Mean, standard deviation (SD) and one-way
ANOVA (analysis of variance) statistical analy-
sis were done using GraphPad Prism (version
8.4.3). Data were presented as mean + SD and
p-value less than 0.05 were reported as statisti-
cally significant.

Results and Discussion

The results obtained from this research
are presented in the tables below. Table 2
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shows 9 physiochemical characterization re-
sults. A comparison can then be made between
each toothpaste formulations and the commer-
cial toothpaste. With reference to Table 2, ex-
cluding the colour, the toothpaste formulations
and commercial toothpaste have similar organ-
oleptic properties which have a smooth texture,

Table 2: Physiochemical characterization results

a paste-like appearance and gave off a pleasant
smell with minty odour. They also showed good
tube extrudability, good cleaning ability and ab-
sence of gritty matters. All toothpaste formula-
tions resulted with a scale of 4 in abrasiveness
test while commercial toothpaste have a scale
of 2.

Formulations F1 F2 F3 Commercial
Colour Matte black Glossy black Glossy black Gloss;/t\r/ivg\;t:-grey
Appearance Paste-like Paste-like Paste-like Paste-like
Odour Pleasant Pleasant Pleasant Pleasant
Smoothness Smooth Smooth Smooth Smooth
pH 9.78 £ 0.01*** 9.33 £ 0.02*** 9.39 £ 0.01*** 7.03 £0.01
Foamability (mL) 14.00 £ 1.00 3.00 £ 1.00** 3.00 £ 1.00*** 16.00 £ 1.00
Spreadability (cm) 2.60 £ 0.10*** 4,03 £0.35** 3.47 £0.15** 520+0.17
Tube extrudability Good Good Good Good
Moisture content (%) | 50.39 £ 0.40*** | 55.16 £ 1.64** [ 55.63 £ 0.32*** 29.06 + 0.26
Cleaning test + + + +
Abrasiveness 4.0 4.0 4.0 2.0
Grittiness Absent Absent Absent Absent
+: Presence. n=4. F1: Formulation 1; F2: Formulation 2; F3: Formulation 3. Asterisks (*) represents

significant differences as compared to the commercial toothpaste (*** for p-value < 0.001). ANOVA

with Tukey post-hoc test was done.

The pH of all toothpaste formulations
was significantly higher than the commercial
toothpaste (p<0.001). The pH ranges around
pH 9 with F1 having the highest pH of 9.78 and
F2 having the lowest pH of 9.33. While the com-
mercial toothpaste has a lower pH with pH 7.03.
Both F2 and F3 have similar foamability of 3mL
which were significantly lower (p<0.001) than
F1 and commercial toothpaste with 14mL and
16mL respectively. Furthermore, all toothpaste
formulations showed significantly lower spread-
ability compared to commercial toothpaste
(p<0.001). F1 gave the lowest spreadability of
2.60cm and F2 gave the highest with 4.03cm.
However, commercial toothpaste gave a higher

spreadability with 5.20cm. With significant re-
sults (p<0.001) compared to commercial tooth-
paste, F3 gave the highest moisture content of
55.63% and F1 have the lowest with 50.39%.
On the other hand, commercial toothpaste has
a much lower moisture content with 29.06%. Ac-
cording to Table 3, all tested samples obtained
a relative seed germination of 100%. After mea-
suring and obtaining the relative root length,
germination index (Gl) was calculated. Both F2
and F3 gave a high Gl (100.8% and 103.2% re-
spectively), while F1 have a significantly lower
Gl than the control with 48.1% (p<0.001) and
the commercial toothpaste shows a Gl of 70.6%.
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Table 3: Toxicity assay results
Seed germination F1 F2 F3 Commercial | Control
Number of seeds germinated | 20 20 20 20 20
Relative seed germination (%) | 100 100 100 100 -
Averageroot length (cm) 412 +2.00"* |8.63+3.59 [8.84+4.12 |6.04+2.17 |8.56+3.90
Relativeroot length (%) 48.1 100.8 103.3 70.6 -
Germination index (%) 481 100.8 103.2 70.6 -

n=5; F1: Formulation 1; F2: Formulation 2; F3: Formulation 3; Relative comparison with control;
(distilled water); Root length assessment conducted on Day 6 (n=20); Relative Root Length was
compared to the control (distilled water); Asterisks (*) represents significant differences as com-
pared to the control (distilled water) (*** for p-value < 0.001). ANOVA with Bonferroni post-hoc test

was done.

After completing the 30 days period for
stability test, all formulations have shown to re-
main stable when tested (Table 4). ANOVA with
Bonferroni post-hoc test was used for statistical
analysis. The pH of all toothpaste formulation
has decreased significantly (p<0.05) after 30

Table 4 Stability results

days in both storage conditions. The moisture
content was shown too increased significantly
as well in all formulations (p<0.01). On the oth-
er hand, there were no significant changes in
foamability and spreadability.

Formulations F1 F2 F3
Day 0 30 0 30 0 30
Temperature(°C) 25 25 40 25 25 40 25 25 40
Relative hu-
midity (%) 60 60 75 60 60 75 60 60 75
Matte Matte Matte Glossy | Glossy | Glossy Glossy Glossy
Colour black | black | black | black | black | black | black | black | oSS black
Paste- Paste- Paste- Paste- Paste- Paste- Paste- . .
Appearance | o like like like like like ke | Pastedlike | Paste-like
Odour Pleas- | o asant | Pleasant | 71685 | Pleas- | o cant | Pleasant | Pleasant Pleasant
ant ant ant
Smoothness | Smooth | Smooth | Smooth | Smooth | Smooth | Smooth | Smooth Smooth Smooth
9.78 £ 8.60 + 845+ 933+ 853+ 832+ 9.39+ 8.66 + .
pH 0.01 0.01* 0.02* 0.02 0.01* 0.01* 0.01 0.01* 8.36+0.01
Foamability 14.00 £ 7.67 11.33 3.00 £ 2.67 233t 3.00 £ 233+ 2.00 + 0.00
(mL) 1.00 0.58 0.58 1.00 0.58 0.58 1.00 0.58 R
Spreadability 2.60 £ 2.90 £ 280+ 4,03 £ 3.93+ 437 + 3.47 + 4.30 + 387 +0.12
(cm) 0.10 0.26 0.10 0.35 0.06 0.25 0.15 0.10 T
TUb:biﬁ;rUd' Good Good Good Good Good Good Good Good Good
Moisture 50.39+ | 56.30+ | 55.88+ | 55.16+ | 59.96+ | 61.69+ | 55.63 61.36 61.54 +
content (%) 0.40 1.64** 3.01** 1.64 0.62** 1.18** 0.32 0.38** 0.28**
Cleaning test + + + + + + + + +
+: Presence. n=6: F1: Formulation 1; F2: Formulation 2; F3: Formulation 3; Asterisks (*) rep-

resents significant differences as compared to the control, Day 0 at 25°C (* for p-value < 0.05 and
** for p-value <0.01). ANOVA with Bonferroni post-hoc test was done
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FTIR analysis were done to observe the
functional groups in the formulations. In Figure
1-4, FTIR spectra of toothpaste formulations
have been compared with the coconut shell
charcoal, rice husk charcoal as well as their re-
spective distinctive ingredients (binding agent
and surfactants). The microscopical images
of simple mixture of activated coconut shell
charcoal (microparticle) and rice husk charcoal
shown in the Figure 5A. It is clear that, micro-
particle based coconut shell charcoal uniformly
distributed and appeared, whereas rice husk
charcoal (non-microparticle) appeared clump
mass in the images. Formulated toothpaste
and commercial toothpaste microscopical pho-
tographs are Figure 5, such as B - F1, C- F2,
D - F3 and E- commercial toothpaste (F1- SDS;
F2- DG; F3- T80 & commercial - SLS) respec-
tively. The images were observed from different
toothpaste formulation prepared by using differ-
ent surfactants showing different morphological
properties.

(%)

T

4000 3500 3000 2500 2000

Wavenumber (cm?)

1500 1000

Transmittance

— Coconut Shell Charcoal Rice Husk Charcoal
—F1 F2

——F3

Figure 1 FTIR spectra of Coconut shell char-
coal, Rice husk charcoal with the three tooth-
paste formulations. Abbreviations: F1 Formula-
tion 1, F2 Formulation 2, F3 Formulation 3
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Discussion

Coconut shells and rice husk are known as
agricultural wastes generated in large quanti-
ties and are potential sources of carbon. They
are often used as alternative energy sources
by burning them, however, due to their abun-
dant wastes, they can cause disposal problems.
Hence, agricultural waste recycling should be
done to solve this environmental pollution. One
way is to use them as natural ingredients in pro-
ducing safe and effective toothpaste.

Three different surfactants were used
to formulate sulfate-free toothpaste which were
Sodium Dodecyl Sulphate (SDS), Decyl Gluco-
side (DG) and Tween-80 (T80). Furthermore,
carrageenan and Sangelose were used as the
binding agents. In F1, the reason behind the
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D E

Figure 5: Microscopical photographs (20X) Figure 5A - Mixture of coconut shell charcoal and rice
husk charcoal. With mixture of activated coconut shell charcoal and rice husk charcoal, toothpaste
formulations were prepared by using different surfactants (Figure 5B- Sodium Dodecyl Sulphate;
Figure 5C- Decyl Glucoside; Figure 5D- Tween-80). Figure 5E - Commercial toothpaste with SLS
surfactant. BLACK LINE - Activated coconut shell charcoal (micro-particle); GREEN LINE - Activat-
ed rice husk charcoal (non-microparticle).
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preparation stage. Thus, coconut oil acts as a
defoaming agent to control foaming.

All three formulations appeared black
colour which is due to the abundant main ingre-
dient, activated coconut shell charcoal (32.3%)
which is black in nature. Although glycerin plays
a role in providing glossy or shiny appearance
with appealing texture (12), the matte and
glossy appearance of the formulation may also
be due to the surfactants used. Both DG and
Tween-80 produced a glossy finish while SDS
gave off a matte appearance. All formulations
have similar organoleptic properties with the
commercial toothpaste that have a smooth tex-
ture, paste-like appearance and pleasant smell
with minty odour. The minty odour in the formu-
lations comes from the menthol crystals added
(1%). These organoleptic properties of the for-
mulation may enhance marketability (19).

All toothpaste formulation has obtained
a pH lower than 10.5 which is the maximum pH
for an ideal toothpaste (22). The pH in all three
toothpaste formulations were in the alkaline re-
gion that ranges between 9.33 to 9.78. Alkaline
pH was shown to cause less adverse changes
to the surface of the teeth (19). While, a low-
er pH toothpaste promotes greater alteration to
the enamel surface (23). The pH of a toothpaste
is important in order to maintain the basic pH
of the mouth. Basic medium prevents bacteria
growth in the mouth that may cause teeth dam-
age such as cavities, gum disease and tooth
decay (24). The pH values were slightly varied
between each formulation and this may be due
to the acidic or alkali nature of their distinctive
ingredients. Among the formulation, F1 have the
highest pH of 9.78 indicating that carrageenan
and SDS might be more basic in nature. Both
F2 and F3 resulted in having similar pH values
with 9.33 and 9.39 respectively and this may be
due to having the same binding agent, Sange-
lose.

Both F2 and F3 have a lower foamability
with 3mL. On the other hand, F1 and commer-
cial toothpaste have a foamability of 14mL and

16mL respectively. These differences suggests
that the quantity of the surfactants in F2 and
F3 is insufficient (6.7%). Thus, in further study,
the quantity of the surfactants will need to be
increased which will lead to higher foamability.
Surfactant or also called as a foaming agent. It
generates foam during brushing that facilitates
wetting the tooth surfaces, dispersing the tooth-
paste in the mouth and food debris removal
from the oral cavity (10,12). The surfactant used
in the commercial toothpaste is the commonly
used detergent, Sodium Lauryl Sulfate (SLS).
High foamability suggest that there is a high
concentration of SLS. High concentration of
SLS causes a concern as it raises oral irritation
among those who are prone to mouth ulcers or
canker sores (19). Decyl glucoside, on the other
hand, is gentle and less irritating. Tween-80 is
also a good surfactant alternative to SLS. When
using sulfate-free toothpaste, mouth ulcers may
feel less painful and recovery time is faster. Sul-
fate-free toothpaste may also help reduce teeth
sensitivity pain when compared to using SLS
containing toothpaste (15).

Producing and using consumer products
usually involve filling, pumping and discharge
from their packaging. These processes are re-
lated with the complex rheological properties of
the materials. Rheological properties that are
controlled in toothpaste are ingredients such
as polymer thickeners and particulate abra-
sives. Typical polymers include carboxymethyl
cellulose, xanthan gum and carrageenan (25).
Newton’s law of viscosity can be defined as the
relationship between shear stress and shear
rate of a fluid when mechanical stress was ap-
plied. Fluids can be categorized into Newtonian
fluids and non-Newtonian fluids. Toothpaste is
considered as non-Newtonian fluids which does
not obey Newtonian’s law of viscosity where the
ratio of shear stress to shear rate is not con-
stant and depends on the shear rate (26). In
other words, non-Newtonian fluids are affect-
ed by factors other than temperature, opposite
with Newtonian fluids which temperature is the
only factor affecting their viscosity. An example
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of Newtonian fluid is water. The viscosity of wa-
ter will remain constant no matter how they are
forced to flow through a pipe. However, when
temperature is applied, the water will become
less viscous and will flow easily. On the other
hand, the viscosity of non-Newtonian fluids will
change only when pressure, agitation or shear
stress is applied. When shear stress is applied,
the viscosity decreases making the fluid to flow
easily and these fluids are known as shear-thin-
ning fluids (27). Thus, toothpaste is a non-New-
tonian fluid with shear-thinning behavior. In this
study, there are two tests that evaluates the rhe-
ological properties of the toothpaste which are
tube extrudability and spreadability.

One essential factor to consumer is the
toothpaste ability to be squeezed easily from
the tubes and apply on the toothbrush. In this
research, all toothpaste formulations have good
tube extrudability indicating that there are no
difficulty obtaining the toothpaste formulation
during tube extrusion (19). Spreadability can be
defined as the extent of the area to which the
paste readily spreads on the application area.
Possessing good spreadability is an essential
criterion to be an ideal toothpaste (2). F2 have
the highest spreadability with 4.03cm, while
F1 have the lowest spreadability of 2.60cm.
The variation might be caused by the different
binding agents and surfactants used. From the
results, carrageenan and SDS seem to signifi-
cantly decrease the spreadability of the tooth-
paste formulation. On the other hand, the com-
mercial toothpaste has a higher spreadability
with 5.20cm despite having carrageenan in its
composition as well. This may be due to the
toothpaste having a higher amount of glycer-
in content affecting the ability to spread. High
spreadability leads to high chances of wide per-
formance range (19).

Dry mouth can be prevented with the
presence of moisture in the toothpaste. Mois-
ture content affects the physical properties and
quality of the toothpaste. As mentioned, humec-
tants help retain moisture preventing toothpaste
from drying out. Common humectants include

glycerine, sorbitol as well as water (24). Among
the formulations, F3 have the highest moisture
content (55.63%) and F1 have the lowest with
50.39%. While, the commercial toothpaste has
a much lower moisture content with 29.06%.

Toothpaste is usually stored for months
before they are being used hence it is important
for toothpaste to have good stability. Stability
test gives a close approximate of the shelves
lives of products. For example, a sample stored
at 45°C for 8 weeks is equivalent to storing at
room temperature for one year (19). Although
there was a significant decreased in pH value
(p<0.05) and significant increase in moisture
content (p<0.01), all toothpaste formulations
have shown to have good stability after 30 days
of storing in two different conditions (25°C and
40°C).

FTIR spectroscopy helps to confirm
the presence of functional groups in the tooth-
paste formulations. Coconut shell charcoal
and rice husk charcoal peaks can be seen in
all three toothpaste formulation spectra. Ab-
sorption bands found in the FTIR spectrum of
coconut shell charcoal at 1644.09 cm-1 and
1030.94 cm-1 represents C=C stretching and
C-0O stretching respectively (28,29). While, the
peak at 1050.91 cm-1 in rice husk charcoal
spectrum represents secondary alcohol C-C
bond or Si-O-Si stretch (30). With similar peaks
in F1 spectrum, the peak at 3385.15 cm-1 and
1035.22 cm-1 shown in the carrageenan spec-
trum might corresponds to O-H stretching and
C-OH with S=0O bonds respectively (31). The
peak at 1079.43 cm-1 in SDS spectrum sug-
gests C-C band stretching (32). Three peaks in
F2 spectrum can also be seen in FTIR spec-
trum of Sangelose and DG. Absorption band at
1050.91 cm-1 indicates the presence of glucose
ring in Sangelose (33). On the other hand, in
the DG spectrum shows the presence of OH
groups, C-C from ring stretching and C-O-C
bonds respectively (34). FTIR spectrum of F3
have two similar peaks with those in Sangelose
and T80 as well. The peak seen in T80 spec-
trum at 1093.68 cm-1 is attributed to C-O-C
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stretching (35).

Presence of gritty matters in the tooth-
paste can cause wear to the teeth enamel and
injury to skin. Therefore, test for grittiness is
done by checking the presence of solid in the
formulation (19). The results showed that there
was absence of gritty matters in all three tooth-
paste formulations. All toothpaste formulations
have shown to have good cleaning ability, thus
the ability in cleaning tooth enamel (19). Clean-
ing effectiveness is another important property
of an ideal toothpaste. It depends on its abili-
ty to remove stains on the teeth surface. The
cleaning can be done by the abrasive ingredi-
ents contained in the toothpaste aided by the
brushing mechanism of the toothbrush (36). In
this study, the coconut shell charcoal (32.3%)
and rice husk charcoal (1.0%) are the abrasive
ingredients in the toothpaste formulations. The
high compositions of these abrasives in the
formulations may have caused the high abra-
sive potential. All toothpaste formulations have
better abrasive potential than the commercial
toothpaste. This can be supported by the clean-
ing test conducted. Based on observations, the
cleaning ability of the commercial toothpaste
has shown to be present but have lower clean-
ing ability compared to the toothpaste formu-
lations. Upon inspecting the red stain removal
after 10 brushing strokes, the toothpaste for-
mulations were able to remove stain more than
the commercial toothpaste suggesting that high
abrasive potential has better stain removal (19).

Besides abrasive particles, surfactants
also aid in cleaning the oral cavity. They act as
foaming agents that produces foam while brush-
ing. The foam would give an enjoyable sensa-
tion to the consumer, helps in wetting the sur-
face of the teeth, allowing dispersion and free
movement of the toothpaste as well as helping
in loosening and removing debris and plaque in
the oral cavity (12,14). Surfactants are amphi-
philic molecules that contains hydrophilic heads
and hydrophobic tails (37). When surfactants
are dissolved in water, they would form spher-
ical shapes aggregates called micelles where

the hydrophilic heads are on the outside in con-
tact with the surrounding water and hydrophobic
tails are in the core of the micelles protected in-
side away from the water. When brushing with
toothpaste, the hydrophobic tails in the surfac-
tant molecules will attract and trap food debris
into the core of the micelles. As micelles are
suspended in water, they can be easily washed
away from the oral cavity along with the food
debris inside, cleaning the oral cavity (38).

To evaluate the abrasive effects of the
formulated toothpaste, two activated charcoal
mixture such as coconut shell charcoal (mi-
cro-particle) and rice husk charcoal (macro-par-
ticles) were mixed in the ratio of 32.3 is to 1.
The image of toothpaste F1 in Figure 5B shows
mixtures of micro and macroparticles of activat-
ed charcoal clearly appeared. This may be due
to the adsorption as well as blocking the pores
onto macro size particle of activated rice husk
charcoal by SDS. The process of adsorption of
SDS-coated RHC (rice husk charcoal) might be
governed by chemisorption (39). Whereas, mi-
crometer size activated coconut shell charcoal
(CSC) has been recognized as a good candi-
date in adsorption process due to having a high
specific surface (40). This may be due to having
high number of pores that is typically acts as a
better adsorbent in the application of activated
charcoal in whitening toothpastes, however, So-
dium dodecyl sulfate (SDS), an anionic surfac-
tant, is used as cleaning and hygiene products
(41,42). Also, adsorption layer between SDS
and RHC appeared enlarged due to addition
of water before observation in the microscop-
ic evaluation. This may be due to disturbances
of surfactant micelles on the coating of the mi-
croparticles. The image of toothpaste F2 in Fig-
ure 5C showed strong adsorption on the CSC
where head group micelles re-enlarged with
water addition before microscopical observa-
tion. Less adsorption on RHC may be the rea-
son that clump mass was not observed in the F2
formulation. Decyl glucoside is a mild non-ionic
surfactant that were used in variety of cosmetic
formularies due to the safety of green surfac-
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tant. It is a biodegradable surfactant that results
in products with low toxicity and friendly proper-
ties to the environment (43). The image of tooth-
paste F3 in Figure 5D, shows similar pattern of
micelles appear like DG containing toothpaste
F2, and it has been reported that activated char-
coal and Tween 80 for a high wetting power. The
image of commercial toothpaste in Figure 5E,
which contains Sodium Lauryl Sulfate (SLS)
surfactant, have shown to utilizing uniform par-
ticle size and hence, it appeared with uniform
particle size without any clumpy masses com-
pared to formulated toothpaste.

Cosmetic products usually have some
level of toxicity and this could cause a major con-
cern. Therefore, toxicity assay is vital in order to
prove better performance of the toothpaste for-
mulation. Toxicity assay was performed based
toward seed germination index (11). Phytotox-
icity is defined as plant growth inhibition and a
delay of seed germination (44). A germination
index value of more than 80% usually indicates
no phytotoxicity (45). Among the formulations,
only F2 and F3 have a Gl of 100.8% and 103.2%
respectively, surpassing the target Gl%. There-
fore, F2 and F3 are less toxic in nature which
may be due to the toothpaste formulations be-
ing sulfate-free. F1 and commercial toothpaste,
on the other hand, have a lower Gl value of less
than 80% with 48.1% and 70.6%. F1 are more
toxic suggesting the toxicity of SDS, while SLS
presence is causing the toxicity in the commer-
cial toothpaste. This evidence has further prov-
en the toxicity of sulfate-containing toothpaste.

In this study, all objectives have been
achieved. Sulfate-free toothpaste formulations
have been prepared and optimized that con-
tains coconut shell charcoal and rice husk char-
coal. Evaluation have been done that shows all
toothpaste formulation of their cleaning effec-
tiveness, toxicity, stability and other properties.
A number of limitations should be acknowledged
in this research study. Additional tests could
have been conducted on the toothpaste formu-
lations such as SEM-EDX analyses where par-
ticle shapes could have been observed through

micrographs. Another test would be a cleaning
test that uses turmeric powder to stain artifi-
cial teeth. Due to shortage of time, stability test
could only be done after 30 days when in fact,
stability test was usually conducted after two to
three months of storage. The undesirable foam-
ability results of F2 and F3 formulations suggest
improvement should be made by increasing the
composition of the surfactants in future study.

Conclusion

As expected, the toothpaste formula-
tions were able to achieve the desired and ac-
ceptable characteristics with the physiochemical
characterization. This study might provide good
scope and be useful for further research as be-
ing a sulfate-free toothpaste that uses renew-
able waste activated coconut shell charcoal and
rice husk charcoal as the abrasive ingredients
and is capable of improving and maintaining
oral hygiene. Upon successful formulation, the
toothpaste formulations have the chance of be-
ing patented and to be produced commercially.
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Abstract

The design of antibodies using ma-
chine learning has emerged as a cutting-edge
approach in the field of medical sciences and
therapeutics. This study delves into the prin-
ciples, methods, and deployment of machine
learning approach for antibody design. The
present study showed use of extensive anti-
body databases to train computational models,
facilitating the prediction of antibody-antigen in-
teractions. Seven different encoders were used
for the vectorization of the antibody and antigen
sequences. Conjoint triad showed unsurpassed
performance in the machine-learning algorithm
with 0.78 correlation and outperformed other
encoding methods. The case study of Ritux-
imab was used to demonstrate the practical
application of the machine-learning model that
was developed. The affinity score predicted
by the model was utilised to select the most
promising rituximab sequence. Structural in-
vestigation employed molecular dynamics (MD)
simulation to authenticate the novel sequence
(variant) of rituximab. Rituximab variant showed
-45.44 kcal/mole compared to the wild type that
had -37.66 kcal/mole as a binding free energy
for the antigen-antibody complex. Free energy
landscape (FEL) was calculated on the first two
principal components (PC1 and PC2). The wild
type has three minimum energy basins, where-

as this variant exhibited only one. This showed
that complex produced by antibody variant has
a greater capacity to attain global minima. This
study sheds light on the innovative application
of machine learning in antibody design and
also provides compelling evidence of its effica-
cy through the case study of rituximab. Present
study opened new avenues for the development
of antibodies with enhanced binding capabili-
ties.

Keywords: Rituximab, Machine Learning, Im-
munogenicity, Molecular Dynamic Simulation.

Introduction

Monoclonal antibodies (MAbs) also
known as therapeutic antibodies (TAbs)(1).
Therapeutic antibodies are classified as pro-
tein-based therapeutic agents that have un-
dergone engineering to recognise and bind to
specific molecules (e.g., proteins, cells, and
disease-associated molecules) within the or-
ganism. The creation of these antibodies is fa-
cilitated using specialized techniques that en-
able the generation of substantial quantities of
identical antibodies capable of recognizing and
engaging with a specific target (1). A range of
therapeutic antibodies were introduced in the
mid-1990s and have since been implemented
in clinical settings (2). Currently, the quantity of
licenced therapeutic antibodies (TAbs) stands
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at approximately one hundred, with a greater
number in the process of development this in-
cludes various designed and modified antibody
formats. TAbs are commonly employed in the
management of diverse severe diseases, in-
cluding cancer, rheumatoid arthritis, multiple
sclerosis, Crohn’s disease and leukaemia(3).
The therapeutic efficacy of these TAbs can be
attributed to one or more mechanisms, including
target binding and neutralization, direct cytotox-
icity, antibody-dependent complement-depen-
dent cytotoxicity, antibody-dependent cellular
cytotoxicity, or other unidentified mechanisms
(4). The range of disease areas that can be tar-
geted by therapeutic antibodies has expanded
significantly. Antibodies are now being used as
medicines in various fields, including cancer,
inflammatory illness, organ transplantation, car-
diovascular disease, infection, respiratory dis-
ease, ophthalmologic disease, and others (2).

The essential role of immune-mediated
effector functions in therapeutic antibodies tar-
geting tumour cells is their specific binding to
targets via the antibody-binding fragment (Fab)
region(5), followed by the induction of immune
responses via the fragment crystallizable (Fc)
region. Cross-linking of cell-bound antibodies
with Fc gamma receptors (FCRs) is responsible
for activating immune effector cells. This inter-
action results in natural killer (NK) cells medi-
ating antibody-dependent cellular cytotoxicity
(ADCC). Similarly, antibody-dependent cellular
phagocytosis (ADCP) is initiated by the interac-
tion between FcRs and macrophages. This pro-
cess involve the internalisation of antibody-op-
sonized target cells into phagosomes, where
they are degraded via phagosome maturation
and acidification(6).

The therapeutic antibody interacts with
the antigen at a specific epitope region. The epi-
tope refers to a spatial arrangement acknowl-
edged by the complementary paratype of an
antibody (7). The binding affinity between anti-
body and antigen can be determined by various
traditional methods, including surface plasmon
resonance (SPR) and enzyme-linked immuno-

sorbent assay (ELISA). Although these are ef-
fective methods, there are still some limitations,
such as time, cost, and potential variation in re-

sults (8). Koff

Kd= kon

The equilibrium dissociation constant,
denoted as ‘kd’, represents the ratio of the dis-
sociation rate constant (‘koff’) to the association
rate constant (‘kon’) for the binding interaction
between an antibody and its corresponding an-
tigen (9). An inverse relationship exists between
‘kd’ and affinity. The ‘kd’ value is a measure of
the antibody concentration required for a specif-
ic experiment. Alower kd value indicates a stron-
ger affinity of the antibody, as it corresponds to
a lower concentration needed (10). Various tra-
ditional techniques were used to determine kd
during antibody —antigen interactions, including
flow cytometry and ligand tracer (11). Traditional
methods for determining the dissociation con-
stant (kd) in antibody-antigen interactions face
difficulties such as the assumption of 1:1 bind-
ing, affinity heterogeneity, omission of kinetic in-
formation, inability to account for conformation-
al changes, reliance on equilibrium conditions,
and potential interference from immobilization
and sample matrix effects. Moreover, the oth-
er factors that affect the antigen-antibody in-
teraction are temperature, pH, ionic strength,
concentration antigen-antibody(12). With all of
these factors, it may be difficult to determine an
accurate kd value.

In the light of the challenges for determining
the binding affinity between Antibody and Anti-
gen, Therefore, in this study, a machine learn-
ing (ML) model to determine kd was proposed.
The ML model was trained on antigen and anti-
body protein sequences with known kd values.
It presents a novel machine learning (ML) ap-
proach for the efficient determination of kd, util-
ising existing kd values of antigen and antibody
protein sequences. Determining the binding af-
finity using the sequence made the calculation
faster. This could allow modifying the antibody
sequence to improve the sensitivity and speci-
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ficity against the given antigen. Later, this study
demonstrated a case study of application of this
method on the Rituximab. Engineered Ritux-
imab was designed and validated using molec-
ular dynamics simulation.

Materials and Methods
Data collection
Collection

The study focuses on the structural characteris-
tics and binding affinity of antigen-antibody com-
plexes, using data obtained from the SAbDab
database(13, 14). (SAbDab is an in-depth data-
base of antibody-antigen pairs. Every structure
is accompanied with several information, includ-
ing experimental details, antibody nomenclature
(e.g., pairings of heavy and light chains), curat-
ed affinity data, and sequence annotations. As
of July 25, 2023, 15,065 antigen-antibody com-
plexes were accessible. After eliminating blanks
in affinity and removing incorrect entries, 916
antigen-antibody pair remained that had affini-
ty values (kd). These antibody sequences have
heavy chain and light chain both. In the creating
the data for machine learning model the heavy
and light chain sequences were concatenated.
Antigen sequences were also fed separately to
the model with the sequence of the antibody
and the kd value.

Machine learning model

DeepPurpose  framework(15) was
used for building the machine learning model.
This framework is essentially constructed for
drug-target interaction (DTI) used in drug repur-
posing and virtual screening. However, it also
has model for protein-protein interaction. The
source codes were sourced from github repos-
itory (kexinhuang12345/DeepPurpose: A Deep
Learning Toolkit for DTI, Drug Property, PPI,
DDI, Protein Function Prediction (Bioinformat-
ics) (github.com)). DeepPurpose was preferred
due to its user-friendly design which facilitated
the use of multiple encoders for encoding the
sequence of proteins and multiple evaluation

metrics such as MSE, R-squared and Concor-
dance Index. It also enabled the support for cus-
tom model architecture with utilities for training
and evaluating the models. Here, 8 different en-
coders were used for encoding the protein se-
quence and result was evaluated: 'CNN', 'AAC',
'PseudoAAC', 'Conjoint_triad’, 'Quasi-seq',
'ESPF', "Transformer', 'CNN_RNN'. ‘CNN’ and
'Conjoint_triad' encoder outperformed the oth-
ers and thus used as preferred encoding tech-
niqgue. Though DeepPurpose library enabled
the utilisation of some pretrained models, a
custom deep learning model was developed
combining two different neural network archi-
tectures. The combined neural network archi-
tectures were, Convolutional Neural Network
(CNN) and Message Passing Neural Network
(MPNN). The configuration of the model used
was, 100 epochs, 0.001 learning rate and 128
batch sizes, these parameters along with other
essential parameters are represented in Table
1. The interaction prediction for antibodies was
complex due to their large sequence length.
Thus, such custom model was utilised with test-
ing on multiple encoders to ensure highly accu-
rate predictions. The model was trained on 70%
of the known dataset of antibody-antigen pairs
with their corresponding Kd values in log. The
example data is shown below:

Antibody

EVQLVESGGGLVQPGGSLRLS-
CAASGYTFTNYGMNWVRQAPGKGLEWVG-
WINTYTGEPTYAADFKRRFTFSLDTSK-
STAYLQMNSLRAEDTAVYYCAKY-
PHYYGSSHWYFDVWGQGTLVTVSSAST-
KGPSVFPLAPSSKSTSGGTAALGCLVKDYF-
PEPVTVSWNSGALTSGVHTFPAVLQSSGLYS-
LSSVVTVPSSSLGTQTYICNVNHKPSNTK-
VDKKVEPKSCDKTHTXXXDIQMTQSPSSL-
SASVGDRVTITCSASQDISNYLNWYQQKP-
GKAPKVLIYFTSSLHSGVPSRFSGSGSGTD-
FTLTISSLQPEDFATYYCQQYSTVPWTFGQ-
GTKVEIKRTVAAPSVFIFPPSDEQLKSGT-
ASVVCLLNNFYPREAKVQWKVDNALQSGN-
SQESVTEQDSKDSTYSLSSTLTLSKADYEKH-
KVYACEVTHQGLSSPVTKSFNRGEC
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Antigen

GQNHHEVVKFMDVYQRSYCHPIETL-
VDIFQEYPDEIEYIFKPSCVPLMRCGGCCN-
DEGLECVPTEESNITMQIMRIKPHQGQHI-
GEMSFLQHNKCECRPKKD

kd:1.22

The model used 10% of the data for
validation while rest 20% for testing (coefficient
of determination), making the split ratio of the
dataset to be 70:10:20, where each ratio part
corresponds to train, validation and test respec-
tively. The regression score (r?) was used as
evaluation metric to calculate the performance.

Table 1. Parameters associated with the ma-
chine learning model.

Experimental Parameter Value
Learning rate 0.001
Batch size 128
Epoch 100
Hidden layer dimension 1024, 1024, 512
Size of hidden layers in MPNN 128
Number of layers in the MPNN 3
Number of filters in convolutional 32, 64, 96
layer
Size of the filters in each convolu- 4,8,12
tional layer

CDR Identification

The recognition of Complementarity
Determining Regions (CDR) sequences plays a
crucial role in augmenting the properties of anti-
bodies, such as their binding affinity, specificity,
and overall therapeutic effectiveness. AbRSA
tool(16) was used to predict the CDR regions,
which is a tool specifically stands for Antibody
Numbering and CDR Delimiting. This tool was
employed to predict the Complementarity Deter-
mining Regions (CDR) for both the VH (Heavy
chain) and VL (Light chain) of each antibody.

Rituximab structure

The structure of rituximab was sourced

from protein data bank (PDB)(17), numerous
structures of rituximab were submitted in the
PDB. Here, the structure with PDB ID: 20SL(18,
19) was downloaded for determining the known
interaction of CDR region and epitope of anti-
gen.

Sequence engineering

In this study, the Complementarity De-
termining Region (CDR) of rituximab was fo-
cused on, being a pivotal component guiding
the binding specificity and affinity. Acomprehen-
sive computational analysis was undertaken to
explore all possible amino acid combinations
within the CDR.

Structure model building

Novel sequence of the rituximab that
predicted the maximum affinity with the anti-
gen was modelled using a machine learning
(ML)-based technology provided by the SAb-
Pred server(20). The ABodyBuilder-ML module,
which is a component of the SAbPred server,
was utilised for the purpose of novel rituximab
structure modelling using sequence data. The
ABodyBuilder-ML programme was applied to
predict the structure of the variable domains of
the antibody, namely VH (heavy chain) and VL
(light chain), that are commonly referred to as
the Fv (fragment variable).

MD Molecular Dynamics Simulation was
performed for the top-selected antigen-antibody
complexes. GROMACS2022 package was the
software that was used to carry out the molec-
ular dynamic simulations of the top-selected
antigen-antibody complexes for a time period
of 100 ns(21-23). The CHARMM force field pa-
rameters (24)were used to define the topolog-
ical parameters, which were then allocated to
both the antibodies and the antigen. The Ewald
Particle Mesh approach was used with the pur-
pose to perform the calculations necessary to
determine the distance electrostatic force (25).
In order to establish a neutral system, Na+ and
Cl- ions were introduced, and the TIP3P water
cube model was employed with the purpose to
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solvate the system. The steepest descent (SD)
method, which consists of 50,000 minimization
steps, was used on the system with the aim of
removing any steric conflicts. In addition, the
temperature of the entire system was raised to
310 K, and the timestep was set to 2 fs for 100
ps of simulation time (NVT). After that, the sys-
tem underwent additional equilibration at a pres-
sure of 1 bar for a duration of 1 ns during the
simulation time (NPT). GROMACS was able to
simulate at a constant temperature by employ-
ing the velocity-rescaling strategy in conjunc-
tion with a temperature coupling scheme (26).
Temperature control was linked with pressure
coupling, and the result was the NPT ensemble.
The pressure coupling employed was the Parri-
nello-Rahman pressure coupling(27). Using the
SHAKE approach(28), all hydrogen bonds were
constrained, and after that, the coordinates of
the structure were recorded after every 10 ps
during the entire 100 ns (100,000 ps) produc-
tion run. The conformational stability and vari-
ation of the antigen-antibody complexes were
determined by post MD analysis. The results of
the 100 ns MD simulation were analysed with
the RMSD (root mean square deviation) tool
in GROMACS. Following the MD simulation,
clustering was performed on the complexes by
applying the gromos cluster method using the
g_cluster packages of GROMACS(29, 30) with
a threshold RMS of 0.3 nm. Later, these clusters
were used for further analysis and interpreting
the stability and flexibility of the antigen-anti-
body complexes. Furthermore, the binding free
energy of the antigen-antibody was calculated
using the MM/GBSA approach as mentioned in
the section 1.6. Here, the middle cluster of the
most popular cluster was used for determination
of binding free energies. All the clusters gener-
ated were used for SASA determination, which
were compared with the epitopes of the spike
protein.Results and Discussion

Data collection

Data was collected from the SAbDab

database, eventually 916 entries with their PDB
ids and Kd values that had units in nanomolar.
These Kd values were further converted to log
values under the normalization process. The
logarithmic values of the Kd are shown in Fig-
ure1, most data points were ranged in between
10%to 10-"". There were few outliers in the data-
sheet for Kd values. Corresponding sequence
of the antibodies and antigens were extracted
from the protein data bank using the PDB Ids
sourced from the SAbDab database. These se-
quences were for the Fab region of the antibody
with their heavy and light chains sections. Both
heavy and light chains were merged together as
a single component of antibody. Similarly, anti-
gen sequences were also extracted as a sepa-
rate input for the machine learning model.

Building machine learning model

Encoders, ‘CNN’, ‘AAC’, ‘PseudoAAC’,
‘Conjoint_triad’, ‘Quasi seq’, ‘ESPF’, ‘Trans-
former’, ‘'CNN_RNN’ were used for encoding the
protein sequences of antibodies and antigens.
All these encoders were used serially to encode
the sequence of the target protein sequence
and used in the DeepPurpose machine-learn-
ing model. Table 2 shows the performance of
each encoder for predicting the Kd values. The
original values of Kd were in nM and the mag-
nitude was converted into log scale after multi-
plying with 10°. Figure 1(a) shows the original
Kd values and converted logarithmic values. As
observed in the plot that original Kd values are
skewed towards 0 as most of the datapoints had
low Kd values in nano molar. This skewedness
can affect the performance of the prediction
and thus they were converted into log scale
after multiplying with 10°. Figure 1(b) showed
the normalized values of CNN and ConjointTri-
ad performed similarly in the pearson correla-
tion with the coefficient value of 0.78. However,
mean square error for CNN was 4.08 while for
ConjointTriad it was 4.14. Other encoders, AAC,
ESPF and Transformer also showed correlation
coefficient greater than 0.7.

Table 2. Performance of the different encoder
on the data set to predict the Kd values.

Kasana et al



Current Trends in Biotechnology and Pharmacy 1871
Vol. 18(3) 1866-1880, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2024.3.33
Encoder MSE Pearson C‘fo.rrelation p-value Concordance
Coefficient Index
CNN 4.08 0.78 7.32E-37 0.82
AAC 5.28 0.71 1.04E-27 0.78
PseudoAAC 8.82 0.39 1.18E-07 0.66
ConjointTriad 4.14 0.78 1.43E-36 0.83
Quasi-Seq 8.79 0.42 1.12E-08 0.63
ESPF 4.96 0.73 6.68E-30 0.80
Transformer 5.60 0.71 4.88E-28 0.81
CNN_RNN 7.90 0.50 3.51E-12 0.67

ConjointTriad model showed the best
performance for correlation coefficient and
mean square error and thus selected for the
further processing. ConjointTriad is widely used
for dealing with the sequential data including
protein sequence. The architecture comprises
multiple convolutional layers and encodes the
sequence within a 1D encoder, thereby cap-
turing the features and patterns inherent in the
sequence. As the sequence of the protein was
of different length thus the padding was also
used during the ConjointTriad encoder. More-
over, p-values in the Table 1 shows the rele-
vance score of the prediction for their correla-
tion co-efficient. As shown in the table that all
the p-values are lower than 0.05 and thus the
confidence was greater than 90% for the calcu-
lated correlation coefficients. The concordance
index evaluates how well the model’s predicted
probabilities of survival align with the actual out-
comes. The ConjointTriad model has the high-
est concordance index value of 0.83, while CNN
also has a close value of 0.82. Considering all
the evaluation metrics, Conjoint Triad encod-
er moder was selected as the best performing
model. Moreover, various studies used machine
learning models based deep convolutional neu-
ral networks, that used in both bio-medical and
sensor-based study(31-34)deep convolution-
al neural networks have demonstrated domi-
nant performance in human activity recognition
(HAR.
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Figure 1. Plot of Kd values with respect to each
916 entries of the antibodies (a) original Kd (b)
logarithmic values of the kd.

CDR and structure of rituximab

Once the ML model was selected with
the best performing encoder technique (Con-
jointTriad), the Fab sequence of the Rituximab
was collected. PDB ID: 6VJA was sourced from
protein databank for extracting the sequence
of heavy and light chains of the Fab segment
of the Antibody. Sequence of heavy and light
chains were submitted to the AbRSA tool for
detecting the CDRs. Complementarity-deter-
mining regions (CDRs) are immunoglobulin (Ig)
hypervariable domains that regulate particular
antibody (Ab) binding(35)fungi, protozoa and vi-
ruses. The possibility that isolated CDRs, repre-
sented by short synthetic peptides, may display
antimicrobial, antiviral and antitumor activities
irrespective of Ab specificity for a given antigen
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is addressed here.\nMETHODOLOGY/PRINCI-
PAL FINDINGS: CDR-based synthetic peptides
of murine and human monoclonal Abs directed
to: a.

The chains are shown below with the coloured
CDR region detected by AbRSA tool:

> RITUXIMAB FAB HEAVY CHAIN

1 QVQLQQPGAELVKPGASVKM-
SCKASGYTFTSYNMHWVKQTP -
GRGLEWIGAIYPGNGDTSY 60

61 NQKFKGKATLTADKSSSTAY-
MQLSSLTSEDSAVYYCARSTYYG-
GDWYFNVWGAGTTVTVS 120
121 AASTKGPSVFPLAPSSKSTS-
GGTAALGCLVKDYFPEPVT-
VSWNSGALTSGVHTFPAVLQS 180
181 SGLYSLSSVVTVPSSSLGTQTYICNVN-
HKPSNTKVDKKVEPKSC

> RITUXIMAB FAB LIGHT CHAIN

1 QIVLSQSPAILSASPGEKVTMT-
CRASSSVSYIHWFQQKPGSSP-
KPWIYATSNLASGVPVR 60

61 FSGSGSGTSYSLTISRVE-
AEDAATYYCQQWTSNPPTFGG-
GTKLEIKRTVAAPSVFIFPPS 120
121 DEQLKSGTASVVCLLNN-
FYPREAKVQWKVDNALQSGNSQES-
VTEQDSKDSTYSLSSTLTL 180
181 SKADYEKHKVYACEVTHQGLSSPVTKS-
FNRGEC

Heavy chain showed 3 CDR segments,
CDR1 coloured as red, CDR2 coloured as or-
ange while CDR3 coloured as green. In heavy
chain, CDR3 is the longest with 12 residues
while CDR2 showed 8 residues and CDR1 with
7 residues, respectively. In contrast, CDR1 has
the maximum length of 10 in light chain, while
CDR2 has the minimum of 7 amino acids. Struc-
ture of Rituiximab is submitted in the PDB with
PDB ID: 6VJA, this entry has CD20 B-lympho-
cyte antigen bound with the antibody structure.
Figure 2, shows the Antigen and Antibody struc-
tures. Only the Fab segment that interacts with

Antigen is submitted in the protein databank,
heavy chain has 224 amino acids while light
chain has 213 amino acids. CD20 antigen has
278 amino acids in the PDB entry.

CD20 Antigen Rituximab-Heavy Chain

Rituximab-Light Chain

Figure 2. Structure of CD antigen that com-
plexed with Rituximab using heavy and light
chain of Fab segment, deposited in protein data
bank with PDB ID: 6VJA.

Antigen in the structure is deposited
as dimer in this structure with chain C and D
while H and L are the heavy and light chains of
the antibody. SER95, TRP100, HIS35, ASN33,
SER58, TYR52, and ASP56 from the heavy
chain was interacting with the chain C of the
antigen while SER28, SER29, SER31, TRP91,
and ASN94 from the light chain was involved in
the antigen antibody interaction. It is notewor-
thy that SER28, SER29, and SER31 interacting
residues from the light chain were from CDR1,
while TRP91, and ASN94 were from CDR3.
Similarly, SER58, TYR52, and ASP56 were
from CDR2 of the heavy chain, while SER95,
and TRP100, also seen as interactive residues,
were from CDR3. In overall, the outcome pro-
vides a comprehensive analysis of the molec-
ular composition and binding properties of the
Rituximab antibody, with specific emphasis on
its interaction with the CD20 antigen, which is
crucial for its therapeutic efficacy.

Modification of antibody sequence

Later, the CDR segments of antibody were tar-
geted for the substitution of single amino ac-
ids serially. This resulted in generation of 969
sequences that constitute of all possible com-
bination of amino acid for a given substitution.

Kasana et al



Current Trends in Biotechnology and Pharmacy

1873

Vol. 18(3) 1866-1880, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

10.5530/ctbp.2024.3.33

Essentially, this created a vast library of Ritux-
imab variants. These new sequences of heavy/
light chains were constitutively fed to the trained
machine-learning model along with the original
sequence of CD20 antigen. The model predict-
ed log (Kd) values which further converted into
antilog to deduce the original Kd value in nano
Molar. The Kd value is a standard measure of
the binding affinity between an antibody and an
antigen; lower Kd values indicate higher affini-
ty(36). Figure 3, shows the top three sequenc-
es of the Rituximab that predicted the minimum
Kd values in the ML model. The Top sequence
showed 0.000024 nM Kd and it was considered
and best modified Antibody sequence at the
CDR that can bind with CD20 antigen with the
highest affinity. In this sequence, SER31 was
converted to LEU31. This specific mutation sig-
nificantly increased the binding affinity of the an-
tibody to the CD20 antigen.

Figure 3. Top three sequences of the Rituximab
with minimum Kd values from the ML model.

Structure modelling

Protein structure of Rituximab and CD20
antigen peptide was collected from the protein
data bank (PDB). The required modification in
the rituximab was imposed in the complex struc-
ture using SWISS Pdb viewer tool. Swiss-Pd-
bViewer is an application that provides a user
friendly interface allowing to evaluate many pro-
teins at the same time(37). The structure was
further simulated under physiological condition
for 100 ns to achieve the most stable conforma-
tion. Both wild and new variant of rituximab was

simulated for 100 ns. Various evaluation metrics
were further computed on the simulation trajec-
tory.Root mean square deviation (RMSD)

me (ps)

(a)

(b)

Figure 4. Root mean square deviation (RMSD)
for the (a) antibody (rituximab) and (b) antigen
(CD20) for wild type and variant type in the com-
plex.

The deviation of antigen-antibody com-
plex from the equilibrated structure achieved
after the NVT and NPT ensemble equilibra-
tion. This deviation showed the change in the
conformational space of the antigen-antibody
complex. Root-mean-square deviation (RMSD)
was calculated over the 100 ns for the rituximab
(antibody) and CD20 (antigen). The RMSD is a
metric that quantifies the average distance be-
tween the atoms, typically the backbone atoms,
of molecules that have been superimposed(38).
Both antigen and antibody showed high RMSD
during the 100 ns simulation. Here, the wild and
variant both started with the similar pattern in
the RMSD for antibody as shown in Figure 4 (a)
at 0.75 nm from the initial conformation. Until
the 40 ns of the simulation trajectory, they be-
haved similarly. However, post 40 ns, wild type
showed a high peak of RMSD compared to vari-
ant. Moreover, after 80 ns, they re-showed the
similar pattern of RMSD. Similarly, in antigen
the RMSD of wild type showed the higher peak
between 40 ns to 80 ns. Following an 80-nano-
second interval, they subsequently realign and
attain a stable configuration, converging at a
distance of 0.75 nanometers, as visually rep-
resented in Figure 4 (b). Plots shown in Figure
4, illustrate the higher deviation in the wild con-
formation of the protein compared to the vari-
ant (both for antibody and antigen). Here, the
reference structure used for alignment was the
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complete complex while the RMSD was calcu-
lated for the antigen and antibody separately.
The plots showed that RMSD of the antibody
and antigen behaved similarly as per their de-
viation pattern from the initial docked confor-
mation. Here, the complete complex was taken
as reference for the alignment and RMSD was
calculated for antibody and antigen individual-
ly. This suggest that antibody showed transla-
tion motion in the given complex. The interac-
tion site has changed to limited extent during
the course of the simulation. This happened to
find the stronger interaction with the antigen.
However, it is noted that variant that designed
in this case study has shown lower deviation
than the wild type. This specify that if the vari-
ant antibody interact with the antigen in native
like conformation, then the chances of forma-
tion of stable pose is higher compared to the
wild type. Both the plots showed a jump in same
period (40-70 ns) that indicate the disturbance
of the conformation. However, it settled in the
later phase to achieve more stability. Overall,
this outcome provides significant understanding
into the dynamic characteristics of the Ritux-
imab-CD20 complex, highlighting the variations
in stability and structural modifications between
the original and modified versions of the anti-
body. These findings hold great importance in
understanding the molecular foundation of inter-
actions between antibodies and antigens, and
can provide assistance in developing therapeu-
tic antibodies that are more stable and efficient.

Root mean square fluctuation (RMSF)

The root mean square fluctuation
(RMSF) quantifies the variation of each atom
along the whole trajectory. Later, the root mean
square fluctuation (RMSF) was calculated for
wild and variant antibody to compare the fluctu-
ation at residue level. The plot shown in Figure
5, shows that both wild type and variant showed
the similar trend of RMSF. In heavy chain of the
wild type other than the terminal residues LYS-
129, SER-130, and SER-132 showed the high
RMSF, crossing 0.3 nm cutoff while LYS-129
and SER-130 also showed the similar RMSF

pattern in variant type. However, none of these
residues were part of the CDR region. In con-
trast, light chain showed more stability and only
terminal residues showed the high RMSF while
rest of the residues were settled in their con-
formation. The graphical representation of the
RMSF is shown in the Figure 5. As observed
from the plots that both wild and variant type be-
haved similarly in the simulation and common
residues showed the jump in the RMSF.
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Figure 5. RMSF plots of (a) heavy chain and (b)
light chain for both wild and variant types. X axis
shows the residue number and Y axis shows the
RMSF in nm scale.

Free energy landscape (FEL)

Free energy landscapes are commonly
used in computational chemistry and biophys-
ics to represent and simulate the process of
protein folding, ligand-receptor interaction, en-
zyme mechanisms, and other dynamic molec-
ular processes. They offer valuable information
regarding the thermodynamics and kinetics of
these processes(39). Here, the top two principal
components of the conformational motion were
calculated to represent the maximum deviation.
This presents the movement of the protein along
the principal component to achieve an energeti-
cally stable state. Moreover, it also presents the
variation in the structure of the protein that sig-
nifies the overall stability of the molecule. The
antibody antigen complexes (wild and variant)
was simulated for 100 ns and their principal
components were detected, the motion and the
energy term were calculated as shown in the 3D
energy landscape in Figure 6. The free energy
was shown in relative scale where the most sta-
ble state or the minimum free energy state was
considered as reference. Therefore, the energy
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scale started from 0 (minimum) and went to high
scale. Moreover, in the funnel shape plot, it is
shown that wild type has multiple basins while
the variant has single basin. These basins are
minimum energy state that was achieved for the
given complex. It is noteworthy that going from
one basin to another basin there are energy bar-
rier that needs to be crossed. Navigating these
energy barriers presents a formidable challenge
within the conformational space, and there is
a significant likelihood of a given structure be-
coming trapped in these local energy minima.
As shown in the Figure 6, that variant has no
energy barrier in their its free energy landscape
and this showed that complex has high possi-
bility to reach the global minima without getting
trapped in the local minima. On the other hand,
wild type has energy barriers and there is more
chance that conformation would trap in the local
minima and will not be eligible to reach glob-
al minima. It is also been seen that basins in
the wild type have not the similar energy states
conformation as depicted by the colour gradient
and the depth of the basin. In conclusion, this
investigation shows the significance of studying
the energy landscapes of molecular complex-
es. The outcome is that the mutated version of
the antibody-antigen complex is more prone to
achieving a stable structure with ease, without
the obstruction of energy obstacles, in contrast
to the original form. The understanding acquired
from this observation is extremely helpful in the
realm of drug design and protein engineering,
as it pertains to the crucial aspects of molecular
interactions’ stability and efficiency.
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Figure 6. Free energy landscape of the anti-
gen (CD20) and antibody (rituximab) complex
for 100 ns simulation calculated over first two
principal components for (a) wild type and (b)
variant type.

Gibbs binding free energy (AG)

MM/PBSA and MM/GBSA have been
extensively employed in biomolecular studies,
particularly in the investigation of protein fold-
ing, protein-ligand binding, and protein—pro-
tein interactions(40). Here, binding free energy
of the antigen-antibody complex was calcu-
lated for the last 20 ns of the simulation. MM/
GBSA (Molecular mechanics with generalised
Born and surface area solvation) method was
employed to calculate the binding free energy.
This energy has multiple energetic terms that in-
cludes gas and solvation term of gibbs energy.
Gas energy term has Van der Waal and electro-
static energy components. However, solvation
term has both polar and non-polar components.
Average values for all the terms were calculated
van der Waal showed the most favourable ener-
gy (-63.07 kcal/mole) for the wild while for vari-
ant electrostatic component dominated (-70.55
kcal/mole). Polar solvation energy was positive
in both the cases, wild has 50.08 kcal/mole while
for variant it is 129.57 kcal/mole. Overall, the av-
erage binding free energy for wild and variant
was comparative but variant showed more sta-
bility with -45.44 kcal/mole and the wild type had
-37.66 kcal/mole. This showed that variation in
the antibody provided stronger interaction with
the antigen that further resulted in the more sta-
ble complex formation. Figure 7, showed the
binding free energies for wild and variant types
with their various energetic components.
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Figure 7. Binding free energy calculated using
MM/GBSA techniques for (a) wild type and (b)
variant type.

Further, the binding free energy was
recorded for each frame, 20 frames were gen-
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erated for the last 20 ns. Energy in each of the
frame is shown in Figure 8. The energy was sta-
ble for the variant the standard deviation was
6.21. In the wild type the energy continuously
fallen and reached to minimum at 100 ns.
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Figure 8. Binding free energy of each frame for
(a) wild type and (b) variant type for the ritux-
imab and CD20 complex over last 20 ns simu-
lation trajectory.

RMSD and RMSF shown earlier in the
calculation conveyed that the conformation
of wild and variant type showed similar trend.
However, variant had relatively more stable
conformational behaviour during the simulation
trajectory. This showed that more stability was
attained in the complex after the change im-
posed in the rituximab sequence. This change
was guided by the ML method demonstrated
in this study. Later, it was also showed that the
variant had similar level of residual fluctuation.
The variant had favourable binding free ener-
gy calculated from the MM/GBSA. Overall, the
variant of rituximab showed stronger binding
with the antigen than the wild type.

Discussion

The therapeutic application of mono-
clonal antibodies (mAbs) is among the most
promising areas within the domain of immu-
notherapy. Immunogenicity is one of the most
significant factors that can limit the therapeutic
and diagnostic applications of mAbs. The ad-
vancement of biological therapeutics has been

greatly accelerated by the integration of com-
putational technologies with high-throughput
technology(41—43). Numerous cases of in silico
vaccine design have been successful, includ-
ing the vaccine design initiated by Correia et al.
through computational protein design(44). They
used in-silico methods to design small, thermal-
ly and conformationally stable protein scaffolds.
Additional testing has shown that these protein
scaffolds successfully imitate the structure of
the viral epitope and stimulate powerful antibod-
ies that can neutralise the virus.

The present study demonstrated the
conceptualization and construction of a resilient
machine learning framework for forecasting the
antigen-antibody binding affinity. The conjoint
triad encoder method demonstrated the highest
degree of accuracy, as evidenced by its correla-
tion coefficient of 0.78. An additional applica-
tion of the method was to illustrate its efficacy
on rituximab through the generation of original
sequences that targeted the CDR region. Rit-
uximab induces apoptosis, complement acti-
vation, and antibody-dependent cell-mediated
cytotoxicity by binding to the CD20 marker ex-
pressed on B lymphocytes (Miranda-Hernandez
MP, Lépez-Morales CA, Ramirez-lbafez ND,
Pina-Lara N, Pérez NO, Molina-Pérez A, et al.
Assessment of physicochemical properties of
rituximab related to its immunomodulatory ac-
tivity(45, 46). The study identified the optimal
sequence exhibiting the greatest affinity for
the CD20 antigen. A molecular dynamics (MD)
simulation study was conducted to investigate
the binding characteristics and structure of the
variant rituximab. The RMSD of this variant was
lower than that of the wild type. This indicates
that the probability of stable pose formation is
greater for variant antibodies that interact with
the antigen in a native-like conformation, as op-
posed to the wild type. The binding free ener-
gy of the antigen-antibody complex was -45.44
kcal/mole for the Rituximab variant and -37.66
kcal/mole for the wild type. This showed that
variation in the antibody provided stronger in-
teraction with the antigen that further resulted
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in the more stable complex formation. A free
energy landscape (FEL) was calculated by util-
ising the initial two principal components (PC1
and PC2). In contrast to the wild type, which
possesses three minimum energy basins, this
variant displayed only one. Thus, it was demon-
strated that the antibody variant-produced com-
plex is more capable of achieving global mini-
ma. In the machine learning model, the variant
that was generated and justified demonstrated
a higher level of stability and affinity with the an-
tigen. Thus, the methodology that was present-
ed in the study has the potential to be utilised
in the design of antibodies in order to produce
therapeutic antibodies that are more effective.

Conclusion

This study showed the design and de-
velopment of a robust machine learning model
to predict the binding affinity between antigen
and antibody. Conjoint triad encoder method
showed the highest accuracy with 0.78 correla-
tion coefficient. The method was further used to
demonstrate its application on rituximab by gen-
erating novel sequences by targeting the CDR
region. The study detected the best sequence
that showed the highest affinity for the CD20 an-
tigen. The structure of the variant rituximab was
modelled and the binding characteristics was
explored in MD simulation study. The variant
generated and justified in ML model showed the
higher stability and affinity with the antigen. The
method presented in the study has potential to
be used in antibody design to generate more ef-
ficacious therapeutic antibody.

Acknowledgements: The authors acknowl-
edge Jaypee Institute of Information Tech-
nology, NOIDA, Uttar Pradesh and National
Institute of Biologicals, NOIDA for providing
infrastructure and support

Conflict of Interest: The authors declare that
there are no conflicting interests.

Funding: There is no funding to report

Authors Contribution: H.K. wrote the manu-

script. A.M. conceived the idea and methodol-
ogy. H.C. and A.M. edited the manuscript. All
authors read and approve the manuscript

References

1. Berger, M., Shankar, V., & Vafai, A. (2002).
Therapeutic Applications of Monoclonal
Antibodies. The American Journal of the
Medical Sciences, 324(1), 14-30. https://
doi.org/10.1097/00000441-200207000-
00004

2. Suzuki, M., Kato, C., & Kato, A. (2015).
Therapeutic antibodies: their mechanisms
of action and the pathological findings they
induce in toxicity studies. Journal of Toxi-
cologic Pathology, 28(3), 133—139. https://
doi.org/10.1293/tox.2015-0031

3. Quinteros, D. A, Bermudez, J. M., Ravetti,
S., Cid, A., Allemandi, D. A, & Palma, S.
D. (2017). Therapeutic use of monoclonal
antibodies: general aspects and challeng-
es for drug delivery. In Nanostructures
for Drug Delivery (pp. 807-833). Elsevi-
er. https://doi.org/10.1016/B978-0-323-
46143-6.00025-7

4. Houen, G. (2022). Therapeutic Antibodies:
An Overview. In G. Houen (Ed.), Thera-
peutic Antibodies (Vol. 2313, pp. 1-25).
New York, NY: Springer US. https://doi.
org/10.1007/978-1-0716-1450-1_1

5. Lu,L.L., Suscovich, T. J., Fortune, S. M., &
Alter, G. (2018). Beyond binding: antibody
effector functions in infectious diseases.
Nature Reviews. Immunology, 18(1), 46—
61. https://doi.org/10.1038/nri.2017.106

6. Kamen, L., Ordonia, B., Myneni, S., &
Chung, S. (2022). Method for Measure-
ment of Antibody-Dependent Cellular
Phagocytosis. In G. Houen (Ed.), Ther-
apeutic Antibodies (Vol. 2313, pp. 305—
312). New York, NY: Springer US. https://
doi.org/10.1007/978-1-0716-1450-1_19

7. Akbar, R., Robert, P. A., Pavlovi¢, M., Je-

Design and development of machine learning model for antibody design: Rituximab a case study



Current Trends in Biotechnology and Pharmacy
Vol. 18(3) 1866-1880, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2024.3.33

10.

1.

12.

13.

liazkov, J. R., Snapkov, I., Slabodkin, A.,
... Greiff, V. (2021). A compact vocabulary
of paratope-epitope interactions enables
predictability of antibody-antigen binding.
Cell Reports, 34(11), 108856. https://doi.
org/10.1016/j.celrep.2021.108856

Beeg, M., Nobili,A., Orsini, B., Rogai, F., Gi-
lardi, D., Fiorino, G., ... Gobbi, M. (2019). A
Surface Plasmon Resonance-based assay
to measure serum concentrations of thera-
peutic antibodies and anti-drug antibodies.
Scientific Reports, 9(1), 2064. https://doi.
org/10.1038/s41598-018-37950-4

Huber, W., & Mueller, F. (2006). Biomolec-
ular Interaction Analysis in Drug Discov-
ery Using Surface Plasmon Resonance
Technology.  Current  Pharmaceutical
Design, 12(31), 3999-4021. https://doi.
org/10.2174/138161206778743600

Frenzel, A., Roskos, L., Klakamp, S., Li-
ang, M., Arends, R., & Green, L. (2014).
Antibody Affinity. In S. Dubel & J. M. Re-
ichert (Eds.), Handbook of Therapeutic An-
tibodies (pp. 115-140). Weinheim, Germa-
ny: Wiley-VCH Verlag GmbH & Co. KGaA.
https://doi.org/10.1002/9783527682423.
ch6

Spiegelberg, D., Stenberg, J., Richalet,
P., & Vanhove, M. (2021). KD determina-
tion from time-resolved experiments on
live cells with LigandTracer and reconcil-
iation with end-point flow cytometry mea-
surements. European Biophysics Journal,
50(7), 979-991. https://doi.org/10.1007/
s00249-021-01560-2

Reverberi, R., & Reverberi, L. (2007).
Factors affecting the antigen-antibody
reaction. Blood Transfusion. https://doi.
org/10.2450/2007.0047-07

Schneider, C., Raybould, M. I. J., & Deane,
C. M. (2022). SAbDab in the age of biother-
apeutics: updates including SAbDab-na-
no, the nanobody structure tracker. Nucle-

Kasana et al

14.

15.

16.

17.

18.

19.

20.

1878

ic Acids Research, 50(D1), D1368-D1372.
https://doi.org/10.1093/nar/gkab1050

Dunbar, J., Krawczyk, K., Leem, J., Baker,
T., Fuchs, A., Georges, G., ... Deane, C.
M. (2014). SAbDab: the structural antibody
database. Nucleic Acids Research, 42(D1),
D1140-D1146. https://doi.org/10.1093/
nar/gkt1043

Huang, K., Fu, T., Glass, L. M., Zitnik, M.,
Xiao, C., & Sun, J. (2021). DeepPurpose: a
deep learning library for drug—target inter-
action prediction. Bioinformatics, 36(22—
23), 5545-5547. https://doi.org/10.1093/
bioinformatics/btaa1005

Li, L., Chen, S., Miao, Z., Liu, Y., Liu, X,
Xiao, Z., & Cao, Y. (2019). AbRSA: Arobust
tool for antibody numbering. Protein Sci-
ence : A Publication of the Protein Society,
28(8), 1524-1531. https://doi.org/10.1002/
pro.3633

Berman, H. M., Westbrook, J., Feng, Z.,
Gilliland, G., Bhat, T. N., Weissig, H., ...
Bourne, P. E. (2000). The Protein Data
Bank. Nucleic Acids Research, 28(1), 235—
242. https://doi.org/10.1093/nar/28.1.235

Bank, R. P. D. (n.d.). RCSB PDB - 20SL.:
Crystal structure of Rituximab Fab in com-
plex with an epitope peptide. Retrieved
October 14, 2023, from https://www.rcsb.
org/structure/20SL

Du, J., Wang, H., Zhong, C., Peng, B.,
Zhang, M., Li, B., ... Ding, J. (2007).
Structural Basis for Recognition of CD20
by Therapeutic Antibody Rituximab *.
Journal of Biological Chemistry, 282(20),
15073-15080. https://doi.org/10.1074/jbc.
M701654200

Dunbar, J., Krawczyk, K., Leem, J., Marks,
C., Nowak, J., Regep, C., ... Deane, C.
M. (2016). SAbPred: a structure-based
antibody prediction server. Nucleic Acids
Research, 44(Web Server issue), W474—
W478. https://doi.org/10.1093/nar/gkw361



Current Trends in Biotechnology and Pharmacy
Vol. 18(3) 1866-1880, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2024.3.33

21.

22.

23.

24.

25.

26.

27.

28.

Berendsen, H. J. C., van der Spoel, D.,
& van Drunen, R. (1995). GROMACS: A
message-passing parallel molecular dy-
namics implementation. Computer Physics
Communications, 91(1), 43-56. https://doi.
org/10.1016/0010-4655(95)00042-E

Abraham, M. J., Murtola, T., Schulz, R.,
Pall, S., Smith, J. C., Hess, B., & Lindahl,
E. (2015). GROMACS: High performance
molecular simulations through multi-lev-
el parallelism from laptops to supercom-
puters. SoftwareX, 1, 19-25. https://doi.
org/10.1016/j.s0ftx.2015.06.001

GROMACS 2022 Manual. (n.d.). https://
doi.org/10.5281/zenodo.6103568

Huang, J., & MacKerell, A. D. (2013).
CHARMM36 all-atom additive protein
force field: validation based on compari-
son to NMR data. Journal of Computation-
al Chemistry, 34(25), 2135-2145. https://
doi.org/10.1002/jcc.23354

Darden, T., York, D., & Pedersen, L. (1993).
Particle mesh Ewald: An N-log(N) method
for Ewald sums in large systems. The Jour-
nal of Chemical Physics, 98(12), 10089—
10092. https://doi.org/10.1063/1.464397

Bussi, G., Donadio, D., & Parrinello, M.
(2007). Canonical sampling through ve-
locity rescaling. The Journal of Chemi-
cal Physics, 126(1), 014101. https://doi.
org/10.1063/1.2408420

Parrinello, M., & Rahman, A. (1981). Poly-
morphic transitions in single crystals: A
new molecular dynamics method. Journal
of Applied Physics, 52(12), 7182—7190.
https://doi.org/10.1063/1.328693

Xu, Y., Gnanasekaran, R., & Leitner, D.
M. (2012). Analysis of Water and Hydro-
gen Bond Dynamics at the Surface of an
Antifreeze Protein. Journal of Atomic and
Molecular Physics, 2012, e125071. https://
doi.org/10.1155/2012/125071

29.

30.

31.

32.

33.

34.

1879

Valdés-Tresanco, M. S., Valdés-Tresanco,
M. E., Valiente, P. A., & Moreno, E. (2021).
gmx_MMPBSA: A New Tool to Perform
End-State Free Energy Calculations with
GROMACS. Journal of Chemical Theo-
ry and Computation, 17(10), 6281-6291.
https://doi.org/10.1021/acs.jctc.1c00645

Miller, B. R. ., McGee, T. D. Jr., Swails, J.
M., Homeyer, N., Gohlke, H., & Roitberg,
A. E. (2012). MMPBSA.py: An Efficient
Program for End-State Free Energy Cal-
culations. Journal of Chemical Theory and
Computation, 8(9), 3314-3321. https://doi.
org/10.1021/ct300418h

Bu, C., Zhang, L., Cui, H., Yang, G., & Wu,
H. (2023). Dynamic Inference via Local-
izing Semantic Intervals in Sensor Data
for Budget-Tunable Activity Recognition.
IEEE Transactions on Industrial Informat-
ics, PP, 1-13. https://doi.org/10.1109/
TI1.2023.3315773

Cheng, D., Zhang, L., Bu, C., Wang, X.,
Wu, H., & Song, A. (2023). ProtoHAR:
Prototype Guided Personalized Federated
Learning for Human Activity Recognition.
IEEE Journal of Biomedical and Health
Informatics, 27(8), 3900-3911. Present-
ed at the IEEE Journal of Biomedical and
Health Informatics. https://doi.org/10.1109/
JBHI.2023.3275438

Mirrashid, M., & Naderpour, H. (2023).
Incomprehensible but Intelligible-in-time
logics: Theory and optimization algo-
rithm. Knowledge-Based Systems, 264,
110305. https://doi.org/10.1016/j.kno-
sys.2023.110305

Xu, S., Zhang, L., Tang, Y., Han, C., Wu,
H., & Song, A. (2023). Channel Attention
for Sensor-Based Activity Recognition:
Embedding Features into all Frequen-
cies in DCT Domain. IEEE Transactions
on Knowledge and Data Engineering,
35(12), 12497-12512. Presented at the
IEEE Transactions on Knowledge and

Design and development of machine learning model for antibody design: Rituximab a case study



Current Trends in Biotechnology and Pharmacy
Vol. 18(3) 1866-1880, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2024.3.33

35.

36.

37.

38.

39.

40.

Data Engineering. https://doi.org/10.1109/
TKDE.2023.3277839

Polonelli, L., Pontén, J., Elguezabal, N.,
Moragues, M. D., Casoli, C., Pilotti, E., ...
Travassos, L. R. (2008). Antibody comple-
mentarity-determining regions (CDRs) can
display differential antimicrobial, antiviral
and antitumor activities. PIoS One, 3(6),
e2371. https://doi.org/10.1371/journal.
pone.0002371

Van Regenmortel, M. H. V., & Azimza-
deh, A. (2000). Determination of An-
tibody Affinity. Journal of Immunoas-
say, 21(2-3), 211-234. https://doi.
org/10.1080/01971520009349534

Guex, N., & Peitsch, M. C. (1997). SWISS-
MODEL and the Swiss-Pdb Viewer: An
environment for comparative protein
modeling. ELECTROPHORESIS, 18(15),
2714-2723. https://doi.org/10.1002/
elps.1150181505

Benson, N. C., & Daggett, V. (2012). A
Comparison of Multiscale Methods for
the Analysis of Molecular Dynamics Sim-
ulations. The Journal of Physical Chem-
istry B, 116(29), 8722-8731. https://doi.
org/10.1021/jp302103t

Camacho, C. J., Weng, Z., Vajda, S., & De-
Lisi, C. (1999). Free Energy Landscapes
of Encounter Complexes in Protein-Pro-
tein Association. Biophysical Journal,
76(3), 1166—1178. https://doi.org/10.1016/
S0006-3495(99)77281-4

Wang, E., Sun, H., Wang, J., Wang, Z., Liu,
H., Zhang, J. Z. H., & Hou, T. (2019). End-

Kasana et al

41.

42.

43.

44.

45.

46.

1880

Point Binding Free Energy Calculation with
MM/PBSA and MM/GBSA: Strategies and
Applications in Drug Design. Chemical
Reviews, 119(16), 9478-9508. https://doi.
org/10.1021/acs.chemrev.9b00055

Carter, P. J. (2006). Potent antibody ther-
apeutics by design. Nature Reviews Im-

munology, 6(5), 343-357. https://doi.
org/10.1038/nri1837

Reichert, J. (2008). Monoclonal An-
tibodies as Innovative  Therapeu-
tics. Current Pharmaceutical Biotech-
nology, 9(6), 423-430. https://doi.

0rg/10.2174/138920108786786358

Nelson, A. L., & Reichert, J. M. (2009). De-
velopment trends for therapeutic antibody
fragments. Nature Biotechnology, 27(4),
331-337. https://doi.org/10.1038/nbt0409-
331

Correia, B. E., Bates, J. T., Loomis, R. J.,
Baneyx, G., Carrico, C., Jardine, J. G,,
... Schief, W. R. (2014). Proof of princi-
ple for epitope-focused vaccine design.
Nature, 507(7491), 201-206. https://doi.
org/10.1038/nature12966

Weiner, L. M., Dhodapkar, M. V., & Fer-
rone, S. (2009). Monoclonal antibodies
for cancer immunotherapy. The Lan-
cet, 373(9668), 1033-1040. https://doi.
org/10.1016/S0140-6736(09)60251-8

Tsurushita, N., Hinton, P. R., & Kumair,
S. (2005). Design of humanized antibod-
ies: From anti-Tac to Zenapax. Methods,
36(1), 69-83. https://doi.org/10.1016/].
ymeth.2005.01.007



Current Trends in Biotechnology and Pharmacy

1881

Vol. 18(3) 1881-1896, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

10.5530/ctbp.2024.3.34

Synergistic Effect of Chemical and Physical Treatments
on Azolla pinnata for Cadmium lons Removal from
Synthetic Wastewater Systems

Kaakarlu Shivakumar Vinanthi Rajalakshmi' and
Kuppusamy Alagesan Paari"

"Department of Lifesciences, CHRIST (Deemed to be University), Bangalore, India- 560029
*Corresponding Author : paari.ka@christuniversity.in

Abstract

Azolla pinnata, an aquatic fern has
been utilized as an effective biofiltering and ad-
sorbent agent to complement many convention-
al treatment methods for the removal of envi-
ronmental pollutants. This study is designed to
develop an effective regime to treat metal pol-
lutants of industrial and urban waste discharge
using a novel strategy involving Azolla pinnata.
In the present study, cell surface modification by
physical treatments that include heating (muf-
fle furnace), and mechanical waves (ultrason-
ication) and chemical treatments as sulphuric
acid and ethanol were employed to enhance
the adsorption of metal pollutants. Factors such
as biosorbent dose, contact time, initial metal
ion concentration, temperature, and solution
pH were optimised in batch mode. The point of
zero charge of the adsorbent was determined to
be at 5.85 pH. The results of surface morphol-
ogy, elemental analysis, crystallinity, recorded
through SEM, FTIR and XRD confirmed the ad-
sorptive properties in both modified and unmod-
ified biomass. The intensity peaks linked to O-H,
C-H, C-N, N-H and C=0 stretching bands was
intense in the treated A. pinnata groups indicat-
ing the induction of the active groups. Out of
the two chemical pre-treatments, the batch ad-
sorption experiment with ethanol found to che-
late Cd*? metal ions to a higher extent (94.36%)

in contrast to the results obtained from H,SO,
treated biomass. Whereas, the physical treat-
ments exhibited the strong adsorption (83.28
and 96.92+0.55%) for ultrasonicated and muf-
fle furnace pre-treated biomass respectively for
the dosage of 0.25g. The adsorption efficiency
of physically modified sorbent revealed the cent
percent removal of Cd*? ions from the aqueous
phase with the dosage of 1.0g in 15min of con-
tact time which is due to the incorporation of new
binding sites. Moreover, these results proved
that the highest rate of cadmium adsorption
onto A. pinnata is in result of the modifications
caused onto surface structure, porosity and the
addition of functional groups on the surface of
the treated biomass.

Keywords: Azolla pinnata, phytoremediation,
cadmium chelation, surface properties, chemi-
cal and physical modifications.

Introduction

Rapid population explosion coupled
with industrialization and urbanization has
given way to increased ecosystem degrada-
tion (1). The major environmental issue raised
throughout the world is the egression of toxic
pollutants in water bodies due to the disposal
of toxic wastes originated from automobile en-
gines, industrial sectors and domestic operators
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(2). Wastewater, especially discarded from the
industries, contain a wide range of heavy metals
such as Cd, As, Fe, Cr, Zn, Cu, Mn, Pb, Ni, etc,
turns out to be a major environmental concern
due to their bioaccumulation properties (3). Be-
ing a simple and persistent element, cadmium
cannot be broken down into less toxic forms in
the environment. Accumulation of such toxicants
into the water either in the form of organic or in-
organic compounds successively enter the food
chain leading to various health hazards (4). The
conventional treatment methods for metal re-
moval from aqueous streams such as chemical
precipitation, lime coagulation, ion exchange,
reverse osmosis and solvent extraction etc. are
not economical besides posing toxicity (5,6).
Among the existing technologies, adsorption
method meets the requirements to maximize the
removal of heavy metals, supporting the objec-
tive of identifying the most effective water treat-
ment system. Adsorption is widely regarded as
the most popular technique for removing heavy
metals from systems as it is cheap, easy to use,
readily available in a wide variety of adsorbents,
highly efficient, easy to operate, reversible, and
ability to regenerate (7). As release of hazard-
ous pollutants are inevitable with industrial revo-
lution, employment of novel remedial measures
such as bioremediation and phytoremediation
using adsorbents may mitigate the toxic effects
caused by the pollutants.

Utilization of aquatic plants to hyper-
accumulate the pollutants from wastewater
and their application in biomonitoring of pollu-
tion had been well reported (8). Aquatic mac-
rophytes are considered to be strong indicators
of heavy metal pollution in aquatic ecosystems,
acting as biological filters by absorbing heavy
metals (9,10,11). Azolla pinnata, an aquatic pte-
ridophyte commonly known as water fern, has
emerged as a promising candidate due to its re-
markable characteristics such as rapid growth
rate, high biomass production, and efficient
nutrient uptake (12). Azolla’s high biomass pro-
ductivity, ability to proliferate in diverse aquat-

ic habitats, and relatively short lifecycle further
enhance its suitability for remediation studies
(13). Despite such promising attributes, the
precise mechanisms underlying Azolla-mediat-
ed heavy metal removal, as well as its efficacy
under varying environmental conditions, remain
unclear. Moreover, Azolla species possess
an exceptional capacity to accumulate heavy
metals from surrounding water, attributed to
mechanisms such as adsorption, chelation, and
bioaccumulation. This study aims to provide a
comprehensive overview of the current state of
knowledge regarding the role of Azolla pinnata
in heavy metal remediation and to assess the
efficiency of the native, chemically and physical-
ly modified Azolla pinnata to uptake the metal
Cd. Experimental findings of this research seek
to elucidate the factors that should be consid-
ered in the removal of Cd from wastewaters by
native, and modified A. pinnata.

Materials and methods
Biomass preparation

The healthy biomass of Azolla pinnata
was collected from the experimental site (pollu-
tion-free site) and thoroughly rinsed with distilled
water to eliminate soil and dust contaminants,
followed by desiccation in a shaded environ-
ment for a duration of 3 days. Subsequently,
it was subjected to oven drying at a controlled
temperature of 40°C for a period of 24 hours.
The dried material was pulverized using blend-
er and sieved to obtain constant size particles
(0.85-1.70 mm) and was used for characteri-
zation without any prior chemical treatment and
stored in aliquots for further study (14).

Health properties by pigmentation analysis

Transmission, absorption, and reflec-
tion, along with many other plant stress and pig-
ment indicators was measured using CI-710s
Spectra Vue Leaf Spectrometer (CID Bio-Sci-
ence, USA). The operating environment of the
instrument was maintained at -10°C to 50°C
with non-condensing humidity (0% - 90%). The
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detector with the wavelength range of 360-1100
nm and the spectrometer with the minimum leaf
size of 20mm x 20mm was used to allow full
operation in a handheld form factor with a 7inch
1024 x 600 IPS touchscreen display (Integration
time of 30us — 60s). The quantification of chem-
ical concentrations, pigment analysis, and the
quantification of physical or optical properties
such as film thickness, index of refraction, and
extinction coefficient were analysed with a full
suite of the built-in indices’ software (15).

Chemical modification of azolla pinnata bio-
mass

Sulphuric acid treatment

10g of biomass of A. pinnata was add-
ed to 100 ml of 0.1N H,SO, and the solution
was then placed on a rotary shaker at 40 °C,
at 105 rpm, for 24 h. The adsorbent was then
cooled to room temperature and was separat-
ed by filtration using Whatman No.1 Ashless fil-
ter paper. Following filtration, the biomass was
thoroughly washed with distilled water until pH
6-7 was obtained and was dried in an oven at
70 °C overnight until the constant weight was
acquired. The material was sieved and stored in
a desiccator prior to further analysis (16).

Ethanol treatment

Azolla biomass of about 10g was ex-
posed to 25% ethanol solvent for 4hrs at 40 °C
and was placed in a shaking incubator overnight
at 105 rpm. The solution mixture was then sub-
jected to filtration and washed with distilled wa-
ter until the solution reaches neutral pH. Then
the activated biomass was dried overnight at
60°C and stored in air tight container for the fur-
ther study (17).

Physical modifications of azolla pinnata bio-
mass

Ultrasonication treatment

In this type of physical modification, the
powders was ultrasonicated at an amplitude of

20 for the time interval of 1hr, followed by wash-
ing with distilled water and was oven dried for
one day at 70°C. The resultant biosorbents,
modified via physical means, were then evalu-
ated for their effectiveness in the biosorption of
cadmium metal ions (18).

Muffle furnace treatment

Thermal treatment was carried out at
300°C with no external air or gas supply for 1 h
in a muffle furnace. The yield of char obtained
was 52%. The prepared biosorbents were test-
ed directly for the biosorption of cadmium metal
ions from the aqueous solutions (18).

Preparation of metal stock solution

The analytical grade of Cd(NO,),. 4H,0
of 99% assay was used in this study. The stan-
dard metal stock solution was prepared using
standard procedures, with varying initial con-
centrations by dissolving Cd(NO,),. H,O in dis-
tilled water. All glassware utilized in the biosorp-
tion studies was frequently rinsed with HNO,
followed by extensive washing with distilled wa-
ter to mitigate interference from contaminants.
The pH of each solution was determined using
a digital pH meter and subsequently adjusted
using 0.1 M HCI or 0.1 M NaOH solutions.

Biosorption studies and research design

Biosorption potential of raw chemically,
and physically modified Azolla pinnata was test-
ed. The effect of experimental factors such as
biosorbent dose, metal ion concentration, con-
tact time, temperature and pH was investigat-
ed independently for Cd*? ion biosorption onto
Azolla pinnata biomass. Each parameter was
analysed stepwise in batch mode while keep-
ing one constant against other suitable vari-
ables. To test the biosorption efficiency, known
biomass of Azolla was exposed to varying con-
centrations of Cd*? ( 15.75ppm and 500 ppm).
The batch of test tubes were placed on a rotary
shaker with a constant shaking of 100 rpm with
pre-defined temperature and exposure time.
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The solution was filtered and the biomass was
separated from the filtrate using filter paper. The
concentration of Cd*2 metal ion in the filtrates
were analysed by atomic adsorption spectros-
copy (AAS). Two controls, including metal-free
and biosorbent-free blanks were employed.

Batch adsorption experiments were
conducted with different pH (5-9), adsorbent
doses (0.25-1.0g), Cd*? ion concentrations
(15.75-500ppm), temperatures (15-45 °C) at dif-
ferent time intervals (15 ,30,60 and 180mins).

Metal adsorption capacity (ge) is de-
fined as the quantity of metal adsorbed per
gram of biosorbent and can be calculated using
the following equation Eq. (1) and expressed in

mg/g:
ge=(C,-C)xVim.......... )

where m is the mass of biosorbent (g),
V is the volume of solution (L), C is the initial
metal-ion concentration (mg/L), and Ce is the
equilibrium concentration of metal ions (mg/L).
The percentage of metal removed was comput-
ed using equation Eq. (2) as follows:

Removal efficiency (%) = (C, — C)/C, x
100......... 2)

Instrumental characterization of unmodified
and modified azolla pinnata biomass

The adsorbent developed by chemical
and physical modification were characterized
to understand the surface morphology, surface
chemistry, and to analyse the functional sites
of the adsorbent. The interaction of cadmium
ions with the biosorbent material was detected
using analytical tools. The surface morphology,
chemical characterization and elemental com-
position of the adsorbent was analysed using
Apreo S LoVac Scanning Electron Microscopy
(SEM, ThermoFisher Scientific Corporation).
The active sites and functional groups on the
adsorbent were assessed by Fourier transform
infrared (FTIR) spectrophotometer with QATR-S

single reflection ATR accessory having extend-
ed range diamond crystal (Shimadzu Model IR
Spirit). The nature and chemical composition of
metal on the surface of Azolla sorbent was de-
tected through Rigaku Mini Flex Powder X-ray
Diffractometer (XRD, Rigaku Corporation) with
Cu Ka radiation. The generator voltage and cur-
rent were set at 35 KV and 25 mA respectively.
The A. pinnata samples were scanned in the 26
ranges 20-80°C in continuous scan mode with a
10°/ min scan speed (19).

Statistical analysis

The statistical analysis was carried out
by using SPSS statistics software version 27.
The results were interpreted by One-way Anal-
ysis of Variance (ANOVA) to verify the signifi-
cance using Duncan’s Test by the probability
less than p<0.05.

Results and discussion

Azolla species was identified and au-
thenticated as Azolla pinnata R. Br. (Voucher
no.1094) by Central Ayurveda Research Insti-
tute, Bangalore, India. The fresh Azolla collected
from the study site and was subjected to CI-710s
Spectra Vue Leaf Spectrometer to detect the
health properties of A. pinnata before its utiliza-
tion in various environmental applications. The
present investigations showed the existence of
chlorophyll a and chlorophyll b that was approx-
imately in the standard range of ¥4 and % with
total chlorophyll content of 6.9821+0.3943ugcm-
3 (Table 1). The presence of anthocyanin
(0.3695+£0.0780), flavanols (0.0643+0.0376)
and carotenoid (0.0186+0.0046) indices sig-
nified the ability of the plant to protect against
biotic and abiotic stresses. The decrease in the
chlorophyl content index due to water stress in
plant was recorded in previous studies and a
strong correlation with the amount of chlorophyll
in the plant was observed (20,21). Further re-
search on the pigmentation and its correlation
to plant stress properties in aquatic plants is re-
quired as the information is scarce.

Rajalakshmi et al



Current Trends in Biotechnology and Pharmacy 1885

Vol. 18(3) 1881-1896, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

10.5530/ctbp.2024.3.34

Table 1. Pigmentation index, health and stress of A. pinnata

SI. no. Index Abbrev Index value

1 Anthocyanin Reflectance Index ARI 0.3695+0.0780
2 Carotenoid Reflectance Index CRI 0.0186+0.0046
3 Chlorophyll A (ugcm-?) CPHLA 1.7563+0.1648
4 Chlorophyll B (ugcm-?) CPHLB 5.4326+0.2720
5 Chlorophyll Total (ugcm3) CPHLT 6.9821+0.3943
6 Chlorophyll Content Index CClI 1.3390+0.1717
7 Ch'°r°phg!g’:‘t’;?;:'ﬁgea'ﬁerence CNDVI 0.2077+0.0205
8 Flavanols Reflectance Index FRI 0.0643+0.0376
9 Greenness Index G 2.1098+0.1715
12 Photochemical Reflection Index PRI 0.2998+0.0224
13 Plant Senescence Reflectance Index PSRI 0.1049+0.0186
16 Water Band Index WBI 1.8289+0.0335

Optimization factors affecting the cadmium
biosorption potential of Azolla pinnata

Main parameters such as pH, tem-
perature, contact time, biosorbent dosage and
heavy metal initial concentration that influence
the biosorption of cadmium was investigated.
The present biosorption experiments were car-
ried out using varying adsorbent dosages to
determine the effect of each factor at different
mass of A. pinnata biomass. The results de-
picted in Table 2. show that the percentage of
Cd*? removal increased from 52.46 to 89.62%
with the increase in adsorbent concentration
from 0.25 to 19/25mL in the metal solution
(500mg/L). Increased adsorption is due to the
more availability of unsaturated active sites on
the biomass surface for the attachment of the
metal ions (22). The rate of adsorption above
the optimal dose of 1g/25ml of 500mg/L was
found to be remain unchanged or decreased
due to insufficient Cd*? ion concentration to fit
all the active sites on surface of the adsorbent,
which is in consistent with the results of earli-
er reports (23). However, at a lower adsorbent
dosage, the interaction of Cd*? ions with ad-
sorbent decreases because of the limited biding
sites available for adsorption (24).

Effect of metal ion concentration at varying
adsorbent dosages

The mechanism of metal uptake is de-
pendent on the initial metal ion concentration in
the solution. The present study evaluated the
highest amount of Cd*2 ions that could be up
taken by the adsorbent at a 0.25g dose at a pH
of 6.6 is up to 408.65mg/L when the time of ex-
posure increased from 15min to 24hr. The rate
of Cd*? adsorption onto A. pinnata at different
concentrations (15.75 to 500mg/L) of Cd*? ions
is displayed in Table 2. The removal efficiency in-
creased proportionally with the increase in initial
metal concentration from 15.47 to 365.95mg/L
of Cd*? respectively in 15min of contact time.
Similarly, the decrease in the percent removal
from 99.24 to 81.58% when concentration of
Cd*2increased from 20 to 200 mg/L was report-
ed (25). Nonetheless, increasing the Cd*? ion
concentration from 15.75 to 250 mg/L did not
show further increase in the rate of uptake and
attained equilibrium (95.82 + 3 % of adsorption)
after 1hr of exposure. Further increase in the ini-
tial Cd*? concentration (500mg/L) decreased the
rate to 89.62%, which is in strong agreement
with the recent studies (26,27). This could be
due to weak and inconsistent force of contact
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between metal ions and the surface of adsor- or due to limited availability of active sites on the
bent indicating the saturation point, which may adsorbent (22,28).
lead to diffusion of ions into the aqueous phase

Table 2. Factors influencing on the cadmium biosorption onto untreated Azolla pinnata.

BD: 0.25¢g
Metal c("""‘;,f_;'"a“” 15min | 30min | 1hr | 3hr | 6hr | 12hr | 24nr
500 262.3 278.9 368.3 | 375.15 | 381.05 | 379.85 | 385.65
250 163.2 | 181.02 | 201.57 | 210.2 213.1 217.32 | 222.57
125 89.07 96.46 11214 | 115.26 | 115.4 115.95 | 117.36
62.5 50.26 51.33 58.9 60.74 60.82 61.63 60.93
31.25 26.95 27.85 30.05 | 30.27 30.71 31.51 31.19
15.75 14.85 14.92 15.13 15.28 15.12 15.32 15.54
BD: 0.50g
500 339.1 358.15 | 416.2 | 423.95 | 432.7 | 434.45 | 441.65
250 188.37 | 197.95 | 221.77 | 235.8 | 237.96 | 238.72 | 239.55
125 97.89 | 106.82 | 116.54 | 120.9 | 121.09 | 121.28 | 122.15
62.5 52.26 54.64 60.32 | 60.93 61.35 61.72 62.14
31.25 28.83 29.73 30.74 | 30.92 31.12 31.04 31.18
15.75 15.12 15.37 15.71 15.57 15.68 15.7 15.73
BD: 0.75g
500 350.05 | 374.8 430.5 | 432.8 | 436.85 | 439.7 | 445.83
250 202.82 | 210.35 | 228.2 | 237.83 | 239.67 | 241.03 | 242.9
125 105.26 | 111.46 119.7 [ 123.79 | 123.97 | 124.25 | 124.79
62.5 55.11 58.29 61.44 | 61.56 61.67 62.31 62.48
31.25 29.7 30.85 30.9 30.98 31.13 30.82 31.22
15.75 15.15 15.23 15.42 15.53 15.61 15.67 15.73
BD: 1.0g
500 365.95 | 376.3 448.1 | 451.04 | 456.6 | 460.55 | 461.6
250 215.53 | 223.58 | 233.42 | 239.8 | 241.21 | 242.33 | 244.1
125 113.49 | 11713 | 121.39 | 123.6 | 124.07 | 124.28 | 124.91
62.5 58.14 60.44 61.26 | 61.94 61.71 61.58 61.42
31.25 30.6 30.92 30.53 | 31.03 31.11 31.2 31.15
15.75 15.47 15.52 15.61 15.65 15.58 15.71 15.74
BD- Biosorbent dosage, mg/L- milligram per litre

Effect of contact time at varying adsorbent sorption rate of the Azolla biomass. The rate
dosages of adsorption of Cd*? ions onto the surface of
A. pinnata at various contact times (15 min, 30
min, 1hr, 3hr, 6hr, 12hr, and 24hr) with respect
to varying metal ion concentration and adsor-

Contact time is one of the significant
factors that possess a major impact on the ad-
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bent dosages is listed in Table 2. The uptake
of Cd*? ions was found to be increase rapidly
during the first 15min-1hr which is due to the
abundancy of unsaturated active sites on the
biomass surface (demonstrating an adsorption
process occurs through surface binding with
no energy-mediated reactions). Similar to the
present findings, the rate of adsorption of Cd*?
ions increased from 83.7% to 87.2%, when
the contact time raised from 15min to 3hrs at
the dosage of 0.25g/100ml (25). After 1hr of
biosorption, the removal of metal ions gradu-
ally decreased and eventually reached equilib-
rium due to the attainment of saturation point
(29). The time required for the metal ions in a
solution to become constant is an equilibrium
time of adsorption. The maximum biosorption
rate for Cd*2 uptake was 461.6 mg/g and the
removal percentage was 92.32% within 1hr of
adsorbent - adsorbate contact time. According
to the present investigation, a rapid absorption
rate (365.95 - 448.1mg/g) was noted till 1hr, fol-
lowed by a slower adsorption during the 3 - 6hr
(453.82 + 2.78 mg/g) and, eventually reached
an equilibrium. Due to the rapid increase in met-
al bio-adsorption rate, the more efficient contact
time required for the further batch experiments
was considered to be 30mins-1hr.

Effect of temperature at varying adsorbent
dosages

The temperature is the main factor that
influences the adsorption process. The adsorp-
tion capacities of A. pinnata for the Cd*? ions
at different temperatures with varying adsorbent
dosages are shown in Figure 1. A temperature
ranges between 5 °C to 45 °C with the differenc-
es of 10 °C were studied. It was observed that
adsorption increased slightly with increasing
temperature from 5 °C to 25 °C. But it was anal-
ysed that the percentage of Cd*? ion adsorption
onto A. pinnata was higher between 25°C and
35°C up t0 99.7%.

Temperature against percentage of Cadmium biosomption onto
Azolia pinnate
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Figure 1. Effect of solution temperature on the
removal of Cd*? ions (initial conc.= 500mg/L, ex-
posure time = 60min, pH = 7, agitation speed =
100rpm)

Based on the present findings, the ad-
sorption of the Cd*2metal ions onto the A. pinna-
ta biomass increased with the rise in tempera-
ture which indicates the endothermic nature of
the adsorption process due to higher diffusion
rate and increased transportation of metal ions
(30,31). The adsorption decreased approxi-
mately 5-10 % when the temperature was fur-
ther raised to 45 °C. for the same dosages of
unmodified A. pinnata biomass and Cd*? metal
ion concentration. Several studies have report-
ed the reduced metal ion uptake by increasing
temperature (32). This decrease is due to the
tendency of the Cd*? ion molecules to migrate
from the adsorbent (solid phase) to the metal
medium (liquid phase) or due to weak adsorp-
tive forces between the Cd*? ions adsorbed and
the active sites on the biomass and also be-
tween adjacent Cd*? molecules adsorbed on the
adsorbent surface (33). This indicated that the
adsorption process using unmodified biomass
is physisorption.

Effect of pH at varying adsorbent dosages

The point of zero charge (pH,,.) refers
to the pH at which the surface charge density
of the adsorbent is electrically neutral exhibiting
minimal interaction with metal solution (34). In
the present study, pH,,. of the adsorbent was
determined to be 5.85 (Figure 2). Consequently,
at pH of metal solution below 5.85, the adsor-
bent surface acquires positive charge enhanc-

ing its attraction to anions. Conversely, when
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the pH exceeds the pH,,., the adsorbent sur-
face becomes negatively charged, creating con-
ditions conducive to the adsorption of cationic
species (35).

pH point of zero charge

ApH [pHinitial - pH final)
s &
—_— e

Initial pH

Figure 2. Point of zero charge of untreated Azol-
la pinnata biomass

pH against percentage of Cadmium biosorption onto Azolla
pinnata
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Figure 3. Effect of solution pH on the removal of
Cd*2ions (initial conc.= 500mg/L, exposure time
= 60min, temperature = 35°C, agitation speed =
100rpm)

The effects of pH on the biosorption
of Cd*? ions onto Azolla pinnata biomass were
investigated at a pH ranging from 5 to 9 are
shown in Figure 3. The biosorption capacities of
adsorbent (qe; mg/L) for Cd*? cations increased
with the increasing pH from pH 5 to pH 7. Under
alkaline conditions, the anions on the biosor-
bent surface increases, so, the biosorption effi-
ciencies increases rapidly from 52.46 to 99.7%.
This occurs due to the decrease in competitive
adsorption between metal cations (Cd*) and
protons (H*) to bind onto the same functional
groups/ active sites (ion exchange mechanism)
(36). Beyond the optimum pH, metal cations re-
act with hydroxide ions and precipitate as met-
al hydroxide (precipitation mechanism) which
could have cause the diffusion of Cd*? ion from

the adsorbent surface into the medium above
pH 7 and decreases the efficiencies of adsorp-
tion gradually to 96.17% (37). But due to the
formation of insoluble metallic hydroxide and to
ignore the effect of precipitation of Cd*? ions, fur-
ther adsorption studies were performed at pH 7.

Characterization of Azolla for adsorptive
properties

FTIR analysis

FTIR spectroscopy was used as a ma-
jor tool to detect the characteristic functional
groups present on the surface of biomass which
may facilitate the binding sites for the attach-
ment of Cd*? ions. The adsorbent spectra of the
showed multiple types of vibrational frequencies
in peaks due to the presence of distinct func-
tional groups. The FTIR graphs of the physically
and chemically modified A. pinnata biomass be-
fore and after cadmium adsorption (in the range
of 400-4000 cm™) are shown in Figure 4.

B | E== (b,

24
H—— ||
A0 MW M0 20 X0 10 00 %0 0 B M0 30 0 0 W % ¢

e

Figure 4. FTIR spectra of H,SO, (a), EtOH (b),
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass before (black line) and after
(red line) adsorption of cadmium ions.

The FTIR spectroscopic graph of H,SO,
treated Azolla biomass before Cd*? adsorption
revealed strong adsorption bands at 3290 cm™,
confirming the presence of N-H and O-H broad
stretching. Peaks at 1623 cm™ and 1032 cm™
were linked to N-H and C-N representing amine
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bending and stretching respectively. Howev-
er, the Cd**-loaded H,SO, treated adsorbent
displayed supplementary peaks around 2916
(C-H stretching), 2848 (C—H stretching), 1525
(-COO- anti-symmetric stretching), and 448
(C—H bending) cm in Figure 4a. Whereas, the
ethanol modified biomass displayed the signifi-
cant peaks at 3282, 2916, 1627, 1415 and 1028
cm™ for O-H stretching, C-H alkane stretching,
N-H amine bending, O-H carboxylic acid bend-
ing, and C-O ether stretching respectively. Only
shift in few peaks with no significant changes af-
ter Cd load onto EtOH treated biomass surface
was noticed (Figure 4b).

Similarly, the FTIR graphs for physical-
ly modified biomass showed overlapping peaks
with no changes even before and after Cd*?-load
onto the ultrasonicated biomass surface (Figure
4c). The muffle furnace treated Azolla biomass
displayed strong bands at 3278 (O-H stretch-
ing) and 1048 cm™ revealing major changes
after Cd*2 accumulation (Figure 4d). Overall, the
FTIR spectroscopic graphs for Cd-loaded phys-
ically and chemically modified sorbent showed
significant shifting and disappearance of some
peaks revealing the strong bonds between the
Cd ions and the biomass surface (38). Notice-
ably, the appearance of some new peaks in the
graph evidencing the fact that, the functional
groups on the surface of the A. pinnata biomass
are more affective in the adsorption of Cd*
ions. In comparison to the unmodified A. pinna-
ta, the strength of the O-H, N-H, C=0 and C-H
stretching bands on treated A. pinnata biomass
surface increased as a result of modifications,
indicating the increase in the active groups (19)

XRD analysis

The degree of crystallinity of adsorbent
material was determined by X-ray diffraction
analysis of Azolla biomass before and after
treatments and Cd adsorption onto their sur-
face. Figure 5 depicts the high intensity peak
at angle of 28: 26.8° which disappeared after
Cd- load onto acid treated adsorbent. However,
few broad peaks obtained for EtOH treated

adsorbent at angles 29.6°, 36.2°, 39.7°, 43.5°,
47.7° and 48.8° indicating the semi-crystalline
structure after Cd*2-load (Figure 5a,b).
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Figure 5. XRD pattern of H,SO, (a), EtOH (b),
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass before (black line) and after
(red line) adsorption of cadmium ions.

The physically modified adsorbents
showed the diffraction peaks between 206: 30°
to 50° for ultrasonicated biomass confirming
the crystalline structure. More significant shift in
the broad diffraction peak from 26: 31.8° to 26:
29.7° and disappearance of peaks at angles 26:
45.5°, 56.7° and 75.45° was observed that may
due to the interaction of Cd*2 ions with sorbent
surface. Similarly, the high intensity peaks at
angles 26: 28.6°, 31.8°, 45.6°, 56.4° and 75.1°
found to be reduced after Cd*?-load represent-
ing the transition of crystalline to the amorphous
structure for furnace modified adsorbent (Figure
5c,d). Although XRD analysis does not directly
elucidate the mechanism of the adsorption pro-
cess between the adsorbent material and Cd*?
ions, its significance remains paramount due
to the high crystallinity that was exhibited by all
treated adsorbent structures. The strong bonds
between heavy metals and sorbent were evi-
denced by a reduction in crystallinity, and was
indicated by shifts or broadening of diffraction
peaks, along with the emergence of new peaks
(39). Moreover, variations in crystallinity, wheth-
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er increased or decreased, further confirm the
interaction of the adsorbent with heavy metal
ions after the adsorption of Cd*? ions.

Scanning Electron Microscope analysis

The surface morphological features
of blank and Cd*?-loaded Azolla biomass was
demonstrated in Figure 6a, b. The dominance
of a complex pore matrices and coarse holes on
its preceding structures, which were significant
for the adsorption process, can be noticed in the
raw (unmodified) biomass surface (Figure 6a)
with average pore size up to 253.5nm. In fact,
these properties such as rough morphology, po-
rous surface, greater pore size are found to be
highly favourable and supportive for metal ion
attachment in the adsorption process (31). The
adsorption of Cd*? ions caused the untreated
biomass to form a smoother surface and tight
structures throughout the visualization (Figure
6b).

Figure 6. SEM analysis of raw (unmodified)
Azolla biomass before (a) and after (b) adsorp-
tion of cadmium ions.

SEM analysis of treated adsorbents re-
vealed the visualization of minor structural alter-
ations on its surface (Figure 7a, b, c, d). From
the SEM images of chemical and physical mod-
ified adsorbent, all treated biomass can be de-
scribed as having porosity with many fragments
scattered on its surface and inside the pores
before metal adsorption (40). The porous size
of treated biomass was slightly increased up to
290.03 nm for H,SO, treated biomass and 4-fold
increase of pore size up to 1.043 ym was seen
in EtOH treated Azolla biomass. The porosity on
the physical modified biomass surface ranged
between 158.7 nm and 217.3 nm due to the re-

duction of particle size after treatments. Unlike
these possibilities, the number of pores on the
surface of ultrasonicated and muffle furnace
treated biomass may increase by facilitating the
chelation of Cd*? ions to a greater extent. The
formation and distribution of the new pores over
the entire surface of the material is expected to
improve the performance of the biomass as an
adsorbent, which may due to the modifications
on its surface either physically or chemically
(18).

Figure 7. SEM analysis of H,SO, (a), EtOH (b),
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass before adsorption of cadmi-
um ions.

Cadmium-loaded Azolla biomass was
also analysed to observe the morphological
changes (Figure 8). The disappearance of pre-
viously detected pores, transition of rough to
smoother surface, and modulation of small scat-
tered fragments into larger fragments, (41,42)
which affirmed the attachment of Cd*2ions to the
active binding sites on the surface and pores of
A. pinnata biomass (Figure 8a,b). The surface
characterization of physical modified adsorbent
was completely varied after Cd*? adsorption ex-
hibiting shininess (Figure 8c,d) as described by
the earlier report (43).
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Figure 8. SEM analysis of H,SO, (a), EtOH (b),
ultrasonication (c), and muffle furnace (d) treat-
ed Azolla biomass after adsorption with cadmi-
um ions.
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Biosorption efficiency of chemically and
physically modified A. pinnata biomass

The adsorption experiments were con-
ducted using different chemical and physical
modified A. pinnata sorbents. The results ob-
tained from the optimization studies for some
factors such as initial Cd*? ion concentration=
500mg/L, temperature = 35°C, pH=7.0 were
maintained during the experimentation. The
contact time is found to be saturated at 60min.
But the exposure time of 15min with agitation
speed of 100rpm were considered for further
studies with treated adsorbents to understand
the short time of exposure required for its appli-
cability at pilot scale.

Table 3. The percentage of metal recovered from treated and untreated A. pinnata adsorbents

Untreated Chemical treatments Physical treatments
Biosorbent Raw H,SO EtOH Ultrasonication Muffle furnace

dosage 274

0.25¢g 71.43+£1.36° 64.72+0.92¢ 94.36+1.58° 83.28+2.62° 96.92+0.50°

0.50g 86.49+0.52° 77.95+1.88° 99.21+0.60? 91.12+1.22° 98.82+1.17°

0.75g 90.76+4.65%° 87.22+3.55° 100.22+0.872 96.47+2.812 100.78+0.912

1.0g 91.80+1.642 91.1242.842 100.36+0.68° 99.44+2.882 100.74+£0.61°
p value <0.001 <0.001 <0.001 <0.001 0.001

Values are expressed as mean + SD (%) for triplicates, SD: Standard deviation, H,SO,: Sulphuric
acid treated adsorbent, EtOH: Ethanol treated adsorbent. *p value significant (p<0.05) accordance
to Duncan’s multiple range test in different treatments are expressed in increasing order as a-d.

Based on the earlier reports, the analyt-
ical investigations have revealed that the mod-
ifications of biomass surface result in notable
changes in their adsorptive properties such as
hydrophobic properties, water absorption char-
acteristics, ion exchange capacity, resilience
against microbial degradation, and thermal
stability. Therefore, in the present study some
methods such as physical treatments which
include heating (muffle furnace), and mechan-
ical waves (ultrasonication) and chemical treat-
ments as acid solutions (sulphuric acid) and or-
ganic compounds (ethanol) were employed for
the modification of cell surface.

The cadmium removal efficiency of
different chemical and physical treated and
untreated A. pinnata adsorbents is displayed
in Table 3. The results obtained from these ad-
sorption studies showed the metal recovery of
up to 71.43% and later increased to 91.80%
when the dose of untreated biomass increased
from 0.25 — 1.0g. The chemical treatment with
ethanol has showed faster adsorption kinetics
as well as higher biosorption for Cd*2 ions than
the virgin A. pinnata biomass. In contrast, H,SO,
pre-treatment showed the significant decrease
in the Cd*2 biosorption onto Azolla biomass of
about 64.72% which is lesser than its untreated
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counterpart. This may occur due to the forma-
tion of large amount of oxygen functionalities
in narrow pore openings and closure of some
micropores and mesopores which in turn result
in decrease of surface volume and surface area
on biosorbent (44). Whereas, the physical treat-
ments exhibited the strong adsorption that are
reported to be 83.28 and 96.92+0.55% for ul-
trasonicated and muffle furnace pre-treated bio-
mass (BD: 0.259g) respectively. Further reached
99.44 to 100% (maximum up to 500ppm) re-
vealing the cent percent removal of Cd*? ions
from the aqueous phase with the dosage of 1.0g
in 15min of contact time which is due to the in-
corporation of binding sites. The introduction of
various cell surface modifications such as phos-
phorylation and carboxylation of hydroxyl group,
amination of hydroxyl and carboxyl group, car-
boxylation of amine groups, saponification of
carboxylate ester groups, oxidation, etc. has
led to an increased biosorptive efficiency (45).
Thus, it can be concluded that that the function-
al groups on the biomass facilitated the occur-
rence of a polar and hydrophilic surface, which
enabled the binding or absorption of cationic
metal ions.

Conclusion

In conclusion, the modifications under-
taken to enhance the adsorptive properties on
biomass surface has witnessed Azolla pinnata
as an effective adsorbent for cadmium remedi-
ation from synthetic wastewater, which entails a
balance between heightened adsorption poten-
tial, prolonged stability, production costs and en-
vironmental implications. The present research
findings demonstrate the utilization of organ-
ic solvents and heat in chemical and physical
treatments as a novel exploration in phytoreme-
diation, respectively. As the current investigation
focuses solely on cadmium as the target metal,
modifications involving chemical agents (such
as sulphuric acid and ethanol) and physical
techniques (such as ultrasonication and muffle
furnace treatment) may not uniformly enhance
adsorption for all contaminants. Consequently,
ongoing research aims to explore more efficient

chemical and physical methodologies for sur-
face modifications and metal desorption tech-
niques to mitigate environmental and human
health risks. Hence, a meticulous assessment
of the optimistic treatment approaches is essen-
tial in making well-informed decisions regarding
the adoption of these technologies.
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Abstract

Bilingual language process is a key fac-
tor in left side of the brain. The cognition of the
learning modalities is very crucial for assimila-
tion, organization, and interpretation of knowl-
edge. The neurochemical events like estrogen,
testosterone, dopamine 5HT, Oxytocin, nerve
growth factor (NGF) play as neuro-endocrine
brain axis for learning to cognition. The human
cognition recognises the language in five stages
that is input, status of language, getting access
over the literature of that language, interaction
with family, and finally social network commu-
nication. The factors influence the bilingual
aspects include language exposure, genes,
perception and receiving, neurochemical path-
ways, social communication, and environmental
conditions. Apart from these elements the other
external influencing factors like health human-
ities and technological advances and make a
lot of impact on cognition processes and mental
health.

Key words: Human Brain, Language, Alert-
ness, Orientation, Cognition, Clinical Factors,
Neurochemicals, Networking

Introduction

Brain is a unique organ in the body
controlling all body functions and providing ho-
listic functional efficiency coordinating human

brain to body. The brain weighs 1.5 Kgs. and
contains ftrillions of neurons with high intercon-
nectivity leading to the efficient biological func-
tion. Healthy ageing of brain is a crucial biolog-
ical phenomenon and understanding of healthy
ageing still an open challenge. Any alterations
in neurological integrity leads to brain disor-
ders like cognitive deterioration, memory loss,
movement disorders, loss of emotions and body
coordination (1). Currently, 55million people are
affected by brain disorders and by 2050 this
number touches 155 million. The lack of early
bio markers, cognitive and movement disorders
disturbances are the critical challenges in the
neurology clinics. The present paper highlights
molecular understanding of brain and cogni-
tion and language interlinking leading to mental
health.

The complexity of brain language

Language is a cognitive process in
which brain involves and evolves while using.
Language is a process involves brain include
frontal, temporal and parietal lobes, and some
posterior regions (1). Brain involvement and in-
fluence in using language as the brain centres
express and increase extensively during the
process of communication. This mechanism of
language differs with second language as brain
centres function differently while using a native
language and executing a target language.

Molecular studies to understand brain networking in linguistic, cognition and emotions: current
and future challenges



Current Trends in Biotechnology and Pharmacy

1898

Vol. 18(3) 1897-1903, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

10.5530/ctbp.2024.3.35

Left Hemisphere Function

Motor control of right hand
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Superior language
comprehension
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Olfaction, right nasal cavity Olfaction, left nasal cavity
Verbal Memory -~ - Memory of shapes
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posterior

Right Hemisphere Function

mute)

Motor control of left hand
>_ Feeling shapes with left hand
Hearing nonvocal sounds
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Musical ability

Intuitive, nonverbal thought
Superior recognition of faces and
spatial

Vision, left field

Figure 1: Function of Left and Right Hemisphere Brain

The above picture (Fig 1) replicates the
brain and how the cognitive analysis take part.
On the right side of the brain, the study, logic,
and aptitude make brain receive the signals
through study or observation thinks logically
based on the aptitude calculations which mem-
orizes on the left part of the brain it is shown in
the picture which together forms the cognitive
analytical process of brain function.

However, cognitive process of usage of
language is synchronized with nonverbal pat-
terns which strengthens and give emphasis to
the communication. The language includes non-
verbal which strengthens the communication
(2). The process of neuro imaging enhances
and supports the nonverbal patterns during the
process of speaking and communicating. The
context-based communication in expressions,
the process of neuro imaging plays pivotal role
to decode the message effectively. Hence, the
cognitive outcomes of the bilingual concept are
based on brain and its functions, exclusively the
three active parts alertness, orientation, and de-
tection of that language. This paper throws light
on how these three patterns function in brain
while using second language in expressing the
thoughts to others effectively (3).

Four Stages of Cognitive
Development

Figure 2: Developmental Stages of Cognitive
Development

The above picture (Fig 2) connects with
the cognitive process development once after
its evolvement which is divided into four parts
which finally leads to sensory motor where the
destination of cognitive development of lan-
guage understanding takes place based on the
environment created amidst to them.

The early studies indicate that the anxi-
ety and apprehension levels are high while using
second language exclusively when compared it
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with the native language (4). The process of us-
ing second language includes three main stag-
es. The first stage is the influence of language,
and the second stage is the execution of that
and the third is contextual understanding and
reproducing it in the second language accord-
ingly. These three patterns influence, execution
of language and contextual replica in expres-
sions are the major mechanisms to emphasize
on to avoid apprehensions using second lan-

guage (5).

The major controlling power of fear
while expressing thoughts during communica-
tion process is nothing but brain. As the process
of cognitive analysis during the reciprocation
takes place in brain, the understanding of brain
patterns, controlling of brain and counselling of
modules in brain are needed to avoid such chal-
lenges in using second language. While execut-
ing the bilingual language, the phobia, fear, and
inhibitions in communication during the process
of cognitive analysis there are mainly controlling
processes involve in implications (6). As per the
research studies till date, there are no authentic
or concrete reasons found for the cause of fear,
phobia and inhibitions in using of second lan-
guage in public (7-10). The inhibitory controlling
models to avoid anxiety while speaking in sec-
ond language through the interferences phase
in brain patterns. The second language usage
in communication lead to many distractions in
the adaptation of language. The configuration
process in brain patterns while using when sec-
ond language is used by the speaker as the two
languages to be composed and executed at
a time. The amalgamation process during the
conversion of the context from understanding in
native language to second language includes a
major cognitive analytical process in brain pat-
terns. The major challenge takes place in this
due process. There is still a lot of research go-
ing on where the researchers are finding out the
concrete and abstract reasons behind it.

As per the research done in the process
of second language speaking, execution and
challenges, the research says that the cognitive

challenges are not similar in all age groups, as
it differs based on gender, age, intelligence, so-
cio-economic status as well. The notion that bi-
lingualism could have generalized consequenc-
es for nonverbal cognitive ability originated in
research in human beings. There is a belief that
bilingualism was detrimental for intelligence re-
ported better performance by bilingual children
than monolinguals on both verbal and nonver-
bal tasks.

As per the research done by the Hakuta
et al, (11) the major challenges in using of sec-
ond language without phobia, inhibitions and
fear has become the need of the hour. Though
the cognitive neuroscience has augmented the
neurological challenges and problems of the us-
age of second language, still many more to be
known which are prevailing in usage of second
language by the native language speakers. The
reason behind this is the process of mono lingual
pattern in brain is different from bilingual usage
as there are three factors influence the brain,
they are alertness, orientation, and detection.
These three are to be more activated through
Inhibitory Control Model control in brain to face
the challenges while using the second language
eloquently without fear and inhibitions.

Hormones cognitive networking

Brain is a hall mark centre for neuron
endocrine centre controlling many biological
functions. The brain endocrine access links ho-
listic cognitive networking. The following figure
3 highlights the role of thyroxin which takes care
of mental health all the life. While Dopamine en-
hances memory circuits, emotions and decision
making while love hormone oxytocin controls
social cognition. The estragon influences the
brain integrity while progesterone, enhances
memory and testosterone enhances the func-
tion of cognitive through NGF. There is still lot
of debate on role of endocrines in cognitive net-
working as the detailed mechanism is not still
clear (12)
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Figure 3: Hormone-cognitive networking in the
brain

The brain cognitive process patterns

The constant effort and control over
the cognitive process while using the bilingual
languages can be made by overcoming through
Inhibitory Control Model control in brain. It is
observed by the researchers that while using
the second language by native speakers, the
situations, responses, reactions are similar in
both languages while presenting, explaining,
and writing as well while speaking. However,
the nonverbal signs are additional points to
the expressions (13). However, the inhibitions
are similar in using the second language in all
speakers however, the inhibitory control sys-
tems can be overcome with the assistance of
pictures, contextual points, and appropriate
representation. Inhibitory Control Model (Mech-
anism for Bilingual Effects) in which it was ar-
gued that bilingual language processing was
based on an attention system, the Supervisory
Attention System that inhibited the unwanted
language so that processing could proceed in
the target language (14).

The controlling process for Inhibitory
Controls in brain play key role in second lan-
guage (15). To avoid the interference of the oth-
er languages while using the second language,
there should be a strong cognitive control sys-
tem is a pre-requisite, which leads to attention,
mental configuration while proceeding to bilin-
gual communication. It is also observed that
these control systems vary and differ based on
socio linguistic, socio economic intelligent quo-
tient levels and so on. The major effect of using
multi languages is flexibility, switching over and
monitoring (16).

The process of magneto encephalography

The measurement of the magnetic field
produced by neuronal electrical activity is known
as magneto encephalography, or MEG. The
main application of MEG is as a non-invasive
tool that uses suitable source localization tech-
niques to identify the epileptic focus by detect-
ing interictal epileptic discharges such as spikes
(17). While scalp EEG is sensitive to electrical
fields produced by extracellular currents, MEG
predominantly detects the magnetic fields in-
duced by intracellular currents. Currently, MEG
is approved for usage in two situations: pre-op-
erative brain mapping and epilepsy surgery.

By applying signal processing and
source reconstruction algorithms to MEG sen-
sor data, brain imaging with MEG sensor data
is made possible (18). This results in highly dy-
namic maps of brain activation across a wide
range of neural oscillatory frequencies with a
high degree of spatiotemporal precision that
is not possible with other imaging techniques.
Across widely dispersed brain areas, this im-
aging method is perfectly adapted to monitor
dynamic neuronal activity and simultaneously
characterize their interconnections (19-20).

MEG systems to measure brain signals
is the process of isolating miniscule brain-relat-
ed signals from the massively greater signals
from outside the brain. Thus, MEG has required
the development of very exquisitely sensitive
sensors, filtering, and a method to shield the
sensors from recording outside noise (20).

Brain

Magnetometer

(Google open Source)

Figure 4: Magneto encephalography and its
analysis.
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The patient lies inside the scanner (Fig
4), which is equipped with a few insulated sen-
sors. lonic currents that are passing through the
dendrites are the source of the signals (bottom).
There is no detectable field produced by action
potentials (21). The magnetometer displays the
brain cross sectional image with detailed fea-
tures of the brain (22-25).

Risk Factors Influence Cognitive Functional-
ities/Function

Cognition is a crucial parameter in brain
function. There are number factors influences
brain-cognition axis. Fig 5 indicates the role of
clinical parameters like sugar, hypertension,
high lipids etc play a key role in modulating
cognition integrity in brain. Cognitive disorders
are crucial in diabetes, hypertension etc in age
and related disorders. The cognitive integrity
and functionality are also influenced by neu-
rochemical, Psychological and these factors
cause changes in neural networking leading to
changes in memory and cognition and finally in-
fluencing mental health as represented in Fig 6.
The psychologies and psychiatrists are trained
to use counselling using the factors influencing
cognition as a source in their therapeutic mo-
dalities. As presented in Figure brain and cogni-
tion is influenced by multi factorial and the com-
plex biological to environmental to sociological
hence, the complex aetiology is still not clear for
cognition.

T
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Figure 5: Clinical risk factors for cognitive dys-
functions
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Figure 6: Factors Influence cognitive function.
Conclusion

Human brain is overwhelmed with
abundant cognitive thoughts with innumerable
wave patterns. Second language acquisition is
purely a cognitive approach which needs a lot
of attentiveness and alertness while using it.
The deviations which happen in brain in using
the second language can be controlled through
the alertness, orientation and detection which
is already proved by Russell and team in their
research. Further research how the Inhibitory
control model is developed and how the brain
patterns recognised, reorganized, and restruc-
tured to overcome the inhibitions to be done in
detail in further research.

Future Challenges

The studies highlighted very complex
challenges in understanding brain and cognition
and also focussing on mental health challenges
in brain like autism, speech problem, language
assimilation, and memory challenges etc., cur-
rently, scientists trying to understand from the
basics to clinics to face the clinical challenges
in cognitive disorders. People also looking at
new concepts like artificial intelligence, deep

Molecular studies to understand brain networking in linguistic, cognition and emotions: current
and future challenges



Current Trends in Biotechnology and Pharmacy
Vol. 18(3) 1897-1903, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)
10.5530/ctbp.2024.3.35

brain stimulations, re generative medicine com-
putational aided learning etc., (29-31). It is also
necessary to understand the total architectural
and functional entity of the brain with reference
to regions involved in cognitive networking and
this may help for cognitive understanding and
resolving issues in near future.
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Abstract

This proposal outlines a novel approach
for fabricating porous films designed specifically
for therapeutic formulations. These biodegrad-
able films are sourced from Retama Raetam
shrub branches through the innovative Super-
critical Anti-Solvent (SAS) process. Renowned
for their efficacy in managing hypertension and
serving as diuretics, these films also excel in
enhancing the entrapment of additional active
ingredients. Furthermore, they enhance the en-
trapment of other active ingredients, thereby im-
proving the stability and composition of tablets
or capsules. Notably, the resulting film displays
an exceptionally narrow and uniform distribution
of pore sizes. Employing conditions of 10MPa
and 40°C, carbon dioxide is utilized as the an-
tisolvent to fabricate thin films sourced from
Retama Raetam. These films boast a median
area of approximately 7um?, underscoring their
precise and consistent characteristics.

Keywords: Drug delivery, porous film, Retama
Raetam, SAS process, Supercritical CO,,.

Introduction

Recent studies have shown a significant
interest in innovative drug delivery systems. One
such innovation is the development of orally
disintegrating tablets pills, which turn solid drugs

into forms that dissolve fast in the mouth. There
is a wide variety of oral dosage forms available,
including tablets, chewable tablets, sublingual
tablets, capsules, and liquids. Traditional tablets
and capsules can be problematic for patients
who have difficulty swallowing, whereas liquids
can suffer from stability issues and imprecise
dosing. An alternative approach to improve
drug delivery involves incorporation of active
ingredients into a porous film. This biodegradable
film has a precisely distributed network of pores,
ensuring rapid disintegration upon ingestion
and eliminating the need for water consumption.
Not all drugs dissolve uniformly within a short
time, and patients often need to consume water
concurrently, which can be inconvenient.

To address the challenges posed by
active ingredients that cannot be combined with
biodegradable materials in tablet formulations,
the primary goal is to fabricate a porous film
that possesses both robust mechanical strength
and exceptional flexibility, while maintaining a
uniform distribution of fine pores. This porous
matrix serves as an ideal medium for the
absorption or seamless incorporation of the
specific active ingredient in question.

Various methods have been employed
to deposit films and multilayers in pharmaceutical
applications. These methods include dipping,
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centrifugation, coating, and spraying. Dipping
involves coating the substrate with a solution
containing polycations and polyanions, followed
by rinsing Decher et al. (1). The use of coating
techniques has been extended to the field of
pharmaceuticals, as demonstrated by Lee
et al. (2). These adaptations enable precise
and uniform deposition of coatings, ensuring
accurate drug release profiles and enhancing
the overall performance of pharmaceutical
formulations. In addition, spray coating has
garnered extensive application across various
industries. This versatile technique is employed
to efficiently apply coatings, both inorganic and
organic, to a wide array of substrates.

In addition, the utilization of supercritical
fluid technology enables the creation of an
exceedingly thin, porous film, further enhancing
the efficiency and precision of this manufacturing
process. There has been growing interest in
crystallization processes that use fluids at
supercritical state. Infact, the crystallization using
supercritical carbon dioxide (CO,) has received
considerable attention in the pharmaceutical
industry, Chakravarty et al. (3). It has converted
as the favorite alternative to conventional
processes such as evaporative and antisolvent
crystallizations. Carbon dioxide presents an
array of appealing attributes, primarily owing to
its abundant accessibility, cost-effectiveness,
eco-friendly nature, widespread recognition as
safe, and its relatively low critical temperature,
making it an ideal choice for applications
requiring gentle operating temperatures,
particularly when dealing with heat-sensitive
materials. Supercritical crystallization, employed
for microparticle production, arises from the
substantial supersaturation achieved through
rapid depressurization or swift mass transfer
between the solution and the supercritical fluid
antisolvent. This method finds relevance in the
pharmaceutical sector, as indicated by De Marco
(4) and also Franco et al. (5). Furthermore, it
enables the projection of a thin, porous film with
meticulously controlled micropores.

Conventional methods for extracting

natural active ingredients from shrub and plant
derivatives, such as grinding, spray drying, and
solvent evaporation, have limitations when it
comes to producing thin deposits that are free
from solvents. The presence of solvents in these
formulations can potentially lead to inaccuracies
in dosing, which is a critical concern in
pharmaceutical and related industries.

The RESS (Rapid Expansion of Supercritical
Solutions) technique marked the beginning of
the search for more efficient extraction tech-
niques. Notably, Ksibi and Subra (6) showed
that this method was effective at extracting a-
and (- carotene microparticles that were en-
closed in lipid films. According to Sharma and
Jagannathan (7), this early success encouraged
the investigation of additional applications, such
as the use of a thin film of ibuprofen produced
using also the RESS technique. Morphologies
and shapes may be precisely altered with mini-
mal changes to pressure or temperature, which
has enormous promise for therapeutic items as
highlighted by Ksibi et al. (8).

In sections that follow, we look into the Super-
critical Anti-Solvent (SAS) method as a feasible
option for generating thin films, particularly in
certain thermodynamic conditions. The findings
of the SEM analysis of the resulting deposits are
also shown. These outcomes demonstrate the
pore distribution pattern that is closely narrow.
This appears to be a key component with the
potential to raise production efficiency for thin,
biodegradable films.

Materials and Methods

The Retama Raetam is an abundant
shrub used in southern Mediterranean tradi-
tional medicine to cure a number of diseases
throughout the year as mentioned by Hayet et
al. (9). It was used for diabetes, hepatitis, jaun-
dice, skin diseases, rheumatism, fever, and
several types of inflammation as noticed by Le-
on-Gonzalez et al. (10). Moreover, this shrub is
employed in Tunisia as a traditional treatment
for snake bites, as documented by Saada et al.
(11). Moreover, further studies have revealed
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that extracts from the seeds of Retama raetam
possess diuretic and hypoglycemic properties.
Consequently, these seed extracts have the
potential to lower plasma triglyceride levels, as
demonstrated by Maghrani et al. (12).

Several authors have noted the utili-
zation of Retama Raetam as a homeopathic
resource. Edziri et al. (13) highlighted the an-
timicrobial, antioxidant, and antiviral properties
found in the flower extracts of Retama Raetam
Forssk. Furthermore, Eddouks et al. (14) under-
scored the antihypertensive and diuretic effects
observed in the aqueous extract of Retama
Raetam Forssk. leaves, which were investigat-
ed in both normotensive and spontaneously hy-
pertensive rats as mentioned by Eddouks et al.
(14).

Numerous research efforts have been
dedicated to the comprehensive exploration
and characterization of various elements de-
rived from the Retama Raetam shrub. These
investigations encompass a wide range of as-
pects related to the plant’s composition and
properties. One notable study conducted by
Hayet et al. (9) investigated deeply into the intri-
cate phenolic composition found within Retama
Raetam flower oil. This research shed light on
the specific phenolic compounds present in the
oil, elucidating their potential applications and
benefits. In fact, Oil from flower contains a to-
tal of 50 components mainly nonanal, linalool,
myrcene and many others polyaldehydes and
terpenes with a low percentage. In a separate
study, El Yadini et al. (15) provided a detailed
account of the composition of Retama raetam
monosperma stems and seeds found in the arid
expanse areas and across the Middle Atlas in
Morocco. This research not only highlighted the
nutritional and chemical makeup of these seeds
but also contributed to our understanding of the
plant’s adaptability to challenging environmental
conditions.

Beyond these, several other research
endeavors have focused on unraveling the in-
tricate constituents found within different genus

of Retama Raetam, Leon-Gonzalez et al., (10).
These investigations aim to unravel the plant’s
complex chemical profile, potentially uncovering
novel compounds with diverse applications in
various fields, from agriculture to medicine.

Furthermore, recent research has un-
veiled the antimicrobial and antioxidant poten-
tial of essential oils derived from Retama rae-
tam, indicating their suitability for applications in
the food and pharmaceutical sectors. Notably,
a prior investigation conducted by our research
team has underscored the antioxidant and anti-
microbial attributes of this extract, as reported in
Rejab and Ksibi (16).

Figure 1- Retama Raetam shrub flowers and
seeds

Our primary emphasis lies in the appli-
cation of eco-friendly natural solvents and the
development of innovative technology systems
for utilizing supercritical fluids, separation pro-
cesses, and material production. As an illus-
tration, eco-conscious chemical methods that
involve carbon dioxide, with traits closely re-
sembling those of organic solvents in their su-
percritical state, provide both ease of handling
and eco-friendliness

Supercritical fluid technology is a prom-
ising route for the extraction, separation and
shaping of divided solids including the SAS pro-
cess which leads to homogeneous precipitation
and recrystallization of materials into microscale
size with generally narrow distribution. More-
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over, materials regenerated from vegetable
matrices using SAS supercritical fluids offer an
appealing approach for recrystallizing numer-
ous organic compounds sourced from plants.
This method is particularly advantageous for
substances that are challenging to fragment
or recrystallize, such as extremely long-chain
pharmaceuticals that necessitate the produc-
tion of uniform ultrafine particles with consis-
tent morphology, De Marco (4). The use of the
SAS technique allows an accurate control of the
crystallization process, resulting in very small
and uniform particles, Rejab and Ksibi, (17).
Furthermore, the separation of the anti-solvent
from the particles after precipitation was readily
accomplished. This allows for the avoidance of
substantial solvent by-products and the poten-
tial establishment of an advantageous solvent
and anti-solvent flow.

As the substance Retama Raetam is
not soluble in supercritical CO,, it is first solu-
bilized in a supercritical organic solvent (itself
soluble in CO,). Then, the solution is confined
in an atomization tank through a coaxial spray
nozzle where it is brought into contact with CO,
which will separate the molecule from the or-
ganic solvent, leading to precipitation. Simulta-
neously, the solvent evaporates in the supercrit-
ical phase, elevating the solute’s concentration.
This dual-directional mass transfer is the key
factor behind the swift supersaturation of the
solute, resulting in its nucleation.

The application of this process to phar-
maceutical compounds involves specific con-
straints. Particular attention must be paid to the
choice of the solvent. The choice of the solvent
is based on three requirements. The first is its
good miscibility with the anti-solvent (CO,). The
usual solvents such as ethanol, toluene and
acetone show complete mutual miscibility with
SC-CO,. The second is the solubility of the solid
to be crystallized and the third is its human safe-
ty. Indeed, the solvent must generally belong to
class 3 (non-toxic) of the pharmaceutical guide-
lines. SAS precipitation results in the production
of solvent-free materials, affording precise con-

trol over the morphology, size, and polymorphic
phase of the precipitated material.

Figure 2 illustrates a schematic rep-
resentation of the apparatus employed in the
Supercritical Anti-Solvent (SAS) process. From
literature, we can underline potentialities of the
kind of crystallization as the tiny during the pro-
cess which occur a very fine droplet and a high
specific surface area for mass transfer. The
freshly precipitated aggregates are retained
within the system, while the supercritical fluid
and organic solvent are continuously drained
from the system. As the carbon dioxide is used
in this process, it can be removed easily from
the system by depressurizing. We mention that
precipitations were obtained at the inner of the
vessel. The experiments conducted in this study
are mainly focused on the variation of carbon
dioxide pressure, temperature on porous film di-
mensions and distribution.

The SAS process commences by pres-
surizing CO, to the desired level within the
precipitator, followed by precise temperature
control. CO, is methodically transitioned into
a supercritical state, ensuring meticulous at-
tainment of the designated pressure (10 and
12 MPa) within a high-pressure vessel. This
prepares the groundwork for executing Super-
critical Anti-Solvent (SAS) experiments, as per
established protocols. The selection of a 2 kg/h
CO, flow rate is a judicious decision, informed
by prior research, particularly the findings of Re-
jab and Ksibi (17) which demonstrated its effec-
tiveness in achieving solution atomization.
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Figure 2- A schematic representation of the SAS
process
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Within this meticulously controlled en-
vironment, a liquid solution is introduced, com-
prising a carefully crafted mixture of powdered
Retama Raetam and ethanol. This solution is
expertly sprayed into the reactor using a pur-
pose-designed nozzle, where the solvent un-
dergoes rapid diffusion. This diffusion process
causes the solution droplets to disperse into the
bulk supercritical fluid, initiating the intricate se-
quence leading to the solute’s precipitation. The
culmination of these precisely engineered con-
ditions results in the formation of a porous film,
as detailed in Table 1.

Subsequently, we undertake a washing
step, during which the precipitator is depressur-
ized to atmospheric levels, and the film that has
precipitated on the inner wall of the precipita-
tor is meticulously collected for further analysis
and examination. Our experimental runs were
conducted to assess the process’s efficiency in
generating thin Retama Raetam films with con-
trolled pore structures. Such films hold promise
for addressing challenges associated with the
incorporation of additives that are difficult to
swallow, ensuring precise dosing, and maintain-
ing consistent particle sizes. During each run,
we systematically varied the operating condi-
tions to explore the effects of different combina-
tions. The results derived from each operational
run are derived from observations made during
a stabilized operating period under a specific
set of operating conditions.

Table 1- Operating Run conditions

Run |T°C |P MPa |Volume of solution
/ml

1 30 10 40

2 40 10 25

3 40 10 40

4 50 12 40

Results and Discussion

The application of film coating or depo-
sition in general, to achieve customized surface

properties holds significant relevance in the
fields of pharmaceuticals, cosmetics, and food
manufacturing. Through the engineering of plant
materials, it becomes possible to impart specif-
ic physical, chemical, biochemical, and phar-
maceutical characteristics by creating a thin,
porous film over active principle particles. This
versatility allows for the fine-tuning of critical pa-
rameters such as operating pressure, tempera-
ture, dissolution rate, chemical reactivity, and
flow rate, thereby accommodating a wide spec-
trum of applications, Souiy et al. (18). Several
studies show that SAS is not merely an effec-
tive process for nucleated material morphology
control and scalability. Conducting processing
under mild conditions can additionally enhance
the stability of biopharmaceuticals without com-
promising their conformational structure.

Nevertheless, it is crucial to highlight a
notable observation from our experiments. In-
stead of adhering to the intended surfaces, the
film coating unexpectedly occurred within the
chamber, specifically on the inner wall of the
precipitator and its bottom. We subsequently
scraped the film coating from these surfaces
and subjected it to examination under a scan-
ning electron microscope (SEM).

Biopharmaceuticals processed with
SAS process are also submitted to atomization
spray formation. However, several studies have
shown that RESS, PGSS and other supercrit-
ical processes conduct only particle (spheres
and sticks) after nucleation and separation. The
tunable properties of scCO, mean that material
engineering can speed up the process. Habulin
and Knez (19) found that an increase of super-
critical carbon dioxide flow rate led to a loss of
relative activity and therefore, a narrow distribu-
tion of particle size with a quasi-uniform mor-
phology. It is important to call attention to the
fact that no excipients were used during drying
and the product (thin film or particles) is free of
solvent.
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for several run cases

The present study delves into the anal-
ysis of various film deposits within a defined
study area using ImagedJ software. Our prima-
ry objective is to determine the average pore
area within the blackened regions and establish
a corresponding distribution function for each
experimental condition. With reported porosity
levels ranging from 40-50%, as per Rejab and
Ksibi (16), we noted differences in the average
pore class distribution across various study lo-
cations.

Figure 3 presents the outcomes from
multiple experimental runs, revealing the con-
sistent formation of spongy thin films in each
case. The figures depicting Retama Raetam
deposits at a microscopic scale offer insights
into the internal structure of the atomization slot
and the resulting film. These variances in pore
size can be attributed to working temperature,
pressure conditions, and the volume to be dis-
solved, highlighting the intricate relationship be-
tween these factors in film deposition. The ex-
amination of regenerated Retama Raetam film
surfaces was carried out using a Zeiss Auriga
Compact focused ion beam scanning electron
microscope (FIB-SEM) with an accelerating
voltage set at 10 kV. The scale was chosen at
50 um to get a clear idea about pores morphol-
ogy, area, distribution and depth. Thin films ob-
tained by the SAS process have exhibited the

highest organic porous film efficiency offering
a best stability to incorporate active principles.
With SAS process, it would be interesting to
study optimal conditions Retama Raetam ex-
tract deposition from spray-drying as thin film.

Discussion

Utilizing digital processing techniques
on these microphotographs, which involved the
use of image analysis software and Gnuplot
surface tracing, we were able to gain valuable
insights into the cumulative intensity within the
porous regions, both along and across the de-
posited material as shown in figure 3.

Figure 3- Cumulative Porous Area Intensity
(um?) of the Film from Bidirectional PSD Compi-
lation in Multiple Run Cases

Notably, in the cases of runs 1 and 3,
we observed a significant accumulation of po-
rous zones. This accumulation suggests that the
Retama Raetam -based matrix created in these
runs has a substantial capacity for incorporat-
ing additional pharmaceutical additives. The
various peaks evident in these cases reflect the
varying degrees of incorporation within the ma-
trix, shedding light on the potential for controlled
release and distribution of these additives.

Conversely, when we examine the dia-
grams for runs 2 and 4, we notice that the peaks
are much lower. This implies a more consistent
and evenly distributed porous structure through-
out the film. The quasi-regularized distribution in
these cases may have its own advantages, de-

Superecritical fluid for Retama raetam porous film production: A strategy for advancing drug dos-
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pending on the intended use and desired char-
acteristics of the pharmaceutical coating or film.

bk L

Figure 4- Pore Size Distribution in Various
Deposition Films

Figure 4 illustrates the distribution of po-
rous area intensity in the Retama Raetam film
deposits, corresponding to the images in Fig-
ure 2. Various pore shapes and sizes were
achieved by adjusting key parameters. By ref-
erencing Table 1 and the pore area distributions
depicted in Figure 4, it becomes evident that the
operational conditions of the SAS process had a
substantial impact on both thin film morphology
and pore size distribution.

In the first experiment, Run 1, we conducted
operations at a pressure of 10 MPa, maintaining
the temperature in close proximity to the critical
point of CO2. Our objective was to fabricate a
thin film characterized by micron-scale porosity.
In this instance, we observed that the medium
pore area averaged around 5um?, albeit with the
presence of some larger pores.

Moving on to Manipulation Run 3, we main-
tained the same pressure as the previous run
while elevating the temperature beyond the crit-
ical point (T=40°C). This adjustment resulted in
a subtle increase in pore size, with an average
exceeding 10um but displaying a narrower dis-
tribution. A careful examination of the Particle
Size Distributions (PSDs) presented in Figure 5
clearly indicated the absence of large pores in
this scenario.

In Run 2, we replicated the thermodynam-
ic conditions of Run 3 but introduced a modi-
fication by reducing the volume of the solution
(comprising Retama Raetam and ethanol) from
40ml to 25ml. Under these altered conditions,
the film collected within the precipitation cham-
ber exhibited an average pore size of 5um,

distinguished by a considerably narrower distri-
bution. Consequently, the reduction in solution
volume not only led to a shortened deposition
time but also restricted the growth time of film
porosity.

Lastly, in Run 4, we conducted experiments
under high-pressure and high-temperature set-
tings, yielding a deposited film characterized by
a diverse range of pore sizes. Consequently, the
pore area exhibited variations spanning tens of
microns, resulting in a distribution that extended
widely across

[
1040 8740
Count 18 Min: 1.040
Mean: 3.265 Max 8.740
StdDev: 1.879 Mode: 1.040 (5)
Bins:8 Bin Width: 0.962

Figure 5- Run 2 Film thickness and Correspond-
ing Pore Area Distribution

During the second experimental run (Run
2), we succeeded in producing a film with an
impressive thickness of approximately 18 um.
This film displayed distinct, visually observable
pores, as illustrated in Figure (b). What sets this
particular material apart is its classification as
a truly uniform porous medium. The average
pore area within this medium measures approx-
imately 3.5 pm?, serving as compelling evidence
of the remarkable uniformity and consistent dis-
tribution of pores throughout the entire film.

This level of uniformity and controlled po-
rosity is of significant interest in various appli-
cations, such as drug delivery systems or ma-
terials with specific filtration requirements. The
findings from Run 2 highlight the potential for
creating materials with precisely engineered
porosity, which can be instrumental in achiev-
ing desired characteristics and performance in
various fields of science and technology.
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Conclusion

The SAS coating technique holds sig-
nificant potential as an environmentally mindful
approach for potentially entrapping micropar-
ticles through pore creation. This is achieved
by generating porous, thin films using vegeta-
ble matrices like Retama Raetam. This method
finds application in the pharmaceutical industry
and other sectors where preventing chemical in-
teractions is of paramount importance.

The figures depicting Retama Raetam
deposits via SAS process at a microscopic
scale offer insights into the internal structure of
the atomization slot and the resulting film. These
variances in pore size can be attributed to work-
ing temperature, pressure conditions, and the
volume to be dissolved, highlighting the intricate
relationship between these factors in film depo-
sition. In fact increasing pressure led to very
close pore distribution and a mean area pore
about 7um? whereas increasing temperature
favorites the formation of film with large pores.

List of abbreviations
SAS: Supercritical AntiSolvent process
SC-CO,: Supercritical carbon dioxide

FIB-SEM: focused ion beam scanning electron
microscope.

CPA : Cumulative Pore Area
PSD : Particle Size Distribution
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Abstract

In this study the synergistic antihyper-
glycemic effect of the medicinal plant Ceriops
decendra stem hydro-alcoholic extract (CD)
and protein component isolated from Cyamop-
sis tetragonoloba seed (CT) was evaluated in
vitro in a-glucosidase and a-amylase inhibitory
bio-assays and in vivo against streptozotocin
(STZ)-nicotinamide-induced diabetic rats with
metformin as reference in a 28 days standard
treatment protocol. The blood serum biochem-
ical parameters and tissue (liver and kidney)
antioxidative parameters were analysed. His-
topathology of pancreas was also studied. The
animal groups treated with the combination of
both CD and CT have demonstrated a remark-
able inhibition of a-glucosidase and a-amylase
activities and restoration of diabetes-induced
serum biochemical and tissue antioxidant pa-
rameters with improved pancreatic histology as
compared to the above groups indicating the
synergistic effect. The findings of present study
infers that, combination of both CD and CT ex-
erted a synergistic action exhibiting more potent
antihyperglycemic effect indicating the benefi-
cial role of protein component in management
of diabetic complications.

Keywords: Ceriops decendra, gel electropho-
resis, protein, diabetes, synergy.

Introduction

A concerned lifestyle disease called
diabetes mellitus has grown into a problem on
a global scale. According to the 2015 Diabetes
Atlas published by the International Diabetes
Federation (IDF), there are 415 million individu-
als worldwide who have been identified as hav-
ing diabetes, or 8.8% among individuals aged
20 to 79. By 2040, it is expected that there will
be more than 640 million adults worldwide who
have diabetes. Since over 80% of all persons
with diabetes who have not been diagnosed live
in low- and middle-income countries, which ac-
count for 75% of the global population, the in-
crease in numbers will be greatest there. China
and India will have the largest increases in the
number of diabetics among developing nations.
Urban locations in developing economies have
a higher rate of diabetes prevalence (1, 2). Rap-
id socioeconomic shifts brought on by industrial-
isation and urbanisation are the primary causes
of the global diabetes epidemic, which is also
largely driven by population expansion, poor
lifestyle choices, and a lack of vigorous phys-
ical activity. Diabetes is a silent disease that
can cause deadly and severe complications as
well as raise expenditures. Nearly every system
in the body is impacted by diabetes’ long-term
problems, but the eyes, kidneys, heart, feet, and
nerves are particularly vulnerable. Anatomical,
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structural, and functional alterations as a result
of the micro- and macrovascular complications
result in numerous organ dysfunction (3).

India is undergoing a shift in the prev-
alence of diabetes from urban to rural areas,
the affluent to the less privileged, and older
to younger individuals. India ranks second af-
ter China in the world in terms of the diabetes
epidemic. In both urban and rural parts of In-
dia, the prevalence of diabetes has been rap-
idly rising. The most common form of diabetes
is type 2, which is also the main cause of the
diabetes epidemic in India. Type 1 diabetes is
becoming more common in India as well. Type
2 diabetes prevalence increased gradually in
the 1990s and significantly more quickly after
2000. Diabetes now affects more people than it
did in 2000, when there were 32.7 million cas-
es. compared to 35.5 million in 2003, in 2007
there were 40.9 million, 50.8 million people in
2010, 2013 saw 65.1 million, 69.2 million people
in 2015, The predicted number in 2040 is 1.23
billion. The first study on the prevalence of dia-
betes in India was carried out in Calcutta (now
Kolkata) in 1938. After verifying 96 300 medical
records, it was discovered that 1% of the pop-
ulation had diabetes. Between 1973 and 2015,
the prevalence of diabetes ranged from 1.1%
in urban Lucknow to 25.2% in New Delhi. Few
nationwide studies on the level of prevalence of
this disorder have been conducted, and the ma-
jority of those studies used capillary fasting and
a two-hour post glucose load to diagnose dia-
betes. The countrywide prevalence of diabetes
has been reported to be 2.1% in the multi-cen-
tre study done between 1972 and 1975 by the
Indian Council of Medical Research (ICMR) in
six cities (Trivandrum, Calcutta, Cuttack, Delhi,
Poona and Ahmadabad) and nearby rural areas
(1, 4).

Physical, environmental, metabolic,
chemical, and genetic elements all have a di-
rect or indirect impact in the development and
progression of diabetes. A diet heavy in antiox-
idant-rich fruits and vegetables lowers the inci-
dence of diabetes, strongly indicating that these

antioxidants may be useful diabetes-inhibiting
agents (5). Protein consumption induces the re-
lease of glucagon, a hormone that aids in con-
trolling blood sugar levels. In contrast to insulin,
glucagon encourages the liver’s stored glucose
to be released, keeping blood sugar levels from
falling too low. This system promotes glucose
homeostasis and guards against hypoglycae-
mia. Consuming protein activates the hormone
the insulin’s release, which aids in the uptake
and utilization of glucose by cells. For those with
diabetes, especially type 2 diabetes patients
who may have resistant to insulin, a sufficient
protein intake maintains sufficient hormone syn-
thesis and secretion (6).

Medicinal plants have long been known
to serve as medicinal recourse to the man-
kind (7). Ceriops decandra (Griff.) Ding Hou
(Rhizophoraceae) commonly known as Indi-
an mangrove or spurred mangrove in English
and Garan in Bengali is a shrubby mangrove
tree widely distributed throughout the tropical
Asia including India and Bangladesh. This plant
has traditionally been used against diseases
like ulcers, diarrhoea, dysentery, angina, boils,
diabetes, hepatitis and wounds (8, 9). The ob-
jective of the present study is to explore the
synergy effect of Ceriops decendra (CD) stem
extract with the protein isolated from Cyamopsis
tetragonoloba (CT) seeds against strepotozoto-
cin nicotinamide-induced type 2 diabetes in rats.

Materials and methods
Extraction of Ceriops decendra stem

The plant Ceriops decandra (Giriff.)
Ding Hou (Rhizophoraceae) was collected on
March 2022 from Jharkhali, South 24-Pgs.,
West Bengal, India and it was authenticated
from the Central National Herbarium, Botanical
Survey of India, Howrah, West Bengal, India.
The air-dried stem (250 g) was extracted with
the hydro-alcoholic extraction by ethanol-water
(70: 30) in a Soxhlet apparatus at a temperature
60-70°C. Then the solvent extract was then fil-
tered in @ member filter (Whatman paper). To
exclude the solvent from the filtrate material a
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solvent are then transfer into a rotary vacuum
evaporator at a reduced pressure at 55°C. then
concentrated sample were taken to a dryer for
24 Hour at 40°C then the extract was subjected
to transfer in a lyophilise machine for 48 hours.
The final yield was 13%.

Chemicals

All the chemicals used were of analyti-
cal grade obtained commercially.

Phytochemical screening

Preliminary phytochemical screening
was performed on the foregoing extract to de-
tect the presence of various phytochemicals
(10).

Isolation of protein from Guar powder

Guar seed powder (procured from M/s
Alona Pvt. Ltd.) was defatted by acid-alka-
li treatment followed by removal of phenolics
and flavonoids as per previously reported pro-
tein acid salt alkaline methods (11). Then the
resultant material was subjected to polyacryl-
amide gel electrophoresis followed by staining
and de-staining. The identification of band are
observed in the UV light at 254 and 366 nm
and as the running capability depends upon
the molecular weight of the sample, Here as a
standard bovine serum albumin (BSA) has been
used which molecular weight is about 65.5 Kda,
its shows that it run up to the bottom of the gel,
whereas the sample band run less compare to
the standard it means it has higher the molec-
ular weight based on the running capability its
expected the molecular weight of the band are
lies in between 75-80 Kda (12). Purity of isolat-
ed protein was assessed by the micro-Kjeldahl
method (83%).

Animals

Adult Wistar albino rats of either sex
were used. The animal was feed with the normal
diet for 5 Days in a animal house in acclimatize
condition relative humidity 55%, temp. 22+5°C.

The experimental procedure started after re-
view and the approval by the IAEC reference
no. JU/IAEC-22/43.

In vitro antioxidant activity

The radical scavenging or antioxidant
activity of DPPH is determined by its capacity to
receive an electron. Strong antioxidants will rap-
idly transfer an electron to DPPH, significantly
reducing the amount of purple that DPPH ex-
hibits. The amount of colour change is related
to the tested compound’s antioxidant strength
(13).

Prepare a stock solution with a 0.1 mM suggest-
ed concentration by dissolving the DPPH pow-
der in a suitable solvent (such as methanol or
ethanol). Weight 1.97 gram of DPPH in 50 ml of
methanol. Molecular weight of DPPH 394 gram/
mol. Make careful to thoroughly mix the DPPH
powder until it dissolves. Cover the container
with aluminium foil and store the DPPH solution
in an amber bottle to shield it from light.

One well should be designated as a
blank control that solely contains the solvent
and DPPH solution. This well will assist in mak-
ing any background absorbance corrections.
100 pL of each sample or antioxidant standard
should be added to the appropriate microplate
wells. Add 100 pL of the DPPH solution to each
well containing the samples or standards. Set
the timer for 30 minutes and allow the plate
or cuvette to incubate there in the dark and at
room temperature. During this period, the sam-
ples’ antioxidant chemicals will interact with the
DPPH radical. Utilising a spectrophotometer,
determine each well’s absorbance following the
incubation time at a certain wavelength, com-
monly 517 nm. Utilise the blank control effec-
tively to clean the spectrophotometer.

In vitro alpha amylase and alpha glucsidase
inhibitory assay

Alpha-amylase is an enzyme involved
in the digestion of carbohydrates, and the al-
pha-amylase inhibitory test measures a sub-
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stance’s capacity to block its activity.

Preparation of enzyme solution: 1 mg of en-
zyme solution = 30 unit of enzyme.

For the preparation of 1 unit/ ml of enzyme solu-
tion take 1 mg of enzyme and dissolved it in the
30 ml of buffer. And then store it in -20 Degree
Celsius for the further use of the enzyme.

Preparation of starch substrate

1% W/V 100 mg of starch dissolved in
10 ml of buffer solution and shake it gently and
dissolved it in a hot water contact and shake the
system over and over again.

Preparation of 5.3 M potassium sodium tet-
rahydrate solution

Dissolved 14.96 gram (PST) in 10 ml 2 M NaOH
solution. And before that prepare 2 M NaOH
solution by dissolving 1.6 Gram of NaOH are
dissolved in 20 ml, of distilled water.

Prepare of 96 mM DNSA solution: 21.9 mg/
ml 438 mg of DNSA in 40 ml of buffer solution.

Sample preparation: prepare the stock solution
of test sample and in different concentration right
from to lower to upper conc. 10,20,40,60,80,
100 pg/ ml .

Procedure: 30 pul of phosphate buffer or plant
extracts Acarbose was used as a positive con-
trol after 30 pl of -amylase enzyme solution was
combined with it and pre-incubated at 37°C for
10 minutes. Following this, 40 pl of starch solu-
tion (the substrate) was added, and the reaction
was started at 37 °C for 30 minutes. The stop
reagent, 20 ul of DNSA solution, was then add-
ed and heated in a water bath for 5 minutes.
The mixture was diluted with 80 pl of buffer and
warmed to room temperature. At 540 nm, the
mixture’s absorbance was measured using a
Spectramax ID3 spectrophotometer (4).

In vivo study for anti-diabetic activity

For the experiment in each group 6
animal was selected which has average body
weight more than = 170 gram

Initially 110 mg/kg nicotinamide was in-
jected then wait for 20 min after all 40 mg/kg
streptozotocin (STZ) was injected. Then the an-
imal was provided dextrose water for three days
after three days blood glucose was measure.

No significant raise of blood glucose
Average blood glucose was — 125 mg /dl. Then
again animal was feed for five days with the nor-
mal diet when the animal become healthy then
35 mg/dl STZ was injected.

After three days blood glucose mea-
sure, average blood glucose of each group.
Blood glucose was measure in a regular interval
(5 days) interval

Fasting Blood Glucose measurement in a reg-
ular interval

Group- A Standard control (Metformin) 50 mg/
kg

Group-B Diabetics control (Nicotinamide + STZ)
Induced

Group -C Normal control (Vehicle control)

Group-D Test control Ceriops decendra extract
(Nicotinamide + STZ induced) CD ex-
tract 250 mg/kg)

Group-E Test control CD+CT (Nicotinamide +
STZ induced) CD 250 mg/kg + CT 0.9
gram /kg enriched protein

After 28 days of foregoing treatments
the animals were sacrificed and the serum bio-
chemical parameters and tissue (liver and kid-
ney) antioxidative parameters were analysed by
the fully automated Auto-Analyser SELECTRA.
Histopathological study of pancreas was per-
formed at 40x (2, 6).

Statistical analysis

For the analysis of the mean blood
glucose level of various group Two-way ANO-
VA group analysis use for the measurement of
mean difference between and within the group
(Mean = SD). The analysis shows there is signif-
icant different between test control supplement
with the extract group ***P < 0.0001 compare

Hoque et al



Current Trends in Biotechnology and Pharmacy

1917

Vol. 18(3) 1913-1921, July 2024, ISSN 0973-8916 (Print), 2230-7303 (Online)

10.5530/ctbp.2024.3.37

to the Ceriops decendra dose group and the al-
pha value = 0.05 compare to the standard treat-
ment group and significant diff. among means.
It means the average blood glucose of the com-
binational drug is much more effective compare
to the drug extract along or the standard treat-
ment.

Results and Discussion

Table 1: Preliminary phytochemical test of Ce-
riops decendra and Cyamopsis tetragonoloba
(+) presence (-) Absent.

150
—*— % Inhibition CD+CT Drug

% Inhibition of Standard
Drug

100
—#* %inhibiton of CD
50

0=

T T T T T T T
0 20 40 60 80 100 120 140

'

perceentage inhibition

Concetration

Alpha Amylase inhibitory assay

Figure 1: Alpha Amylase inhibitory assay. IC,,
value of CD+CT=7.554 & Standard= 8.186 And
IC,, value of CD is = 9.12.

S1. TestName Ceriopsde- Cyamopsis i v % inbiion COGT Drug
No. cendra tetragonoloba g - % Inhiction of Standara
< 100 ru
1 Flavonoids ++ - % /%’:ﬁ = %inhibiton of CD
2 Alkaloids ++ + g
3 Phenol ++ - = o T T T T T T T
[} 20 40 60 80 i 100 120 140
4 Saponin - - Goncatration
5 Tannin + _ Alpha Glucosidase inbibitory assay
6 Glycoside  + + Figure 2: Alpha Glucosidase inhibitory assay.
: + = =
7 Protein . . IC50 value of CD+CT= 7.152 Std= 7.819 CD

IC50 = 8.219.
8 Terpenoids  ++ --

Table 2: In vitro antioxidant assay.

is of Blood gl level

a
-3
=3

@ Em Normal controll
g 400 @ Diseases Controll
5] o s test 1- CD
B A b k. test-2CD+CT
50 0.521 0.312  40.11516 1.709 2% 1l L B Standard controll
100 0510 = 0.192  62.35294 = 5.855 g 100
150 0.521 0.122 76.58349 10.002 ° 1 4 12 16 22 26 28
200 0.452 0.067 8517699 @ 14.149 Days
250 0.512 0.045 91.21094  18.295 . - .
Figure 3: Antidiabetic effect of plant extract and
300 0.511 0.021 = 95.88235  22.442

its combination with protein.
Table 3: Oral glucose tolerance test.

Fasting Blood Fasting Blood Fasting Blood Fasting Blood Fasting Blood Glucose
Glucose (Group-A) | Glucose (Group-B) | Glucose (Group-C) Glucose (Group-E) Mg/dl

Mg/d Mg/di Mg/di (Group-D) Mg/dI

298 +2 298+7 11048 299+4 30048
285+3 31415 102 £7 286+3 285 +2
265 +2 32543 105 +5 268+4 272 +4
19114 346+4 10614 193 16 1613
1655 37242 11243 1684 1634
145+3 410+3 108 +4 152 +3 152 +2
13315 418+4 11212 142 15 131 43
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Table 4: Serum biochemical parameters.

1918

Test Name Standard Control | Diabetics control | Normal control I?:;:ZZZ:’L;Z- Tef:tDc fg_}rol
Total cholesterol 50+ 5mg/dl 68+ 3mg/dl 48+2mg/dl 53+8mg/dI 42+6mg/dl
Total Protein 90+2 g/l 11546 g/l 95+3 g/l 126+ g/l 1159/l
SGPT 3842 U/l 7248 U/l 35+ u/l 5246 ull 41zu/l
SGOT 44%3 |U/I 8313 U/l 3842 U/l 6313 U/l 51+2 U/
ALT 162+21U/1 182+3IU/1 150+51U/1 175+31U/1 164+31U/I
AST 35+31U/I 65+31U/I 46x31U/1 42+31U/ 55+31U/1
Bilirubin 4.8+0.5mumol/l 7.8£0.5mu mol/l | 3.8+0.2mu mol/l | 2.8+0.3mu mol/l | 3.8£0.4mu mol/l
HbA,C 7.2+0.5 9.240.3 6.2+0.4 7.240.2 6.8+0.3
HDL 3512 mg/dl 25+ mg/dI 3843 mg/dl 34 + 2 mg/dl 31+5mg/di+
LDL-C 7843 mg /dl 91+2 mg /dl 7043 mg /dI 8812 mg /dI 80+4mg /dI
Urea 78.70+8 mg/dl 112.50+3mg/dl 65.70+2 mg/dl 88+8 mg/dl 75.704£8 mg/dl
1000 Liver = Liver __ 1000 Kidney =5
= 210 % oo g, Kidney
= goo E . g 400 éz
5 20 o ’ & &S %o GRI GRII GRINGR IV GRY
[L] 0 ;
& G@\‘é_\\‘#«“ & 5 ’ & S Figure 5: Renal antioxidgnt parameters.
P-Value <0.0001, SE of diff. 41.30, Mean
Figure 4: Hepatic antioxidant parameters. Diff. 466.6 Compare to negative control

P-Value <0.001, with 95.00% CI of diff., Mean
Diff. 2.052, SE of diff. 0.1109

S
-

e

Fig. 6A: CD 250 mg/kg dose pancreatic beta
cell the density of the beta-cell is less s compare
to standard or the supplementary dose group.

(Magnification - 10x40)

Langerhan

Fig. 6C: Negative control Nicotinamide +STZ
induced; Here the number of beta-cell count de-
crease Gradually

(Magnification - 10x40)

and p** compare to the standard and fol-

Fig. 6B: Test control Treatment CD + CT treat-
ment the cluster beta cell- can be seen the test
supplementary group and cell are dense. (Mag-

nification - 10x40)

Intralobular

Fig. 6D: Another picture of CD 250 mg/kg treat-
ment pancreas the density of the cell is less
compare to the standard and supplementary
dose group animal pancreas (Magnification -
10x40)
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Fig. 6E: Normal control Without diabetes here
the density of the cell is normally distributed
(Magnification - 10x40)

Figure 6: Pancreatic tissue histopathology.
Discussion

Prevalence and co-morbidity in Type-
2 diabetes is quite higher, currently. Synthetic
molecule uses which targeting the many path-
ways, has decorates consequence in long term,
Medicinal plants contain various phytochemi-
cals which are responsible for the therapeutics
benefits (14). In the present experiments the
sole objective was to identify the effect of protein
component over pre-clinical study with the plant
extract of a mangrove plant Ceriops decendra.
This mangrove plant has their several implica-
tions on therapeutics in-terms of traditional use.
On the other hand, the protein component are
used widely now a days as supplementary com-
ponent for the treatment of diabetics patient. Ce-
riops decendra used for the treatment of diabet-
ics traditionally and the protein component has
their significant role on the metabolism process.
Here in this study, we have evaluated the effect
of foregoing plant extract with the enriched pro-
tein Cyamopsis tetragonoloba on pre-clinical
study type-2 diabetes.

Right from the collection and identifica-
tion of the sample here we have evaluated the
comparative effectiveness and the enzyme-in-
hibitory assay. With solvent enrichment method
purification of protein was carried out then it was
supposed to quantify the enriched protein the

Fig. 6E: Standard control Metformine dose 50
mg/kg (Magnification - 10x40)

purification was about 83%, analysis was car-
ried out by the micro-Kjhadal method. After pu-
rification of the protein, we have assessed the
anti-oxidant and in-vitro alpha-amylase inhibito-
ry assay with combination of drug extract and
the purified protein which show very promising
result as compare to the plant extract along. In
the in vitro level we have analyse the combina-
tional anti-oxidant activity DPPH assay and the
comparative enzyme inhibitory assay (15). The
enzyme assay was quite surprising on the com-
bination result its work as close to the standard
drug acarbose. The IC50 value for the combi-
nation of isolated protein and the extract was
7.152 whereas the reference drug IC50 value
7.819 and Ceriops decendra is 8.219 which is
quite differ from each other for the alpha-glu-
cosidase enzyme. On the other hand, the en-
zyme inhibitory assay alpha — amylase has their
own way of inhibitory potency the IC50 value of
different drug and drug combination as follows
IC50 value of CD+CT= 7.554 and standard =
8.186 and IC50 value of CD is = 9.12. In in vivo
study, there were five group in there after the
28 days dose treatment each of the group ex-
cept the normal control and the negative con-
trol group the mean blood glucose level after
the 28 days which shows significantly lower as
compare to the standard and the only extract
treatment group. Significance on the statistical
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analysis the p value is < 0.001 with the 95%
confidence interval.

Overall, the tissue anti-oxidant param-
eter is then use to analyse the effect of each
and individual group of their effect on the an-
ti-oxidant property. In every anti-oxidant pa-
rameter, the combination supplementary dose
group shows good effect on GSH and catalase
activity and the statistical analysis ANOVA was
conducted to determine the significance level of
those individual group.

The experiment has fewer limitation
that the assessment of the proper protein band
is quite important due improper estimation of
the band can lead to wrong interpretation of the
molecular weight detection. During the experi-
ment it was an little challenge to understand the
protein band here after the gel electrophoresis
this limitation need to assess again for to make
the experiment robustness. As the protein plays
a greater role on the metabolic dysfunction a
proper amount of protein specially essential and
semi-essential has greater impact on the meta-
bolic regulation directly and indirectly. Based on
the above experiment here we need to make ro-
bustness of the data by the multiple time study
and look the importance of the natural occurring
plant supplement for the treating the diabetes.
Further studies in this way can yield an effective
natural regime against diabetes.
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Abstract

To develop new alkaline phosphatase
inhibitors, a series of new azo coumarin deriv-
atives were designed by using computer aided
drug designing and virtually assessed using
online platforms. At first, the compounds were
screened for ADMET, physicochemical proper-
ties, drug-likeness, toxicity studies and target
prediction using pKCSM, SwissADME, Swis-
sTargetPrediction and ProTox-Il tools. The pre-
dictions were supported by in silico molecular
docking with alkaline phosphatase enzyme
using CB-Dock2 molecular docking tool. The
compounds possessed good ADMET and phys-
icochemical properties, drug-likeness and de-
void of any immunotoxicity and cytotoxicity. The
evaluated binding energy values reveal that all
compounds fit favorably into the alkaline phos-
phatase active site displaying hydrogen bond-
ing with different amino acid residues of the
target protein and could be good scaffolds for
designing new alkaline phosphatase inhibitors.
These results collectively framed the way for the
development of new azo coumarin derivatives
as possible alkaline phosphates inhibitors.

Keywords: Alkaline phosphatase, coumarin,
ADMET, Drug-likeness, Molecular docking.

Introduction

In recent years, the strategy of making
hybrids of two or more than two biologically ac-
tive motifs has emerged as a popular approach
that involves conglomeration of two or more
pharmacophores in one molecular scaffold to
develop multifunctional biological agents (1-2).
These hybrid structures are expected to exhibit
multiple biological activities, modified selectivity
profile, different or dual modes of action with-
out reduced or no undesired side effects due to
mixing of different pharmacophores in a single
molecule (3-4). The cheminformatic tools, have
played a major role in the development of ther-
apeutically important small molecules or drugs
including the Prediction of Activity Spectra for
Substances (PASS), Lipinski’s rule of five, pre-
dictions of absorption, distribution, metabolism,
excretion, and toxicity (ADMET) are useful appli-
cations for the optimization and well-targeting of
chemical synthesis, biological testing, and drug
discovery (5). ADMET Predictor is a designed
program of the computer for estimating phar-
macokinetic parameters or properties of drug-
like compounds from their molecular structures
(6). Being highly bioactive and low toxic by a
drug/drug-like compound are not good enough
criteria to qualify the compound as a good can-
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didate. A better profile of pharmacokinetic is ex-
clusively important for a novel compound and it
is very significant to evaluate the ADMET profile
of new compounds earlier to avoid waste of time
and resources (7).

Alkaline phosphatase is a hydrolase en-
zyme found in many organisms from bacteria to
human and has been known to play a crucial
role in various biological functions (8). It is used
as tumor marker in various types of cancers like
seminomas and ovarian cancer. Elevated lev-
els of alkaline phosphatase have been found in
several multifactorial disorders viz. bones dis-
eases, thyrotoxicosis, hepatic or liver diseases,
intestinal disease, cancerous growth (tumors)
and rheumatoid arthritis etc. indicating it to be
an interesting target for drug discovery (9).

On the other hand, coumarin or 2-oxo-
2H-chromene derivatives are also known as
therapeutic agents with broad and diverse bio-
logical activities (10) such as antioxidant (11),
antimicrobial (12-13), antiviral (14), anti-inflam-
matory (15), antidepressant (16), anti-asthmatic
(17), anti-HIV (18), anti-tubercular (19) and an-
titumor (20-21) are only few of them. The role
of coumarin moiety in medicinal chemistry as a
good therapeutic agent is well established and
a number of different natural and synthetic cou-
marin based molecules have been reported as
a potent alkaline phosphatase inhibitor (22-23).

Moreover, heterocyclic compounds
are the exceptional targets for anticancer re-
search and drug discovery (24). Among them,
nitrogen containing compounds have shown
excellent effects than non-nitrogen containing
compounds (25). Further, it is reported that the
combination of distinct pharmacophores pro-
duces compounds with improved activity (26).
At the same time synthesis of hybrid structures
from different class of compounds is one of the
popular strategies for the development of drug
candidates with increased activity and improved
specificity (27-28).

Finding possible medicinal compounds

is a major issue for many researchers because
there are many drugs fail to arrive in clinical tri-
als owing to their unsuitable drug likeness and
poor ADMET (absorption, distribution, metab-
olism, elimination and toxicity) properties (29).
In the design and development of new biolog-
ical agents, molecular hybridization is a useful
strategy and is based on the combination of
two or more pharmacophoric units in the same
molecule (30). In order to obtain a good pha-
ramcophore with better activities and higher se-
lectivity, we designed the target compounds by
virtual screening using the computational tools
like ADMET, pharmacokinetic, physicochem-
ical and drug-likeness properties and molecu-
lar docking. The new coumarin analogs were
designed by joining 4-hydroxycoumarin with
different aromatic amines like aniline, 2-amino-
pyridine, 2-aminopyrimidine, 3-aminopyridazine
and 2-aminopyrazine through the diazotization
reaction as shown in the following Figure 1.
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Figure 1. Designed azo coumarin derivatives
Materials and methods

The designed new azo coumarin de-
rivatives (H-1 to H-5) were subjected to an in
silico screening for ADMET, pharmacokinetic,
physicochemical and drug-likeness properties,
target prediction, toxicity prediction and molec-
ular docking using the computational tools the
pkCSM, SwissADME, ProTox-Il and CB-Dock2
as online tools (31-32). These web servers were
selected because they are freely accessible and
provide strongly built computational methods to
estimate a universal judgment of the pharmaco-
kinetics and toxicity of small molecules.

Virtual screening of new azo coumarin derivatives.
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ADMET Pprediction

The ADMET studies are significant
to estimate the pharmacodynamics of the de-
sighed compounds, which could be a candidate
agent in drug design and discovery studies.
SMILES format of the designed molecules are
uploaded on the pKCSM web server (https://
biosig.lab.uq.edu.au/pkcsm/prediction). The
pkCSM web server provide the information with
respect ADMET parameters like gastrointesti-
nal (Gl) absorption, blood-brain barrier (BBB)
permeability, CYP2D6 and CYP3A4 substrates
and inhibitors, human skin permeability coeffi-
cients (log Kp), Caco-2 permeability, volume of
distribution at steady state (VDss), CNS perme-
ability, total clearance, AMES toxicity, maximum
recommended tolerated dose (MRTD) human,
oral rat acute toxicity (LD50) and hepatotoxicity,
skin sensitization etc.

Pharmacokinetic, physicochemical proper-
ties and drug-likeness prediction

The designed molecules were esti-
mated for pharmacokinetic, physicochemical
properties and drug-likeness properties us-
ing SwissADME (http://www.swissadme.ch/).
SwissADME is a web-based platform that lets
users upload or draw their target compounds
with structure or SMILES code. This tool sup-
plies many parameters like lipophilicity (iLOGP,
XLOGP3, WLOGP, MLOGP, SILICOS-IT, Log
Po/w), water solubility — Log S (ESOL, Ali, SIL-
ICOS-IT), drug-likeness rules (Lipinski, Ghose,
Veber, Egan, and Muegge) and Medicinal
Chemistry (PAINS, Brenk, Leadlikeness, Syn-
thetic accessibility) methods.

Target prediction

SMILES codes of the designed com-
pounds were uploaded to the SwissTargetPre-

diction website (https://www.swisstargetpredic-
tion.ch) to analyze their putative off-targets in

the human organism.

Toxicity prediction

Toxicological predictions for bioorgan-
ic compounds are essential to estimate the
amount of tolerability of the lead compounds
before in vitro, in vivo, and clinical studies. Pro-
Tox-Il is virtual lab software used for the pre-
diction of toxicities of the designed molecules.
The SMILES codes of the designed molecules
were uploaded to the The ProTox-Il website
(https://tox-new.charite.de/protox_II/) to analyze
their acute toxicity, hepatotoxicity, cytotoxicity,
carcinogenicity, mutagenicity, immunotoxicity,
adverse outcome pathways (Tox21) and toxicity
targets.

Molecular docking

CB-Dock2 is an improved version of
the protein-ligand blind docking tool that inher-
its the curvature-based cavity detection proce-
dure and the AutoDock Vina-based molecular
docking procedures. In order to understand
the probable binding affinities of the designed
azo coumarin derivatives, molecular docking
studies were carried out at active site of human
alkaline phosphatase (PDB ID: 1EW2) using
online molecular docking platform CB-Dock2
(https://cadd.labshare.cn/cb-dock2). The dock-
ing results were saved as PDB file and the PDB
were processed for observing the interactions
according to the literature.

Results and Discussion
ADMET Pprediction

A compound with better bioactivity and
lesser toxicities should be investigated in the
drug discovery to reduce the wastage of time
and resources (33). These compounds could be
developed into new medication when the target
has been validated with sufficiently high quality
ADMET properties. The ADMET properties of
the designed analogs (H-1 to H-5) were predict-
ed by using pkCSM web server and their drug
potential was elaborated. The predicted results
are shown in Table 1.
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Table 1: ADMET properties of new azo coumarin derivatives calculated from pkCSM
Property Model Name H-1 H-2 H-3 H-4 H-5
Water solubility? -3.931 -3.494 -3.306 -3.2 -3.136
) Caco-2 permeability® 0.819 0.926 1.299 1.152 1.247
Absorption
Intestinal absorption (human)° 91.113 93.421 95.887 | 97.861 100
Skin Permeability® -2.837 -2.915 -2.851 -2.904 -2.872
VDss (human)® -0.13 -0.271 -0.275 -0.39 -0.334
o Fraction unbound (human) 0.118 0.248 0.199 0.228 0.221
Distribution —
BBB permeability’ -0.222 -0.474 -0.68 -0.68 -0.68
CNS permeability® -1.697 -2.774 -2.897 -2.682 -2.896
CYP2D6 inhibitor" No No No No No
Metabolism
CYP3A4 inhibitor" No No No Yes No
Excretion Total Clearance' 0.199 0.251 0.333 0.063 0.248
Max. tolerated dose (human) 0.328 -0.261 0.067 -0.005 -0.004
Oral Rat Acute Toxicity (LD50) 2.158 2.535 2.554 2514 2.532
Oral Rat Chronic Toxicity (LOAEL) | 1.382 1.314 0.989 1.097 0.976
Toxicity Minnow toxicity 0.255 0.379 -0.079 -0.388 0.01
Hepatotoxicity" No No Yes Yes Yes
Skin Sensitization" No No No No No
AMES toxicity Yes Yes Yes Yes Yes

Note:?(log mol/L), ®(log Papp in 10 cm/s), %(% Absorbed), 4(log Kp), ¢(log L/kg), {(Fu), S(log PS),
h(Yes/No), ‘(log ml/min/kg), }(LD50 in mol/kg), (LOAEL in log mg/kg_bw/day)

Log S (S in mol/L) is a parameter used
to evaluate aqueous solubility. All of the deriva-
tives were found to show good solubility values
ranging from -3.136 to -3.931 mol/L. The analog
H-1 is more soluble in water than all other an-
alogs. More than 0.90 value of the Papp coeffi-
cient and more than 30% intestinal absorption
indicates the compound has high Caco-2 per-
meability and good gastrointestinal absorption.
All the derivatives showed poor gastrointestinal
absorption and compound H-1 possessed the
highest value of intestinal absorption among.
The distribution of the compound or the drug
in the body is characterized by Volume of dis-
tribution (VDss), blood-brain barrier permeabil-
ity (logBB), and CNS permeability. Drugs can
bind extensively to proteins in the plasma. The
free or unbound fraction of a drug is usually the
portion that is responsible for a pharmacolog-

ic effect. The designed molecules showed the
unbound fraction in the range of 0.118 to 0.248
and the analog H-2 may show good pharmaco-
logical effect as it showed highest unbounded
fraction of the drug. All the hybrids were poorly
distributed within the tissues. The penetration of
drug through Central Nervous System (CNS) is
measured by parameter log PS, for all the an-
alogs is less than -3 which indicates inability
of these analogs to penetrate the CNS. Cyto-
chrome P450s is an important enzyme system
for drug metabolism in liver and the CYP2D6
and CYP3A4 are the two main subtypes of cy-
tochrome P450. The molecules were unable to
inhibit these enzymes and restrain the metab-
olism of the xenobiotics in the body. The pre-
diction of total clearance helps to determine the
feasibility of clinical dosing for the starting dose
during clinical trial studies and it depends on
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the molecular weight and hydrophilicity of the
compound. The prediction showed that the total
clearance of H-3 is highest followed by H-2 and
other analogs H-5, H-4 and H-1 will not be elim-
inated from the body which may be associated
with certain types of toxicities. The maximum
recommended tolerated dose (MTD) provides
an estimate of the toxic dose threshold of drugs
in humans. From the values for MTD it is clear
that the high dose is required for toxicity. All
analogs have LD50 values above 0.5 mM and
are non-toxic as per the predictions. For a com-
pound, the predicted LOAEL is expressed in log
(mg/kg_bw/day) and all the derivatives shows
LOAEL in the range of 0.976 to 1.382. The pre-
dicted results show that the analogs H-1 and
H-2 are non-hepatotoxic while all these analogs
may not have skin sensitization. The designed
analogs depicted LC50 values greater than 0.5
mM and are non toxic. Furthermore, all these
analogs act as non-carcinogenic which is de-
picted from negative AMES toxicity test. These
overall results of ADMET studies disclosed that
the compounds have got good pharmacokinetic
properties.

Furthermore, the BOILED-Egg profile
enables the perceptive consideration of pas-

sive gastrointestinal absorption (HIA) and brain
penetration (BBB) in the function of the posi-
tion of the molecules in the WLOGP-vs-TPSA
referential was screened for the selected five
compounds (34). In this model, the white area
corresponds to a high probability of passive ab-
sorption in the GIT, while the yellow area is for
a high probability of brain penetration. Also, the
marks are colored in blue if predicted as actively
effluxes by P-gp (PGP+) and in red if estimated
as non-substrate of P-gp (PGP-). All designed
compounds were estimated to be well-absorbed
but not accessing the brain, and all compounds
were not subject to active efflux (red dot) (Figure
2).

Figure 2. BOILED-Egg presentation of the com-
pounds

Table 2. Physicochemical properties of the new azo coumarin derivatives

Properties H-1 H-2 H-3 H-4 H-5
Molecular weight (g/mol) 266.25 267.24 268.23 268.23 268.23
No. of Heavy atoms 20 20 20 20 20
No. of Arom. heavy atoms 16 16 16 16 16
No. of Rotatable bonds 2 2 2 2 2
No. of H-Bond acceptors 5 6 7 7 7
No. of H-Bond donors 1 1 1 1 1
Molar Refractivity 75.13 72.92 70.72 70.72 70.72
Total polar surface area A2 75.16 88.05 100.94 100.94 100.94
Log S (ESOL) -4.00 -3.54 -3.14 -2.91 -2.88
Solubility Log S (Ali) -4.51 -4.02 -3.61 -3.24 -3.18
Log S (SILICOS-IT) -5.65 -5.28 -4.91 -4.91 -4.91
MLOGP 2.07 1.81 1.16 1.56 0.75
Lipophilicity WLOGP 3.91 3.31 2.70 2.70 2.70
XLOGP3 3.26 2.52 1.87 1.51 1.45
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Physicochemical properties and drug-like-
ness prediction

The physicochemical properties give
a comprehensive depiction of the structures
of derivatives such as molecular weight (MW),
molar refractivity (MR), topological polar sur-
face area (TPSA), number of rotatable bonds,
heavy atoms and hydrogen bond acceptors and
donors. The physicochemical properties of the
designed azo coumarin derivatives (H-1 to H-5)
were predicted by using the SwissADME and
the results are presented in Table 2. The bio-
availability properties exhibited by the analogs
are within the range except the lipophilicity that

indicates they are excellent drug candidates.
Hence form these physicochemical properties,
we can be concluded that these compounds
have excellent pharmacological properties and
are orally bioavailable.

The bioavailability predictions of the
compounds displayed a rapid evaluation of
drug likeness. The drug likeness was evaluated
based on the physicochemical properties to find
oral drug candidates. There are five different
rule-based filters (35) which are used to predict
whether the chemical compounds can act as
drug. The result of drug likeness evaluation of
analogs is shown in Table 3 —

Table 3. Drug Likeness evaluation of the new azo coumarin derivatives

Rule-based filters H-1 H-2 H-3 H-4 H-5
Lipinski violations 0 violation 0 violation 0 violation 0 violation 0 violation
Ghose violations 0 violation 0 violation 0 violation 0 violation 0 violation
Veber violations 0 violation 0 violation 0 violation 0 violation 0 violation
Egan violations 0 violation 0 violation 0 violation 0 violation 0 violation
Muegge violations 0 violation 0 violation 0 violation 0 violation 0 violation
Bioavailability Score 0.55 0.55 0.55 0.55 0.55
1 alert 1 alert 1 alert 1 alert 1alert
PAINS No. of Alerts
azo azo azo azo azo
2 alerts: 2 alerts: 2 alerts: 2 alerts: 2 alerts:
Brenk No. of Alerts coumarin, coumarin, coumarin, coumarin, coumarin,
diazo diazo group diazo group diazo group diazo group
group
Lead Iilfene.ss No. of 0 violation 0 violation 0 violation 0 violation 0 violation
Violations
Synthetic accessibility 3.35 3.29 3.14 3.33 3.38

All the test compounds showed good drug simi-
larity and can be a good drug candidates. They
have zero violation for druglikeness according
to the five laws framed by Lipinski, Ghose, Ve-
ber, Egan and Muegge. The Brenk and Pan
Assay INterference compoundS (PAINS) struc-
tural alerts used in medicinal chemistry for the
identifying unstable, reactive, toxic fragments
present in the structure. Among the compounds
examined, all molecules resist Brenk’s rule

due to coumarin and diazo groups. All analogs
contain azo bond responsible for one alert in
PAINS. However, all the compounds showed no
violations in Lead likeness due to smaller mo-
lecular weight. Thus, these preliminary results
provide the lead for the design of more potent
drug. Furthermore, the bioavailability radar of
the compounds is given in Figure 3, and the
colored zone depicts suitable physicochemical
space for oral bioavailability. The Bioavailability
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Radar gives a first glance at the drug-likeness
of the compounds. The pink area represents
the optimal range for each property (lipophilic-
ity: XLOGP3 between -0.7 and +5.0, size: MW
between 150 and 500 g/mol, polarity: TPSA be-
tween 20 and 130 A2, solubility: log S not higher
than 6, saturation: fraction of carbons in the sp3
hybridization not less than 0.25, and flexibility:
no more than 9 rotatable bonds.

Figure 3. The Bioavailability Radar for drug-like-
ness of the new azo coumarin derivatives.

Target Prediction

The target prediction of all compounds
was performed using the SwissTargetPrediction
platform (36) and the results are depicted as a
pie-chart (Figure 4). The H-1, containing phenyl
ring linked to coumarin through diazo bond was
predicted as 33.3% oxidoreductase. All other
derivatives H-2 to H-5, containing 1 to 2 nitro-
gen atoms in the phenyl ring were predicted as
enzymes inhibitors with varying percentages, as
given in Figure 4.

Figure 4. SwissTargetPrediction of the designed
compounds.

Toxicity Prediction

The new azo coumarin derivatives were
evaluated for toxicity, LD50 and classification
by ProTox-Il. The compound H-1 was found in
class V toxicity while H-2 to H-5 were in class IV,
which indicates if swallowed they may be harm-
ful and toxic to human being at a concentration
of (2000 < LD50 < 5000) mg/kg body weight.
The lethal dose varies from 2000 to 3200 mg/
kg weight for all the compounds. The average
similarity of the designed compounds ranged
between 39.79 to 53.28% with the prediction ac-
curacy of 23 to 67.38%. The ProTox-ll platform
is divided into five different classification steps:
(1) acute toxicity (2) organ toxicity (3) toxicologi-
cal endpoints (4) toxicological pathways and (5)
toxicity targets. The compounds exhibited slight
activities for hepatotoxicity, carcinogenicity and
mutagenicity while the compounds were inactive
for immunotoxicity and cytotoxicity which needs
to be experimentally verified through in vivo ex-
periments. For Tox21-nuclear receptor signaling
pathways, several parameters such as AhR,
AR, AR-LBD, Aromatase, ER, ER-LBD, and
PPAR-gamma were predicted for the designed
compounds and for all the protein pathways the
compounds have shown inactive probability.
These results suggest that these compounds
exhibit not only weak estrogenic, but also an-
tiestrogenic, antiandrogenic, and anti-TH activ-
ities via different pathways. For Tox21-stress
response pathways, parameters like nrf2/ARE,
HSE, MMP, p53, and ATADS5 have been studied.
All the compounds displayed inactive probabili-
ty for all types of stress response pathways ex-
cept Mitochondrial Membrane Potential (MMP)
stress response pathway.

Molecular docking

Understanding how to predict interac-
tions between proteins and small molecules
is essential for identifying various biological
processes, advancing drug development, and
comprehending protein functions. A powerful
approach for this purpose is protein-ligand blind
docking, which identifies protein binding re-
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gions, and foretelling a molecule’s binding pose
(32, 37-38). Alkaline phosphatase is an enzyme
that is increased by a number of hepatobiliary
disorders. Its increase is typically assumed to
signify bile stasis. According to available reports,
alkaline phosphatase is a significant prognos-
tic factor for a number of malignancies, includ-
ing colon, lung, and stomach cancer. Alkaline
phosphatase increase is frequently interpreted
as bile stasis brought on by liver metastases
(39). To predict the best conformational position
within the active region of target protein, all the
designed azo coumarin derivatives (H-1 to H-5)
were docked against alkaline phosphatase. The
derivatives were docked into the active sites of
human alkaline phosphatase (PDB ID: 1EW2).
All the generated docked complexes were an-
alyzed on the basis of minimum energy values
expressed as binding energy (kcal/mol) and
hydrogen/hydrophobic interactions. Docking
results justified that all of designed compounds
exhibited excellent binding affinities with the
target protein. It was found that the molecules
interact with different residues inside the active
site of the alkaline phosphatase. The free bind-
ing energy for these derivatives was found to be
in the range of -7.3 to -7.8 kcal/mol displaying
good binding of these inhibitors inside the active
site pocket of the protein. The 3D and 2D dia-
grams of interactions with the amino acid side
chains of the target protein is shown in Figure 5
and Figure 6.
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Figure 5. 3D-Binding modes of new azo couma-
rin derivatives (H-1 to H-5) in the active binding
site of alkaline phosphatase

The basic chemical nuclei of all the designed

compounds were the same and therefore most
derivatives exhibited a good binding affinity with
the target protein. The best docking score of -7.8
was shown by derivatives H-4 and H-5. How-
ever, other analogs showed a docking score of
-7.3, -7.4 and -7.6 respectively. All the designed
compounds showed well established H-bonding
with different amino acid residues. The binding
free energy and other details from docking stud-
ies are presented in Table 4.

The compounds H-4 and H-5 displayed
three pi-cation interactions with ARG166,
HIS432 and LYS87. The nitrogen of azo group,
the lactone ring oxygen and the —OH on C-4 of
coumarin moiety displayed hydrogen bond with
THR431 and HIS432. Along with these, all mol-
ecules showed electrostatic and van der Waals
interactions with other amino acid residues as
shown in Figure 6. Such binding mode should
have made these molecules well-fixed in the
protein active site of the alkaline phosphatase.

H-3

Figure 6. 2D-Interaction analysis of new azo
coumarin derivatives (H-1 to H-5) in the active
binding site of alkaline phosphatase

However, the other compounds also exhibited
reasonably good interactions with the binding
site amino acid residues and showed a good
binding energy. The evaluated binding energy
values reveal that all compounds fit favorably
into the alkaline phosphatase active site dis-
playing hydrogen bonding with different amino
acid residues of the target protein. Our predict-
ed results are in well agreement with the pre-
dicted in silico results. Therefore, these new
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Table 4. Molecular docking results of the new azo coumarin derivatives

Azo cou- Binding Ener
Sr. No. marin 9 9y Binding amino acid residues
o Kcal/Mol
derivative
SER363, TYR388, LEU392, TYR393, GLY398, TYR399,
1 H-1 7.3 VAL400, LEU40,1 ARG406, PRO407, GLN422, SER423,
ALA424
5 H2 24 VAL89, PRO90, ASP91, SER92, PHE107, HIS153, ARG166,
) o ASP316, HIS320, GLU429, GLU430, THR431, HIS432
3 H.3 26 VAL89, PRO90, ASP91, PHE107, HIS153, ARG166,
) o ASP316, HIS320, GLU429, GLU430, THR431, HIS432
4 Hoa -8 VAL89, PRO90, ASP91, PHE107, HIS153, ARG1686,
) o ASP316, HIS320, GLU429, GLU430, THR431, HIS432
5 Ho5 78 VAL89, PRO90, ASP91, SER92, PHE107, HIS153, ARG 166,
) o ASP316, HIS320, GLU429, GLU430, THR431, HIS432

derivatives containing a coumarin ring and het-
erocyclic amines joined through diazo group
could be good scaffolds for designing new al-
kaline phosphatase inhibitors. These molecules
also showed good ADMET, physicochemical
properties and drug-likeness. These results col-
lectively framed the way for the development of
new azo coumarin derivatives as alkaline phos-
phates inhibitors.

Synthetic accessibility of the designed azo
coumarin derivatives

The target compounds designed in this
study can be synthesized according to Figure
7 for further examination. A cold solution of so-
dium nitrite (0.207 g, 3 mmol) was added drop-
wise into the solution of aromatic amines (3
mmol) dissolved in a mixture of conc. HCI and
water (5 ml) in an ice bath. The temperature of
the reaction was maintained below 5 °C. After
the complete addition, the solution was kept for
15-30 min with occasional stirring to complete
the diazotization. After completion of reaction as
monitored by TLC, it was dropwise added into an
ice-cold solution of 4-hydroxy coumarin (0.543
g, 3 mmol) in 10 ml of 2N NaOH. Then resultant
mixtures were stirred at room temperature for
30 min to 1 hour. The colour products obtained
were filtered and washed with water. Finally, the
obtained products were dried and recrystallised
by ethanol.
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Figure 7. Possible synthetic scheme for new
azo coumarin derivatives

Conclusion

In the present study, we designed the
new azo coumarin derivatives by considering
the advantages of important medicinal scaffold
4-hydroxycoumarin through molecular hybrid-
ization and computational methods. All the de-
signed derivatives were virtually screened for
their ADMET, physicochemical, drug-like ness
and toxicity studies. All the compounds showed
good pharmacodynamics, no violations in
drug-likeness and devoid of any immunotoxicity
and cytotoxicity. These compounds were fur-
ther subjected for possible target prediction and
the compounds were found to target enzymes.
The predicted target was confirmed by molecu-
lar docking studies using alkaline phosphatase
enzyme. All compounds exhibited reasonably
good interactions with amino acid residues and
showed a good binding energy. The evaluated
binding energy values indicated that all com-
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pounds fit favorably into the alkaline phospha-
tase active site displaying hydrogen bonding
with different amino acid residues of the target
protein. These results fit well with the predicted
in silico results though these have to be exper-
imentally verified. Therefore, these new deriv-
atives containing a coumarin ring and hetero-
cyclic amines joined through diazo group can
become good drug candidate for designing new
alkaline phosphatase inhibitors. These mole-
cules also showed good ADMET, physicochem-
ical properties and drug-likeness. These results
collectively make the way for the development
of new azo coumarin derivatives as possible al-
kaline phosphates inhibitors.
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Abstract

Mycobacterium tuberculosis, the caus-
ative agent of tuberculosis (TB), remains a sig-
nificant global health concern, causing millions
of infections and deaths each year. The emer-
gence of drug-resistant strains of M. tuberculo-
sis has further complicated the treatment of this
infectious disease. Therefore, there is an urgent
need to discover new and effective therapeu-
tic strategies to combat TB. P. corylifolia was
reported to possess antibacterial, anti-inflam-
matory, antifungal, antioxidant, estrogenic, an-
titumor, and immunomodulatory activities. The
present study aimed to conduct an insilico eval-
uation of phytochemicals from the plant Psorlea
corylifolia that are retrieved from databases and
literature against potential targets of Mycobac-
terium tuberculosis. Around 69 compounds be-
longing to the plant was collected from previous
literatures and they were subjected to SwissAD-
ME screening with various filters like Lipinski,
Ghose, etc. Seven compounds have crossed
these filters and ADMET prediction was done
for these compounds using online tools like Pre-
ADME, ADMETIab2.0, etc. Additionally, molec-
ular docking was performed for all seven com-
pounds against three potential targets: 6B2Q,
6R9W, and 5W25 (protein structures related to
Mycobacterium tuberculosis). Among the tested
compounds, 2, 4-Di-tert-butylphenol exhibited

interactions with all three targets, demonstrat-
ing favourable binding energy. The best docked
complex was selected for a 100ns molecular
dynamics simulation, which revealed stability
between 70-90ns, indicating its potential inter-
action within a virtual biological environment.
Further this compound requires invitro testing
to know its ability to act as an anti-tuberculosis
agent. These findings contribute to the identifi-
cation of promising lead compounds for future
drug discovery efforts against Mycobacterium
tuberculosis.

Keywords: Insilico; Mycobacterium tuberculo-
sis; Psorlea corylifolia, 2,4-Di-tert-butylphenol,
Molecular Docking; Molecular Simulation; An-
ti-tubercular agent

Introduction

Mycobacterium  tuberculosis, which
causes tuberculosis (TB), continues to be one
of the most prevalent causes of fatalities from a
single infectious agent. Only three medications
have been licensed and placed into the pharma-
ceutical market over the past 50 years, despite
several attempts to find novel anti-TB treat-
ments). Due to the rapid emergence of drug re-
sistance and the lack of knowledge surrounding
the cellular transition to dormancy that precedes
it, many of the currently available anti-TB med-
ications are ineffective. Additionally, nonrepli-
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cating M. tuberculosis-fighting medications are
currently scarce (1).

Psorlea corylifolia, a medicinal plant
widely used in traditional medicine, has gained
attention for its potential therapeutic properties.
It contains a variety of bioactive compounds
that have shown promising antimicrobial activ-
ities against several pathogens. In recent years,
researchers have turned to in silico methods to
explore the potential of Psorlea corylifolia and
its bioactive compounds in combating M. tuber-
culosis (2).

In silico target validation is an essen-
tial step in drug discovery, enabling research-
ers to identify and validate potential protein
targets that can be modulated by the bioactive
compounds present in Psorlea corylifolia. By
utilizing computational tools and databases, re-
searchers can assess the drug-ability and func-
tional significance of these targets, providing a
foundation for subsequent analyses (3).

The crystal structure of the essential
protein kinases A and B in Mycobacterium tu-
berculosis, represented by PDB ID 6B2Q (4),
was chosen as one of the targets for the study.
Targeting these protein kinases can potentially
disrupt crucial cellular processes and inhibit the
growth of MTB. Another target selected for in-
vestigation was the enoyl-ACP reductase, InhA,
which is a validated drug target in MTB. InhA
is involved in the synthesis of mycolic acids,
essential components of the mycobacterial cell
wall. The crystal structure of InhA in complex
with the AP-124 inhibitor, represented by PDB
ID 6ROW (5), was chosen to explore the binding
interactions and potential inhibitory activity of
Psorlea corylifolia against this target.

Additionally, the crystal structure of
Aspartyl-t RNA synthetase (AspRS) from My-
cobacterium tuberculosis, complexed with
L-Aspartic Acid, represented by PDB ID 5W25,
was selected as another target. AspRS plays
a crucial role in protein synthesis by attaching
aspartic acid to its cognate tRNA. Inhibition of
AspRS can disrupt protein synthesis and po-

tentially impair the survival of MTB (6). Through
in silico target validation, molecular docking,
and dynamics studies, we aim to investigate
the binding affinity, potential inhibitory activity,
and stability of Psorlea corylifolia compounds
against the selected targets. These computa-
tional approaches will provide valuable insights
into the interactions between Psorlea corylifolia
and the target proteins, aiding in the identifica-
tion of potential lead compounds for further ex-
perimental validation and development as novel
anti-TB agents.

Materials and methods
Compound library preparation

The mass spectrometric data containing
69 compounds identified from the plant Psorlea
corylifolia was retrieved from the literature (7,8).
A compound library was prepared using these
compounds along with canonical SMILES.

Physiochemical and ADME screening

The Canonical SMILES from the Library
of Compounds were fed into the Swiss ADME
prediction tool to obtain the physiochemical and
ADME data. The screening was done using se-
ries of filters like Lipinski rule of 5, Ghose, Rotat-
able bonds, PAINS and Brenk (9).

Pharmacokinetics prediction

ADME prediction plays an important
role in drug discovery and development as it
helps assess the pharmacokinetic and phar-
macodynamics properties of compounds. The
ADME was predicted using the online tools Pre-
ADME (10)and ADMETLAb2.0 (11). Pre ADME
utilizes computational models and algorithms
based on available databases and established
methods to generate predictions for parameters
like Lipophilicity, permeability, absorption, me-
tabolism, etc., whereas ADMETLab2.0 gives all
the ADME data along with clearance and half-
life period of the compound.

Toxicity prediction

Toxicity prediction is an important step
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in drug discovery and development to evaluate
the potential adverse effects of chemical com-
pounds on biological systems. Several online
tools are available to assist in toxicity prediction,
including Preadmet, Protox Il, and GUSAR.

Acute rat toxicity model

The GUSAR (General Unrestricted
Structure-Activity Relationships) computer pro-
gram is designed to create models of quantita-
tive correlations between an organic molecule’s
structure and other attributes. Quantitative
Neighborhoods of Atoms (QNA) descriptors,
Prediction of Activity Spectra for Substances
(PASS), and Self-Consistent Regression predic-
tions are used in the QSAR approach to mod-
el acute toxicity for rats. With four methods of
pharmacological substance administration (oral,
intraperitoneal, intravenous, and subcutaneous)
for rats, QSAR models of relationships “struc-
ture - acute toxicity” were developed through
the GUSAR software (12).

Ames test and carcinogenicity predictions

Protox Il is an online tool designed spe-
cifically for predicting the potential toxicity of
small organic molecules towards various toxico-
logical endpoints. It utilizes a structure-activity
relationship (SAR) approach and provides pre-
dictions for toxicity endpoints such as mutagen-
icity, carcinogenicity, hepatotoxicity, and devel-
opmental toxicity. Protox I combines chemical
similarity searching and QSAR (Quantitative
Structure-Activity Relationship) models to esti-
mate toxicity risks based on the molecular struc-
ture of the compound (13).

Ligand and protein preparation

The Ligand preparation was done by
retrieving the SDF format of the compounds
from Pubchem. The Mol format was generated
using Pymol and the energy minimization of the
compound structure was achieved using the
Avogadro tool. Similarly, based on the literature
the target protein PDB file for Dual Inhibition of
the Essential Protein Kinases A and B in My-

cobacterium tuberculosis(6B2Q), Crystal struc-
ture of InhA in complex with AP-124 inhibitor
(6R9W) and Crystal structure of Aspartyl-tRNA
synthetase from Mycobacterium tuberculosis
complexed with L-Aspartic Acid (5W25) was
obtained from Protein Data bank (14). Polar
hydrogens were added during preparation to
avoid undesired interactions during docking,
while water molecules and hetero atoms were
removed from the protein crystal structure. Us-
ing Auto dock, Kollman and Gasteiger charges
were added to the ligands and protein during
preparation. Additionally, conversion of protein
and ligand structures from the PDB format into
the PDBQT (Protein Data Bank, Partial Charge
(Q), & Atom Type (T)) formats was made with
the help of Auto dock (15).

Protein structure validation

Protein structure model validation
was done by using ERRAT (“https://servicesn.
mbi.ucla.edu/ERRAT/), (16) Verify3D (“http://
servicesn.mbi.ucla.edu/Verify3D/) and PRO-
CHECK (17) (“https://lwww.ebi.ac.uk/thorn-
ton-srv/software/PROCHECK).

Molecular docking

Auto Dock Vina is a molecular docking
tool used in computational drug discovery to
predict how small molecules (ligands) bind to a
target protein. Configuration files were created
for both the proteins by setting suitable Car-
tesian coordinates to generate Grid box. The
protein’s X, Y, and Z attributes were noted after
choosing a specific ligand posture from among
those present in the protein crystal structure to
determine the binding affinity (18). The protein
molecules were kept rigid during the docking
process. For ligand conformation searching, the
Lamarckian Genetic Algorithm (LGA), which is a
local search algorithm, was employed.

Molecular simulation

Molecular dynamics simulation was car-
ried out using Desmond module via Maestro of
Schrodinger suite 2020-3 in the Linux platform.
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Molecular simulation was performed to study
the stability of docked complex with the ligand
for around 50ns. The molecular system was sol-
vated with crystallographic water (TIP3P) mole-
cules under cubic periodic boundary conditions
for a 20 A buffer region. The system was neu-
tralized with 0.1 M of Na+ and ClI- ions (19).

Results and Discussion

Psorlea
screening

corylifolia- compound library

The Compounds were screened us-
ing the validated rules used as filters in many
pharmaceutical companies, as follows Lipinski
rule of 5, Ghose, Rotatable bonds, PAINS and
Brenk. From 69 compounds about 7 were able
to cross all the filters and they were depicted
in the figure 1. These compounds were further
considered for the study against the proteins
involved in the cell wall biosynthesis of the tar-
geted pathway. In a similar study, Sravika et
al., 2021 used these filters to estimate individ-
ual ADME parameters of the phytoconstituents
from Bauhinia acuminata for screening of com-
pounds (20)conventional medicinal plants anal-
ysis have constantly increased multinationally
because plants allow them to complement mod-
ern pharmacological approaches. As computer
mechanics approach, i.e in silico screening and
pharmacokinetic screening can augment active
compounds among the candidates and indicate
mechanism of action of medicinal plants. The
plant is well known for its precautionary action in
tuberculosis. It has been established to possess
some pharmacological activities such as Cyto-
toxic [1] , antibacterial [2, 3] , anti-nociceptive
[4] , thrombolytic activity [5] , antioxidant [6] ,
anthelmintic [7] , anti-diarrheal [8] , Hepatopro-
tective [9]. The present focus on the use of in
silico ADME tool called Swiss ADME for phar-
macological and pharmacognostic profiling of
Bauhinia acuminata. The results of these stud-
ies can be further carried forward by researcher
to investigate the in vitro and in vivo studies to
reveal the pharmacological basis of traditional
medicinal plants. Introduction The prehistoric

people have great consciousness of the tradi-
tion of medicinal plants as herbal medicines. In
the world, more than 80% of the living in minor
developed countries reveal on customary med-
icine and humans are dependent on herbs for
their basic requirements such as food stuffs,
clothing, flavor, shelter, fragrance, and med-
icines (Divya and Mini, 2011 & Manoj Kumar
Mishra, 2016, Gurib-Fakim, 2006 and Brijesh &
Madhusudan, 2015.

. Oy iifﬁo

@z

IfFF \’k@@x

v15.6.772- (2)
Tetrahydrobenzofuran-2(4H)-one

(e) 2. 7-Naphthalenediol

6-(1, 1- dimethyl
ethyl) - 1,2, 3, 4-tetrahydro

Figure 1: 2D structure of screened ligands

Physiochemical properties and drug like-
ness

The Physiochemical properties of the
screened bioactive compounds were retrieved
from swiss-ADME (Table 1). All the seven com-
pounds were found to satisfy the Lipinski rule of
five namely Molecular weight <500 g/mol, No of
H-bond donors should be less than 5 and not
more than 10 hydrogen bond acceptors (Table
2). The topological polar surface area was found
to be less than 140 A? describing the defined
sum of polar atoms in the molecule. Moreover,
the bioavailability scores of the compounds were
computed based on their molecular weight,
cLogP, number of hydrogen bond acceptors
and hydrogen bond donor. In a previous Insili-
co validation study of 500 compounds focusing
on different biological activity like antimicrobial,
Antifungal, it was found that the predicted range
of physiochemical properties exceeded the ex-
isting parameters even after applying all filters
(21). The Log P (Octanol-Water partition coef-
ficient) value remained within 5 indicating the
water-soluble nature of compounds. According
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to Knoll et al., 2022 high lipophilicity indicates
good permeation of compound through Myco-
bacterial cell wall (22). In the present study 2,
4-Di-tert-butylphenol exhibits moderate solubili-

ty with Log P value around 3.08 highlighting that
it could penetrate through the cell wall of Myco-
bacterium and could exhibit potential activity at
the target site.

Table 1: Physiochemical properties of predicted ligands

Solubility and Lipophilicity
Total
. Molecular polar
Ligands Molecular mass HNt? Ofd Hng Ofd surface | Solubility cl Log P
Formula -bon -oon Area (mg/mL) ass o9
g/mol acceptors | donors
Az
1,2-Dimethyl4-quino- | c11H11NO | 17321 0 22.00 | 2.83e-01 | Soluble | 2.07
2-(1-Hydroxycyclohep- :
tyl)-furan C11H1602 180.24 2 1 33.37 4.40e-01 Soluble 2.19
Mod-
2,4-Di-tert-butylphenol C14H220 206.32 1 20.23 5.78e-03 erately 3.08
soluble
2,7-Naphthalenediol C10H802 160.17 40.46 3.61e-01 Soluble 1.31
4-Acetylisocoumarin C11H803 188.18 47.28 9.55e-01 Soluble 1.75
6-Hy-
droxy-4,4,7a-trimeth- Very
y5.6.7 Tadtetrahydro- | CT1H1603 | 196.24 1 46.53 | 4.04e+00 | o0 | 1.88
benzofuran-2(4H)-one
Naphthalene, 6-(1,1-
dimethyl ethyl)- C16H2003 260.33 0 43.37 8.12e-02 Soluble 2.88
1,2,3,4-tetrahydro
Table 2: Drug likeness
. .. . Bioavailability
Ligands Lipinski rule of 5 Ghose score
1,2-Dimethyl-4-quinolone Yes; 0 violation Yes ; No violation 0.55
2-(1-Hydroxycycloheptyl)-furan Yes; 0 violation Yes ; No violation 0.55
2,4-Di-tert-butylphenol Yes; 0 violation Yes ; No violation 0.55
2,7-Naphthalenediol Yes; 0 violation Yes ; No violation 0.55
4-Acetylisocoumarin Yes; 0O violation Yes ; No violation 0.55
6-Hydroxy-4,4,7a-trimeth-
yl-5,6,7,7a-tetrahydrobenzofu- Yes; O violation Yes ; No violation 0.55
ran-2(4H)-one
Naphthalene, 6-(1,1- dimethyl PO . S
ethyl)- 1,2,3,4-tetrahydro Yes; 0 violation Yes ; No violation 0.55

ADMET prediction

The gastrointestinal absorption
(GIA) of the identified compounds was evalu-
ated using PreADME and the results are pre-
sented in Table 3A. 2, 7-Naphthalenediol was
estimated to have low GIA, while 2, 4-Di-tert-bu-

tylphenol and 1, 2-Dimethyl-4-quinolone was
predicted to have high potential to be absorbed
in the gastrointestinal tract. High GIA is consid-
ered an advantage during oral administration.
Thus, both 2, 4-Di-tert-butylphenol and 1, 2-Di-
methyl-4-quinolone has good probability of be-
ing absorbed in the intestinal cells and exerts
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its biological activity. The Caco2 permeability
study can aid in the selection of appropriate
excipients to enhance the absorption of poorly
permeable compounds. Values predicted using
PreADME suggest that the Caco2 permeabil-
ity of the compounds are within the moderate
range. The skin permeation (LogKp) suggests
that 2,4-Di-tert-butylphenol compound pos-
sess the less negative value of — 3.87 cm/s
indicating its good skin permeability whereas
6-Hydroxy-4,4,7a-trimethyl-5,6,7,7a-tetrahyd-
robenzofuran-2(4H)-one was predicted to con-
tain moderate to high negative value of -6.79
cm/s depicting relatively low skin permeability.
P-gp inhibitors are molecules that may block
P-gp from excreting pharmaceuticals into cells,
boosting the intracellular concentration and bio-
availability of co-administered medications. In
the current study it was found that compounds
1,2-Dimethyl-4-quinolone, 2,4-Di-tert-butyl-
phenol and Naphthalene, 6-(1,1- dimethyl eth-
yh)- 1,2,3,4-tetrahydro are inhibitors of P-Gly-
coprotein indicating that these substances can

overcome drug resistance and improve the ther-
apeutic efficacy of drug by suppressing P-gp.
Similarly, all the 7 compounds were found to be
BBB permeable. The % plasma binding protein
was found to be 100 for 2-(1-Hydroxycyclohep-
tyl)-furan and 2, 4-Di-tert-butylphenol and least
% of 23.88 for 6-Hydroxy-4, 4, 7a-trimethyl-5,
6, 7, 7Ta-tetrahydrobenzofuran-2(4H)-one once
again highlighting that 2, 4-Di-tert-butylphenol
has better systemic circulation. In an insilico
study performed by Khamouili et al., 2019 over-
all ADME predictions of amino-pyrimidine deriv-
atives showed GIA of 90.926%, Caco2 around
15-18% and skin permeability -2.704 to -3. 721
cm/s respectively. Similarly, the plasma binding
protein was found to be around 87% with mod-
erate BBB penetration and some compounds
are P-glycoprotein inhibitors (23). These predic-
tions reveals that the GIA, Plasma binding pro-
tein, Caco2 permeability and BBB were found to
be comparatively similar or more in the current
study highlighting better Absorption and distri-
bution property of the compound.

Table 3A: ADME Prediction of Screened compounds

ABSORPTION DISTRIBUTION
COMPOUND NAME -Hum.an Caco-2 per- Log Kp (§k|n P-glycopro- BBB Plasma
intestinal meabilit permeation) tein inhibitor penetra- Protein
Absorption y (cm/s) tion Binding
12-DimethyF4-quino- 1 400.000000 |  54.5989 5.89 Yes Yes | 58.502030
2-(1-Hydroxycyclohep- | g5 451419 | 43.0929 578 No Yes  |100.000000
tyl)-furan
2,4-Di-tert-butylphenol | 100.000000 44.8684 -3.87 Yes Yes 100.000000
2,7-Naphthalenediol 91.618383 20.3624 -5.93 No Yes 95.587064
4-Acetylisocoumarin 98.036259 21.3184 -6.52 No Yes 49.326538
6-Hy-
droxy-4,4,7a-trimeth-
y1-5.6,7,7a-tetrahydro- 93.378046 21.5562 -6.79 No Yes 23.881949
benzofuran-2(4H)-one
Naphthalene, 6-(1,1-
dimethyl ethyl)- 98.213233 22.3895 -5.62 Yes Yes 92.984636
1,2,3,4-tetrahydro
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Compound metabolism impacts a
substance’s distribution, excretion, and absorp-
tion. A class of enzymes known as cytochrome
P450 (CYP) monooxygenases affects how
drugs are metabolized and eliminated from the
body. The predicted metabolism of the identified
compounds against six isomers of CYP is dis-
played in the table 3B. ADME prediction study
done by Aguinaldo et al., 2022, revealed that
caffeic acid extracted from Cocos nucifera caffe-
ic acid was non-inhibitor of CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4. Results also
demonstrate that caffeic acid is a non-substrate
of CYP1A2, CYP2C19, CYP2D6, and CYP3A4
(24) whereas in the present study, it was found
that except 1, 2-Dimethyl-4-quinolone all other
compounds are inhibitors of CYP2C9 and CY-

P3A4. Also, other than compounds 1, 2-Dimeth-
yl-4-quinolone, 2, 4-Di-tert-butylphenol and
6-Hydroxy-4, 4, 7a-trimethyl-5, 6, 7, 7a-tetrahy-
drobenzofuran-2(4H)-one remaining were found
to be the inhibitors of CYP2C19. On the other
hand, none of the compounds showed inhibi-
tion against CYP2D6. While focussing on CYP
substrates, 2, 4-Di-tert-butylphenol and Naph-
thalene, 6-(1, 1- dimethyl ethyl) - 1, 2, 3, 4-tet-
rahydro were found act as CYP3A4 substrates
whereas no compound acts as a CYP2D6 sub-
strates. From these data it has been predicted
that among seven compounds most of them
were found to be inhibitors of CYP2C19, CY-
P2C9 and CYP3A4 highlighting the metabolism
of the compounds studied.

Table 3B: ADME Prediction of Screened compounds

METABOLISM EXCRETION
Clear-
CY- CY- CY- ance
COMPOUND NAME | CYP3A4 | cvpapy ey P2D6 | P2D6 | P2C9 T rate
sub- o P2C19 . N (half-life
inhibition | . =~ sub- inhibi- inhibi- . (ml/
strate inhibition . . period) .
strate tion tion min/
kg)
1,2-Dimeth- Weakly No No No No No 0.345 | 5.226
yl-4-quinolone
2-(1-Hydroxycyclo- |, Yes Yes No | No Yes | 0255 | 8533
heptyl)-furan
2’4'D"te:c')t|’”ty'phe' Yes Yes No No No Yes | 0.324 | 6.300
2,7-Naphthalenediol No Yes Yes No No Yes 0.866 16.596
4-Acetylisocoumarin No Yes Yes No No Yes 0.618 3.049
6-Hy-
droxy-4,4,7a-trimeth-
yl-5,6,7,7a-tet- Weakly Yes No No No Yes 0.720 8.814
rahydrobenzofu-
ran-2(4H)-one
Naphthalene, 6-(1,1-
dimethyl ethyl)- Yes Yes Yes No No Yes 0.193 7.212
1,2,3,4-tetrahydro

A key pharmacokinetic factor that is
related to drug bioavailability is drug clearance
(CL). ltis also a crucial factor in determining how
frequently to administer drugs to reach steady-

state concentrations. Suthar et al explains the
half Life (T,,) of the compound explains the
Volume of distribution and clearance of Drug.
It falls under two category T, > 3 (Category 0-
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T,,-)andT,, <3 (Category 1- T, ,+) The Output
value is the probability of being T, ,+ within the
range 0 to 1. The values between 0-0.3 remarks
excellent half-life of the compound whereas
0.3-0.7 gives us moderate half-life (25). In the
present study, the compound Naphthalene,6-(1,
1- dimethyl ethyl) - 1, 2, 3, 4-tetrahydro had
good half-life value of 0.193 whereas 2, 7-Naph-
thalenediol had poor half-life of 0.866. Also, the
clearance rate was found to be relatively low
for 4-Acetylisocoumarin with 3.049 ml/min/kg
whereas 2, 7-Naphthalenediol exhibited higher
clearance rate indicating that it can be rapidly
excreted from the circulation. This implies that
the compounds exhibited comparatively moder-
ate half-life and clearance rate.

Toxicity panel
Rat toxicity model

The Acute toxicity prediction in Rat
model was done using GUSAR Online and the
results are tabulated Table 4. GUSAR gave
predictions on rat model with Different routes
of administration like Intraperitoneal, Intrave-
nous, Oral and Subcutaneous whose LD50 are

expressed in mg/kg. The globally standardized
system of Classification and Labelling of Chem-
icals (GHS) defines the following hazardous
classes as mentioned in (26): Class 1: if ingest-
ed, fatal (LD, 5= mg/kg); Class 2 substances
are deadly if consumed (5<LD <50 mg/kg), haz-
ardous if ingested (50<LD, < 300 mg/kg), toxic
if ingested (300<LD,,< 2000 mg/kg), potentially
harmful if ingested (2000<LD50<5000 mg/kg),
and non-toxic (LD,,>5000 mg) substances. Pre-
vious research conducted by Halder et al., 2019
confirms that Psoralea corylifolia was found to
contain Neobavaisoflavone, a phytochemical
which is predicted to possess an LD50 of 2500
mg/kg, and hence better than Dapsone, which
is chemically produced (27). In contrast to the
previous study, where the LD50 ranged be-
tween 2000 and 5000, the current investigation
revealed that the LD 50 values of substances in
all drug delivery routes, including IP, IV, SC, and
oral, were expected to be larger than 5000mg/
kg and thus found to be harmless. From these
predictions, it was clear that the current study
contains compounds with LD50 values that fall
within the range indicating that they are non-tox-
ic.

Table 4: Results of LD 50 value of the compound estimated with rat toxicity model

IV - Intravenous route of administration

. Rat IP Rat IV LD50 Rat Oral LD50 Rat SC LD50
Hoands %0 (maikg) (mgrkg) (mgrkg)
(mg/kg)
1,2-Dimethyl-4-quinolone 471,000 59,100 1327,000 732,200
2-(1-Hydroxycycloheptyl)-furan 326,700 37,890 858,600 486,800
2,4-Di-tert-butylphenol 797,100 72,050 1743,000 492,900
2,7-Naphthalenediol 483,900 98,270 1011,000 642,100
4-Acetylisocoumarin 380,600 39,010 2676,000 1275,000
6-Hydroxy-4,4,7a-trimeth-
yl-5,6,7,7a-tetrahydrobenzofu- 479,300 20,150 3038,000 215,300
ran-2(4H)-one
Naphthalene, 6-(1,1- dimethyl ethyl)- | ¢, o, 36,540 1418,000 423,700
1,2,3,4-tetrahydro
P - Intraperitoneal route of administration Oral - Oral route of administration

SC - Subcutaneous route of administration
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Ames test and carcinogenicity

AMES toxicity which is the test for mu-
tagenicity. To prevent the creation of hazardous
mutagenic and potentially carcinogenic medi-
cations, it is necessary to estimate the AMES
toxicity since mutagenicity is a key end point of
toxicity and has a strong connection to carcino-
genicity. Except 2, 4-Di-tert-butylphenol rest of
the compounds are reported to be mutagen. Oth-
er toxicity predictions like Hepatotoxicity, Car-
cinogenicity, Immunotoxicity, mutagenicity and
Cytotoxicity has been done using protox2 which
revealed that the compounds 2,4-Di-tert-butyl-
phenol, 2,7-Naphthalenediol and Naphthalene,
6-(1,1- dimethyl ethyl)- 1,2,3,4-tetrahydro ex-

Table 5: Toxicity panel

hibited inactive remarks in all the above-men-
tioned toxicity parameters including Carcinoge-
nicity Mouse and Rat model (Table 5). Castro
et al.,, 2021 conducted an evaluation of toxici-
ty for compounds Isoeleutherin and Eleutherin
isolated from a herb where insilico predictions
revealed that both the compounds are positive
towards rat carcinogenicity model and negative
in mouse carcinogenicity model with medium
risk in cytotoxicity (28). Whereas in the pres-
ent study the compound 2,4-Di-tert-butylphenol
was found to be a non-mutagen and negative or
inactive in terms of all toxicity studies highlight-
ing that this compound can be considered for
further study.

Carcino- | Carcino- Car- rlnn::
Ligand Ames | genicity genic- Hepato- | cino- no- Muta- Cyto-
9 test Mouse ity Rat toxicity | ge- tox- genicity | toxicity
model model nicity icity
1,2-Dimethyl-4-quino- . L ; Inac- | Inac- . .
lone mutagen | Negative | Positive Inactive tive tive Active Inactive
2-(1-Hydroxycyclo- o . . Inac- | Inac- : ;
heptyl)-furan mutagen | Positive | Negative | Inactive tive tive Inactive | Inactive
2,4-Di-tert-butylphenol n?;égnu- Negative | Negative | Inactive I?i\a/]g- I?isg_ Inactive | Inactive
2,7-Naphthalenediol | mutagen | Negative | Negative | Inactive I?i\a;g- I?isg_ Active | Inactive
4-Acetylisocoumarin | mutagen | Negative | Positive [ Inactive | Active I?isg' Inactive | Inactive
6-Hy-
droxy-4,4,7a-trimeth- . . . . Inac- . .
yI-5.6,7,7a-tetrahydro- mutagen | Negative [ Negative | Inactive | Active | .00 | Inactive | Inactive
benzofuran-2(4H)-one
Naphthalene, 6-(1,1- inac- | Inac-
dimethyl ethyl)- mutagen | negative | negative | Inactive tive tive Inactive | Inactive
1,2,3,4-tetrahydro
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Protein model validation

PROCHECK analysis and Ramach-
andran plot validation for the target proteins
has been done following (29) protocol and
has been illustrated in Figure 2, 3 and 4. In
Target protein 6B2Q with more than 90.2% of
the residues were found to be in favoured and
altogether 9.6 % residues were found in addi-
tional and generously allowed regions, which
validate the quality of homology models. Sim-
ilarly, other proteins namely 6ROW and 5W25
shows around 91.6 and 88.2% of the residues
in favoured region indicating better quality of
protein model. The overall G-factor for 6B2Q,
6R9W and 5W25 were 0.12, 0.10 and 0.15.
The modelled structures were also validated
by other structure verification servers such as
Verify 3D and Errat. Verify 3D assigned a 3D-
1D score of >=0.1 for all the modelled proteins.

Table 6: Evaluation of Protein Model Quality

Protein ERRAT
Quality Procheck Verify 3D
Name
Score
Outof8 | gg 95 o of the
evaluations, residues have
6B2Q | 92.7007 Errors: 3
Warning: average 3D-1D
arning: 3 _
. score of >= 0.1
Pass: 2
Outof8 | g8 49 9% of the
evaluations, residues have
6ROW | 96.1792 Errors: 4
L average 3D-1D
Warning: 2 -
. score of >= 0.1
Pass: 2
Of 9 evalua- | 84.05% of the
tions, residues have
5W25 | 88.2459 Errors: 2 averaged 3D-
Warning: 3 1D score >=
Pass: 4 0.1

Figure 2: Ramachandran plot of protein 6B2Q
obtained from procheck analysis

© iy be worth dovatigating furthar. * Worth Lestigating further,

This implies that the models are compatible with
their sequence. ERRAT showed overall quality
factor 92.7007, 96.1792 and 88.2459 for 6B2Q,
6R9W and 5W25 respectively (Table 6). Hamid
etal., 2021 performed computational analysis of
3D structure of two catalytic proteins MOCS1A
and MOCS1B where procheck analysis have
been done and The Ramachandran plot statis-
tics for model proteins MOCS1A and MOCS 1B
revealed that for MOCS1A about 80% residues
are in the allowed region and 3.6% residues
(only 12 residues) are in disallowed region. For
MOCS1B, more than 90% residues are in the
allowed region and 1.8% residues (only 10 resi-
dues) are in disallowed region (30). Contrasting
the current and previous study it can be inferred
from Ramachandran plots that most data ap-
pear in the favoured region suggesting that the
modelled structure is acceptable.

+ May be warth Imestipating forther, * bort

Figure 3: Ramachandran plot of protein 6ROW
obtained from procheck analysis

Figure 4: Ramachandran plot of protein 5W25
obtained from procheck analysis

Molecular docking

Molecular docking was done using Auto
dock vina and their interactions are visualized
using UCSF Chimera tool as per (31)many
methods of molecular modeling have been em-
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ployed to study complex biological and chemical
systems. Experimental strategies are integrated
with computational approaches for the identifi-
cation, characterization, and development of
novel drugs and compounds. In modern drug
designing, molecular docking is an approach
that explores the confirmation of a ligand with-
in the binding site of a macromolecule. To date,
many software and tools for docking have been
employed. AutoDock Vina (in UCSF [University
of California, San Francisco] Chimera. Dock-
ing was carried out with the seven screened
compounds against the targets 6B2Q, 6R9W
and 5W25. Among the docked compounds 2,
4-Di-tert-butylphenol exhibited strong binding
energy of -8.8, -10.0 and -7.1 kcal/mol against
all the three targets 6B2Q, 6R9W and 5W25 re-
spectively (Table 7). They formed H-bonds with
the amino acid residues Val98 A, Gly 96 A and
Gly 563 A of the aforementioned correspond-
ing targets (Refer Figure 5, 6 and 7). Similarly

in terms of interactions, 2, 7-Naphthalenediol
showed four H-bond interactions against 5W25
with the binding energy of -5.8 kcal/mol. Fur-
thermore, 2-(1-Hydroxycycloheptyl)-furan and
4-Acetylisocoumarin displayed moderate bind-
ing energies of -5.6 and -5.5 kcal/mol against
6B2Q and 5W25. In a docking study conducted
by Wiodarchak et al., 2108 against 6B2Q, best
binding affinity was found to be -8.87 kcal/mol
for imidazopyridine aminofurazans (32) In an-
other study nearly 25 bioactive pyrimidine deriv-
atives have been docked against 6ROW where
one of the derivatives showed better score of
-11.59kcal/mol indicating its best interaction
against the target (33). According to these two
pioneering findings, the binding energy for 2,
4-Di-tert-butylphenol in the current research
was discovered to be very similar with binding
energy ranging between -8.8 and -10.0 kcal/
mol.

Table 7: Docking scores of 6B2Q, 6R9W and 5W25 with the Compounds along with Bond Length

6B2Q 6RIW 5W25
g Ligand
3 igands ind-
@ Bi':d Binding Binding
enef’ H-do- H-ac- Bond energy | 1 hor H-accep- Bond energy H- H-ac- Bond
(Kca?ly nor ceptor | length(A) | (Kcall tor length(A) (Kcal/ | donor | ceptor | length(A)
mol) mol)
mol)
1 1,2-Dimeth- -6.3 Asp Ligand 5.558 -7.5 Gly 96A Ligand 5.563 -5.6 Glu Ligand 4.793
yl-4-quino- 159 C 230 A
lone
2 2-(1-Hy- -5.6 Ligand Gly 4.746 -6.5 Ligand Ser 152D 4.063 -5.8 Ligand Arg 3.131
droxycyclo- 145 A 132A
heptyl)-fu-
ran
Ligand Ser 166 C 5.418
3 | 2,4-Ditert- [ -8.8 Ligand Val 2.355 -10.0 Ligand Gly 96 A 4.387 71 Ligand | Gly 4.510
butylphenol 98 A 563 A
Val 98 A | Ligand 2.823
4 2,7-Naph- -6.8 Val 98 A | Ligand 2.840 -7.9 Ligand Gly 96 D 3.674 -5.8 Ligand Ala 3.148
thalenediol 535A
Val 65 D Ligand 2.361 Ligand Gly 2.699
488 A
Ligand Asp 2.702
701 A
Ligand Leu 63 D 2.347 Ligand Glu 2.942
485A
4-Acetyliso- . . Gly .
5 coumarin -6.8 Val 98 A | Ligand 3.755 -7.9 Gly 96 D Ligand 3.405 -5.5 563 A Ligand 5.064
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6-Hy-

droxy-4,4,
7a-trimeth-

yl-5,6,7,
6 7a-tetrahy-
drobenzo-

furan-2
(4H)-one

Leu

6.0 97 A

Ligand 2912 -8.0

Ligand

Arg

Ser 166 D 492 A

3.324 -5.9 Ligand 3.250

Naphtha-
lene,
6-(1,1-

7 dimethyl
ethyl)-
1,2,3,4-tet-
rahydro

-7.6 Ligand 4.831 -7.6

155B

Met Val

2861 564 A

Ligand -5.8 Ligand 4.292

®

(L
-1.L.3. d-vetrabydre

ydroxy -4, 4,7 15,6, 7.7
Tetrabydrobeazofuran H4H)-one

Figure 5: Visualization of interaction of Ligands
with the target protein 6B2Q

@® 641, 1-

4, 6,772 L 6-(1,
Tetrabydrobenzsfaras-2(4H) sae - 12,3, d-setrabydrs

Figure 6: Visualization of interaction of Ligands
with the target protein 6ROW

(¢} +-Acerylivsconmarin () 6-Hydroxy-4, &, Ta-trimethyl 5.6, 7,7a- () Naphthalens, 6-(1, 1. dimethyl ethyl)-

123, dastrabiydre

24y one

Figure 7: Visualization of interaction of Ligands
with the target protein 5W25

Overall, the results indicate that the
tested ligands have the potential to interact with
the target proteins of Mycobacterium tubercu-
losis, suggesting their possible therapeutic rel-
evance. The observed binding energies and
hydrogen bonding interactions provide insights
into the strength and specificity of ligand-protein
interactions (1). Also, the current docking study
highlights that compound 2, 4-Di-tert-butylphe-
nol shows promising binding affinity against
all the targets and hence the docked complex
with better binding efficiency namely 6ROW_2,
4-Di-tert-butylphenol was further considered for
Molecular dynamic simulation.

Molecular simulation

Numerous dynamical, structural, and
energetic details about the simulated system are
revealed by MD simulations. For the purpose of
running the simulations, the top-ranked docked
pose 6ROW_2, 4-Di-tert-butylphenol based on
free binding energy scores was selected as the
structural model. The built trajectories of all the
simulated systems were analysed in terms of its
RMSD and Protein ligand Histogram. Complex
stability was checked by analysis of the interac-
tion map and the RMSD (root mean square de-
viation) plot of the ligand and protein. RMSD of
the protein gives insights to the structural con-
formation throughout the simulation.The chang-
es of the order of 1-3 A is acceptable for small
molecules.Here it was found to be around 2.4-
3.3 A with slight fluctuations from the beginning
and it attained equilibration between 70- 90 ns
(Figure 8). Alzain et al., 2023 conducted an insil-
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ico multitarget approach where 18 cytosporone
E analogues were screened against 6ROW by
docking and simulation using desmond schro-
dinger exhibited RMSD value below 3A which
reflected the stability of the compounds with few
fluctuations (34). On comparing the present and
previous study the RMSD and the stability was
found to be more or less similar displaying that
the compound, 2, 4-Di-tert-butylphenol can be
considered as a potential anti-tubercular agent
which requires further invitro evaluations to be
marketed as drug molecule.

—CE(Lig) fit on Prot

- ¥

Protein RMSD (4)
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0 20 4 0 50 [t

0 o
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Figure 8: RMSD plot for the simulated 6R9W_2,
4-Di-tert-butylphenol complex

The protein Ligand contacts histogram
depicts different types of interactions namely
H-bond, Hydrophobic , lonic and Water bridg-
es. The stacked bar charts are normalized over
the course of trajectory. In the Figure 9, H-bond
interaction was seen with the aminoacid resi-
dues Met 98, Gly 96, ser 94, Arg 43 and Lys 165
indicating that there was a specific interaction
maintained for about 30-50% of the simulation
time of 100ns. Other than H-bond interactions,
few hydrophobic contacts was observed at resi-
due Met98, lle 16, Phe41, Met 161, Ala 164 and
Met 199 displaying the interaction of aromatic
or aliphatic group on the ligand (Figure 9). Ac-
cording to Alzain et al., 2023 water bridges are
commonly found in the histogram since it me-
diates the hydrogen-bonded protein-ligand in-
teractions. In their study, the average Hydrogen
and hydrophobic bonds formed between the
derivatives and the target was 5 that compris-

es of aminoacid residues like Phe149, Tyr 158,
Trp222, Thr196 and Glu219 (34). This indicates
that the current study had better H-bond inter-
actions throughout the simulation time equally
to that of the prior study.

Interactions Fraction
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DR A S O O S A L M A AL T ) 0.9 9 o
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Figure 9: Protein Ligand Contacts Histogram
Conclusion

Overall, the study focused on in-silico
evaluation of phytochemicals from Psorlea co-
rylifolia against potential targets of Mycobacte-
rium tuberculosis. Sixty-nine compounds from
the plant were screened using SwissADME
with various filters, resulting in the identification
of seven compounds that passed these filters.
ADME prediction using tools like PreADME and
ADMETIab2.0 provided insights into the phar-
macokinetic properties of these compounds.
Furthermore, molecular docking against three
potential targets related to Mycobacterium tu-
berculosis revealed better interaction between
the compound 2, 4-Di-tert-butylphenol and the
targets. Molecular dynamics simulation of the
best docked complex demonstrated stability
within a virtual biological environment. These
findings highlight the potential of 2, 4-Di-tert-bu-
tylphenol as a lead compound for further inves-
tigation as an anti-tuberculosis agent. Howev-
er, in vitro testing is necessary to validate its
efficacy and determine its ability to act against
Mycobacterium tuberculosis. The identified lead
compound from this study contribute to ongoing
drug discovery efforts against Tuberculosis.
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Abstract

Our present study is made to use the
trnH-psbA spacer gene data to resolve some
phylogenetic relationships among the Euca-
lyptus speices. The species included are E.
moorei, E.affn. moorei, E. dives, E. mitchelli-
ana, E. pauciflora and E. stellulata. There were
successful amplifications of DNA for the seven
Eucalyptus species using gene trnH-psbA. The
trnH-psbA spacer is the short with 476 bps.
It is to be complimented with rbcL, MatK and
trnH-psbA gene study. The trnH-psbA spacer
is showing 21 SNPs out of 476 bps segment.
The mean length is 733 bps long. Amplification
success rate is almost 100%. For each species
there are multiple good quality sequences avail-
able for the sequence alignment. The trnH-ps-
bA spacer has discriminated 5 species clearly
from the rest and the other 3 species are also
separated from each other though the distance
between them is not significantly noticeable.

Key words: trnH-psbA spacer, SNPs, variable
gene, phylogenetics, complementary

Introduction

In the past few decades, the Genomic
research has undergone tremendous chang-
es. There have been several newer technical
advances created to help the structural and
functional aspects of genes, chromosomes
and sometimes the entire genome. e.g. the
sequencing of the entire Human genome, of

Arabidopsis, Rice, or Popular genomes. There
are several other researches are taking place
recently. It includes the Eucalyptus that has the
sequencing of the entire genome. It has a wid-
er application. Genetic information can help us
with a good resolution of species boundaries.
This will eventually may give insights into the
patterns and rates of evolutionary diversification
among species.

In DNA Barcoding we use a short selec-
tion DNA (portion of a gene) in order to identify a
species. This is called DNA barcoding. The DNA
barcoding is a newer system created to provide
accurate and automatable species identifica-
tions by using short and variable standardized
gene regions as species tags or species iden-
tity. This has initiated a new method/ technique
and eventually led to the formation of Consor-
tium for the Barcode of Life (5). Our objective
of this project is to obtain DNA barcodes from
all species of Eucalyptus for all over the world,
from different geographical and climatic regions.
Our challenge is also to find out a very suitable
region which shows enough variation within it
to discriminate among species yet conserved
enough to be present.

A critique of barcoding

The advocates of DNA barcoding say
that this technology would revitalize biological
collections and speed up species identification
and inventories. There are only 1.7 million spec-
imens that have been identified by taxonomists

The Role of trnH-pbsA Spacer Gene in Eucalyptus species ldentification and its Importance in
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and about 10-20 million more which have not
been named or explained.

The opponents of barcoding argue that
this technology would destroy the traditional
systematics and turn it into a service industry
(6). These fears are allayed and in all cases
DNA barcoding are applied only in conjunction
with classical approach where species are sim-
ply unknown or no attempts have been made to
delimit them. Therefore, barcoding as originally
intended would be limited in its applicability. The
DNA barcoding address by matching DNA se-
qguences to ‘known’ species. As in the words of
CBOL “barcoding is neither a substitution for al-
pha taxonomy nor about interfering phylogenies
(20). Apart from being a diagnostic tool, barcode
sequences per se and their ever-increasing tax-
onomic coverage could become an unprece-
dented resource for taxonomy and systematic
studies. In future in plants multiple markers is
likely to be a necessity and it is already being
explored (5). It is possible some taxa can be es-
tablished from the sequence variation alone and
re-identified unequivocally while awaiting mor-
phological analysis and formal description, i.e.
the ‘reverse taxonomy’. Using DNA barcoding
the present research is carried out in order to
find out the phylogenetic relationship of 6 close-
ly related and 2 distantly related eucalypts.

It has been reported that the Chloro-
plasts are maternally inherited in most Angio-
sperms and for the eucalypts too this has been
demonstrated by Byrne et al., (1993) (1). in E.
nitens of eastern Australia. Schael et al., (1999)
(19). showed a uniparental inheritance of the
chloroplast genome and lack of recombination.
The variations in the chloroplast genome are
ordered accordingly. Since the Chloroplast ge-
nome is non- recombining, asexually inherited
and evolves slowly, these characters are useful
for the estimation of the extension of gene flow
between species. Many studies in recent years
have been focused on the chloroplast DNA vari-
ations in eucalypts because of their economic
and ecological significance apart from other im-
portant genomic studies. Eucalypts have domi-

nated different land scape of Australia over the
thousands of centuries.

trnH-PsbA gene and barcoding:

Kress et al., (2005) (5). Shaw et al.,
(2005) (20). and other researchers showed that
trnH-psbA region is one of the most valuable
non-coding regions of plastid genome. It has
been shown that this region with highest variable
sites makes it a good candidate for the species
discrimination. However, there are problems
to align the sequences because of high rates
of insertions/deletions. Kress et al., (2006)
(12). found that trnH-psbA spacer is very short
(less than 300 bp). The alignment of trnH-psbA
spacer across bigger families of angiosperms
remains highly ambiguous. There exists also
great length deference. In contrast with the in-
dels problem for phylogenetic construction,
Kress et al., (2005) (5), think that indels would
ultimately enhance the information needed for
species identification. The highest divergence is
provided by trnH-psbA spacer from the studies.

Materials and Methods
Finding the suitable regions of the genome

In the present study we are taking into
consideration multi locus region trnH-psbA of
the genome for the barcoding of 8 Eucalypt
species. The psbA-trnH intergenic spacer is one
of the most variable non-coding regions of the
plastid genome in Angiosperms. It has highest
percentage of variable sites (20). In some group
of plants, it is relatively short, having less than
300 bps (12). The The chloroplast gene rbcL
encodes the large subunit of ribulose bisphos-
phate carboxylase in plants.

The taxa selection for barcoding

The taxa selected for the study includes
E. moorei, E.affn. moorei, E. dives, E. mitchelli-
ana, E. pauciflora and E. stellulata . These are
considered to be a highly evolved group in eu-
calypts. Their mallee form is said to be of recent
origin on the evolutionary scale of eucalypts
and it is an adaptation to the poor soil and dry
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climatic conditions (lan Brooker personal com-
munication). The other two species (in the pres-
ent study) included as a close out- group are E.
globulus and E. nitens and they evolved much
before the mallee forms. Of the seven species
in this study, E. moorei, E. affn. moorei, E. dives,
and E. pauciflora came from one population
each of Nerega region of New South Wales.
The E. mitchelliana specimens were collected
from one plantation of South Australia. E. stel-
lulata collections came from one population of
Black Mountain of Canberra, ACT. The E. glob-
ulus and E. nitens collections came from Cen-
tral Victoria- one population each respectively.
There were 30 specimens collected for each of
the eight species for DNA barcoding from each
population. After extracting the DNA from each
specimen, the DNA is pooled for a each one.

DNA extraction

About 5-7g of leaves were cut, avoiding
the thicker part of the midrib and petiole and any
large dead regions. They were immersed in lig-
uid nitrogen. Immediately after liquid N2 evap-
orates, grind 30-40 seconds in coffee grinder.
The powder was resuspended in 40 ml of ex-
traction buffer (recipe below) in small plastic
beaker. Polytron (homogenize) for 20-30 sec-
onds at 3/4 speed. This procedure is followed
using a standard protocol.

Preparation of eucalypt extraction buffer

For 1 L buffer preparation 100 mM Tris,
100 mM Tris 12.1 g, 25 mM EDTA50 ml, 0.35 M
Sorbitol 64 g, 100 mM Boric acid 6.2g 1 M

Preparation of eucalypt extraction buffer

For 1 L buffer preparation 100 mM Tris,
100 mM Tris 12.1 g, 25 mM EDTA 50 ml, 0.35
M Sorbitol 64 g, 100 mM Boric acid 6.2 g 1 M
NaCl. 58.4 g were weighed and takenina 2 L
beaker. The pH to 8.0 was added before 2%
PVP 40,000 20 g was added. Then the follow-
ing chemicals 10% PEG 8000 100 g, 0.5% BSA
59, 0.1 % spermine 1 g, 0.1% spermidine 1 g
were added. We prepared the wash buffer with

the following chemicals for 1 L. 50 mM Tris50
ml (of 1M, pH8.0), 25 mM EDTA 50 ml (of 0.5
M EDTA, pH 8.0), 0.35 M Sorbitol 64 g. Sodi-
um metabisulphite was added to extraction buf-
fers and wash buffer to 10 mM just prior to use
(about 0.2 g per 100 ml — or 10ml per liter of a
1M soln, = 95g/L). PVP 40,000 20 g was added.
Then the following chemicals 10% PEG 8000
100 g, 0.5% BSA5 g, 0.1 % spermine 1 g, 0.1%
spermidine 1 g were added.

Primers The universal primers are selected for
the genes matK, rbcL, and intergeneric spac-
ers- ITS and trnH-psbA (11). After extracting the
DNA individually from all the specimens of each
species, the DNA for 30 specimens is pooled
together for each is species. The DNA quality
is checked using standard protocol before the
PCR amplifications are done.

Table 1. Primer sequences used in this study
(listed 5- to -3’ end)

GTTATGCATGAACGTAATGCTC (1)
CGCGCATGGTGGATTCACAATCC (2)

psbA- trnH

PCR amplification

The non-coding as well as coding re-
gions of matK, trnH-psbA, ITS and rbcL were
amplified and sequenced by following the pro-
tocol usnign the universal. primer pairs (Table
3.1) with TagF2 (Fisher Biotech, Australia) poly-
merase.

All PCR amplifications were performed
in 20 ul reaction with specific primers annealing
temperature. The PCR reactions were consist-
ed of 2 pl of 10xbuffer, 1 yl of 10mM dNTP, 1.6 pl
of 25 mM MgCl,, 0.5 pl of each primer (20uM),
1ul pooled genomic DNA (~45ng/ul), 12.9 pl dis-
tilled water and 0.5 pl Tag F2 DNA polymerase
(5 units/yl; Fisher Biotech, Australia). The ampli-
fications were performed on an ABI thermal cy-
cler (GeneAmpR PCR System 2700) with initial
denaturing at 94°C for 1 min, 35 cycles of 94°C
30 s, primers specific annealing temperature for
30 s and 2-3 min at 72°C followed by a 10 min
extension at 72°C.
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EgrNAM1 genomic sequences were
amplified from randomly selected sixteen trees
and both parents DNA using PfuTurbo DNA
polymerase (Strata gene, USA). The 100 pl
PCR reactions were performed in 10 pl of
10xPCR buffer, 1 pl of 26mM each dNTPs, 2.5
gl of 20 uM each primer mix, 2 pl of 100 ng/pl
DNA template, 2 pl of 2.5 U/ul PfuTurbo DNA
polymerase (Strata gene, USA) and 80 pl of dis-
tilled water. DNA was amplified using the same
thermal cycler following same amplification pro-
gram as used in above mentioned genes with
initial denaturing at 95°C instead of 94°C. All
PCR products were confirmed by gel electro-
phoresis using a 1% agarose gel and purified
by QIAGEN gel extraction kit (Hilden, Germa-
ny). Purified PCR product was then quantified
by gel electrophoresis comparing with a 100bp
gene ladder (Fermentas, Australia).

Cloning of PCR products

All purified DNA amplicons were ligated
into the pGEM-T Easy vector using the pGEM-T
Easy vector kits (Promega, USA). Ten microli-
ters ligation mixtures contained 5 ul of 2xRap-
id Ligation Buffer, 1ul of pGEM-Teasy vector
(50ng), 3 upl PCR products (25-30ng/ul), 1ul of
T4 DNA Ligase (3U/pl) and 1 pl distilled wa-
ter. A positive control was included for check-
ing transformation and ligation efficiency, and
used control insert DNA instead of PCR prod-
uct as template. A no template negative control
was also included. Two microliters of each li-
gation reaction were transformed into bacterial
cells (JM109 and DH5a) by heat-shocking for
50 second at 42°C water bath, and plated out
in LB/ampicillin/IPTG/X-Gal medium, and then
incubated at 37°C for overnight. Twenty-four
white colonies were picked and cultured in 5
ml LB/ampicillin medium for overnight at 37°C
and plasmid DNA isolated using the QlAprep
Spin Miniprep kit (Hilden, Germany). In the case
of EgrNAM1, DNA from 18 trees were ligated,
transformed and plated out separately following
the procedure described above. A single posi-
tive colony was picked from each individual and

cultured for plasmid DNA preparation. The sizes
of all inserts were verified by digestion with Notl
followed by gel electrophoresis. Each 10 pl di-
gestion reaction was consisted of 1 pl of buffer
D, 0.1 pl of BSA, 1 pl of plasmid DNA, 0.20 pl
of Notl (Invitrogen, USA) and 7.70 pl of distilled
water and was incubated at 37°C in a water bath
for 2-3 hours.

Sequencing

Twenty-four different amplicons of each
fragment of EgrHB1and EgrPAAPA, and 18 am-
plicons of each fragment of EgrNAM1 were se-
quenced in both directions using pGEM-Teasy
vector Forward (5 GTAAAACGACGGCCAGT
3’) and Reverse (5° CAGGAAACAGCTATGAC
3’) primers. Further sequences of large gene
fragments were obtained using internal primers.
Sequencing was carried out using Big Dye Ter-
minator version 3.1 reagents and an ABI PRISM
sequence analyzer using 1/8 reaction volume.
Plasmid DNA (0.8 pl) was added to 14.2 pl of
distilled water, 1ul of Big Dye version 3.1 mix,
3.5 pl of 5x sequencing buffer and 0.5 pl of each
primer (10pM). Cycle sequencing used an ini-
tial step at 94°C for 5 min, then 30 cycles of de-
naturation at 96°C for 10 s, annealing at 50°C
for 5 s, and extension at 60°C for 4 min. The
products were precipitated using ethanol, dried
down under vacuum and sent to the John Cur-
tin School of Medical Research (JCMSR) for gel
separation.

Sequences analysis

Sequences were verified manually and
contigs were assembled using the computer
software program MEGA version 3.1 (Kumar et
al., 2004). Multiple sequence alignments were
made using the same program and adjusted
manually. All chromatograms and SNPs were
visually checked using Sequencer 4.6 (Gene
Codes, Corporation, Ann Arbor. Michigan, USA)
to exclude any sequencing errors. Philip analy-
sis is done using the Philip version. Reference.

Results and Discussion
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There were successful amplifications
of DNA for the eight eucalypt species using 4
DNA barcode, trnH-psbA.. The trnH-psbA spac-
er is the short with 476 bps. The mean length
is 733 bps long. Amplification success rate is
almost 100%. For each species in each gene
there are multiple good quality sequences avail-
able for the sequence alignment. They varied
4- 10 good quality sequences for each species
in each gene. Looking at the Single Nucleotide
Polymorphic (SNPs) sites, the trnH-psbA spac-
er showing 21 SNPs out of 476 bps segment.
The trnH-psbA spacer has 4.41% variability and
the rbcL showing only 1.57% variability.
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Figure 2: Variable sites

trnH-psbA spacer shows higher di-
vergence (up to 0.29) The intraspecific diver-
gence values are found to be very negligible (up
to 0.008). In the present the study two of the
trnH-psbA is able to meet the barcode criteria
well by showing greater interspecific variability.

Discussion

Until now there are a few successful

findings to give us most suitable DNA barcodes
for land plants. These studies helped to focus on
the generic level discrimination using barcodes
or above this level. One of the prime objectives
of this investigation was to compare the cpD-
NA region of E. moorei complex (E. moorei and
E. affn. moorei). The study also included very
closely related taxa such as E. dives, E. stellu-
lata, E. pauciflora and E. mitchelliana. There is a
question of the true (disputed) identity of E. affn.
moorei coming from a disjunct population with
diagnostically different morphological features
from that of E. moorei. The following genes
have provided very useful information for the
phylogenetic study of eight taxa of eucalypts.

trnH-psbA

It is relatively shorter and the average
length is 476 bp. It is the second most variable
segment in the present study. The amplifica-
tion and sequencing are easily done. There are
alignment problems because of large number
of indels. For example, E. globulus sequences
contain 28 indels in the short fragment length
of 476.

Table 2: Barcode genes’ sequence analysis and
SNPs comparisons
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Figure 1: trnH-PsbA spacer sequences

The others have 7-9 indels. The taxo-
nomically useful SNPs have clearly discriminat-
ed 5 species, namely, E. dives, E. globulus, E.
mitchelliana, E. nitens and E. pauciflora. The
E. stellulata has shown 5 single nucleotide sub-
stitutions and indicating that 50% chances of

recognizing a separate species based on the
molecular data. There are also 3 single nucle-
otide substitutions in the case of E. moorei that
are different from the E. affn. moorei. The 62.5%
success rate of interspecific variations using
this barcode makes it a good candidate as ear-
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lier reported (11) that can be recommended as
one of the most useful non-coding regions for cp
DNA barcode studies.

Table. 4 Sequence length and percent intra-
specific sequence divergence for four plastid
regions of 8 eucalypts

Gene

. trnH-psbA
S
peeies length(bp)
%divergence

E. affin. moorei ?)407(4;

E. moorei 44712

' 0.004

E. dives 3407(;421

E. globulus ?)407(;421

) ) 447/0

E. mitchelliana 0.000

) 447/2

E. nitens 0.004

E. paucifiora 4:)4(’)7(/)/(())

447/2

E. stellulata 0.004

We can explain the lack of clear discrim-
ination between E. moorei and E. affn. moorei
and E. stellulata because of strong chloroplast
sharing among the closely related eucalypts. As
it is reported earlier that hybridization or intro-
gressions are very common among the species
of the same subgenus in eucalypts which come
from the same geographical regions.

Implications of the present study and future
prospects

The present research findings highlight
the importance of matK (coding region) and

trnH-psbA to a great. Two of them are better
suited for low-level taxonomic investigations
than other coding and non-coding barcodes so
far reported. The matK which has been recom-
mended as an important barcoding gene re-
cently (15). Kress, 2007 (13) proved again its
great resolving power at interspecific discrimi-
nation. The trnH-psbA is also found to be easily
amplifiable with the universal primers and has
shown good number of variable sites in the se-
quence analysis. In spite of large number of in-
dels, this gene has yielded relatively significant
PIC values. The trnH-psbA spacers discriminat-
ed 5 species clearly from the rest and the other
3 species are also separated from each other
though the distance between them is not signifi-
cantly noticeable.

This present work has focused on a small group
consisting of five blue ashes, one Peppermint
and two symohyomyrts (eight closely related)
Eucalyptus taxa. These are said to be one of
the most rapidly evolving group of individuals in
the genus Eucalyptus.

There are many reports of interspecific
hybridizations and introgressions. It is not al-
ways easy to distinguish the hybrids because
the hybrids share the maternal plastid DNA.
Therefore, the choice of this study actually en-
ters into a problem-group area in a sense this
might be a good start with a problem group and
apply the DNA barcodes for the 8 closely related
taxa is challenging. Sometimes we also know
the fact that discrimination of some taxa might
be lost with greater taxonomic and geograph-
ic sampling. This gives us a grasp of things on
a minor scale before launching a large-scale
study.

Conclusion

In the Phylip tree construction based
on Nucleic Acid sequence Maximum likelihood
method has given us comparative confidence
limits of interspecific divergence of eight close-
ly related Eucalyptus species. Among the eight
taxa, there are five species with significant con-
fidence levels. They are as following. E. dives
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Figure 3: trnH-PsbA - Phylogenetic tree (UPGMA)
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Figure 3: trnH-PsbA - Phylogenetic tree (UPGMA)
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0.17 confidence, E. pauciflora 0.18 confidence, nificant. In other three cases of E. stellulata, E.
E. mitchelliana 0.37 confidence, E. globulus mooreiand E. affn. moorei the confidence limits
010 confidence, and E. nitens 0.24 confidence. are insignificant.

These levels of confidence are positively sig-

Table 4: DNA sequence homology of trnH-PsbA gene (%)

1959

o 'S
Gene Species E % E E g ‘é :5; %
il NEE
E. dives 1
E. globulus 0.99 | 1
E. mitchelliana 0.99 | 098 | 1
trnH-psbA E. affin. moorei 0.99 | 0.98 | 0.99 1
E. moorei 0.99 | 0.98 | 0.99 | 0.99 1
E. nitens 0.98 | 0.98|0.98 | 098 | 098 | 1
E. pauciflora 0.98 | 0.99 | 0.98 | 0.99 | 0.99 |0.97| 1
E. stellulata 0.99 1| 0.99 | 0.99 | 0.99 | 0.98 | 0.98 1

These form a one taxonomic complex.
We can also call this an aggregated species
based on molecular data. But the taxonomic
identity of E. steullulata is well defined based on
morphological characters. There is an ambiguity
about the identity of the disputed E. aft. moorei.
Our present study using 4 different cp DNA and
nrDNA-ITS barcodes have not resolved the
issue fully although it has indicated us some
haplotypes of E. mooreil E. affn. moorei. It is
recommended (lan Brooker personal communi-
cation, 2008) to make a collection from a popu-
lation of Blackheath, New South Wales, for this
species complex in order to do a comparative
study based on morphological characters as
well as molecular data. This might either clarify
or brings out useful information for identifying E.
affn. moorei as a different species or consider
it still part E. moorei species complex. We can
also use some low-copy nuclear genes to re-
solve the identity and position of E. affn . moorei.

There are many success stories so far
reported using either a single cp DNA barcode
or in combination two or three in different indi-
vidual groups of land plants. But there is no con-
sensus as yet if an individual or a multilogues
barcodes that would work very well in plants
belonging to different families coming from vari-
ous geographical locations of the planet. Some
taxonomist’s view (Chase et al 2003) (9). that
DNA barcodes based on uniparentally inherited
markers can never reflect the complexity that
exists in nature.

There are ambiguities created as far
as species limits are concerned by barcodes in
some cases. Therefore, some taxonomists have
a suspicion or skepticism of barcodes. They are
critical of this work. For most taxonomists it is im-
portant to have a reasonable barcode based on
multiple low copy nuclear DNA loci, a multi-locus
barcode system (MBC). This would mean look-
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ing for identification of conserved flanking re-
gions containing variable sites. These sites may
be introns of appropriate size. These conserved
sites would serve as universal PCR priming lo-
cations. The reasons for MBC are because of
detection of hybridization/ introgression cannot
be reliably done by examining a single cp DNA
region.

The starting presupposition was to
identify all the 8 species of this group using 4
cp DNA barcodes coding and non-coding and
expected them to be taxonomically discriminat-
ed based on molecular data. The findings are
not far from the objectives. Though there is no
100% perfection of the results, these have clar-
ified and illumined the understanding that matK
gene and trnH-psbA spacer are better suited for
low-level molecular phylogenetic studies in eu-
calypts. Therefore, it is not a question of math-
ematical precision of usefulness of data but the
value and the significance of the information it
has provided us in order to enhance the ongo-
ing search for the most suited barcode regions
for plant identification in a wider concern for
recording and preserving the biodiversity on
our planet .The regions included for this kind
of study are trnH-psbA spacer, there are many
other non-coding regions of cpDNA investigated
but they are not recorded or not explored yet.
Because of these reasons we have little infor-
mation about relative rate of evolution among
different non-coding regions. Each research
group designed its own experiments to test
different barcodes on different group of plants.
Some of the works are on a large scale. How-
ever, there is no consensus as yet. Apart from
various recommendations, some of the latest
such as Lahaye et al (2007) (15). which correct-
ly classified 90% of the species by using matK
and trnH-psbA (either alone or in combination)?
The final agreements seem to be in the direction
of using multiple regions than one. The latest
CBOL’ conference in Taipei proposal is for using
matK, trnH-psbA and atpF-H. The present find-
ings are in the direction of above research work.
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Abstract

This trend analysis delves into the land-
scape of Indian patents from 2012 to 2022, aim-
ing to identify and evaluate significant trends
and changes in innovation. The primary objec-
tives of this research include discerning patent-
ing patterns, exploring innovative domains, as-
sessing the impacts of legislative modifications,
and projecting future developments. Through a
comprehensive analysis of patent data, it seeks
to ascertain prevalent technological domains,
key influencing factors, and India’s competitive
standing within the global innovation landscape.
The report underscores sector-specific patent-
ing trends, placing emphasis on the emergence
of new industries such as artificial intelligence,
renewable energy, pharmaceuticals, and tele-
communications. It illuminates India’s evolving
research and development objectives by scru-
tinizing patent filing rates, trends in technical
collaborations, and the country’s participation in
the global arena. Additionally, it considers how
changes in policy frameworks and regulations
may influence patent activities. Our findings
reveal a substantial increase in patent appli-
cations across various industries, with notable
surges observed in technology, pharmaceuti-
cals, and renewable energy sectors. Notably,
this analysis underscores the necessity for con-
tinual policy support and increased investments
in research and development to harness the
full potential of Indian innovation. This compre-
hensive analysis provides strategic insights into

future innovation trajectories, contributing to a
nuanced understanding of India’s patent land-
scape over the past decade.

Key words: Indian patents, innovation trends,
patenting patterns

Introduction

In the context of the modern intercon-
nected global economy, the importance of in-
tellectual property rights is paramount. A key
objective outlined by the Indian government for
sustainable development is the promotion of
innovation. The National Intellectual Property
Rights (IPR) Policy aspires to create an envi-
ronment where intellectual property drives cre-
ativity and innovation for the collective benefit
of society. Various government initiatives such
as Make in India, Start-up India, Digital India,
and Skill India have effectively demonstrated
their capability to foster innovation. The Atal
Innovation Mission plays a pivotal role in nur-
turing innovation within educational institutions
across the nation. Aligned with the IPR policy,
the Office of the Controller General of Patents,
Designs, and Trademarks has entrusted ClI-
PAM, the cell for IPR Promotion and Manage-
ment, with the responsibility of facilitating the
establishment and commercialization of intel-
lectual property assets. Notably, there has been
a significant rise in the number of filings for in-
tellectual property rights, prompting a capaci-
ty-building transformation within the Intellectual
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Property Offices. This transformation includes
an increased number of Examiners who have
received specialized training in patents. Since
October 2013, the Patent Office has functioned
as an international searching and examining
authority, and the growing preference of more
applicants choosing the IPO for global search
is a positive indication (1). The provision of Ex-
pedited Examination as a service for applicants
registered as start-ups and choosing the Indian
Patent Office for their international application
is a commendable development. Moreover, the
establishment of a specialized Quality Assur-
ance Division within the Patent Office ensures
quality in all operational aspects. Patents serve
as a significant source of original and pioneer-
ing technical knowledge. The volume of patents
originating from a country is a reliable indicator
of its technological prowess and competitive-
ness. Analyzing patent trends aids in forecast-
ing technology trajectories and shaping policy
decisions effectively (2).

The primary aim here is to conduct in-
depth research into the current patenting land-
scape in India, specifically through an examina-
tion of Indian patent trends spanning from 2012
to 2022. This comprehensive trend analysis
method identifies and evaluates patenting pat-
terns, unveiling crucial elements, predominant
technological domains, and India’s competitive
position within the global innovation industry.
This analysis not only aids in devising innova-
tive approaches to obtain patents but also helps
in understanding the reasons behind patent re-
fusals.Top of Form

Materials and Methods

The study’s methodological framework
aimed to scrutinize trends and patterns in patent
applications spanning diverse invention catego-

ries from 2012 to 2022, along with identifying
the contributing factors to patent rejections. The
information used for this study was sourced
from the official Intellectual Property website of
India. The comprehensive analysis involved an
examination of the total count of patent applica-
tions filed, examined, granted, and those either
disposed of or denied, which were sourced from
the annual reports published by the Intellectu-
al Property Office (IPO). These reports can be
accessed at htips://ipindia.gov.in/annual-re-
ports-ipo.htm(3). All patents issued by the IPO
during the years 2012 to 2022 conformed to the
established inclusion criteria (3). A record sheet
was meticulously structured to compile and or-
ganize the primary data obtained. The record
sheet was created using Microsoft Office Word
2022, and subsequently, the data were import-
ed into Microsoft Office Excel 2022 for compre-
hensive analysis and further processing. The
compiled record sheet provides a comprehen-
sive overview of patent filing and examination
trends in various fields of invention from 2012 to
2022, including the total number of patents filed,
examined, disposed of or granted, and granted
across different fields. The collected data were
methodically organized, entered into the Micro-
soft Office Excel 2022 program, and underwent
a rigorous statistical analysis to draw conclusive
insights.

Results and Discussion

This study reviewed, examined, and re-
solved all Indian patent applications filed from
2012 to 2022. The results are presented in Ta-
ble 1 and Graph 1. Tables 2 and 3 provide a
detailed breakdown of the data, offering insights
into the evolving landscape of patent acquisition
in India. These tables are valuable resources for
researchers, policymakers, and industry stake-
holders.

Table 12 Scenario of Indian patents from 2012-2022

Year 2012-13 2013-14 2014-15 2015-16 2016-17 2017-18 2018-192 2019-20 2020-21 2021-22
Filed 43,674 42,951 42.763 46.904 45.444 47.854 50.659 56.267 58.503 66.440
Examined 12,268 18.615 22.631 16.851 28.967 60.330 85.426 80.080 73.165 66.571
Granted 4,126 4,227 5.978 6.326 9.847 13.045 15.283 24,936 28.385 30,073
Disposal 9,027 11411 14316 21,987 30,271 47,695 50.884 55,945 52,755 35,990
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Table 2: Number of patent applications filed from 2012-2022 under major fields of invention (14)(15).

YEAR [CHEMICAL PS PS&T|CS&E|[COMMUNICATION ELECTRICAL PHYSICS BIO-MEDICAL, ME |OTHERS TOTAL

| 2012-2013 6212 2954 | 1425 | 4424 4163 1568 2593 1053 10198 | 6484 43674
2013-2014 G769 2507 1050 | 4410 4039 4371 2230 612 11318 5645 42951
2014-2015 G454 2640 1059 | 4285 4380 4031 2529 1669 10031 ( 5685 42763
20152016 6463 2966 1230 | 5988 5110 4102 2852 1579 10164 5790 | 46904
| 2016-2017 5911 2122 1158 | 6443 5315 4141 2693 1048 10715 5R98 | 45444
2017-2018 6343 2741 1116 | 6059 5486 4278 299 1095 11573 6137 | 47854
2018-2019 G560 2683 | 1100 | 5540 6308 4703 3659 £12 12414 6880 50659
20192020 5198 |5622) 1309 | 11126 6R6Z 4587 2646 3508 10359 5050 | 56267
2020-2021 RO 80 | 1508 | 11930 G0 3143 2842 4911 10540 |  T480 58503

| 2021-2022 5173 5179 B5E | 15575 T34 4286 3007 5288 11969 7M1 G440

Table 3: Number of patent applications granted from 2012-2022 under major fields of invention (16)(17).

YEAR |CHEMICAL| PS |PSET|CS&E COMMUNICATION ELECTRICAL PHYSICS | BIO-MEDICAL| ME | OTHERS TOTAL
2012-2013 1289 44| 169 | S0 m 188 [ 0 748 539 4126
2013-2014 1nn 256 | 165 | 690 375 237 109 0 645 638 4226
2014-2015 1533 389 | 295 | 835 538 376 142 ] 1047| 823 5978
2015-2016 1683 370 | 279 | &l 414 362 175 '] 1414| 8IS 6326
2016-2017 2673 551 | 562 | 1049 B05 579 260 0 1939 1429 984T
2017-2018 1376 733 | 747 | 1028 1031 BIE 568 150 2514| 20RO 13045
2018-2019 4242 T61 | 701 | 1074 1414 1253 703 290 RST| 1988 15283
20192030 4R48 1930] 923 | 2141 26592 2451 1349 565 5301|2736 24936
2020-2021 6074 1264] 1745 | 2049 2857 2637 1396 703 6348 3312 23RS
2021-2022 4279 3317| 93 | 2459 3238 3084 1609 982 6832 3380 | 30073

: " | under 2012-2022 are represented as pie charts

g with the percentages (Fig 1 and Fig 2).
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Graph 1: Patent trends in India during 2012-
2022

Graphs 2 and 3 provide a comprehen-
sive overview of the patenting landscape in In-
dia over the last decade, shedding light on dis- P e e e e e
tinctive trends in patent filings and grants across
various fields of invention (Graph 2 and Graph
3). The total number of patents filed and granted

Graph 2: Patent applications filed under major
fields of invention from 2012-2022
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Graph 3: Patent applications granted under ma-
jor fields of invention from 2012-2022

Throughout the analysed period, me-
chanical engineering consistently emerged as
the frontrunner in terms of the number of pat-
ents filed. Concurrently, the field of chemicals
secured the highest count of patents granted (4-
13). This established a clear dichotomy in the
dynamics of patent acquisition, with mechanical
engineering dominating in filings and the chem-
ical domain excelling in actual grants. A notable
inflection point surfaced in the Fiscal year 2019-
20. Despite mechanical engineering maintain-
ing its stronghold on the highest number of pat-
ents granted, the landscape of filings underwent
a remarkable shift. The forefront transitioned to
the dynamic realms of computer science and
electronics, signifying a significant pivot in inno-
vation trends (11).

Figure 1: Percentage of patents filed from 2012-
2022
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Figure 2: Percentage of patents granted from
2012-2022

The percentage growth of patent fil-
ings from 2012 to 2022 revealed a fluctuating
yet overall ascending trend in submissions:
43,674 patent applications in 2012—2013 show-
cased a marginal 1.1% increase from the prior
year (4), while 42,951 applications in 2013-14
saw a slight 1.65% decrease (5). Subsequent
years witnessed varied patterns: 42,763 filings
in 2014-15 with a modest decline (6), a surge
to 46,904 applications in 2015-2016, marking
an increase of nearly 10% from the previous
year (7). The two-year period from 2016 to 2017
experienced a minor decrease to 45,444 patent
applications, demonstrating a 3.2% decline. No-
tably, the domestic filing percentage saw a rise
t029.2% in 2016-17, indicating a 1.2% increase
(8). The following years displayed a positive tra-
jectory with increasing submissions: 47,854 in
2017-18 (a 5.3% increase) (9), 50,659 in 2018-
2019 (a 5.9% rise) (10), 56,279 in 2019-2020
(an 11.1% increase) (11), 58,503 in 2020-2021
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(a 3.97% rise) (12), and 66,440 in 2021-2022,
marking a substantial increase of 13.57% from
the preceding year (13). Moreover, there were
notable elevations in the percentage of domes-
tically filed patent applications, indicating an in-
creasing trend over the years.

This trend analysis not only provides
insights into the current patenting landscape
in India but also serves as a valuable tool for
understanding the diverse areas of dominance
in patent acquisition across different fields of
invention. For instance, the surge in computer
science and electronics filings could guide stra-
tegic considerations for those seeking patents
in cutting-edge technologies.

The analysis encompassed an exten-
sive evaluation of Indian patents from 2012 to
2022, revealing significant trends and variations
in the patenting landscape. The study involved
an examination of patent applications, grant
rates, and their distribution across multiple fields
of invention.

Across the ten-year period, the ob-
served percentage growth of patents filed de-
picted varying trends. Notably, the number of
patent applications exhibited fluctuations year-
on-year, with occasional rises and declines in
the filing rates. These statistics highlight the
changing dynamics of innovation and patent
submissions within India.

The trend analysis underscored the
evolving patenting patterns, shedding light on
the prevailing dominance in specific fields of in-
vention. This insight is crucial in understanding
the sectors garnering the most patent activity
and serves as a strategic guide for emerging
areas that require focus for increased patent
acquisition. This comprehensive study not only
delineates the prevailing patent trends but also
presents a roadmap for identifying fields with
significant potential for enhanced patent acqui-
sition.

Conclusion

The comprehensive analysis of patent
trends offers valuable insights into the land-
scape of patent application filings, innovation
trajectories, and the diverse patenting endeav-
our’s across multiple inventive sectors in India.
This study indicates a noticeable upsurge in
patent activity over the years, signifying a grow-
ing interest in patenting activities across various
fields. The fluctuating trends in patenting activi-
ty underscore the dynamic nature of innovation
in different invention categories, culminating in
the issuance of patents. It's apparent that while
there is a notable number of patent applications,
only a fraction of these are successfully granted,
while the remainder face rejection for various
reasons. Reasons for patent rejections encom-
pass aspects such as lack of innovation, issues
related to inventive steps, failure to disclose bi-
ological material sources, and inadequacies in
providing a detailed innovation description. Ad-
ditionally, the consideration of prior community
experiences, whether local or indigenous, plays
a significant role in the patent rejection process.
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