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ABSTRACT
Alzheimer’s disease (AD) is a global concern to the pharmaceutical and medical system
due to the lack of proper treatment. Drug repurposing cannot be overruled to provide
therapeutic benefits/ against AD. Hence the present work was focused on the formulation
development and optimization of self-emulsifying drug delivery system (SNEDDS) of
Simvastatin (SIM) against AIClz-induced AD in rats.
In the pre-formulation study suitable oils, surfactants, and co-surfactants were identified.
FTIR and DSC studies were conducted to investigate the interaction between the selected
ingredients and SIM. A Box-Behnken design was utilized to optimize the effect of
independent variables on the dependent variables of the formulation. Further, the optimized
formulation was evaluated for various physicochemical parameters, in vitro release, ex
vivo diffusion, and toxicity studies. The therapeutic efficiency of the optimized SNEDDS
was investigated through cell line toxicity studies in SH-SYSY cell lines and the final
formulation in-vivo has undergone study to find out the therapeutic impact against AlCl3-
challenged rats.
In the initial investigation, Capmul MCM, Tween-80, and Transcutol-P were chosen as the
oil, surfactant, and co-surfactant respectively. The formulation was optimized using Box-
Behnken design and had a globule size of 57.46+2.65 nm, zeta potential of -13.6+1.18 mv,
PDI of 0.2+0.11, and drug loading was 88%. The ex-vivo permeability tests demonstrated
that the SIM-SNEDDS increased SIM permeability significantly and further ex-vivo
experiments confirmed the same. In-vitro toxicity studies confirmed the safety of the SIM-
SNEDDS and most importantly, in vivo, administration of SIM-SNEDDS resulted in
significantly increased bioavailability of SIM in the brain compared to the standard drug
donepezil (DPZ) and unprocessed-SIM. The range of therapeutic efficacy was better in
SIM-SNEDDS high dose followed by SIM-SNEDDS low dose, and then DPZ and further
naive SIM.
Further explorations with other models and clinical trials are required to better understand

the effect of SNEDDS of SIM.
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CHAPTER-1

1. Introduction

Alzheimer’s disease (AD) is one of the progressive neurodegenerative disorders and is a
major health problem worldwide (1, 2). It is one of the most important causes of dementia
in elder individuals. An alarming information provided by AD International (ADI) is that
its cases will increase to 13.8 million by 2060. Symptoms of the disease take a larger
duration of time to appear and it takes about 20 years of duration to show the first
degeneration to appear in the brain. These progressive alterations, particularly in the
hippocampus area, cause serious deficiencies in cognitive function and, as a result, the sick
person's increased dependence on third parties (3). AD can also induce brain atrophy,
which is characterized by a substantial loss of brain cells and a reduction in the brain's
capacity for metabolizing glucose. It is recognized by the accumulation of - amyloid
(AP)- containing plaques and tau- containing neurofibrillary tangles (NFTs) (4).

In AD the destruction of neurons takes place, which prominently affects the cortex and
limbic structures of the Central Nervous System (CNS). It also causes damage, particularly
in the basal forebrain, amygdala, hippocampus, and cerebral cortex. These brain regions
are associated with better learning, memory, thinking, behavior, and emotional regulation
(5). Hence due to damage of neuron person becomes deficient in learning, memory,
cognitive, impairment, behavioral, and emotional characteristics. Disturbances in
neurotransmission occurs due to oxidative stress, generation of reactive oxygen species,
and genetic factors can be another contributor for sequential death of neurons.

Presenile and senile are the different types of AD. Anomia, agnosia, apraxia, aphasia these
are the symptoms observed in AD patients (6). AD attacks not only on nerves and brain
cells but it also causes impairment in neurotransmitters release which causes accumulation
of protein to develop around plaques and bundles around the brain’s cells (7). Further the
condition of the individuals become worst with the aggregation of plaques (8) as it leads to

progressive loss of cognitive functions (9).

Two proteins, AP and tau, which together create extracellular neuritic plaques and

intracellular NFTs, respectively, are considered to accumulate in the brain in AD (5).



According to this pathology, patients with Alzheimer's disease (AD) exhibit synaptic
disruptions, neuronal death, cognitive decline, and memory problems during its
development (10). The core of neuritic plaques is AP, which is a proteolytic result of the
amyloid [ precursor protein (APP). The hyperphosphorylated microtubule-associated
protein tau is responsible for the formation of NFTs. Neuroinflammation and neuronal
death caused by AP and tau lead to AD progression. (11). AD is a complicated and
multifactorial disease. To describe the pathologic process of AD, several hypotheses have
been suggested, including the hypothesis of cholinergic system, tau proteins, dysfunction
of glutamate, amyloid cascade, inflammatory and mitochondrial cascade. Unfortunately,
these ideas only target a part of the disease, and the mechanism leading AD development
is still unclear. Neurotrophic factors, including brain derived neurotrophic factor (BDNF),
may decrease the progression of neurodegeneration and provide as a viable alternative for

AD therapy since neurodegeneration causes cognitive impairment in AD. (12).

Acetylcholinesterase inhibitors (AChEIs), an antagonist of the N-methyl-D-aspartate
receptor (NMDAR), and the monoclonal IgG1 anti-A antibody are now the FDA-approved
drugs for AD (aducanumab). The authorized NMDAR antagonist (memantine) and
licensed AChEIs (donepezil, galantamine, and rivastigmine) are symptomatic therapies
that do not deal with the fundamental pathological reasons of AD (13). As a result,
aducanumab is the first and only drug authorized for treating AD (14). Donepezil is
approved to treat all stages of the AD. It reversibly and selectively inhibits the enzyme
known as acetylcholinesterase, which is responsible for breaking down acetylcholine, as a
result of this increase the amount and duration of acetylcholine's effect in the central
nervous system by preventing the enzyme acetylcholinesterase from breaking down the

neurotransmitter into choline and acetate.

Drug repositioning, also referred as old drug for new purposes, is an efficient, low-cost,
and risk-free method for finding new indications for existing drugs. Conventional drug
research processes normally consist five stages: preclinical discovery, safety approval,
clinical trials, FDA review, and FDA post-market supervision. Many drugs have been

repurposed, including Raloxifene (from breast and prostate cancer to osteoporosis),

4



Paclitaxel (from cancer to re-stenosis), Zidovudine (from cancer to HIV/AIDS),
Topiramate (from epilepsy to obesity), Minoxidil (from hypertension to hair loss), and

Ropinirole (from hypertension to Parkinson disease), to name a few, to name a few (15).

SIM is also used as an example which can be repurposed for AD (hyperlipidemia to AD)
of drug(16). SIM is used to prevent hypercholesterolemia. It is a reversible lactone prodrug
that undergoes metabolism for lowering the level of lipid. It inhibits hydroxy-methyl-
glutaryl coenzyme A (HMG CoA) reductase, which helps to convert HMG-CoA to
mevalonate. Thereby it reduces low-density lipoprotein (LDL) cholesterol in plasma and
causes depletion in the accumulation of intracellular cholesterol. In addition, it also
increases LDL receptor expression and helps in the treatment of hypercholesterolemia (17).
SIM has pleiotropic neuroprotective impacts on the brain and stimulates several paths, such

as (18):

1. Suppression of inflammatory mediators and stimulation of microglia
2. Inducible nitric oxide synthase (iNOS) attenuation

3. Activation of neuroprotective factors (BDNF, NGF) synthesis

4. Apoptosis inhibition

The fascinating component of SIM's repurposing and rising clinical importance in its
treatment for chronic inflammatory disorders can be ascribed to its numerous
neuroprotective effects (19). Despite the various pharmacological benefits of SIM, its
formulation development is difficult due to its pharmaceutical challenges which include its
low water solubility, poor absorption, and rapid metabolism. Hence it exhibits low
bioavailability. Some researchers developed formulations like polymerics nanoparticles,
liposomes, and nano-emulsion of simvastatin (SIM) and increased bioavailability (20).
When SNEDDS is taken orally, it mimics the process by forming a nano/microemulsion in
the gastric fluid with the help of gastrointestinal motility (21). The nano globules have a
larger surface area, which helps in the initial absorption of the drug molecule. Fisetin,
curcumin, glimepiride, polypeptide-K, andrographolide, flurbiprofen, and tetrandrine have

all been reported to have increased oral bioavailability by SNEDDS (22). SNEDDS have



benefits because they enhance drug solubility. It also benefits in bypassing hepatic first-
pass metabolism and enhancing drug bioavailability across gastrointestinal tracts. SENDS
have already demonstrated that they increase the oral bioavailability of drugs that are
gastrointestinally labile and lipid soluble, such as curcumin, duloxetine, glimepiride, and
polypeptide-k (23). SIM is an extremely lipophilic drug and GI labile, so it undergoes
extensive first-pass metabolism and enzymatic degradation in the GIT after oral
administration, and the remaining non-degraded drug is insoluble in the GIT medium. As
a result, overall oral bioavailability and therapeutic efficacy are enhanced. SNEDDS are
well-known for their ability to both increase drug solubility and protect the GIT from

toxicity.

The current studies entail the following:

1. Development and validation of reverse-phase high-performance liquid
chromatography (RP-HPLC) based bioanalytical method for estimation of SIM
in rat’s plasma

2. Development of SNEDDS of SIM with unique components oils, surfactants,
and co-surfactants.

3. Ameliorative effects of SIM-SNEDDS against the AlCl;-provoked AD in rats.



CHAPTER-2
2. Literature review
2.1 Alzheimer’s Disease (AD)

AD is the most common type of dementia among older persons. It’s a devastating
neurodegenerative condition that causes memory loss and cognitive decline, difficulty
performing everyday tasks, and various psychological and behavior symptoms. The
progression of AD is unique to each patient, but many symptoms are common. Early on,
loss of short-term memory is typically seen. As the disease advances in the brain, the ability
to perform higher level tasks and essential daily activities decreases. Later stages see the
development of symptoms such as long-term memory loss, mood changes, confusion,

aggression, and social withdrawal.

Research has found a connection between AD, neurofibrillary tangles & B-amyloid plaques
found in the brain. A hallmark of the disease is the formation of neuritic plaques, which
are aggregates of amyloid-f proteins. AP is a short peptide of forty-two amino acids that is
created from the abnormally cleavage of the APP by enzymes such as gamma-secretase.
The buildup and deposition of AP triggers oxidative stress, inflammation, and excessive
excitotoxicity of glutamatergic neurons, resulting in neurofibrillary tangles and apoptotic
cell death in the brain. Neurofibrillary tangles are composed of tau protein and are crucial
for axonal growth and development in healthy cells. However, when tau protein is over
phosphorylated, tangles form within nerves in the medial temporal lobe, and hippocampus,
causing neural cell death. This leads to a decrease in neurotransmitter systems like
norepinephrine, acetylcholine (AChE), and serotonin. Studies have shown that memory

loss and neurotoxic effects in AD patients is caused by a shortage of the cholinergic system.

2.2 Pathophysiology of AD

AD is related to two significant alterations in the brain, outside neurons the formation of
beta-amyloid plaques (Ae ), which are aggregates made of the protein fragment beta-
amyloid, and inside the aggregation of abnormally abundance of the protein tau in neurons

(known as neurofibrillary tangles) (24). Alzheimer's patients have a lot of plaques and



NFTs in their brains. Scientists are unsure of the actual function tangles and plaques
perform in AD The majority of scientists believe that plaques and tangles prevent nerve
cell connection and interfere with vital processes for the survival of the cells (25).
Cognitive loss, behavioral changes, and problems performing everyday tasks, and other
signs of AD are caused on by the death and destruction of nerve cells. AD is still poorly
understood by scientists. There likely is not a single cause but rather several factors that

can affect each person differently.

Amyloid (8 plaque
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Neurofibrillary =S
tangle b
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\ 2 —Activated microglia

Reactive astrocytes

Alzheimer’s patient @

Figure 1: Pathophysiology of AD
2.3 Cause of AD

e Age: AD risk factors are most frequently associated with age. Growing older is
the most widely understood risk factor for AD. In the age group 65 and older,
one in nine individuals have AD affects around one-third of those aged 85 and
over.

e Family history: According to researchers, genetics may cause the onset of AD.

However, a healthy lifestyle may lower the risk of acquiring AD. Two
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significant, Long-term studies suggest that people may benefit from getting
regular exercise, eating healthily, drinking in moderation, and giving up
smoking.

Brain injury: Brain injury increases the future risk of dementia. To preserve
your brain, wear your seatbelt and helmet when deriving, and take safety
precautions when participating in sports such as wearing a sports helmet, and
fall-proofing your home.

Heart-head connection: The best proof indicates a relationship between heart
and brain health. This relationship makes sense because the heart is responsible
for circulating blood through the blood vessels of the brain, which is part of the
body blood artery connection with the most diversity.

Cardiovascular disease: According to the researchers, many cardiac diseases-

related diseases and lifestyle variables can raise the risk of AD.

These include:

>

vV V V VY

Obesity
Smoking
Diabetes
Hypertension

Hypercholesterolemia

Down's syndrome: People with suffering Down syndrome are at an enhanced risk

of developing AD. This is due to the fact that the genetic abnormalities that produce

Down's syndrome can cause plaques to aggregate in the brain over time, eventually

leading to AD in some people.

Genetics (heredity): The cause of AD is considered to be genetic factor. Two

categories of genes influence the development of AD, one is risk genes and the

second is deterministic genes. In both groups, genes associated with AD have been

found. AD is assumed to be caused by deterministic genes in fewer than 1% of

casces.



2.4 Signs & Symptoms

Drastic behaviour
changes

Problems in
speaking, writing
and reading

/ Difficulty in doing\ Poor or decreased

Figure 2: Clinical symptoms of AD
2.5 Epidemiology

It is estimated that the global population of individuals with AD will reach 152 million by
the middle of the century. The greatest growth is predicted in low- and middle-income
nations. The 2023 AD facts and figures report states that the population of individuals in
the US who are 65 years of age or older and have AD is expected to increase significantly
from 5.8 million to 13.8 million by the year 2050 (26). To estimate dementia prevalence
in India, home to 18% (1.37 billion people) of the world’s population. A trend of increased
AD prevalence has also been observed in recent decades among community-dwelling
populations in Japan and China. Women are 1.17 times more likely than men to have age-
specific global prevalence of AD, and women have a higher age-standardized mortality
rate than men, indicating that a longer lifespan is not the only factor contributing to the
prevalence of AD in women (27). From 2000 to 2018, the number of AD-related mortality
increased by 146.2%, and it became the fifth most common cause of death among elderly

Americans.
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Caretakers of AD patients often face mental stress and negative emotional influences,

which will put a significant social and family burden on caring for the AD population.
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Figure 3: Global incidence rate of AD case

The aim of much AD care is to maintain wellbeing (28). AD patients experience confusing
challenges and symptoms in a variety of domains, and evidence from scientific studies
suggests that behavioral and environmental variables play a key role in the disease's
pathogenesis and progress. Maintaining physical health, especially by reducing the risk of
preexisting diseases, can help protect cognition. Several risk factors can both lead to the
onset of AD and show as AD symptoms, making accurate diagnosis important for
individuals suffering from cognitive dysfunction (29). While AP and tau indicators suggest
AD, some individuals with these biomarkers but no cognitive impairments never develop
AD, making pre-symptomatic diagnosis challenging. Future research should concentrate

on developing less expensive and more sensitive indicators, as well as strategies for early
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screening and diagnosis. Future studies ought to concentrate on evidence-based
preventative strategies that investigate the potential relationship between risk factors that

can be modified and late-onset AD. Figure 3 portrays the worldwide AD incidence rate.

2.6 Challenges to the treatment of AD

The development of drugs to treat AD. Recent efforts to develop drugs to treat AD have
failed for various reasons, including the severe pre-symptomatic neuronal damage that is
caused by the blocking of the amyloid 3 peptide and abnormalities tau protein, as well as

the harmful effects of drug candidates.

The first choice to treat AD is ChEIs (Oral preparations of tacrine, galantamine, donepezil,
and rivastigmine patch), which reduce the rate of acetylcholine degradation in the synaptic
gap and compensate for its deficiency. Currently authorized drugs for addressing AD's
underlying causes drugs for treating the basis of AD is the regulation of neurotransmitters
or enzymes. AChEI (acetylcholinesterase inhibitor) drugs have reported several negative
effects, such as nausea and vomiting, that cause treatment to be discontinued. For the
treatment of AD at initial stage, tacrine was the first ChEI to receive approval. But it is
used in rare cases due to its hepatotoxic side effects, and its short half-life (needs four
times/day administrations). Rivastigmine has two hours half-life while galantamine has 5-
7 hours but has 18% protein binding. In NMDA receptor antagonists, non-physiological
and extended of NMDA receptors activation due to neurotransmitter glutamate, and
glutamate may result in excitotoxic neuronal dysfunction. USFDA granted memantine
approval in 2003, non-competitive and moderate NMDA receptor antagonist. But
memantine is associated with adverse effects like dizziness, confusion, vomiting, and
constipation [39] [40]. The pharmacokinetic parameters of drugs which are used in the

treatment of AD are shown in Table 1.

Amyloid B (A) build up and creation of neurofibrillary tangles (NFTs) in the brain are
two possible causes of Alzheimer disease, which leads in synaptic dysfunction and
neurodegeneration. Clinical studies for drugs that target AP usually ended in failure, and

clearing AP found in the Alzheimeric brain did not give a treatment.
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Table 1: Drugs which are used in the treatment of AD pharmacokinetic parameters

Summary Bioavailability tmax (h) Half-life (h) Protein Hepatic Reference

of the (%) binding metabolism s

pharmacoki (%)

netic

parameters

of the

cholinestera

se inhibitors

and

memantine

Drugs

Donepezil 100 3-5 60-90 96 CYP2De, [41][42]
CYP3A4

Tacrine 17-37 0.5-3 1.3-7.0 75 CYP1A2, [417[42]
CYP2D6

Galantamine 85-100 0.5-1.5 5-7 18 CYP2De6, [417[42]
CYP3A4

Rivastigmin 40 0.8-1.7 2 40 Non-hepatic  [42]

e

Memantine 100 3-7 60-80 45 -- [42]

The main histopathological markers for AD are the occurrence of tau protein (tau)
hyperphosphorylation and senile plaques (AP aggregation). The exact function of these
proteins in the development of AD is not clear and over time, many ideas regarding the
development of AD have been suggested.

The complexity of AD pathophysiology makes it challenging to discover effective
treatments for AD. In addition, BBB which helps to protect the brain against neurotoxic
blood-borne ingredients and cells, is a serious barrier to the use of pharmaceuticals in the
therapy of AD. Extensive research has been conducted to develop techniques for drugs
with nano molecules to cross the BBB.

Effective biomolecule targeting on colloidal carriers can help drugs cross the BBB via
transport/carrier proteins, transcellular lipophilic routes, adsorptive-mediated transcytosis
and receptor-mediated transcytosis, as well as increase drug concentration in brain lesions.
Receptor-mediated endocytosis is a recognized mechanism and an established method for

targeting the brain and is capable of avoiding the multidrug efflux system.
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2.7 Repurposing of a drug: A strategy to treat AD

Drug repurposing is the process of developing an agent for a different purpose than it was
originally intended. This approach appeals to research universities, charities, non-profit
organisations, government and research council programmes, and it benefits
pharmaceutical and biotechnology industries. (30). The biopharma industry considers drug
repurposing as a way to prioritize a new indication during the development process, prior
to approval (31). Drug repurposing, also referred to as old drug for new uses, is a highly
efficient, low-cost, and low-risk way to discover new applications for existing drugs (32).
In Phase II trials evaluating repurposed agents, it is important to consider the best target
population and the mechanism of action of the treatment. The conventional process of
developing drugs usually involves five phases: assessment of safety, exploration and
preclinical analysis, clinical trials, monitoring of safety after the drug is approved by the

FDA, and review by the FDA.
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Table 2: Repurposing drugs used for Alzheimer’s disease

Agents Current use AD-related observation References
Paclitaxel Anticancer Tau protein is phosphorylated, Paclitaxel lowers phosphorylation (33)
Fasudil ROCK inhibitors Reduced amyloid B and neurological improvements (16)
Bexarotene Oncology Increases AP clearance (34)
Nilvadipine Antihypertensive The localized cerebral blood flow has been restored. (3%5)

AR synthesis is blocked.
Liraglutide Diabetes Enhance neuro protection (36)
Reduction AP oligomers
Anti-inflammatory activity
Fluoxetine SSRI Dentate gyrus neurogenesis is increased. (37)
Antioxidant
Amyloid plaques may be reduced.
Amitriptyline Tricyclic Enhance hippocampal BDNF (38)
antidepressant Increase neurogenesis in the dentate gyrus
Neuron protective activity
Reduce levels of AP (1-42) in brain
Apomorphine Parkinson disease Stimulates degradation of AB (39)
Citalopram SSRI Decreases plaques and AP levels in brain (40)
Doxycycline Antimicrobial Reduced AP fibrillation (41)
Neuroprotective
Deprenyl MAOI Neuroprotective (42)
DNA fragmentation is avoided.
(selegiline) APP a-secretase cleavage is stimulated.
Sertraline SSRI Increases BDNF and neurogenesis in the hippocampal region. (43)
Amyloid plaques may be reduced.
Lithium Mood Reduces AB production. (44)
stabilizer Neuron protection.
Reduce CSF p-tau
Improves cognition.
IVIG Autoimmune mediated Increases clearance of cerebral AB (45)
illnesses
Metformin Diabetes Decrease hyperphosphorylation of tau. (46)
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Nicotine

Rosiglitazone

Pioglitazone

Imatinib

Methylene blue

Valproic acid

Insulin

Valsartan

Minocycline
Paroxetine

Ladostigil

Rifampin

Clioquinol
Nimodipine
Nonsteroidal
inflammatory
Drugs

anti

Smoking
cessation

Diabetes

Diabetes

Oncology

Toxicities

Antiepileptic

Diabetes

Antihypertensive

Antimicrobial
SSRI

MAOI

Antimicrobial

Antimicrobial
Antihypertensive
Analgesic

Promotes nonamyloidogenic pathway.
Neuroprotective.

Anti-inflammatory.

Reduced AP oligomers.

Lowered oxidative stress

Normalizes the flow of blood in the cerebrovascular system.
Anti-inflammatory.

Reduction of AP production

Neuroprotective

Antioxidant.

Helps in the degradation and clearance of tau.
Encourages autophagy

Lowers AP levels.

Increase phagocyte of AP.

Suppress GSK-3B-mediated y-secretase cleavage of APP
Anti-inflammatory

Reduced AP production

Enhance AP clearance

Neuroprotective

Prevents A oligomerization

Neuroprotective

Decrease levels of AP

Decrease level of p-tau

Enhance hippocampus growth and development of nervous tissue
Chances to reduce amyloid plaques
Neuroprotective

DNA fragmentation is avoided

APP o-secretase cleavage is stimulated
Acetyl- and butyrylcholinesterase inhibition.
Decrease AP accumulation.

Neuron protection.

Metal protein-attenuating compound
Neuroprotective

Anti-inflammatory activity

Anti-oxidant

Reduction of AB (1-42)
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(47)

(48)

(48)

(49)

(50)

(1)

(52)

(53)

(34)
(55)

(56)

(57)

(38)
(39)
(60)



Nitrendipine Antihypertensive The localized cerebral circulation has been restored. (61)
Enhance the clearance of Af

Verapamil Antihypertensive Neuron protection activity. (62)
Decrease AP (1-40) oligomers.
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2.8 SIM: A drug for AD treatment

Chemically, SIM is (1S,3R,7S,8S,8aR)-8-{2-[(2R,4R)-4-hydroxy-6-oxooan-2-yl]| ethyl}-
3,7- dimethyl-1,2,3,7,8,8a-hexahydronapththalen-1-yl 2,2 dimethyl butanoate shown in
Figure 4 (63). It appears as a white powder with a molecular weight of 418.566 g/mol and
alog P is 4.46. SIM is a reversible lactone prodrug that goes through metabolism (64). It
is a lipid-lowering drug that works by inhibiting hydroxy-methyl-glutaryl coenzyme A
(HMG CoA) reductase. This helps in the conversion of HMG-CoA into mevalonate (65).
Thereby it reduces plasma low-density lipoprotein (LDL) cholesterol by depleting
intracellular cholesterol. In addition, it increases LDL receptor expression and helps in the
treatment of hypercholesterolemia. SIM used to prevent hypercholesterolemia. It is a
reversible lactone prodrug that goes under metabolism for lowering the level of lipid. It
inhibiting HMG CoA reductase, which help to convert HMG-CoA to mevalonate. Thereby
it reduces low-density lipoprotein (LDL) cholesterol in plasma and cause depletion in the
accumulation of intracellular cholesterol (66). In addition, it also increases LDL receptor
expression and helps in the treatment of hypercholesterolemia. SIM produces pleiotropic
neuroprotective actions in the brain and stimulates many routes, including: Suppression of
inflammatory mediators and microglial activation, Inos reduction, activation of

neurotrophic factor expression (BDNF, NGF), and apoptosis inhibition (67).

Figure 4: Structure of SIM

2.9 Challenges of SIM (Pharmaceutical challenges)

SIM is extremely lipophilic and GI labile, it undergoes extensive enzymatic breakdown

and first-pass metabolism in the GIT after oral administration, and the remains non-
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degradable drug is insoluble in the GIT medium (68). As a result, overall therapeutic
effectiveness and oral bioavailability are reduced. SNEDDS are well-known for their
ability to both increase drug solubility and protect the GIT from toxicity. SNEDDS is
a thermodynamically stable that has been extensively studied for its ability to improve
the bioavailability of poorly water-soluble drug molecules. The nano globules have a

larger surface area, which helps in the increased bioavailability of the drug molecules.

2.10 Nanoformulations is an approach to AD

Nanoformulations are the best way to improve the bioavailability & therapeutic effect of
the drug molecule. Nanoformulations have unique features like: smaller particle size,
improving systemic circulation, and helping in reducing the dose (2). Due to these unique
features, various researchers develop nanoformulations of different drug molecules and

explored in AD in a view to improving their therapeutic effect.

Table 3: Nanoformulations of treatment for AD

Route of

Drug Type of nanoparticles Models administration References

Aducanumab Dendrimer nanoparticles Mice - (69)

Curcumin Curcumin nanoparticles - - (70)

Curcumin Pluronic F127 i v (1)
nanoparticles

Curcumin selenium nanoparticles Mice i (72)

Rivastigmine Poly (n- Rat [.V. injection (73)
butylcyanoacrylate) T

. . Polystyrene
Penicillamine Nanoparticles - - (74)
L Polymeric n-butyl- AD transgenic N

Clioguino 2-cyanoacrylate Mice (APP/PS1) L.V. injection (73)

Tacrine Chitosan nanoparticles Rat L.V. injection (76)

Thioflavin T . APP/PS 1 Intracerebroventricular
Core—shell nanoparticles . L 77

and S Mice mjections

Polyphenol o .

EGCG Nanolipidic particles Rat oral (78)

2.11 SNEDDS can be suitable

Many of the drugs mainly BCS II class drugs show poor permeability and poor solubility.

From last few years many traditional techniques are used toovercome this problem. Some
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of these techniques are like reduction in particle size, salt form of the drug, complexation
etc, but these techniques show some limitations like in case of salt formation, salt forms
don’t present in their original form so they may be converted into acid or base in GIT. In
case of a reduction in particle size, they may cause the problems like poor wettability. So,
because of certain limitations, some lipid-based techniques are used to increase the
bioavailabilityand solubility of the drugs, one of these techniques is SNEDDS (79).
Isotropic mixtures called SNEDDS consist of a combination of oil, surfactant, co-
surfactant, and drug. These are clear or translucent emulsions having droplet size 100 nm
and can form stable O/W type of nanoemulsions. They dissolve larger quantities of
lipophilic drugs and protects drug from hydrolysis. In case of parenteral preparations, they
prevent enzymatic degradation of the drug. These nanoemulsions are thermodynamically
stable. It is optimized by pseudo ternary phase diagram. Now SNEDDS are applied in
different aspects of drug delivery systems like in Cancer therapy, cosmetics, parenteral
drug delivery, transdermal drug delivery and ophthalmic drug delivery. From last few years
SNEDDS, SMEDDS and SEDDS are used to improve the hydrophilicity of poorly
hydrophilic drugs Partitioning ofthe drug between lipophilic as well as hydrophilic phase
can be easily done by this system. SNEDDS are the type of systems which are
thermodynamically stable and transparent in nature. Stability of these nanoemulsions can

be increased with addition of surfactants and co-surfactants (80).

2.12 Preparation of SNEDDS & requirements

This drug is dissolved in the lipophilic part of the nanoemulsion and liquid phase is
combined with co-surfactant and surfactant. Then the liquid phase has to be mixed in the
oily phase slowly with continuous stirring until the suspension becomes transparent. The

desired range of dispersed globules can be achieved using ultra sonicator.

SNEDDS can be prepared by two ways:
(a) Preparation of liquid SNEDDS

(b) Preparation of solid SNEDDS
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2.12.1 Preparation of liquid SNEDDS

In this the ratio of surfactant/ co-surfactant and oil/co- solvent has to be selected via pseudo
ternary phase diagram. Then, number of series of formulations has to be made by taking
dissimilar concentrations of surfactant, cosurfactant and oil. All of them should be
weighing accurately and then the drug has to be dissolved in the mixture. Then that mixture

has to be stored or kept at room temperature.

2.12.2 Preparation of solid SNEDDS

In this type of SNEDDS preparation appropriate solvent has to be used which has to be
added in mortar pestle containing drug. Then when damp mass will be formed that has to

be pass through sieve and then dry at room temperature.

2.12.3 Composition of SNEDDS

DRUG )

P SNEDDS | \

SURFACTANT ( CO-SURFACTANT

Figure 5: Composition of SNEDDS
2.12.4 Excipients

The composition of SNEDDS actually uses co-surfactants, surfactants and oils. The oils
used to make SNEDDS are hydrolysable, biodegradable, and have a low HLB value. These
oils improve in the solubility and transport of drugs via lymphatic pathways, hence
increasing their bioavailability. Different oils used in the preparation of SNEDDS are
mentioned in Table 4.

To prepare SNEDDS, a surfactant with a high HLB value and a very great safety profile is
utilized. Its amphiphilic characteristic improves in the solubilization of the drug in a
combination of oil and water. They enhance the oral bioavailability of lipophilic

pharmaceuticals by increasing their dissolving rate.
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Table 4: Common oils used for preparation of SNEDDS

Oils/Lipids Chemical name HLB Value References
Capmul MCM EP Glyceryl Caprylate/Caprate 5.5-6 (81)
Caprylic/capric ) o )

Triglyceride Caprylic/capric triglyceride 12.5-14 (82)
Capmul MCM C8 Glyceryl Monocaprylate 5-6 (83)
Castor oil Castor oil 6.6-7.5 (84)
Cinnamon oil Cinnamon oil 16 (85)
Cotton seed oil Cotton seed oil 7.5 (86)
Corn oil Corn oil 9 (87)
Crodamol GTCC Caprylic/Capric Triglyceride 10 (88)
Cremophor EL Macrogolglycerol Ricinoleate 12-14 (83)
Ethyl oleate Ethyl oleate 10.6-11.5 (89)
Isopropyl myristate Myristic acid isopropyl ester 11.5 (90)
Labrafac PG Propylene glycol dicaprylocaprate EP ” o1

Propylene glycol dicaprylate/dicaprate NF

Lauroglycol FCC Propylene glycol mono laurate 4-5 (92)
Labrafac CC Caprylic/Capric Triglyceride 1 (83)
Mineral oil Higher alkanes from mineral source 4 (93)
Maisine oil Glycerylmonolinoleate - (94)
Miglyol 812 Liquid lipids/C8/C10 triglycerides 15.36 (95)
Myvacet 9-45 Myvacet 9-45K NF 3.8 (96)
Methyl oleate Oleic acid methyl ester - 7
Oleic acid Octadececenoic acid - (98)
Olive Olive 8 (98)
Peanut Peanut - (93)
Peceol Glycerol monooleate - (99)
Sesame Sesame - (93)
Sunflower Sunflower - (93)
Soybean Soybean - (98)
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Table 5: Common surfactant and co-surfactant used for preparation of SNEDDS

Surfactants Chemical name HLB Value References
Capmul MCM mono-diglyceride of medium chain fatty acids 5.5-6.0 (100)
Labrafil M 2125 PEG-6 corn oil 9 (101)
CS
Labrafil PEG-6 apricot kernel oil 9 (101)
M1944CS
Labrasol Caprylocaprylmacrogol glycerides 13.2 (92)
Polyoxamer 407 Poly (ethylene glycol)-block-poly(propylene glycol)- 18-23 (102)
block-poly(ethylene glycol)
Polyoxamer 188  Pluronic F-68 solution 29 (102)
Solutol HS 15 Macrogol (15)-hydroxystearate 15 (102)
Span 20 Sorbitanmonolaurate 8.6 (93)
Span 80 Sorbitanmonooleate 4-6 (98)
Span 85 Sorbitantrioleate 1.8 (98)
Tween20 PEG-20 sorbitanmonolaurate 16.72 (102)
Tween-80 PEG-20 sorbitanmonooleate 15 (102)
Tween-85 PEG-20 sorbitantrioleate 11 (102)
Capmul MCM- Glycerylcaprylate 5-6 87)
C8
Lauroglycol Propylene glycol monolaurate 4 (92)
FCC
Lutrol F127 PolyoxamersPh Eur., Polyoxamers - (92)
PEG 400 Polyethylene glycol 400 11.6 (92)
PG Propylene glycol 3 (102)
Transcutol P Diethylene glycol mono ethyl ether - (102)

Several surfactants used in the preparation of SNEDDS are mentioned in Table 5. To lower
the concentration of surfactant, reduce the size of the droplets, and enhance drug loading.
It is suggested to utilize co-surfactants. Table 5 lists the co-surfactants used in the
preparation of SNEDDS, which aid in increasing the solubility of hydrophilic surfactants

in the isotropic solution.
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2.13 Mechanism of drug transport from SNEDDS

When SNEDDS administered orally it undergoes three phases i.e. digestive, absorptive and

circulatory phase. The SNEDDS produced a coarse emulsion during the digestion phase.

The developed coarse emulsion now subjected to the enzymatic hydrolysis at oil-water

interface and the interactions of fatty acid and bile created the mixed micelles. Now the

developed colloidal micelles get absorbed by active and passive diffusion trough the

enterocyte membrane as well as lymphatic system in the form of chylomicrons. After

absorption, the circulatory phase starts, and in this phase, drugs get released from the excess

lipid and chylomicrons gets utilized by the body.

2.14 SNEDDS reported for various drug molecules

In recent years researchers develop various SNEDDS formulations of various synthetic

drugs in order to increase bioavailability, solubility, and therapeutic activity.

Table 6: Different SNEDDS prepared

Drug Composition of Liquid SNEDDS References
Loratadine Sodium lauryl sulfate, T-80, Pluronic F68. (103)
Loratidin Capriole, Liquid paraffin, TP, and Span 20 (104)
Carvedilol Nikkol HCO 50 and C-MCM (105)
Lovastatin Capmul MCXM, Nikkol HCO- 50, Lutrol F127 (106)
Nifedipine Imwitor 742 (107)
Vitamin A acetate Capmul MCM-CS8, Cremophore EL, and Soyabean oil (108)
Darunavir TP, T-80, and C-MCM (83)
Cilostazol T-80, Labrasol, and Peceol (109)
Embelin PEG 400, Capryol 90, and Acrysol EL 135 (110)

Rosuvastatin calcium
Valsartan

Loratidine

Celecoxib
Rosuvastatin
Flurbiprofen
Glimepiride

Olmesartan medoxomil

PEG 400, olive oil,Garlic oil and Tween-80

C-MCM, Labrasol, T-20

Solutol HS 15, Capmul MCM C8

Propylene Glycol, Capryol 90, and Cremophor RH 40
poloxamer 407, TP, and Capryol 90

Labrasol, Transcutol HP, and Labrafill M 1944

PEG and Mygliol 812, PEG, and Tween 80

T-80 Oelic acid, and Transcutol-HP
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Repaglinide Olive oil, Miglyol Cremophore (119)
RH 40, Capryol 90 and Labrasol

Erlotinib Labrasol ,Transcutol HP, and Labrafil M2125CS (120)

Docetaxel Capryol 90, Cremophore EL and (121)
Transcutol HP

Irbesartan Capryol 90, Cremophor RH40 (122)
and Transcutol HP

Glipizide Solutol HS15, Imwitor 988, and Captex 355 (123)

2.15 Characterization of SNEDDS

Characterization of created nanoformulations is a critical step in formulations development
and optimization. The several assessment methods used to evaluate nanoformulations, as

well as their benefits and drawbacks shown in Table 7.
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Table 7: Characterization methods for nanoparticles, including benefits and drawbacks

Parameters

Techniques

Benefits

Drawbacks

Droplet size, and size distribution

Zeta potential and surface charge of
particles
Droplet size and shape

Crystalline phase level

Interaction between chemicals

Laser diffraction

Coulter counter
PCS/DLS

Laser Doppler
electrophoresis
FE-SEM and TEM

AFM

DSC and XRD

FTIR/ IR/ FTIR/ LCMS

Wide measurement range
Quick
Non-invasive

This technique is suitable for
analyzing both liquid suspension and
dry powder samples

More precised

rapid, non-invasive

Fast and precise

Consider droplets shape as well as
particle size.

Only a small amount of sample is
required.

Non-invasive

Examine droplet size and shape
Little amount of sample is necessary.
Provides data on drug polymorphism,
crystal stability, and crystallinity
Selective and sensitive

Spherical particles are assumed

Only apply to spherical particles.
Short measurements limit
Only applicable for liquid suspensions

Difficult to obtain statistical size distribution
Time-consuming

Usually invasive,
Consuming more time

Difficult to get statistical particle sizes

26



2.16 Etiopathogenesis

SNEDDS is a thermodynamically stable system that has been extensively studied
for its ability to increase the bioavailability of lipophilic drug molecules. The nano
sizes have a larger surface area, which helps in the increased bioavailability of the
drug molecule. The isotropic mixtures were prepared by mixing the concentration of

oil, surfactant, and co-surfactant and then vortexed for 15 mi.
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Figure 6: Etiopathogenesis of AD
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When SNEDDS is administered orally it undergoes three phases i.e. digestive,
absorptive, and circulatory phases. During the digestive phase, a coarse emulsion was
formed by the SNEDDS. The developed coarse emulsion now undergoes enzymatic
hydrolysis at the oil-water interface, resulting in mixed micelles formed by the
interaction of fatty acid and bile. Colloidal micelles are now absorbed via passive or
active diffusion through the enterocyte membrane, as well as lymphatic circulation in
the form of chylomicrons. Following absorption, the circulatory phase begins, during
which drugs are released from the excess lipid and chylomicrons is used by the body.
AD is a chronic condition in which degeneration of neurons is observed in various parts
of the brain. There are many factors associated with AD. Those factors led to promote
pathogenetic abnormity in the brain, such as enhanced oxidative stress,
neuroinflammation, mitochondrial dysfunction degeneration of cholinergic neurons,
amelioration of glutaminergic neurons, and formation of amyloid f.

SIM can be successfully attributed to pathogenic factors associated with AD, it can
reduce oxidative, neuroinflammation, accumulated amyloid 3, as well as obesity and

due to this, it produces symptomatic relief in AD.
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2.17 Drug profile
2.17.1 Simvastatin

Table 8: Physiochemical property of SIM

Characteristic Description

Name of drug Simvastatin
Pharmacological Antihyperlipidemic
class

Chemical formula C,5H3305

Molecular weight 418.5 g/mol

Synonyms Zocor

TUPAC name (1S,3R,78S,8S,8aR)-8-{2-[(2R ,4R)-4-hydroxy-6-oxooxan-2-yl] ethyl}-3,7-
dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-1-yl 2,2-dimethylbutanoate

Chemical structure

Solubility Insoluble in water
Melting point 134-138°C

Partition coefficient  4.68

(Log P)

Protein binding 95% (Approximately)
Half life 3 hrs (Approximately)
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CHAPTER-3

3. Hypothesis of the study

3.1 Hypothesis

L.

AD is a most challenging neurological disorder and one of the critical examples
of failure of medical, pharmaceutical and health care sector. In present situation,
around 55 million people are suffering, from dementia which make AD as a 7%
leading reason for death (9). It is very important to note that neurological disease
is 6.3% of global burden of diseases and people with this disease die before the
age of 80 which indicates that death rate in AD is 30%.

Aluminium can enter into human body through utilization of utensils, food
supplements, drinkable water, perfumes, antacids and drugs (124). Once it
enters into human body it affects as neurotoxicants and reaches to hippocampus
as well as frontal cortex area of brain (125) and bring etiogenesis of AD (126).
Aluminium also known to induce misfolding of proteins and causes
development of B-plaques (127). Since Aluminium is most abundant metal on
the earth causes cognitive impairment. These all abnormal development is due
to oxidative stress and cholinotoxication (128). Aluminum causes impairment
of cholinergic system (cholinotoxication) as a result of this impairment of
acquisition and retrival of learning with memory skills takes place (129).
Various animal studies also suggests that AICl; causes alteration in chemicals
of neurons, behavioral activities and pathology of neurons in the brain (130).
AICl; is responsible to cause hyperlipidemia and dementia (131).

Current treatment strategies provide partial and unsatisfactory relief from AD
with multiple side effects but they are not suitable to provide stoppage of
progression of diseases. Therefore, there is requirement of drug with proper
delivery system capable of targeting multiple sites or target with reduction in
the symptoms of AD. The drug candidate must be able to contribute in reversal
of pathology of AD with fewer side effects. In another way we need to develop

novel and effective medication focusing on alternative of present treatment.
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4. Recent studies highlight that the prevalence of dementia low among patients
taking statin over a longer period of time (67) statin not only lower the level of
cholesterol but also produces anti-inflammatory, antioxidant and
neuroprotective effects (132).

USFDA reported on February 28,2012 that the statin provides reversal of
dementia (133). FDA also recommended it as cardioprotective (134). SIM is
poorly soluble in water and is known to show its action is with it hydrolysis to
form B-hydroxy acid which is responsible to inhibit 3 hydroxy-3methylglutaryl
co-enzyme A (HMG-CoA) reductase. This inhibits stops cholesterol

biosynthesis which can protect AD indicated in figure 7
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Figure 7: Schematic representation of SIM as a neuroprotective agent

5. Owing to its poor solubility, several formulation approaches have been
investigated, including cyclodextrin complex, solid dispersion, nanosuspension,
bionanocomposites, co-solvent assisted solubilization and microparticles to
improve solubility of SIM. SNEDDS is a thermodynamically stable isotropic
mixture of oil, surfactant, co-surfactant and drug that form a spontaneous oil-
in-water nanoemulsion with a droplet size less than 20-200nm.when introduced

into an aqueous medium under gentle agitation. The free energy required for
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self nanoemulsification process is low. Thus, the process will occur
spontaneously. The enhanced interfacial area of micronized globules will
facilitate the dissolution of drug thereby improving the bioavailability and
enhance permeability through biological membranes due to presence of lipid
and surfactant. Several potential advantages of SNEDDS include their ability to
present drug in a solubilized form inside the gastrointestinal (GI) lumen, thus
providing greater interfacial area for drug absorption, providing greater
chemical and enzymatic stability, inhibiting P-glycoprotein (p-gp) mediated
drug eftlux, enhancing lymphatic transport.

6. Consequently, In present study SNEDDS of SIM is formulated, developed and
investigated here for the evaluation of its level of protection in AlCls-triggered

AD in animals.

3.2 Aim

Development and evaluation of Simvastatin based SNEDDS for treatment of

Alzheimer’s disease.

3.3 Objectives

. Formulation development and optimization of self-emulsifying drug delivery system
(SNEDDS) of Simvastatin.

Characterization and evaluation of developed formulations.

Stability study and ex vivo permeation study of optimized formulation.

. In vivo evaluation of optimized formulation.
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CHAPTER-4

4. Methodology
4.1 Materials used

Table 9: Materials used

Chemicals

Manufacturers

Simvastatin (SIM)

Micro lab, Pvt. Ltd, Mumbai, India

Acetonitrile  HPLC Grade, Orthophosphoric
acid, Triethylamine, = Hydrochloric  acid,
Ammonium  acetate,  Hydrochloric  acid,

IAluminium Chloride, Formic acid, Trehalose

Mannitol, Sorbitol

Lobachemie Pvt. Ltd., Mumbai, India

IAerosil 200,
Orthophosphate (KH2PO4), Sodium Hydroxide
pellets, Ethanol, Tween (80,20 and 60), Span
(20,40,60 and 80), PEG (200,400,600 and 800)

Potassium Dihydrogen|

Pluronic F-68, Sesame oil, Peanut oil, Sunflower
oil, Cotton seed oil, Soyabean oil, Mustard oil,
Oleic acid, Olive oil, Eucalyptus oil

Castor oil, Hydroxy propyl beta cyclodextrin|
(HPBCD), Polyviny alcohol (PVA), Sodium
carboxy methyl cellulose (NA-CMC)

Central drug house Pvt. Ltd, New Delhi,
India

Millipore water

Bio-Age Equipment Ltd., Mohali, India|

Transcutol P, Lauroglycol FCC, Labrafac CC,
Labrafil MI1944CS, Labrafil M2125, Labrasol,
Maisine 35-1, Capryol 90

Gattefosse Pvt. Ltd., Mumbai, India

Miglyol 812N

Cremer Ole GmbH& Co.KG, Germany

Syloid XDP3150 Grace Material Technologies,
Discovery
Sciences, Pune, India

Capmul MCM M/S Abitec Corp., Ohio
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4.2 Equipments used

Table 10: Equipment used

Types of equipment

Model/Manufacturer

Electronic weighing balance
Dissolution apparatus

pH meter

RP-HPLC

UV spectrophotometer
Spray dryer
Ultrasonication bath
Hot air oven

Magnetic stirrer

FTIR spectrophotometer
Stability chamber

Differential scanning
calorimeter

Scanning electron microscope
Transmission electron
microscope

XRD analyzer
Partilce size

Actophotometer

Centrifuge

CY360, Shimadzu Co. Ltd., Kyoto, Japan
DS 8000 (Manual) Lab India, Mumbai, India
Phan, Lab India, Mumbai, India

HPLC LC-20AD, Shimadzu Co. Ltd., Kyoto,
Japan

UV-1800, Shimadzu Co. Ltd., Kyoto, Japan
JISL Spray Mate, Jay Instruments, Navi
Mumbai, India

Loba Life, Lobachemie, Mumbai, India
Cadmach Drying Oven, Cadmach Machinary
Ltd., Ahmadabad, India

Remi SMLH, Vasai, Mumbai, India
Shimadzu Co. Ltd., Kyoto, Japan

Remi CHM 108, Remi Sales & Engineering
Ltd., Mumbai, India

DSC Q200 V24.4 Build 116
Hitachi S-3400N
FEI Tecnai G 2 F20 model, Netherlands

PAN analytical X’pert 3 Pro, Netherlands
Zetasizer, Malvern Instruments Ltd., Malvern,
U. K.

INCO Pvt. Ltd., India

Remi Instruments, India
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4.3 Computer programs and software

Table 11: Computer programs and software used

Software Manufacturer

GraphPad Prism GraphPad Inc., La Jolla, USA

Origin Pro (version. 8.5) Origin Lab Corporation, Northampton, USA
BioRender Crunchbase Pvt. Ltd. Toronto, Canada

Design Expert (version 11.0.5.0)  Stat-Ease, Inc, Minneapolis, USA

Endnote X8 Thomson Reuters, USA
Chem draw Perkin Elmer, USA
4.4. Methodology

4.4.1 Characterization of drug

Characterization of SIM was carried out to determine its physical nature, melting point,
Amax.

4.4.2 Physical description

About 1g of drug was taken and spread on a glass slide. The colour of the drug was

identified through personal inspection (135).

4.4.3 Melting Point Determination

The melting point of the drug was carried out by both capillary fusion method and
Differential Scanning Calorimetry (DSC) method.

4.4.3.1 Capillary fusion method

The melting point of SIM was determined using a popular India equipment. The
capillary was sealed at one end by heating on a flame. The sample (SIM) was placed in
a thin-walled capillary tube of 10-15cm length and a diameter of 1 mm. The capillary
containing the drug and a thermometer was put in the melting point equipment and
properly heated. The capillary tube was observed through a window and the

temperature at which the sample melted was noted (136).

4.4.3.2 Differential Scanning Calorimetry (DSC)
The DSC of SIM was evaluated by the Perkin Elmer DSC Apparatus. Powdered
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sample (2-3mg) was taken in aluminium pan, heated over the range of 30-440°C at

10°C/min using a dry-nitrogen flush at rate of 19.8mL/min (80).

4.4.4 Determination of ultraviolet absorption maxima (Amax)

Drug sample (SIM) (10 pg/mL) was prepared in methanol and scanned to determine
absorption maxima in the range of 200-800 nm on UV spectrophotometer against

methanol as blank (137).

4.4.5 RP-HPLC method development for the quantification of the drug

To separate the components in high-performance liquid chromatography, the following
instruments were used, a 20-L loop [Rheodyne], a photodiode arrays detector [PDA]
[SPDM20A, Shimadzu., Japan], a mobile phase delivery pump [LC 20 AD,
Prominence, Shimadzu., Japan], and a C-18 reverse phase column [Nucleodur C18, 250
mm 4.6mm i.d., 5 Macherey Nagel]. LC solution software was used to operate the
HPLC equipment. Acetonitrile (A) and water (B) in ration of 90:10 was used as a
mobile phase. The chromatogram showed a wavelength of 238 nm with the flow rate

set to 1 mL/min.

4.4.5.1 Linearity and range

Plotting the average peak area of 6 samples versus the SIM concentrations and finding

out the regression equation obtained the calibration curve. (138).

4.4.5.2 Accuracy
All the quality control standard (QCS) solution i.e., LQC, MQC, and HQC were
prepared and injected repeatedly (six times) and average response was reported. The %

accuracy calculated by given equation 1 (139).

% A Actual concentration recovered 100 a1
ccuracy = * — .
0 Y Theoretical concentration q

4.4.5.3 Precision

This was determined based on intermediate precision and repeatability precision of the
developed method. Repeatability of the standard concentration were tested by

injections six times at the same day and under the same chromatographic conditions.
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Same procedure repeated by different 3 analyst (inter-analyst), under the same
experimental environment to determine intermediate procedure. The mean of the
responses was used to determine the % relative standard deviation (%RSD). (80, 140)
(141).

Standard deviation of peak area

%Relative standard deviation = *100 - Eq.2

Average peak area
4.4.5.4 Robustness

To evaluate the effect of small changes chromatographic condition on the developed
method such as A max (236nm, 238nm, 240nm) of the drug, flow rate (0.8 mL/min, 1
mL/min, and 1.2 mL/min), and ratio (88:12, 90:10, and 92:08) of the mobile phase were
determined by the injecting MQC samples repeatedly (six times) in the HPLC.

Retention time, peak area and % recovery of the drug was recorded (142).

4.4.5.5 LOD and LOQ estimation
The LOD and LOQ were determined by utilizing the calibration curve's slope (S) and
the standard deviation of the response (o).Standard deviation was calculated using by

intercept of the regression plot (141).

(0}
LoD=33c - Eq.3

(0}
LoQ=10¢ - Eq.4

4.4.6 Formulation development

4.4.6.1 Solubility study

The solubility analysis was carried out to choose the most acceptable co-surfactant,
surfactant, and oil for the preparation of SIM-SNEDDS. Analysis solubility of SIM
were carried out in various oils (castor oil, olive oil, eucalyptus oil, Almond oil, cotton
seed oil, Lauroglycol FCC, C-MCM), surfactants (tween 20, tween 80, polyoxamer
407, polyoxamer 188, labrafil M 1944 CS) and co-surfactant (TP) respectively. SIM
(10mg) was added to 1mL of each co-surfactant, surfactant, and oil in a 5 mL glass vial
and vortexed for 2-3 min. with a vortex. Further, all the vials were stoppered and kept
in shaking water bath for 48 hours at 37 + 0.2°C at 50 R.P.M. After that methanol was
used to dissolve the supernatant and concentration of the drug was calculated by

injecting the samples into an RP-HPLC and response was measured at 238nm (143).
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4.4.6.2 Preparation of SNEDDS

After the analysis of solubility data, CMCM, T-80, and TP were selected as an oil,
surfactant and co-surfactant respectively, for the formulation of SNEDDS. By adjusting
the oil and Smix (surfactants and co-surfactants) concentrations, a number of (27)
prototypes formulations were developed. Smix by changing the ratio between 1:1,1:2,
and 2:1. Composition of SNEDDS prototypes were shown in Table 1. The oil,
surfactants, and co-surfactants were vortexed (Cyclo Mixer, REMI, India) for 15
minutes to develop the SNEDDS pre-concentrate (1 mL) for all batches. Further, SIM
(10 mg) was added to each prepared pre-concentrate and vortexed for 15 min. All the
pre-concentrate was converted into emulsion by diluting it with 500 mL of distilled
water. The mixture was stirred at 500 rpm and temperature was maintained 37 £ 0.2° C

for 5-7 min (144).

Preparation of Simvastatin SNEDDS
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Figure 8: Method of preparation of SIM-SNEDDS
4.4.6.3 Construction of pseudo ternary phase diagram (TPD)
After the analysis of solubility data, CMCM, T-80, and TP were selected as an oil,
surfactant and co-surfactant respectively, for the formulation of SNEDDS. By
adjusting the oil and Smix concentrations, a number (27) SNEDDS prototypes were
prepared. Smix composition varying between 1:1,1:2, and 2:1. Composition of SNEDDS
prototypes were shown in Table 12. All the stable emulsion having clear and transparent

appearance were considered as a SNEDDS while stable but translucent emulsion were
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identified as a SMEDDS. Triplot software version 4.1.2 was used to construct a
simulated pseudo TPD. In this diagram formulation components such as oil, surfactant

and co-surfactant represent triangles apices (145).

Table 12: Composition of SNEDDS for ternary phase study

Formulation

Smix (1:1) Capmul MCM (uL)  Tween 80 (uL) Transcutol P (uL)
Fl 100 450 450

F2 200 400 400

F3 300 350 350

F4 400 300 300

FS 500 250 250

F6 600 200 200

F7 700 150 150

F8 800 100 100

9 900 50 50
Formulation

Smix (2:1) Capmul MCM Tween 80 Transcutol P
F10 100 600 300

F12 300 470 230

F13 400 400 200

F15 600 270 130

F16 700 200 100

F17 800 130 70

F18 900 70 30
Formulation

Smix (1:2) Capmul MCM Tween 80 Transcutol P
F20 200 270 530

F21 300 230 470

F22 400 200 400

F23 500 170 330

F24 600 130 270

F25 700 100 200

F27 900 30 70

4.4.6.4 Design of experiment (DOE) optimized of the formulation

The SNEDDS formulation was optimized using the Box-Behnken design. Oil,
surfactant, and co-surfactant concentrations were adjusted at 3 levels: high (+1),
medium (0), and low (-1) were selected as independent variables. Dependent variables
were checked against for GS (nm), PDI, ZP (mV). The developed model was adjusted
to suit in the design model and the level of relevance was determined. The perturbation
plots and 3D surface responses obtained were used to evaluate the influence of different

concentrations of independent variables (Factors) on the SNEDDS formulations.
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Graphical optimization was carried out the overlay plot obtained defined the fully
model's optimal region. The equation of a polynomial found was also used to study the
effect of independent variables on the responses (dependent variables) (145). The BBD

design formulation codes and the runs are given in Table 13.

Table 13: Compositions of SNEDDS using BBD

Factor 1 Factor 2 Factor 3
Run Oil (uL) Surfactant (uL) &i?urfactant
1 150 530 300
2 100 565 270
3 200 530 785
4 200 600 285
5 150 565 285
6 200 565 270
7 100 600 285
8 150 600 270
9 100 565 300
10 150 600 300
11 200 565 300
12 100 530 285
13 150 530 270

4.4.7 Evaluation of optimized SNEDDS
4.4.7.1 Thermodynamic, centrifugation, and cloud point determination

To determine thermodynamic stability, the optimized SIM- SNEDDS were put to stress
conditions through heating-cooling (4°C, and 40°C) cycles and freeze-thaw (-21°C, and
+25°C) cycles. To determine the cloud point temperature, 10 mL of diluted
formulations was put down over a heating water-bath while the temperature of the
composition was continuously measured and the appearance of cloudiness was
recorded. When the transparent SNEDDS began to turn turbid, the temperature was
recorded as cloud point temperature. Phase separation during centrifugation was
observed visually after centrifugation of 1 mL of diluted formulation at 10000 rpm for
20 min (146).

4.4.7.2 Effect of dilution and pH

SIM-SNEDDS were studied to evaluate how variations in dilute volume and pH
influenced mean droplet size, drug precipitation and phase separation in formulations.
SIM-SNEDDS were dissolved in various volumes of water (250, 500, and 900mL) and
pH levels (1.2,6.8,7.4) and the influence of dilution and pH changed was noticed (147).
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4.4.7.3 Drug Loading of SIM in SNEDDS

The SIM-containing SNEDDS were vortexed for 15 min with 1 mL of the optimized
formulation of SNEDDS. This was mixed with 500 mL of double distilled water at 500
r.p.m using magnetic stirrer. The water bath temperature was kept constant at 37+2°C.
The un-dissolved SIM was removed from the sample (5 mL) by centrifugation at 11200
g for 15 minutes and collected distilled water was used to make suitable dilutions, the
area of diluted samples was measured using RP-HPLC at 238 nm (63). Equation 5
formula was used to measure the percentage of drug loading.

concentration of formulation

%Drug Loading = 100 — Eq.5
/0Drug Loading concentration of standard i 1

4.4.7.4 Determination of zeta potential (ZP) and globule size (GS) of optimized
formulation

The ZP and GS of SNEDDS were measured using a Malvern zeta sizer nano ZS-90
(Malvern-Instruments Ltd., UK) by passing a laser light with a potential of 50 mV
through samples held in polystyrene cuvettes at a 90-degree angle. The optimized
formulation mixture (0.1 mL) was diluted with distilled water (100 mL) and filtered
through a 0.2um syringe filter. One milliliter diluted sample was taken and analyzed in

the sample cell. The procedure was carried out at a temperature of 25° C (63).

4.4.7.5 Differential Scanning Calorimetry (DSC) analysis

The DSC of pure SIM, C-MCM, T-80, TP, SIM-SNEDDS were evaluated by the Perkin
Elmer DSC Apparatus. Powdered sample (2-3mg) was taken in AP* pan, heated over
the range of 30-440°C at 10°C/min using a dry-nitrogen flush at rate of 19.8 mL/min
(80).

4.4.7.6 Scanning Electron Microscopy (SEM)

SEM of optimized SNEDDS was conducted to check the morphology of the prepared
SNEDDS. The material is scanned with electrons in a zig-zag pattern. It is
accomplished by covering them with a very fine coating (1.5 - 3.0 nm) of gold
palladium. FE-SEM is utilized to detect extremely fine topography information on the

surface of whole or aliquoted materials.(144).

4.4.7.7 High Resolution-Transmission Electron Microscope (HR-TEM)
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The HR-TEM was used to assess the surface structure of the optimized SNEDDS
formulation. The pre-concentrate SNEDDS (ImL) was mixed in water till the
nanoemulsion with the correct droplet size was formed. 1 drop of the prepared
nanoemulsion was left on the metal plate, and the extra formulation was wiped away
using filter paper. The plates were dyed with 0.5% phosphotungstic acid, and any
excess staining was removed with filter paper. When the squares were dried the HR-

TEM image was captured (21).

4.4.7.8 Cell line toxicity study

4.4.7.8.1 To determine the cell viability by MTT Assay in SH-SYSY cell line
SH-SYS5Y is a Thrice-subcloned cell line derived from the SK-N-SH neuroblastoma
cell line.

On day first, cells are cultured in DMEM media till it got confluent more than 70%.
The cells were trypsinized and then it transferred into 15mL falcon and then
centrifuged it for 5 min at 1000 rpm. After removing the supernatant, the cell pellet was
placed in fresh medium. Pipette out 10uL from that for the cell counting purpose.
According to the counting, approx. 10,000 cells per well was seeded in triplicates (100
uLper well) on 96 well plate and incubated it for 24 hrs at 37°C and 5% CO..

On day second, the media was removed from each well, and the sample was added
according to theconcentration to each well. Incubated it for 24hr at 37°C and 5% CO2.
On day third, 10uL MTT was added in each well without removing anything from the
well and incubatedit for 3hr. After that, each and every well were emptied and 100pL
DMSO was added and placed iton the rocker shaker for 20min. Took the absorbance
at 570nm. The percentage of cell viability was estimated by given equation 6:

o Mean OD of individual test group
%Cell viability = *

100 -  Eq.6
Mean OD of control group 4

4.4.7.9 In-vitro dissolution studies

Dissolution apparatus (USP type II) was used and an amount equivalent to 10 mg of
SIM was taken for investigation. During study as per standard protocol 900 mL of 6.8
phosphate buffer and 0.1N HCI (pH 1.2) were performed and temperature of dissolution
medium was adjusted at at 37 = 0.5° C and stirring speed was set at 50 r.p.m. Further

naive and optimized batch of SIM-SNEDDS were added to this medium and subjected
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for dissolution. Five milliliter aliquots were taken at an interval of 5, 10,15,20,30,45,
and 60 min. & filtered through a 0.2 pm membrane filter. The filtered solution was then
subjected to centrifugation for 15 min. at 9864g after that supernatant was examined

using HPLC at 238 nm to estimate the release characteristics of SIM (148).

4.4.7.10 Permeation studies

Franz diffusion cells were used in skin permeation research where the square pieces of
skin after, hydration using distilled water, placed between the donor and receiver
compartment with the stratum corneum facing toward the donor compartment. As a
diffusion medium, phosphate buffer saline pH 7.4 was utilized in the receptor chamber,
which was maintained at 37+ 0.5° C. SIM-SNEDDS was allowed to permeate the skin
from donor to receiver compartment for 24 h. 1mL of the formulation was placed in a
donor compartment and samples were taken at predetermined time intervals of
0,5,10,15,30 and 60 min from the receptor compartment. The RP-HPLC technique was

utilized to examine the samples and determine their permeation.

4.4.7.11 Stability study

The SIM-SNEDDS was stored in a stability chamber for 6 months at 5°C + 3°C,
25+0.2°C/ 65£5% relative humidity (RH) and 40+0.2° / 75+ 5% RH. Samples were
analyzed at different time intervals for droplet/particles size, polydispersity index and
assay and comparison with newly prepared samples. Dissolution of six months old
samples (sample stored 40+0.2° / 75+ 5% relative humidity) was compared with
dissolution of freshly prepared SIM-SNEDDS (63) (83).

4.4.8 Animal experimentation

4.4.8.1 Procurement of animals

The male SD (250-300 gm) 42 rats, were procured from Panjab University in
Chandigarh, India. The rats were kept in husk-covered polypropylene cages. Rats were
kept in a 12 hours light/dark cycle at 25+2°C and 55 £10% RH. Rats were given a
regular pellet diet with free access to water. The design of animal experiment was
authorized with protocol no. LPU/TAEC/2022/04 by the Institutional Animal Ethics
Committee (IAEC) of the Lovely Institute of technology (LIT Pharmacy), Lovely
Professional University (LPU), Punjab, India.
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4.4.9 Bioanalytical method development study using RP-HPLC

4.4.9.1 HPLC trials

This method was established utilizing ICH M10 standards to estimation drugs in rat
plasma. ACN and water (90:10) was used as a mobile phase and chromatogram was
determined at 238 nm at a flow rate of 1 mL/min. SIM was analyzed using various
mobile phase compositions, such as ACN-formic acid (0.1%), methanol-water, and
ACN-water, ACN and ortho-phosphoric acid, ACN and water, by adjusting the mobile
phase ratio (149).

4.4.9.2 Blood collection and separation of plasma

Rat blood was taken by a retro-orbital puncture using a capillary tube and radio immuno
assay (RIA) vial with EDTA crystals. The animal was initially held while having its
neck scuffed and its eye made to bulge. A capillary was inserted dorsally into the retro-
orbital region of the eye, and blood was permitted to enter into the EDTA vial via a
capillary tube. The EDTA tube was kept for centrifugation at 5000 rpm for 15 min with
the temperature set to 2-8°C. The clear supernatant was removed with a micropipette

and stored for processing in a deep freezer at -20 °C (Solution C).

4.4.9.3 Preparation of standard dilutions

SIM (10 mg) was dissolved in 10 mL of acetonitrile in a 100 mL volumetric flask and
then the volume was adjusted to 100 mL to obtain a solution concentration of 100
mg/mL (Solution A). A second volumetric flask was used to dilute Solution A to a
concentration of 10 mg/mL using acetonitrile up to 100 mL (Solution B). A further SIM
dilution was obtained by taking 10 mL aliquots of solution B and diluting them to 100
mL in acetonitrile to attain a concentration of 1.0 mg/mL (Solution C). To obtain a
concentration of 200 ng/mL, 20 mL of liquid from solution C was dissolved in a 100
mL volumetric flask, and the volume was increased by 100 mL of acetonitrile (Solution
D). ATV (10 mg) was dissolved in a small amount of acetonitrile in a 100 mL
volumetric flask, and the volume was then adjusted to 100 mL using acetonitrile to

obtain a final concentration of 100 mg/mL (Solution E).

4.4.9.4 Preparation of internal standard (IS)
To prepare the standard stock solution of IS, 10mg of atorvastatin (ATV) was weighed

accurately and dissolved in 100 mL ACN solution was sonicated (10 min.) to ensure
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the complete solubilization of the ATV in ACN. Further, stock solution was diluted 10

times, 10mg/mL solution was prepared and utilized as the IS.

4.4.9.5 Specificity study
SIM and blank plasma samples were injected on HPLC utilized ACN: water (90:10 v/v)
as a mobile phase to validate method specificity. The possibility of drug-plasma peak

interference was examined.

4.4.9.6 Development of calibration curve

One mL of solution E was added after aliquots of 1.25, 2.5, 3.75, 5, and 6.25 mL of
solution D were put into separate 10 mL volumetric flasks. 0.1 mL of plasma was added
to each of the above dilutions and mixed for 5 minutes. To precipitate and break down
plasma protein, acetone (1 mL) was taken to each sample and thoroughly agitated using
a sonicator for 15 minutes. Then, the all samples were centrifuged in an eppendorf for
30 minutes at 4 °C at 10,000 rpm. To get theoretical SIM concentrations of 50, 100,
150, 200, and 250 ng/mL and ATV concentrations of 10 mg/mL, using a micropipette,
the supernatant was separated and the volume was set at 10 mL in a volumetric flask.

HPLC was used to analyze SIM and ATV using the final prepared samples (150).

4.4.9.7 Validation of the method

ICM M10 standard was referred for the validation of developed method. To evaluate
system performance, system suitability characteristics such as tailing factor, theoretical
plate, detection limit, and quantification limit, and height equivalent to the theoretical

plate were assessed. (151).

4.4.9.8 Linearity and range

The concentration was plotted on the X-axis, and the mean peak area was plotted on
the Y-axis, to create the calibration curve. The slope, standard deviation of the intercept,
standard deviation of response (sigma), regression coefficient (1?), y-intercept, and

were calculated using the calibration data (152).

4.4.9.9 Accuracy
Absolute drug recovery from quality control samples was estimated to determine the
method's accuracy. Three different concentration levels of the method were used to

prepare dilutions: LQC-80%, MQC-100%, and HQC-120% with a medium

45



concentration of 100 ng/mL. Aliquots of solution D in the amounts of 3.0, 3.75, and 4.5
mL were added into separate 10 mL volumetric flasks to obtain these concentrations. 1
mL of solution E and 0.1 mL of plasma were then added. After adding plasma, the
samples were sonicated and centrifuged in an eppendorf at 10,000 rpm at 4 °C for 30
minutes. The supernatant was placed into a 10 mL volumetric flask with a micropipette,
and 3.75 mL of solution F was added. After that, 10mL of ACN were added to the
volume to dilute it. As a result, the theoretical concentrations of SIM in these solutions
were 120 ng/mL, 150 ng/mL, and 180 ng/m respectively, with 10 mg/mL of ATV.
HPLC was used to determine these concentrations in six replicate samples (150). The
formula shown in the following equation was used to estimate the absolute percentage

of drug recovery 7:

Actual concentration recovered

Actual 9 - 100 - Eq.7
ctual % recovery Theoretical concentration 4

4.4.9.10 Precision

The repeatability and intermediate precision of the developed method were used to
determine its precision. Six injections of the LQC, MQC, and HQC samples were
performed into the same experimental setup on the same day to ensure repeatability
(without the addition of sample solution F). By calculating LQC, MQC, and HQC
samples six times under similar experimental conditions but on different days with
different analysts (inter-analyst), the intermediate accuracy was determined (150).
Following the collection of the mean data, the given equation 8 was utilized to find the

percentage relative standard deviation:

%Relative standard deviation

_ Standard deviation of peak area

100 — Eq.8
Average peak area ’ q
4.4.9.11 Validation of system suitability and determine of LOD and LOQ
System compatibility were evaluated using the tailing factor, peak purity index,
theoretical plate, and height equivalent to theoretical plate (HETP). The standard
deviation of response (sigma) and slope of the calibration curve were used to determine

the LOD and LOQ (S) (153). The regression line's Y intercepts' standard deviation was
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used to estimate the standard deviation. The following equations (9) and (10) were used

to calculate the results.

(0}
LOD =333 — Eq.9

(0}
L0Q =10¢ — Eq.10

4.4.9.12 Stability study

Three freeze-thaw cycles were used to study the stability of plasma samples spiked with
SIM, with short-term stability at room temperature for three hours and long-term
stability at -20 °C for three weeks. 3 mL plasma was collected in one RIA vial for
freeze-thaw stability. To this vial, 10 mg of SIM was added (to reach a 1000 mg/mL
concentration), and solution was vortexed for 5 minutes. This test tube was placed in a
freezer at a -20 °C temperature. The frozen sample was removed from the test tube.
These sample thawed at room temperature. One mL of plasma was extracted from the
thawed samples (Cycle 1), and the remaining 2 mL of plasma was kept in the deep
freezer for the subsequent cycle. The drug was precipitated from the extracted plasma
(1 mL), and the centrifugation of the supernatant. The transparent clear supernatant was
collected by centrifugation and diluted to 100 mL with ACN to obtain a concentration
of 100 mg/mL (18). Dilutions were also prepared to obtain LQC-120 ng/mL, MQC-150
ng/mL, and HQC-180 ng/mL. Similar to Cycle 1, the last sample of frozen plasma (2
mL) was carried out, allowed to thaw at room temperature, and then 1 mL was extracted
(Cycle 2). The final 1 mL of thawed plasma was then placed back in the deep freezer.
After frozen, it was removed and thawed (Cycle 3). In order to prepare LQC, MQC,
and HQC samples for Cycles 2 and 3, the procedure was repeated. IS was introduced
at a concentration of 10 mg/mL to each of these solutions. Every dilution was prepared
in triplicate and then put into an HPLC, and their retention times at 238 nm were
determined. For every concentration, the average, standard deviation, and percent RSD
were determined (154). Similar to this, at room temperature, the short-term stability of
a plasma sample injected with SIM was determined. Before extraction, the stability was
tested at 1, 2, and 3 hours. In the short term, 3 mL of plasma and 10 mg of SIM were
added (to obtain a 1000 mg/mL concentration), to the RIA vial and for five minutes,

vortexed (155). The RIA vial was maintained at a constant temperature of room
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temperature. A sample (1 mL) was collected after every interval, the drug was removed
from the plasma, IS (10 mg/mL) was added after the samples for the LQC, MQC, and
HQC had been prepared. The retention times of each dilution were measured at 238 nm
after they had been produced in triplicate and put into the RP-HPLC. For each
concentration, the mean, standard deviation, and percent RSD were estimated. The 3
RIA vials containing 1 mg of SIM each were filled with 1 mL of plasma to ensure long-
term stability (to achieve a concentration of 1000 mg/mL). All three vials were put in
the freezer at -20 °C after the mixture had been vortexed for 5 minutes. The 3 vials were
taken out of the freezer after 1, 2, and 3 weeks. The drugs were removed from the
plasma after every interval, IS (10 mg/mL) was added after the LQC, MQC, and HQC
samples were prepared. In order to measure the retention times at 238 nm, each dilution
was made in triplicate and then put into the RP-HPLC. For every concentration, the

mean, standard deviation, and percent RSD were quantified.

4.4.9.13 Statistical analysis

All experimental results are presented as means with standard deviations (SD). The
mean, SD, and % relative standard deviation were determined and used an MS Excel
spreadsheet. The calibration curve was created using Graph Pad Prism version 7.0 and
the results were compared using Tukey's multiple comparison test. (GraphPad Software
Inc., CA, USA). A significant difference in the collected data was shown by a P value
of less than 0.05.

4.4.10 Pharmacodynamic study

As shown in Table 15, all 42 male SD rats were allocated into 7 groups (n=6 each
group) at random. All groups except the first (normal control) group consumed the
normal pellet diets for the first 48 days, while other group of rats received groups
aluminium chloride (100 mg/kg, orally) daily for the period of 0 to 8 weeks (156).
Simultaneously, All the groups, of rats except first group of rats received the assigned
treatment of drug from 8 to 12 weeks (48" to 84th). During this study period at 0, 56,
70 and 84 days the open filed test (OFT), novel object recognition (NOR) tests and
morris water maze (MWM) test were performed record behavioral parameters. The
biochemical parameters were also evaluated at the end of study after scarification of

experimental animals and their tissues were also isolated to investigate determination
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of acetylcholinesterase activity, catalase estimation, superoxide dismutase assay, MDA
assay, glutathione assay, enzyme linked immunosorbent (ELISA) assay for TNF- a, IL,
metal ion concentration and lipid level.

Table 15: Pharmacodynamic study protocol

Sr. No. Treatment Dose (mg/kg), Route of administration
(n=6) (p-0.)

I Normal Control I mL 0.5% CMC

I Disease Control 100 mg/kg Aluminium chloride

11 SNEDDS Placebo 10g/kg

v Standard Control Img/kg (Donepezil)

\Y Unprocessed SIM 0.987mg

VI SIM SNEDDS (Low dose) 1.974 mg

VII SIM SNEDDS (High dose) 3.948 Mg

4.4.11 Behaviors analysis

4.4.11.1 Open field test

An open-field performance monitoring test was performed on the rats to check at both
locomotor and behavioural performance. A wooden apparatus with 16 (4x4) squares
was used to record observations. The animal was put in a corner of the apparatus, and

for 5 minutes its behaviour was recorded (157) (158). The study evaluates:

1. Rearing
2. Fecal pellets
3. Total time movements

4. Squared explored

4.4.11.2 Morris Water Maze (MWM)

Rats' retention of working (reference) and spatial memory was examined by using the
Morris water maze. The equipment includes a big circular pool partitioned into 4
quadrants, with a platform in the fourth quadrant. Around the pool, there were external
cues that maintained constant during the trial. Reference memory was given by these
cues. The platform was set During in the acquisition phase, the water surface was 1 cm
above the surface, and the rats were given five consecutive days of trials. Then one by
one these rats were placed in one of the quadrants of the pool while facing the pool's
wall. For each trial, the drop location was different. The animal was permitted to find

the platform and was helped and guided toward it if it did not find it within 120 seconds.
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The animal was then permitted to remain on the platform for 20 seconds (158). The
memory test for both cognitive and spatial memory was divided into two phases. The
time duration (s) needed by the rat to go to the platform after being immersed in the
water was examined to test spatial memory. The rat's time (s) stayed in the targeted

zone (up to 120 s) without the platforms was noted for working (reference) memories.

4.4.11.3 Novel object recognition test

Rats were used in studies to examine the hippocampus's working and spatial memories
as well as its memory for novel objects. The apparatus consists of a large open container
divided into arenas. The rat was located in the centre of the field during the acquisition
phase, having two similar items positioned in the corners of the area. The rat was given
10 minutes to explore the area (158). The rat was removed from the area during the
retrieval phase and two objects—one familiar (the similar object from the phase of
acquisition) and one new placed in its place (one that the rat has not before seen). The
rat was given ten minutes to roam the areas. To determine the discrimination and
recognition index, the amount of time (s) spent examining both familiar and unfamiliar

objects was recorded (159).
4.4.12 Biochemical estimation

4.4.12.1 Acetylcholinesterase activity

The AChE was utilized as a biomarker for the loss of cholinergic neurons in the brain.
ACHhE activity was determined using the Ellman methods. In summary, 3 mL of 0.1 M
sodium phosphate buffer and 0.05 mL of protein sample (pH 8.0) were mixed. The
solution was given 0.1 mL of acetylthiocholine iodide and 0.1 mL of DTNB. A UV
spectrophotometer was used to measure the difference in absorbance at 412 nm at 30-

second intervals for 2 minutes. (79).

4.4.12.2 Metal Ion Concentrations in the Hippocampus

Hippocampus (25mg) added in 3 mL of 65% HNO; and allow to keep for 18 hrs.
Further, after filtration through filter paper. A clear filtrate was analysed by the optimal
8300 ICPOES model of Inductively coupled plasma mass spectrometry(ICP-MS) is
produced by Perkin Elmer Corporation (160).
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4.4.12.3 Catalase (CAT) estimation

In each group, CAT activity was assessed in a brain sample. After centrifugation of the
homogenized brain, the clear supernatant was collected. One mL of H202 (30mM) was
added to 1.95 mL of supernatant, and the absorbance was measured for 30 seconds after
15 seconds of internal time (0,15,30 sec). The absorbance was measured with a UV

spectrophotometer at lambda max 240nm (161).

OD initial

CAT= {[(2.3x log Z-0) / At * 1001 / 0.693} / mg of protein - Eq.12

4.4.12.4 Reduced glutathione (GSH) assay

Beutler's method was used to determine the GSH level. The cerebral cortex and
hippocampus homogenate tissue was mixed with one mL of supernatant trichloroacetic
acid (10% w/v in water) and centrifuged at 1000 g for 10 minutes (79). 0.5 mL of the
supernatant was collected after centrifugation, 2 mL of disodium hydrogen phosphate
(0.3M), and 0.25 mL of newly prepared 5,5,-dithio-bis-(2-nitrobenzoic acid (DTNB,
0.001 M in 1% w/v sodium citrate) were added. The reduced glutathione's absorbance
was recorded at 412 nm, and the standard plot was used to determine the concentration

of GSH (10-100 M) (162).

4.4.12.5 Thiobarbituric acid reactive substances (TBARS) assay

The TBARS test measures the concentration of malondialdehyde (MDA) to estimate
the degree of lipid peroxidation. Supernatant and Tris HCI1 (pH 7.4) were combined in
0.2 mL, and the mixture was then kept at 37°C for two hours. 1 mL of 10% ice-cold
TCA was added during incubated, and then the mixture was agitated at 1000 g for ten
minutes. (79). After 10 minutes in a hot water bath, 1 mL of the supernatant and 1 mL
0f0.67% TBA were added, and the samples were allowed to cool before the absorbance
at 532 nm was determined. The extinction coefficient of MDA, 0.156 M-1, was used in
further calculations, and A nanomole of MDA per mg of protein was used to express

the final concentration (163).

4.4.12.6 Superoxide dismutase (SOD) assay
0.1 mL of supernatant of brain homogenate were considered for this estimation which
was added to 2 mL mixture of 0.1 mm ethylenediamine tetra acetic acid, NBT 96 mm,

and sodium carbonate 50 mm at pH 10.8, followed by 0.1 mL of hydroxylamine
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hydrochloride (20 mM, pH 6). The absorbance was determined at 560 nm at 60-sec

intervals for 2 minutes. The activity was measured using the following formula (163).

AOD of control—AOD of sample
0D of control

SOD = (

)*100 / 50 / vol. of homogenate/mg of protein

Eq. 13

4.4.12.7 TNF-alpha and IL-1p

For the estimation of TNF-a and IL-1f enzyme linked immunosorbent assay (ELISA)
kits Ray Bio Rat TNF-alpha and IL-1 ELISA Kit, USA) were used and the method
given in the kit were followed (164).

4.4.13 Pharmacokinetic study

To evaluate SIM bioavailability in the plasma and brain, rats fasted for 16 hours before
SIM administration. SIM and SIM-SNEDDS were both given orally at doses of 1.974
mg/kg mg/kg body weight shown in Table 14. At the end of study all animals of their
respective groups where undergone sacrification to collect the blood using heart
puncture method at the same time brain tissue where also taken out at the specified
interval of 1, 2, 3, 4, 5, 6, 8, and 24 hours. Plasma was extracted from blood samples
after 5 minutes of 16,000 g centrifugation. After homogenizing the brain tissues in
sodium phosphate (Na3;POy) buffer (pH 6.5) for ten minutes at 10,000 g, the supernatant
was taken. The stabilizing agents used for SIM were ascorbic acid (AA) and tris (2-

carboxyethyl) phosphine (TCEP).

Table 14: Design of pharmacokinetic study

Group Treatment Dose Animals used
I Unprocessed SIM 1.974 mg/kg 6
I SIM SNEDDS 1.974 mg/kg 6

All samples were immediately frozen and kept at 20°C. From the samples,
unconjugated SIM was calculated (158). The sample was mixed with 10 mL of K,HPO4
and incubated at 37°C for 45 minutes to extract the unconjugated SIM. The ethyl acetate
layer was evaporated using a nitrogen evaporator, and ethyl acetate was then utilized to
extract the SIM. The filtrate was reformed with 100 mL of 15% v/v aqueous ACN
solution. Following that, 50 mL of the sample was added to the HPLC for further
measurement using the HPLC/UV technique. (165).
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(AUC)test x D std.

Relative bioavailability (Fr) = (AUC)std X D test Eq.11
AUC= area under the curve, and
D = dose administered.
PHARMACOKINETIC STUDY
Group 1(6 Rats) Group 2 (6 rats)

. ‘.'

SIM-API through oral route SIM-SNEDDS through oral route

B | e

Blood withdraw through Blood withdraw through
, retro-orbital route retro-orbital route
EDTA vials | 015,30,60,120,240 min 0,153060,120240min |l EDTA
| | vials
| 2
\\' ) ' Analysis data through
v é | .'5 RP-HPLC

. e
- Collectplasma W'

Centrifuged at 3500 r.p.m.
for 15 min

Figure 9: Design of Pharmacokinetic study

4.4.14 Histopathological Examinations

Cortex and hippocampus portions were isolated after sacrification of animals from
different groups and then fixed with 10% formalin after being cleaned with cold
phosphate-buffered saline. Both tissues were ready as paraffin-embedded blocks. After
cutting the paraffin sections, they were dyed using hematoxylin and eosin, and then
examined using a light microscope (100x). The study was done in triplicate.

Histopathological evaluation was carried out by blinded experimenters (166).
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Figure 10: Design of pharmacodynamic study
4.4.15 Statistical Analysis
Statistical analysis was performed with two-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test using GraphPad Prism trial version 8.0
for behavioural parameters while one-way analysis of variance (ANOVA) was
considered for other parameters. The experimental data was represented as mean +

SEM. The results were considered significant when p <0.001, p <0.01 and p < 0.05.
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CHAPTER-5

5. Results and Discussion
5.1 API Characterization
5.1.1 Physical description of SIM

Table 16: Physical description of SIM
Drug Property Observation Literature Report Reference

SIM  Colour Off-White Off-White (63)

5.1.2 Melting point determination
5.1.2.1 Capillary fusion method

The value obtained after performing the melting point through capillary fusion method

are shown in Table 17.

Table 17: Melting point of SIM using capillary method

Drug Observed value Reported value Reference

SIM 142-143°C 135- 138°C (167)

5.1.2.2 DSC analysis

The DSC of pure SIM was evaluated by the Perkin Elmer DSC Apparatus. Powdered
sample (2-3mg) was taken in aluminium pan, heated over the range of 30-440°C at
10°C/min using a dry-nitrogen flush at rate of 19.8mL/min. The thermograph of SIM
showed sharp endothermic peak at 141.73°C and AH was 73.1658]/g. It was concluded
that SIM was crystalline in nature. The results are given in Table 18 and Figure 11
(168).

Table 18: Results of Pure DSC of SIM

Drug Observed Reported References
Endothermic peak Endothermic peak
SIM 141.73° 139.54°C (168)
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Figure 11: DSC thermogram of SIM

5.1.3 Determination of ultraviolet absorption maxima (Amax)

The maximum wavelength of SIM was measured by using UV-1800 Shimadzu-
spectrophotometer (Kyoto JAPAN). Spectrum of SIM samples (10ug/mL) were
prepared in methanol and scanned in the range of 400-200nm against methanol as
blank.

s [ 238nm

Figure 12: Absorption spectrum of SIM showing maximum absorbance at 238 nm
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It was showed the maximum absorbance at 238 nm (169). The spectrum was showed

in the Figure 12.

5.2 Analytical method development

5.2.1 Selection of mobile phase of SIM

Different trials with different mobile phase and compositions, such as acetonitrile-
formic acid, methanol-water, and ACN-water, ACN and ortho-phosphoric acid (0.1),
ACN and water was tried for SIM, by adjusting the ratio of the mobile phase as shown

in Figure 13.
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Figure 13: Chromatogram of SIM in ACN and formic acid (A), Chromatogram of
SIM in methanol-water (B), Chromatogram of SIM in ACN and ortho-phosphoric
acid (0.1) (C), Chromatogram of SIM in ACN and water (D)

SIM retention time was observed to be 8.114 minutes in trial 1Nevertheless, the various
peaks indicated broadening, shouldering and splitting. As a result, the method was not
assessed any further for validation purposes. Trial 2 was not accepted because the SIM
peak was too distinct, but two extra splitting and shouldering peaks were seen. In trial
3, this method was also rejected due to multiple broadening, shouldering and splitting
peaks. SIM retention time was 11.148 minutes in trial 4, which was too long. So, this

trial was also not accepted.
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Figure 14: Chromatogram of SIM in Acetonitrile — Water (90:10)

Out of these trials 90:10 ratio of ACN: water showed better results in term of sharpness
of the peak. Additionally, the value of the theoretical plate for SIM in this trial was
71579.436, which was above 2000. The tailing factor for SIM was less than 2. SIM's
retention time was observed to be 8.106 minutes, 90:10 ratio is selected for validation

as shown in Figure 14.

5.2.2 Linearity and Range

To check that the linearity was accurate, the obtained calibration curve that was plotted
with concentration versus mean area. The calibration curve was found to be linear in

the range of 2-10 pg/mL, with an R? value of 0.998, as depicted in Figure 15 (170).

CALIBRATION CURVE OF SIMVASTATIN

4000000 y = 37688x + 3103.
3500000 R?=10.999
3000000
2500000
2000000
1500000
1000000
500000
0
0 2 4 6 8 10 12

PEAK AREA

Concenration (mcg/mL)

Figure 15. Calibration curve of SIM
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5.2.3 Accuracy

The mean % recovery of the LOQ, MQC, and HQC solutions in mobile phase was used
to assess the suggested method's accuracy. The data indicated that the % mean recovery
in mobile phase was found with in the specified limits of 95-105 % for all three levels
(171). The developed method's accuracy was verified using a % relative standard

deviation less than 2% as shown in Table 19.

5.2.4 Precision

The percentage RSD was calculated to validate the precision of developed analytical
method. %RSD of all the 3 standard solutions i.e., LQC, MQC, and HQC were
measured by using response area of interday, intraday and interanalyst. The % RSD of
inter & intra days was found in the range of 0.21-0.53 % whereas, 0.21-0.61 % was
observed in the case of interanalyst. All these calculated RSD were found within the

acceptable limits of 2% RSD shown in Table 20 (172).

5.2.5 Robustness

Evaluation of robustness of any analytical method is the expression of resistance (%
recovery) of the developed method by small changes in the experimental conditions
such as Amax, flow rate, and ratio of mobile phase. % recovery of all 3 standard solution
were calculated by injecting the sample in HPLC by varying the Amax, flow rate and
ratio of mobile phase. % recovery was found in the range of 96-102 % after small change
in Amax & ratio of mobile phase and it was found 96-105% by altering the flow rate of

the mobile phase shown in Table 21 (173).

59



Table 19: Results of Accuracy studies

Level Conc. Responses (area), injections Mean SD %RSD  %Recovery
(ug/m 1 2 3 4 5 6 (*N=6)
L)
SIM
LQC 4.8 1856251 1855622 1852242 1868541 1844622 1865655 1850488.8 9814.40  0.5303  102.28
MQC 6.0 2296514 2295685 2287568 2291562 2288450 2299112  2258149.0 4885.35  0.2163  99.72
HQC 7.2 2684565 2675685 2678562 2681562 2681258 2662552  2682364.0 7843.23  0.2924  98.61
Table 20: Results of precision studies for SIM
Param Level Concent  Analytical responses (area), injections Mean SD %RSD
eter ration 1 2 3 4 5 6 (*N=6)
(ng/mL)
Repeatability (intraday precision)
LQC 4.8 1856251 1855622 1852242 1868541 1844622 1865655  1850488.80 9814.40  0.53
MQC 6.0 2296514 2295685 2287568 2291562 2288450 2299112  2258149.00 4885.35  0.21
HQC 7.2 2684565 2675685 2678562 2681562 2681258 2662552  2682364.00 7843.23  0.29
Intermediate precision (interday)
Dayl LQC 4.8 1856251 1855622 1852242 1868541 1844622 1865655  1850488.80 9814.40  0.53
MQC 6.0 2296514 2295685 2287568 2291562 2288450 2299112  2258149.00 4885.35  0.21
HQC 7.2 2684565 2675685 2678562 2681562 2681258 2662552  2682364.00 7843.23  0.29
Day2 LQC 4.8 1859256 1852632 1866521 1864556 1845245 1856323  1852424.00 8738.49 047
MQC 6.0 2289526 2282622 2265545 2286562 2266526 2275655  2261073.00 9389.89  0.41
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HQC 7.2 2696554 2685463 2666989 2678466 2688533 2669695  2670283.00 9446.25  0.35
Day3 LQC 4.8 1856522 1868562 1865682 1846252 1855845 1856523  1864898.00 8856.77 047
MQC 6.0 2296952 2288526 2266545 2289639 2288622 2296584  2261144.00 11368.70  0.50
HQC 7.2 2686625 2696322 2685636 2696324 2676984 2676545  2656406.00 9788.90  0.36
Intermediate precision (inter analyst)
Day 1 LQC 4.8 1865852 1882612 1873622 1877562 1896955 1874562  1856860.00 9550.43  0.51
MQC 6.0 2286569 2293146 2279522 2279652 2286595 2298696  2270696.00 8415.50  0.37
HQC 7.2 2685962 2696526 2698562 2686256 2683878 2686854  2689673.00 6641.32  0.24
Day2 LQC 4.8 1875695 1859542 1886854 1899885 1889544 1896585  1863017.00 15945.13  0.85
MQC 6.0 2286952 2279146 2299855 2293123 2288965 2296985  2257504.00 8084.82  0.35
HQC 7.2 2696585 2665954 2695489 2687955 2689755 2699554  2685882.00 13022.60 0.48
Day3 LQC 4.8 1889556 1889854 1896589 1869887 1898545 1885685  1866686.00 11421.30 0.61
MQC 6.0 2296854 2279854 2289844 2295698 2295122 2295644  2272169.00 6817.78  0.30
HQC 7.2 2694589 2688954 2695414 2685598 2689541 2671155  2698542.00 9087.83 0.33
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Table 21: Robustness study

Level Conc.  Analytical responses (area), injections Mean SD %RSD
(ng/m 1 2 3 4 5 6 (*N=6) % Recovery
L)

Amax 4.8 2143791 2180685 2143931 2174387 2192771 2137993 2178926 419450  0.1925 96.22
6.0 2297514 2289685 2297568 2298562 2288450 2275112 2291149  8980.89  0.3919 101.18
7.2 2286952 2279148 2299855 2293123 2289965 2296985 2257504 8084.81  0.3581 99.69

Flow rate 4.8 2176389 2178137 2180872 2175791 2190343 2180938 2180412 532591  0.2442 96.28

(mL/min) 6.0 2296854 2289854 2289844 2295698 2295122 2285644 2292169 439235  0.1916 101.22
7.2 2376081 2389371 2380872 2378606 2397745 2380238 2383936 8108.19  0.3401 105.28

Mobile phase 4.8 2178555 2168552 2185844 2168447 2169652 2175954 2174500 6967.98  0.3204 96.02

ratio (A: B) v/iv 6.0 2278554 2289854 2279844 2295698 2295122 2285644 2287453  7388.09  0.3229 101.01
7.2 2268966 2289641 2278672 2295915 2289454 2298555 2286867 11139.72 0.4871 100.99
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5.2.6 LOD and LOQ
The value of LOQ and LOD were 0.52pg/mL and 0.17ug/mL respectively.

5.3 Solubility Study

The solubility of the SIM in various oils, surfactant and co-surfactant were determined
and report in Figure 16&17. The drug was shown maximal solubility in CMCM
(42.78+0.05%) oil, TP (43.96+0.15%) co-surfactant, and T-80 (42.63+0.25%)

surfactant.

5.3.1 Solubility in oils

Capmul MCM (42.78+0.05%)> Lauroglycol FCC (39.04+0.15%)> Cotton Seed
(19.26+0.36%)> Eucalyptus oil (18.56+0.55%)> Olive oil (17.52+0.42%)> Labrafac
PG (16.35+0.36%)> Captex 300 (15.45+0.19%)> Castor oil (14.95+0.21%)> Peanut
oil (12.85+0.29%)

50+ \
Castor oil

Capmul MCM
Lauroglycol FCC
Peanut ail

Olive ol

Cotton seed
Eucalyptus oll

Solubility (mg/mL) :

Figure 16: Solubility of SIM using different oils
5.3.2 Solubility in surfactant and co-surfactant
Transcutol P (43.96+0.15)> Tween 80 (42.63+0.25)> Labrasol (41.26+0.18)> Tween
20 (37.65+0.05)> Polyoxamer 407 (19.65+0.09)> Polyoxamer 188 (18.56+0.18)>
Labrafil M 1994 (16.35+0.21)
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Figure 17: Solubility of SIM using different surfactants and co-surfactants

The maximum solubility of SIM was found to be in Capmul MCM (42.78%),
Lauroglycol FCC (39.04%), Transcutol P (43.96%) and, Tween 80 (42.63%).

5.4 Construction of TPD

By adjusting the oil and Smix (surfactants and co-surfactants) concentrations, a number
of (27) prototypes formulations were developed. Smix by changing the ratio between
1:1,1:2,and 2:1. Composition of SNEDDS prototypes were shown in Table 22. Ternary
phase for these formulations are shown in Figure 18. According to the TPD, increasing
the oil ratio in the formulation, reduced the formulation transparency. Resulting in an
increase in particle size. When increasing the oil phase, it led to an increase in the lipid
concentration of the emulsion, and the surfactant concentration was insufficient to
ensure a uniform mixture of nano-size particles due to an increase in interfacial tension
at the o/w interface. On the other hand, when the level of oil was reduced and the level
of surfactants was increased, the interfacial tension between the o/w interface was
reduced, this refers to the outcome of a process where nano particles are evenly
distributed and appear clear and transparent. F1, F2, F3, F10, F11, F12, F19, and F20
were noticed to be transparent and clear emulsions in results are shown in Figure

(indicated as SNEDDS).
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Table 22: Formulations of SNEDDS using various oils and S«

Formulation Capmul Tween 80 Transcutol P Appearance
Smix (1:1) MCM

F1 100uL 450 pL 450 uL Transparent
F2 200uL 400 pL 400 uL Transparent
F3 300uL 350 uL 350 uL Transparent
F4 400uL 300 uL 300 uL Turbid

F5 500uL 250 uL 250 uL Turbid

F6 600uL 200 pL 200 uL Turbid

F7 700uL 150 pL 150 uL Turbid

F8 800uL 100 pL 100 uL Turbid

F9 900uL 50 uL 50 uL Turbid
Formulation Capmul Tween 80 Transcutol P Appearance
Smix (2:1) MCM

F10 100uL 600 uL 300 uL Transparent
F11 200uL 530 uL 270 uL Transparent
F12 300uL 470 pL 230 uL Transparent
F13 400uL 400 pL 200 uL Turbid

F14 500uL 330 uL 170 uL Turbid

F15 600uL 270 uL 130 uL Turbid

F16 700uL 200 pL 100 uL Turbid

F17 800uL 130 pL 70 uL Turbid

F18 900uL 70 uL 30 uL Turbid
Formulation Capmul Tween 80 Transcutol P Appearance
Smix (1:2) MCM

F19 100uL 300 uL 600 pL Transparent
F20 200uL 270 uL 530 uL Transparent
F21 300uL 230 uL 470 uL Transparent
F22 400uL 200 pL 400 uL Turbid

F23 500uL 170 uL 330 uL Turbid

F24 600uL 130 pL 270 uL Turbid

F25 700uL 100 pL 200 uL Turbid

F26 800uL 70 uL 130 uL Turbid

F27 900uL 30 uL 70 uL Turbid
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Figure 18: Ternary phase diagram

This implies that the amount of CMCM played a significant role in decreasing the GS
of SNEDDS. Similarly, the higher concentration of TP among surfactant (T80) and co-
surfactant (TP) played a major role in reducing GS to the nano level. These 27

SNEDDS formulations were evaluated further.

5.5 Thermostability study

SIM-SNEDDS showed good stability. The results demonstrated that there was no phase
separation observed in the centrifugation, heating-cooling cycle, or freeze-thaw cycle
tests. The results of SIM-SNEDDS demonstrated results in which, the particle sizes
were less than 100nm, a PDI of 0.20-0.40, and a % transmittance value close to 100
percent. Formulation F11 was found to have the smallest GS and the best stability
against thermodynamic and kinetic stress of the 27 SNEDDS prototypes tested

(centrifugation).

5.6 Optimization of SNEDDS

Thirteen experiments were conducted to examine how the ingredients (oil, surfactant,
and co-surfactant) affected the SIM-SNEDDS. The responses of all the trials of BBD
are given in Table 23. Analysis of variance was used to determine the adequacy of the

design (i.e., p>0.05). The polynomial equation obtained for the design demonstrated
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that each variable had significant effect on the GS, ZP, and PDI. Linear equation was
found for GS, PDI, and quadratic equation for ZP. The equations 13, 14, and 15 below
represent the ultimate mathematical model in relation to encoded factors, which has

been identified by the Design-Expert software.
Particle size = +68.04+47.16* A+4.81*B+15.38*C - Eq. (13)
PDI =+0.4069+0.0125*A-0.1388*B+0.0013*C - Eq. (14)

Zeta potential = -13.40-1.05%A+0.7625*B-1.79*C+0.6750*AB-1.97* AC-3.50*BC-
0.3250%A2-5.10*B2+0.0500*C2 - Eq.(15)

Table 23: Optimization of SNEDDS using BBD

factor Factor 2 Factor 3 Response 1 ;lesponse ;lesponse
Run (AHZL)OH B: Surfactant (uL) S;L) Co-Surfactant Size (nm) PDI (ngzﬁ)
1 150 530 300 76.60 0.54 -17.20
2 100 565 270 14.48 0.22 -12.10
3 200 530 285 129.00 0.41 -20.90
4 200 600 285 176.50 0.24 -18.20
5 150 565 285 54.03 0.4 -13.40
6 200 565 270 78.58 0.54 -10.90
7 100 600 285 12.81 0.29 -18.10
8 150 600 270 53.09 0.26 -12.70
9 100 565 300 40.99 0.53 -12.50
10 150 600 300 72.19 0.24 -22.50
11 200 565 300 105.70 0.43 -19.20
12 100 530 285 44.26 0.48 -18.10
13 150 530 270 26.26 0.71 -21.40

In the above equation positive sign in the indication of synergistic whereas, negative
sign is the indication of antagonistic effect of factors on the mentioned response.
Equation 13 for GS revealed that with an increase in factors A, B, and C there was an
increase in the GS of SNEDDS. Similarly, equation 14 showed that with an increase in

concentration of oil (factor A) and concentration of co-surfactant (factor C) PDI of the
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SNEDDS increase, whereas concentration of surfactant (factor B) showed the opposite

effect. Similarly, concentration of oil and co-surfactant have antagonistic effect and

concentration of surfactant had synergistic effect on ZP of SNEDDS (Eq. 15). These

equations were used to generate various countour plots for various independent factors,

which indicated that each factor played a critical role in the formulation of SNEDDS.

Table 24: Summary of ANOVA of BBD batches

Independent variables Regression coefficient P value
R2 Fvalue
Globules Size 0.7502 9.01 0.0045
PDI 0.5661 3.91 0.0484
Zeta Potential 0.9886 28.99 0.0092
Perturbation Perturbation Perturbation
A " 8 :Il: :
g 100 c = 05 % » <
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Figure 19: Perturbation plot for GS (A), PDI (B) and ZP(C)

Size (nm)

(A)

et
s
e
LA

& .

22

AL A

',

(B)

SaasaTNaN
SRR

Figure 20: 3D plot for GS (A), PDI (B) and ZP (C)
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Figure 21: Overlay plot representing optimized composition of SNEDDS

The perturbation plot (Figure 19A) and 3D plot (Figure 20A) for GS indicated that
factor A, B, and C had a signifcant effect on GS. Conversely, perturbation plot (Figure
19B) and 3D plot (Figure 20B) indicated that independent factor B had a dominant
effect as compared to factor A&B. This showed that as the concentration of surfactant
increased, it lead to a decrease in factor D of the formulation. The perturbation plot
(Figure 19C) and 3D plot (Figure 20C) for ZP indicated that factor B had a dominant
effect on the ZP of the formulation. This showed that with increased in surfactant

concentration (factor B), ZP shifted more towards the positive side.

5.7 Preparation & characterization of optimized SNEDDS

The results of DoE study provides an optimized composition for SNEDDS which
includes capmul MCM (150uL), tween 80 (600uL) and Transcutol P (270uL). This
composition was vortexed properly and SIM (10mg) was added to form liquid

SNEDDS of SIM which was further evaluated for various parameters.

5.8 Thermodynamic and centrifugation stability
Optimized formulation was analyzed after the centrifugation and by varying the
temperature during thermodynamic stability study (heating, cooling and freeze thaw

cycle) no precipitation and phase separation was observed. The optimized formulation's
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cloud point was determined to be 95+0.36°C. The diluted SNEDDS showed no drug

precipitation, creaming, or cracking after 7 days.

5.9 To study the dilution effect and pH change

Due to the fact that, liquid SNEDDS are pre-concentrate mixtures, gentle agitation
during dilution, leads to the production of an o/w type fine emulsion. When L-SNEDDS
are orally administered, they undergo infinite dilution in the GI route and pass-through,
a change acidic environment to basic pH condition. It is important that the GS does not
change significantly when the medium volume or pH ofthe GIT changes. Furthermore,
they should be stable in the body.

807 = 01N HCl B Phophate Buffer 0.2M (pH 6.8)

Bl Acetate Buffer (pH 4.5) EE Phophate Buffer 0.2M (pH 7.2)

»
o
1

Mean droplet size (nm) (x SD)
F-N
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10 100 500 900
Dilution (mL)

Figure 22: Study the dilution effect and pH change (n =3)
The optimized SNEDDS was diluted in different volumes of water and buffers with pH
1.2, 6.8, and 7.4 to evaluate the effect of pH and dilution. There was no phase separation
or drug precipitation observed during dilution in different volumes and pH. It is

important to note that droplet size (Figure 22) varied with dilution volume and pH.

5.10 Emulsion globules size and zeta potential
The mean GS, PDI and ZP of optimized formulation were found to be 57.46+ 2.65 nm,
0.253+ 0.005 and -13.6 = 4.1 mV, respectively (Figure 23).
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Figure 23: GS, PDI and ZP of optimized SIM-SNEDDS
5.11 Field Emission Scanning Electron Microscopy (FESEM)
The FESEM image indicated that the SIM-SNEDDS was in spherical in shape.

100nm JEOL
X 120,000 20 SEM WD 8.5mm

X 16,000

Figure 24: SEM image of SIM-SNEDDS
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FESEM image of individual particles clearly revealed the shape with irregular surfaces

as shown in Figure 24.

5.12 TEM analysis

The TEM image showed nanometer-sized spherical and un-agglomerated globules.
This image was examined for the globule’s diameter. There was no globules
aggregation seen, and the globules were spherical and uniform in diameter as shown in
Figure 25. Furthermore, the GS obtained by TEM showed that the GS was found to be
less than 100 nm. This was in concordance with the results obtained in dynamic

scattering results. Indicating that the developed SNEDDS were truly in nanometer size.

100.0nm

Figure 25: TEM image of SIM-SNEDDS
5.13 DSC analysis
The DSC peak of pure SIM was found to be endothermic at 138°C, indicating its
crystallinity. The other excipients, namely, CMCM, T-80 and TP showed the absence
of any sharp crystalline peaks as depicted by their halo pattern. This shows the
amorphous nature of the excipients. The final formulation also showed the absence of
any sharp peaks or peaks at the melting point of the drug indicating that there was no

precipitation and the drug had excellent drug loading shown in Figure 26.
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Figure 26: DSC thermogram of TP, T-80, Pure SIM, and SIM-SNEDDS

5.14 In vitro dissolution

An in-vitro dissolution study was conducted on SIM-SNEDDS and the % drug release
was compared with unprocessed SIM. The results showed a significant (p<0.05)
increase in the dissolution rate of SIM from SIM-SNEDDS in pH 6.8 phosphate buffer
and pH 1.2 buffer compared to unprocessed SIM. More than 60% of the drug was
released in pH 6.8 phosphate buffer and more than 90% drug was released in pH 1.2
dissolution media within the first 5 minutes of SNEDDS formulation. However, at the
end of 60 minutes, the release was only 81.25% in 6.8 phosphate buffer, while the
release in pH 1.2 buffer was found to be 94.54%. The dissolution rate of SIM from
SNEDDS increased by approximately 4.5 and 5.22 folds in pH 6.8 phosphate buffer
and pH 1.2 buffer in the first 5 minutes, respectively, when compared to its unprocessed
form. These findings suggest that the SNEDDS formulation effectively increased the

dissolution rate of SIM, as demonstrated in Figure 27.
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Figure 27: In-vitro drug release profile of SIM from unprocessed SIM and SIM-
SNEDDS in pH 1.2 and pH 6.8 bufter dissolution media (n=6)

5.15 Cell line toxicity study

Control used was PBS (pH 7.4) shown 100% viability ofthe SH-SY5Y cells. The blank
had 14% cytotoxicity. The cytotoxicity was greater for the groups A-10 and A-5.
Whereas, the toxicity is reduced upon serial dilutions. An optimum of 77%—82% cell
viability was observed for the formulations upon dilution. So, SNEDDS loaded with
SIM when coming in contact with gastric fluid get diluted and form nano-emulsion
confirming that the carrier is non-toxic.

Cell viability% = Mean Absorbance of Test sample / Mean Absorbance of Negative Control *100
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Figure 28: % Cell viability study
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5.16 Stability study

Table 25 presents the results of several stability parameters. Over time, the droplet size
and PDI of SIM SNEDDS increased when stored at various temperature conditions.
However, the increase in droplet size and PDI was not statistically significant (p>0.05)
when compared to the fresh SIM-SNEDDS. Additionally, after six months of storage
at three different conditions, there was no significant (p>0.05) decrease in the assay of

aged SIM-SNEDDS compared to the fresh one.

Table 25: Stability study of SIM-SNEDDS
Day MDS PDI Assay

25°C+0.2°C/65 RH+5%

0 58.86+4.51 0.258+0.05 99.54
90 60.24+3.84 0.267+0.06 98.01
180 62.15+4.66 0.271+0.04 97.65

40°C+0.2°C/75 Hx 5%

0 58.86+3.55 0.258+0.05 99.54
90 61.41+4.50 0.274+0.07 97.88
180 65.14+2.35 0.289+0.04 97.05

MDS- mean droplet size, PDI- polydispersity index
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Figure 29: Dissolution of fresh and old SIM-SNEDDS
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Additionally, similar results were observed in the dissolution study. There was no much
difference that occured in the release of SIM from the old SIM-SNEDDS when
compared to the release of SIM from the fresh SIM-SNEDDS (Figure 29).

5.17 Ex-vivo permeation study

This study gives an information about permeation differences of un-processed and
SNEDDS of SIM. With the increase in time permeation was found more in the
developed SIM-SNEDDS while unprocessed SIM exhibited very less permeability. The
value of percentage cumulative drug release of SIM-SNEDDS at 0,5,10,15,30 and 60
min was 0.00, 68.15, 75.18, 81.09, 87.56, 90.25, and 94.27 respectively while

unprocessed form of SIM reached 19.23 maximum at 60 min.
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Figure 30: Ex-vivo permeation study
5.18 Bioanalytical method development
5.18.1 Specificity, linearity, and range
It was verified that the method developed was exclusive to the drug molecule, as there
were no additional peaks observed in the chromatogram of the blank plasma sample at
the drug's retention time and lambda max. This confirmed that the method chosen was

specific to the drug.
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Figure 31: Calibration curve of SIM
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Figure 32: (A) Chromatogram of Blank Plasma, (B) Chromatogram of ATV (RT.
3.720) and SIM (RT. 8.331) in rat plasma
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The calibration curve established using plasma as the base was demonstrated to be
linear in the range of 50-250 ng/mL, with an r2 value of 0.9994 indicating a high level
of linearity. Figure 2 illustrates the calibration curve, while Figures 32a and 32b display

the chromatogram of the blank plasma and the drug in rat plasma, respectively (174).

5.18.2 Accuracy
The mean % recovery of the LOQ, MQC, and HQC solutions in mobile phase was used
to assess the suggested method's accuracy. The data indicated that the % mean recovery
in mobile phase was found with in the specified limits of 95-105 % for all three levels
(171). The developed method's accuracy was verified using a % RSD less than 2% as
shown in Table 26.

Table 26: Accuracy study

Level Concentration Total Concentration % Mean %
of sample concentration  of drug Recovery recovery
solution of solution, recovered
(ng/mL) actual (ng/mL) (ng/mL),

N=5)

LQC 50 120 118.7+0.65 98.91+0.95

MQC 50 150 152.7+1.21 101.8+0.86  99.88+0.82

HQC 50 180 178.1+0.96 98.94+0.65

5.18.3 Precision

The percentage RSD was calculated to validate the precision of developed analytical
method. %RSD of all the 3 standard solutions i.e., LQC, MQC, and HQC were
measured by using response area of interday, intraday and interanalyst. The % RSD of
inter & intra days was found in the range of 0.53-1.29 % whereas, 0.51-1.27 % was
observed in the case of interanalyst. All these calculated RSD were found within the

acceptable limits of 2% RSD shown in Table 27 (172).

5.18.4. Stability study of plasma samples

Stability studies were done on LQC, MQC, and HQC samples spiked with SIM in
plasma at 3 different levels, which included short-term stability (as shown in Table
28a), freeze-thaw stability (as shown in Table 28b), and long-term stability (as shown
in Table 28c). In all cases, the results indicated that more than 95% of the drug was
recovered, with an RSD of less than 2%. These studies' results showed that drugs in

plasma samples were stress- and long-term storage-stable (175).
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Table 27: Precision study

Parameter Level Concentration Area 1 Area 2 Area 3 Area 4 Areas Area 6 Mean S.D. RSD (%)
(ng/mL) (em?) (em?) (em?) (cm’) (em?) (em?) (em?)
Intra-day

1 hour LQC 120 9258.81 9196.52 9296.43 9125.23 9189.34 9279.21 9224.257 65.142 0.706206
MQC 150 11825.32 11956.27 11910.82 11892.83 11781.88 11835.36 11867.08 64.094 0.540099
HQC 180 13951.2 1376723 13876.84 13938.89 13837.14 13638.87 13835.03 117.5674  0.849781

2 hours LQC 120 9263.62 9352.51 9515.45 9365.25 9264.34 9159.6 9320.128 121.086 1.299196
MQC 150 11756.55 11896.45 11874.26 11795.25 11668.75 11885.63 11812.82 89.778 0.760013
HQC 180 13841.24 13552.45 13795.48 13896.56 13696.84 13759.36 13756.99 121.259 0.881441

3 hours LQC 120 9256.45 9357.56 9284.45 9454.15 9354.54 9248.45 9325.933 78.499 0.841729
MQC 150 11854.45 11956.54 11695.21 11954.45 11768.85 11865.74 11849.21 103.0239  0.869458
HQC 180 13769.56 13954.42 13659.78 13759.69 13896.65 13856.87 13816.16 106.833 0.77325

Inter-day

Day 1 LQC 120 9258.81 9196.52 9296.43 9125.23 9189.34 9279.21 9224.257 65.142 0.706206
MQC 150 11825.32 11956.27 11910.82 11892.83 11781.88 11835.36 11867.08 64.094 0.540099
HQC 180 13951.22 1376723 13876.84 13938.89 13837.14 13638.87 13835.03 117.571 0.849809

Day 2 LQC 120 9364.56 9256.45 9348.85 9485.74 9394.78 9457.55 9384.655 82.166 0.875541
MQC 150 11958.58 11896.45 11826.54 11964.34 11863.45 11725.86 11872.54 89.571 0.754445
HQC 180 13894.56 13856.57 13758.25 13964.75 13899.45 13589.75 13827.22 134.667 0.97393

Day 3 LQC 120 9353.36 9245.51 9459.59 9354.29 9265.65 9489.56 9361.327 98.774 1.055112
MQC 150 11796.54 11865.63 11794.56 11855.65 11795.45 11954.49 11843.72 63.036 0.532196
HQC 180 13769.56 13954.42 13659.78 13759.69 13896.65 13856.87 13816.16 106.833 0.77325

Intermediate precision (inter analyst)

Analyst 1 LQC 120 9258.81 9196.52 9296.43 9125.23 9189.34 9279.21 9224.257 65.142 0.706206
MQC 150 11825.32 11956.27 11910.82 11892.83 11781.88 11835.36 11867.08 64.094 0.540099
HQC 180 13951.22 1376723 13876.84 13938.89 13837.14 13638.87 13835.03 117.5714  0.849809

Analyst 2 LQC 120 9156.45 9265.12 9298.62 9156.36 9365.24 9456.75 9283.09 117.9565  1.27066
MQC 150 11586.55 11656.45 11825.59 11789.41 11796.85 11789.56 11740.74 95.895 0.816773
HQC 180 13895.54 13956.78 13756.45 13896.95 13756.36 13696.96 13826.51 103.256 0.746803

Analyst 3 LQC 120 9355.55 9268.45 9556.63 9268.56 9355.36 9389.21 9365.627 105.934 1.131099
MQC 150 11759.15 11869.46 11789.78 11896.45 11815.78 11911.85 11840.41 61.418 0.518721
HQC 180 13694.44 13965.86  13756.12 13896.63 13737.65 13864.96 13819.28 105.634 0.764398
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Table 28a: Short term stability for plasma samples of SIM

Actual Area 1 Area 2 Area 3 Mean S.D. RSD (%) Amount of Recovery
Concentration of (cm?) (cm?) (cm?) (cm?) drug (%)
drug (ng/mL) recovered
in plasma
sample
(ng/mL)
1 hour
120 (LQC) 9265.78 9156.45 9365.56 9262.597 104.5913 1.129179 119.21 99.34
150 (MQC) 11486.26 11569.78 11656.48 11570.84 85.11495 0.735599 148.97 99.31
180 (HQC) 13756.78 13886.48 13785.59 13809.62 68.10641 0.493181 177.80 98.77
2 hours
120 (LQC) 9159.41 9252.51 9368.79 9260.237 104.9036 1.13284 119.18 99.31
150 (MQC) 11695.26 11656.95 11597.42 11649.88 49.30203 0.423198 149.99 99.99
180 (HQC) 13896.42 13796.49 13965.52 13886.14 84.98231 0.611994 178.82 99.34
3 hours
120 (LQC) 9365.64 9258.45 9469.34 9364.477 105.4498 1.126062 120.52 100.43
150 (MQC) 11469.42 11582.65 11695.59 11582.55 113.085 0.976339 149.12 99.41
180 (HQC) 13965.46 13869.69 13759.54 13864.9 103.0436 0.743198 178.55 99.19
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Table 28b: Freeze thaw stability for plasma samples of SIM

Actual Area 1 Area 2 Area 3 Mean S.D. RSD (%) Amount of Recovery
Concentration of (cm?) (cm?) (cm?) (cm?) drug (%)
drug (ng/mL) recovered
in plasma
sample
(ng/mL)
Cycle 1
120 (LQC) 9236.25 9363.68 9169.32 9256.417 98.73689 1.066686 119.13 99.27
150 (MQC) 11469.62 11569.45 11653.56 11564.21 92.08189 0.796266 148.89 99.26
180 (HQC) 13756.35 13896.63 13664.36 13772.45 116.9687 0.849295 177.36 98.53
Cycle 2
120 (LQO) 9296.36 9369.64 9595.49 9420.497 155.915 1.655061 121.25 101.04
150 (MQC) 11394.39 11269.94 11496.29 11386.87 113.3621 0.99555 146.60 97.73
180 (HQC) 13964.62 13869.34 13795.89 13876.62 84.60003 0.609659 178.70 99.27
Cycle 3
120 (LQC) 9169.56 9346.97 9267.93 9261.487 88.88034 0.959677 119.20 99.33
150 (MQC) 11469.63 11536.96 11695.75 11567.45 116.1019 1.003695 148.93 99.28
180 (HQC) 13569.61 13791.34 13694.47 13685.14 111.1591 0.812261 176.23 97.90
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Table 28¢: Long term stability for plasma samples of SIM

Actual Areal Area 2 Area3 Mean S.D. RSD (%) Amount of  Recovery
Concentration of (cm?) (cm?) (cm?) (cm?) drug (%)
drug (ng/mL) recovered
in plasma
sample
(ng/mL)
Week 1
120 (LQC) 9136.45 9256.78 9315.45 9236.227 91.25283 0.987988 118.87 99.05
150 (MQC) 11369.29 11496.45 11654.15 11506.63 142.7026 1.240177 148.14 98.76
180 (HQC) 13695.15 13956.95 13865.14 13839.08 132.8313 0.959827 178.22 99.01
Week 2
120 (LQC) 9365.95 9189.58 9268.78 9274.77 88.33745 0.952449 119.37 99.47
150 (MQC) 11269.36 11369.15 11455.75 11364.75 93.27275 0.82072 146.31 97.54
180 (HQC) 13569.36 13776.95 13645.94 13664.08 104.9776 0.768274 175.96 97.75
Week 3
120 (LQC) 9268.96 9278.38 9136.63 9227.99 79.26015 0.85891 118.76 98.96
150 (MQC) 11363.54 11275.36 1141545 11351.45 70.82322 0.623913 146.14 97.42
180 (HQC) 13695.63 13862.39 13865.15 13807.72 97.08548 0.703124 177.81 98.78
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5.18.5. LOD and LOQ
LOD and LOQ were found in rat plasma to be 0.12 ng/mL and 0.38 ng/mL,

respectively.

5.18.6. System suitability

To evaluate the suitability and effectiveness of a chromatographic system, a system
suitability test is typically performed. In this case, the tailing factor for all peaks,
including SIM and ATV peaks, did not exceed 2, indicating good peak symmetry (with
acceptance limits < 2). In all the chromatographic runs, the theoretical plates count
remained above 2000, which indicates that the column was highly efficient during the
separation process as shown in Table 29 (176).

Table 29: System suitability parameters

Sr. no. Parameter SIM ATV

1. Theoretical Plates 7853.56+15.11 3869.34+11.87
2. HETP 35.214+2.41 18.3142.11

3. Tailing factor 1.35+0.32 1.284+0.29

5.19 Effect of drug treatment on Neurobehavioral parameters

5.19.1. Effect of drug treatment in open field test

In groups I, I1, II1, IV, V, VI, and VII the number of fecal balls counts were 2.95 +0.23,
0.81 +0.31, 0.83 +0.28, 1.85 +0.21, 1.09 +0.21, 1.96 +0.23, and 2.26 + 0.21,
respectively shown in Figure 33a. On the other hand, the number of rearing counts were
7.12 £0.42, 1.67 £0.61, 1.68 +£0.63, 2.91 +0.42, 2.01 £0.35, 3.13 +0.33, and 4.16 + 0.39
in groups, I, I, I1I, IV, V, VI, and VII respectively shown in Figure 33b. In this test the
number of squares crossed by rats were 32.22 £1.09, 4.16 +1.11, 4.14 £1.08, 19.12
+1.23, 6.02 £1.12,27.03 £1.13, and 29.18 + 1.03 in groups, I, IL, 11, IV, V, VI, and VII
respectively (Figure 33¢). While in groups, I, 11, III, IV, V, VI, and VII, time spent in
immobile stage was 119.22 £1.10, 254.12 £2.01, 254.09 +£2.08, 181.18 +2.23, 233.02
+1.12, 153.13 £2.01, and 139.18 &+ 1.19 in seconds respectively as shown in Figure 33d.
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Figure 33: Open field test- (33a). Number of feacal balls (33b). Number of rearing (33c). Number of
squares crossed (33d). Time spent immobile, All data are represented as Mean + SEM at N = 6 rats in
each groups. *p <0.05, °p <0.01, °p < 0.001 when compared with normal control (NC), op < 0.05, Pp <
0.01, "p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).
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By these parameters locomotor and other hand exploration behavioral pattern were
investigated. AICl; is a well-established neurotoxicant to evoke AD in the rats which
results in significant decline in locomotion. In AICl; induced rats (Alzheimeric rats). It
is also very important to note that the significant increase in the time spent in immobile
stage was noted as compared to control rats. Treatment with SIM-SNEDDS to these
Alzheimeric rats causes significant improvement in locomotor as well as time spent
immobile. However, treatment with SIM-SNEDDS causes reversal in rearing count and
number of fecal balls. It is also observed that SIM-SNEDDS at their both doses
exhibited better responses with respect to DPZ (G-IV) treated rats.

5.19.2. Effect of drug treatment in MWM test

Spatial memory and memory changes were most important parameter were assessed
using MWM test. This test clearly showed that the group of rats received a treatment
of AICl; causes a significant increase in the time taken to reach platform with respect
to rats of control groups. This parameter is recorded for spatial memory. Further
treatment improves the parameters of spatial memory.

Time taken to reach platform were 8.92 +1.34, 42.12 £1.29, 41.34 £1.32, 18.13 £1.38,
38.11 £1.19, 14.03 £1.28, and 12.13 + 1.34 seconds in groups I, II, I11, IV, V, VI, and
VII respectively shown in Figure 34a. It indicates that SIM-SNEDDS could reverse this
spatial memory depicts in Alzheimeric rats. Time spend by rats in target quadrants were
42.65 £1.66, 20.18 £1.78, 20.11 +1.64, 26.12 +1.23, 23.19 +1.18, 29.23 £1.20, and
34.12 £ 1.02 seconds was observed in groups I, II, I1I, IV, V, VI, and VII respectively
(Figure 34b) it was the case of working or referencing memory observation where the
number of entries in the quadrant (where the platform) was previously placed was
noted.

Significant reduction in the number of eateries were observed in group of rats receiving
only AICl;, When compared with normal control group of rats. SIM-SNEDDS
treatments, provided substantial enhancement in the number of entries in the targeted
region. This important point to note that the none of the changes were observed between

Alzheimeric rats and SNEDDS placebo-treated Alzheimeric rats.
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Figure 34: MWM: (34a). Time taken to reach platform (34b). Time spent in target quadrant, All data
are represented as Mean + SEM at N = 6 rats in each groups. *p < 0.05, ®p < 0.01, °p < 0.001 when
compared with normal control (NC), a*p < 0.05, Pp <0.01, "p < 0.001 when compared with experimental
control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001 when compared with Donepezil (DPZ).
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5.19.3. Effect of the drug treatment in novel object recognition (NOR)

Basically, this parameter is used to investigate hippocampus function with the
recognition of the object in such a way that recognition memory can be observed.
Hence, discrimination index was analyzed here.

Discrimination index were 0.17+0.02, -0.51 +0.04, -0.51 +0.02, 0.17 £0.01, 0.09
+0.001, 0.17 +£0.002, and 0.19 + 0.002 in groups, I, II, III, IV, V, VI, and VII
respectively shown in Figure 35a.

Here, the discrimination index was found extremely less with AlCI; induced group of
rats (G-I) and similar finding was noted with placebo treated group of rats. Hence,
group of rats [I&III were unable to distinguished familiar and novel object with respect

to control group (G-I).

35a
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-0.51

Discrimination index
(Novel object recognition test)

104

However, in other group of rats when drug treatment was provided, should reversed of
such impairment and they were significantly differentiating as well as recognized the
object when compared with rats of group II.

Recognition index were 59.12 £1.60, 17.11 £1.29, 16.11 £1.23, 39.19 £1.21, 24.11
+1.13,41.14 +£1.18, and 48.29 &+ 1.32 in groups, [, II, II, IV, V, VI, and VII respectively

shown in Figure 35b.
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Figure 35: NOR (35a). Discrimination Index (35b). Recognition Index, All data are represented as
Mean + SEM at N = 6 rats in each groups. *p < 0.05, *p < 0.01, °p < 0.001 when compared with normal
control (NC), a*p < 0.05, Pp < 0.01, *p < 0.001 when compared with experimental control (EC), and *p <
0.05,Yp <0.01, p < 0.001 when compared with Donepezil (DPZ).

In addition to this it was also observed that rats of group were not able to recognize
novel object also when compared with control group but amelioration was recorded

with the drug treatment specially with SIM-SNEDDS at their both doses.

5.20 Biochemical estimations

5.20.1 Reversal of diminished acetylcholinesterase activity by SIM

AChE was utilized as a biomarker for brain cholinergic neuronal death. The Ellman
technique was used to measure the AchE activity. The activity of AchE was
investigated in the cortex as well as the hippocampus region of the brain after the
sacrification of animals on terminal days.

It was observed that the level of AchE activity was found more in a group of rats that
received only AICI; indicated in figure. It is crucial to remember that similar findings
of an increased level of AchE were observed in a group of rats received a placebo in
the cortex as well as the hippocampus. But amelioration in the level of AchE was

observed in groups IV, V, VI, and VII. Since the groups of rats received only naive of
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Figure 36: (36a). Level of AchE in cortex, (36b). Level of AchE in hippocampus, All data are
represented as Mean + SEM at N = 6 rats in each groups. *p <0.05, °p <0.01, °p< 0.001 when compared
with normal control (NC), o®p < 0.05, Pp < 0.01, *p < 0.001 when compared with experimental control
(EC), and *p < 0.05, Yp < 0.01, p <0.001 when compared with Donepezil (DPZ).
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SIM hence the level of reduction of AchE was least with respect to groups IV, VI, and
VII. A substantial decrease in AchE activity was found in groups IV, VI, and VIIL
SNEDDS-treated group of rats showed better results with respect to group IV while
group VII was found better than group VI.

Chronic AICl; administration to the rats significantly reduced AchE activity in the
cortex as well as the brain as compared to G-I. In the hippocampus and frontal cortex,
by AchE activity was significantly reduced SIM at both doses as well as DPZ compared
to G-1. AICI; effectiveness on AchE activity was significantly reduced by G-1V, G-V,
G-VI, and G-VII as 211.4749.31, 298.08+9.22, 194.73+£10.28, 164.34+£9.33 in the
cortex, and 194.54+11.29,231.12+11.18, 188.50+12.03, 156.63+11.29 in hippocampus
respectively shown in Figure 36b.

The enhancement in AchE activity caused by Al3+ could be attributed to
interactions between Al3+ and AchE peripheral regions, which alter the secondary
structure of AchE, enhancing its efficacy. Extensive increased activity of AchE
leading to increased degradation of acetylcholine which in turns reduces the normal
level of Ach in the brain. It is very clearly reported in various literature that Ach is
important for learning and memory. But here AICl; causes amplification of AchE
activity. The current study was consistent with earlier research in that Alzheimeric
rats had much higher AchE levels than control rats. SIM-SNEDDS therapy of these
Alzheimer’s rats significantly reduced AchE levels, probably because of lowering
aluminum stress in the brain. As a result, SIM-SNEDDS treatment may be capable

of avoiding acetylcholine neuronal loss in the brain.

5.20.2 Metal Ion Concentration

AICl; is the used here for the development of AD in rats. Hence, it is very important to

13+

note the availability of Al°" in the rat’s brain. All the treatment except control group has

higher amount of AI**

SNEDDS at their both doses. The reason for enhanced availability of A" in

concentration, but reduction was found remarkable by SIM-

hippocampus was AP*

crosses blood brain barrier and its accumulation cause long time
potential and inducement of apoptosis due to oxidative stress. As a result of this stress

neurons becomes deficient of endogenous oxidative enzymes which was also
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maximally protected due to administration of SIM-SNEDDS. In less with these finding

suggest that efficacy was highest in group VII>VI>IV>V.
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Figure 37: Al** concentration in hippocampus, All data are represented as Mean = SEM at N = 6 rats
in each groups. *p <0.05, °p <0.01, °p <0.001 when compared with normal control (NC), o®p < 0.05, Pp
< 0.01, "p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).

The observation of ICP showed that concentration of AI** ion in hippocampus were
2.12 +0.83, 31.29 +1.88, 31.22 +1.78, 10.03 +0.56, 21.14 £0.62, 7.11 +0.56, and 5.72
+ 0.61 in groups I, I1, 111, IV, V, VI, and VII respectively shown in Figure 37.

5.21 Biochemical parameters

5.21.1 Reversal of AICI:-Induced Lipid Profile by SIM

In our investigation, it was observed that AICl; significantly produced (P < 0.05)
upswing in total cholesterol (TC), triglycerides (TG), and low-density lipoprotein
(LDL) levels and significantly decreased serum high-density lipoprotein (HDL) levels
compared with G-I. Here, the level of TC was reduced to 78.194+3.18, 81.22+2.32,
61.08+ 3.12, 56.13+3.13 mg/dL by the G-IV, G-V, G-VI, and G-VII respectively
(Figure 38a).

Elevated TC and AD are interrelated with each other (177) and was found to be
corelated the cognitive impairment. This dyslipidemia may be due to accumulation of
aluminium in liver (178). It is also very interesting that cholesterol is important for
protein trafficking (179) and AP is an apical targeted peptides in cholesterol depleted
MDCK cells (180). Hence, Sim regulated the level of AP level and after a potential
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mechanism for the treatment of AD even in long term condition. Earlier evidences
suggest that lipid lowering drug reduces intracellular and secretary neuronal AB42 &
AP 40 level. So, SIM is capable of reducing AP (during normal cellular processing of

amyloid precursor protein, APP level.
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Figure 38: Lipid profile: (38a). TC in serum, (38b). TG in serum, (38c). LDL in serum, (38d). HDL
in serum, All data are represented as Mean + SEM at N = 6 rats in each groups. *p < 0.05, °p < 0.01, °p
<0.001 when compared with normal control (NC), o®p < 0.05, p <0.01, p < 0.001 when compared with
experimental control (EC), and *p < 0.05, *p < 0.01, p < 0.001 when compared with Donepezil (DPZ).
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On the other hand, amelioration in the level of TG was also obtained as to
73.1943.18,76.22+2.32, 59.08+3.12, and 51.1343.13 mg/dL by the G-IV, G-V, G-VI,
and G-VII respectively (Figure 38b). The impact of treatment was also noted in the
abolishment of LDL where G-IV, G-V, G-VI, and G-VII produced, 23.22+1.16,
26.17+1.22, 19.12+1.18, and 14.03%=1.14 mg/dL respectively (Figure 38c). The level
of HDL was reduced to 32.02+1.16, 30.03+1.13, 37.46%1.04, and 39.29+1.17 mg/dL
by the G-IV, G-V, G-VI, and G-VII respectively (Figure 38d). Consequently, the SIM-
treated group (G-VI and VII), but not other treatment groups, reversed the increased

lipid profiles induced by AICl; in rats.

5.22 Oxidative Biomarkers

5.22.1 Antioxidant parameters in brain

5.22.1.1. Level of catalase (CAT) in brain

The level of CAT in brain homogenate was 3.16+0.05, 1.70+0.02, 1.70+0.03,
2.3240.02, 2.0440.04, 2.54+0.02, and 2.96 + 0.02, p/g of protein in groups I, 11, III, IV,
V, VI, and VII respectively (Figure 39). AICl; induced neurotoxicity causes decline in
the level of CAT activity in the brain which was further improve with the treatment of

SIM-SNEDDS.

.

=

CAT (u/g of tissue) in brain

Figure 39: CAT level in brain All data are represented as Mean += SEM at N = 6 rats in each groups. °p
<0.05,%p <0.01, °p <0.001 when compared with normal control (NC), a*p < 0.05, #p < 0.01, *p < 0.001
when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, p < 0.001 when compared
with Donepezil (DPZ).
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5.21.1.2 GSH level in brain

The concentrations of GSH in brain homogenate was noted as 0.82+0.02, 0.18+0.03,
0.17+0.01, 0.53+£0.04, 0.38+0.03, 0.61+£0.02, and 0.72 £+ 0.03, nmol/g of tissue in
groups I, 1L, III, IV, V, VI, and VII respectively (Figure 40). In case of AD the level of
GSH was found very less but significant impairment was recorded in group of rats

received both the doses of SIM-SNEDDS (G-VI & VII), DPZ (G-1V) and naive SIM
(G-V).
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Figure 40: GSH level in brain, All data are represented as Mean = SEM at N = 6 rats in each groups. °p
<0.05,p <0.01, ®p < 0.001 when compared with normal control (NC), op < 0.05, Pp < 0.01, *p < 0.001
when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, p < 0.001 when compared
with Donepezil (DPZ).

5.21.1.3 MDA level in brain

The level of MDA in brain homogenate was 0.623+0.24, 3.04+0.22, 3.02+0.24,
1.48+0.26, 2.88+0.28, 1.43+0.24, and 1.19 £+ 0.22, nmol/g of tissue in groups I, II, III,
IV, V, VI, and VII respectively (Figure 41). Such significant increase in the level of
MDA in brain indicates the failure of antioxidant activity brain but significant alteration

was recorded in groups VII, VI, VI as well as V. Since the delivery of the SIM-
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SNEDDS was fast and improved with respect to naive form so that SIM-SNEDDS

provided better and significant protection.
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Figure 41: MDA level in brain, All data are represented as Mean = SEM at N = 6 rats in each
groups. “p < 0.05,°p < 0.01, °p < 0.001 when compared with normal control (NC), o’p < 0.05, Pp <
0.01, "p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).

5.21.1.4. SOD level in brain

SOD (u/g of protein) in brain

Figure 42: SOD level in brain, All data are represented as Mean = SEM at N = 6 rats in each
groups. *p < 0.05,% < 0.01,°p < 0.001 when compared with normal control (NC), a*p < 0.05, fp <
0.01, "p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).
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The level of SOD in brain homogenate was 49.23+0.13, 20.12+0.15, 20.03+1.13,
39.34+1.18, 29.13%1.19, 40.08 £ 1.12, and 44.13+1.13 p/g of protein in groups I, II,
I, IV, V, VI, and VII respectively (Figure 42).

Significant alteration of SOD level was recorded in treatment groups specially
SNEDDS treatment group of rats. The administration AICl; reduced the levels of
endogenous antioxidative enzymes including SOD, CAT, and GSH in the brain. With
the increased level of MDA in brain. SIM-SNEDDS therapy restored the antioxidative
system's changes, including SOD, CAT, GSH, and MDA levels. These protective

values may be attributed to its antioxidant property.

5.22 Antioxidant parameters in serum

5.22.1 GSH level in serum

GSH concentrations in serum were 0.73 £0.06, 0.29 £0.03, 0.29 +0.02, 0.53 +0.04, 0.39
+0.03, 0.62 £0.02, and 0.66 £+ 0.03 nmol/g of tissue in groups I, I, III, IV, V, VI, and
VII respectively (Figure 43).

Currently AP* has been reported to induce oxidative stress leading to develop AD and
its markers in rats which was observed as altered antioxidant parameter in brain and

serum (181). AICl; induced oxidative stress generates apoptosis in PC12 cells (182).

1.09

4
[
|

©
b
h

GSH (nmol/img of protein) in serum
° ° I ° g
» ¢ £ T 2

©
e

o
o
T

98



Figure 43: GSH level in serum, All data are represented as Mean = SEM at N = 6 rats in each
groups. *p < 0.05,% < 0.01,°p < 0.001 when compared with normal control (NC), a*p < 0.05, fp <
0.01, p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).

In this context in neurons alteration in antioxidant enzymes which in turn produces
elevation reaches oxygen species (ROS) (183). Brain cells are known to contain
increased percentage of long chain polyunsaturated fatty acids which are subjected to
lipid peroxidation and leading to accumulation of ROS (184). this oxidative stress and
ROS generation was significantly attenuated by SIM-SNEDDS due to its antioxidant
nature.

5.22.2 MDA level in serum

In groups, L, IL, I1I, IV, V, VI, and VII the levels of MDA in serum homogenate were
0.64 £0.24, 1.56 £0.22, 1.54 +0.24, 0.93 +0.26, 1.12 £0.28, 0.88 +£0.24, and 0.78 £ 0.22

nmol/g of tissue, respectively (Figure 44).
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Figure 44: MDA level in serum, All data are represented as Mean + SEM at N = 6 rats in each
groups. *p < 0.05,% < 0.01, °p < 0.001 when compared with normal control (NC), a*p < 0.05, fp <
0.01, p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).
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5.22.3 CAT level in serum
In groups I, I, III, IV, V, VI, and VII the levels of CAT in serum homogenate were
2.58 £0.03, 1.63 +0.03, 1.64 £0.02, 2.38 +0.04, 2.04 £0.04, 2.54 +0.02, and 2.77 +

0.03 p/g of protein, respectively (Figure 45).
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Figure 45: CAT level in serum, All data are represented as Mean = SEM at N = 6 rats in each
groups. *p < 0.05,% < 0.01,°p < 0.001 when compared with normal control (NC), a*p < 0.05, fp <
0.01, p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).

5.23 Inflammatory Biomarkers

5.23.1 TNF-a

The level of TNF-a was investigated in the brain of rats received AlCl; for the induction
of AD. TNF-a was found 3.03-fold excessively high in a group of rats that received
AICI; (i.e., G-1I) only whereas the reduction of TNF-a was recorded in G-1V, V, VI, &
VII ie., 41.29 £ 0.27, 48.12+£0.21, 37.19+0.23 & 29.23+0.19 g/mL (Figure 46). The
level of TNF-a was found less in SIM-SNEDDS treated group of rats as well as DPZ
treated group rats in significant manner.

TNF-a is pathogenic factor, was found elevated due to accumulatio of Al**in the
brain. Excess TNF- a in the brain induces microglia to release more glutamate,
which leads to neurotoxic effects. SIM-SNEDDS therapy reduced neurotoxicity,

and ultimately reversing AD.
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Figure 46: TNF-a level in brain, All data are represented as Mean + SEM at N = 6 rats in each
groups. *p < 0.05,% < 0.01, °p < 0.001 when compared with normal control (NC), a*p < 0.05, fp <
0.01, ¥p < 0.001 when compared with experimental control (EC), and *p < 0.05, ¥p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).

5.23.2 IL-1p

The increased concentration of /L-13 was observed due to the administration of AlCl;
in rats responsible to cause AD. The significant alteration of IL-13 was observed as
41.11+0.68,47.18+0.76, and 38.16+0.89, & 30.13 £ 0.76 in G- 1V, V, VI & VII (Figure
47).
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Figure 47: Interleukin- /Z-1 level in brain, All data are represented as Mean = SEM at N = 6 rats in
each groups. *p < 0.05, °p <0.01, °p < 0.001 when compared with normal control (NC), a?p < 0.05, Pp <
0.01, "p < 0.001 when compared with experimental control (EC), and *p < 0.05, *p < 0.01, *p < 0.001
when compared with Donepezil (DPZ).
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Similar to TNF-a of both the dose SIM-SNEDDS attenuated the increasing level of /L-
1B. Since SIM is antioxidant and anti-inflammatory in native hence, it reduces

inflammatory cascade.

5.24 Exposure of treatment to brain and plasma
The important step of this study was to find the estimation of bioavailability of

developed formulation of SNEDDS in the plasma as well as brain (Figure 48 and 49).
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Figure 48: Bioavailability of SIM in plasma
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Figure 49: Bioavailability of SIM in Brain
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The outcomes are shown in the table and figure. The results showed that the Tmax of
unprocessed SIM was found to be 4 hrs and 1 hr in plasma and brain respectively,
whereas it was 30 min and 2 hrs in the case of SIM-SNEDDS in plasma and brain
respectively. It indicates the delay in the absorption of unprocessed SIM from the

stomach to the systemic circulation due to its poor aqueous solubility.

The Cmax for unprocessed SIM was found to be in plasma 37.09 ng/mL and in brain
10.43 ng/mL and for SIM-SNEDDS it was 197.18 ng/mL and 59.11 ng/mL, in plasma
and brain respectively, which was about 5.31 and 5.66 folds in plasma and brain

respectively shown in Table 30.

The AUC is in plasma 486.26 ng/mL*h and in the brain 97.83486.26 ng/mL*h for
unprocessed SIM and in plasma 1424.66 ng/mL*h and in brain 610.56 ng/mL*h for
SIM-SNEDDS. As a result, higher Cmax and AUC for SIM-SNEDDS comparison to
unprocessed SIM are evidence of improved systemic drug absorption, which increases

oral bioavailability.

Table 30: Pharmacokinetic parameters of unprocessed SIM and SIM-SNEDDS

Plasma Brain
Unprocessed SIM- Unprocessed SIM-
Parameters Unit
SIM SNEDDS SIM SNEDDS
Tmax H 4 0.5 1 2
Cmax ng/mL 37.09 197.18 10.43 59.11
AUC-t ng/mL*h 486.26 1424.66 97.83 610.56

Oral administration of SNEDDS SIM showed increased impact on the parameter of the
present data also suggest that the developed SNEDDS protects the drug to degrade and
increase concentration in plasma and brain. The values obtained for SIM-SNEDDS in
AUC,; measurement attests its higher bioavailability with respect to conventional
dosage form. These finding corroborates to previous formulation development of

SNEDDS.
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5.25 Histopathological study

In the line of all the observations, the group of rats received only the AICI; revealed the
higher extent of damage in the brain while in the control group of rats normal
architecture of the neurons were recorded, Here in control group of rats the neurons are
properly arranged and light-stained. AICl; produces NFTs, and plaques which is clearly
visible in the figure. AICl; produces extensive vacuolation, necrosis in cortex, pyknosis
of nuclei and degeneration in hippocampus. Administration of doses standard drugs,
naive SIM, SIM-SNEDDS (low dose), and SIM-SNEDDS (high dose) attenuated these
features of neuropathological changes. Maximum protection was observed in followed
by SIM-SNEDDS (low doses), SIM-SNEDDS (high dose). Hence, developed

formulation clearly showed in protection against AlCl; induced development of AD.
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Figure 50: Histopathology images for all groups
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SUMMARY
Alzheimer’s disease is a most challenging neurological disorder and its treatment is
failure one of'the critical examples of failure of medical, pharmaceutical and health care
sector. In present situation, around 55 million people are suffering, from dementia
which make AD as a 7" leading reason for death (3). It is very important to note that
neurological disease is 6.3% of global burden of diseases and people with this disease

die before the age of 80 which indicates that death rate in AD is 30%.

Drug repositioning, also referred as old drug for new purposes, is an efficient, low-cost,
and risk-free method for finding new indications for existing drugs. Conventional drug
research processes normally consist five stages: preclinical discovery, safety approval,
clinical trials, FDA review, and FDA post-market supervision. Many drugs have been
repurposed, including Raloxifene (from breast and prostate cancer to osteoporosis),
Paclitaxel (from cancer to re-stenosis), Zidovudine (from cancer to HIV/AIDS),
Topiramate (from epilepsy to obesity), Minoxidil (from hypertension to hair loss), and
Ropinirole (from hypertension to Parkinson disease), to name a few (15), to name a

few.

SIM is also used as an example which can be repurposed for AD (hyperlipidemia to
AD) of drug(16). SIM is used to prevent hypercholesterolemia. It is a reversible lactone
prodrug that undergoes metabolism for lowering the level of lipid. It inhibits hydroxy-
methyl-glutaryl coenzyme A (HMG CoA) reductase, which helps to convert HMG-
CoA to mevalonate. Thereby it reduces low-density lipoprotein (LDL) cholesterol in
plasma and causes depletion in the accumulation of intracellular cholesterol. In
addition, it also increases LDL receptor expression and helps in the treatment of

hypercholesterolemia (17).

Although SIM's numerous pharmacological advantages, formulation development is
challenging due to pharmaceutical problems such as poor water solubility, poor
absorption, and fast metabolism. As a result, its bioavailability is poor. Several
scientists have created formulations of SIM that enhanced bioavailability, such as
polymeric nanoparticles, liposomes, and nano-emulsions (20). When SNEDDS is
administered orally, it simulates the process by producing a nano/microemulsion in the

stomach fluid with the support of gastrointestinal motility (21). The greater surface area
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of the nano particles improves in the early absorption of the drug molecule. SNEDDS
has found that fisetin, curcumin, glimepiride, polypeptide-K, andrographolide,
flurbiprofen, and tetrandrine each have enhanced oral bioavailability (22). SNEDDS
provide benefits by increasing drug solubilization. It also benefits in bypassing hepatic
first-pass metabolism and enhancing drug permeability across gastrointestinal tracts.
SNEDDDS have initially demonstrated that they enhance the oral bioavailability of
lipid soluble and gastrointestinal labile drugs such as curcumin, duloxetine,
glimepiride, and Polypeptide-k (23). SIM is a lipid soluble and GI labile drug, hence it
undergoes considerable first-pass metabolism and enzymatic degradation in the GIT
following oral administration, and the residual non-degraded substance is insoluble in
the GIT media. As a result, total oral bioavailability and therapeutic effectiveness are
improved. The potential of SNEDDS to both enhance drug solubility and protect the
GIT against toxicity is well established.

SIM-SNEDDS were designed following a quality by design method in the current
research. The optimized SIM-SNEDDS formulation was composed of CMCM, T-
80, and TP along with SIM. Drug loading, size of droplet, and zeta potential of the
optimized SIM-SNEDDS were found to be 88%, 57.46 nm, 0.2, and -13.6 mv
respectively. The SIM-SNEDDS was used to conduct other pharmacokinetic and
pharmacodynamic studies. It was observed that SIM-SNEDDS show enhanced oral
bioavailability than naive SIM and standard drug.

the Tmax of unprocessed SIM was found to be 4 hrs and 1 hr in plasma and brain
respectively, whereas it was 30 min and 2 hrs in the case of SIM-SNEDDS in plasma
and brain respectively. The Cmax for unprocessed SIM was found to be in plasma 37.09
ng/mL and in brain 10.43 ng/mL and for SIM-SNEDDS it was 197.18 ng/mL and 59.11
ng/mL, in plasma and brain respectively, which was about 5.31 and 5.66 folds in plasma
and brain respectively. The AUCy. is in plasma 486.26 ng/mL*h and in the brain
97.83486.26 ng/mL*h for unprocessed SIM and in plasma 1424.66 ng/mL*h and in
brain 610.56 ng/mL*h for SIM-SNEDDS. A pharmacodynamics study was performed
using groups depending on their treatment. Aluminum chloride (AICl;) was
administered at a dose of 100 mg/kg to induce AD. Donepezil (1 mg/kg) was used as
standard drug treatment. Naive SIM and SIM-SNEDDS were administered at two dose
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levels i.e. low 1.974 mg and high 3.948 mg doses. Combination treatment was given
with naive SIM dose along with standard drugs and SIM-SNEDDS dose along with
standard drugs. It was observed that with the administration of AICI; body weight get
reduced. Naive SIM and SIM-SNEDDS were able to reverse the loss in body weight.
Behavioral analysis revealed that AICI; significantly (p<<0.001) reduces the open field,
Morrie’s water maze, and novel object recognition movement. It was observed that
these all effects of AICl; were ameliorated with the administration of standard drug,
naive SIM and SIM-SNEDDS. SIM-SNEDDS provide better results when compared to
the naive SIM. The results of the combination treatment groups of naive SIM dose along
with standard drugs and SIM-SNEDDS dose along with standard drugs represent the
synergistic effect when compared to the individual treatment groups. The results of
biochemical estimation represent that with the administration of AlCl;, there is an
elevation in the oxidative stress in the brain regions (hippocampus and cortex). Due to
this oxidative stress, the level of AChE, MDA, and IL-1B increased and the activity of
antioxidant enzymes like GSH, SOD, and CAT get decreased. The increased level of
AChE, MDA, and IL-1B significantly (p<0.001) reduced with the treatment of standard
drug, naive SIM and SIM-SNEDDS. But SIM-SNEDDS showed better results as
compared to the standard drug and naive SIM. Similarly, the decreased activity of GSH,
SOD, and CAT get improved more significantly (p<0.001) in the case of SIM-SNEDDS
groups when compared to the naive SIM and standard drug treatment groups. This
effect of AIClL; gets reversed significantly (p<0.001) when treatment was given with
SIM-SNEDDS. The results of histopathological evaluation support the results of
behavioral, biochemical, and ELISA. As with the administration of AICl; tissue damage
was there which was reversed when treatment was given with standard drug, naive SIM
and SIM-SNEDDS, but a more prominent result was observed in the SIM-SNEDDS
group. The outcomes of this research clearly show that the SNEDDS preparation
improves SIM oral bioavailability, and that enhanced bioavailability improves SIM

therapeutic potential.
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CONCLUSION AND FUTURE PERSPECTIVE

Based on the present investigation, the study supports that the formulation of SNEDDS
reduces the level of inflammatory mediators  decrease the oxidative responses i.e.,
protection observed by oxidative biomarkers. SIM-SNEDDS could be suitable
alternative to prevent progressive damage of AD symptoms in the long-term use. This
repurposing provides its use could improve learning, memory damaged caused by
oxidative stress in the brain region. It also exemplifies an inhibition of
acetylcholinesterase with increased responses of antioxidant enzymes. Consequently,
SIM-SNEDDS is suggested to applied for the survival of neurons of regeneration of
neurons to decrease hallmarks AD.

The most relevant and notable point in this investigation was SIM-SNEDDS was found
better than DPZ which showed that the developed SNEDDS was providing better
bioavailability and overcome the pharmaceutical challenges of SIM.

Further explorations with other models and clinical trial are required to better

understand the effect of SNEDDS of SIM.
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ABSTRACT

Simvastatin (SIM) is known to lower cholesterol levels and is
speculated in the pathogenesis of Alzheimer's disease. In this
study, the bioanalytical method of SIM SNEDDS was developed
and validated for the estimation of SIM in the rat's plasma using
reverse-phase high-performance liquid chromatography. C-18
reverse-phase octadecylsilyl column was used to validate the
method. Atorvastatin (ATV) was used as an internal standard.
Gradient elution was performed using acetonitrile and water in a
ratio of 90:10 with a flow rate of 1 mL/min. The chromatogram of
these both compounds SIM and ATV was detected at a wave-
length of 238 and 244 nm. The drugs were extracted from the
plasma samples using the protein precipitation method. The
retention time of SIM and ATV was found to be 3.720 and
8.331 min, respectively. The developed method was found to be
linear in the range between 50 and 250 ng/ml, with a regression
coefficient (P) of 0.9994. According to ICH M10 guidelines, the
method was validated. The percent of drug recovery was more
than 95% and the % relative standard deviation was <29% in the
replicate studies, which showed that the method was accurate

DOI: 10.1089/adt.2022.080

and precise. The limit of detection and limit of quantification
were found in rat plasma to be 0.12 and 0.38 ng/mL, respectively.
The obtained result indicated that the developed method was
successful in estimating SIM in rat plasma and passed all vali-
dation test parameters.

Keywords: simvastatin, bioanalytical method, rat plasma,
RP-HPLC, stability, recovery, validation

INTRODUCTION
hemically, simvastatin (SIM) is (1S,3R,7S,8S,8aR)-
8-{2-[(2R,4R)-4-hydroxy-6-oxooan-2-yl] ethyl}-3,
7- dimethyl-1,2,3,7,8,8a-hexahydronapththalen-
1-yl 2,2 dimethyl Butanoate, shown in Figure 1." It
appears as a white powder with a molecular weight of
418.566 g/mol and log P is 4.46. SIM is a reversible lactone
prodrug that goes through metabolism. It is a lipid-lowering
drug that works by inhibiting hydroxy-methyl-glutaryl coen-
zyme A (HMG CoA) reductase.” This helps in the conversion
of HMG-CoA to mevalonate. Thus, it reduces plasma low-
density lipoprotein (LDL) cholesterol by depleting intracellular
cholesterol. In addition, it increases LDL receptor expression
and helps in the treatment of hypercholesterolemia.’

Few individual studies have reported that SIM was used
to reduce the risk of dementia and Alzheimer’s disease (AD),*
as well as AD-related neuropathological changes.”

SIM causes substantial toxicity in a variety of animal spe-
cies when used at high doses.® It has been linked to a broad
range of side effects, ranging from minor gastrointestinal
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Fig. 1. Structure of SIM. SIM, simvastatin.

problems to potentially fatal disorders like rhabdomyolysis.
Its high systemic dosage increases the risk of side effects
such as renal damage and liver failure. Constipation, nausea,
diarrhea, and myotoxicity-related side effects, which range
from mild myalgia to the infrequent occurrence of rhabdo-
myolysis, are among the most commonly reported negative
effects of statins.”

Hence, it becomes important to develop some suitable oral
dosage forms of SIM, as well as to develop a simple, sensitive,
and robust analytical method for its estimation in the dosage
form as such, in biological samples such as blood, urine, feces,
and saliva. It becomes crucial to have a selective and sensitive
method to estimate the drug in biological fluids because,
during pharmacokinetic studies, the drug concentration is
very low at the nanogram level. Hence, the development of an
analytical method with a very low limit of detection (LOQ)
becomes the prime requirement.

Nevertheless, at some time, it becomes an important task
for the analyst to look for a simple as well as an economical
method for their detection.

In the past, some liquid chromatography and mass spec-
trometry (LC-MS) based methods have been developed and
some of them are also described in this study. However, these
methods are quite expensive as the operation cost and
instrument cost, as well as the requirement of other acces-
sories to run the machine make the overall method develop-
ment a very expensive process. Owing to these challenges
with hyphenated techniques, the search for the simple high-
performance liquid chromatography (HPLC) method is always
ongoing and worth exploring. Based on this objective, our
work was initiated to develop a new HPLC method at our
laboratory. Of course, there also exist some HPLC methods,
but most of them have provided a longer run time than the
run time reported in this article. Few studies are discussed
below in subsequent paragraphs.

In 2015, Liu et al, described a bioanalytical method for the
estimation of SIM using LC/MS with electrospray ionization.?

350 ASSAY and Drug Development Technologies NOVEMBER/DECEMBER 2022

The mobile phase consisted of acetonitrile (ACN) and 10 mM
ammonium acetate (pH 4.5). Its flow rate was 0.8 mL/min.
The run time of SIM was found to be 3.11 min.

Similarly, in another study, Auti, in 2018, developed a
bioanalytical method using reverse-phase HPLC (RP-HPLC)
for the estimation of SIM, in combination with piperine in rat
plasma using 0.01%formic acid and methanol as a mobile
phase with a flow rate of 1.0 mL/min. The retention time of
SIM was reported at 22.1 min.’ In 2020, Pandey et al devel-
oped an RP-HPLC bioanalytical method and validated the
estimation of SIM in combination with glimepiride. The
method was carried out in rat plasma using ACN and potas-
sium dihydrogen phosphate buffer pH 5 (75:25, v/v) as a
mobile phase with flow rate 1.0 mL/min. The retention time
of SIM was found to be 9.59 min, % recovery was 98.96, and
LOD and LOQ were 11 and 33 ng/mL, respectively.'®

In both methods, the SIM was estimated after longer time
duration. Longer retention time indicates toward consump-
tion of more solvent and leads to expensive method devel-
opment. Hence, it was decided to develop a faster and more
affordable bioanalytical method for SIM in rat plasma.

Methods

Chromatographic ~conditions. A bioanalytical method was
developed utilizing ICH M10 standards for drug quantifica-
tion in rat plasma.'' The mobile phase utilized a 90:10 v/v
mixture of ACN (A) and water (B). The flow rate was set at
1 mL/min, and the chromatogram was measured at 238 nm.
SIM was analyzed using various mobile phase compositions,
such as ACN-0.1% formic acid, methanol-water, and ACN-
water 90:10, ACN and % ortho-phosphoric acid, and ACN and
water 60:40, by adjusting the mobile phase ratio.

Collection of blood and extraction of plasma. Using a capillary
tube and radioimmunoassay (RIA) vials containing ethylene
diamine tetra acetic acid (EDTA) crystals, a blood sample was
collected from rats through the retro-orbital puncture. The rat
was initially held, while having its neck scuffed and its eye
made to bulge. Blood was allowed to flow into the EDTA vial
through a capillary tube after a capillary was placed dorsally
into the retro-orbital plexus of the eye. The EDTA tubes were
centrifuged at 5,000 rpm for 15 min and the temperature was
adjusted to 2°C-8°C. The clear supernatant was removed with
a micropipette and stored for processing in a deep freezer at
—20°C (Solution C).

Preparation of standard stock solutions. SIM (10 mg) was dis-

solved in 10 mL of ACN in a 100 mL volumetric flask and then
the volume was adjusted to 100mL to obtain a solution
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Downloaded by 117.223.238.67 from www.liebertpub.com at 01/09/23. For personal use only.

RP-HPLC BASED BIOANALYTICAL METHOD FOR SIMVASTATIN

concentration of 100 mg/mL (Solution A). A second volu-
metric flask was used to dilute Solution A to a concentration
of 10 mg/mL using ACN up to 100 mL (Solution B). A further
SIM dilution was obtained by taking 10 mL aliquots of solu-
tion B and diluting them to 100 mL in ACN to attain a con-
centration of 1.0 mg/mL (Solution C).

To obtain a concentration of 200 ng/mL, 20 mL of liquid
from solution C was dissolved in a 100 mL volumetric flask,
and the volume was increased by 100 mL of ACN (Solution D).
Atorvastatin (ATV) (10 mg) was dissolved in a small amount
of ACN in a 100 mL volumetric flask, and the volume was
then adjusted to 100 mL using ACN to obtain a final con-
centration of 100 mg/mL (Solution E).

Preparation of internal standard. ATV 10 mg/mL was used as the
internal standard (IS) for dilution preparation. A quantity of
10 mg was weighed and added to a volumetric flask (100 mL)
containing 20 mL of ACN. The solution was sonicated for
10 min. The final volume was adjusted to 100 mL using ACN to
produce a stock solution with a concentration of 100 mg/mL.

Specificity study. SIM and blank plasma samples were injected
on HPLC using mobile phase ACN: water (90:10 v/v) to vali-
date method specificity. The possibility of drug-plasma peak
interference was investigated.

Development of calibration curve. One milliliter of solution E
was added after aliquots of 1.25, 2.5, 3.75, 5, and 6.25 mL of
solution D were transferred into separate 10 mL volumetric
flasks. Around 0.1 mL of plasma was added to each of the
above dilutions and mixed for 5 min. To precipitate and break
down plasma protein, acetone (1 mL) was added to each sam-
ple and thoroughly agitated using a sonicator for 15min.
Then, all samples were centrifuged in an Eppendorf at
10,000 rpm for 30 min at 4°C. To get theoretical SIM concen-
trations of 50, 100, 150, 200, and 250 ng/mL and ATV con-
centrations of 10 mg/mL, the supernatant was collected using
a micropipette, and the volume was adjusted to 10mL in a
volumetric flask. HPLC was used to analyze SIM and ATV
using the final prepared samples.'”

Validation of the method. According to the ICH M10 standard,
the developed method was validated.'® System suitability
parameters, including theoretical plate, height equivalent to
the theoretical plate, tailing factor, detection limit, and quan-
tification limit, were measured to assess the system perfor-
mance further.

Linearity and range. The concentration was plotted on the
X-axis, and the mean peak area was plotted on the Y-axis, to

create the calibration curve. The slope, the standard devia-
tion (SD) of response (sigma), the y-intercept, the SD of the
intercept, and the regression coefficient (r*) were calculated
using the calibration data.'*

Accuracy. The absolute recovery of the drug from the qual-
ity control samples was estimated to determine the method’s
accuracy. Three different concentration levels of the method
were used to prepare the samples: lower quantified concen-
tration (LQC, 80%), medium quantified concentration (MQC,
100%), and high quantified concentration (HQC, 120%) at the
midrange concentration of 100 ng/mL. Aliquots of solution D
in the amounts of 3.0, 3.75, and 4.5 mL were added into sep-
arate 10 mL volumetric flasks to obtain these concentra-
tions. One milliliter of solution E and 0.1 mL of plasma were
then added. After adding plasma, the samples were sonicated
and centrifuged in an Eppendorf at 10,000 rpm for 30 min
at 4°C.

The supernatant was transferred using a micropipette into a
10 mL volumetric flask, and 3.75 mL of solution F was then
added. The volume was then diluted to 10 mL with ACN. As a
result, the theoretical concentrations of SIM in these solutions
were 120, 150, and 180 ng/mL, respectively, with 10 mg/mL
of ATV. These concentrations were determined using HPLC
in six replicate tests.'* The formula shown in the following
Eq. (1) was used to estimate the absolute percentage of drug
recovery:

Actual concentraion recovered

Actual % recovery = * 100 1
v Theoretical concentration ()

Precision. The repeatability and intermediate precision of the
developed method were used to determine its precision. Six
injections of the LQC, MQC, and HQC samples were performed
into the same experimental setup on the same day to ensure
repeatability (without the addition of sample solution F). By
calculating LQC, MQC, and HQC samples six times under sim-
ilar experimental conditions, but on different days with dif-
ferent analysts (interanalyst), the intermediate accuracy was
determined.'®> Following the collection of mean data, the
percentage relative standard deviation (RSD) was calculated
using the formula shown in the following Eq. 2:

%Relative standard deviation

Standard deviation of peak area 100 (2)
= *
Average peak area

System suitability and estimation of LOD and LOQ. System com-
patibility was evaluated using the peak purity index, height
equivalent to theoretical plate (HETP), theoretical plate, and
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tailing factor. The SD of response (sigma) and slope of the
calibration curve were used to determine the LOD and LOQ
(S).’® The SD was calculated using the SD of the Y intercepts
of the regression line. The following Egs. (4) and (5) were used
to calculate the results'”:

Lop=332 4)
S
L0Q= 10% (5)

Stability study. Three freeze-thaw cycles were used to study
the stability of plasma samples spiked with SIM, with short-
term stability at room temperature for 3h and long-term
stability at —20°C for 3 weeks. Three milliliters of plasma
was collected in one RIA vial for freeze-thaw stability. To
this vial, 10 mg of SIM was added (to achieve a concentra-
tion of 1,000 mg/mL), and the solution was vortexed for
5 min. This test tube was placed in a freezer at a —20°C tem-
perature. The test tube was taken out and thawed at room
temperature after the sample had frozen. From the thawed
samples, 1 mL of plasma was removed (Cycle 1), and the
remaining 2 mL of plasma was stored in the deep freezer for
the following cycle.

The drug was precipitated from the extracted plasma (1 mL),
and the supernatant was centrifuged. After centrifugation,
the clear translucent supernatant was obtained and diluted to
100 mL with ACN to obtain a concentration of 100 mg/mL."®
Dilutions were also prepared to obtain 120 ng/mL (LQC),
150 ng/mL (MQC), and 180 ng/mL (HQC). Similar to Cycle 1,
the final frozen plasma sample (2 mL) was taken out, allowed
to thaw at room temperature, and then 1mL was extracted
(Cycle 2). The final 1 mL of thawed plasma was then placed
back in the deep freezer. It was taken out and thawed after it
had frozen (Cycle 3). As in Cycle 1, the method was repeated
in Cycles 2 and 3 to prepare LQC, MQC, and HQC samples.
IS was added to all these solutions at a concentration of
10 mg/mL.

All dilutions were produced in triplicate, and injected into
HPLC, and their retention times at 238 nm were determined.
The mean, SD, and % RSD were calculated for each concen-
tration.'®?° Similar to this, at room temperature, the short-
term stability of a plasma sample injected with SIM was
determined. Before extraction, the stability was tested at 1, 2,
and 3 h. In the short term, 3 mL of plasma and 10 mg of SIM
were added (to achieve a concentration of 1,000 mg/mL) to the
RIA vial and vortexed for 5 min. The RIA vial was maintained
at a constant temperature (room temperature).

After each interval, a sample (1 mL) was collected, the drug
was withdrawn from the plasma, processed to create the LQC,
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MQC, and HQC samples, and IS (10 mg/mL) was added. The
retention times of each dilution were measured at 238 nm after
they had been prepared in triplicate and injected into the
HPLC. The mean, SD, and % RSD were estimated for each
concentration.”' Three RIA vials containing 1 mg of SIM each
were filled with 1 mL of plasma to ensure long-term stability
(to achieve a concentration of 1,000 mg/mL). All three vials
were put in the freezer at —20°C after the mixture had been
vortexed for 5 min.

After 1, 2, and 3 weeks, the three vials were removed from
the freezer. Following each interval, the drugs were taken out
of the plasma, prepared for LQC, MQC, and HQC samples, and
then IS (10 mg/mL) was added. To measure the retention times
at 238 nm, each dilution was made in triplicate and then
injected into the HPLC. The mean, SD, and % RSD were cal-
culated for each concentration.??

Statistical analysis. The experimental values are all reported as
mean SD. The mean, SD, and percent RSD were calculated
using an MS Excel worksheet. In GraphPad Prism version 7.0,
the calibration curve was developed and the results were
compared using Tukey’s multiple comparison test. (GraphPad
Software, Inc., CA). A significant difference in the collected
data was shown by a p-value of <0.05.

RESULTS AND DISCUSSION

Specificity, Linearity, and Range

Since no other peak was found in the chromatogram of the
blank plasma sample at the drug’s retention time and lambda
max, the developed method was verified to be drug molecule
specific. As a result, it was determined that the chosen method

25000+
y =77.569x + 16.214
20000+ R*=0.9994
[ ]
:.'5' 15000+
-1
£ 10000-
4
5000+

L] L] 1
0 100 200 300
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Fig. 2. Calibration curve of SIM.
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The result showed that the
mean percentage recovery for all
three levels was within the stan-
dard ranges, that is, 95%-105%.
This shows that the developed
method was accurate under the
study’s test conditions, as shown
in Table 1:
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determinations at the intraday,
interday, and interanalyst levels
under the same experimental
studies. The percentage relative
deviation was <2%, indicating
that the developed technique was
precise under the specified test
conditions, as shown in Table 2:

el

T
125 i Stability Study of Plasma
Samples

Fig. 3.
8.331) in rat plasma. RT, retention time.

was drug specific.”?> The plasma-based calibration curve
was shown to be linear in the 50-250ng/mL range. The
regression coefficient (r*) was determined to be 0.9994, indi-
cating linearity. The calibration curve shown in Figure 2, and
the chromatogram of blank plasma and SIM in rat plasma are
given in Figure 3:

Table 1. Results of Accuracy Study

Total concentration
of solution, actual

Concentration
of sample

(A) Chromatogram of blank plasma, (B) chromatogram of ATV (RT. 3.720) and SIM (RT.

For the LQC, MQC, and HQC
samples, the stability study was
conducted for spiking samples
of SIM in plasma at three dif-
ferent levels, including short term (Table 3), freeze-thaw
cycles (Table 4), and long term (Table 5). In all cases, the results
indicated that more than 95% of the drug was recovered, with
an RSD <29%. These studies’ results showed that drugs in
plasma samples were stress stable and long-term storage
stable.**

Concentration
of drug recovered

solution (ng/mL) (ng/mL) (ng/mL), (n=5) % Recovery Mean % recovery
LQc 50 120 118.7£0.65 98.91+0.95 99.88+0.82
MQcC 50 150 152.7+1.21 101.8+0.86
HQC 50 180 178.1£0.96 98.94+0.65

HQC, high quantified concentration; LQC, lower quantified concentration; MQC, medium quantified concentration.
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Table 2. Results of Precision Study

Concentration

Parameter (ng/mL)
Intra-day
1h Lac 120 9,258.81 9,196.52 9,296.43 9,125.23 9,189.34 9,279.21 9,224.257 65.14226 0.706206
MacC 150 11,825.32 | 11,956.27 | 11,910.82 | 11,892.83 | 11,781.88 | 11,83536 | 11,867.08 64.094 0.540099
HQC 180 13,951.2 13,767.23 | 13,876.84 | 13938.89 | 13,837.14 | 13,638.87 | 13,835.03 117.5674 0.849781
2h Lac 120 9,263.62 9,352.51 9,515.45 9,365.25 9,264.34 9,159.6 9,320.128 121.0867 1.299196
MQcC 150 11,756.55 | 11,896.45 | 11,874.26 | 11,795.25 | 11,668.75 | 11,885.63 | 11,812.82 89.77898 0.760013
HQC 180 13,841.24 | 13,552.45 | 13,795.48 | 13,896.56 | 13,696.84 | 13,759.36 | 13,756.99 121.2597 0.881441
3h Lac 120 9,256.45 9,357.56 9,284.45 9,454.15 9,354.54 9,248.45 BISYSII8E 78.49913 0.841729
MQcC 150 11,854.45 | 11,956.54 | 11,695.21 11954.45 | 11,768.85 | 11,865.74 | 11,849.21 103.0239 0.869458
HQC 180 13,769.56 | 13,954.42 | 13,659.78 | 13,759.69 | 13,896.65 | 13,856.87 | 13,816.16 106.8334 0.77325
Interday
Day 1 Lac 120 9,258.81 9,196.52 9,296.43 9,125.23 9,189.34 9,279.21 9,224.257 65.14226 0.706206
MQc 150 11,825.32 | 11,956.27 | 11,910.82 | 11,892.83 | 11,781.88 | 11,835.36 | 11,867.08 64.094 0.540099
HQC 180 13951.22 | 13,767.23 | 13,876.84 | 13,938.89 | 13,837.14 | 13,638.87 | 13,835.03 117.5714 0.849809
Day 2 Lac 120 9,364.56 9,256.45 9,348.85 9,485.74 9,394.78 9,457.55 9,384.655 82.16654 0.875541
Mac 150 11,958.58 11,896.45 | 11,826.54 | 11,964.34 | 11,863.45 | 11,725.86 | 11,872.54 89.57171 0.754445
HQC 180 13,894.56 | 13,856.57 | 13,758.25 | 13,964.75 | 13,899.45 | 13,589.75 | 13,827.22 134.6675 0.97393
Day 3 Lac 120 9,353.36 9,245.51 9,459.59 9,354.29 9,265.65 9,489.56 9,361.327 98.77244 1.055112
Mac 150 11,796.54 | 11,865.63 | 11,794.56 | 11,855.65 | 11,795.45 | 11954.49 | 11,843.72 63.03176 0.532196
HQC 180 13,769.56 | 13,954.42 | 13,659.78 | 13,759.69 | 13,896.65 | 13,856.87 | 13,816.16 106.8334 0.77325
Intermediate precision (interanalyst)
Analyst 1 Lac 120 9,258.81 9,196.52 9,296.43 9,125.23 9,189.34 9,279.21 9,224.257 65.14226 0.706206
MaQc 150 11,825.32 | 11,956.27 | 11,910.82 | 11,892.83 | 11,781.88 | 11,835.36 | 11,867.08 64.094 0.540099
HQC 180 13,951.22 13,767.23 13,876.84 | 13,938.89 13,837.14 | 13,638.87 13,835.03 117.5714 0.849809
Analyst 2 Lac 120 9,156.45 9,265.12 9,298.62 9,156.36 9,365.24 9,456.75 9,283.09 117.9565 1.27066
MaQc 150 11,586.55 | 11656.45 | 11,825.59 | 11,789.41 11,796.85 | 11,789.56 | 11,740.74 95.89513 0.816773
HQC 180 13,895.54 | 13,956.78 | 13,756.45 | 13,896.95 | 13,756.36 | 13,696.96 | 13,826.51 103.2568 0.746803
Analyst 3 Lac 120 835555 9,268.45 9,556.63 9,268.56 9,355.36 9,389.21 9,365.627 105.9345 1.131099
MaQc 150 11,759.15 | 11,869.46 | 11,789.78 11,896.45 | 11,815.78 | 11,911.85 | 11,840.41 61.41869 0.518721
HQC 180 13,694.44 | 13,965.86 | 13,756.12 13,896.63 13,737.65 | 13,864.96 | 13,819.28 105.6343 0.764398

RSD, relative standard deviation; SD, standard deviation.
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Table 3. Short-Term Stability for Plasma Samples of Simvastatin

Amount of drug

Actual concentration recovered in plasma Recovery
of drug (ng/mL) sample (ng/mL) (%)
1h
120 (LQC) 9,265.78 9,156.45 9,365.56 9,262.597 104.5913 1.129179 119.21 99.34
150 (MQC) 11,486.26 11,569.78 11,656.48 11,570.84 85.11495 0.735599 148.97 99.31
180 (HQC) 13,756.78 13,886.48 13,785.59 13,809.62 68.10641 0.493181 177.80 98.77
2h
120 (LQC) 9,159.41 9,252.51 9,368.79 9,260.237 104.9036 1.13284 119.18 99.31
150 (MQC) 11,695.26 11,656.95 11,597.42 11,649.88 49.30203 0.423198 149.99 99.99
180 (HQC) 13,896.42 13,796.49 13,965.52 13,886.14 84.98231 0.611994 178.82 99.34
3h
120 (LQC) 9,365.64 9,258.45 9,469.34 9,364.477 105.4498 1.126062 120.52 100.43
150 (MQC) 11,469.42 11,582.65 11,695.59 11,582.55 113.085 0.976339 149.12 99.41
180 (HQC) 13,965.46 13,869.69 13,759.54 13,864.9 103.0436 0.743198 178.55 9ONIG

Table 4. Freeze-Thaw Stability for Plasma Samples of Simvastatin

Amount of drug

Actual concentration recovered in plasma Recovery
of drug (ng/mL) sample (ng/mL) (%)
Cycle 1
120 (LQC) 9,236.25 9,363.68 9,169.32 9,256.417 98.73689 1.066686 119.13 99.27
150 (MQQ) 11,469.62 11,569.45 11,653.56 11,564.21 92.08189 0.796266 148.89 99.26
180 (HQC) 13,756.35 13,896.63 13,664.36 13,772.45 116.9687 0.849295 177.36 98.53
Cycle 2
120 (LQC) 9,296.36 9,369.64 9,595.49 9,420.497 155.915 1.655061 121.25 101.04
150 (MQC) 11,394.39 11,269.94 11,496.29 11,386.87 113.3621 0.99555 146.60 97.73
180 (HQC) 13,964.62 13,869.34 13,795.89 13,876.62 84.60003 0.609659 178.70 99.27
Cycle 3
120 (LQC) 9,169.56 9,346.97 9,267.93 9,261.487 88.88034 0.959677 119.20 99.33
150 (MQQ) 11,469.63 11,536.96 11,695.75 11,567.45 116.1019 1.003695 148.93 99.28
180 (HQC) 13,569.61 13,791.34 13,694.47 13,685.14 111.1591 0.812261 176.23 97.90
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Table 5. Long-Term Stability for Plasma Samples of Simvastatin

Amount of drug

Actual concentration recovered in plasma Recovery
of drug (ng/mL) sample (ng/mL) (%)
Week 1
120 (LQC) 9,136.45 9,256.78 9,315.45 9,236.227 91.25283 0.987988 118.87 99.05
150 (MQC) 11,369.29 11,496.45 11,654.15 11,506.63 142.7026 1.240177 148.14 98.76
180 (HQC) 13,695.15 13,956.95 13,865.14 13,839.08 132.8313 0.959827 178.22 99.01
Week 2
120 (LQC) 9,365.95 9,189.58 9,268.78 9,274.77 88.33745 0.952449 119.37 99.47
150 (MQC) 11,269.36 11,369.15 11,455.75 11,364.75 93.27275 0.82072 146.31 97.54
180 (HQC) 13,569.36 13,776.95 13,645.94 13,664.08 104.9776 0.768274 175.96 97.75
Week 3
120 (LQC) 9,268.96 9,278.38 9,136.63 9,227.99 79.26015 0.85891 118.76 98.96
150 (MQC) 11,363.54 11,275.36 11,415.45 11,351.45 70.82322 0.623913 146.14 97.42
180 (HQC) 13,695.63 13,862.39 13,865.15 13,807.72 97.08548 0.703124 177.81 98.78
LOD and LOQ CONCLUSION

LOD and LOQ were found in rat plasma to be 0.12
and 0.38 ng/mL, respectively. These showed that the method
was sensitive for the detection of the drug at lower
concentrations.

System Suitability

According to usage, a chromatographic system'’s suitability
and effectiveness are examined using a system suitability test.
The tailing factor for all peaks, including SIM and ATV peaks,
did not exceed two to show good peak regularity (acceptance
limits <2) and the number of theoretical plates were always
>2,000 in all chromatographic runs to ensure good column
efficiency throughout the developed separation process
shown in Table 6."°

Table 6. Results of System Suitability Parameters

Sr. no. Parameter SIM ATV

1. Theoretical plates 7,853.56+15.11 3,869.34+11.87
2. HETP 35.21+£2.41 18.31£2.11

3. Tailing factor 1.35+£0.32 1.28+0.29

ATV, atorvastatin; HETP, height equivalent to theoretical plate; SIM, simvastatin.
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The work was carried out to develop a cost-effective, easy,
sensitive, accurate, and precise bioanalytical method for
quantifying SIM in rat plasma. The percentage recovery of
SIM from plasma samples was 95%-105%, indicating excel-
lent recovery. The percentage RSD of samples with various
concentrations used for intraday and intermediate precision
studies was determined to be <2%, and system suitability
studies revealed that the method was repeatable and robust.
When compared to other methods for determining SIM in
biological samples, the method also significantly improves
drug recovery from plasma samples, has lower linearity and
range, and lowers LOQ and LOD values. The developed method
can be used to study the pharmacokinetics and biodistribu-
tion of the drug in SIM or bulk form in different pharma-
ceutical formulations.
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Abstract

Background: The purpose of this research work to improve solubility and bioavail-
ability of Simvastatin using self nano-emulsifying drug delivery system (SNEDDS) for
treatment the Alzheimer’s disease.

Method: Self emulsifying property of various oils including essential oils was evalu-
ated with suitable surfactants and co-surfactants. Validation of method for accuracy,
repeatability, Interday and intraday precision, ruggedness, and robustness were within
the acceptable limits. The liquid SNEDDS was prepared and optimized using ternary
phase diagram, thermodynamic, centrifugation and cloud point studies.

Result: The globule size of optimized formulations was less than 200 nm which could
be acceptable nanoemulsion size range. The mean droplet size, drug loading, PDI and
zeta potential were found to be 141.0 nm, 92.22%, 0.23 and -10.13 mV and 153.5nm,
93.89%,0.41 and -11.7 mV and 164.26 nm, 95.26%, 0.41 and -10.66mV respectively.
The best formulations were subjected to FESEM for surface morphology.

Conclusion: Formulation development, and evaluation of simvastatin loaded self nano-
emulsifying drug delivery system (SNEDDS) for treatment the Alzheimer’s disease

were carried out.
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ARTICLE INFO ABSTRACT
Keywords: Polysaccharides (PS) represent a broad class of polymer-based compounds that have been extensively researched
Colorectal diseases as therapeutics and excipients for drug delivery. As pharmaceutical carriers, PS have mostly found their use as

Colon targeted delivery adsorbents, suspending agents, as well as cross-linking agents for various formulations such as liposomes,

ﬂ?:;z;r}::;s nanoparticles, nanoemulsions, nano lipid carriers, microspheres etc. This is due to inherent properties of PS such
as porosity, steric stability and swellability, insolubility in pH. There have been emerging reports on the use of PS
as therapeutic agent due to its anti-inflammatory and anti-oxidative properties for various diseases. In particular,
for Crohn’s disease, ulcerative colitis and inflammatory bowel disease. However, determining the dosage,
treatment duration and effective technology transfer of these therapeutic moieties have not occurred. This is due
to the fact that PS are still at a nascent stage of development to a full proof therapy for a particular disease.
Recently, a combination of polysaccharide which act as a prebiotic and a probiotic have been used as a com-
bination to treat various intestinal and colorectal (CRC) related diseases. This has proven to be beneficial, has
shown good in vivo correlation and is well reported. The present review entails a detailed description on the role

of PS used as a therapeutic agent and as a formulation pertaining to gastrointestinal diseases.
carboxylic acid groups, which further suggests the potential for chemical
1. Introduction modification [2]. The diversity of PS is further increased by the fact that
their molecular weight can range from hundreds to thousands of daltons.
A broad category of polymeric substances with natural (animal, Moreover, PS possess many other properties such as biocompatibility,
plant, and algal) origins called polysaccharides (PS) are produced by the biodegradability, easy alteration in their solubility and modification of
glycosidic interaction of monosaccharides. The monosaccharide units their branch chain [3]. Furthermore, PS have been extensively
are mainly composed of p-galactose, L-galactose, p-fructose, p-glucose, p- researched upon for drug delivery due to their ability to get triggered by
xylose, p-mannose, and L-arabinose subunits [1]. PS may have a linear or change in pH, alteration in gut microflora, aid in pressure and time
branching architecture, depending on the type of monosaccharide unit. dependent release of the drug, which could help in the development of
PS contain a variety of reactive groups, such as hydroxyl, amino, and pulsatile release drug delivery systems [4]. Among all the PS, the most
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Abbreviations

5-ASA  5-Aminosalycyclic Acid

Caco-2 Colon carcinoma

CD 80, 86 Cluster differentiation 80, 86
FCP fecal calprotectin

HCT Colorectal Carcinoma

IL- Interleukin

iNOS Inducible nitric oxide synthase

MAPK  Mitogen-activated protein kinase
MCF-7  Michigan Cancer foundation-7
NF«xf Nuclear factor-xB

PGE2 Prostaglandin E,

PI3K phosphatidylinositol-3 kinase

PLGA Poly(lactic-co-glycolic acid)

TNF Tumor Necrosis Factor

XG-PNVP Xanthan gum polyvinyl pyrrolidone

widely studied PS include chitosan, pectin, hydroxypropyl methyl cel-
lulose, guar gum and xanthan gum [5].

Owing to their versatility, PS have been extensively studied in the
development of various drug delivery systems. Such as, PS have found
their usage in parenteral drug delivery [6], ocular drug delivery [7] and
topical drug delivery [8]. These have found their uses in conventional
drug delivery systems such as tablets and capsules as well as novel drug
delivery systems such as liposomes, micelles, nanoemulsions [9]. Most
of the drug delivery systems developed, are majorly used for the treat-
ment of colorectal diseases such as inflammatory bowel syndrome,
Crohn’s disease, amoebiasis, and CRC. The techniques used in the
preparation of these drug delivery systems ranges from melt granulation
technique and direct compression for conventional dosage forms to co-
valent cross-linking, metal polymer cross-linking, electrostatic
cross-linking and hydrophobic cross-linking for novel drug delivery
systems [10]. Due to their surface modification, PS such as dextran and
heparin have been recognized as stealth coating material [11]. Addi-
tionally, numerous studies show that PS including chitosan, hyaluronic
acid, and chondroitin sulphate have ligand binding properties [12]. PS
are also considered to be reducing sugars and showed their versatility to
form cross-links. Alginate is a best example of PS that is able to form
ionic cross-links [13]. Moreover, PS also exhibit the ability of being
swellable in aqueous environment facilitating them to be actively
involved in the formulation of oral colon targeting agents. An example of
this includes gum-based PS such as guar gum and xanthan gum that are
known for their swellability [14]. Owing to aforementioned properties,
PS have been used as a pharmaceutical carrier in drug delivery, some
examples wherein PS have been used in formulations include metallic
nanoparticles [15,16], mini tablets [17-19], microspheres [20], lipo-
somes [21] and implantable devices [22].

It is crucial to design functional drug delivery system that react to the
inherent disease state in order to provide active targeting or self-
degradation activities. Enabling for preferential uptake of the trans-
port by the reticuloendothelial system reduces the carrier’s absorption
and limits the therapeutic efficacy of the medicine because PS-based
transporters can be non-specifically identified and adsorbed by plasma
proteins [23]. In order to obtain particular identification and adherence
to a particular disease state, it is important to change the structural
formulation of PS at molecular level. The technique, therefore involves,
functionalization of these drug delivery system to incorporate a func-
tionalizing agent as well as the PS which possess a challenge to formu-
lation scientists.

To overcome such challenges, researchers have actively been
involved in the development of PS as therapeutic moieties. This has also
enabled to decrease the load on the drug delivery system that would
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otherwise incorporate the PS and functionalized polymer which would
have led to improper synthesis, stability related aspects and difficulty in
scale up. A wide range of properties of PS have particularly enabled
them to be developed as therapeutic agents owing to their properties of
anti-inflammatory [24], antidiabetic [25], anticarcinogenic [26] and
antioxidative properties [27]. PS are known to act via the PI3K/AKT
signaling pathway, MAPK pathway, and endocytosis pathway which are
majorly linked to various metabolic diseases [28]. It is also understood
that PS have a role in short chain fatty acid synthesis that could alter the
gut microbiota and act via the gut brain axis, highlighting the role of PS
to treat metabolic diseases apart from colorectal diseases [29].
Numerous PS have antimicrobial properties as well. For instance, it is
thought that the cidal properties of chitosan are caused by a potent
contact between the protonated amines and the negatively charged
bacterial cell wall [30]. It is known that some PS can lessen inflamma-
tion. As an example, heparin (formed by disaccharides of -p-gluco-
pyranosiduronic acid or -r-idopyranosiduronic acid connected to
N-acetyl or N-sulfo-D glucosamine) has the highest opposite charge as
compared to any PS, that enhables its interaction with a variety of
proteins [31].

The present review comprehensively entails the role of PS as thera-
peutics as well as carrier in developing formulations to treat colonic
diseases. The mechanism of PS to treat different types of colonic diseases
with or without probiotics (synbiotics) has been discussed in detail in
the subsequent reactions. Diving deep into the review, the role of PS in
the development of various drug delivery system to treat colonic disease
are also extensively described with some case studies. The article also
covers some of the patents filed in this area in order to highlight the
commercial importance of this research for industries and benefitting
the society.

2. PS used for various colorectal and intestinal diseases
2.1. Ulcerative colitis (UC)

UC is a long-term immune-mediated inflammatory disease of the
large intestine that is most commonly linked with rectal inflammation,
but can also affect other parts of the colon. Rectal involvement is present
in about 95% of adult patients with UC during its diagnosis [32]. PS have
shown their role as anti-inflammatory agent and reported to regulate
intestinal barrier function through in vitro and in vivo methods that are
discussed below.

2.1.1. Cell line studies

The literature on the usage of PS for UC is limited. However, there
are some studies that highlight PS role in UC. Wang and coworkers
studied the role of a PS cultured mycelium of Hericium erinaceus using
Caco-2 cell lines as models. The study confirmed that the PS was suc-
cessful in increasing the activity of SOD and reactive oxygen species and
oxygen damaged. As a result, this improved the mitochondrial function
[33]. In another study, Tremella fuciformis PS (TFP) effect on Caco-2 cell
lines was studied. It was found out that, TFP reduced the levels of
pro-inflammatory cytokines and increased the expression of genes and
proteins of the mucus and intestinal barrier respectively [34].

2.1.2. Animal studies

The important animal models used to study UC include acetic acid
induced UC, dextran sulphate induced UC and carrageenan-induced
colitis. In one study that was carried out to understand the degree of
esterification of pectin and its effect on UC induced by dextran sulphate
sodium (DSS) proved that UC mainly causes dysfunction of the mucosal
barrier which leads to increase in microbial toxins entering to the in-
testinal layer leading to oxidative stress and activation of pro inflam-
matory pathways. Further, research demonstrated that plant derived
pectic oligosaccharides were capable of limiting lipid peroxidation and
scavenging the free radicals, which could aid in the treatment of various
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immune related and metabolic disorders. Specifically, the degrees of
esterification of pectin plays a role in UC. Low esterified pectin was
fermented by the microbiota in the lumen while high esterified pectin
was fermented by the microbiota in the proximal colon [35]. This study
pointed about the early use of low esterified pectin for UC at high doses
was beneficial by significantly reducing occludin and myeloperoxidase
levels, IL-6 and IL-7 [36]. Using Western blotting, Horii and coworkers
studied that partially hydrolyzed guar gum improves wound healing of
colonic epithelial cells and boosts intestinal mucosa recovery by
increasing extracellular signal regulated kinases 1 and 2 and
mitogen-activated protein kinase activation. Thus, proving that guar
gum could be used as a therapeutic moiety in colitis [37]. Chitosan has
also been demonstrated to work as a therapeutic directly on ulcerative
colitis. The upper human gastrointestinal tract (GIT) does not break-
down chitosan, therefore it can reach the colon following oral ingestion
and produce a local colonic action. The effect and mechanism of chi-
tosan on DSS-induced mice were investigated by Wang et al. It was re-
ported that chitosan reduces disease activity index, alleviates
histopathological alterations, increases tight junction protein expres-
sion, reduces TNF-expression, and regulates Lactobacillus and Blautia,
spp according to the researchers [38]. Similar to chitosan, Sodium
alginate, which is abundant in seaweed and mostly offers its medicinal
utility of wound hemostasis was studied for its role in UC. Sodium
alginate, that is made up of -D-mannuronic and -L-guluronic acids, is a
by-product of extracting iodine and mannitol from kelp or sargassum. It
is frequently used in medicine for its stability, solubility, tolerability,
biocompatibility, and safety properties. Sodium alginate has been shown
to prevent and ameliorate DSS- and 2,4,6-TNBS-induced colitis by
lengthening the colon and encouraging goblet cell repair. Sodium algi-
nate guards the upper digestive tract’s injured area and prevents mucus
from dissolving. It is reported that sodium alginate promotes epithelial
cell migration and increases the number of goblet cells, which increases
mucin production and thickens the mucus layer facilitating faster relief
from colitis [39].

2.1.3. Clinical trials

In a randomized clinical trial involving 105 patients, the effect of
Plantago ovata seeds versus mesalamine was compared to understand the
maintenance of remission for UC. The study was carried out for a period
of 12 months. It was concluded from the study that Plantago ovata was
able to maintain 40% of remission and it had same efficacy as of
mesalamine in the treatment of UC. Further, a significant increase in
fecal butyrate levels was observed in the Plantago ovata group as
compared to the mesalamine group [40]. Similarly, another random-
ized, single-blind, and positive drug parallel-controlled study was car-
ried out on 126 UC patients to assess the efficacy of sophora colon
soluble capsules versus mesalamine. The study also confirmed that
membrane lesions were lesser compared to the mesalamine group and
sophora was effective at higher doses respectively [41]. Seaweeds are
used to produce the sulfated PS known as carrageenan. It is utilised in
the food industry for its emulsifying, thickening, and stabilizing qualities
and has been given the “generally regarded as safe” designation by the
US Food and Drug Administration. In order to determine the impact of
the ubiquitous food ingredient carrageenan on clinical recurrence rates,
Bhattacharyya et al. undertook a small, randomized, double-blind, pla-
cebo-controlled, multicenter clinical trial on UC subjects. The re-
searchers selected UC patients who were older than 18 and in clinical
remission. The carrageenan-containing capsules (200 mg/day) were
given to the patients randomly assigned to the carrageenan group (n =
5). Similar-looking dextrose-containing capsules were given to patients
randomly assigned to the placebo group (n = 7). Participants were
required to adhere to a carrageenan-free diet for the whole 12-month
trial period. In contrast to patients who were on a comparable diet
plus two oral capsules of carrageenan each day, they reported that UC
patients who were on a carrageenan-free diet with placebo had a lower
recurrence rate. Additionally, they noted that ingestion of carrageenan
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increased levels of FCP and interleukin-6 (IL-6), two markers of disease
activity. In terms of changes in quality-of-life scores, there was no sta-
tistically significant difference between the two groups [42].

2.2. Inflammatory bowel disease (IBD)

IBD is a chronic inflammatory disease of the GIT that includes
Crohn’s disease, ulcerative colitis, and other disease conditions. IBD is
characterized by bouts of stomach discomfort, diarrhea, bloody stools,
weight loss, and the invasion of neutrophils and macrophages that
generate cytokines, proteolytic enzymes, and free radicals that cause
inflammation and ulceration of the intestinal mucosa [43]. PS reduce
oxidative stress by lowering the formation of oxygen free radicals such
as myeloperoxidase (MPO), nitric oxide (NO), and malondialdehyde
(MDA), which helps with IBD symptoms [44]. Various in vitro cell line,
animal and clinical studies pertaining to the role of PS in treating IBD are
discussed below.

2.2.1. Cell line studies

The role of PS of adlay bran (TPA) on TNF-a induced epithelial
barrier dysfunction in Caco-2 cells was evaluated. To assess the intes-
tinal epithelial barrier function, Caco-2 cells were treated with or
without TPA in the absence or presence of TNF-a, and transepithelial
electrical resistance (TEER) was recorded. TPA inhibited the release of
pro-inflammatory factors induced by TNF-a. It also alleviated the in-
crease in paracellular permeability, reduction in TNF-a induced upre-
gulation of IL-8 and IL-6 expression, as well as downregulation of
occludin and ZO-3 expression. It was also noticed that a significant
decrease activation and protein expression of NF-B p65 occurred [45].
In another study involving total PS of the Sijunzi decoction (TPSJ) on the
measurement of transepithelial electrical resistance (TEER) was carried
out. Through Western blotting analysis, the levels of myosin light chain
(MLC), phosphorylated MLC (pMLC), MLC kinase (MLCK), and nuclear
factor (NF)-kB p65 were analysed. It was understood that TPSJ signifi-
cantly reduced TNF-a mediated elevation of p-MLC and MLCK expres-
sion, dysregulated the expression of claudin 1, claudin 2, ZO-3, and
occludin, and mitigated TNF-induced membrane damage. Finally, TPSJ
prevented NF-xB p65 from being activated and expressed. The study
highlighted the role of TPSJ improves intestinal barrier function by
downregulating NF-«kB p65 pathway [46].

2.2.2. Animal studies

Diling and coworkers demonstrated that PS from Hericium erinaceus
administered to irritable bowel syndrome (IBS) induced rats through
trinitro-benzene-sulfonic acid (TNBS) enema (150 mg/kg) improved the
colonic mucosa, damage activity, common morphous, and tissue dam-
age index scores (p < 0.05). The activities of myeloperoxidase (MPO)
were reduced. Inflammatory factors, such as serum cytokines, Foxp3 and
interleukin (IL)-10, were differentially expressed in the colonic mucosa
of IBD rats, with NF-B p65 and tumour necrosis factor (TNF)- being
lowered (p < 0.05) and T cells being activated (p < 0.05) [47].

PS and their anti-inflammatory activities are closely linked to their
chemical structures, particularly their monosaccharide compositions,
molecular weights, chain conformations, glycosidic connections types
and positions, as well as sulphate concentrations. One study indicated
that PS with 9.42% of PS exhibited higher nitric oxide (NO) inflamma-
tory activity in mice [48]. Another key aspect responsible for PS
anti-inflammatory action is chain conformation. In general, polymers
can take on a variety of chain conformations in solution, including
random coil, duplex or triplex, rod-like, and sphere-like geometries. PS
are said to be more active in the triple-helix configuration [49]. For
example, f-glucans with higher immunomodulatory activity are
frequently found in a triple-helix configuration. According to additional
studies, the triple-helix conformation of f-glucans may be better iden-
tified by immune cell receptors due to their increased stiffness, thereby
providing better therapeutic activity [50]. Similarly, the presence of
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specific types of monosaccharides may have a significant impact on PS
anti-inflammatory effects. Glucans, for example, are homopolymers of D
glucose that have shown to have anti-inflammatory properties [51].

2.2.3. Clinical trials

In a clinical investigation including 116 children, 57 of them
received the special diet made up of comminuted chicken and partially
hydrolyzed guar gum (PHGG) and 59 of whom received the control diet,
the effects of the special diet on humans were examined. It was reported
that the stool consistency, abdominal pain and IBS was alleviated by
PHGG administration respectively [52]. In another study, the influence
of chaga mushroom extract on the lymphocytes of 20 patients having IBS
was studied. The extract was successful in reducing DNA damage within
the patient group (p < 0.001) and prevented oxidative stress in the
lymphocytes from IBS patients respectively [53]. All these properties of
PS therefore, warrant it to have versatility in treatment of various in-
flammatory diseases pertaining to colon.

2.3. Colorectal cancer (CRC)

With economic development, changes in modern lifestyle, particu-
larly dietary changes, and the increasing age of populations, colorectal
cancer (CRC) has become one of the malignant tumors whose incidence
is increasing most rapidly, CRC also possess a threat to human life and
health [54]. According to the World Health Organization, CRC is the
third most prevalent cancer worldwide, with a high mortality rate and a
growing incidence among people under the age of 50. The effect of PS as
an anti-proliferative agent on colon cancer cells are also becoming more
popular. However, very little attention is given to the use of PS for this
condition [55]. There is a relationship between the chemical composi-
tion and configuration of PS with their anti-colon cancer effect of the PS
[56]. Previous studies have demonstrated that PS’s structural properties,
such as B-(1 — 6) links in the main chain, are crucial for their anti-colon
cancer activities because they can improve the activities of immuno-
competent cells or, promote tumour cell apoptosis [57].

2.3.1. Cell line studies

Sun et al. demonstrated that a PS derived from whole grass Scutellaria
barbata (SPS2p) decreased the p-AKT/AKT ratio in HT-29 cells, implying
that SPS2p suppresses the PI3K/AKT signaling pathway activation in
HT-29 cells. It is well known that the PI3K/AKT signaling pathway is
active in most tumour cells, and it plays a crucial role in cell prolifera-
tion and apoptosis [58]. Similarly, mitogen-activated protein kinases
(MAPKs) have an effect on tumour cells, promoting cell proliferation
and death [59]. One study revealed that Ganoderma lucidum PS (GLP)
induces apoptosis in HCT-116 cells by upregulating JNK expression via
the MAPK pathway. The activation of both the mitochondrial and
mitogen-activated protein kinase (MAPK) pathways is linked to the
apoptosis induced by GLP in human CRC cells [59]. The interaction of
mitochondrial dysfunction associated with intracellular reactive oxygen
species (ROS) with proteins cause induction of apoptosis [60]. The
decrease of mitochondrial membrane potential has been linked to
GLP-mediated apoptosis in HCT-116 cells. GLP changed the mitochon-
drial transmembrane potential, resulting in the release of cytochrome C
and increased production of BAX/BCL-2, caspase 3, and poly
(ADP-ribose), all of which led to cell death [61]. In eukaryotic cells,
any disruption of the cell cycle (G1-S-G2-M) causes hindrance of the
entire replication process [62]. In one study, it was found out that in
colon cancer cells, a new PS known as wolfberry (Lycium barbarum) PS
(LBP) displayed anticancer actions by inducing GO/G1 phase arrest.
Changes in cell-cycle-associated proteins, cyclins, and cyclin-dependent
kinases (CDKs), were understood to correspond to changes in cell-cycle
distribution [63].

2.3.2. Animal studies
It is difficult to select proper animal models to induce CRC due to
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variation apoptotic pathways at cellular level in animals. There are some
studies wherein, PS have been reported for the treatment of CRC. In one
study, 1,2 dimethyl hydrazine (DMH) was used to induce CRC in rats for
5 weeks, the effect of extracts from Pleurotus sajor-caju (PS1) and Lactuca
sativa (PS2) was studied. PS were successful in downregulation of
Alkaline phosphatase (ALP) and alanine aminotransferase (ALT)
respectively [64]. A PS extract (PE) from cooked common beans
(P. vulgaris L., var. Negro 8025) shown to have chemoprotective benefits
in a prior investigation on azoxymethane-induced colon cancer in rats.
The maximal butyrate concentration was found in the cecum due to the
PE-induced short-chain fatty acid synthesis, which also enhanced the
number of aberrant crypt foci (ACF), the transcriptional expression of
BAX and caspase 3, and the rate of cell apoptosis. These findings sug-
gested that PE decreased ACF and affected the expression of the colon
cancer-related apoptogenic genes [65]. In another study, Luo et al.
demonstrated that Ganoderma lucidum was effective in azoxymethane
induced colorectal mice cancer by preventing colon shortening,
reducing the mortality rate. According to the findings, the alleviation of
CRC was caused by both the decrease of particular bacteria and the
control of cancer-related genes by Ganoderma lucidum [66].

2.3.3. Clinical studies

Most of the clinical studies involving CRC treatment uses PS K which
is a mushroom PS. It is mostly used as an adjuvant therapy after the
course of the antineoplastic agent. In one prospective randomized clin-
ical trial involving 207 stage II or stage III CRC patients, PS K was given
at 3.0 g for 2 years. They found the 3-year survival rate to be 87.3% in
the protein bound PS K group and recommended it as an adjuvant
therapy in the management of CRC [67]. In another study using PS K as
adjuvant therapy after 5-flurouracil (5-FU) treatment, involving 446
patients. It was found that PS K increased the survival rate for cancer.
Moreover, the PS group showed better response in various adverse ef-
fects such as loss of appetite, diarrhea, oral cavity disorders respectively
[68]. It is therefore, promising that PS can be used for CRC.

2.4. Crohn’s disease

Crohn’s disease is a chronic inflammatory bowel illness that affects
the intestinal part of the gastrointestinal system. It has a progressive and
debilitating course and its incidence is reported worldwide. Several
variables have been suggested in the aetiology of Crohn’s disease,
including a dysregulated immune system, altered microbiota, genetic
predisposition, and environmental factors, but the cause of the disease
remains unclear. The illness develops at a young age and always needs
urgent but long-term therapy to avoid flare-ups and disease progression
with intestinal consequences [69].

2.4.1. Cell line studies

PS have been mostly used as a carrier in the treatment for Crohn’s
disease. However, one study showed the effect of maltodextrin (MDX)
on Crohn’s disease. It pointed out that MDX was responsible for type 1
pilli expression and facilitated bacterial adhesion to human epithelial
cell monolayers conducted on Caco-2 cell lines. These findings showed
that the common dietary component MDX promotes E. coli adherence
and reported to a mechanism through which western diets high in
particular PS increase gut microbiota dysbiosis and disease vulnerability
[70].

2.4.2. Animal studies

Reingold and coworkers entailed the role of peptidoglycan-PS
(PGPS) on different type of mice models. NOD2 knockout mice, RICK/
RIP2 knockout mice, and genetically inbred strains sensitive to inflam-
mation were among the mice strains examined. Results revealed that
CBA/J mice had the best response to PGPS, with consistently higher
abdomen scores than other strains. The PGPS-injected CBA/J mice were
tested 26 days after laparotomy and found to exhibit strongest
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inflammation and resembled the PGPS rat model and human Crohn’s
disease the best [71]. All these studies suggest that PS can have a
negative impact on Crohn’s disease. However, the use of specific PS for
this condition warrants further study. In another study by Yue et al.
Crohn’s disease was induced in SD rats using 2,4,6-trinitrobenzene
sulfonic acid (TNBS). Wild jujube PS were administered orally at 80
mg/kg dose respectively for 14 days. Results demonstrated that wild
jujube PS were successful in ameliorating disease activity index, and
showed improvement in mucosal damage. The PS suppressed the in-
flammatory markers such as TNF-a, IL-1p, IL-6 and MPO activity rats
[72]. There has not been any specific trial using PS for the treatment of
Crohn’s disease using clinical based studies. This might be due to the fact
that, Crohn’s disease is an alternative progressive form of Inflammatory
bowel disease.

2.5. Miscellaneous diseases

2.5.1. Amoebiasis

Amoebic colitis and amoebic liver abscesses are the most common
clinical symptoms of Entamoeba histolytica infection. Ulceration and
inflammation of the colon are symptoms of amoebic colitis. Amoebic
colitis might be mistaken for inflammatory bowel disease due to the
severity of the gut inflammation and therefore, proper diagnosis is
required [73]. Amoebae bind to host cells via a galactose-binding lectin
on the surface of Entamoeba histolytica, according to in vitro studies [74].
Amoebae can lyse the target cell after they make contact, employing
pore-forming chemicals such as amoeba pores and phospholipases.
Amoebic phagocytosis of the dead cell may occur after cell lysis. The
molecular basis for these events is still a hot topic in amoebiasis research
[75]. Entamoeba histolytica has a range of glycosidases, including siali-
dase, N-acetylgalactosamidase, and N-acetylglucosaminidase, which
can eliminate branched PS from mucin or host cells or formulations
containing PS. Entamoeba histolytica activates the mechanism for scav-
enging PS due to a lack of free carbohydrates in the colon and compe-
tition with the commensal bacteria [76]. This forms the rationale of
using PS as a carrier or therapeutic in the treatment of amoebiasis and
authorizes its use for this condition.

2.5.2. Constipation

Constipation is a condition that affects the intestinal tract and may
cause painful, stiff, and infrequent feces. Severe constipation may
compel the bowel to close, necessitating surgery in some cases [77].
There have been various studies highlighting the role of PS in the
treatment of constipation with various viewpoints on the treatment
using soy PS [78]. In one study involving diphenoxylate-induced con-
stipation in mice, Spirulina platensis PS was used for treatment of con-
stipation. The treatment was done for a period of 7 days. The beneficial
effect of the PS resulted in improved defecation, increase of acetylcho-
line activity, reduction in nitric oxide concentration. The study entailed
the successful development of Spirulina platensis PS for the treatment of
constipation [79]. In another animal model, loperamide hydrochloride
was induced to SD rats. The treatment using Malus halliana Koehne PS
(MHKP) was conducted for a period of 7 days in loperamide hydro-
chloride induced rats. Results revealed that there was significant upre-
gulation in the levels of gastrin, motilin, and substance P significantly (p
< 0.01) respectively. It indicated that MHKP was effective in the treat-
ment of functional constipation [80]. Furthermore, another PS from
Anemarrhena asphodeloides demonstrated upregulation of gastrin, moti-
lin and substance P in loperamide hydrochloride induced constipated rat
model. The results indicated that the PS increased intestinal motility,
improved water metabolism and showed excellent laxative action [81].
These preclinical studies are indicative that PS show excellent laxative
effect and offer benefits by increasing intestinal motility and showing
their action on the intestinal colorectal region. However, further studies
are warranted. Various preclinical and clinical studies on the use of PS
for the treatment of colorectal diseases are given in Table 1. Various
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registered clinical trials in which PS has been used as therapeutics are
reported in Table 2.

3. Impact of PS and probiotic combination in treatment of
colorectal diseases

PS have alone been used as pharmacotherapeutic agent. However, in
certain colorectal and metabolic related diseases, the gut microbiota
gets altered. This leads to a condition called gut dysbiosis. During this
stage, it is difficult for the PS to act on a disease state, particularly at the
colonic site as there is improper balance of microorganisms to feed on
the PS and show its mechanism of action [22]. Therefore, the thera-
peutic activity of the PS gets reduced. To overcome this, a symbiotic
based approach involving the co coadministration and interplay of
probiotics as well as prebiotics (PS) have been extensively studied. It is
understood that at particular pH conditions, the microorganisms present
in the formulation would be able to act on the PS and improve its
therapeutic activity. This would, serve the dual purpose of replenishing
the gut microbiota as well as increasing the therapeutic activity of the
PS. Among all the PS, the use of inulin as prebiotic and Lactobacillus spp
as probiotic has been extensively studied by researchers in various dis-
ease states. Table 3 Enlists various preclinical interventions where
combination of PS and probiotics as symbiotic to treat colorectal dis-
eases have been studied.

4. PS for drug delivery applications

The use of PS as a therapeutic has recently attracted much focus.
However, the development of PS as mainstream for treating colorectal
diseases is still speculative [146]. This is due to the understanding that
PS act as special carriers for treating colorectal diseases and not treat
them. Numerous studies have shown that choosing the right nano-
systems or carriers and altering their physicochemical features can
improve drug uptake. Carrier-based drug delivery systems can improve
drug’s transport through the GI barrier, protect them from enzymatic
and acidic breakdown in the GI tract, and boost intraluminal drug ab-
sorption [147]. Therefore, the role of PS has been majorly focused on
delivering the drug moiety to the colon rather than acting as an aid in
the treatment. Previously, it was postulated that permeability through
the GI tract was an inherent asset of bioactive compounds and that drug
delivery systems had no or little impact on overall drug permeability
[148]. Nevertheless, alternative strategies using PS have been used to
improve the GI drug availability of drug in GIT have been explored over
the last few decades. In addition, PS have also been used to formulate
microparticles, nanoparticles based on their complexation reduction
and conjugation properties. Various strategies include permeation en-
hancers, drug conjugation and modification, ion-pairing, micro-and
nanoparticulate systems, cross-linking mechanisms, electrostatic inter-
action, and hydrophobic interactions [149]. Understanding these
mechanisms has formed the basis for synthesizing various carrier-based
drug delivery systems containing PS that has been highlighted in the
subsequent section. The mechanism of drug release from PS coat is
depicted in Fig. 1.

4.1. Colon targeted delivery system formulated by intra and
intermolecular forces

4.1.1. Covalent cross-linking

Chemical cross-linking is commonly done to preserve the network of
PS nanoparticles and reduce or inhibit dissolution of the hydrophilic
polymer chains/segments into the aqueous phase while retaining the
materials’ biodegradability and improving bioavailability. Covalent
bonds are organized between functional groups of polymeric chains in
chemically cross-linked nanoparticles and gels, or they are mediated by
covalent cross-linking molecules having some active moieties [150].
Under particular endogenous and external circumstances, the chemical
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Table 1
Various preclinical and clinical studies on the use of PS for the treatment of colorectal diseases.
PS Cell line model ~ Animal Human Treatment duration Disease Result Reference
model study
Rhamnogalacturonan Caco-2 cells DSS NA 7 days uc Protection from macroscopic damage [82]

| Cellular permeability after exposure to IL-1p
1 Wound healing activity

Angelica Sinensis Caco-2 cells DSS NA 21 days uc | IL-6, IL-1B, and TNFa [83]
Improvement in occludens 1, occludin, and
claudin-1

Ganoderma atrum Caco-2/DCs DSS NA 4 days for cell culture, ucC 1 Co-stimulators (CD80 and CD86) [84] [85]

co-culture 14 days for animal Enhancement of T cell proliferation
study Regulation of DCs in the intestine

Restoration of the expression of Atg5, Atg7 and
beclin-1

Aloe PS NA DSS NA 7 days Colitis Alleviation in colonic lesion [86]
1 SCFA synthesis

Dictyophora indusiata NA DSS NA 8 days Colitis |Disease activity score [871

Relief from intestinal oxidative stress
Inhibition inflammatory cytokine

Microalgae aqueous Caco-2 DSS NA 8 days Colitis Alleviation from rectal bleeding, colon [88]
extracts shortening and diarrhea
1 Hsp-27
| IL-1 and COX-2
Ziziphus jujuba seed Caco-2 TNBS NA 28 days Colitis Regulation in the expression of tight junction [89]

proteins and efflux transporters
|Bacteroidetes, tFirmicutes
p-glucan NA DSS NA 7 days Colitis | Myeloperoxidase, eosinophil peroxidase and [90]
N-acetyl-b-p-glucosaminidase levels
10ccludin and Diamine oxidase

Crataegus pinnatifida NA DSS NA 42 days Colitis | IL-1B, IL-6 and TNF-a expression [91]
| NF-kB, p-IxBa and p-IKKo/p

Lonicera japonica Thunb ~ NA DSS NA 9 days Colitis 1Weight of immune organs [92]
1 IL-2, TNF-0, and IFN-y

Malva sylvestris NA AA NA 5 days uc |Inflammatory response [93]

Glycyrrhiza NA DSS NA 8 days ucC | IL-1, IL-6, and TNF-« levels, intestinal [94]
permeability

Angelica sinensis NA DNBS NA 5 days ucC | MDA concentration, oxidative stresst GSH [95]
levels

Arctium lappa NA DSS NA 7 days Colitis | IL-1p, IL-6 and TNF-« [96]
| Bacteroides and Staphylococcus

Gum arabic NA NA RD, CT 180 days ucC | Arachidonic acid [97]1
1 EPA and DHA and f-carotene levels

Oat Bran NA NA RD, CT 168 days ucC 1 Butyrate concentration [98]
| Serum LDL levels

Pectin NA NA SC, RD 5 days uc Mayo score lower than FMT group [99]

Delayed bacterial diversity
1 Bacteroidetes

Hericium erinaceus Caco-2 TNBS NA 14 days IBS Improvement in tissue damaged index scores [471
Improvement in MPO activity
TNF-kB, ROS and TNF-a

Lycium barbarum Caco-2 NA NA 14 days IBS 1 Paracellular permeability, [100]
| Transepithelial electrical resistance
Prevention in the secretion of IL-8, IL-6, ICAM-

1 and MCP-1

Rheum tanguticum HIEC cell line NA NA 1 day IBS 1 Cell survival, SOD activity [101]
| MDA, LDH activity and cell apoptosis

Angelica sinensis NA TNBS NA 21 days IBS Amelioration of TNF-a TGF-p and IL-2, SOD [102]
activity

Rheum tanguticum NA TNBS NA 5 days IBS 1 IFN-y, | IL-4 [103]
|Thl-polarized immune response

Morinda citrifolia NA AA NA 1 day 1BS | GSH, MDA, NO3/NO2, pro-inflammatory [104]
cytokines, and COX-2

Digenea simplex NA TNBS NA 3 days IBS | MPO, proinflammatory cytokines, [105]
malondialdehyde, and nitrate/nitrite levels

Poria cocos NA TNBS NA 7 days IBS | Pro-inflammatory cytokines [106]

1 Anti-inflammatory cytokines
| MPO activity

Fish cartilage PS NA NA OP, PI 120 days IBS 1 Serum iron, serum ferritin [107]
Aided in the treatment of iron deficiency in
patients with IBS

Scutellaria barbata HT29 Cells NA NA 1 day CRC Improvement in proliferation inhibition rate [58]
Elevation in apoptosis rate
| Bcl-2 and FN levels

Ganoderma lucidum HCT-116 cell NA NA 1 day CRC Reduction in cell viability [108]
1 Cell apoptosis

(continued on next page)
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PS Cell line model ~ Animal Human Treatment duration Disease Result Reference
model study
1 Bax/Bcl-2, caspase-3 and poly (ADP-ribose)
polymerase (PARP)
Lentinus edodes HCT-116 cell, NA NA 1 day CRC Inhibition in tumor growth cells [109]
HT-29 cell Elevation in antitumor and
immunomodulatory activity
Eisenia bicyclis DLD-1colon NA NA 3 days CRC Inhibition to the colony formation of SK-MEL- [57]1
cancer cells 28 human melanoma cells by 32%
Ganoderma atrum CT 26 cell NA NA 0.6 day CRC 1 Immune organ index [110]
tumor-bearing 1 TNF-a, IL-1p and nitric oxide
mice
Hordeum vulgare HT-29 cells NA NA 0.6 day CRC Enhancement of phosphorylation of c-Jun N- [111]
terminal kinase (JNK)
Activation of caspase-8 and caspase-9
Stachys floridana HT-29 cell NA NA 3 days CRC 1 Accumulation in G2/M phase [112]
|Bcl-2 mRNA level
1Bax and p53, caspase-3
Sargassum horneri Human colon NA NA 2 days CRC Inhibition to the proliferation of human colon [113]
cancer DLD cancer cells (DLD) in a concentration-
cells dependent manner
tAccumulation of cells in G2/M phase
Asterina pectinifera HT-29 cell NA NA 1 day CRC IMMP-1and -2 activity [114]
| Cell apoptosis
Ziziphus jujuba NA AOM/ NA 91 days CRC Amelioration of gut dysbiosis [115]
DSS |Firmicutes/Bacteroidetes diversity
Rhizopus nigricans NA AOM/ NA 70 days CRC 1COX-2, p-catenin, CyclinD1 and C-Myc [116]
DSS | Ki-67, PCNA, TNF-a and IL-6
Modified apple PS NA DMH/ NA 140 days CRC | 5% remission rate [117]
DSs 1 Apoptosis
Inhibition of the binding of galectin 3 to its
ligand
Safflower PS HCT116 AOM/ NA 102 days CRC 1 NF-xB, TNF-a, NO [118]
DSS Triggered M1 macrophage transformation
| Cell colony formation
Dendrobium officinale NA AOM/ NA Till induction of CRC CRC | Expression of PD-1 on CTL [119]
DSS Infiltration of CD8" cytotoxic T lymphocytes
PSK NA NA RD, CD 365 days CRC Better 5-year disease free survival rate [120]
Activation in lymphokine activated killer cells
Poria PS NA NA RD 15 days Cancer related | IL-6 and TNF-« [121]

fatigue of CRC ~ Improvement in the quality of life

AA- Acetic acid; AOM- Azoxymethane; ATG-5- Autophagy related 5; ATG-7- Autophagy related 7; Bax- Apoptosis regulator; Bcl2- B cell lymphoma 2; CD8™ cluster of differentiation 8;
CD80 Cluster of differentiation 80; CD86 ~ Cluster of differentiation 86; COX-2- Cyclooxygenase-2; CRC- Colorectal cancer; CT- Controlled; CT-26- murine colorectal carcinoma cell
line; Caco-2- Human colorectal adenocarcinoma cells; Caco-2/DC- Human colorectal adenocarcinoma cells/dendritic cells; DHA- docosahexaenoic acid; DLD- 1 truncated
adenomatous polyposis coli protein; DMH- 1,2-dimethylhydrazine; DSS- Dextran Sulphate Sodium; EPA- Eicosapentaenoic acid; FMT- Fecal microbiota therapy; GSH- Glutatthione
tripeptide; HIEC- human intestinal epithelial cell line; Hsp-27- Heat shock protein 27; Ht-29- Human Colorectal Adenocarcinoma cell Line; IBS- irritable bowel syndrome; ICAM-1-
Intercellular adhesion molecule-1; IFN-y- Interferon-gamma; IL-1B- Interleukin 1 beta; IL-6- Interleukin 6; Ki-67- cellular marker for proliferation; LDH- Lactate dehydrogenase; LDL-
Low density lipoprotein; MCP-1 Monocyte chemoattractant protein; MDA- malondialdehyde; MMP-1- Matrix metalloproteinase-1; MPO- myeloperoxidase; NF-kB- Nuclear factor
kappa B; NO3- Nitrtate; No2- Nitrite; OP- Open label; P- IKKa/p- Phospho IKKa; P53- Tumor suppressor gene; PD1- Programmed cell death protein; PI- Pilot; RD- Randomized; ROS-
Reactive oxygen species; SC- Single center; SCFA- Short chain fatty acid; SK-MEL-28- melanoma cell lines established from patient-derived tumor samples; SOD- Superoxide
dismutase; TNBS- 2,4,6-trinitrobenzene sulfonic acid; TNFa- Tumor necrosis factor alpha; Th1- Type 1 T helper; UC- Ulcerative colitis; p-IkBa- kappa light polypeptide gene enhancer

in B-cells inhibitor, alpha

connections in the matrix structure are generally intended to be biode-
gradable or stimuli-responsive to special conditions present in the
gastrointestinal environment [151]. Curcio and coworkers loaded an
antioxidant molecule on chitosan using a free radical grafting proced-
ure. The resultant PS showed better antioxidant properties [152].
Similarly, Flores et al. extracted ferulated arabinoxylans (AX) from dried
distillers’ grains (DDG) to investigate their capability to form covalently
cross-linked nanoparticles. At 1% (w/v) concentration, AX produced
laccase-induced covalent gels with an elastic modulus of 224 Pa and an
FA dimer concentration of 1.5 pg/mg. Images of AX gels taken with
scanning electron microscopy (SEM) revealed a microstructure show-
casing a rough honeycomb [153]. Finally, it was revealed that AX
formed covalently cross-linked nanoparticles (NAX) by coaxial electro-
spray. Although covalent cross-linkages are the primary driving force,
other noncovalent forces (such as hydrogen bonding and hydrophobic
interactions) may also be present in the formulation, depending on the
type of PS and chemical modifications used. Ding et al. formulated oral
colon-targeted berberine loaded Konjac Glucomannan (KGM) hydrogel
formulated through noncovalent cross-linking by Cucurbit [8]uril (CB

[8]) for the treatment of UC. Due to the robust homoternary complex-
ation between CB[8] and the phenolic group under acidic circum-
stances, the new supramolecular hydrogel (KGM-Phe@CB[8] hydrogel)
maintained good stability in acidic conditions of the stomach. Further-
more, colon-specific enzymes such as f-mannanase or, p-glucosidase
brokedown KGM, resulting in the regulated release of loaded berberine
in the colon [154].

4.1.2. Metal polymer cross-linking

The formation of coordinate-covalent linkages (chelation) between
metal cations (e.g., calcium, copper, iron, zinc) and negatively charged
ligand moieties of PS, metal-polymer coordination produces more vital
bridges between PS chains than covalent cross-linking [155]. This is
facilitated by forming the flexible, reversible formation of metal-PS
nanocomposites such as hydrogels that possess variable physi-
ochemical activities that are interdependent on the valency of the metal
ions and the concentration of the PS [156]. The use of alginate for
metal-polymer cross-linking is the most popular. However, in one study,
guar gum was oxidized and complexed with iron (II) complex. This



L. Corrie et al.

Chemico-Biological Interactions 368 (2022) 110238

Table 2
Various registered clinical trials in which PS has been used as therapeutic.
PS Condition NCT number Status  Design Participants ~ Expected PS Outcome Start End date/ Reference
date Expected end
date
Pectin Ulcerative Colitis NCT03444311 TMD RPL 12 Improvement in Gut Microbiota 8-Mar- 2-Jul-20 [122]
of patients 18
Pectin IBS NCT02016469 UNK RPL 30 Improvement in fecal calcium Dec-13 Feb-16 [123]
protein, Crohn’s disease activity
index
Pectin Crohn’s disease NCT02164877 TMD RPL 3 Improvement in clinical response, Jun-14 Jun-17 [124]
Change in fecal SCFA
Pectin and IBS NCT02270268  CD R PL 114 Efficacy of gut microbiota and Nov- Oct-13 [125]
Maltodextrin cytokine ratio 11
Pectin H. pylori infection NCT04660123  ERL SG 1000 Eradication of Helicobacter pylori 20- NA [126]
infection Dec-20
Alginate Triacylglycerol NCT03860337 CD R CR 15 Improvement in circulation of 13- 19-Jun-19 [127]
Digestion DB glucose in the blood May-
19
Alginate GERD NCT01338077 CD R PL 195 Improvement in heartburn after Oct-10 Jan-12 [128]
treatment
Alginate Anal fistula NCT04740086 CD cO 20 Improvement in incidence after 1-Jan- 30-Nov-19 [129]
PRO treatment 16
Guar gum Constipation NCT05037565  REC RPL 52 Change and Improvement in Jan-22 Jul-22 [130]
Fecal Characteristics
Guar gum Rectal Cancer NCT04678349  NYR RPL 30 Decrease in hospital stay 31- 31-Dec-21 [131]
Improvement in deiteary intake Dec-21
Guar Gum IBS NCT01779765 UNK RPL 130 Improvement in Irritable Bowel Jan-13 Jun-14 [132]
Syndrome (IBS) score
Inulin Inflammatory Bowel NCT03653481 REC RPL 200 Improvement and alteration of 29- Jan-23 [133]
Disease gut microbiota Oct-18
Inulin Constipation NCT02548247  CD R CR 54 Improvement in stool frequency Mar-11 May-12 [134]
Inulin CRC NCT00335504 CD RPL 85 Improvement from rectal Mar-06  Apr-09 [135]
aberrant cryptic foci
Ganoderma Ulcerative Colitis NCT04029649 UNK RPL 204 Improvement of C-Reactive Aug-19 Dec-20 [136]
lucidum Protein
Ganoderma Gastrointestinal NCT02785523  UNK RPL 60 Improvement in the quality of life =~ May- May-17 [137]
spores neoplasm 16
Acacia Gum Constipation NCT04382456 CD SG 12 Improvement in gut microbiota 1-Jun- 7-Sep-20 [138]
and stool frequency 20
Agar Constipation NCT02012543 CD SG 100 Reduction in the number and Nov- Oct-14 [139]
amount of defecation 13
Locust Bean Regurgitation NCT04042454  REC RPL 100 Decrease in average stool 10- Jun-23 [140]
consistency Dec-19

CD- Completed; CO- Cohort; CR- Crossover; DB- Double blind; ERL- Enrolling by invitation; GERD- Gastroesophageal reflux disorder; IBS- Irritable bowel syndrome; NYR- Not yet
recruiting; PL- Parallel; PRO- Prospective; R- Randomized; REC- Currently recruiting; SG- Single group; TMD- Terminated; UNK- Unknown

cross-linking polymer was used for achieving prolonged release for
tablets. The total iron content of the tablets was compared to that of
ferrous fumarate produced under identical circumstances. The
pH-sensitive behaviour of the guar gum-based delivery system towards
regulation of iron release was demonstrated in the in vitro release study.
However, the toxic nature of these complexes is not usually evaluated,
thereby limiting their usage [157]. Another study that reported the
toxicity of the cross-linking of succinyl-chitosan (CH-Su) with various
polyvalent metal ions (Fe3, Al§, and Ca3) found that CH-Su-metal ion
complex showed higher young’s modulus. While CH-Su/Alj and
CH-Su/Ca3 hydrogels were not substantially harmful in cell viability
experiments, CH-Su/Fed hydrogels demonstrated considerably more
significant cytotoxicity than controls, probably owing to Fej release and
pH reductions [158].

4.1.3. Electrostatic interactions

Polyelectrolyte complexes (PECs) can be formed via electrostatic
interactions between oppositely charged PS and polyelectrolytes in so-
lution. For the immobilisation of therapeutic payloads, PECs provide a
reversible and non-covalent physical interaction without the need for
reactive agents or catalysts. PECs include nucleic acids (e.g., pDNA,
siRNA), proteins (e.g., albumin, collagen, gelatin), PS (e.g., chitosan,
hyaluronic acid, alginate). The intrinsic characteristics of PECs (e.g.,
ionic strength, charge density, molecular weight, flexibility) and the
physicochemical environment such as temperature, type of solvent, and

pH of the solution all influence the complexation, stability, and physical
properties (e.g., permeability, swelling) of PECs [159]. Among all the
polymers, chitosan showed excellent potential for its use in formation of
polyelectrolyte complexes. In one study, chitosan alginate complex
containing interleukin-1 receptor antagonist (IL-1Ra) was formulated in
the form of microcapsules. The results revealed that the IL-1Ra complex
successfully evaded the harsh acidic environment. Upon reaching to the
colonic pH, the release of IL-1Ra from the microcapsules took place. This
impact was caused by the reaction of microcapsule pH-change, which
allowed for the targeted release of IL-1Ra in the colon [160]. In another
study that involved formulation of microspheres containing poly-
electrolyte complex of xanthan gum and omega-3 polyunsaturated fatty
acids (PUFAs) using soaking technique, initially, 60% of the drug was
released followed by 40% after burst release. This impact should not be
seen as a negative factor in cancer therapy since it has been demon-
strated that a rapid release rate of antineoplastic medicines may
generate beneficial benefits during tumor treatment. Furthermore,
PUFA was successful in its antioxidant property by protecting the bio-
logical membranes from lipid peroxidation for up to 2 h [161].

4.1.4. Hydrophobic interactions

Amphiphilic copolymers are formed due to the addition of hydro-
phobic segments to hydrophilic PS chains. By spontaneous hydrogen
bonding between the hydrophilic backbone of the PS and water mole-
cules, these copolymers attempt to self-assemble into stable
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Table 3
Preclinical studies using PS as prebiotics.
PS Probiotic Animal study Treatment Disease Result Reference
(model) duration
Durio Lachnospiraceae NK4A136 Loperamide 8 days Constipation 1 In the intestinal transit rate, motilin,  [141]
zibethinus hydrochloride gastrin, substance P levels and
rind concentration of SCFAs
Inulin Lactobacillus acidophilus La-5 and Transgenic rats 8 weeks Colitis After 4 months the inflammation was [142]
Bifidobacterium lactis Bb-12 diminished
Stimulated the diversity of
Bifidobacterium animalis
Resistant Lactobacillus acidophilus or Azoxymethane 2 days CRC | pH levels and total coliforms [143]
starch Bifidobacterium lactis 1 Proapoptotic action
Corn bran Clostridium butyricum Piglets after 28 days Intestinal impairment 1 The growth of acetate-produced [144]
weaning with metabolic bacteria and the production of acetate
disorder and isovalerate
| Pathogen abundances
Guar gum and Lactobacillus acidophilus, Lactobacillus Dilute acetic acid 17 days ucC 1In weight gain [20]
xanthan gum  rhamnosus, Bifidobacterium longum and No change in strip colour, which
Saccharomyces boulardi indicates absence of blood in the
caecal content
Guar gum- Biomix I from Unique Biotech Dilute acetic acid 14 days ucC Improvement in SOD, GSH, MPO [18]
Eudragit activity
S100
Guar gum Biomix I from Unique Biotech Dilute acetic acid 14 days ucC Improvement in MPO [145]

Less DAI scores

CRP - C reactive protein; DAI- disease assessment index; FRAP — Ferric reducing ability of plasma; GPx — Glutathione peroxidase; HDL-C — High density lipoprotein; HFD — High fat diet;
IFN - interferon; IL - Interleukin; LDL-C — Low density lipoprotein; MPO — Myeloperoxidase; NA — Not applicable; NAFLD — Non alcholic fatty liver disease; SCFA- Short chain fatty
acid; SD- Sprague dawley; SOD — Superoxide dismutase; TC — Total cholesterol; TG — Triglyceride; TNFa — Tumor necrosis factor alpha; UC- Ulcerative colitis
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Fig. 1. Mechanism of drug release from PS coat in gastro intestinal and colonic mileu

conformations leading to the reduced free energy of the thermodynamic
system [162]. Due to the unfavourable interaction with water, hydro-
phobic blocks self-associate to create a hydrophobic domain. The most
commonly used functional pendant groups for conjugating a variety of
hydrophobic segments include amino, carboxyl, and hydroxyl groups
found on the PS backbone, which interact with cholesterols, fatty acids,
bile acids, polyesters, pluronic polymers, poly (alkyl cyanoacrylate), and
hydrophobic drugs forming these hydrophobic interactions [163].
Among all copolymers, the amphiphilic copolymer has gained popu-
larity in pharmaceutical formulations for encapsulating hydrophobic
drug moieties in their hydrophobic cavity. Xg-PNVP grafted microbeads
of levofloxacin were prepared using free radical polymer method. This

was prepared to further load the levofloxacin drug. Release study
revealed that the release of levofloxacin from microbeads was retarded
in the gastric pH, and 80% of the drug was released in 36 h at the colonic
pH [164]. Similarly, zein, sodium caseinate and pectin matrix were used
to formulate a colloidal complex to generate small, homogenous, and
stable complex nanoparticles. A heat and pH-induced complexation
process was modified using polymer concentrations, eugenol loading
percentages, and changes in pH conditions. Eugenol-loaded spherical
complex nanoparticles with a size of 140 nm, were produced under
optimal preparation conditions [165]. The various synthesis mecha-
nisms of PS are depicted in Fig. 2.
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4.2. Lipid vesicular carriers

4.2.1. Liposomes

Chitosan and pectin are the two widely used polymers for developing
liposomes for colon targeted delivery. Their mechanism of action is by
mucoadhesion for cellular uptake and drug release. In particular,
chitosan-based liposomal formulations have shown increased stability in
gastric pH and better drug release compared to naive liposomes [166].
In one study involving Cyclosporine A, a liposomal matrix was fabri-
cated using lecithin, cholesterol, N-octyl-N-arginine, and chitosan
complex by thin-film evaporation-sonication extrusion method. The size
of liposomes was 69 nm with an entrapment efficiency of 99%, indi-
cating the prepared liposomes’ better surface area and bioavailability.
Moreover, permeability studies were also carried out for the formula-
tion, which showed a 2-fold increase in the permeability of the drug
from the intestinal barrier [167]. Similarly, in another study using chi-
tosan liposomal complex for a BCS class IV drug, furosemide, were
prepared by thin-film hydration sonication method using lecithin,
cholesterol, and chitosan. The particle size was found to be 115 nm,
entrapment efficiency of 71%, with an 8-fold increase in permeability
from the naive drug [168].

In one study involving alendronate, a BCS class III drug with a Log P
of —4.3, liposomes were prepared using lecithin, cholesterol, and
Eudragit L 100 using the thin-film hydration method. The size of the
liposomal complex was found to be 110 nm and had a zeta potential of
+5 mV. The entrapment of drug was 44%. However, the bioavailability
of the drug increased by 12.1-fold with a a 4-fold increase in Tpax and
Cmax Of the drug. This indicated better solubility and bioavailability of
the drug-using liposomal-PS complex [169].

Curcumin is considered a wonder drug for its versatility. However,
the drug suffers from poor bioavailability and solubility. To overcome
this, hyaluronan loaded multicomponent liposomes were prepared using
a thin-film hydration method and freeze-dried to enhance its stability.
The prepared liposomes had an entrapment efficiency of 80%. In vivo
study was carried out to ascertain the difference between the release of
the coated liposomal and standard curcumin solution. The amount of
curcumin in the jejunum was found to be at 5% of the normal solution,
and then coated liposomes were 20% of the total dose of curcumin.
Furthermore, the intestines of rats were yellow, indicating a higher
accumulation of curcumin. The amount of curcumin in the colon for a
normal solution was negligible, whereas it was 3% for the liposomal
product [170].

Another plant flavonoid, quercetin, that suffers from the same limi-
tations of solubility and bioavailability. To overcome this challenge,
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chitosan-based liposomes were formulated. The size of chitosan-loaded
liposomes was 180 nm and had a zeta potential of +2 mV which sug-
gested that the formed chitosan liposomal complex with a cross-linked
shell layer was able to protect quercetin in upper GIT or, acidic pH.
The entrapment efficiency was found to increase by 1.6 folds higher as
compared to normal liposomal formulation, suggesting that quercetin
was entrapped in the cross-linked liposomal matrix of chitosan.
Furthermore, the release of quercetin in the in vitro studies showed two
folds increased drug release in intestinal pH than a pH of 1.2 [171].
Using specific colon-targeted PS, vesicular carriers have been found
successful in drug release and their mucoadhesion. However, their
specificity for targeted action on a diseased colonic tissue vs a healthy
colonic tissue warrants further study [172]. To overcome this, the
coupling of liposomes with specific ligands has been explored, particu-
larly with monoclonal antibodies. Iron uptake is facilitated by a carrier
protein such as transferrin receptor (TfR) from the plasma glycoprotein
transferrin through endocytosis [173]. The use of immunoliposomes for
treating colonic diseases has been reported, wherein, the liposomal
formulation containing anti TfR antibodies was developed. It has been
found that the level of TfR gets elevated in human and animals during
mucosal damage as in case of UC. The immunoliposomes containing
AntiTfR antibodies were formulated and administered through paren-
teral route in DNBS induced UC rats. At the end of the study, the
inflamed mucosa of rats was isolated and checked for accumulation of
antiTfR immunoliposomes. The results indicated significantly higher
accumulation of antiTfR antibodies in the mucosa of rats as compared to
rats treated with unbound liposomes [173]. In another study, layer by
layer liposomes of pectin with trimethylated chitosan coating loaded
with celastrol to check its anti-UC effect using thin film hydration
method was prepared. In the simulative gastrointestinal tract media, the
liposomes demonstrated surface charge reversal, a modest increase in
particle size, and a prolonged drug release profile. It was also noticed
that 20% of the drug was released in simulated colonic fluid which was
attributed to the flexiblity of the PS. Due to the increased polymer coat it
was noticed that the layer-by-layer liposome formulated showed even
more retarded release. Further, the developed liposomes also alleviated
the colonic injury indicating the antiulcerative effects of the developed
formulation [174].

4.2.2. Niosomes

Niosomes are non-ionic-based lamellar vesicles. They are formulated
using sorbitan fatty acid esters and polysorbates. Sometimes, cholesterol
is added to give rigidity to the formulation. To date, niosomes coated
with PS have not been extensively studied and developed for colorectal
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diseases. However, Niosomes prepared along with chitosan have been
studied recently where the preparation of niosomes by reverse-phase
evaporation technique was carried out. In this study, trimethyl chito-
san (TMC) was coated on the noisome by incubating the drug-niosomal
suspension with TMC solution. The in vitro studies revealed that the drug
release of the drug happened in a sustained manner compared to the
uncoated niosomal formulation [175]. Similarly, chitosan-coated nio-
somes were studied for their delayed-release action for famotidine,
which has low oral bioavailability. The coated niosomes showed an
increased vesicular size. In addition, the coated niosomes showed
limited drug release compared to the uncoated niosomes. However, the
coated niosomes showed lower drug loading. This was attributed to the
interaction between negatively charged lipid and positively charged
chitosan that left no binding sites for the drug. The coated noisome also
showed improved tackiness and mucoadhesion, thereby increasing the
residence time and improving oral bioavailability [176]. Nateglinide, a
BCS class II drug, suffers from low solubility. Niosomes loaded with
nateglinide were prepared using Span 60, cholesterol, and maltodextrin.
The size of the niosomes, polydispersity index, and zeta potential were
found to be 262 nm, 0.26, and —45 mV, respectively. Intestinal
permeability studies were also carried out that showed an increased
permeation by 1.4-fold as compared to the naive form [177].

Various mechanisms have been postulated to understand PS based
niosomes as potential carriers and PS for treating colorectal diseases.
Cell membrane fluidizing effects of niosomes was due to the presence of
surfactants [178]. Various studies highlight the role of P-gp and/or CYP
inhibition activities of surfactants that may aid in oral drug delivery of
niosomes [179]. Moreover, it was understood that niosomes as a carrier
facilitated improved drug localization into the mucosal layers [180].
This mechanism and controlled release properties could aid in drug
transport to treat colorectal disease which warrants further studies
[181].
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4.2.3. Ethosomes and invasomes

Ethosomes are vesicular drug delivery systems composed of phos-
pholipids, water, and a high quantity of ethanol. Whereas, invasomes
contain turpene in their structure. The main advantage of such drug
delivery systems is their ability to permeate the drug. These drug de-
livery systems are primarily used for transdermal application and rarely
for oral colon targeting. However, their use is worth mentioning and
warrants future study for colorectal diseases [182]. Ethosomes for
treating UC using eugenol (EUG) and cinnamaldehyde has been devel-
oped in conjugation with hyaluronic acid (HA). When compared to the
model control group, the colon lesions of the rats receiving EUG/CAH
therapy were improved, demonstrating an improvement in the drug’s
effects on UC. Highlighting the role of the carrier [183]. The formulated
ethosomes are depicted in Fig. 3. This study highlights the fact that
ethosomes, in combination with PS, improve permeability and can be
used as a carrier in the treatment of colorectal diseases.

To our knowledge, there is no reported literature on the in vivo PS
based use of invasomes and PS for treating colorectal diseases. However,
one study highlighted the photodynamic use of invasomes loaded with
temoporfin upon topical administration showed its effect on human
colorectal tumour cell line (HT29). Results revealed that the niosomal
formulation could inhibit the survival of HT29 cells. The drug was
mainly localized in the cytoplasm and endoplasmic reticulum of the
HT29 cells and to a lesser extent in the mitochondria and lysosomes
[184]. This indicated that invasomes could also be considered as a po-
tential carrier for drug delivery to the colon.

4.3. Micelles

Micelles are core-shell nanostructured carriers that have recently
gained prominence. Additionally, they possess high loading capacity,
improved drug stability, improved solubility and permeability through
the GI barriers, controlled drug release, and protection of the drug in the
GI fluids. Mixed micelles are usually chosen over single component

Laser irradiation

Fig. 3. A, Appearance of prepared ethosomes, B: zeta potential, C: size distribution, D: TEM images, formulations HA-ES1,2,3 with different concentrations of HA-
conjugated dioleoyl phosphoethanolamine, ES- Formulation without HA dope. Copyright Elsevier, 2021.
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micelles because of increased stability and drug loading efficiency
[185]. In one study, micelles were formulated by a top-down approach
containing stearic acid and chitosan with different amino substitutes.
Results revealed that the micelles had a size in the range of 33-131 nm
and zeta potential in the range of 23-48 mV. To understand the
permeability and mechanisms of the transport through the GI tract,
Caco-2 cell lines were used. Through caveolar and fluid-phase endocy-
tosis and micropinocytosis, the micelles showed an energy-dependent
transcytosis process. Furthermore, the micelles with amino sub-
stituents showed more permeability [186]. For oral insulin delivery,
goblet cells targeting micelles were formulated and characterized. Mi-
celles containing dodecyl amine-graft-g-polyglutamic acid were pre-
pared and coated with trimethyl chitosan and goblet cell targeting
peptide-loaded insulin for oral delivery. Cellular uptake and transport
were studied in Caco-2, HT29-MTX-E—12 cell cultures to mimic the
intestinal epithelium. The permeability coefficient of insulin incorpo-
rated into the micelles, chitosan micelles, and targeted chitosan micelles
were found to be at 5.1, 5.4 and 6 cm/s. In diabetic rats, the targeted
micelles showed higher relative bioavailability and a prolonged hypo-
glycemic response indicating favorable use for this condition [187].

Carboxymethyl chitosan-based micelles were prepared by dialysis
sonication method for the co-delivery of paclitaxel and quercetin. The
obtained micelles were found to be in a size of 186 nm, PDI of 0.13, and
zeta potential of —21 mV, along with an entrapment efficiency of 86%.
Drug release at the end of 10 h was 10%, and the permeability in the
duodenum and jejunum showed a 22.3- and 32.8-fold increase as
compared to the naive form, respectively. Moreover, the oral bioavail-
ability of micelles was found to be 7.2-fold higher compared to the naive
form [188]. Similarly, paclitaxel alone was formulated as micelles using
N-octyl-N'-pthalyl-O-phosphoryl chitosan. The micelles showed a size of
137 nm and a zeta potential of —28 mV. Cellular uptake revealed about
6.4-fold increased uptake of paclitaxel from micelles. The bioavailability
study showed a 5.5-fold increase in case of drug loaded in micelles as
that of naive paclitaxel [189]. In another study, doxorubicin loaded
stearic acid-chitosan based micelles were prepared and evaluated for
their efficacy against CRC. The size, PDI, zeta potential, and entrapment
efficiency were found to be 28 nm, 0.60, +46 mV, and 76%. The drug
release at the end of 10 h was found to be at 45%. The permeability was
assessed through Caco-2 cell lines, and it increased 18-fold times higher
as that of unprocessed doxorubicin. Furthermore, the bioavailability
also increased by 4.2 folds in case of Dox micelles as compared to the
unprocessed drug [190]. Micelles of curcumin were prepared for the
treatment of UC, wherein alginate was used to increase the solubility
and esterified to prepare Alg-Cur micelles. The micelles were kept for
lyophilization followed by refrigeration. Mice were administered DSS to
induce UC. Among all the groups that were studied on the UC model,
TLR4 protein activity in colonic tissues revealed that only Alg-Cur
inhibited TLR4 expression strongly. This was attributed to the fact
that alginate facilitates the solubilization of Cur, and improving the
integrity of colonic mucosa, diminishing the secretion of
pre-inflammatory cytokines such as IL-1f, IL-6 and TNF-a. It was further
found out that after oral administration, 92.32% of Alg-Cur reached the
colon indicating its colonic release due to the presence of PS [191].

Many mechanisms of micelles have been proposed for its improved
drug dissolution, permeability, and bioavailability for colorectal dis-
eases, such as vesicle uptake via micropinocytosis, caveolin- and
clathrin-dependent, fluid-phase endocytosis pathways, increasing par-
acellular pathways, inhibition efflux pumps, small size, larger surface
area, enhanced lymphatic transport, and deep penetration into the in-
testine villi [192-194]. They all highlight the possibility of using mi-
celles and PS for colorectal disease.

4.4. Nanocrystals

Nanocrystals are considered nanosuspensions that are carrier-free
submicron colloidal dispersions of drug particles (less than 500 nm)

12

Chemico-Biological Interactions 368 (2022) 110238

along with surfactants or hydrophilic polymers, which are considered to
stabilize the formulation [195]. These stabilizers provide steric and
electrostatic repulsions. Nanocrystals are usually formulated using
top-down, and bottom-up approaches and are extensively used to
improve oral bioavailability by increasing the surface area, dissolution
rate, and saturation solubility [196]. Currently, three USFDA-approved
nanocrystals contain PS for various diseases, namely; Avinza, Cesamet,
and Emend, respectively [197]. Nanocrystals containing candesartan
and cilexetil were prepared by an antisolvent precipitation method using
HPMC and Pluronic F127. The permeability of which was evaluated in
Caco-2 cell lines. The obtained nanocrystals showed a size of 159 nm and
zeta potential of —24 mV, thereby improving their bioavailability by 3.8
folds [198]. Similarly, nanocrystals of diacerein were prepared by the
sonoprecipitation method using PVP-K 25 and chitosan. The prepared
nanocrystals were evaluated through a rat gut sac. About 80% of drug
releases occurred after 2 h, and there was no change in Cmax [199].
Similarly, nanocrystals of nimodipine were formulated using the
microprecipitation high-pressure homogenization method using plur-
onic F127, HPMC, and Na deoxycholate. The results revealed compa-
rable permeability with the marketed tablet [200]. Moreover,
nanocrystals were uptaken by energy-dependent processes and detected
in mesenteric lymphatic fluids. In another study, Nanocrystals of cellu-
lose were prepared by acid hydrolysis method having a viscosity of 10,
000 mPa. This led to an interconnected dense structure of poly-
saccharide. Further, the cellulose nanocrystals were well distributed in
the polysaccharide solution (made of algae solution) due to absence of
phase separation. Indicating that functional groups of cellulose nano-
crystals and polysaccharide matrix chains were interconnected with one
another. This led to the formation of water-soluble capsules that con-
sisted of nanocrystals of cellulose [201]. Nanocrystals have been iden-
tified as nanostructures that enhance the drug’s dissolution rate and
saturation solubility [202]. The mechanism of these carriers is not well
understood. It is hypothesized that nanocrystals with particle size of less
than 1 pm (100 nm) penetrate easily into the mucus layer, and smaller
particles have higher uptake due to absorptive enterocytes. Nanocrystals
might diffuse through the small intestine peyer’s patches and be directly
absorbed bypassing the first-pass metabolism [202].

4.5. Nanoemulsions

Nanoemulsions are kinetically stable colloidal particulate systems
whose size is in the submicron range. The size varies from 10 to 1000
nm. Nanoemulsions are efficient carriers in delivering lipophilic drugs
[203]. The preparation of nanoemulsion uses two immiscible liquids and
an emulsifier. The oil phase in nanoemulsions comprises triacylglycer-
ols, diacylglycerols, monoacylglycerols, and free fatty acids [204].
Nanoemulsions offer several advantages, such as an easy scale-up pro-
cess, protection from GI conditions, enzyme degradation, enhanced drug
transport across intestinal barriers, high solubilization capacity, and
rapid onset of action [205].

Bai et al. formulated oil-in-water nanoemulsion by dual-channel
microfluidization technique, using natural emulsifiers and PS. Gum
arabic was used as a PS in this formulation. Gum Arabic demonstrated
Cmin and dpin that can be attributed to the slow adsorption of large gum
arabic molecules, lower surface activity, and higher interfacial tension.
Moreover, gum arabic successfully lowered the interfacial tension be-
tween the oil and water interface. The droplet diameter decreased with
increasing homogenization pressure [206].

Bioactive PS extracted from brown seaweed has been known to have
antioxidant, antibacterial and antiviral activities. In one study, nano-
emulsion was prepared by an ultra-sonication method. ExoPS from
brown seed weed was loaded into the orange oil nanoemulsion. The
prepared nanoemulsion had an encapsulation efficiency of 67.29%, a
particle size of 178 nm, and a zeta potential of —43.9 mV. The in vitro
results showed slow drug release, indicating sustained release pattern
and increased bioavailability of the exopolysaccharides. Colon cancer
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cell lines (HCT 116) were used to analyze the cytotoxic effect of the PS.
However, the nano lipid carrier showed better entrapment efficiency
with reliable particle size and zeta potential than the orange oil nano-
emulsion [207].

Another study involving the preparation of nanoemulsion using
different PS such as levan, fucoidan, alginate, guar gum, and k-carra-
geenan were used as emulsifiers and evaluated for their potential to
entrap curcumin. Better physical properties were observed for nano-
emulsion prepared from k-carrageenan compared to other PS. The
formulated nanoemulsions using k-carrageenan behaved as Newtonian
fluids. The release kinetics of PS nanoemulsions are directly related to
the encapsulation efficiency. The addition of PS further enhanced the
antioxidant effects of curcumin. This study highlighted the use of PS as a
better emulsifier when compared to synthetic emulsifiers [208]. The use
of fecal microbiota to treat colorectal diseases has gained prominence in
the last decade [209]. In this regard, polysaccharide (using 1%w/w of
guar gum and pectin) based solid-self nanoemulsifying drug system
incorporating fecal microbiota were prepared using lyophilization
technique for colon targeted action. The developed S-SNEDDS was
found to have a droplet size of 78.46 + 0.87 nm, respectively. The
developed formulation demonstrated less than 10% of drug release in
the initial 5 h, followed by burst release between 5 h and 10 h. Further, it
was found that 2.34 folds increase in permeability of S-SNEDDS was
seen as compared to naive drug. This indicated that PS were helpful in
penetration after the S-SNEDDS got released and reconstituted into
colonic conditions [210].
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Improved bioavailability of drugs fabricated by nanoemulsion using
PS may be attributed to various mechanisms and theories, including
adhesion and uptake of nanometric droplets by enterocytes, improve-
ment in permeability due to the use of surfactants using the paracellular
and transcellular pathways, bypassing hepatic first-pass metabolism
using lymphatic transport, and formation of mixed micelles with bile
salts [211].

4.6. Nanoparticles

PS-coated nanoparticles for colorectal diseases offer the advantage of
improved bioavailability of drugs by oral administration, increased
intracellular penetration, increased retention time, and restriction of the
release of encapsulated drugs providing targeted delivery in specific
parts of the GIT in the treatment of various colorectal diseases [212].
Various properties of these nanoparticles play a role in cellular uptake
and have efficacy in nanoparticle drug delivery systems. Usually,
nanoparticles within the size range of below 200 nm have better tar-
geting properties for colorectal diseases [23]. This facilitates the accu-
mulation of nanoparticles in the colon tissue due to enhanced epithelial
permeability and retention effect. Various nanoparticles coated with PS
and their key findings are given in Table 4.

4.7. Nanogels

Nanogels are three-dimensional hydrogel materials in the nanoscale

Table 4
Recent advancements using PS nanoparticles and their key findings.
Type of Nanoparticle PS Drug Size Key findings Reference
Nanocomposites Triple helical f-glucan Antisense Oligodeoxyribonucleotides 0.8 nm 1 Drug release in pH 6.8 [213]
Nanostructured Lipid Chitosan Albendazole 188 nm Enhancement in the efficacy of the drug [214]
Carriers
Silica Nanoparticles Chitosan and sodium alginate Insulin 256.6 Followed first order type of release [215]
nm | Cell viability
Nanoparticle Pectin S-adenosyl-L-methionine 301.5 Improvement in oral bioavailability [216]
nm
Nanoparticle Dextran Doxorubicin 80 nm Targeted colonic drug delivery due to [217]
negatively charged particle size
tPassive accumulation efficacy
Nanoparticle Ulva lactuca PS Selenium 130 nm 1 COX-2 and iNOS [218]
Inhibition of inflammation that may aid in
colitis
Gold nanocomposites Chitosan 5-FU 5nm 50% cell viability of MCF-7 cells [219]
Followed zero-order release
Solid lipid Dextran Doxorubicin 132 nm Effective inhibition of primary colon [220]
nanoparticles tumors
Slower drug release
Polyester based Chitosan Camptothecin 480 nm 1 Cell internalization efficiency [221]
nanoparticles 1Therapeutic activity
Polymeric PLGA and chitosan/alginate Camptothecin and CD98 270 nm Internalization of NPs was achieved [222]
nanoparticle hydrogel
Polymeric PLGA Camptothecin and curcumin 289 nm Greater cellular uptake [223]
nanoparticle Improved Controlled drug release
Nanoparticle Pectin/Eudragit S100 5-FU 174.65 Reduction in systemic absorption [224]
nm Demonstrated colonic lumen specific
release
Inorganic Galactosylated chitosan 5-FU 250 nm Zero-order release [225]
Nanoparticle 1 Loading capacity
Silver nanoparticles Modified apple PS Mesalamine 101 nm Better therapeutic efficacy [16]
54% of drug release of 5 h
Nanoparticles Sodium Alginate Mesalamine 217 nm 76% drug got release after 24 h in rat [226]
caecal media
Mixed order kinetics
Nanoparticles Cyclodextrin/chitosan Mesalamine 90 nm NPs inhibited the production of NO, [227]
PGE2, and IL-8
Nanoparticles Chitosan—carboxymethyl starch Bovine serum albumin 900 nm Displayed pH-responsive properties and [228]
ionic strength sensitive properties
Nanoparticles Galactosylated trimethyl Mitogen-activated protein kinase kinase 160 nm A sustained release profile was observed [229]

chitosan-cysteine kinase kinase 4 (Map4k4)
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size range formed by a swellable polymer network that can hold water.
Nanogels possess various physical and chemical properties, including
high water retaining capability, low surface tension, and three-
dimensional structural arrangement [230]. These nanogels are
designed to be mucoadhesive, so they can attach to the mucosal lining of
the intestine. Feng et al. formulated chitosan-based nanogels that were
cross-linked with carboxymethyl chitosan. Using various ionic cross-
linkers, doxorubicin nanogels were obtained. Nanogels were taken up to
a greater extent by (Caco-2) cell lines. The results demonstrated an
increased contact time of formulation with the intestinal mucosa and
improved local drug concentration at colon [231]. In another study
involving antineoplastic agents, alginate-cyclodextrin nanogels were
prepared. The drug 5-fluorouracil suffers from limited cellular uptake.
Cytotoxic studies revealed high cell viability on HT-29 cells [232]. In
another study, a new bidimensional composite hydrogel made of
oxidized dextrin incorporating dextrin nanogels (oDex-nanogel) was
prepared. Continuous protein delivery was performed by eliminating
cyclic variations of proteins in the blood that offer maximum pharma-
cological activity with minimum drug dose [233]. Similarly, using
dextran, nanogels were obtained using UV polymerization of dextran
hydroxymethyl methacrylate. However, the encapsulation efficiency
was low at 50% [234]. Improved bioavailability of the drugs in the colon
through nanogel may be attributed to intracellular release and
high-water retention capacity [147].

4.8. Microbeads

Beads are solid substrates on which the drug is coated or present
within its core. The release of drugs happens in a sustained manner.
Hence, increases the bioavailability of the drug. Many PS have been used
in the formulation of microbeads, including guar gum and xanthan gum
[235]. In one of the study, Microbeads of resveratrol were prepared
using 3% sodium alginate and carboxymethyl chitosan as the PS agent.
The microbeads showed a negative charge which was attributed to the
carboxyl group of the chitosan. Further, the zeta potential was found to
be higher which was attributed to higher charge. Drug release studies
revealed that the drug release was inhibited in simulated gastric envi-
ronment and sustained in the simulated intestinal fluid which indicated
better bioaccesibility. It was also noted that the encapsulation of the
drug was increased due to the lecithin-polysaccharide complex that was
formed. The developed microbeads showed elevated antioxidant prop-
erties [236].

In another studies, a pectin-based colon-specific delivery system
using 5-fluorouracil was developed to deliver the drug to the colon
effectively. Microbeads were prepared using the ionotropic gelation
method. The study revealed that Eudragit S 100 successfully delivered
most of the drug to the colon after 9 h [237]. Microbeads of Tinidazole
were prepared using sodium alginate, pectin, and Eudragit S 100 to treat
amoebic colitis. The drug release happened the most in pH 6 buffer
[238]. Moreover, the use of calcium alginate carboxymethyl cellulose
beads in colon-targeted drug delivery systems has not been fully
explored. In context to the previous study, beads were prepared by the
ionic gelation method. Different concentrations of sodium alginate were
formulated and evaluated as a carrier system against HT-29 adenocar-
cinoma cell lines. Results depicted that the cell viability decreased after
48 h [239].

4.9. Microcapsules

Microcapsules are formulated using a thin polymer coating on small
solid particles or liquid droplets. They are also prepared for dispersions
of solids or liquids. Many methods are used to formulate microcapsules,
including ionic cross-linking or spraying sodium alginate in calcium
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chloride and barium chloride solution [240]. Many colon targeting
drugs have been developed using microcapsules. One of which is
albendazole. Microcapsules of albendazole were prepared using various
concentrations of hydroxypropyl methylcellulose, chitosan, and sodium
alginate. FTIR results revealed that albendazole was encapsulated in the
polymer matrix, and there was no chemical interaction. The drug release
was found retarded with increasing concentration of chitosan [241]. A
colon-targeted microcapsules of budesonide were formulated for UC
using dextran as polymer. PS microcapsule was able to retard the drug
release in the gastric environment and small intestine. After the addition
of rat caecal contents, a rapid increase in drug release was observed. In
conclusion, the therapeutic efficacy of the drug was enhanced [242].

Similarly, for a localized effect, tinidazole microcapsules were
formulated using guar gum, and design of experiment was carried out.
The microcapsules were 32.5 pm in size and had an entrapment effi-
ciency of 95%. The drug release was the most in the 7.2 pH buffer. The
release pattern followed the Korsmeyer Peppas model with super case 1T
transport [243].

4.10. Conventional dosage forms

4.10.1. Tablets

Tablet dosages are the most widely used drug delivery system for the
colonic site. Tablets offer ease of manufacture and can be produced in
bulk. Various tablet dosage forms have been evaluated for colonic drug
delivery [244]. Otman et al. developed colon-specific tablets containing
5-FU microsponges for colon cancer targeting of 5-FU. 5-FU has un-
predictable bioavailability due to first-pass metabolism. To overcome
this, tablets were prepared using hydroxypropyl methylcellulose
(HPMC) and pectin-based colon targeted polymers by cross-linking. In
vivo study on a human volunteer was also performed, revealing that the
tablet reached the colon without any disturbance in the GI system [245].
Similarly, mini-tablets of 5-FU were prepared using pectin, guar gum,
and Eudragit S100 by Kumar et al. The mini-tablets showed burst release
after 5 h in the in vitro study. The in vivo study showed delayed levels of
the drug in the plasma. The Cp,x in plasma for coated mini-tablets with
and, without probiotics was 104.55 + 14.98 ng/mL (0.104 pg/mL) and
119.56 + 14.22 ng/mL (0.119 pg/mL) respectively [246]. The similar
research group prepared modified apple PS and probiotics in guar
gum-Eudragit S100-based mesalamine mini-tablets to treat UC. The
tablets showed a thickness of 2.0 mm and hardness of 3.7 kg/cm? The
assay of the tablet was performed and found to be 97%. The dissolution
data showed a delayed drug release (after 5 h) from the coated formu-
lation endorsing the hypothesis of increased drug exposure to the tar-
geted site [18]. Similarly, the double compression method based
minitablets using various concentrations of Eudragit S100 and HPMC
K100 M for ketorolac tromethamine. The hardness was found to be 2.7
kg/cm?, and the thickness of 1.7 mm. In vitro studies revealed that
HPMCK100 M and Eudragit S 100 successfully based compression
coated tablets provided colon targeted drug release [247].

Metronidazole (MTZ) tablets were prepared using Abelmoschus
moschatus PS for its colonic delivery. The prepared tablets showed pH-
dependent drug release. During the first few hours, negligible amounts
of the drug were released due to the impermeable coating layer. It was
also inferred that lesser drug release was observed when a higher PS
concentration was used. This was due to the tablet’s higher water uptake
and holding capacity. Cell toxicity studies confirmed that it was safe.
Further, gamma scintigraphy studies confirmed drug transit in the small
intestine between 300 and 480 min and arrival in the colon between 360
and 480 min [248].

The similar research group carried out gamma scintigraphy studies
on Trigonella foenum-graecum (Fenugreek) PS-based colon tablet and
found the intestinal transit time between 3 and 5 h and confirmed that
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the tablet reached the colon within 6-8 h. The drug showed pH-
dependent release. There was a significant correlation between
coating levels and lag time release of the drug. MTT assay indicated its
safety profile with biological tissues [249]. Another study evaluated
guar gum and pectin using gamma scintigraphy and revealed that transit
of tablets in the entire colon had an average time of 5.75 h. The total
drug release from the matrix at the end of 24 h was 80%, suggesting the
extended-release of the formulation. Compression-coated tablets for
colonic drug delivery using xanthan gum and guar gum were carried out.
The total drug release after 24 h of dissolution study was 53%. When it
was introduced into caecal contents, the drug release increased to
78.34%. Furthermore, gamma scintigraphy studies revealed that the
tablet remained intact in the upper part of the GIT. The disintegration
site of the tablet was found to be at the ascending colon flexure [250].
Gamma scintigraphy studies were carried out for colon-targeted tablets
prepared using HPMC and pectin as polymers. The study revealed that
the drug from tablet got released in ascending colon and found to have
higher residence at the ileocecal junction [251].
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4.10.2. Capsules

Compared to tablets, capsules as drug delivery vehicles have not
been extensively used for the development of colon drug delivery sys-
tems. This is due to the fact that capsules offer limited dosage weight
compared to tablets. However, some studies highlight the use of capsules
as pulsatile drug delivery systems for colonic drug delivery [149]. The
konjac glucomannan-based pulsatile capsule was prepared and evalu-
ated through in vitro and in vivo studies. The drug release of 5-aminosa-
licylic acid showed a typical pulsatile drug release with a lag time
followed by a rapid release rate. However, adding p-glucanase and rat
caecal contents into the release medium significantly shortened their lag
time. Further, in vivo studies revealed that the plasma drug concentra-
tion was detected after 5 h post oral administration [252]. The similar
research group prepared and evaluated colon-specific sustained-release
capsules of curcumin SMEDDS containing alginate beads. The capsules
showed a pulsatile release with a prolonged lag time and a sustained
release phase. Further the presence of rat caecal contents were able to
modify the lag time. Thereby releasing 90% of the drug after 6 h,

Table 5
Conventional dosage forms using polysaccharides and their outcomes in their chronological order.
Year Drug PS Conventional Dosage Outcome Reference
form
1998  5-ASA Eudragit L100 and Tablets Release of tablets was based on pH dependent medium [257]
Eudragit S100 Solubilization of both polymers at colonic pH
2002  Metronidazole Guar gum Tablets Release of 67% of the drug after 24 h [258]
Release of drug was limited to 5 h
2002 5-FU Guar gum Tablets Drug release got increased after addition of (4% w/v) rat caecal contents [259]
indicating colonic release
2002  Mebendazole Guar gum Tablets A delayed tmax and absorption time as well as decreased Cmax and [260]
absorption rate constant was noticed
2002  5-FU Guar gum Tablets A delayed absorption time and decreased Cmax was observed [261]
2003  Indomethacin Eudragit S, ethyl cellulose ~ Tablets Drug release was retarded 3-4 h in simulated intestinal fluid [262]
2003 5-FU Xanthan Gum and Guar Tablets Studies in colonic environment showed faster drug release as compared to [263]
gum normal media
2004  5-ASA Ethylcellulose Spheroids The release of 5-ASA was faster in the faecal fermentation system thanin the ~ [264]
enzyme system
2006  Ketoprofen Pectin Capsule Resistance of drug release in upper gastro intestinal tract [265]
2007  Indomethacin Guar gum and Eudragit Pellets The Tmax and Tlag in beagle dogs were 2.5 and 1 h which was retarded [266]
FS30D
2007  Nisin Pectin Tablets At the end of 6 h, 40% of pectin got degraded [267]
Polymer hydration on pectin degradation was found to be crucial for the
enzyme activity
2009  5-ASA Nutriose Pellets Site specific delivery of drug to the colon [268]
TRelease rate when exposed to patient feces
2009  Indomethacin Xanthan Gum Tablet Drug release followed super case II indicating erosion type release [269]
2009  Theophylline Chitosan Tablets Drug release showed anomalous release [270]
Drug release was controlled due to polymer relaxation
2009  5-ASA Pectin Tablets TRate of swelling was due to erosion of the polymer matrix in the colonic [271]
medium
2012 Curcumin Pectin Capsule A shortened erosion time of PS in rat caecal content media was noticed [272]
2012  5-ASA Pectin, Ethyl cellulose Capsule A shortened lag time after addition of rat caecal contents indicating enzyme  [254]
selectivity of pectin was noticed
2013  5-ASA HPMC Tablet in capsule Roentgenographic studies revealed drug was intact after reaching colon [273]
2014  Aceclofenac Inulin Tablet in capsule Release of drug after a lag time of 2 h [274]
2015 Sulfasalazine Guar gum, Eudragit Spheroids 1Drug release in colonic conditions [145]
1In DAI scores
2015  Losartan Potassium Guar gum Tabs in cap The formulation showed immediate release followed by delayed release [256]
with a lag time of 6 h.
2015  Ketorolac Guar gum Tablets A negligible drug release in the stomach and small intestine and showed [275]
Tromethamine more release in the colon was noticed
2015  Zein Pectin Capsule The ratio of 1:3 of zein and pectin showed no release in simulated gastric [276]
fluid
2015 5-FU HPMC and Eudragit Capsule The capsule showed a lag time of 6 h and Cmax of 25 h [277]
2016  Theophylline Guar gum Tablets For the first 12 h, 27-54% drug release occurred and 82-104% at 24 h [278]
2016  Recombinant human Pectin, Eudragit $100 Capsule Release of 3.2% and 81.6% of peptide, up to 24 h in SIF [279]
insulin Improved cellular uptake
2018  Curcumin Guar gum and Eudragit L-  Tablets Restricted drug release of hydrophobic drug in stomach and small intestine ~ [280]
100
2020  Sulfasalazine Eudragit S100 Capsule The formulation displayed non fickian type of drug release [281]
2020 5-FU Chitosan, Sodium Capsule The capsule reduced cell viability [282]
Alginate tMucoadhesion
2022  Metoprolol Pectin Pellets Release mechanism was according to Higuchi model and described by [283]

diffusion control mechanism
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indicating the protection of impermeable bodies [253]. Further, in
another study, capsules of 5-aminosalicylic acid with gelatin capsules
that were made impermeable by placing them in a mixture containing
ethyl cellulose and ethyl acetate dichloromethane and ethanol. Through
pharmacokinetic studies, it was analysed that the enteric capsule did not
dissolve in the gastric fluid until it reached the small intestine.

Furthermore, the release of 5-aminosalicylic acid took place due to
the microbial enzymes produced by the gut microflora [254]. Similarly,
Yehia and coworkers prepared Eudragit S100 spray-coated capsules as
pulsatile release systems for targeting the drug in the colon by incor-
porating tablet plugs of pectin. However, the difference between high
methoxy pectin and low methoxy pectin was not considered [255].
Earlier, a time-dependent pulsatile capsular drug delivery system was
prepared. The pulsatile release system consisted of an insoluble capsule
body filled with drugs and an erodible plug tablet placed in the opening
of the capsule body. The plug consisted mainly of pectin and pectinase in
varying ratios. The lag times were dependent on pectin/pectinase ratios
[254]. Another study aimed to achieve biphasic pulsatile drug release of
losartan potassium by formulating a “tabs in cap” system employing
guar gum. The system consisted of a non-biodegradable body capped
with a water-soluble cap. A lag time of 6 h was noticed because of the
optimal ratio of spray-dried lactose and guar gum. In the ex vivo study, it
was inferred that two successive pulses for dissolution indicated a delay
in absorption of the drug [256]. Various studies wherein PS based
conventional drug delivery formulations to treat colonic diseases along
with their outcomes are listed in Table 5.

5. Patents related to PS for the treatment of gastrointestinal
diseases

There are many patents filed and granted all over the world high-
lighting the role of PS as therapeutics as well as polymer for drug de-
livery. The filing of numerous patents highlights the utility of PS to
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incorporate drugs of various pharmacological classes as well as provide
functionality as an excipient in the formulation. Upon analyzing the
claims of various filed patents, it was observed that PS were used as part
of a hydrophobic segment or pH-responsive polymer or for colon tar-
geted action. Considering the sweallability of PS, it was also noticed
during the patent analysis that in the composition of formulation, PS
played an important role in release of drugs incorporated in the
formulation. It is pertinent to mention that PS has wide commercial
scope and economical advantage as indicative with the number of pat-
ents filed for various gastrointestinal or colonic diseases. A list of patents
wherein PS was used as part of the formulation for the treatment of
various colon related diseases are highlighted in the present Table 6.

6. Conclusion

The global disease burden of gastrointestinal diseases is continuously
expanding, and conventional drug delivery system treatment options
appear to be limited due to specific problems connected with biophar-
maceutical properties of traditional dosage forms and therapies. Poor
dissolution rate, oral bioavailability, and lack of site specificity of con-
ventional drug delivery systems limit the efficacy of active therapeutic.
As a result, adjustments to conventional treatment procedures are being
investigated in order to overcome these obstacles. Nanotechnology has
made numerous advances in the realm of theranostics employing
nanomedicine methods. Over the last few years, PS-based drug delivery
and therapeutics have gained prominence due to their stable, econom-
ical, biocompatible and therapeutic properties. In particular, various
molecular parameters such as degree of polymerization, molecular
weight, better onset of action has played an important role in the usage
of PS-based drug delivery and therapeutic based options. The formula-
tion process variables have an effect on overall PS drug delivery system
as well as its physicochemical properties. Due to these bottlenecks, the
use of PS as a therapeutic for colonic disease has not been extensively

Table 6
Patents on PS as therapeutic agent and as polymer for the treatment of colorectal diseases in chronological order.
Patent Number Granting Application Formulation Disease used Key Claims References
Agency Year for
CN114668730A CPO 2022 Enema ucC Cross-linking agent along with PS [284]
CN114057904A CPO 2021 Colon targeted NA PS composed of thiol codonopsis [285]
microcapsule
CN113616619A CPO 2021 Oral colon targeted uc PS obtained from rhubarb and PS coating is from baihe ~ [286]
formulation polysaccharide
CN113372460A CPO 2021 Powder IBD PS composed of Astragalus [287]
CN111097921A CPO 2020 Silver nanoparticles CRC PS from coltsfoot [288]
CN110200948A CPO 2019 Gastric controlled release NA PS composed of tamarind [289]
capsule
CN111867583A CPO 2019 Capsule ucC Mixture of PS containing modified starch and alginic [290]
acid
CN101982168A CPO 2018 Colon specific micelle NA PS solution composed of Tremella and okra pectin [291]
CN108853478A CPO 2018 Colon targeted tablet CRC PS which is non starch in nature [292]
JP2019019059A JPO 2017 PH responsive liposome NA PS composed of a carboxyl group [293]
CN106265510A CPO 2016 pH responsive micelle NA Self-assembled hydrophobic PS [294]
CN106727681A CPO 2016 Oral Solid Dosage CN PS composed of isomaltose product [295]
CN104382925A CPO 2014 Colon targeted pellets NA Weight composition of PS is 10-50% w/w [296]
CN104069204A CPO 2014 Decoction granules ucC PS obtained from Scutellaria baicalensis [297]
US2015320694A1  USPO 2013 Mucoadhesive nanoparticle NA Hydrophilic portion is composed of PS [298]
PS composed of thiol functional group
CN104224848A CPO 2013 Gastric floating tablet NA PS composed of alginate [299]
CN102871983A CPO 2012 Colon targeted tablet NA Composed of 15-18% of PS [300]
Coating layer of PS
CN103445044A CPO 2012 Soft Capsule IBD PS composed of aloe polysaccharide [301]
W02012035561 PCT 2011 Microsphere Colonic PS composed of guar gum or xanthan gum [302]
A2 diseases
CN101999645A CPO 2009 Tablet CRC PS composed of Astragalus [303]
CN101336950A CPO 2008 Colon targeted tablet NA PS composed of Zanzhizhu extract [304]
FR2830446A1 FPTO 2001 Colon targeted capsule NA PS used for coating is pectic acid or alginic acid [305]
US5444054A USPO 1994 Liquid Product ucC PS part of the formulation [306]

CPO- Chinese Patent Office; CRC- Colorectal cancer; FPTO- French Patent and Trademark Office; IBD- Irritable bowel disease; JPO- Japan Patent Office; NA- Not Applicable; PCT-
Patent Cooperation Treaty; PS- Polysaccharide; UC- Ulcerative Colitis; USPO - United States Patent Office



https://worldwide.espacenet.com/patent/search?q=pn%3DCN114668730A
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https://worldwide.espacenet.com/patent/search?q=pn%3DCN113372460A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN111097921A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN110200948A
https://worldwide.espacenet.com/patent/search?q=pn%3DCN111867583A
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https://worldwide.espacenet.com/patent/search?q=pn%3DCN101336950A
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https://worldwide.espacenet.com/patent/search?q=pn%3DUS5444054A

L. Corrie et al.

researched upon. Moreover, the understanding of various physico-
chemical parameters as well as underlying mechanisms will allow re-
searchers to tailor the therapeutic for various PS-based therapies. This
will lead to better commercialization and clinical utility of the PS.

The physical and chemical properties of PS, specifically their ster-
eoselectivity, length, and structural activity, can have a significant
impact on their various properties and their therapeutic effect [307].
Furthermore, the average size of PS has a direct impact on their catalytic
and its colonic activity [308]. From a regulatory perspective, these
natural products possess inherent heterogeneity in their synthesis [308].
Moreover, in the case of brown algal lineage, PS are not amendable to
straightforward sequencing. PS are also considered to be hydrophobic
and therefore require non aqueous solvents for their synthesis which has
adverse effects on human health [309]. PS are known to be swellable in
nature which limits their usage in large quantities. It is disadvantageous
when scale up of the product has to be carried out. From a chemical
point of view, mannose and rhamnose are ‘double-faced’ mono-
saccharides present in the PS, the p-linkages present in their structure
are still considered a major challenge in carbohydrate chemistry, espe-
cially when cross-linking of PS is to be carried out [1]. Moreover, in case
of glucan-based PS, the synthesis of the § (1-3) bond poses an inherent
challenge as compared to § (1-6) bonds [310]. The synthetic PS such as
polymannosides possess challenges of purification and characterization
[311]. Due to the structural complexity of some PS (such as heparin), the
formulation of these PS possesses an obstacle [312]. It was suggested in
a recent study, that controlled hydrolysis of heparin can help overcome
the challenge [313]. The glycosyl donor group present in hyaluronic
acid is less reactive which can be overcome by adding a more reactive
donor group [314]. Stereoselectivity and yield of PS are considered as
perquisite factors for its therapeutic activity. These factors are interde-
pendent on acceptor conformation, and nucleophilicity thereby hin-
dering the therapeutic activity [313]. These limitations associated with
PS can be overcome by enzymatic, polymerization, and chemical
synthesis.
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ABSTRACT

Ceramic nanoparticles (NPs) are nanosized carriers which are globule
shaped. These comprise of a hydroxyapatite core, whose surface is non-
covalently altered by oligosaccharide, onto which the drug of interest are
further adsorbed on the surface. These ceramic NPs are also referred to as
“aquasomes.” Aquasomes are triple-layered self-assembled nanoparticulate
drug delivery systems, which are used for the successful delivery of drugs
without compromising with their conformational integrity. They establish
a non-covalent link with various molecules which further promote more
stability as compared to liposomes and other NPs. In the present chapter,
various aspects of aquasomes are discussed such as properties, method of
preparation, characterization, and various application in drug delivery.

5.1 INTRODUCTION

The potential need of nanoparticle as a carrier for drug was first stated on
1974 by Dr. Gregory Gregoriadis. He suggested that liposomes can be used
as a nanoparticulate drug delivery system. Drug can be adsorbed or encap-
sulated in a nanocarrier system. Nowadays, nanoparticle drug delivery is the
ideal choice for targeting the drug directly to. the site of action, which can



98 The Era of Nanotechnology: Emergence and Essentials

be then referred to targeted drug delivery. They have improved drug loading
and produce very negligible adverse effects as compared to the conventional
dosage form. They are also used for the poorly soluble drugs so as to improve
its dissolution inside body. As very less amount of drug reaches the targeted
site, toxicity produced because of large dose of drug is also reduced by this
targeting method [1].

Aquasomes are the biocompatible and biodegradable nanocarrier which
was invented by Nir Kossovsky in 1995 [15]. Aquasomes are defined as
three-layered self-assembled nanoparticle carrier system which constitute of
central solid nanocrystalline ceramic core which is further coated with poly-
hydroxyl oligomer. Over this coated core, bioactive molecules are adsorbed
or diffused with or without modification as shown in Figure 5.1.

Drug

Solid core provides
structural stability

Carbohydrate coating protects
against dehydration and stabilizes
the drug

FIGURE 5.1 Structure of aquasome.

Hydroxyapatite and calcium phosphate are commonly used as ceramic core
to prepare aquasomes. These aquasomes self-assemble themselves by means
of ionic bonds, non-covalent bonds, or Van der Waals force [2]. Ceramic core
which is coated with carbohydrate improve their cellular uptake. The main
advantage of aquasomes is its non-interaction between the carrier system and
the drug. It preserves the conformational integrity of the bioactive molecules
which is adsorbed over the carbohydrate coated ceramic core. The structural
stability is provided by the solid core while the oligomer coating helps the
adsorbed bioactive molecule against dehydration and stabilizes them. It
behaves like “water bodies.” The water-like properties of aquasomes protect
the fragile therapeutically active molecules which further help in targeting of
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