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Abstract  

Alzheimer's disease (AD) is a type of neurodegenerative disease (ND). Globally, more than 44 

million people are affected with AD. Various pathophysiological factors are leading causes of 

AD including formation of accumulated Aβ, formation of neurofibrillary tangle, degeneration 

of cholinergic neurons, enhanced oxidative stress and neuroinflammation. The Food and Drug 

Administration (FDA) has approved few anti-Alzheimer’s drugs for the treatment of AD. These 

drugs are AChE inhibitor (donepezil, galantamine and rivastigmine), glutamate N-methyl-D-

aspartate (NMDA) receptor antagonist (memantine) and Aβ inhibitor (aducanumab and 

lecanemab). Numerous others treatment strategies have been also reported that synthetic, 

herbal and gene therapies shown significant response for the treatment of AD. Currently, herbal 

drugs and bioactives have shown excellent neuroprotective response for the treatment of AD 

such as curcumin, resveratrol, fisetin (FS), quercetin, proanthocyanidins, berberine and 

rosmarinic acid etc. They have shown very good antioxidant and anti-inflammatory effects are 

prevent neurons for degenerations. Among these FS has shown excellent response for the 

treatment of AD.    

FS is a polyphenolic flavonoid that possesses various neuroprotective effects by attenuating 

the levels of AChE enzyme, accumulated Aβ, reduced oxidative stress, and neuroinflammation. 

It is inherently senolytic, reducing the impact of cellular senescence. However, FS suffers from 

a dissolution rate-limited oral bioavailability, poor blood brain barrier (BBB) permeability 

leading to decreased therapeutic efficacy. To address these challenges, an attempt has been 

made to formulate NE of FS using a Box-Behnken design (BBD) approach. NE offer numerous 

advantages such as enhance drug loading, easy to prepare, highly stable, less toxic, increased 

bioavailability and BBB permeability. To formulate NE, 10 mg of FS was added to mixture of 

164 µL of Capmul MCM EP/NF (oil), 618 µL of Tween 80 (surfactant), 218 µL of Transcutol 

P (co-surfactant) and 4000 µL of distilled water (continuous phase). The optimized formulation 

resulted in a mean droplet size, drug loading, PDI, and zeta potential of 32 nm, 95.5%, 0.26, 

and -15.99 mV, respectively. TEM image revealed the spherical shape of FS-NE and average 

droplet size was observed 30 nm.  Further, the optimized FS-NE were evaluated for their oral 

bioavailability, availability in the brain, and pharmacodynamic efficacy. Bioavailability and 
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availability of FS-NE in the brain were observed by pharmacokinetic studies. To evaluate 

pharmacodynamic studies behavioural, biochemical and histopathological studies were 

performed. Morris water maze (MWM) and open field test (OFT) were performed to evaluated 

cognitive function, motor function and anxiety level of the rats. Biochemical studies in cerebral 

cortex and hippocampus part of the brain reveals level of AChE, Aβ, oxidative stress and 

neuroinflammation (IL1β and TNFα). In the pharmacokinetic results, FS-NE showed an 

842.93% enhancement in relative bioavailability compared to naïve FS. To evaluate 

pharmacodynamic effects, an aluminum chloride (AlCl3)-induced AD rat model used. 

Cognitive functions were assessed using MWM test and OFT. The formulation showed dose 

dependent effects. Both low and high doses of FS-NE (groups VI and VII) showed significant 

improvements (P < 0.001) in cognitive functions in AD induced rats. The biochemical studies 

showed that FS-NE at both doses attenuated the levels of AChE enzyme, amyloid β (Aβ), 

oxidative stress, and neuroinflammation. Results of histopathology indicated that FS-NE 

attenuated the degeneration of neurons in the cerebral cortex and hippocampus parts of the 

brain. 
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1.0 Introduction 

Alzheimer’s disease (AD) is a progressive, irreversible neurodegenerative disease (ND). It 

manifests with cognitive, motor, and psychotic symptoms. Over the course of its development, 

AD impairs the ability to perform routine daily tasks  [1]. As per the Alzheimer’s Association 

of India, more than 44 million people are affected by AD till 2023 across the globe [2]. 

Numerous pathological symptoms of AD include the progression of accumulated amyloid beta 

(Aβ) protein, the formation of neurofibrillary tangles (NFT), the degeneration of cholinergic 

neurons, enhanced oxidative stress, and neuroinflammation [3]. Aging is one of the most 

significant factors of AD with individuals typically between the ages of 65 and 85 being most 

commonly affected.. However, it has been observed that 9% of people are affected with AD in 

early onset dementia (>65 years). Recent studies reported that people can lower the risk of AD 

by changing sedentary lifestyles, ensuring adequate sleep, doing daily physical activities,  

adopting a healthy eating regimen, controlling blood pressure, cholesterol,  blood sugar levels,  

avoiding tobacco smoking, and alcohol consumption [3–6] 

Till now very few treatments are available for AD such as donepezil, galantamine, 

rivastigmine, memantine, lecanemab and aducanumab [4]. These anti-AD drugs carry some 

serious limitations such as these drugs working through single mechanistic pathways and 

possess several side effects including Vomiting, nausea, muscle cramps, loss of appetite, 

increased frequency of bowel movements, headaches, constipation, confusion, and dizziness. 

These challenges make their oral delivery cumbersome. To overcome those challenges, new 

therapy is required that can overcome the side effects of drugs, enhance their solubility and 

dissolution rate, and function through multiple mechanistic pathways for the treatment of the 

disease [5]. 

Many plant-based bioactive drugs are reported for effective inhibition of Aβ, βChE, oxidative 

stress, and neuroinflammation markers (TNF α and IL1β) with fewer side effects and a broad 

therapeutic index. Among them, Fisetin (FS) exhibited numerous neuroprotective effects for 

treating AD. It is a polyphenolic flavonoid. Chemically, it is a 2-(3,4-dihydroxyphenyl)-3,7-

dihydroxy-4H-1-benzopyran-4-one [5,6]. It shows neuroprotective effects by attenuating the 

level of AChE enzymes, which decrease the degradation of cholinergic neurons and increase 
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the progression of acetylcholine in the cerebral cortex and hippocampus parts of the brain. FS 

has high potential against AD due to its attenuated progression of Aβ and neurofibrillation 

tangle (NFT). Furthermore, it also reduced oxidative stress, neuroinflammation, and cellular 

apoptosis [7].  

Despite its potential, FS offers less aqueous solubility, bioavailability, and blood-brain barrier 

(BBB) permeability. In addressing the issue of low aqueous solubility, nanoformulations have 

demonstrated a significant potential. These systems contribute to an improved oral 

bioavailability of the drug. Currently, various nanoformulations have been developed, 

including NE, liposomes, solid lipid nanoparticles, transferosomes, nanostructured lipid 

carriers, inorganic nanoparticle, metallic nanoparticles, self-nanoemulsifying drug delivery 

systems etc [8]. Among these nanoformulations, NE have shown excellent advantages for the 

brain delivery of the drugs. It enhances the aqueous solubility, dissolution, and disintegration 

of the hydrophilic drugs, resulting in enhanced oral bioavailability and BBB permeability [9].  

To evaluate anti-Alzheimer’s effects various models have been developed such as scopolamine 

indued amnesia, streptozotocin induced AD, Aβ1-42 induced AD, diazepam induced cognitive 

dysfunction, methionine induced AD aluminium chloride (AlCl3) induced AD, etc [10]. 

Among these models, AlCl3 induced AD in rats one of the well reported models for the 

treatment of AD. Aluminium is a heavy metal that causes neurotoxicity and alters the normal 

pathophysiology of various NDs, especially AD. It impairs cognitive functions by degenerating 

cholinergic neurons in the cerebral cortex and hippocampus regions of the brain [11]. 

Aluminium enhances oxidative stress and causes neuroinflammation by activating numerous 

inflammatory mediators. It also promotes the formation of Aβ oligomers and the accumulation 

of Aβ plaques. According to previous reports, the AlCl3 model is one of the suitable screening 

methods for evaluating the anti-Alzheimer effects of neuroprotective drugs and bioactives [12–

15]. In the present work, we have formulated, optimized and characterized FS-NE and 

evaluated their anti-Alzheimer's activities in pharmacokinetic and pharmacodynamic studies. 
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2.0. Literature review 

2.1. Literature review on AD 

AD is a chronic condition characterized by the degeneration of cholinergic neurons in various 

regions of the brain, including the cerebral cortex and hippocampus [16]. The symptoms 

associated with AD are categorized by cognitive dysfunction, psychotic abnormalities and 

problems in speaking, walking, and performing daily activities. Many pathogenic factors are 

responsible for the disease progression, such as accumulation of Aβ, formation of  NFT, 

enhanced oxidative stress, neuroinflammation, mitochondrial dysfunction, endoplasmic 

reticulum stress, degeneration of cholinergic neurons, and excitotoxicity [5,7,17].  

2.1.1. Global prevalence and economic burden  

Globally, more than 44 million people have been reported with dementia till now [18]. In the 

USA about 5.8 million people above 65 years of age have been affected by AD. The total 

expenditure on healthcare, long-term care, and hospice services for individuals aged 65 and 

older with dementia amounted to approximately $305 billion in 2023 [19]. Additionally, 

projections indicate that this figure may rise to 13.8 million by the year 2050.[19]. About 4.72 

million Australians have been diagnosed with dementia till the end of 2023 and this number is 

predicted to rise to 5.9 million by 2028 and 10.76 million by 2058 [20]. In Japan, about 3.5 

million people suffered from AD till 2016 and it is expected to reach up to 4.9 million by 2026 

[21]. In China, the prevalence rate of dementia was 5.60% till 2019 [22]. As per statistics, in 

India, around 4 million people are suffering from AD [18]. 

2.1.2. Pathophysiology  

The Pathophysiology of AD is not fully clear but the development of AD is attributed to 

neuronal changes in molecular biochemical parameters. Oxidative stress, mitochondrial 

dysfunction, endoplasmic reticulum stress, and inflammation in neuronal cells are leading 

causes of AD. Accumulation of Aβ and formation of NFT are observed in AD. Various 

cytokines such as interleukins (IL)1β, IL-6, IL-8, tumor necrosis factor (TNF)-α, and nuclear 

factor kappa B (NF-kB) contribute to the development of neuroinflammation, which further 

disrupts the normal transcription and translation processes of neuronal cells [23,24]. Free 



6 
 

radicals such as hydroxyl radical, superoxide anion radical, hydrogen peroxide, oxygen singlet, 

hypochlorite, nitric oxide radical, and peroxynitrite radical cause abnormal mitochondrial DNA 

damage and negatively affect the electron transport chain (ETC) [25]. Abnormal mitochondrial 

function limits the function of whole cells, including endoplasmic reticulum stress, which is 

responsible for protein synthesis. Abnormal mitochondria also lead to attenuated protein 

synthesis. These pathogenic factors contribute to the degeneration of neuronal cells [26]. The 

term "neuroinflammation" refers to an inflammatory reaction that occurs within the central 

nervous system (CNS). The formation of cytokines, chemokines, reactive oxygen species 

(ROS), reactive nitrogen species (RNS) and secondary messengers mediates this inflammation. 

These mediators are provided by resident CNS glia (microglia and astrocytes), endothelial cells, 

and immune cells originating from the peripheral circulation [27]. These neuroinflammatory 

reactions have immune, neurological, metabolic, and psychological effects. Inflammation can 

leads to several problem in the brain such as immune cell recruitment, edema, tissue damage, 

and potentially cell apoptosis or death [28]. Numerous pro-inflammatory cytokines IL-1, IL-6, 

and TNFα, chemokines [Chemokine (C-C motif) ligand (CCL)2, CCL5, and chemokine (C-X-

C motif) ligand 1 (CXCL1)], and ROS contribute to neuroinflammatory responses. These 

mediators are synthesised by activated resident CNS cells, such as microglia and astrocytes [28]. 

Nuclear factor kappa light chain enhancer of activated NFκB signalling pathway activated by 

TNFα and IL-6, IL-8 and IL-1β in microphase and leads to neuroinflammation and cell 

apoptosis [29]. Oxidative stress is an abnormal production of free radical (oxidants) generated 

by ROS. ROS include singlet oxygen (O2), superoxide (O2.), hydrogen peroxide (H2O2), and 

hydroxyl radicals (OH·). They originate from a range of sources such as, aerobic systems, 

oxidative metabolism, nicotinamide adenine dinucleotide (NADPH) oxidase activity, and 

environmental stress such as, ultraviolet (UV) radiation, and contaminants affected neurons 

[30].  Pathophysiology of AD and their pathogenetic biomarkers are presented in Figure 1.  
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Figure 1: Pathophysiology of AD 
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2.1.3. Therapeutic approaches  

2.1.3.1. Anti-AChE drugs 

Several studies have reported that degeneration of cholinergic neurons leads to cognitive 

dysfunction. Acetylcholine is a neurotransmitter which is responsible for maintaining cognitive 

function. Degeneration of acetylcholine neurons leads to cognitive dysfunction and 

behavioural abnormalities. Acetylcholine is metabolised by the acetylcholinesterase enzyme, 

which is present in the synapse. It can degrade acetylcholine into acetic acid and choline. 

Acetylcholine metabolism reduces the level of acetylcholine in synapses and postsynaptic 

neurons [31]. Galantamine, donepezil, and rivastigmine are among the cholinomimetic drugs 

approved by the FDA for the treatment of AD [16]. It inhibits AChE and enhances the levels 

of acetylcholine in post-synaptic neurons. Donepezil is used for all stages of AD, whereas 

galantamine and rivastigmine are used for mild and moderate AD. These drugs produce 

common side effects such as hepatotoxicity, nausea, abdominal pain, diarrhoea, loss of 

appetite, and vomiting [32]. Recent studies suggests that AChE inhibitors attenuated 

accumulation of Aβ proteins which is one of the potential biomarkers of AD [33].  

2.1.3.2. NMDA antagonists  

The development of AD is influenced by glutamate-mediated neurotoxicity. Since glutamate 

is the most prevalent excitatory neurotransmitter in the mammalian central nervous system 

(CNS), it has a critical role in most of the CNS functions [34]. Glutamate binds with NMDA 

receptor. NMDA receptors are ligand-gated cationic channels. According to the glutamatergic 

hypothesis, excessive NMDA receptor activation can lead to an abnormal rise in intracellular 

calcium, which is responsible for neuronal cell death. Furthermore, degeneration of neuronal 

cells declines cognitive functions.  Memantine is a NMDA receptor antagonist that has a quick 

on/off kinetics with a moderate affinity. It prevents excessive calcium influx brought by 

overstimulation of NMDA receptor. It reduces excitotoxicity, cell apoptosis and enhances 

cognitive functions [35].  
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2.1.3.3. Anti-Aβ therapeutics  

Aβ is a fragment of the protein called APP. The exact function of APP is not defined yet. The 

APP is cleaved by other proteins into portions that remain within and outside of cells. In certain 

cases, Aβ is produced as a fragment during the diverse cleavage processes of APP. Aβ exhibits 

greater chemical adhesiveness compared to other fragments resulting from APP fragmentation. 

It progressively aggregates to form small amyloid plaques, a hallmark of the brain affected by 

AD. The fragments first form tiny clusters known as oligomers, then chains of clusters known 

as fibrils, and finally "mats" of fibrils known as beta-sheets.  

These beta sheets, in later stages forms clusters and accumulate in the brain. The amyloid 

hypothesis states that these phases of Aβ accumulation impede cell-to-cell communication and 

activate immune cells. These immune cells (cytokines) initiate an inflammatory response 

which leads to neuronal cell apoptosis.  

Aducanumab (ABC) is the most recent drug approved by the FDA for the treatment of AD. It 

is available in transparent to opalescent and colourless to yellow solution form. It comes in 

single-dose vials and is administered via intravenous infusion. ABC is human immunoglobulin 

gamma 1 (IgG1) monoclonal antibody. which can bind and reduce both soluble and insoluble 

accumulated Aβ as well as plaque formation. ABC is used for the treatment of mild AD as well 

as dementia [36]. ABC binds to a linear epitope, which is released by Aβ amino acids 3 to 7. 

After binding with a linear epitope, it suppresses the aggregation of Aβ monomers, oligomers, 

and polymers. ABC also inhibits phosphorylation of tau proteins and NFT[37]. ABC exhibits 

some common side effects like headache, diarrhoea, hypersensitivity, immunogenicity, 

confusion, delirium, altered mental status, and disorientation. Figure 2 depicts the mechanism 

of action of various anti-Alzheimer's drugs. FDA approved anti-Alzheimer’s drugs are 

tabulated in Table 1. 
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Figure 2: Mechanism of action of galantamine, donepezil, rivastigmine, memantine and 

aducanumab  
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Table 1: Drug approved by FDA for the treatment of AD 

Class of the 

drug  

Chemical name (brand 

name) 
Drug delivery and dose  

Molecular mechanism of the 

drug 
Therapeutical uses Side effects 

Parasympathomi

metic drugs 

Donepezil (Aricept®, 

Donep®, Namzaric®, 

Alzil®, Donetaz®, 

Lapezil®, Dnp®, 

Adlarity®, Dopezil® and 

Cognidep®) 

Oral (5, 10 and 23 mg) and 

oral disintegrates tablet (5 and 

10 mg) 

Donepezil inhibits the AChE 

enzyme and enhances the level 

of acetylcholine in synapse 

It treats the cognitive 

dysfunction and improve 

the behavioural effects in 

AD. 

Donepezil used to treat 

moderate and severe 

stage of disease.  

Common side effects: 

Nausea, loss of 

appetite and vomiting 

Serious side effects: 

Muscle cramps and 

diarrhoea 

Galantamine (Razadyne®, 

Galamer®) 

Oral (4, 8 and 12 mg), 

extended-release capsule (8, 16 

and 24 mg) and oral solution (4 

mg/mL) 

Galantamine is reversible 

AChE enzyme inhibitor and 

increase the function of 

muscarinic and nicotinic 

receptor which increase 

cholinergic neurotransmission.  

Galantamine is used to 

treat mild and moderate 

stage of AD. It reduced 

cognitive dysfunction in 

AD. 

Similar as donepezil  

Rivastigmine (Exelon®, 

Rivamer®, Exelon Tts®, 

Rivaplast®, Ritas, 

Veloxan®, Rivasmine®, 

Vastmin®, Rivastina®) 

Capsule (1.5, 3, 4.5 and 6 mg), 

transdermal patch (4.6, 6.5 and 

13.3 mg/24 hr) 

 

Rivastigmine enhanced 

cognitive function in 

Alzheimer patients.  

Rivastigmine is used for 

the treatment of mild and 

moderate stage of AD. 

Similar as donepezil 



12 
 

NMDA 

glutamate 

antagonist 

Memantine (Namenda®, 

Admenta®, Nemdaa®, 

Larentine®, Ebixa®, 

Dmentin®, Almantin®, 

Demenzil®, Lemix®, 

Alzitin®, Cormatin®) 

Oral (5 and 10 mg), extended-

release capsule (7, 14, 21 and 

28mg) and oral solution (2 

mg/mL) 

Memantine is NMDA 

glutamate receptor antagonist. 

It reduces excitotoxicity 

induced by enhanced level of 

intracellular glutamate.   

Memantine used to treat 

cognitive dysfunction and 

improve the behavioural 

effects in AD. 

It used to treat moderate 

and severe stage of 

disease.  

Common side effects: 

similar as donepezil 

It can also show 

headache, 

constipation, 

confusion and 

dizziness. 

Combination of 

parasympathomi

metic drugs and  

NMDA 

glutamate 

antagonist 

Memantine + Donepezil 

(Namzaric®, Donamen®, 

Alzil-M®, Larentin D®, 

Donecept M®, Donamind 

M®, Congmentin®, Dopa 

plus®, Memancad D®) 

Capsule ER (7, 14, 21 and 28 

mg/10 mg) 

Combination and Donepezil 

work in multiple pathways 

such as inhibit AChE enzyme 

and produce antagonistic 

effects in NMDA receptor  

It used in the treatment of 

moderate and severe stage 

of disease. 

Similar as donepezil  

Aβ inhibitor  Aducanumab (Aduhelm®) 

and lecanemab (Leqembi®) 

Aducanumab: Injectable (100 

mg/mL, 3 mL single-dose vial) 

Lecanemab: Injectable (200 

mg/2mL and 500 mg/5mL 

single-dose vials)  

 

Aducanumab is a monoclonal 

antibody, specifically an 

immunoglobulin gamma 1 

(IgG1), designed to target 

aggregated soluble and 

insoluble forms of Aβ and 

soluble forms of Aβ 

monomers.  

Aducanumab and 

lecanemab are used for 

the treatment of mild, 

moderate and severe 

stage of AD.  

Common side effects 

as donepezil  

Bleeding, headache or 

falls   
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2.1.3.4. Antioxidants and anti-inflammatory 

Oxidative stress and neuroinflammation play key role in progression of AD. Enhanced level of 

reactive oxygen species (ROS) and reactive nitrogen species (RNS) leads to increased 

production of cytokinins such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL8, IL-1β, 

Nuclear factor kappa B (NFκB)  [38,39]. These inflammatory mediators also promote cellular 

apoptosis. In the Alzheimer's brain, several inflammatory indicators, such as higher levels of 

cytokines and their receptors have been identified. These cytokines are responsible for various 

brain dysfunctions such as the production of neurotoxic free radicals, pro-inflammatory 

cytokines, and neurotoxic prostaglandins. Furthermore, pro-inflammatory cytokines may be 

involved in activating β-secretase and increasing Aβ formation, triggering a chain reaction of 

neurotoxic events in the brain [39]. Several preclinical studies have been conducted where the 

results revealed that various neuroprotective drugs and bioactives attenuated oxidative stress 

and neuroinflammation. Some of the important studies are mentioned below. In one of the 

studies, Yang and co-workers reported the neuroprotective effects of FS in mice. Lead is a 

heavy metal and it can cause various neurotoxic effects in the brain such as cognitive 

dysfunction, enhanced oxidative stress and neuroinflammation. The open maze test was 

conducted to check the behavioural studies. The study revealed that FS enhanced the latency 

(second) and reduced the number of errors in open maze test. This further revealed the 

improvement of mice cognitive function. FS shown antioxidant and anti-inflammatory effects 

by downregulating the levels of ROS and cytokines such as NFκB p65, TNF-α and IL-6 [40]. 

Another, study reported by Zhang et al., where FS has shown antioxidant effect in traumatic 

brain injury (TBI) mice. TBI is a highly intricate condition that can lead to both primary and 

secondary brain damage. Such injuries disrupt calcium homeostasis, induce oxidative stress, 

and trigger neuroinflammation in the brain. 

FS has shown antioxidant and anti-inflammatory effects. It has shown neuroprotective effects 

by reducing primary and secondary brain injury  [41].  

Another study reported the antioxidant and anti-amyloid effects of quercetin (Qu) in mice 

wherein the oxidative stress was induced by hydrogen peroxide (H2O2) and H2O2 enhanced the 

levels of ROS, neuronal toxicity, mitochondrial dysfunctions. Moreover (Qu) attenuated the 
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toxic effects of H2O2 suppress oxidative stress and mitochondrial dysfunction. It has also 

inhibited the accumulation of Aβ in the hippocampus parts of the brain which exhibit its anti-

Alzheimer’s effects [42]. Chen et al., have evaluated antioxidant and antiapoptotic effects of 

Qu in rat glioma C6 cells. Qu attenuated the levels of ROS and significantly inhibited oxidative 

stress in rat glioma C6 cells [43].    

Furthermore, lycopene, a carotiniod aliphatic found in red coloured fruits and vegetables 

including tomatoes, pomegranates, and watermelons has strong antioxidant, anti-inflammatory, 

anti-amyloidogenic, and anti-apoptotic characteristics [44]. As a result, it has protective 

properties against neurodegenerative illnesses including AD and Parkinson's disease (PD) [45]. 

According to Liu et al., lycopene can reduce the neuroinflammation brought on by Aβ and 

suppress NF-κB signalling in the brain's choroid plexus during the early stages of AD. This 

study documented the occurrence of Aβ-induced neuroinflammation in rats. Behavioral traits 

were assessed using the water maze test. The in vivo examination of Aβ in conjunction with 

lycopene demonstrated neuroprotective effects. The anti-inflammatory and antioxidant 

attributes of lycopene have been elucidated in the conducted biochemical research. [46].  

Prakash et al., explored the role of lycopene in restoration of BDNF and mitochondrial levels 

in AD which is induced by β-amyloid. They observed that the animals exposed to -A1-42 had 

changed brain-derived neurotrophic factor (BDNF) levels compared to the controls. In rats 

treated with Aβ1-42, chronic treatment of lycopene improved memory retention, attenuated 

mitochondrial-oxidative damage, decreased neuro-inflammation, and restored BDNF levels. 

These investigations showed that lycopene inhibits amyloidogenesis and protects against β -

A1-42-induced cognitive impairment [47]. Huang et al. documented that lycopene safeguarded 

neurons from oxidative damage caused by butyl hydroperoxide. The researchers administered 

lycopene as a pretreatment to neural stem cells (NSCs) [48].  

Qu is another phytoconstituent that has neuroprotective activity against AD. The 

neuroprotective action of Qu is primarily attributable to the suppression of polyglutamine 

aggregation, AChE, amyloid-fibrillogenesis, 6-hydroxydopamine, 3-nitropropionic acid, and 

elevated ApoE level [49]. Mehta et al. claim that Qu, at a dosage of 30 mg/kg, has been shown 

to lessen chronic unexpected stress (CUS), including anxiety and depression, and to enhance 
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cognitive function. Along with the maze and open field, the behavior of the mice was also 

investigated to examine CUS. Nitric oxide, pro-inflammatory cytokines (IL-6, TNF-a, 

Interleukin 1 beta, and cyclooxygenase-2) and oxidative stress indicators (thiobarbituric acid 

reactive compounds and nitric oxide) are said to be increased by CUS. In the hippocampus, 

this further results in the apoptosis of neuronal cells. Qu substantially decreased the levels of 

all these inflammatory markers, which avoided neuronal cell injury [50].  Qu's effects on 

cadmium-induced neuronal damage in the frontal cortex of Sprague Dawley (SD) rats were 

documented by Unsal et al [50]. Qu demonstrated anti-inflammatory and antioxidant 

properties, which led to neuroprotective benefits. Several biochemical experiments, including 

catalase (CAT), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione 

peroxidase (GPX), and histopathological analyses, were carried out to evaluate these activities. 

The findings demonstrated that Qu has antioxidant properties by lowering the levels of SOD, 

SPX, and CAT in the rats' frontal brain and raising the levels of MDA. Qu also inhibited 

neuronal cell degeneration in the frontal cortex region of the brain, according to 

histopathological examinations [50]. 

Similarly, Curcumin is an another important phytoconstituent which has the significant effect 

against AD. In respect to Aβ in AD, Ferrari and colleagues addressed the chemical connections 

between curcuminoids and metal chelating agents. They looked at substituted curcuminoids' 

metal-complexing potential as novel possible AD therapeutics. Curcumin exhibited metal 

chelating, anti-inflammatory, and antioxidant effects in addition to preventing the aggregation 

of mutant proteins such Aβ- and α-synuclein and huntingtin [51]. 

Traditional Chinese Medicine uses the powerful antioxidant baicalein, which is derived from 

Scutellaria baicalensis Georgi (Lamiaceae) (TMC). Additionally, baicalein has been shown to 

prevent Aβ-induced toxicity in PC12 cells, promote A-oligomerization and fibrillation, and 

cause preformed amyloid fibrils to disaggregate [52]. Baicalein has also been found to prevent 

Aβ-induced toxicity in PC12 cells, cause Aβ-oligomerization, fibrillation, and disaggregate 

preformed A amyloid fibrils [53]. 

The myricetin polyphenolic molecule, also known as hydroxyquercetin, has neuroprotective 

properties against Aβ-induced neuronal cell damage. Myricetin's hydrophobic properties and 
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low molecular weight facilitate BBB bridging, creating a good therapeutic environment. 

According to Shimmyo et al., myricetin, has a dual function that excludes its impact on protein 

expression by reducing BACE1 activity (IC50 =2.8 µM) and activating the α-secretase in the 

cell-free enzyme activity. It has been determined that the impact of myricetin on neuronal cells 

is less pronounced than originally anticipated [54]. 

An isoquinoline alkaloid known as berberine was discovered in the plant Coptis chinensis 

Franch (Ranunculaceae). Berberine has neuro-pharmacological effects that control APP 

processing and decrease Aβ protein levels. For four months, transgenic AD mice were given 

berberine orally at doses of 25 or 100 mg/kg per day, which shows a significant reduction in 

Aβ pathology and no effect on BACE1 protein levels [55]. 

Although the use of herbal medicines is expanding globally, their clinical applicability as 

medicines is constrained by their poor solubility, bioavailability, and pharmacological activity, 

as well as their physical and chemical instability and ease of degradation. Therefore, one 

potential technique for boosting their pharmacological action may be to create herbal 

medications with nanotechnology-based delivery systems. To assure their safety and efficacy 

in treating many types of illnesses, these nanotechnology-based delivery systems' development 

still has to be further examined, particularly with regard to their safety and toxicity profiles 

[56]. Some other herbal medicine and synthetic drugs and their anti-AD effects are listed in 

Table 2 and Table 3. Antioxidant and anti-inflammatory effects of herbal drugs and their 

bioactive are presented in figure 3.  
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Figure 3: Antioxidant and anti-inflammatory effects of numerous plant extract and their bioactives   
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Table 2: Herbal medicine and its bioactive component against AD 

Name of 

Herbal 

Medicine and 

bioactives 

Bioactive 

Component 
Animal Models Pharmacological effects  Reference  

Lycium 

barbarum 
• Polysaccharides 

Homocysteine-

induced toxicity in 

rats 

• Reverses Aβ and 

homocyteine induced 

apoptosis 

[57] 

Moringa olifera 

extract 

• Qu 3-methyl 

ether 

Homocysteine-

Induced AD in rats 

• Improved cognitive 

function  

• Reduced oxidative stress  

[58] 

Ginkgo biloba 

• Qu 

• Kaempferol  

Oxidative-stress-

induced cytotoxicity 

in SHSY5Y 

neuroblastoma cells 

 

• Improved cognitive 

function  

• Improved motor functions  

[59] 

Glycyrrhiza 

glabra 

• Glycyrrhizin 

• Glycyrrhetic 

acid 

• Isoliquiritin 

Diazepam induced 

amnesia in rats 

• Produced antioxidant  

• Anti-inflammatory effects 

• Improve memory function   

 

[60] 

Curcuma longa 

• Curcumin 

• Turmerone 

• Germacrone 

• Ar-curcumene  

Aβ induced AD in 

Tg2576 mice brain 

• Attenuated accumulation 

of Aβ 

• Inhibited Aβ 

[61] 

Salvia 

officinalis 

extract 

• Cineole 

• Borneol 

• Fumaricacid 

Human patients 

• Inhibition of AChE 

• Use for mild and moderate 

stages of AD 

[62,63] 
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• Chlorogenic 

• Acidthujone, 

• Tannic acid,  

 

Rosmarinus 

officinalis 

• Carnosic acid 

• Rosmarinic 

acid  

• Camphor 

• Caffeic acid 

• Ursolic acid 

• Betulinic acid 

Lipoperoxidation 

induced AD in rats  

• Inhibitor of 

lipoperoxidation 
[64] 

Phyllanthus 

acidus L extract 

• 4-

hydroxybenzoic 

acid 

•  Caffeic acid 

• Adenosine 

• Kaempferol 

• Hypogallic acid 

Scopolamine-

induced dementia 

and oxidative stress 

in rats 

• Enhanced cognitive and   

learning function  

• Produced antioxidant 

effects 

• Inhibited AChE enzymes  

[65] 

Lepidium 

meyenii 

(Black maca) 

• Macamides 

• Macaene 

Ovariectomy 

induced by AD in 

mice  

• Enhanced cognitive 

functions  

• Inhibited 

neuroinflammations  

[66] 

Siberian 

barberry 
• Palmatine 

Alzheimer’s 

littermates mice 

• Palmatine improve 

learning and cognitive 

function  

• Palmatine easily bypass 

through BBB 

[67] 
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Holothuria 

scabra extracts 

 

-- 

Anti-amyloid effects 

in transgenic 

C. elegans model 

• Inhibit Aβ 

• Reduced the paralysis and 

enhanced the chemotaxis 

behaviour 

[68] 

Indian Catechu 

methanolic 

extract 

-- 
AlCl3-induced AD 

in rats 

• Inhibited AChE enzyme  

• Produced antioxidant 

effects  

[69] 

-- 

 

Rosmarinic acid 

 

Inhibition of Aβ 

activities in 

endothelial cell 

• Inhibition aggregation of 

Aβ 
[70] 

-- 

Ursolic acid 

 

Aβ1-42-induced AD 

in mice  

 

• Enhanced hippocampal 

neurogenesis 

• Enhanced cognitive 

functions   

• Attenuated Aβ1-42  

[71] 

-- 
Hesperidin 

methylchalcone 

Aβ1-42-induced AD 

in wister rats 

• Attenuated Aβ1-42 

• Inhibited enzymes such as 

AChE and 

butyrylcholinesterase 

• Inhibited Aβ1-42 

neuroinflammations  

[72] 

-- FS 

Galactose induced 

oxidative stress in 

mice 

 

• Inhibited oxidative stress  

• Inhibited ROS 

• Inhibited 

neuroinflammations  

• Enhanced cognitive 

functions  

[73] 
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-- Lycopene  

Lipopolysaccharide 

(LPS) induced AD 

in rats 

• Inhibited LPS level 

• Reduced 

neuroinflammations 

• Reduced degeneration   

[74] 

-- 

Bromelain 

 

AlCl3-induced AD 

in rats 

 

• Improved exploratory 

activity, cognitive 

function, anxiety, and 

depression in rats 

• Modulated thioredoxin 

binding protein 

[75] 

-- Lutein 
Aβ induced AD in 

rats  

• Inhibited Aβ 

• Inhibited oxidative stress  

[76] 

 

Table 3: Synthetic drugs against AD 

Drugs Animal Models Pharmacological effects Reference 

Thiazolidin-4-one 
Streptozotocin induced 

AD in rats 

• Attenuated oxidative damages 

• Inhibited AChE enzyme 

• Inhibited tau protein 

 

[77] 

Interferon-beta AD in rats 

• Attenuated oxidative damages 

• Inhibit amyloid formation  

• Inhibit tau proteins 

• Anti-inflammatory effects   

• Antiapoptotic effects  

[78] 

Sitagliptin 3xTg-AD • Enhanced learning and memory [79] 
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triple transgenic AD • Enhanced regenerations of neuronal cells   

Acetylsalicylic acid  Human  
• Low dose of acetylsalicylic acid for long 

term treats all stages of dementia  
[80] 

Fluoxetine AlCl3-induced AD in rats 

• Activated Nrf2/HO-1 

• Attenuated toll-like receptor 4/ NLR 

family pyrin domain containing 3 

(TLR4/NLRP3) inflammasome 

signalling pathway  

[81] 

Amoxapine Aβ induced AD in rats 

• Attenuated accumulation Aβ multiple 

serotonin receptor 6 mediated targets, 

including β-arrestin2 and cyclin-

dependent kinase 5 (CDK5) 

[82] 

 

2.1.3.5. Ongoing and completed clinical trials of AD 

Currently, numerous clinical trials are underway for AD. However, only a small fraction has 

successfully progressed through all phases and received approval from the FDA. Different 

ongoing (Aug-2018 to Jan-2023) and completed clinical trials on AD are listed in Table 4 and 

Table 5. 

Table 4: Ongoing clinical trial for AD [83] 

Intervention Sample size Phase Design 
Study start 

month 

Estimated study 

completion date 
NCT number 

ABBV-916 195 2 R Jan-2023 Dec-2024 NCT05291234 

UPLIFT-AD 2000 NA NR Mar-23 Nov-24 NCT04520698 

Wei Li Bai capsules 130 2 R Jan-2023 Nov-2024 NCT05670912 

MK-1942 408 2 R Nov-2022 May 2026 NCT05602727 
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Active acupuncture, 

sham and Donepezil 

Hydrochloride 

160 NA R June-2022 Dec-2025 NCT05078944 

Caffeine and placebo 248 3 R Mar-2021 Nov-2024 NCT04570085 

Probiotics 40 NA R Dec-2021 June-2023  NCT05145881 

Sargramostim 42 2 R Jun-2022 Jul-2024 NCT04902703 

Memantine and 

placebo 
88 4 R Jan-2019 Jun-2024 NCT03703856 

LX1001 15 1,2 NR Aug-2018 Jan-2023 NCT03634007 

Abbreviation: R; randomized, NR; non randomized; NA not applicable   

Table 5: Completed clinical trial for AD [83] 

Intervention Sample size Phase Design 
Study start 

month 
Completion date NCT number 

Donepezil HCL 171 4 R Mar-2014 Jun-2016 NCT02097056 

Donepezil HCl 97 4 NA Dec-2007 Sep-2018 NCT00571064 

Donepezil 199 4 NR Sep-2014 Jau-2022 NCT00381381 

Carvedilol 29 4 R May-2011 Frb-2018 NCT01354444 

Galantamine 99 4 NA Jan-2010 Dec-2012 NCT01054976 

ENA713 222 4 NA Sep-2013 Feb-2017 NCT01948791 

Rivastigmine 208 4 NR Nov-2007 Apr-2012 NCT00561392 

Memantine 60 4 R May-2007 Aug-2014 NCT00476008 

Memantine 12 4 NA Oct-2007 Jan-2014 NCT00551161 

Memantine, Placebo 265 4 R May-2007 Dec-2009 NCT00469456 

Memantine, Placebo 277 4 R Mar-2009 Sep-2012 NCT00862940 
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Rivastigmine 

transdermal patch 
228 4 NA Frb-2008 Jul-2011 NCT00622713 

Donepezil 

hydrochloride 
14 4 NA May-2007 Nov-2021 NCT00477659 

Rivastigmine patch 142 4 R Oct-2007 May-2011 NCT00549601 

Methylphenidate and 

Placebo 
60 4 R Jul-2007 Nov-2015 NCT00495820 

Cilostazol and Placebo 46 4 R Aug-2011 May-2014 NCT01409564 

ENA713 121 4 NA Apr-2012 Apr-2018 NCT01585272 

Neuraceq (florbetaben 

18F) 
218 4 NA Feb-2018 Nov-2018 NCT02681172 

Simvastatin and 

placebo 
49 4 R Jun-2010 Jun-2017 NCT01142336 

Florbetapir (18F) 96 4 NA Apr-2014 Jul-2015 NCT02107599 

Risperidone 180 4 R Jan-2007 Apr-2013 NCT00417482 

Ramipril 14 4 R Sep-2009 Aug-2020 NCT00980785 

      Abbreviation: R; Randomized, NR; Non randomized; NA not applicable   

2.2.  Literature review on FS  

2.2.1. Pharmacological activities and molecular targets of FS for AD 

FS exhibited numerous neuroprotective effects for the treatment of AD. It is a polyphenolic 

flavonoid. Chemically, it is a 2-(3,4-dihydroxyphenyl)-3,7-dihydroxy-4H-1-benzopyran-4-one. 

The chemical structure of FS is presented in figure 4. FS has shown anti-AD effects by 

attenuating tau aggregation, fibril formation of Aβ, deoxyribonucleic acid (DNA) damage, 

oxidative stress [ROS, superoxide dismutases (SOD) 1], neuroinflammation (TNF-α, IL-6, IL-

1β, nitric oxide, NF-κB), mitochondrial functions and cognitive function. A pictorial illustration 

of the neuroprotective effects of FS is presented in Figure 5. Several works have been conducted 

where FS showed neuroprotective effects against AD. Some of the studies showing the potential 

effects of naïve FS in AD are discussed below.  
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Figure 4: Chemical structure of FS 

FS has showed neuroprotective effects against cognitive dysfunction, oxidative stress and 

neuroinflammation induced by lead in male institutional cancer research (ICR) mice. Pb is a 

heavy metal which causes neuronal cell death, cognitive dysfunction, inflammation, and 

oxidative stress. In order to evaluate its anti-AD potential in mice, behavioural and biochemical 

studies were conducted. In behavioural test, percentage latency and the numbers of errors were 

evaluated in open-field test in ICR mice. FS increased latency and reduced the number of errors 

in open-field tests.  In the biochemical evaluation, FS has downregulated the levels of NFκB 

p65, TNF-α and IL-6 and reduced neuroinflammations [84]. In another study, Ahmad et al., 

have reported anti-neuroinflammatory effects of FS against Aβ1-42 induced cognitive and 

synaptic dysfunction in adult mice. The intraperitoneal (i.p.) administration of FS at dose of 20 

mg/kg for two weeks improved memory efficiency in Aβ1–42 treated mice by decreasing escape 

latency, increasing time spent in the goal quadrant, and increasing platform crossings throughout 

the in Morris water maze (MWM) test [85]. Cho et al., (2013) have investigated neuroprotective 

and anti-inflammatory activities of FS in male ICR (Harlan Sprague–Dawley; 4 weeks old) 

mice. Various tests such as cell viability, 3-(4,5-dimethylthiozol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay, scopolamine-induced cognitive dysfunction, SOD and reduced 

glutathione (GSH) were evaluated. The results indicated that FS produced inhibitory effects in 
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MTT assay and upregulated the level of SOD and GSH. It also attenuated the effects of 

scopolamine, thereby improved cognitive function [86]. 

FS has been reported for its anti-inflammatory effects by inhibiting pro-inflammatory cytokines 

(IL-1, IL-6, and TNFα), chemokines (CCL2, CCL5, and CXCL1), NF-κB, toll-like receptor 1, 

etc. FS has been also reported to reduce inflammation-induced oxidative stress. Several studies 

have been conducted where FS has shown anti-inflammatory effects. Some of the important 

works carried out on anti-inflammatory potential of naïve FS are discussed below. 

In a recent study, FS suppressed lead (Pb) induced apoptotic neurodegeneration, as shown by 

lower Bax and cleaved caspase-3 levels. FS has been reported to inhibit the activation of Toll-

like receptor 4, myeloid differentiation factor 88, and βB, as well as pro-inflammatory factors 

such as IL-6 and TNF-α.  It also increased phosphorylation of synaptosomal-related protein-25 

(SNAP-25), postsynaptic density-95 (PSD-95), cyclic AMP response element binding protein 

(CREB), and calcium/calmodulin kinase II (CaMKII) in Pb-induced synaptic dysfunction [84]. 

In another study, FS has been reported to attenuate the synthesis of (lipopolysaccharide/gamma 

interferon) LPS/IFN-γ induced nitric oxide (NO) and peptidoglycan-induced inflammatory 

mediator IL-1β as well as decreased the expression of inducible nitric oxide synthase (iNOS) in 

microglial cell, migration of microglial cell and generation of ROS [87]. Additionally, another 

study reported FS to cause downregulation in the level of proinflammatory cytokines and 

suppressed NF-ĸB signalling pathway in intracerebral haemorrhage-induced injuries [88]. 
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Figure 5: Molecular mechanism of FS against AD   

2.3. Advanced drug delivery system-based drugs for the treatment of AD 

Several studies have been reported where advanced drug delivery system-based nano-

formulations are used to reduce symptoms of AD. In one of the studies, Ahmad et al., found 

that Qu-loaded SNEDDS with the drug increased its bioavailability for the treatment of cerebral 

ischemia and degeneration of the neurons. The droplet size and zeta potential of Qu-loaded 

SNEDDS were found 94.63 ± 3.17 nm and -17.91 ± 1.02 mV respectively. The SNEDDS were 

developed for in situ formation of oil-in-water NE.  [89]. Qu-loaded gold-palladium (AuPd) 

nanoparticles developed by Liu and coworkers against Aβ aggregation and mHtt genes for the 

treatment of AD and HD. Due to their lipidic composition and nanosize, Qu nanoparticles 

stimulated through autophagy and reduced Aβ aggregation in neuronal cells. These Qu 

nanoparticles also exhibited neuroprotective properties by attenuating the cytotoxicity 

generated by Aβ. The histopathological picture demonstrated that Qu loaded AuPd 
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nanoparticles exhibited no toxicity in the cortex, hippocampus, and thalamus regions of the 

mice brain as compared to the control group  [90]. Some of the important studies are mentioned 

in table 6. 

Table 6: Advanced drug delivery system based various drugs and bioactive substance for the 

treatment of AD 

Sr. 

No. 

Therapeutic 

moiety 
NDDS 

In vivo 

model 

Method of 

preparation 
Research highlights References 

1. Rivastigmine Nanoparticles Wistar rats 
Spontaneous 

emulsification 

• Enhanced 1.96 folds of 

oral bioavailability 

compared with naïve 

rivastigmine  

• Reduced oxidative stress 

[91] 

2. Pomegranate Nanoparticles 

AlCl3 induced 

Wistar albino 

rats 

Spontaneous 

emulsification 

• Increased 3.25 folds of 

oral bioavailability 

compared with naïve drug 

• Attenuated thiobarbituric 

acid level from cerebral 

cortex 

• Shown antioxidant effects  

[92] 

3. 
Curcumin + 

selenium 
Nanoparticles 5XFAD mice 

Emulsion 

solvent 

evaporation 

process 

• Inhibited Aβ aggregation  

 
[93] 

4. 

Nanoparticle-

Chelator 

Conjugates  

Nanoparticles 

AD 

transgenic 

animal 

         - 

• Inhibited Aβ aggregate 

formation 

• Protect human cortical 

neurons from Aβ 

oxidative toxicity 

[94] 

5. 

Aβ Protein 

Antibody 

Nanoparticles 
AD 

transgenic 

Hyeon method • Target cerebrovascular 

amyloid formation 

[95] 
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mice 

(Tg2576) 

• Enhanced passive 

immunization 

6. Qu Nanoparticles  

Scopolamine 

induced 

amnesia  

Spontaneous 

emulsification 

• Enhanced memory 

function 

• Reduced oxidative stress 

[96] 

8. 

Phosphatidic 

acid, or a 

modified 

Apolipoprotein 

E-derived 

peptide 

(mApoE) 

functionalized 

liposome 

Liposomes 
APP/PS1 Tg 

mice 

Thin film 

hydration 

• Sequester A β 42 in 

human biological fluids 
[97] 

9. 

 

mApoE–PA Liposomes 
APP/PS1 Tg 

male mice 

Thin film 

hydration 

• Reduced brain Aβ 

aggregates 

•  Reduced Aβ levels in 

mice brain 

[98] 

10 Qu  

Lipid 

nanoparticles 

(SLN and 

NLC) 

In vitro study 

in  

hCMEC/D3 

cells  

Hot 

homogenization 

technique 

• Reduced fluorescence 

intensity of thioflavin T 

(ThT) in Aβ (1–42). 

[99] 

11. Thymoquinone nanoparticles Mice  

Single-emulsion 

solvent-

evaporation 

technique 

• Reduced SOD and 

oxidative stress 

• Reduced Aggregation of 

Aβ 

[100] 

12. 

Selenium-

chondroitin 

sulfate 

nanoparticles 

Nanoparticles  
SH-SY5Y 

cells 
-- 

• Reduced aggregation of 

Aβ in SH-SY5Y cells 

• Reduced SPD, ROS, 

MDA, GSH-Px 

 

[101] 
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13. Erythropoietin  
Solid Lipid 

Nanoparticle 
Rats  

Double 

emulsion 

solvent 

evaporation 

method 

• Reduced aggregation of 

Aβ  

• Enhanced cognitive 

functions. 

[102] 

14. 

Chiral 

penicillamine-

capped 

selenium 

nanoparticles 

Nanoparticles  Mice  -- 

• Inhibited aggregation of 

Aβ  

• Enhanced cognitive 

functions. 

[103] 

15. Zinc 
polymeric 

nanoparticles 
APP23 mice 

Double 

emulsion 

solvent 

evaporation 

method 

• Inhibited aggregation of 

Aβ  

• Attenuated Pro-

inflammation (IL-6, IL-8) 

[104] 

16. 
Mesoporous 

silica 

Gold 

nanoparticle 
Mice -- 

• Attenuated aggregation of 

Aβ  

• Reduced ROS 

[105] 

17. Curcumin  

magnetic 

nanoparticles 
Mice 

Antisolvent 

precipitation 

method 

• Nanoparticles enhance 

penetration of the BBB 
[106] 

Polylactide-

co-glycolic-

acid 

nanoparticles 

PC12 cells -- 

• Inhibited aggregation of 

Aβ  

• Inhibited formation of Aβ  

[107] 

18. Sialic acid 
Selenium 

nanoparticles 

PC12 cells 

(neuroblastic 

cells and 

eosinophilic 

cells) 

Homogeneous 

method 

• Reduced aggregation of 

Aβ 

• Anti-apoptosis effects 

[108] 
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19. 
Resveratrol and 

Grape Extract 

Solid lipid 

nanoparticles 
HEK293 cells 

High shear 

homogenization 

method 

• Reduce aggregation of Aβ [109] 

20. Chitosan 
Polymeric 

nanoparticles 
Rats -- 

• Reduced oxidative stress 

• Enhanced cognitive 

function 

[110] 

21. Memantine NE Rats 

Homogenisation 

and 

ultrasonication 

methods 

• Inhibited oxidative stress 

 
[111] 

22.  

Magneto-

plasmonic 

nanoparticles 

Metallic 

nanoparticles  
Rats  -- 

• Metallic nanoparticles 

work as a biosensor for 

the detection of tau 

protein  

[112] 

23 Tanshinone IIA 
Chitosan 

nanoparticles 
-- -- 

• ↑ accumulated Aβ 

• ↑ UNC-51, BEC-1, ATG-

7, LGG-1 and ATG-18 

• ↓ Oxidative stress 

[113] 

24. Doxorubicin 

β-

cyclodextrin-

poly(β-amino 

ester) 

nanoparticles 

 

BME cells -- 
• ↑ Permeability across the 

in vitro BBB models 
[114] 

25. -- 
Gold 

nanoparticles  

C57BL/6 

inbred strain 

mice 

-- 

•  ↑ Permeation of BBB 

both in vitro and in vivo 

models.  

[115] 

26. -- 
Gold 

nanoparticles  
-- -- 

• Large AuNPs induce 

amorphous aggregates on 

the brain lipid bilayer. 

• ↓ Accumulated Aβ 

[116] 
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27. -- 

Amine-

modified gold 

nanoparticles, 

citrate-

modified gold 

nanoparticles  

-- -- 

• ↑ Positively charged gold 

nanoparticles attached to 

Aβ more tightly 

[116] 

28 Qu -- HBME cells -- 

•  Enhanced permeability of 

the drug through 

paracellular drug delivery 

• Attenuated level of Aβ 

[117] 

 

2.3.1. NE  

NE is colloidal dispersion systems containing two immiscible liquids that are stabilized with 

the addition of surface-active agents. Mostly, ionic or non-ionic surfactants are used in the NE 

which prevents flocculation due to electrostatic and steric stabilization. Furthermore, the nano 

droplets in the system are in continuous brownian motion, hence, it predominates over the 

gravitational force. This creates high resistance against droplet aggregation and therefore 

system maintains kinetic stability.  However, the main instability issue reported in NE is 

Oswald ripening. The smaller globules grow into larger ones and finally separate out which 

leads to instability problems [118].  

Typical, NE contain three components such as oil, water and emulsifier that are mixed in 

appropriate ratios to form simple NE or multiple NE. The simple NE are classified as oil in 

water (O/W) or water in oil (W/O). Multiple NE contain dispersed phase which in turn contain 

another internal droplet that use to be similar to the dispersion medium and it can be O/W/O or 

W/O/W.  Hence, the composition of the system plays a significant role in determining the type 

of system [119]. Both the internal phase and external phase of NE contain multiple ingredients. 

Structure of O/W and W/O are presented in figure 6. 

The oil phase represents the lipophilic portion of the NE and generally, this component is 

selected based on the solubility of the lipophilic active moiety. Edible oils, semisynthetic 
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triglycerides, synthetic oils, etc are frequently used in NE. Emulsifiers are amphiphilic 

molecules that are added to reduce the interfacial tension between the oily and aqueous phases 

of the dispersion. These agents stabilize the system through electrostatic repulsive forces and 

steric hindrance. Usually, surfactants are used as an emulsifier, but proteins, polysaccharides 

and lipids are also used as stabilizers. The added emulsifier will act at the interface of the two 

immiscible phases where the hydrophilic head interacts with the hydrophilic phase and the 

hydrophobic tail interacts with the oily phase. The selection of surfactants is important and they 

are preferably selected based on hydrophilic lipophilic balance (HLB) value. Surfactants with 

low HLB values ranging from 3 to 6 are selected for preparation of W/O type and higher HLB 

values ranging from 8 to 18 are chosen for O/W type. Mostly non-ionic surfactants such as 

sorbitan derivatives (Span 20, 40, 60, 80), polyoxyethylene sorbitan derivatives (Tween 20, 40, 

60, 80), polyoxyethylene derivatives (Brij 30, 35, 50,56, 58) are chosen as emulsifiers for 

preparation of pharmaceutical NE.  

2.3.1.1. Method of preparation of NE 

For the preparation of thermodynamically stable NE, generally employed preparation methods 

include high energy method and low energy method. The high-energy method involves the use 

of mechanical devices which create disruptive forces resulting in the breakdown of the internal 

phase and later disperse it into a continuous phase. Some of the methods grouped under high 

energy techniques are stirring, ultrasonication (bath and probe), high-pressure homogenization, 

microfludization and membrane emulsification. The low-energy technique is advantageous 

over the high-energy technique. It ensures the least energy consumption and includes phase-

inversion emulsification either by change in temperature or change in composition. Various 

techniques used to prepare NE are shown in Table 7.  

The NE can load both hydrophilic and amphiphilic drugs; hence they can serve as a carrier to 

cross the BBB. Along with their high loading capacity, possible surface modification of the 

system can enable them to act specifically to the targeted site. The mechanism of enhancing 

oral bioavailability of drug using NE is similar to that of SNEDDS that is discussed in next 

section. The various advantages of NE is presented in Figure 7.  
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Figure 6: Structure of O/W and W/O nanoemulsion 
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Figure 7: Advantages of NE 

 

 

Table 7: Various techniques for preparing NE with their merits and limitations 

S No.  

Method of 

preparation of 

NE  

Advantage  Disadvantage  Reference  

1 

Extreme 

emulsification 

• Appropriate for a wide 

range of compositions 

beyond the dilute ϕ limit 

• Droplet size distribution 

tailored through both 

flow rate and 

compositional control 

 

• More energy input 

required compared to 

low-flow methods 

• Apparatus can require 

significant up-front 

investment 

• Viscous heating can 

become appreciable at 

high-flow rates 

[120] 
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  2 

Phase inversion 

composition 

• Versatility of routes 

• Low-energy process 

• Not necessary to supply 

heat 

• More limited range of 

compositions compared 

to high-flow methods 

• More prone to Ostwald 

ripening 

• Good mutual solubility 

of oil and water is 

needed 

[121] 

  3 

Phase inversion 

temperature 
• Low-flow process 

• Limited to mostly 

nonionic surfactants 

• Requires heat energy 

input 

• Limited stable T range 

• More prone to Ostwald 

ripening 

• Good mutual solubility 

of oil and water is 

needed 

[122] 

  4 

Micro/nanofluidic 

flow focusing 

• Forms monodisperse 

droplets 

• Moderate flow 

• Requires microfluidic 

apparatus 

• Limited range of flow 

rate ratios that produced 

NE-sized droplets 

• NE-sized droplets 

demonstrated for W/O 

only 

[123] 

5 

Satellite 

Droplets 
• Moderate flow 

• Satellite droplet size 

and production are 

limited by 

• Viscosity ratio ηd/ηc 

• Radius before breakup 

• Interfacial tension 

• Producing a NE from 

satellite droplets 

[124] 
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requires separation 

from the larger droplets 

6 

Membrane 

emulsification 

• Low-pressure process  

• Forms monodisperse 

droplets if a membrane 

having a narrow pore 

size distribution is used 

• Coalescence of droplets 

near pores can occur 

wetting must be 

overcome and flow of 

outer liquid is needed to 

aid droplet detachment 

[125] 

7 

Liquid-liquid 

nucleation 

(Ouzo effect) 

• Low-energy process 

• Continuous phase 

requires high mutual 

solubility 

• Need small solubility of 

oil in one continuous 

phase component 

[126] 

 

2.3.1.2. Characterization of NE 

2.3.1.2.1. Appearance  

The appearance of emulsion depends on the size of the droplets and varies from clear (smaller 

droplets) to opaque (larger droplets). When the size of the droplets is within the range of 10 to 

100 nm, a clear and transparent nanoemulsion is obtained [118].  

2.3.1.2.2. Droplet size and polydispersity index 

 The long-term stability of any nanocarriers is evaluated from their characteristic mean droplet 

size and droplet size distribution. These parameters are generally evaluated following the 

principle of light scattering technique. Diverse light scattering techniques have been employed 

for measuring globule size of nanoemulsion and are briefly discussed below with their 

respective methodologies, merits, and demerits [127–129]. 

2.3.1.2.3. Zeta potential 

Zeta potential measures the surface charge of the droplets and helps in predicting the stability 

of NE. Electric repulsion due to electric charge existing between droplets prevents their 

agglomeration during storage. Thus, physically stable emulsions generally exhibit high zeta 
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potential values. ASX-NANEs were reported to possess good physical stability with a zeta 

potential of −31.2 ± 0.6 mV [130,131]. 

2.3.1.2.3. Drug loading and entrapment efficiency 

Analytical techniques, such as ultraviolet-visible spectroscopy and high-performance liquid 

chromatography (HPLC), are used for the quantitative determination of the amount of drugs 

loaded in NE. Determination of entrapment efficiency requires separation techniques such as 

centrifugal filtration, solid-phase extraction, and centrifugation before its quantitative analysis. 

Entrapment efficiency constitutes a critical parameter that estimates drug-carrier affinity 

which, in turn, also determines the stability of the designed formulation [132]. 

There are various other techniques are used to characterized NA such as solid phase extraction, 

electrophoretic light scattering, TEM, cryo-TEM, laser diffraction techniques, atomic force 

microscopy, scanning electron microscopy, FTIR spectroscopy, etc. Those characterization 

techniques of NE and their significate are tabulated in Table 8 and presented in figure 8.   

Table 8: Characterization techniques of NE along with their significance. 

S. No. 
Characterization 

technique 

Parameter 

characterized 
Advantages References 

1.  Appearance Droplet size Fast, does not require any equipment [133] 

2.  Dynamic light 

scattering 

(DLS)/Photon 

correlation 

spectroscopy 

Droplet size and 

PDI 

Non-destructive, accurate, reliable, 

requires only a minute 

quantity of sample [134] 

3.  Static light scattering 

technique 

Shape, size and 

structure of droplets 

Non-destructive, possible to analyse 

partially hydrated/ gels/ 

solution samples 

[135] 

4.  Laser diffraction 

technique 

Mean droplet 

diameter 

Precise and fast 
[136] 

5.  Electrophoretic Light 

Scattering 

Zeta potential Non-destructive, precise, fast 
[136] 
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6.  Centrifugal filtration Drug loading and 

entrapment 

efficiency 

Accurate and fast 

[137] 

7.  Solid-phase 

extraction 

Drug loading and 

entrapment 

efficiency 

Accurate, reproducible, automatable 

and fast [138] 

8.  Centrifugation Drug loading and 

entrapment 

efficiency 

Cost effective 

[139] 

9.  Optical microscopy Morphology, 

structural imaging 

Cost effective, easily available 
[140] 

10.  Transmission 

electron 

microscopy (TEM) 

Morphology, 

structural imaging 

Information about the internal 

morphological structure and 

size of the droplet 

[134] 

11.  Cryo-TEM Morphology, 

structural imaging 

Reveals internal structure also, no need 

of staining 
[141] 

12.  Atomic force 

microscopy 

Morphology, 

structural imaging 

Reveal droplet morphology and size of 

nano-emulsion 
[142] 

13.  Scanning electron 

microscopy 

Used for 

visualizing 

Pickering 

emulsions 

Reveal droplet morphology 

[143] 

14.  FTIR spectroscopy Chemical 

compatibility 

between drug- 

excipients, 

vehicle/surfactant 

cross-linking, 

and drug loading 

Gives information about the chemical 

interaction between the 

individual components, blank 

formulation, and drug-loaded 

formulation 

[144] 

15.  NMR spectroscopy Provides extensive 

information 

regarding the 

chemical nature of 

the atomic nuclei 

Gives information on morphological 

transition 

[145] 
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Figure 8: Characterization of NE 
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2.4. Animal models of AD 

Various studies have been reported were post few decades researches observed behavioral symptoms of rodents (Rat and mice). 

Animal models played significant role in analysing treatment strategies of AD. To induced AD, numerous neurotoxins induced into 

rodents such as AlCl3, streptozotocin, scopolamine, Aβ, okadaic (OKA) acid etc. These neurotoxins cause cognitive dysfunction, 

motor abnormalities and enhance symptoms of AD. Various animal models of AD are tabulated in Table 9. 

Table 9: Various animal models used for inducing AD 

 Sr No. Animal model Species  Dosage  Biomarker Reference 

1.  AlCl3 

• Male Albina Wistar rats (Age 

6-12 Months) 

•Male Sprague-Dawley (SD) 

rats (Age 6-16 weeks) 

• AlCl3 (4.2 mg/kg, intra peritoneal (i.p.)) 28 days 

studies  

• AlCl3 (100 mg/kg, oral), 84 days study 

•  Aβ 

•  NFT 

•  

Neuroinflammation 

•  Cognitive 

dysfunctions  

•  ROS  

•  AChE enzyme  

[146–148] 
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2.  Aβ1-42 

• Male fisher rats of (Age 18-20 

weeks) 

• Long-Evans hooded rats 

(Age 2-3months) 

• Male/female, aged Rhesus 

monkeys (Age 25-28 years) 

• Male/female aged Marmoset 

monkeys (Age 8-10 years) 

• Male/female vervet 

Monkeys (Age 19-23 years) 

Acute/continuous infusion of Aβ (5μg/1μl) 

Continuous Infusion of (10/20 μg /3 days) into right 

ventricle 

•  Aβ 

•  NFT 

•  

Neuroinflammation 

•  Cognitive 

dysfunctions  

•  ROS  

•  AChE enzyme 

• Abnormal 

glutaminergic 

functions  

 

[149–152] 

3.  

Streptozotocin 

induced AD 

 

• Male Albino Wistar rats (Age 

03-04 months) 

• Either sex SD rats (Age 02-05 

months) 

• Either sex Cynomolgus 

monkey (Age 05-08 years) 

Administered 3mg/kg intracerebroventricularly 

every 48 hours in two doses for rodents, and 

delivering 2 mg/kg intracerebroventricularly divided 

into four doses for monkeys. 

•  Aβ plaques 

•  NFT 

•  

Neuroinflammation 

•  Cognitive 

dysfunctions  

•  ROS  

•  AChE enzyme 

 

[153–155] 
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•  Tauopathy 

•  Reactive gliosis  

4.  
Scopolamine 

induced amnesia  

• Male albino rats (Age 

4-months) 

• Male/ female Swiss albino 

mice (Age 10-12 weeks) 

Scopolamine 0.3, 0.5 1, 3 mg/kg (i.p.) (Duration of 

28 days) and 72 μg/0.5 μl (i.c.v) (Duration of 21 

days).   

•  Aβ 

•  NFT 

•  

Neuroinflammation 

•  Cognitive 

dysfunctions  

•  ROS  

•  AChE enzyme 

• Cholinergic 

neurotransmitter 

decline  

[156–158] 

5.  Methionine  

• Male Wistar albino rats or 

mice (aged 3 months) 

1.7 g/kg per, orally (Duration of the study 32 days) 

 

•  Aβ 

•  NFT 

•  

Neuroinflammation 

•  Cognitive 

dysfunctions  

 

[159,160] 
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•  ROS  

•  AChE enzyme 

•  endothelial 

dysfunction   

6.  

Diazepam 

induced 

cognitive and 

motor 

impairment  

• Male Swiss albino mice (Age 

3 - 4 and 12 - 15 months) 

Diazepam 1mg/kg., (i.p) (Duration of the study 28 

days) 

•  Cognitive 

dysfunction  

•  AChE enzyme 

•  Astrogliosis 

•  NFκB 

[161,162] 

7.   

AF64A induced 

memory deficits 

Male Wistar rats (Aged 7-

8weeks) 

Male SD rats (Age 4-5 weeks) 

AF64A 2, 6 and 8 nmol/2μl, i.v.c. 

 

•  AChE enzyme  

•   Cholinergic 

neurotransmitter 

dysfunction   

 

[163,164] 

8.  

Cholesterol and 

copper sulfate 

induced  

New Zealand white rabbits 

(Age 3-4 months) 

2% cholesterol + 0.12 ppm 

of copper ions, i.v.c 

•  Aβ 

•  ROS 

•  Reactive gliosis  

•  Apoptosis  

[165,166] 
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9.  

Lysophosphatidi

c acid induced 

AD 

•Mouse, neuroblastoma N2a 

cell line 

25μM •  Aβ 

•  NFT 

•  

Neuroinflammation 

•  Mild cognitive 

impairment  

•  ROS  

•  

[167,168] 

 

10.  

Okadaic (OKA) 

acid 

Two to three-month-old male 

and female SD rats 

Okadaic acid at the concentration of 70 ng/day icv, 

for the duration of 14 days 

•  Aβ 

•  NFT 

•  

Neuroinflammation 

•  Cognitive 

dysfunctions  

•  ROS  

•  AChE enzyme 

[169,170] 
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2.4.1. Limitations of various animal models used for the induction of AD    

Developing models for the study of AD presents numerous challenges and limitations. It is 

crucial to acknowledge and consider these factors when interpreting the results. Models often 

simplify the intricate nature of AD, a condition characterized by multifactorial and progressive 

neurodegeneration. Consequently, certain elements of the disease may not be comprehensively 

reflected in these models. The replication of human pathophysiology by animal models is not 

perfect, and species differences pose limitations on the generalizability of findings from animal 

studies to human contexts [171]. Many models specifically concentrate on familial forms of 

AD linked to specific genetic mutations, overlooking the more prevalent sporadic forms that 

involve intricate interactions between genetic and environmental factors [172]. The precise 

temporal and spatial progression of Alzheimer's pathology in the human brain may be 

challenging for models to accurately capture. Additionally, when modelling the cognitive and 

behavioral aspects of AD in animals, the complexity and breadth of symptoms observed in 

humans may not be fully replicated [173]. The development of dependable biomarkers for AD 

in model systems might not entirely mirror the diverse spectrum of biomarkers observed in 

human patients. Furthermore, the establishment and upkeep of models for AD research can be 

demanding in terms of both time and financial resources. Among all the inducing models of 

AD, we have used AlCl3 to induce AD due to its ability of marked impairment of working 

memory. Cognitive dysfunction and behavioral changes induced by Al have been documented 

in numerous studies, leading to a notable decline in working memory [174]. Treatment with 

AlCl3 is associated with a significant rise in AChE activity. This elevated AChE activity is 

likely attributed to the genetic upregulation of AChE under oxidative stress, facilitated by an 

allosteric interaction between the cation and the peripheral anionic site of the enzyme. This 

interaction further amplifies AChE activity. Rats treated with AlCl3 exhibit a substantial 

decrease in overall brain function compared to control rats. The hallmark pathological feature 

of AD is the deposition of Aβ plaques in the brain. Treatment with AlCl3 is known to induce 

notable changes in the expression of proteins associated with Aβ metabolism, exacerbating Aβ 

deposition [175]. The accumulation of plaques and neurofibrillary tangles leads to neuronal 

dysfunction, synaptic destruction, and eventual impairment of neurotransmission. Collectively, 

these findings may offer an explanation for the observed neurochemical dysfunctions and 
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behavioral changes associated with the use of AlCl3. Moreover, the mechanism underlying the 

harmful effects of co-administering AlCl3 on the antioxidant defense system is notable. 

Elevated lipid peroxidation (LPO) contributes to neuronal damage and has the potential to 

trigger NDs such as AD. In conditions of oxidative stress, SOD plays a pivotal role by initially 

converting excess superoxide (O2-) radicals into hydrogen peroxide radicals (H2O2) [176]. 

Subsequently, glutathione peroxidase (GPx) and CAT work to scavenge these H2O2 radicals, 

resulting in the production of water and molecular oxygen. The beneficial free radical 

scavenging properties of SOD are realized when followed by the scavenging activity of GPx 

and CAT. However, an excess of SOD coupled with decreased CAT and GPx activity is known 

to have a deleterious impact on tissues. MDA serves as a widely used biomarker for oxidative 

stress, formed as an end product of LPO induced by free radicals. Due to attenuated levels of 

cholinergic neurotransmitters, enhanced Aβ, oxidative stress, and neuroinflammation, AlCl3 is 

considered one of the excellent models to induce AD. Aluminium is a neurotoxin that causes 

severe degeneration of neurons in the central nervous system (CNS). According to previous 

reports, histopathological images clearly show that AlCl3 induces brain degeneration of 

neurons in rats [177]. 
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3.1. Rationale and plan of work 

The available literature on AD and current therapies used to treat it indicated that the disease is 

progressing rapidly in aged people and currently available therapies are unable to completely cure the 

disease. This could be due to multiple pathways associated with AD’s pathology, which cannot be 

inhibited by the use of a single drug as they have their unique mechanism. Some combination therapies 

have also been explored to overcome the issues associated with monotherapies. However, they also 

gained little success.  Moreover, the synthetic drugs that are currently being used, cause some side 

effects such nausea, vomiting, decreased appetite, more frequent bowel movements, headaches, 

constipation, disorientation, and dizziness. Looking on these challenges, a safe and effective therapy is 

required that can work through inhibition of multiple pathways associated with AD. Plant based 

bioactives such as polyphenols have been found to be very effective to treat AD due to their action 

through inhibition of multiple pathways associated with AD and safety profile. Among them, FS has 

been reported to be very effective in treating AD through its oral administration due to its antioxidant, 

anti-inflammatory, senolytic and antiapoptotic activities. Despite this FS possesses dissolution rate 

limited oral bioavailability due to its lipophilic nature. Hence, its therapeutic efficacy to treat AD in its 

naïve form is limited. In addition to this the drugs administered through oral route have some other 

challenges such as first pass metabolism and poor blood brain permeability. Looking towards the 

challenges associated with oral delivery of naïve FS to treat AD, an attempt is made to deliver FS 

through NE. The advantage of NE includes ease of preparation using simple and single step procedures, 

higher drug loading and ease of oral administration. The NE upon oral administration reaches to GIT, 

where it remains in the form of micelles and does not allow the entrance of any GIT component within 

themselves. Thus, the drug loaded in it gets protected from the harsh environment of GIT (i.e., pH 

changes and enzymatic degradation). In addition to this, the absorption of NE takes place from 

lymphatic route; thus, the hepatic metabolism of drug gets bypassed. This further increases the oral 

bioavailability of FS loaded in NE. Upon intestinal as well as lymphatic absorption of the NE, it reaches 

to the brain through systemic circulation where it passes the BBB due to nanometer size of the droplet 

and elicits its action. The oral delivery of FS loaded NE to treat AD is reported for the first time. The 

hypothesis of present study reported in Figure 9. 
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Figure 9: Hypothesis 
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3.2. Aim 

The aim of this study is to develop an oral NE-loaded FS for effective treatment of AD. 

3.3 Objectives 

The objectives of the present study are to: 

• Formulate and optimize FS loaded NE 

• Characterize the optimized NE 

• Assess/evaluate the stability of optimized NE 

• Evaluate the in vitro and in vivo performance of NE 
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4.0. Materials and Methods 

4.1. Materials  

The list of various materials and equipment’s used are summarized in Table 10 and Table 11 

respectively. 

Table 10. List of materials used in the study. 

Chemicals Manufacturers 

Acetonitrile HPLC Grade Ranbaxy laboratories Pvt. Ltd. India  

AlCl3 Ranbaxy laboratories Pvt. Ltd. India  

Capmul MCM EP/NF M/S Abitec Corp., Ohio 

Cotton seed oil Ranbaxy laboratories Pvt. Ltd. India 

Ethanol Ranbaxy laboratories Pvt. Ltd. India 

Eucalyptus oil Central Drug House (CDH) Pvt. Ltd., New Delhi, India 

FS  Tokyo chemical industries, Japan 

Formalin Ranbaxy laboratories Pvt. Ltd. India 

Formic acid Ranbaxy laboratories Pvt. Ltd. India 

Labrafil M I944CS Gattefosse Pvt. Ltd., Mumbai, India 

Labrasol Gattefosse Pvt. Ltd., Mumbai, India 

Lauroglycol FCC Gattefosse Pvt. Ltd., Mumbai, India 

Mustard oil CDH Pvt. Ltd., New Delhi, India 

Orthophosphoric acid Lobachemie Pvt. Ltd., Mumbai, India 

PEG 200 CDH Pvt. Ltd., New Delhi, India 

Polyvinyl alcohol  CDH Pvt. Ltd., New Delhi, India 

Transcutol P Gattefosse Pvt. Ltd., Mumbai, India 

Tween (80, 20) CDH Pvt. Ltd., New Delhi, India 

 



52 
 

Table 11.  List of equipment’s used in the study  

Equipment Model/Manufacturer 

Centrifuge REMI RM-12C, Remi Elektrotechnic. Ltd, Vasai, India, Mumbai, 

India 

Differential scanning calorimeter 

(DSC) 

DSC 6000 PerkinElmer, USA 

Disintegration apparatus LabIndia, Analytical Instruments, Pvt. Ltd., Mumbai, India 

Electronic weighing balance CY360, Shimadzu Co. Ltd., Kyoto, Japan 

HPLC Analytical Ptv. Ltd. 

Hot air oven Cadmach Drying Oven, Cadmach Machinary Ltd., Ahmadabad, 

India 

Homogenizer Glass-Teflon potter homogenizer, Thomas Scientific, USA 

Magnetic stirrer Remi 5MLH, Vasai, Mumbai, India 

Melting point apparatus Popular, India 

Optical microscope KYOWA- Getner Instruments Pvt. Ltd., Japan 

Particle size analyzer Malvern Zetasizer, Nano ZS90, UK 

pH meter Phan, Lab India, Mumbai, India 

Powder x-ray diffractometer Bruker D8 Advance, USA 

Scanning electron microscope Jeol JSM-7610F Plus, Japan 

Shaking water bath LabFit, India 

Stability chamber  Remi CHM 10S, Remi Sales & Engineering Ltd., Mumbai, India 

Transmission electron microscope JEM-2100 plus Electron microscope, Jeol, Japan 

Ultrasonication bath Loba Life, Lobachemie, Mumbai, India 

UV spectrophotometer UV-1800, Shimadzu Co. Ltd., Kyoto, Japan 

Vortex mixer REMI CM101, Delhi, India 
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0.45 µm syringe filter  Merck, Germany  

0.22 µm syringe filter Merck, Germany 

 

4.2. Computer programs and softwares 

Table 12: List of computer softwares 

Softwares Manufacture 

BioRender® Crunchbase Pvt. Ltd. Toronto, Canada 

Chem Draw Ultra 12.0 Software® CambridgeSoft Corp, Cabridge, USA 

Design Expert (Ver. 11.0.5.0) ® Stat-Ease, Inc., Minneapolis, USA 

DD Solver® China Pharmaceutical University, Nanjing, China   

GraphPad Prism® 8 GraphPad Inc., La Jolla, USA 

Mendeley® Dekstop (ver. 1803) Elsevier, London, UK 

Triplot 4.1.2 Todd Thompson Software 

 

4.3. Pre-formulation studies  

4.3.1. Drug Identification 

FS was purchased from Tokyo Chemical Industry Co. Ltd. The FS was characterized for its 

physicochemical properties such as melting point, log p, differential scanning calorimeter 

(DSC), Powder X-ray diffraction (PXRD) and SEM.   

4.3.1.1.  Melting point determination 

The melting point was observed by using two methods: Capillary method and DSC.  

4.3.1.1.1. Capillary method  

The capillary was sealed at one end by heating on a flame. FS was placed in a thin-walled 

capillary tube of 10-15 cm length and a diameter of 1 mm. The capillary containing the drug 

and a thermometer was placed in the melting point apparatus and was heated evenly. The 
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capillary tube was observed through a glass window and the temperature at which the sample 

melted was noted as the drug’s melting point [178]. 

4.3.1.1.2. DSC 

The melting point of FS was also determined by DSC (DSC calorimeter, Universal V4.7A TA 

Instruments, India). Initially, 2 mg of the sample was placed in standard aluminum pans with 

lids, with a continuous supply of liquid nitrogen at a rate of 10 mL/min. The temperature range 

was set between 25°C and 300°C, and the temperature ramp rate was adjusted to 10°C/min 

[179]. 

4.3.1.2. PXRD 

PXRD (Bruker AXS, D8 Advance, USA) is used to determine to analyzed nature of the 

compound such as amorphas and crystalline. Powdered FS inserted in an aluminum holder, and 

the spectra were scanned using copper Ka radiation. The test was conducted at a constant 

voltage and current (40 mA) over a two-angle range of 10-80  ̊C, with a slow angle scan of 

0.01/min and a sample interval of 0.02/s [180]. 

4.3.1.3. SEM  

The SEM was used to analyze the morphological features of FS. A uniform distribution of FS 

was applied to one side of a double-sided adhesive tape, which was then affixed with an 

aluminum stub on the opposite side. In the case of pellets, a cross-sectional cut was made using 

a blade, and the section was secured with an aluminum stub. Subsequently, the aluminum stub 

underwent gold coating under high vacuum conditions. Scanning was performed at a voltage 

of 10 kV [181].  

4.3.1.4. Scanning of adsorption maxima of FS 

FS was dissolved in methanol and scanned at the concentration of 10 µg/mL for determination 

of absorption maxima (λmax) in the range of 200-400 nm on UV spectrophotometer against 

methanol as blank [182].  

4.3.1.5. Analytical method development using HPLC 

4.3.1.5.1. Preparation of ortho-phosphoric acid (OPA) solution 
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A 0.2 % v/v solution of OPA was prepared by adding 200 µL OPA in 100 mL of distilled water 

and the final pH was checked using a pH meter and it was found 2.13. The solution was then 

filtered through 0.45 µm Nylon membrane filter and degassed in a sonicator for the duration of 

15 min [183]. 

4.3.1.5.2. Preparation of standard stock solutions  

FS (10mg) was weighed and diluted to 100 mL methanol. The solution was sonicated for 15 

min to attain the concentration of 100 μg/mL ≡ 100000 ng/mL. From this solution, 10 mL was 

taken and diluted to 90 mL of methanol to attain the concentration of 10 μg/mL ≡ 10000 ng/mL. 

Furthermore, from this solution 10 mL was taken and diluted to 100 mL of methanol, to attain 

the concentration of 1 μg/mL ≡ 1000 ng/mL. The final concentration was maintained at 0.01 

μg/mL ≡ 10 ng/mL following the same procedure as above. From the concentration of 0.01 

μg/mL ≡ 10 ng/mL, 1 mL was taken, and further diluted to 9 mL of methanol to get the 

concentration of 0.001 μg/mL ≡ 1 ng/mL. Additionally, 2 mL was taken from 10 ng/mL, and 

further diluted to 8 mL of methanol to get the concentration of 0.002 μg/ml ≡ 2 ng/mL. 

Moreover, 4 mL, 6 mL, 8 mL and 10 mL were taken from 10 ng/ml and diluted to 6ml, 4ml 

and 2ml of methanol to attain the concentration of 0.004 μg/ml ≡ 4 ng/ml, 0.006 μg/ml ≡ 6 

ng/ml, 0.008 μg/ml ≡ 8 ng/ml and 0.01 μg/ml ≡ 10ng/ml respectively [183]. The schematic 

diagram of serial dilution is presented in the figure 10. 

4.3.1.5.3. Method development  

The method development of FS was reported by Kumar et al, [184]. A method for 

quantitatively measuring FS was created and confirmed using HPLC. For analysis of the drug, 

it was injected to injection site of HPLC. Acetonitrile (ACN) and 0.2% OPA in distilled water 

at the ratio of 30:70 v/v were used as mobile phase and C-18 reverse phase column was used 

as stationary phase. The rate of flow was established at 1.0 mL/min, and the detection 

wavelength was configured to 362 nm. Standard solutions within the concentration range of 2–

10 ng/mL were prepared [184].  

4.3.1.5.4. Method validation  

To validate method of FS various parameters were analysed such as linearity and range, system 

suitability, LOD, LOQ, accuracy, precision, and robustness. The validation process was 
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performed concordance with ICH Q2 (R1) guidelines. The following parameters are mentioned 

below [185]. 

 

Figure 10: Preparation of standard stock solutions 

4.3.1.5.5. Linearity and range 

The range was selected by injecting minimum concentration of FS (10 ng/mL). Further, 

different dilutions of FS was injected to HPLC. Total five injections of each concentration of 

FS were analyzed and the mean area were recorded. Afterwards, a calibration curve was plotted 

in the range of 2-10 ng/mL.  Slope, intercept and correlation coefficient of the calibration curves 

(peak area versus concentration) were determined to ensure linearity of the analytical method 

[186]. 

4.3.1.5.6. System suitability 
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In the system suitability study, various parameters were measured. These include peak area, 

peak hight, tailing factor, theoretical plates/meter, and peak purity index. According to the ICH 

Q2(R1) guidelines in the system suitability tailing factor, theoretical plates and resolution of 

the peaks must be under acceptance criteria such as tailing factor must be less than 2, peak 

purity index should be smaller than 0.5, and theoretical plates/meter should always be smaller 

than 20000 [182]. 

4.3.1.5.7. Limit of detection (LOD) and limit of quantification (LOQ) 

The LOD and LOQ of FS was calculated from the calibration curve. LOD is the quantity of 

analyte that can be detected at low concentration whereas, LOQ is the lowest concentration of 

analyte that can be determined by acceptable accuracy and repeatability [184]. The formula of 

both LOD and LOQ are mentioned in Eq. 1 and Eq.2. 

𝐿𝑂𝐷 =
3.3𝜎

𝑆
                                       𝐸𝑞. (1) 

𝐿𝑂𝑄 =
10𝜎

𝑆
                                         𝐸𝑞. (2) 

4.3.1.5.8. Accuracy 

In order to evaluate the accuracy of the developed method three different concentration were 

taken i.e lower quantified concentration (LQC, 4.8 ng/mL) at 80 % level, middle quantified 

concentration. (MQC, 6 ng/mL) at 100 % level and higher quantified concentration (HQC, 7.2 

ng/mL) at 120 % level and their % mean recovery was calculated. To prepare these samples an 

aliquot of 4.8 mL, 6 mL and 7.2 mL were taken from 10 ng/mL (solution A) and added 

separately in 10 mL volumetric flasks. The volume of each sample was made upto 10 mL by 

using methanol. The prepared samples were run for 5 times on the HPLC system and % 

recovery of each drug was calculated [184]. The formula to calculate absolute absolute 

recovery (%) is showed in Eq. 3.  

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%)
𝐴𝑐𝑡𝑢𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇ℎ𝑒𝑜𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
× 100                𝐸𝑞. (3) 

4.3.1.5.9. Precision 
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The precision of the developed method was evaluated by checking repeatability and 

intermediate precision. In order to evaluate repeatability, the samples of 4.8 ng/mL, 6 ng/mL 

and 7.2 ng/mL were run on HPLC at the same day (intra-day) by following the same 

experimental conditions. Intermediate precision was determined by injecting six samples of 

each 4.8 ng/mL, 6 ng/mL and 7.2 ng/mL on different days (inter-day) as well as by different 

analyst (inter analyst). The average area of each six runs of 4.8 ng/mL, 6 ng/mL and 7.2 ng/mL 

were recorded and % relative standard deviation (% RSD) was calculated. The formula to 

calculate % RSD is shown in Eq. 4. Additionally, an inter-analyst study was conducted by 

having three different analysts each prepare and inject LQC, MQC, and HQC samples six times 

under identical experimental conditions. The mean data were recorded, and the percentage 

relative standard deviation (% RSD) was calculated [184]. 

% 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (% 𝑅𝑆𝐷)

=
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎
× 100                𝐸𝑞. (4) 

4.3.1.5.10. Robustness 

Robustness of the analytical method was studied by varying flow rate (0.8, 1.0 and 1.2 

mL/min), mobile phase ratio (28:72, 30:70 and 32:68) and pH (2.9, 3.1, and 3.3). The six 

replicates of MQC (6 ng/mL) sample were injected in the HPLC. Their average mean area, % 

recovery, retention time were recorded. In addition, their % RSD were also calculated  [184]. 

4.3.1.5.11. Specificity 

The effect of excipients used in the formulation on FS’s peak was checked with the help of 

specifity study. The specificity study was carried out in order to check any possible interaction 

of excipients with the drugs. Each solubilizer and excipient used in formulation such as Capmul 

MCM EP/NF®, Tween 80, and Transcutol P, was diluted either with ethanol or hexane, 

depending upon their solubility, and injected into HPLC. The specificity of the proposed HPLC 

method for the determination of FS was established by injecting the mobile phase and placebo 

NE solution into the HPLC system [184].  Additionally, the black chromatograms of different 

solubilizers used during solubility study were recorded.  
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4.3.2. Solubility studies  

The solubility of FS was determined in all excipients such as oil, surfactant, and co-surfactant. 

The oils used in the study were Labrafil M 1944CS®, Capmul MCM EP/NF®, Labrafac 

lipophile WL 1349®, cotton seed oil, eucalyptus oil, peanut oil, castor oil, and coconut oil. 

Furthermore, Tween 20, Transcutol P®, T80, Labrafac PG®, Lauroglycol FCC®, Captex 300 

EP/NF®, and Maisine CC® were used as a surfactant and co-surfactant. One mL of above-

mentioned emulsifiers were transferred in 5 mL glass vials individually. To this 5 mg of FS 

was added. The mixture was stirred using a cyclone mixer for 2 minutes. Samples were agitated 

in a shaking water bath for the duration of 48 h at 37 ± 2 °C. After 48 h, sample were centrifuged 

for 30 minutes at 4930 g. Further, the supernatant of the samples was separated carefully and 

filter through 0.22 μm syringe filter. The filtered supernatant was dilted with ethanol or hexane 

and the concentration of FS in various solubilizers were analyzed with the help of HPLC [187]. 

4.3.3. Formulation, development and optimization of FS-NE 

4.3.3.1. Formulation of NE 

The NE was formulated through the spontaneous emulsification method. The oil, surfactant, 

and co-surfactant were mixed in a cyclone mixture to develop a homogeneous isotropic 

mixture, and the aqueous phase was gradually added until a clear and transparent NE was 

achieved [188]. Method of preparation of FS-NE is shown in figure 11. 

4.3.3.2.Pseudo-ternary phase diagram (PTPD) of FS-NE 

Capmul MCM EP/NF®, Tween 80, and Transcutol P® were chosen as excipients for the 

formulation of the NE because the maximum solubility of FS was found in these emulsifiers. 

A total of 27 NE prototypes were formulated by varying the ratio of Tween 80, and Transcutol 

P® in proportions of 1:1, 1:2, and 2:1. The ratio of oil to Smix was used within the range of 

1:9 to 9:1. The selected oil, surfactant, and co-surfactant were mixed to prepare the NE 

prototypes. The method of preparation of FS-NE are discussed in section 4.3.3.1. The PTPD 

of the FS-NE was prepared using triplot software version 4.1.2 (Todd Thompson Software). 

Samples that were transparent were classified as NE, while those that appeared white, milky, 

and opaque were classified as emulsions. The formulation underwent visual assessment for 
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upto 48 h to monitor potential phase separation, precipitation, and creaming of the drug 

molecule. The NE prototypes of FS were prepared, and the optimal batch was selected based 

on criteria such as drug loading, cloud point (°C), centrifugation stability, mean droplet size, 

polydispersity index (PDI), and zeta potential [189]. The procedure to conduct these studies 

are mentioned in the section 4.3.3. 5 and 4.3.3.8.   

 

Figure 11: Method of preparation of FS-NE 

4.3.3.3. Design of experiment by using box Behnken design (BBD) 

The PTPD indicated the excellent NE region when oil (Capmul MCM EP/NF®), surfactant 

(Tween 80) and co-surfactant (Transcutol P®) utilized in the range of 10–20 %, 45–60, and 

15–30 %, respectively. The three levels and three factors Box-Behnken design was used in 

Design Expert software 11 Stat-Ease Inc. 1300 Godward Street Northeast, Suite 6400 

Minneapolis, MN 55413. In this design, the ratio of independent variables i.e. oil (X1), 

surfactant (X2), and co-surfactant (X3) was radially varied by the software. The effect of each 

one of the selected factors at their coded levels were evaluated with respect to the response 

variables (dependent variables) such as droplet size (Y1), zeta potential (Y2), PDI (Y3), and % 
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drug loading (Y4). Considering the number of independent variables and their levels, 14 

experimental runs were designed using BBD. 

The experimental runs were utilised to assess the linear quadratic effects of independent 

variables on dependent variables. The impact of these independent variables was examined 

using DoE software. The software produced linear Eq. (5) and quadratic Eq. (6) models, 

representing the influence of each independent variable on the chosen dependent variables 

(responses). Statistical analysis through analysis of variance (ANOVA) was then conducted to 

analyze these effects. 

Y = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽4𝑋4…………….Eq. 5 

Y = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽4𝑋4 + 𝛽12𝑋1𝑋2 + 𝛽13𝑋1𝑋3 + 𝛽14𝑋1𝑋4 + 𝛽23𝑋2𝑋4 +

𝛽24𝑋2𝑋4 + 𝛽34𝑋3𝑋4 + 𝛽11𝑋1
2 + 𝛽22𝑋2

2 + 𝛽33𝑋3
2 + 𝛽44𝑋4

2…………….Eq. 6 

Y indicated measured response of the dependent variables; β0 is the intercept; β1 to β44 are the 

regression co-efficient; X1, X2, and X3 are independent variables. 

The statistical analysis of the obtained responses for the dependent variables was conducted 

using ANOVA. Based on the obtained responses, design expert software generated, 

perturbation plots, 2D-contour plots and 3D response surface plots, which was used to assess 

independent variables influenced the dependent variables. Further, it helped to create design 

space through the assessment of response parameters, the design generated an optimized 

composition of FS-NE, which was validated by checking droplet size, zeta potential, PDI and 

% drug loading [189]. The procedure to conduct these studies are mentioned in the section 

4.3.3. 7 and 4.3.3.8.   

4.3.3.4. Formulation and evaluation of optimized NE 

Based on DoE, optimized formulation obtained and further numerous parameters were 

evaluated such as mean droplet size, zeta potential, drug loading, and PDI.  

4.3.3.5. Estimation of thermodynamic and centrifugation stability, cloud point 

In order to analyze thermodynamic stability, the NE prototypes of PTPD and optimized FS-NE 

were placed separately into two different temperature cycle viz. freeze thaw cycles (−21 °C 
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and +25 °C) and heating cooling cycle (4 °C and 40 °C). Centrifugation stability was evaluated 

by centrifuging aforementioned samples at 10000 g for the duration of 20 min. Furthermore, 

cloud point of the formulations was evaluated by diluting FS-NE in 10 mL of the distilled water 

and the samples were placed over water bath. The temperature was increased slowly from 10 

°C to 100 °C and change in transparency of emulsion was observed. The temperature at which 

the cloudiness appeared in the emulsion was considered as cloud point. While performing 

experiment continues temperature were observed. The result of cloud point was recording by 

analyzing clear NE to opaque in nature [190].  

4.3.3.6. Droplet size, zeta potential and PDI 

All parameters i.e. droplet size, zeta potential and PDI were analyzed using Malvern zeta sizer 

nano ZS90 (Malvern Instruments Ltd., UK). FS-NE were placed into cuvettes constructed from 

polystyrene, positioned at a 90-degree angle, and subjected to laser light with an intensity of 

50 mV. An isotropic mixture of 10 mL mixed with 10 mL of distilled water. Each experiment 

was replicated three times, and the average results were recorded [191].  

4.3.3.7. Drug loading  

To analyzed drug loading 10 mg of FS was dissolved in 5 mL of distilled water. To obtained 

clear solution sample was centrifuged for 15 min at 10000 g. The clear NE were injected to 

HPLC before passing though syringe filter (0.2 µm) [192]. The equation to calculate drug 

loading are shown in Eq. 7.  

Drug Loading capacity =
Weight of the entrapped drug inside the formulation

Total weight of formulation 
× 100…..Eq. 7 

4.3.3.8. TEM 

TEM analysis of FS-NE was evaluated by mixing 10 mg of the formulation with 10 mL of 

double-distilled water. To negatively stain the sample, they applied a small amount of the 

sample into a copper grid coated with carbon, forming a thin film. Any excess solution was 

removed using filter paper. After 10 minutes, added 2% w/v solution of phosphor tungstic acid 

(PTA) to the copper grid for approximately 1 min, draining off any excess solution. The grid 

was allowed to air dry completely, and the sample was examined using TEM [191]. 
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4.3.3.9. Optical microscopy of FS-NE 

The optical microscopy of the NE method was used to analyze the nature of the NE, i.e., O/W 

and W/O. In this method, two drops of methylene blue (a cationic dye) were added to one mL 

of the formulation. Conversely, the emergence of a blue background with colorless globules 

indicated that the dispersed phase was the oil phase, while the continuous phase was composed 

of an aqueous phase [189]. 

4.3.3.10. Stability studies 

The FS-NE was subjected to accelerated stability testing in a stability chamber maintained at 

40°C ± 2°C/ 75% RH ± 5% RH for six months. The study was carried out as per ICH stability 

guideline Q1A(R2) [193]. Parameters such as droplet size, zeta potential, PDI, and drug loading 

were compared between fresh and aged samples of FS-NE after six months. The above study 

was conducted three times, and the mean responses (±S.D.) were documented [190].  

4.4. In vitro studies 

4.4.1. Cell line toxicity study (MTT assay) 

MTT assay was utilized for major cellular metabolic activities. The cell culture was centrifuged 

to perform the MTT assay, and the supernatant was taken. Further from the supernatant, the 

cell count was standardized to 1.0 x 10^5 cells/ml using a dimethyl sulfoxide (DMEM) 

medium. Subsequently, 100 μl of the diluted cell suspension (approximately 10,000 cells/well) 

was added to each 96-well flat-bottom microtiter plate well. After 24 h, once the cell population 

reached a satisfactory level, cells were centrifuged, and the resulting pellets were reconstituted 

with 100μl of various concentrations of test samples in maintenance media. The plates were 

incubated at 37˚C for 48 h in a 5% CO2 environment. The plates were examined under a 

microscope to check the condition of the cells. After the 48 h incubation period, 20 μl of MTT 

solution (2 mg/ml in MEM-PR, MEM without phenol red) was introduced to each well. The 

sample had mixed properties and was incubated for two hours at the same temperature. After 

incubation, 100 μl of DMSO media was introduced into the plate and mixed correctly. The 

absorbance was measured at 540 nm [194]. The percentage viability of the cells was calculated 

using the formula provided in Equation 8. 
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% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
𝑀𝑒𝑎𝑛 𝑂𝐷 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑡𝑒𝑠𝑡 𝑔𝑟𝑜𝑢𝑝

𝑀𝑒𝑎𝑛 𝑂𝐷 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑔𝑟𝑜𝑢𝑝
) × 100…………….Eq. 8 

4.4.2. In vitro permeation study 

In vitro permeation study was evaluated for naïve FS and FS-NE to observe rapid adsorption 

of the FS. The study was carried out on Caco-2 cell monolayer. Caco-2 cells were cultivated 

in 12 mm trans well polycarbonate membrane containing pore size of 0.4 mm, twenty one days 

before the study. Cells were provided with a transepithelial electrical resistance value of 300 

Ω/cm² and then washed three times with Hank's balanced salt solution (pH 6.5) before assessing 

transcellular transport. Transport buffers of 0.5 mL and 1.5 mL were added to the apical (A) 

side and basolateral (B) side, respectively. A naïve FS solution was prepared by dissolving it 

in methanol. Both the naïve FS solution and FS-NE were added to the apical and basolateral 

sides of cell inserts, respectively, to achieve a concentration of 20 μM. Samples of 0.1 mL were 

taken from both the apical and basolateral sides at predetermined intervals of 1, 2, 3, and 4 

hours. The withdrawn volume was replaced with an equal volume of transport buffer. The 

samples were then filtered and analyzed using HPLC, and the amount of drug that permeated 

over time was recorded [6]. 

4.5. In vivo studies 

4.5.1. Procurement and storage of animals 

Male SD rats, weighing between 220-270 g, were obtained from the National Institute of 

Pharmaceutical Education and Research (NIPER) in Mohali, India. These rats underwent a 10-

day acclimatization period in plastic cages filled with rice husk bedding. During this period, 

they were provided with pellet feed and had unrestricted access to clean water. The housing 

conditions were maintained at a temperature of 24 ± 1 °C and a relative humidity of 45%. To 

regulate their circadian rhythm, the rats were exposed to a 12 h light and 12 h dark cycle using 

artificial lighting [190]. All experimental procedures were conducted in accordance with the 

approval of the Institutional Animal Ethical Committee, with the assigned approval number 

LPU/IAEC/2021/91. 
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4.5.2. Bioanalytical method development  

The bioanalytical method development was previously reported by Kumar and coworkers 

[195]. The method was developed by using a C-18 reverse phase column. A combination of 

acetonitrile and orthophosphoric acid (0.2 % v/v) in the ratio of 30-70 v/v was used as the 

mobile phase. During HPLC analysis, one mL/min flow rate was used and chromatograms 

were analysed at 362 nm. The same analytical method was used to validate bioanalytical 

method development. The method for extraction of the plasma sample is described below.  

4.5.2.1. Collection of blood and extraction of plasma  

To perform the pharmacokinetic study, rat blood was taken through the tail vein method and 

transferred into radioimmunoassay (RIA) vials. RIA vials containing EDTA crystals as an 

anticoagulant. The blood sample was gently mixed with EDTA in vial and transferred to a 

centrifugation tube. The blood sample was centrifuged at 4932 g for the duration of 10 minutes. 

The resulting clear supernatant was plasma obtained which was carefully extracted using a 

micropipette and stored in a deep freezer at -20 °C for further processing.  

4.5.2.2. Preparation of blank plasma 

A 1 mL plasma sample was extracted from the blood and mixed with 1 mL of methanol. 

Further, the mixture was vortexed for a duration of 5 minutes to induce the precipitation of 

plasma proteins. Subsequently, the resulting supernatant was taken by centrifuging a 

precipitated plasma protein sample at 4932 g for 15 minutes. The supernatant was then 

transferred to a 100 mL volumetric flask, and the volume of methanol was adjusted up to 100 

mL. 

4.5.2.3. Preparation of standard stock solution 

For the stock solution with plasma, 10 mg FS was added in 2 mL of plasma sample. FS solution 

was further vortexed for a duration of 10 minutes, followed by the addition of 2 mL methanol. 

Subsequently, vertexing was done to form the precipitation of plasma proteins. Samples were 

then centrifuged at 4932 g for 15 minutes. The resulting supernatant was collected in a 

volumetric flask, and the volume was adjusted to 100 mL methanol to develop a stock solution 

with a concentration of 100 μg/mL ≡ 100000 ng/mL. From this solution, 10 mL was taken and 

diluted to 90 mL of methanol to attain the concentration of 10 μg/mL ≡ 10000 ng/mL. 
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Furthermore, from this solution 10 mL was taken and diluted to 100 mL of methanol, to attain 

the concentration of 1 μg/mL ≡ 1000 ng/mL. The final concentration was maintained at 0.01 

μg/mL ≡ 10 ng/mL following the same procedure as above.  

4.5.2.4. Preparation of internal standard (IS) 

Quercetin (Qu) (25 ng/mL) was used as the internal standard (IS). Considering the structural 

homology of Qu with FS, Qu was chosen as the IS. IS plays a crucial role in facilitating the 

quantification of an analyte, especially in situations with an anticipated loss of sample volume, 

such as in the case of biological samples with poor recovery from the matrix. To prepare the 

Qu stock solution, 10 mg of Qu was accurately weighed and added to a 100 mL volumetric 

flask containing 20 mL of methanol. The solution was subjected to sonication for 10 minutes 

to ensure complete dissolution of the drug. The final volume was adjusted to 100 mL using 

methanol, resulting in a stock solution with a 100 µg/mL ≡ 100000 ng/mL concentration. From 

this solution, 10 mL was taken and diluted to 90 mL of methanol to attain the concentration of 

10 μg/mL ≡ 10000 ng/mL. Furthermore, from this solution 10 mL was taken and diluted to 100 

mL of methanol, to attain the concentration of 1 μg/mL ≡ 1000 ng/mL. further 10 mL was 

taken and diluted to 100 mL of methanol to attain a concentration of 0.1 μg/mL ≡ 100 ng/mL. 

Finally, 25 mL was taken from 100 ng/mL solutions and diluted in 100 mL of methanol to 

attain the concentration of 0.25 μg/mL ≡ 25 ng/mL. 

4.5.2.5. Method validation  

Dilutions were made in the concentration range of 2-10 ng/mL from the stock solution of 10 

μg/mL containing a FS in plasma. 1mL of Qu (25 ng/mL) was added to get the final volume of 

10mL of IS Qu. Each dilution was injected into HPLC in five replicates and analyzed at 362 

nm. Similarly, the calibration curve of FS was developed in the concentration range of 2-10 

ng/mL in the mobile phase. Furthermore, the accuracy, precision, robustness, LOD, LOQ and 

system suitability were performed where IS was taken as Qu with the same method as described 

in analytical method development. The procedure is described in Section 4.3.1.5.4. 

4.5.3. Pharmacokinetic Study 
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The pharmacokinetic study was performed on 12 rats. The rats were divided into two groups, 

and each group contained six rats. The first group of rats received 10 mg/kg naïve FS orally, 

and the second group rats received 10 mg/kg FS-NE orally. After administration of the drug, 

blood samples were collected at 0, 15, 30, 60, 120, and 240 minutes. After collection, the blood 

sample was processed as mentioned in sections 4.5.2.1 to 4.5.2.3. After a one-week washout 

period, the study was repeated in a crossover manner by reversing the treatment. The 

calculation of the area under the curve (Tmax, Cmax, MTR, AUC0-t, and AUC0-∞) was 

conducted using PK Solver 2.0 software. Groups of rats that were used for the pharmacokinetic 

study are shown in Table 13. 

Table 13 Pharmacokinetic study in blood  

Group Treatment Treatment  
Animals 

used 
Dose 

1 Naïve FS Naïve FS + 0.5% CMC 6 10 mg/kg 

2 FS-NE FS-NE  6 10 mg/kg 

Note: These animals were reused for the study of drug concentration in CSF.    

 

4.5.3.1. Sample collection and pharmacokinetic studies of the brain cells  

Hole brain was collected and homogenized  at pre-determined time points. Brain samples was 

collected by centrifugation and internal standard was added. The study was carried out using 

12 rats, which were divided into two groups, each containing an equal number of rats. The first 

group received FS 10 mg/kg orally, and the second group received FS-NE 10 mg/kg orally. 

After administering the drug, each rat was sacrificed at 0, 5, 10, 15, 30 and 60 minutes, and 

CSF (100-150 μL) was collected from rat’s brain. CSF samples were stored frozen (-20 ºC) 

until analyzed for FS content. The group of animals used in the pharmacokinetic study (drug 

concentration in CSF) is tabulated in Table 14. 

Table 14 Drug concentration in CSF 

Group Treatment Treatment  
Animals 

used 
Dose 
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1 Naïve FS Naïve FS + 0.5% CMC 6 10 mg/kg 

2 FS-NE FS-NE  6 10 mg/kg 

Note: All Animals were scarified during CSF collection. 

 

4.6. Pharmacodynamic studies  

4.6.1. AlCl3 induced AD in rats  

For the pharmacodynamic study, 42 rats were divided into 7 equal groups (n = 6). All the 

groups, except groups I and II, received the assigned treatment for 8 to 12 weeks. The grouping 

of rats receiving various treatments is shown in Table 15. Rats of groups III, IV, V, VI, and 

VII received naïve FS (10 mg/kg, orally), donepezil (1 mg/kg, orally), FS-NE (5 mg/kg, orally), 

and FS-NE (10 mg/kg, orally), respectively. Simultaneously, all the groups, except group I, 

received AlCl3 (100 mg/kg, orally) daily for a period of 0 to 8 weeks. During the study period 

(81-84 days), OFT and MWM tests were conducted as behavioral parameters. The biochemical 

parameters were evaluated at the end of the study by sacrificing the rats and isolating the tissue. 

The parameters include determination of AChE activity, determination of Aβ 1-42, 

determination of thiobarbituric acid reactive substances (TBARS) assay, CAT estimation, SOD 

assay, GSH assay, and enzyme-linked immunosorbent (ELISA) assays such as TNF-α and IL-

1β. A schematic representation of the protocol is given in Figure 12.  

Table 15: Pharmacodynamic Study 

Group of the 

animals  
Treatment 

Dose (mg/kg), Route of administration 

(p.o.) 

I Vehicle Control 1 mL 0.2% CMC 

II Disease Control (AlCl3) 100 mg/kg AlCl3 

III NE Placebo+ AlCl3 10 mg/kg 0.2% CMC + 100 mg/kg AlCl3 
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IV Standard Control + AlCl3 1 mg/kg donepezil + 100 mg/kg AlCl3 

V Naïve FS (High dose) + AlCl3 10 mg/kg, naïve FS + 100 mg/kg 

VI FS-NE (Low dose) + AlCl3 5 mg/kg, FS-NE + 100 mg/kg AlCl3 

VII FS-NE (High dose) + AlCl3 10 mg/kg FS-NE + 100 mg/kg AlCl3 

Note: AlCl3, FS and donepezil were suspended in 0.2% CMC (Number of the animals, N=6) 

 

 

Figure 12: Study design for animal studies 
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4.6.1.1. MWM test 

The MWM test was used to evaluate the level of working and spatial memory of the rodents. 

This method was first time coined by British neuroscientist Richard G. Morries in 1984. In 

MWM apparatus, four quadrants are present, where platforms are placed in the fourth quadrant. 

During acquisition, the platform was positioned one cm above the water level. Over five 

consecutive days, the rats underwent multiple trials. In each trial, each rat was placed in the 

pool in one of the quadrants, facing the wall. The drop location was varied for each trial. The 

rat was given 90 seconds to locate the platform, and if that rat failed to do so, it was guided 

towards the platform. On the platform, the rat was kept for 20 seconds. During the study, in the 

retrieval test, working and spatial memory were recorded and analysed. 

4.6.1.2. OFT  

The OFT was used to evaluate the behaviors and locomotor activities of the rodents. The rats' 

behavior was observed and recorded in a special wooden apparatus, which is divided into 16 

squares and arranged in a 4x4 grid. The test lasted for 5 minutes. During the study, SD rats 

were placed in one of the external squares, and behavioral activities were recorded. In the OFT, 

various parameters were analyzed, including the number of squares crossed by the rats, time in 

the center, number of rearings, and number of groomings. All parameters are recorded in 

seconds. 

4.6.2. Sample collection and preparation 

On the last day of animal experiments i.e. 84 days, rats were kept in overnight fasting condition. 

The next day rats were sacrificed using cervical dislocation. The rats’ skulls were opened to 

retrieve the entire brain. Careful isolation of the hippocampus and cerebral cortex region of the 

brain was done. The the hippocampus and cerebral cortex were rinsed in phosphate-buffered 

saline (PBS) to eliminate residual blood. Hippocampus was then divided into two segments: 

one for homogenization in ice-cold PBS for subsequent colorimetric and ELISA assays, and 

the other portion was kept in formalin solution for histological examination. The experimental 

protocol involved fasting, anesthesia, sacrifice, brain extraction, and specific processing steps 
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for the hippocampus and cerebral cortex, encompassing biochemical analysis and histological 

examinations utilizing various staining techniques. 

4.6.3. Biochemical estimation 

4.6.3.1. AChE activity 

The determination of anti-cholinesterase activity involved measuring the levels of AChE in the 

hippocampus using Ellman's method. This method relies on measuring the rate at which 

thiocholine is produced during the hydrolysis of acetylcholine. This process involved the 

continuous reaction of thiocholine with 5,5'-diothiobis-2-nitrobenzoate ions, resulting in the 

formation of the yellow anion of 5-thio-2-nitrobenzoic acid. The rate of color production was 

then measured at 412 nm using a photometer. 

4.6.3.2. Determination of Aβ1–42 level 

The brain (cerebral cortex and hippocampus) tissue weighing 100 mg was mixed with a 

solution containing 150 mM NaCl and 50 mM Tris HCl (pH = 7.6), along with protease 

inhibitors. The mixture was then thoroughly mixed. The resulting tissue mixture was subjected 

to centrifugation at 100,000 g and maintained at a temperature of 4 °C for a duration pried of 

20 minutes. The concentration of Aβ1-42 in the homogenized rat brain tissue was measured using 

the Wako Human/Rat  Aβ1-42 ELISA kit, following the manufacturer's instructions. 

4.6.3.3. CAT estimation  

For the assessment of CAT activity, a volume of 0.05 mL of rat’s brain supernatant was 

obtained from homogenized cerebral cortex and hippocampus. This supernatant was combined 

with 1.95 mL of phosphate buffer (50 mM, pH 7.0). Following this, 1 mL of hydrogen peroxide 

(30 mM) was added to the mixture, and the variation in absorbance was monitored at 240 nm 

for a duration of 30 seconds with measurements taken at 15-second intervals. These 

measurements were conducted using a UV-spectrophotometer (UV-1800, Shimadzu Co. Ltd., 

Kyoto, Japan). The subsequent calculations were performed employing the following equation. 

𝐶𝐴𝑇 = {[(2.3 × log 𝑂𝐷𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ÷ 𝑂𝐷𝑓𝑖𝑛𝑎𝑙)/∆𝑡 × 100]/0.693}/𝑚𝑔 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 …. Eq. 9 

Where, OD – Optical density 



72 
 

4.6.3.4. Reduced glutathione (GSH) assay  

The Beutler method was utilized to measure the concentration of GSH. To perform the 

measurement, one mL of supernatant obtained from homogenized brain tissues (cerebral cortex 

and hippocampus) was mixed with one mL of trichloroacetic acid (10% w/v in water) and 

subjected to centrifugation at 10000 g for a duration of 10 minutes. Following centrifugation, 

0.5 mL of the resulting supernatant was extracted and mixed with 2 mL of disodium hydrogen 

phosphate (0.3M). Subsequently, 0.25 mL of freshly prepared 5,5,-dithio-bis-(2-nitrobenzoic 

acid (DTNB, 0.001 M in 1% w/v sodium citrate) was added to the mixture. The absorbance 

was then recorded at 412 nm using a UV-spectrophotometer, and the concentration of GSH 

was determined by referencing a standard plot (ranging from 10 to 100 μM) of reduced 

glutathione. 

4.6.3.5. Thiobarbituric acid reactive substances (TBARS) assay 

The TBARS assay is a method used to assess the degree of lipid peroxidation by measuring the 

level of MDA. In this assay, 0.2 mL of the supernatant was combined with 0.2 mL of Tris HCl 

(pH 7.4) and incubated at a temperature of 37 °C for a period of 2 h. After incubation, 1 mL of 

10% ice-cold trichloroacetic acid (TCA) was added, followed by centrifugation at 10000 g for 

10 minutes. Subsequently, 1 mL of the resulting supernatant was mixed with 1 mL of 0.67% 

TBA and heated in a boiling water bath for 10 minutes. After this, the samples are allowed to 

cool, and 1 mL of distilled water is added. The absorbance was then measured at 532 nm. To 

perform the necessary calculations, the extinction coefficient of MDA (0.156 μM-1) is utilized, 

and the final concentration was expressed as nanomoles of MDA per milligram of protein. 

4.6.3.6. Estimation of neuroinflammatory biomarker 

The estimation of TNF-α, and IL-1β in the midbrain homogenate was conducted using ELISA 

assay kits. The procedures provided within each kit were followed. Initially, the wells of the 

provided plates were coated with their respective specific antibodies. Standard and sample 

solutions were dispensed into the wells and then incubated, facilitating the binding of proteins 

to the immobilized antibodies. Subsequently, a washing step was performed such as TNF-α, 

and IL-1β. After a specific incubation period, any unbound biotinylated antibodies were 
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washed away. Next, a haptoglobin-related protein (HRP)-conjugate was added, followed by 

another round of washing. Then, a (3,3',5,5'-Tetramethylbenzidine) TMB substrate was added, 

resulting in the generation of a blue color, which eventually turned yellow. The intensity of the 

resulting yellow color was measured at 450 nm using an ELISA plate reader (iMark Microplate 

Reader, BIORAD company). 

4.7. Statical analysis  

The results were reported as mean ± SD. Pharmacokinetic and pharmacodynamic parameter 

(behavioral, and biochemical parameters) were evaluated by using one way analysis of 

variance (ANOVA) using statical graph pad prism 8 software (GraphPad Inc., La Jolla, 

USA).    

4.8. Histopathological examinations 

All rats were sacrificed, and the sections of the cortex and hippocampus were separated. These 

sections were washed with cold phosphate-buffered saline and fixed using a 10% v/v formalin 

solution. Paraffin-embedded blocks were prepared for both types of tissues. Once sectioned, 

the paraffin sections were stained with congo red stain and observed under a light microscope. 

The entire experiment was conducted three times in order to ensure reproducibility. The 

histopathological assessment of the tissue sections was carried out in a blinded manner by the 

histopathologist. 
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5.0 Results and Discussion  

5.1. Pre-formulation studies 

5.1.1. Characterization of FS 

FS appeared to be a pale yellowish, free-flowing crystalline powder with a pungent taste and 

slight aromatic odor. These observations were in concordance with properties given in the 

literature (120). Furthermore, determination of melting point was done wherein the melting of 

FS was found in the range of 346-356 ̊C. Whereas, through DSC, the melting point was found 

to be 354 ̊C (Figure 13). Furthermore, the crystalline nature was also determined through DSC 

and PXRD. In the case of DSC, FS showed an endothermic nature with highly intense sharp 

peak. This was further confirmed by X-ray diffractogram where multiple sharp peaks were 

observed at angles of 3, 13,14,15,16,17,191, and 27 degrees, respectively with peak counts of 

5800, 11500, 7700, 11400, 1600, 1200, 2000, and 5500, respectively (Figure 14a). The 

morphological appearance of the surface of FS was investigated through SEM imaging. The 

surface of FS appeared to be a flowery appearance with a reticulated non-uniform edge (Figure 

14b). 
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Figure 13: DSC image of FS 
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Figure 14: (a) PXRD image of FS (b) FESEM image of FS 
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5.1.2. Analytical method development of FS  

The FS solution showed the absorption max (λ max) at 362 nm and this λ max was used for the 

analytical method development of FS through HPLC (Figure 15). The HPLC chromatogram of 

FS was developed using the method described in section 4.3.1.1. The images of blank sample, 

FS (10 µg/mL), FS (1 µg/mL), FS (0.1 µg/mL), FS (0.01 µg/mL), FS (0.001 µg/mL), and FS 

(0.0001 µg/mL) have been shown in figure 16 (a, b, c, d and f). The chromatograms clearly 

indicated the absence of any interference of mobile phase with the peak of FS. The FS peak 

was observed at 6.75 minutes. Furthermore, the distinctive peak easily detected in the ranges 

of 0.001 µg/mL (1 ng/mL) to 10 µg/mL (10000 ng/mL) indicating that the method or any other 

system generated noise is sensitive to detect the presence of FS in nanogram ng level without 

any interference of mobile phase. Based on these outcomes, the method was developed in the 

range of 2 ng/ mL to 10 ng/mL (0.0002 to 0.001 µg/mL).  

 

Figure 15: λ max of FS 
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Figure 16: The chromatograms of blank sample, FS (10 µg/mL), FS (1 µg/mL), FS (0.1 µg/mL), FS (0.01 µg/mL), FS (0.001 

µg/mL), and FS (0.0001 µg/mL)
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Five serial dilutions having concentrations of 2, 4, 6, 8 and 10 ng/mL were prepared to 

determine linearity and range. The data was found linear in this range with the correlation 

coefficient (r2) of 0.9995. The slope of the curve was found to be 0.742X and intercept was 

0.755. The calibration curve of FS is shown in figure 17.   

 

Figure 17: Calibration curve of FS 

In the system suitability, the results indicated that the values of all parameters were found in 

the pharmacopeial limits and method was suitable for method development [196]. System 

suitability provides us information about the chromatographic system prior to use. The 

continuous use of chromatographic system affects their performance and affect the reliability 

of analytical results. The lower values of LOD and LOQ revealed that the method was enough 

sensitive to detect FS under specified chromatographic conditions. The value of theoretical 

plate more than 2,000, theoretical plate/meter more than 20,000 and tailing factor less than 1.5 
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indicated about better column efficiency. The obtained results in present study indicated about 

very good system suitability of developed method. The obtained results of system suitability 

indicated that method is reliable and suitable for further studies. The results of system 

suitability are mentioned in Table 16.  

       Table 16: System suitability testing results 

Parameters Value Limits 

Area 9.17 -- 

Height 0.73 -- 

Theoretical plate 2894.47 More than 2,000 

Theoretical plate/meter 28944.72 More than 20,000 

Tailing factor 0.62 Less than 1.5 

Peak purity index 0.837 More than 0.5 

LOD 0.26 ng/mL -- 

LOQ 0.79 ng/mL -- 

       

Accuracy study of FS is tabulated in Table 17. The study was carried out as per the procedure 

described in the section of 4.3.1.1.7. The % recovery was found in the range of 98-100 %, 

indicating about the accuracy of method.  

Table 17: Accuracy study results 

Level 
Actual concentration of std 

solution (ng/mL) 

Concentration of drug 

recovered (ng/mL), (N=5) 
% recovery 

LQC 4.8 4.74 98.76 

MQC 6 5.89 98.29 

HQC 7.2 7.13 99.15 
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Precision study was carried out as per the procedure mentioned in section 4.3.1.1.8. The three 

concentration levels (LQC, MQC and HQC) were used for repeatability and intermediate 

precision (interday and interanalyst precision). The % RSD was less than 2% which indicated 

the precision of the method. Intra-day precision and intermediate precision and their mean 

results are tabulated in Table 18. In the robustness study, The % RSD was observed to be less 

than 2%, which indicated that the method was found to be robust after slight changes in flow 

rate, mobile phase ratio, and pH. The results of the robustness study are shown in Table 19. 
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Table 18: Results of precision study 

Precision 

Parameter Level 
Concentration 

(ng/mL) 
Area           

Mean 

area 

Standard 

deviation 
% RSD 

   1 2 3 4 5 6    

  LQC 4.80 4.38 4.31 4.35 4.37 4.39 4.30 4.35 0.04 0.81 

  MQC 6.00 5.22 5.19 5.23 5.20 5.24 5.26 5.21 0.02 0.40 

  HQC 7.20 6.17 6.11 6.12 6.14 6.16 6.12 6.13 0.03 0.52 

Inter-day 

Day 1 LQC 4.80 4.32 4.35 4.32 4.34 4.30 4.31 4.33 0.02 0.40 

  MQC 6.00 5.19 5.18 5.21 5.23 5.24 5.17 5.19 0.02 0.29 

  HQC 7.20 6.20 6.17 6.14 6.19 6.13 6.16 6.17 0.03 0.49 

Day 2 LQC 4.80 4.31 4.34 4.30 4.36 4.33 4.38 4.32 0.02 0.48 

  MQC 6.00 5.21 5.19 5.23 5.21 5.25 5.27 5.21 0.02 0.38 

  HQC 7.20 6.12 6.17 6.14 6.16 6.13 6.20 6.14 0.03 0.41 

Day 3 LQC 4.80 4.34 4.39 4.40 4.32 4.31 4.30 4.38 0.03 0.73 

  MQC 6.00 5.21 5.19 5.23 5.21 5.25 5.27 5.21 0.02 0.38 

 HQC 7.20 6.19 6.15 6.18 6.16 6.17 6.20 6.17 0.02 0.34 

Intermediate precision (inter analyst) 

Analyst 1 LQC 4.80 4.35 4.39 4.40 4.35 4.39 4.34 4.38 0.03 0.60 

  MQC 6.00 5.20 5.24 5.27 5.22 5.22 5.27 5.24 0.04 0.67 

  HQC 7.20 6.24 6.19 6.20 6.26 6.22 6.20 6.21 0.03 0.43 
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Analyst 2 LQC 4.80 4.37 4.38 4.38 4.35 4.37 4.32 4.38 0.01 0.13 

  MQC 6.00 5.24 5.27 5.21 5.20 5.25 5.26 5.24 0.03 0.57 

  HQC 7.20 6.16 6.19 6.17 6.15 6.13 6.20 6.17 0.02 0.25 

Analyst 3 LQC 4.80 4.32 4.36 4.39 4.34 4.32 4.38 4.36 0.04 0.81 

  MQC 6.00 5.19 5.26 5.20 5.27 5.25 5.29 5.22 0.04 0.73 

  HQC 7.20 6.18 6.20 6.25 6.16 6.13 6.21 6.21 0.04 0.58 

Analyst 1 LQC 4.80 4.35 4.39 4.40 4.35 4.39 4.34 4.38 0.03 0.60 

  MQC 6.00 5.20 5.24 5.27 5.22 5.22 5.27 5.24 0.04 0.67 

  HQC 7.20 6.24 6.19 6.20 6.26 6.22 6.20 6.21 0.03 0.43 

 

 

Table 19: Robustness results of various parameters 

Variable Value 
Conc 

(ng/mL) 

Peak area (Mean ± SD) 

Mean of peak area of 

three values (*N=3) 

% Recovery Mean of % 

recovery of 

three values 

(*N=3) 

Retention time 

(Mean ± SD) 
Mean of 

retention time 

values of three 

(*N=3) 

(*N=6) (Mean ± SD) (*N=6) 

  (*N=6)   

Flow rate 

(mL/min) 

0.8 6 604403 ± 4811.75 5.32 ± 0.025 5.245 102.46± 0.56 100.78 7.76 ± 0.135 

1 6 500658.33 ± 2483.82 5.24 ± 0.027 SD = 0.025 100.748 ± 0.61 SD = 0.554 6.69 ± 0.09 

1.2 6 485780.5 ± 4072.30 5.172 ± 0.021 % RSD = 0.470 99.14 ± 0.48 % RSD = 0.549 5.663 ±0.071 
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Mobile 

phase 

Ratio 

(A:B) v/v 

28:72 6 495749.91 ±2459.46 5.185 ±0.019 5.257 99.43 ± 0.42 101.06 7.90 ±0.089 

30:70 6 505664.91 ± 2508.65 5.252 ± 0.033 SD = 0.026 100.935 ±0.743 SD = 0.587 6.770 ± 0.064 

32:68 6 520684.66 ± 2583.17 5.335± 0.027 % RSD = 0.498 102.80 ± 0.59 % RSD = 0.581 5.765 ±0.100 

pH 

2.9 6 498720.16 ± 461215 5.165 ± 0.184 5.186 98.99 ± 4.13 99.45 6.883 ± 0.030 

3.1 6 503948.66 ± 3110.28 5.252 ± 0.033 SD = 0.082 100.93 ± 0.74 SD = 1.83 6.772 ±0.039 

3.3 6 503767 ± 1746.01 5.14 ± 0.028 % RSD = 1.57 98.42 ±0.61 % RSD =1.84 6.607 ± 0.088 
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In the specificity study, no peak corresponding to the retention time of FS was observed in the 

samples of all the excipients. Consequently, the method developed was deemed specific for 

FS. Figure 18 presents the chromatograms for the blank samples of these excipients. 

 

Fig. 18. Chromatograms of various solubilizers that are to be used for formulating FS-

NE   

5.1.3. Solubility studies  

In a study of various oils, the solubility of FS was highest in Capmul MCM EP/NF® at 2.4 

mg/mL, followed by Labrafil M1 1944CS® at 2.1 mg/mL, and Castor oil at 1.6 mg/mL. Lower 

solubility values were observed in Labrafac PG® and Coconut oil, both at 0.8 mg/mL, and 

Cottonseed oil at 0.7 mg/mL. Eucalyptus oil showed a solubility of 0.6 mg/mL, Maisine CC® 

at 0.5 mg/mL, and Peanut oil at 0.4 mg/mL. Similarly, the solubility of FS in different 
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surfactants and co-surfactants was found to be highest in Transcutol P® at 4.9 mg/mL, followed 

by PEG 200 at 4.8 mg/mL, T80 at 3.9 mg/mL, T20® at 3.4 mg/mL, Labrasol® at 2.5 mg/mL, 

Labrafac lipophile WL 1349® at 1.2 mg/mL, and Captex 300 EP/NF at 0.7® mg/mL. The 

solubility study of FS is presented in figure 19. Among these oil Capmul MCM EP/NF 

exhibited high solubility in oil.    

 

C
ap

m
ul M

C
M

 E
P/N

F

L
ab

ra
fil

 M
1 

19
44

C
S

L
au

ro
gl

yc
ol

 F
C

C

L
ab

ra
fa

c 
PG

C
as

te
r 
oi

l

E
uca

ly
ptu

s o
il

C
ot

to
n se

ed

Pea
nut o

il

M
ai

si
ne 

C
C

C
oc

on
ut o

il

C
ap

te
x 

30
0 

E
P/N

F

L
ab

ra
fa

c 
lip

op
hile

 W
L
 1

34
9

L
ab

ra
so

l

PE
G

-2
00

T
ra

nsc
uto

l P

T
w

ee
n-8

0

T
w

ee
n-2

0

0

2

4

6

Oil, surfactant and cosurfactant

S
o
lu

b
il

it
y
 m

g
/m

L


 s
d

 

Fig. 19. Solubility of FS in different vehicles (each value represents the mean ± SD, n=3) 

5.2. Formulation of development of FS-NE 

5.2.1. PTPD analysis  
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Only four out of twenty-seven NE prototypes displayed clean and transparent emulsion. These 

were formulations F1, F10, F19 and F20. Rest all formulations showed emulsion (Table 20 and 

Figure 20). The oil concentration in the formulation was also shown to have a significant 

impact on the droplet size of the emulsion. An increase in oil concentration caused the increase 

in droplet size leading to transformation of emulsion whereas increase in concentration of 

surfactant and co-surfactant caused decrease in the droplet size leading to formation of NE. In 

order to further understand and select the best formulation, all the four formulations (i.e. F1, 

F10, F19 and F20) were subjected for size analysis, zeta potential, drug loading percentage, 

cloud point determination and centrifugation stress. The results are shown in Table 21. All 

these formulations passed the centrifugation stress as the emulsion remained transparent and 

clear in all these cases. The cloud point for all these formulations was found above 80ºC, 

indicating excellent thermodynamic stability. The droplet size of emulsion, drug loading in 

emulsion are important factors for getting better biopharmaceutical performance of drug. An 

ideal NE should have low droplet size and high drug loading. Similarly, the formulation should 

have high ± Zeta potential as it governs the stability of NE both in vitro and in vivo. Owing to 

this, the mean droplet size of ‘F19’ formulation was found to be least among all the formulation 

with highest drug loading and higher negative zeta potential than any other formulations. 

Images of all 27 batch are presented in Figure 20. Ternary phase diagram of FS-NE is shown 

in figure 21. 

Table 20 The 27 batch of PTPD 

Batch 

Number 

Oil (Capmul 

MCM EP/NF) 

Surfactant: co- 

Surfactant (T80: 

Transcutol P) 

Water Appearance 

F1 5.42 12.85 81.71 Transparent 

F2 6.06 24.24 69.69 Opaque 

F3 12 28 60 Opaque 

F4 18.18 27.27 54.54 Opaque 
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F5 26.31 26.31 47.36 Opaque 

F6 33.33 22.22 44.44 Opaque 

F7 46.66 20 33.33 Opaque 

F8 57.14 14.28 28.57 Opaque 

F9 75 8.33 16.66 Opaque 

F10 2.5 22.5 75 Transparent 

F11 8 32 60 Opaque 

F12 13.63 31.81 54.54 Opaque 

F13 20 30 50 Opaque 

F14 29.41 29.41 41.17 Opaque 

F15 40 26.66 33.33 Opaque 

F16 53.84 23.07 23.07 Opaque 

F17 66.66 16.66 16.66 Opaque 

F18 75 8.33 16.66 Opaque 

F19 0.90 8.18 90.90 Transparent 

F20 7.22 8.88 83.88 Transparent 

F21 11.11 25.92 62.96 Opaque 

F22 15.38 23.07 61.53 Opaque 

F23 21.73 21.73 56.52 Opaque 

F24 30 20 50 Opaque 

F25 38.88 16.66 44.44 Opaque 

F26 53.33 13.33 33.33 Opaque 

F27 75 8.33 16.66 Opaque 
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Figure 20: The 29 batches of Pseudo ternary phase 
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Figure 21:  PTPD of FS-NE 
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Table 21 Drug loading, droplet size, zeta potential and PDI of optimized batches  

S 

No. 
Group 

Capmul 

MCM 

EP/NF 

Twe

en 

80 

Transcut

ol P 

Drug 

loading 

(%) 

Droplet size Zeta potential PDI 
Cloud point 

(°C) 

Centrifugation 

stability 

1 1 100 450 450 98.23 17.00±0.058 -6.25±0.13 0.22±0.21 92.6 Pass 

2 10 100 300 600 99.52 22.349±0.02 -7.25±1.03 0.328±0.15 89.1 Pass 

3 19 100 600 300 100.23 24.04±0.20 -16.25±0.52 0.26±0.32 91.2 Pass 

4 20 200 534 266 100.54 20.21±0.53 -10.52±1.52 0.24±0.52 87.1 Pass 
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5.2.2. Design of experiment (DOE) 

A total of 14 formulations for FS-NE were developed using DoE to assess how variations in 

formulation factors impacted the average polydispersity index (Y1), droplet size (Y2), zeta 

potential (Y3), and drug loading (Y4) of FS-NE. The responses of all 14 formulations are 

tabulated in Table 22. The measured values for Y1, Y2, Y3, and Y4 fall were within the range 

of 0.14 to 0.56, 14.32 to 66.78 nm, -5 to -16 mV, and 80.02% to 101.19%. The ratio of the 

maximum to the minimum values for Y1, Y2, Y3, and Y4 were found to be 4.67, 4.67, 3.20, and 

1.26, respectively. Transformation wasn't necessary as the maximum to minimum ratio of all 

values was below 10. Statistical analysis of the model was conducted using DoE tools such as 

lack of fit test, sequential model sum of squares, and model summary statistics.The results 

obtained for the responses using these tools are summarized in Table 23. The results of the 

analysis of variance (ANOVA) indicated a significant influence (p < 0.05) of the variables on 

these responses. The final mathematical equations for Y1, Y2, Y3, and Y4 resulting from the 

experimental design are represented as equations 2, 3, 4, and 5, respectively. The coefficient 

of regression (R2), F value, and probability suggested a linear model for Y1, while a quadratic 

model was found to be more suitable for Y2, Y3, and Y4. 

𝑃𝑜𝑙𝑦𝑑𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝑌1) = +0.3129 + 0.07258 ∗ 𝐴 − 0.1013 ∗ 𝐵 + 0.0813 ∗ 𝐶   

…..Eq. (2) 

𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝑠𝑖𝑧𝑒 (𝑌2) = +54.03 + 6.35 ∗ 𝐴 − 14.29 ∗ 𝐵 + 12.33 ∗ 𝐶 − 6.02 ∗ 𝐴𝐵 + 1.74 ∗

𝐴𝐶 − 8.44 ∗ 𝐵𝐶 − 4.67 ∗ 𝐴2 − 2.79 ∗ 𝐵2 − 18.09 ∗ 𝐶2                                                           ….... 

Eq. (3) 

𝑍𝑒𝑡𝑎 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 (𝑌3) = −12.63 − 0.1050 ∗ 𝐴 + 0.3750 ∗ 𝐵 + 0.7900 ∗ 𝐶 − 4.00 ∗ 𝐴𝐵 +

0.7900 ∗ 𝐴𝐶 − 0.2500 ∗ 𝐵𝐶 + 0.8625 ∗ 𝐴2 + 1.28 ∗ 𝐵2 − 2.39 ∗ 𝐶2                           …….Eq. 

(4) 

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑌4) = +91.80 + 0.0937 ∗ 𝐴 + 2.43 ∗ 𝐵 − 0.8063 ∗ 𝐶 + 7.37 ∗ 𝐴𝐵 −

1.93 ∗ 𝐴𝐶 + 3.69 ∗ 𝐵𝐶 + 2.46 ∗ 𝐴2 − 4.24 ∗ 𝐵2 + 4.93 ∗ 𝐶2……Eq. (5)                                                           

The comparison of the factor coefficients in the coded equations is useful for the identification 

of the relative impact of the factors. In these equations, a positive sign indicates synergistic 
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effects, while a negative sign denotes antagonistic effects. Both PDI (Y1) and mean droplet size 

(Y2) displayed similar responses. However, PDI (Y1) followed a linear equation, while mean 

droplet size (Y2) exhibited a quadratic relationship with the selected variable. Both, PDI and 

droplet size increased with higher concentrations of A and C, and decreased with lower 

concentrations of B, indicating that A and C had synergistic effects, while B had antagonistic 

effects, leading to a decrease in both PDI and mean droplet size (equation 2 and 3) [127]. 

Zeta potential (Y3) also demonstrated a quadratic relationship with the chosen variables. 

Response Y3 showed an increase in zeta potential with reduced A concentration and higher B 

and C concentrations, as expressed in equation 4. On the other hand, the percentage of drug 

loading (Y4) increased with higher concentrations of A and B but decreased with increased C 

concentration, as shown in equation 5. Along with this information obtained from the 

polynomial equation, it is important to identify the influence/interaction of each factor on the 

responses. 

The perturbation plots for all responses are shown in Figures 22a, b, c, and d. In the case of 

PDI, all factors were found to have equal influence on PDI (figure 22 b). In case of mean 

droplet size, it is important to note that factor C is the main dominating factor affecting the 

droplet size of NE, whereas factor A showed slight effects the droplet size and factor B showed 

negligible effects on NE (Figure 22a). In the case of zeta potential, all factors showed equal 

influence (Figure 22b). Figure 22d revealed that factor B was having most domination effects, 

whereas factors C and A have the least influence (figure 22d). The polynomial equations 

derived from the BBD design aided in generation of 2D contour plots and 3D response surface 

plots. The images are presented in Figures 23a-23d (2D contour plots) and Figures 24a-24d 

(3D response surface plots). These plots further helped in understanding the design by 

visualizing the response surface with respect to the selected factors.  

The optimization of the formulation graphically was carried out to find the levels of factors A-

C within the obtained design space. The predicted values for responses obtained from the BBD 

were found to be in the range of 0.12 – 0.44 for PDI, 15.24 nm-50.21 nm for droplet size, -

19.86 mV to -12.13 mV for zeta potencial and 95.33%-103% for % drug loading. The predicted 

values for factors A-C were 147 µL, 600 µL and 200 µL, respectively. In order to validate the 
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predicted values of factors and responses, the formulation was developed in triplicate using the 

predicted concentration of A, B, C for 1 mL of NE. The observed values for PDI was 0.26, 

droplet size was 32 nm, zeta potential was -15.99 mV and % drug loading was 99.5%. The 

value was observed as non-significant (P>0.05) when compared to the observed value. This 

indicated the reproducibility of the optimization method.  

Table 22: Study design based on BBD to check the effect of variables (A-C) on responses (Y1–

Y4) 

S.N. Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4 

1 50 600 300 0.12 13.31 -6 83.29 

2 150 600 300 0.42 43.03 -13 97.50 

3 150 150 300 0.55 65.77 -9 80.02 

4 100 600 450 0.32 23.45 -13 99.90 

  5 100 150 450 0.51 62.94 -12 85.56 

6 100 600 150 0.23 18.22 -13 90.06 

7 50 375 150 0.13 14.65 -14 95.44 

8 150 375 150 0.27 18.64 -15 101.19 

       9 50 150 300 0.46 69.87 -14 96.28 

10 100 150 150 0.37 23.98 -13 92.47 

11 100 375 300 0.44 54.35 -12 9.80 

12 100 375 300 0.45 52.6 -11.29 90.80 

13 150 375 450 0.43 49.34 -10.76 90.10 

14 50 375 450 0.39 38.40 -12.92 100.05 

 

Table 23: Summary of ANOVA (Fit Summary) 

Responses Model R2 F-value  p-value Lack 

of fit 

Sum of 

Square  

Df Mean 

Square  

Polydispersity Index (Y1) Linear 0.52 10.23 0.01 0.06 1.95 3 0.06 
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Droplet size (Y2) Quadratic 0.03 6.45 0.03 0.20 21765.40 3 351.51 

Zeta potential (Y3) Quadratic 0.04 6.19 0.06 0.24 32.38 3 10.77 

Drug loading (Y4) Quadratic  0.75 29.90 0.01 0.25 187.75 3 62.58 

 

 

Figure 22:  Perturbation plot a. PDI, b. Droplet size, c. Zeta potential, d. Drug loading 
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Figure 23: 2D-response surface plots representing effects of components of formulation a. PDI 

b.droplet size c. Zeta potential d. Drug loading  
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Figure 24: 3D-response surface plots representing effects of components of formulation a. PDI 

b. droplet size c. Zeta potential d. Drug loading  
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Figure 25:  Overlay plot representing the optimized composition of the formulation 
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Figure 26: Results of droplet size, zeta potential and PDI 



100 
 

 

Figure 27: Images of blank NE (a) and FS-NE (b) 

5.2.3. Thermodynamic and centrifugation stability 

The optimized formulation demonstrated stability under diverse stress conditions, 

encompassing heating and cooling cycles as well as centrifugation, exhibiting no signs of drug 

precipitation or phase separation. Furthermore, the cloud point of the optimized formulation 

was identified at 85°C. Moreover, after the NE was diluted, there were no issues observed such 

as drug precipitation, creaming, or cracking for up to 7 days, demonstrating its sustained 

stability. 

5.2.4. TEM analysis 

The spherical droplets of FS-NE were visible in the TEM image of the developed formulation 

(Figure 28), with most of the droplets falling within the range of 30 to 20 nm in size. This 

observation indicates that the results obtained from TEM closely align with the droplet size 

analysis results for the optimized FS-NE. 
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Figure 28: TEM image of FS-NE 

5.2.5. Optical microscopy of FS-NE 

Under optical microscopy, the image displayed a consistent dark blue background with 

colorless droplets dispersed throughout, confirming that the optimized NE features the oil 

phase as the dispersed phase and the aqueous phase as the continuous phase as dye is soluble 

in an aqueous medium.     
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Figure 29:  Dye test analysis of FS-NE 

5.3. Stability studies  

 It was observed that the aged FS-NE after 6 months showed an increase in droplet size (33 ± 

0.85 nm), a decrease in ZP (-14.42 ± 0.42 mV), an increase in PDI (0.31 ± 0.52), and decreased 

in drug loading (98.21 ± 1.52 %) compared to the initial analysis at 0 months. The initial droplet 

size of the FS-NE was recorded as 32 ± 1.21 nm, ZP (-15.99 ± 0.58 mV), PDI (0.28 ± 0.45) 

and drug loading (97.7 ± 1.47 %). The p-values were found to be 0.0739, 0.1001, 0.1161, and 

0.5081 for droplet size, ZP, PDI, and % drug loading, which are higher than the p-value of 

0.05. This indicates that no significant differences were observed between aged and fresh FS-

NE. 

5.4. Invitro studies  
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5.4.1. MTT assays  

The findings from the cell line study indicated that naïve FS caused greater toxicity to the cells 

than FS-NE. The naïve FS at the concentration of 100 μg/mL resulted in the highest level of 

cell death, with only 49.74 of cells remaining viable. In case of the FS-NE, the identical 

concentration resulted in reduced cell death, with more than 68% of cells demonstrating 

viability. This observation suggests that the developed FS-NE formulation, upon emulsion 

formation, remained confined within the globule and exhibited limited interaction with the 

cells. Consequently, this lead to a decreased level of toxicity towards the cells. 
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Figure 30: MTT assay 

5.4.2. In vitro release  

In vitro cell line permeability was conducted to check the permeation of FS around the 

intestinal membrane loaded in NE. Optimized FS-NE (A-B) showed an enhanced drug 

permeation (3.03 folds) compared to its naïve FS (A-B). Optimized FS-NE (B-A) showed 

lower drug excretion compared to naïve FS (B-A). The duration of the study was 4 hours. The 

in vitro release permeability study is shown in Figure 31. The drug permeability study is one 

of the very important parameters for checking the absorption and bioavailability of lipophilic 

drugs.   



104 
 

0 1 2 3 4

0

1

2

3

4

5
Optimized FS-NE (A-B)

Naive FS (A-B)

Optimized FS-NE (B-A)

Naive FS (B-A)

Time (h)

M
e
a

n
 (


 s
.d

.)
 a

m
o

u
n

t 
o

f 
F

S
 p

er
m

ea
te

d
 (

n
m

o
l)

 

Figure 31: In vitro release studies 

Figure 31: Permeation profile mean (mean±s.d.) of FS from naïve form and FS-NE. A to B 

represents permeation of drug from apical (A) side to basolateral (B) side and B to A represents 

permeation (excretion) of drug from basolateral (B) side to apical side (A) (n = 3). 

5.5. Bioanalytical method development  

Method validation includes several parameters like accuracy, precision, linearity, robustness, 

SST, specificity, LOD, and LOQ. These all-validation parameters have been performed 

systematically as per ICH Q2 (R1) guidelines.  

5.5.1. Chromatograms of FS and Qu 

The chromatogram of FS and QUE prepared in mobile phase is shown in Fig.32. The Rts of 

FS, Qu were found to be 4.2, 5.5 and 12.1 min respectively. 
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Figure 32: Chromatograms of FS and Qu 

5.5.2. Specificity studies 

Figure 33 displays the chromatogram of blank plasma. The lack of peaks at the retention 

times (Rts) of FS and Qu confirms that the plasma matrix does not interfere with the 
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quantitative analysis of these drugs when extracted from blood. 

 

Figure 33: Chromatograms of blank plasma 

5.5.3. Development of calibration curve 

Five serial dilutions having concentrations of 2, 4, 6, 8 and 10 ng/mL were prepared to 

determine linearity and range. The data was found linear in this range with the correlation 

coefficient (r2) of 0.9994. The slope of the curve was found to be 0.0655X and intercept was 

0.093. The calibration curve of FS is shown in figure 34.   
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Fig. 34. Calibration curve of FS in please sample  

5.5.4. Accuracy study 

The study was carried out as per the procedure described in the section of 4.3.1.5.4. The % 

recovery was found in the range of 98-100 %, indicating about the accuracy of method. 

Accuracy study of FS is tabulated in Table 24. 

             

          Table 24: Accuracy study  

Level 
Actual concentration of std 

solution (µg/mL) 

Concentration of drug 

recovered (ng/mL), (N=5) 
% recovery 

LQC 4.8 4.74 98.76 

MQC 6 5.89 98.29 

HQC 7.2 7.13 99.15 

 

5.5.5. Precision studies 

y = 0.0655x + 0.093
R² = 0.9994
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The intraday, interday, and interanalyst precision, studies were carried out for FS in plasma 

and mobile phase. The % RSD of the areas recorded for LQC, MQC and HQC samples was 

less than 2 indicating the precision of the method. (Table 25) 

5.5.6. Robustness study 

In the robustness study, The % RSD was observed to be less than 2%, which indicated that the 

method was found to be robust after slight changes in flow rate, mobile phase ratio, and pH. 

The results of the robustness study are shown in Table 26. 
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Table 25: Results of precision study 

Parameter Level 
Concentration 

(ng/mL) 
Area 

Mean 

area 

Standard 

deviation 

% 

RSD 

      1 2 3 4 5 6       

Intra day 

  LQC 4.80 0.426 0.422 0.425 0.424 0.428 0.427 0.424 0.0021 0.49 

  MQC 6.00 0.514 0.518 0.519 0.517 0.523 0.520 0.517 0.0026 0.51 

  HQC 7.20 0.601 0.604 0.597 0.602 0.599 0.604 0.601 0.0035 0.58 

Inter-day 

Day 1 LQC 4.80 0.424 0.426 0.427 0.424 0.421 0.425 0.426 0.0015 0.36 

  MQC 6.00 0.513 0.516 0.514 0.517 0.516 0.519 0.514 0.0015 0.30 

  HQC 7.20 0.605 0.601 0.599 0.600 0.560 0.603 0.602 0.0031 0.51 

Day 2 LQC 4.80 0.421 0.424 0.427 0.426 0.422 0.425 0.424 0.0030 0.71 

  MQC 6.00 0.514 0.510 0.515 0.517 0.521 0.525 0.513 0.0026 0.52 

  HQC 7.20 0.601 0.604 0.597 0.602 0.599 0.596 0.601 0.0035 0.58 

Day 3 LQC 4.80 0.423 0.426 0.422 0.427 0.424 0.419 0.424 0.0021 0.49 

  MQC 6.00 0.515 0.512 0.516 0.518 0.526 0.529 0.514 0.0021 0.40 

  HQC 7.20 0.603 0.601 0.598 0.604 0.602 0.599 0.60 0.0025 0.42 

Intermediate precision 

Analyst 1 LQC 4.80 0.421 0.425 0.422 0.426 0.428 4.225 0.42 0.0021 0.49 
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  MQC 6.00 0.513 0.510 0.514 0.516 0.520 0.518 0.51 0.0021 0.41 

  HQC 7.20 0.601 0.604 0.597 0.602 0.599 0.596 0.60 0.0035 0.58 

Analyst 2 LQC 4.80 0.422 0.425 0.423 0.424 0.421 0.425 0.42 0.0015 0.36 

  MQC 6.00 0.514 0.517 0.519 0.516 0.514 0.518 0.52 0.0025 0.49 

  HQC 7.20 0.604 0.601 0.597 0.599 0.597 0.603 0.60 0.0035 0.58 

Analyst 3 LQC 4.80 0.422 0.425 0.421 0.422 0.427 0.424 0.42 0.0021 0.49 

  MQC 6.00 0.514 0.512 0.516 0.516 0.519 0.517 0.51 0.0020 0.39 

  HQC 7.20 0.602 0.601 0.598 0.603 0.599 0.601 0.60 0.0021 0.35 
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Table 26: Robustness results of various parameters 

Variable Value 
Conc 

(ng/mL) 

Peak area (Mean 

± SD) 
Mean of peak area of 

three values (*N=3) 

% Recovery 
Mean of % 

recovery of three 

values (*N=3) 

Retention time 

(Mean ± SD) 
Mean of 

retention time 

values of three 

(*N=3) 

(*N=6) (Mean ± SD) (*N=6) 

  (*N=6)   

Flow rate 

(mL/min) 

0.8 6 0.53 ± 0.002 0.52 111.45 ± 0.611 109.78 7.76 ± 0.135 6.708 

1 6 0.524 ± 0.003 SD = 0.02 109.75 ± 0.695 SD =0.582 6.69 ± 0.09 SD = 0.101 

1.2 6 0.517 ± 0.002 % RSD = 0.436 107.84 ± 0.43 % RSD = 0.53 5.66 ± 0.071 % RSD = 1.508 

Mobile 

phase 

Ratio 

(A:B) v/v 

28:72 6 0.519 ±0.002 0.52 108.312 ± 0.526 110.13 7.90 ± 0.089 6.812 

30:70 6 0.525 ± 0.003 SD = 0.003 109.96 ± 0.84 SD = 0.662 6.77 ± 0.064 SD = 0.084 

32:68 6 0.534± 0.002 %  RSD = 0.49 112.12 ± 0.616 % RSD = 0.601 5.76 ± 0.100 % RSD =1.23 

pH 

2.9 6 0.517 ± 0.018 0.519 107.76 ± 0.509 108.369 6.88 ± 0.030 6.75 

3.1 6 0.525 ± 0.003 SD = 0.008 109.96 ± 0.84 SD =2.01 6.77 ±0.039 SD = 0.05 

3.3 6 0.515 ± 0.002 % RSD = 1.524 107.37 ±0.50 % RSD =1.87 6.60 ± 0.088 % RSD = 0.77 
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5.5.7.  System suitability 

In the system suitability, the results indicated that the values of all parameters were found in 

the pharmacopeial limits and method was suitable for method development [196]. System 

suitability provides us information about the chromatographic system prior to use. The 

continuous use of chromatographic system affects their performance and affect the reliability 

of analytical results. The lower values of LOD and LOQ revealed that the method was enough 

sensitive to detect FS under specified chromatographic conditions. The value of theoretical 

plate more than 2,000, theoretical plate/meter more than 20,000 and tailing factor less than 1.5 

indicated about better column efficiency. The results obtained in the current study suggest 

excellent system suitability for the developed method. The obtained results of system suitability 

indicated that method is reliable and suitable for further studies. The results of system 

suitability are mentioned in Table 27.  

       Table 27: System suitability of FS in plasma 

Parameters Value Limits 

Area 0.77 -- 

Height 0.39 -- 

Theoretical plate 2952.21 More than 2,000 

Theoretical plate/meter 29520.21 More than 20,000 

Tailing factor 0.59 Less than 1.5 

Peak purity index 0.79 More than 0.5 

LOD 0.03 ng/mL -- 

LOQ 0.08 ng/mL -- 

 

5.6. Pharmacokinetic studies  

5.6.1. Pharmacokinetic studies in blood  
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 A non-compartmental analysis was conducted to calculate the pharmacokinetic parameters, 

and the results are presented in Table 28 and Figure 35 (a). The findings revealed that naïve FS 

exhibited a Tmax in 5 minutes and FS-NE exhibited in 5 minutes. The P value was found to be 

0.0048 which is smaller than 0.005 indicating significant differences (p < 0.05) in their area 

under the curve (AUC) and Cmax values. The Cmax for naïve FS was measured at 10.56 

ng/mL, while FS-NE showed a Cmax of 96.93 ng/mL, indicating a 9.2-fold increase in Cmax 

for FS-NE. Similarly, the AUC0-∞ was determined to be 179.70 ng.mL*min for naïve FS and 

1514.75 ng.mL*min for FS-NE. It is important to note that AUC0-∞ reflects the extent of drug 

absorption, while Cmax represents both the rate and extent of absorption. Therefore, the higher 

Cmax and AUC values for FS-NE compared to naïve FS indicate improved drug absorption 

and enhanced oral bioavailability. The relative bioavailability of FS-NE was calculated to be 

842.93%. Additionally, the longer t1/2 and mean residence time (MRT) of FS-NE indicated a 

greater retention of FS-NE in the plasma compared to naïve FS.  

5.6.2. Pharmacokinetic studies (Brain) 

FS-NE revealed a concentration of 22.21 ng/mL in the brain, whereas the availability of naïve 

FS in the brain was only 2.52 ng/mL. (Fig. 35b) About 8.81-fold enhanced availability of FS 

was found in rat’s brain. This significantly (P<0.05) increased concentration of FS in plasma 

as well as in brain indicated the potential of NE to enhance the absorption as well as brain 

permeability of lipophilic drugs.   
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Figure 35 Pharmacokinetics data in blood (a) Pharmacokinetics data in brain (b) 
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Table 28: Pharmacokinetics parameters. 

Parameters FS-NE Naïve FS 

T1/2 (min) 111.773 42.63 

Tmax (min) 5 10 

Cmax (ng/L) 96.93 10.56 

AUC0-1 (ng.mL*min) 1414.67 177.86 

AUC0-∞ (ng.mL*min) 1514.75 179.70 

MRT0-∞ (Min) 53.22 35.17 

 

5.7. Pharmacodynamic studies  

Neurological disorders are the primary contributor to disability on a global level, and among 

these conditions, AD is witnessing a considerably more rapid growth in its prevalence 

compared to other neurodegenerative diseases [197]. AD pertains to a specific commencement 

and progression of cognitive and functional deterioration linked with aging, along with a 

particular neuropathology [198]. Contemporary clinical diagnostic standards have been 

formulated, and standards have also been suggested to identify preclinical (or presymptomatic) 

phases of the ailment through the application of biomarkers. AD acknowledges the coexisting 

neuropathologies that frequently contribute to clinical dementia. The early stages of the disease 

are characterized by impairments in the ability to encode and retain new memories. As the 

disease progresses, there are subsequent changes in cognition and behavior. The combination 

of alterations in APP cleavage, production of Aβ (Aβ) fragments, and aggregation of 

hyperphosphorylated tau protein contribute to synaptic strength reduction, synaptic loss, and 

degeneration of the neurons [199–201]. Metabolic, vascular, and inflammatory changes, as 

well as concurrent pathologies, play significant roles in the disease process [202]. While 

symptomatic treatment has a modest impact on cognition, there is an urgent need for disease-

modifying therapies. The treatment for this disease comprises the administration of anti- AChE 
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medications, either as a standalone or in combination with supplementary drugs, as well as 

non-pharmacological approaches such as physical, occupational, and speech therapy. The 

degeneration AChE neurons and disruption in cholinergic pathways are responsible for the 

occurrence of most cognitive symptoms in AD. As a result, ongoing drug development 

endeavors are not only focused on symptom management but also on targeting molecules or 

pathways that can modify the disease, thereby safeguarding and restoring cholinergic neurons 

[202–205].  

Several studies have revealed a strong association between heavy metals and NDs such as AD  

[206]. Aluminium (Al) is a significant heavy metal that plays a role in the onset and progression 

of NDs, as it directly impacts various metabolic pathways in the nervous system. The use of 

AlCl3 is highly prevalent, as it is present in various commercially produced products such as 

toothpaste, food, medications, and packaged drinking water [207]. The onset of AD has been 

directly linked to the intake of certain metal toxins, such as Al, which enters the body through 

occupational exposure, food contamination, drinking water contamination, and the use of Al 

cookware [208]. Al has the ability to alter the b (BBB) and accumulate in the brain over time 

[209]. As a result, it is considered a risk factor for neurological disorders due to Al-induced 

brain intoxication [210]. Moreover, Al can impede the activities of antioxidant enzymes, 

disrupt brain neurochemistry, and lead to DNA damage in the brain[211]. Experimental 

evidence from several studies has demonstrated that prolonged exposure to Al directly 

influences neurological symptoms that resemble advanced neurodegeneration. Neurofilament 

changes have been observed in the hippocampus, spinal cord, and cerebral cortex, along with 

biochemical alterations in animals with Al-induced AD. As a result, AD induced by AlCl3 in 

animals is widely regarded as the most extensively utilized animal model that replicates human 

AD [15,148,212–216]. Moreover, AlCl3 potentiates the abnormal aggregation of protein 

synthesis, initiating major cascade of events resulting into cell death. One of the mechanisms 

by which AlCl3 induces neurotoxicity is through oxidative stress [213]. As AlCl3 accumulates 

in cholinergic neurons of the cerebral cortex and hippocampus, it triggers the production of 

free reactive radicals by the mitochondria of the cell. These reactive moeties include nitric 

oxide (NO), superoxide anion (O2-), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH). 

Furthermore, inflammation plays a crucial role in the neurotoxic effects caused by AlCl3 
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[213,217]. Administrating the high dose of FS significantly reduced the AlCl3-induced 

cognitive impairement and memory loss. Treatment with FS also notably reversed the reduction 

in acetylcholine levels generated by AlCl3 in the brain. Moreover, the behavioural and 

biochemical alterations induced by AlCl3 were ameliorated by the post treatment with high and 

low dose of FS in a dose dependent manner. Among all the treatments, the high dose of FS 

showed significant results followed by low dose of FS and high dose of naïve FS. Further 

results such as behavioural, biochemical and histopathological studies are discussed in 

subsequent sections. 

Various behavioural alterations have been noted in the AlCl3 induced AD in rats wherein the 

following tests have been carried out viz MWM and OFT. Early manifestations of anxiety-like 

behavior serve as a precursor to AD and can serve as an indicator for cognitive decline in older 

individuals. MWM is used to evaluate cognitive function of the rats wherein the escape latency 

and time spend in target quadrants in seconds were analyzed (Figure 36 a and b).  The escape 

latency of rats under disease control conditions was notably elevated (P≤ 𝟎. 𝟎𝟎𝟎𝟏) on day 84 

compared to standard control rats. The escape latency of rats treated with naïve FS (HD) on 

day 84 was lower when it was compared to positive control. The escape latency of rats treated 

with FS-NE (LD) and FS-NE (HD) on day 84 was notably decreased (P≤ 𝟎. 𝟎𝟎𝟎𝟏) when 

compared to the rats in the inducer group. Moreover, the escape latency of rats treated with 

naïve FS (HD) on day 84 was higher when it was compared to standard control. The escape 

latency of rats treated with FS-NE (LD) and FS-NE (HD) on day 84 was increased or similar 

when it was compared to standard control. Furthermore, the escape latency of rats treated with 

FS-NE (LD) and FS-NE (HD) on day 84 was significantly reduced (P≤ 𝟎. 𝟎𝟎𝟏) and (P≤

𝟎. 𝟎𝟎𝟎𝟏) respectively when compared to naïve FS (HD) as shown in (Figure 36 a). 

The duration spent in the designated quadrant of disease control rats on day 84 was found to 

be notably decreased (P≤ 𝟎. 𝟎𝟎𝟎𝟏) when it was compared to standard control rats. The 

duration spent in the designated quadrant of rats induced with naïve FS (HD) on day 84 was 

increased when compared to disease control. The duration spent in the designated quadrant of 

rats given with FS-NE (LD) and FS-NE (HD) on day 84 was significantly increased (P≤

𝟎. 𝟎𝟎𝟎𝟏) when compared to disease control. Moreover, the duration spent in the designated 
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quadrant of rats treated with naïve FS (HD) on day 84 was decreased when compared to 

standard control. The duration spent in the designated quadrant of rats treated with FS-NE (LD) 

and FS-NE (HD) on day 84 was increased or similar when compared to standard control. 

Furthermore, The duration spent in the designated quadrant of rats treated with FS-NE (LD) 

and FS-NE (HD) on day 84 was significantly increased (P≤ 𝟎. 𝟎𝟎𝟏) and (P≤ 𝟎. 𝟎𝟎𝟎𝟏) 

respectively when compared to naïve FS (HD) as shown in (Figure 36 b). 

The results of the current study concluded that the administration of FS mitigates the impact of 

AlCl3 by reinstating locomotor and exploratory activity, enhancing cognitive abilities, and 

inducing anxiolytic effects through MWM. Several studies have been conducted where in 

MWM test was employed by  researchers for the evaluation of anti- Alzheimers and the 

treatment with bromelain  results showed significant changes in ameliorating the effects of 

AlCl3 by restoring the cognitive function and improving the anxiolytic effects 

[12,13,75,218,219] 
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Figure 36. Effect on rats of different groups during MWM test. a. Escape latency and b. Tme 

spent in target quadrant. In various treatments # P ≤ 0.0001, vehicle control vs disease control; 

** P ≤ 0.0001, disease control vs treatment groups (NE placebo, standard control, naïve FS, 

FS-NE (LD) and FS-NE (HD) ), * P ≤ 0.001, disease control vs treatment groups, $$ P ≤ 

0.0001, standard control vs treatment groups, $ P ≤ 0.001, standard control vs treatment 

groups, & P ≤ 0.0001, FS-NE (LD) vs FS-NE (HD), @@ P ≤ 0.0001 Naïve FS vs FS-NE 

(LD) and FS-NE (HD). @ P ≤ 0.001, FS vs FS-NE (LD) and FS-NE (HD). 

 

Additionally, another behavioural study open field test (OFT) has been carried out for the 

evaluation of anxiety, locomotor and exploratory activity in AlCl3 induced AD in rats wherein 

the time spent in the centre, number of rearing, number of squares crossed and number of 

grooming has been evaluated. 

The period spent in the center by disease control rats on day 84 was notably reduced (P ≤ 

0.0001) compared to standard control rats. The period spent in the centre of rats treated with 

naïve FS (HD) on day 84 was increased when compared to disease control. The time spent in 

the centre of rats treated with FS-NE (LD) and FS-NE (HD) on day 84 was significantly 

increased (P ≤ 0.0001) when compared to disease control. Moreover, the period spent in the 

centre of rats treated with naïve FS (HD) on day 84 was decreased when compared to standard 

control. The period spent in the centre of rats given with FS-NE (LD) and FS-NE (HD) on day 

84 was or similar when compared to standard control. Furthermore, the period spent in the 

centre of rats given with FS-NE (LD) was not significant and FS-NE(HD) on day 84 was 

significantly increased (P ≤ 0.001) when compared to naïve FS (HD) as shown in (Figure 37 

a). 

The frequency of rearing in disease control rats on day 84 was notably higher (P ≤ 0.0001) 

compared to standard control rats. The number of rearing of rats treated with naïve FS (HD) 

on day 84 was increased when compared to disease control. The number of rearing of rats 

administered with FS-NE (LD) and FS-NE (HD) on day 84 was significantly increased (P ≤ 

0.0001) when compared to disease control. Moreover, the number of rearing of rats treated 

with naïve FS (HD) on day 84 was decreased when it was compared to standard control. The 
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number of rearing of rats treated with FS-NE (LD) and FS-NE (HD) on day 84 was increased 

or similar when it was compared to standard control group. Furthermore, the number of rearing 

of rats treated with FS-NE (LD) was not significant and FS-NE(HD) on day 84 was 

significantly increased (P ≤ 0.001) when compared to naïve FS (HD) as shown in (Figure 37 

b). 

The number of squares crossed by disease control rats on day 84 was found to be significantly 

decreased (P ≤ 0.0001) when compared to standard control rats. The number of squares crossed 

by rats treated with naïve FS (HD) on day 84 was increased when compared to disease control. 

The number of squares crossed by rats treated with FS-NE (LD) and FS-NE (HD) on day 84 

was significantly increased (P ≤ 0.0001) when compared to disease control. Moreover, the 

number of squares crossed by rats treated with naïve FS (HD) on day 84 was decreased when 

compared to standard control. The number of squares crossed by rats treated with FS-NE (LD) 

and FS-NE (HD) on day 84 was decreased when compared to standard control. Furthermore, 

the number of squares crossed by rats treated with FS-NE (LD) and FS-NE (HD) increased (P 

≤ 0.0001) on day 84 when compared to naïve FS (HD) as shown in (Figure 37 c). 

The grooming frequency of disease control rats on day 84 showed a marked increase (P ≤ 

0.0001) compared to standard control rats. The number of grooming of rats treated with naïve 

FS (HD) on day 84 was increased when it was compared to disease control. The number of 

grooming of rats treated with FS-NE (LD) was not significant and FS-NE (HD) on day 84 was 

notably increased (P ≤ 0.001) when being compared to induced control group. Moreover, the 

number of rearing of rats treated with naïve FS (HD) on day 84 was decreased when it was 

compared to standard control. The number of rearing of rats treated with FS-NE (LD) and FS-

NE (HD) on day 84 was similar when compared to standard control. Furthermore, the number 

of rearing of rats administered with FS-NE (LD) was not significant and FS-NE (HD) on day 

84 was notably increased (P ≤ 0.001) when it was compared to naïve FS (HD) as shown in 

(Figure 37 d). 

Similar studies have been conducted previously wherein OFT was employed by  researchers 

for the evaluation of anxiety, locomotor and exploratory activity in AlCl3 induced AD in rats 

and the treatment drugs showed significant changes in ameliorating the effects of AlCl3 by 
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restoring the cognitive function, improving the anxiolytic effects and improving the locomotor 

and exploratory behaviour [12,75,220]. 

 

Figure 37. Effect of various treatments on rats during open field test, a. Time in the center; b. 

Numbers of rearing; c. Number of square crossed; d. Numbers of grooming. Here, # P ≤ 0.0001, 
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vehicle control vs disease control; ** P ≤ 0.0001, disease control vs treatment groups (NE 

placebo, standard control, naïve FS, FS-NE (LD) and FS-NE (HD) ), * P ≤ 0.001, disease 

control vs treatment groups, $$ P ≤ 0.0001, standard control vs treatment groups, $ P ≤ 0.001, 

standard control vs treatment groups, & P ≤ 0.0001, FS-NE (LD) vs FS-NE (HD), @ P ≤ 

0.0001 Naïve FS vs FS-NE (LD) and FS-NE (HD). 

The emergence of AD is associated with an inadequate supply of cholinergic 

neurotransmission. The root cause of AD induced by AlCl3 is connected to elevated activity of 

cerebral cortex and hippocampal AChE, resulting in the excessive depletion of acetylcholine 

[221]. This mechanism was substantiated in the present study by noting increased AChE 

activity in the AlCl3 group, a condition mitigated by the administration of donepezil and FS. 

AChE is an enzyme present in extracellular fluid. It metabolizes acetylcholine into acetic acid 

and choline, thereby lowering the elevated levels of acetylcholine in the brain, especially in the 

cerebral cortex and hippocampus. The AlCl3 is well known to enhance the level of AChE 

enzyme, which further reduces the level of ACh. In this study the AChE level in brain 

homogenate in cerebral cortex and hippocampal region of positive control rats on day 84 was 

observed to be notablys increased (P ≤ 0.0001) when it was compared to standard control rats. 

The AChE levels of rats treated with naïve FS (HD) on day 84 was decreased when compared 

to disease control. The AChE levels of rats treated with FS-NE (LD) and FS-NE (HD) on day 

84 was significantly decreased (P ≤ 0.0001) when it was compared to positive control. 

Moreover, AChE levels of rats treated with naïve FS (HD) on day 84 was increased when 

compared to standard control. The AChE levels of rats treated with FS-NE (LD) and FS-NE 

(HD) on day 84 was increased or similar when compared to standard control. Furthermore, 

AChE levels of rats treated with FS-NE (LD) and FS-NE(HD) on day 84 was significantly 

decreased (P ≤ 0.0001) when compared to naïve FS (HD) as shown in (Figure 38 c). Inhibitor 

effects of AChE enzyme by FS-NE are presented in Figure 38 (a).  

Moreover, FS-NE inhibited level of amyloid β in cereberal and hippocampal regions of the 

brain wherein the brain contents of Aβ1 in of disease control rats on day 84 was found to be 

notably increased (P ≤ 0.0001) when it was compared to standard control rats. The brain 

contents of Aβ1 of rats treated with naïve FS (HD) on day 84 was decreased when compared 
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to disease control. The brain contents of Aβ1 of rats treated with FS-NE (LD) and FS-NE (HD) 

on day 84 was notably decreased (P ≤ 0.0001)   when compared to disease control. Moreover, 

the brain contents of Aβ1 of rats treated with naïve FS (HD) on day 84 was increased when 

compared to standard control. The brain contents of Aβ1 of rats treated with FS-NE (LD) and 

FS-NE (HD) on day 84 was increased or similar when compared to standard control. 

Furthermore, the brain contents of Aβ1 of rats treated with FS-NE (LD) and FS-NE (HD) on 

day 84 was notably decreased (P ≤ 0.0001) when compared to naïve FS (HD) as shown in 

(Figure 38 b). 

There are various compelling explanations for the cognitive impairments associated with AD, 

with oxidative stress being a prominent factor strongly linked to AD. Aluminum (Al) is known 

to effectively traverse the blood-brain barrier (BBB) and accumulate in various brain regions, 

potentially inducing the production of free radicals. This, in turn, can lead to brain injury, 

particularly in areas responsible for memory and learning [222,223]. Oxidative stress-induced 

neurotoxicity stands out as a primary pathological event in the fundamental neurodegenerative 

process of AD [224,225]. Antioxidants represent a promising element in preventing the onset 

and progression of AD. Al intoxication induces significant oxidative stress by heightening the 

pro-oxidant effects of iron in the brain and diminishing the activities of antioxidant enzymes 

[226]. The assessment of MDA serves as a crucial biomarker for oxidative stress. MDA 

accumulates as a result of lipid peroxidation induced by reactive oxygen species (ROS), leading 

to damage and degradation of membranes [227]. Aluminum (Al) accelerates lipid peroxidation, 

fostering increased accumulation of free radicals, thereby causing oxidative stress and 

ultimately resulting in neurotoxicity [228]. The brain is highly vulnerable to oxidative stress 

due to elevated levels of free radicals and concurrently diminished antioxidant status, leading 

to toxicity [229]. FS-NE enhance antioxidant effects which is represented by CAT, GSH and 

TBAR assays. Antioxidaint effects of FS-NE are presented in figure 38 (c and d). 

In the present study the CAT activity in brain homogenate in cerebral cortex and hippocampal 

region of positive control rats on day 84 was found to be significantly increased (P ≤ 0.0001) 

when it was compared to standard control rats. The CAT activity of rats given with naïve FS 

(HD) on day 84 was decreased when it was compared to disease control. The CAT activity of 
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rats treated with FS-NE (LD) and FS-NE (HD) on day 84 was notably decreased (P ≤ 0.0001) 

when it was compared to positive control. Moreover, CAT activity of rats treated with naïve 

FS (HD) on day 84 was increased when it was compared to standard control. The CAT activity 

of rats treated with FS-NE (LD) and FS-NE (HD) on day 84 was increased or similar when 

compared to standard control. Furthermore, CAT activity of rats treated with FS-NE (LD) and 

FS-NE(HD) on day 84 was notably decreased (P ≤ 0.0001) when compared to naïve FS (HD) 

as shown in (Figure 38 c). 

Additionally, GSH levels in brain homogenate in cerebral cortex and hippocampal region of 

positive control rats on day 84 was found to be notably decreased (P ≤ 0.0001) when compared 

to standard control rats. The GSH levels of rats given with naïve FS (HD) on day 84 was 

increased when compared to disease control. The GSH levels of rats treated with  FS-NE (LD) 

and FS-NE (HD) on day 84 was significantly increased (P ≤ 0.0001) when compared to disease 

control. Moreover, GSH levels of rats treated with naïve FS (HD) on day 84 was decreased 

when compared to standard control. The GSH levels of rats treated with FS-NE (LD) and FS-

NE (HD) on day 84 was decreased or similar when compared to standard control. Furthermore, 

GSH levels of rats treated with FS-NE (LD) and FS-NE(HD) on day 84 was significantly 

increased (P ≤ 0.001) and (P ≤ 0.0001) respectively when compared to naïve FS (HD) as shown 

in (Figure 38 d). 

Moreover, the SOD levels in brain homogenate in cerebral cortex and hippocampal region of 

positive control rats on day 84 was observed to be significantly increased (P ≤ 0.0001) when it 

was compared to standard control rats. The SOD levels of rats administered with naïve FS 

(HD) on day 84 was decreased when compared to disease control. The SOD levels of rats given 

with FS-NE (LD) and FS-NE (HD) on day 84 was notably increased (P ≤ 0.0001) when it was 

compared to disease control. Moreover, SOD levels of rats administered with naïve FS (HD) 

on day 84 was increased when compared to standard control. The SOD levels of rats treated 

with FS-NE (LD) and FS-NE (HD) on day 84 was increased or similar when compared to 

standard control. Furthermore, SOD levels of rats treated with FS-NE (LD) and FS-NE(HD) 

on day 84 was notably increased (P ≤ 0.0001) when it was compared to naïve FS (HD) as 

shown in (Figure 38 e). 
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Moreover, TBARS level in brain homogenate in cerebral cortex and hippocampal region of 

positive control rats on day 84 was found to be significantly increased (P ≤ 0.0001) when it 

was compared to standard control rats. The TBARS level of rats administered with naïve FS 

(HD) on day 84 was decreased when compared to disease control. The TBARS level of rats 

treated with  FS-NE (LD) and FS-NE (HD) on day 84 was notably decreased (P ≤ 0.0001) 

when compared to disease control. Moreover, TBARS level of rats treated with naïve FS (HD) 

on day 84 was increased when compared to standard control. The TBARS level of rats treated 

with FS-NE (LD) and FS-NE (HD) on day 84 was increased or similar when compared to 

standard control. Furthermore, CAT activity of rats treated with FS-NE (LD) and FS-NE(HD) 

on day 84 was notably decreased (P ≤ 0.0001) when compared to naïve FS (HD) as shown in 

(Figure 38 c) 
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Figure 38. Anti-Alzheimer’s (AChE and Aβ) and Antioxidant effects (CAT GSH, SOD and 

TBARS) of various treatments of rats of different groups. # P ≤ 0.0001, vehicle control vs 

disease control; ** P ≤ 0.0001, disease control vs treatment groups (NE placebo, standard 



128 
 

control, naïve FS, FS-NE (LD) and FS-NE (HD) ), * P ≤ 0.001, disease control vs treatment 

groups, $$ P ≤ 0.0001, standard control vs treatment groups, $ P ≤ 0.001, standard control vs 

treatment groups, & P ≤ 0.0001, FS-NE (LD) vs FS-NE (HD), @ P ≤ 0.0001 Naïve FS vs FS-

NE (LD) and FS-NE (HD). 

Numerous studies conducted by different researchers have previously demonstrated that 

antioxidants can enhance neuroprotection. Various antioxidants have been documented to 

elevate antioxidant levels, consequently promoting neuroprotection in animal models induced 

AD [130], quercetin [230], curcumin [231], berberine [232], rutin [233],  etc.  

Role of FS-NE on neuroinflammation  

Neuroinflammation plays a pivotal role in the onset and advancement of neuronal disorders, 

potentially leading to difficulties in memory and learning [234]. The significance of 

neuroinflammation is particularly pronounced in the pathological progression of neuronal 

disorders such as AD. In this context, interleukin-1 beta (IL-1β) and tumor necrosis factor-

alpha (TNF-α) stand out as prominent inflammatory mediators, contributing to cellular 

dysfunction and regulating inflammation in both cells and organs [235]. We observed a 

significant increase in the levels of IL-1β and TNF- in the brain tissues of AD animals 

challenged with AlCl3. Notably, this elevation was markedly attenuated by the administration 

of FS treatment. 

In the present study, IL-1β levels in brain homogenate in cerebral cortex and hippocampal 

region of disease control rats on day 84 was found to be notably increased (P ≤ 0.0001)   when 

it was compared to standard control rats. The IL-1β levels of rats treated with naïve FS (HD) 

on day 84 was decreased when compared to disease control. The IL-1β levels of rats treated 

with FS-NE (LD) and FS-NE (HD) on day 84 was notably decreased (P ≤ 0.0001) when 

compared to positive control. Moreover, IL-1β levels of rats treated with naïve FS (HD) on day 

84 was increased when compared to standard control. The IL-1β levels of rats treated with FS-

NE (LD) and FS-NE (HD) on day 84 was increased or similar when compared to standard 

control. Furthermore, IL-1β levels of rats treated with FS-NE (LD) and FS-NE(HD) on day 84 

was notably decreased (P ≤ 0.0001) when compared to naïve FS (HD) as shown in (Figure 39 

a). 
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Additionally, TNF-α levels in brain homogenate in cerebral cortex and hippocampal region of 

disease control rats on day 84 was found to be notably increased (P ≤ 0.0001) when compared 

to standard control rats. The TNF-α levels of rats treated with naïve FS (HD) on day 84 was 

decreased when compared to disease control. The TNF-α levels of rats treated with  FS-NE 

(LD) and FS-NE (HD) on day 84 was notably decreased (P ≤ 0.0001) when compared to 

positive control. Moreover, TNF-α levels of rats treated with naïve FS (HD) on day 84 was 

increased when compared to standard control. The TNF-α levels of rats treated with FS-NE 

(LD) and FS-NE (HD) on day 84 was increased or similar when compared to standard control. 

Furthermore, TNF-α levels of rats treated with FS-NE (LD) and FS-NE(HD) on day 84 was 

notably decreased (P ≤ 0.0001)  when compared to naïve FS (HD) as shown in (Figure 39 b). 

FS-NE also exhibited antiinflammatory effects by attenuating the level of IL-1β and TNF-α. 

The antiinflammatory effects of FS-NE are highlighted in Figure 39. Numerous studies 

conducted by different researchers have previously demonstrated that anti-inflammatory 

activity can enhance neuroprotection. Various anti-inflammatory substances have been 

documented to elevate antioxidant levels, consequently promoting neuroprotection in animal 

models induced with AD [13,75,216,220,236] 
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Figure 39. Anti-inflammatory (IL-1β and TNF-α) effects of various treatments given to rats 

belonging to different groups. # P ≤ 0.0001, vehicle control vs disease control; ** P ≤ 0.0001, 

disease control vs treatment groups (NE placebo, standard control, naïve FS, FS-NE (LD) and 

FS-NE (HD) ), * P ≤ 0.001, disease control vs treatment groups, $$ P ≤ 0.0001, standard 

control vs treatment groups, $ P ≤ 0.001, standard control vs treatment groups, & P ≤ 0.0001, 

FS-NE (LD) vs FS-NE (HD), @ P ≤ 0.0001 Naïve FS vs FS-NE (LD) and FS-NE (HD). 
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5.8. Histopathological studies  

During the histopathological examinations, the mid-brain of the vehicle control group exhibited 

normal intact cellular arrangements. Upon histological analysis of hippocampus sections from 

the disease control group, several histopathological alterations, notably significant neuronal 

degeneration, abnormal and eosinophilic lesions and shrinkage accompanied by nuclear 

pyknosis were observed. Likewise, prefrontal cortex sections from the AlCl3 group exhibited 

neuronal loss concomitant with severe neuronal degeneration and apoptosis. Neurons within 

the pyramidal layer of the CA3 region and the granular layer of the dentate gyrus exhibited a 

characteristic appearance in both the treatment and control groups. Additionally, cortical 

sections from individuals treated with either FS-NE (HD) or donepezil exhibited an elevated 

neuron count. A minor occurrence of pyknotic and apoptotic nuclei was observed in the FS(NE) 

group and a slight presence of neuronal degeneration was observed in the donepezil-treated 

group. Furthermore, normal hippocampus structures with reduced histological alterations were 

seen with FS(HD) (Figure 40 a and b). Administering various doses of standard drugs, naïve 

FS, and FS-NE in succession alleviated these neuropathological changes, with FS-NE 

demonstrating the most significant impact. The compromised neurons in rats administered with 

FS-NE at both doses regained their distinctive morphology as shown in Fig 40 a and b. 
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Figure 40a:  Effect of FS-NE on the hippocampus part of the brain histopathology of the AlCl3 

inducted AD in rats 
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Figure 40b:  Effect of FS-NE on the cerebral cortex part of the brain histopathology of the 

AlCl3 inducted AD in rats
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6.0. Conclusion and future prospective  

In the present study, the effects of FS-NE were observed for the management of AD. FS-NE 

was prepared from a spontaneous emulsification method where Capmul MCM EP/NF was used 

as oil, Tween 80 was used as surfactant, and Transcutol P was used as co-surfactant. The 

developed formulation was optimized using a ternary phase diagram and QbD (BBD). The 

formulation was analyzed for droplet size, zeta potential, PDI, and drug loading. The droplet 

size of NE was further confirmed by TEM images. The thermodynamic stability and 

accelerated stability studies confirmed that FS-NE can be stored for more than six months 

duration, and during this time period, no major changes were observed in droplet size, zeta 

potential, PDI, and % drug loading. In the MTT assay, FS-NE revealed absence of any 

cytotoxicity. 

Pharmacological studies were performed to evaluate the anti-Alzheimer effects of FS-NE. In 

pharmacokinetic study, FS-NE showed 9.2 folds higher concentration of FS in blood and 8.81 

folds higher concentration of FS in the brain compared to its naïve form. Further 

pharmacodynamic studies were performed. In behavioural study, AlCl3 induced AD model was 

used in rats. It was an 84-day study where the animal received 100 mg/kg AlCl3 every day, and 

after 56 days the treatment was started. The results of pharmacodynamic studies showed that 

FS-NE at high doses and low doses showed significant responses for the treatment of AD. In 

the behavioral model, OFT and MWM revealed that FS-NE improved cognitive function and 

attenuated anxiety. On the 84 days of animal study, the animals were sacrificed, and 

biochemical and histopathological studies were conducted.  

The results of biochemical studies showed that FS-NE (10 mg/kg) (group VII) possessed anti-

Alzheimer’s effects by attenuating the level of AChE enzyme and Aβ. FS-NE (10 mg/kg) 

(group VII) also exhibited antioxidant and anti-inflammatory effects. FS-NE produced non-

significant and similar effects compared to the standard group (1mg/kg donepezil) (group III) 

and the normal control group (group I). The results of histopathological studies showed that 

FS-NE attenuated the degeneration of the neurons and helped in their regeneration. At both the 

doses of FS-NE (groups VI and VII) i.e. 5 mg/kg (low dose) and 10 mg/kg (high dose) 

improved regeneration of neurons was observed.  



135 
 

The neuroprotective effects of FS-NE, open up avenues for innovative strategies in AD therapy 

using phytoconstituents. The ability of NE to increase drug delivery to the brain could enable 

more precise and targeted interventions, addressing specific molecular pathways implicated in 

AD’s progression. As preclinical studies continue to demonstrate the efficacy and safety of FS-

NE, the translation to human clinical trials becomes a crucial next step. Future research should 

focus on designing robust clinical trials to evaluate the therapeutic potential of FS-NE in a 

diverse population of individuals with AD.  

Future research should prioritize incorporating patient-centered outcomes, such as cognitive 

function, quality of life, and caregiver burden, into clinical trial assessments. Understanding 

the real-world impact of FS-NE on the lives of individuals with AD will be essential for its 

broader acceptance and adoption. FS can combine other therapeutic agents, such as existing 

FDA-approved drugs or emerging compounds, which may lead to synergistic effects. This 

approach could potentially enhance efficacy, mitigate side effects, and simultaneously target 

multiple aspects of AD pathology. The future perspectives on FS-NE for the management of 

AD are marked by a convergence of scientific advancements, personalized medicine 

approaches, and a commitment to improving patient outcomes. As we move forward, the 

collaboration between researchers, clinicians, and industry stakeholders will be instrumental in 

realizing the full potential of FS-NE as a transformative therapy for the management of AD. 
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Abstract 

Fisetin (FS) is a phyto-flavonoid with antioxidant, neuroprotective, 

and anticancer properties. A bioanalytical method was developed and 

validated to estimate FS levels in rat plasma using reverse phase ultra-

fast liquid chromatography with a C-18 reverse phase column. 

Quercetin (Qu) served as an internal standard. The mobile phase 

consisted of acetonitrile and orthophosphoric acid (0.2% v/v) in a 

30:70 v/v ratio, with a flow rate of 1 mL/min, and detection was 

performed at a wavelength of 362 nm. Protein precipitation was 

employed to extract the drug from plasma samples. The retention 

times for FS and Qu were 5.6 min and 

10.3 min, respectively. The method demonstrated linearity in the range 

of 2-10 ng/mL with a regression coefficient (r²) of 0.9994. Validation 

followed the ICH Q2 (R1) guidelines, with percentage recovery 

between 98-100%, indicating accuracy. The percentage relative 

standard deviation was below 2%, showing precision. The limit of 

detection (LOD) and limit of quantification (LOQ) were 0.03 ng/mL 

and 0.08 ng/mL, respectively. The method proved robust, showing no 

significant response changes with variations in flow rate and mobile 

phase composition. These results indicate that the developed method 

meets all validation criteria and is suitable for estimating fisetin in rat 

plasma. 

Keywords: Fisetin; Bioanalytical method development; Validation; rat 

plasma; Quercetin 
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Abstract
Fisetin (FS) is a flavonoid that possesses antioxidant and anti-inflammatory properties against ulcerative colitis. FS shows 
poor dissolution rate and permeability. An attempt has been made to develop colon-targeted solid self-nanoemulsifying drug 
delivery systems (S-SNEDDS) of FS. Initially, liquid (L) SNEDDS were prepared by loading FS into isotropic mixture of 
L-SNEDDS was prepared using Labrafil M 1944 CS, Transcutol P, and Tween 80. These L-SNEDDS were further converted 
into solid (S) SNEDDS by mixing the isotropic mixture with 1:1:1 ratio of guar gum (GG), xanthan gum (XG) and pectin 
(PC) [GG:XG:PC (1:1:1)]. Aerosil-200 (A-200) was added to enhance their flow characteristics. Further, they were converted 
into spheroids by extrusion-spheronization technique. The solid-state characterization of S-SNEDDS was done by SEM, 
DSC, and PXRD, which revealed that the crystalline form of FS was converted into the amorphous form. In the dissolution 
study, S-SNEDDS spheroids [GG:XG:PC (1:1:1)] exhibited less than 20% drug release within the first 5 h, followed by 
rapid release of the drug between the 5th and 10th h, indicating its release at colonic site. The site-specific delivery of FS to 
colon via FS-S-SNEDDS spheroids was confirmed by conducting pharmacokinetic studies on rats. Wherein, results showed 
delay in absorption of FS loaded in spheroids up to 5 h and achievement of Cmax at 7h, whereas L-SNEDDS showed rapid 
absorption of FS. Furthermore, FS-L-SNEDDS and FS-S-SNEDDS spheroids [GG:XG:PC (1:1:1)] increased oral bioavail-
ability of FS by 6.86-fold and 4.44-fold, respectively, as compared to unprocessed FS.

Keywords  Fisetin · Self-nanoemulsifying drug delivery system · Colon targeting · Spheroids · Pharmacokinetics · Polysaccharides

Introduction

The rapid increase in the prevalence rate of colonic diseases 
such as ulcerative colitis, colon cancer, and Crohn’s disease 
has drawn the interest of researchers for developing an oral 
colon targeted delivery system. Various oral drug delivery 
systems have been developed as immediate-release dosage 
forms, where the rapid dissolution of drugs takes place in the 
upper gastrointestinal tract (GIT) environment. This further 
causes efficient absorption of these drugs. However, this 
strategy is suitable for drugs whose target site is either the 
stomach or, the small intestine [1]. For drugs acting at other 
target sites such as large intestine, this approach may not be 
suitable. Hence, developing an oral colon-targeted delivery 

system for effective treatment of colonic diseases could 
offer certain advantages over immediate release or, modi-
fied release delivery systems as all the amount of drug can 
be directly delivered at local site of colon for their action. 
Furthermore, the colonic route also offers delivery of drugs 
meant for systemic use and drugs that are unstable at stom-
ach or, upper intestine [2].

However, developing an oral colon-targeted delivery sys-
tem is a challenging task. The challenges include traversing 
of formulation through the entire gut in the intact form, vari-
able pH of GIT, anaerobicity of the colon, transient occur-
rence of mobility, and variability in fermentation activity 
in different regions [3]. Nevertheless, in the past, various 
colon-targeted formulations have been developed. These 
include timed-release system, pH-dependent polymer coated 
formulations, pressure-controlled systems, prodrugs, osmoti-
cally controlled systems, and colonic microbiota-activated 
system [4]. These delivery systems have been well explored 
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Abstract: Alzheimer's  disease (AD) is  the most prevalent form of neurodegenerative disorder
(ND), affecting more than 44 million individuals globally as of 2023. It is characterized by cogni-
tive dysfunction and an inability to perform daily activities. The progression of AD is associated
with the accumulation of amyloid beta (Aβ), the formation of neurofibrillary tangles (NFT), in-
creased oxidative stress, neuroinflammation, mitochondrial dysfunction, and endoplasmic reticu-
lum stress. Presently, various phytomedicines and their bioactive compounds have been identified
for their neuroprotective effects in reducing oxidative stress, alleviating neuroinflammation, and
mitigating the accumulation of Aβ and acetylcholinesterase enzymes in the hippocampus and cere-
bral cortex regions of the brain. However, despite demonstrating promising anti-Alzheimer's ef-
fects, the clinical utilization of phytoconstituents remains limited in scope. The key factor con-
tributing to this limitation is the challenges inherent in traditional drug delivery systems, which im-
pede their effectiveness and efficiency. These difficulties encompass insufficient drug targeting, re-
stricted drug solubility and stability, brief duration of action, and a lack of control over drug re-
lease. Consequently, these constraints result in diminished bioavailability and insufficient permea-
bility across the blood-brain barrier (BBB). In response to these challenges, novel drug delivery
systems (NDDS) founded on nanoformulations have emerged as a hopeful strategy to augment the
bioavailability and BBB permeability of bioactive compounds with poor solubility. Among these
systems, nanoemulsion (NE) have been extensively investigated for their potential in targeting
AD. NE offers several advantages, such as ease of preparation, high drug loading, and high stabili-
ty. Due to their nanosize droplets, NE also improves gut and BBB permeability leading to en-
hanced permeability of the drug in systemic circulation and the brain. Various studies have report-
ed the testing of NE-based phytoconstituents and their bioactives in different animal species, in-
cluding transgenic, Wistar, and Sprague-Dawley (SD) rats, as well as mice. However, transgenic
mice are commonly employed in AD research to analyze the effects of Aβ. In this review, various
aspects such as the neuroprotective role of various phytoconstituents, the challenges associated
with conventional drug delivery, and the need for NDDS, particularly NE, are discussed. Various
studies involving phytoconstituent-based NE for the treatment of AD are also discussed.

Keywords: Alzheimer’s disease, Phytoconstituents, Nanoemulsion, Bioavailability, Neuroprotective effects.

1. INTRODUCTION
Alzheimer's disease (AD) is a progressive neurodegener-

ative disorder that predominantly impacts the brain, repre-
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senting  one  of  the  main  contributors  to  cognitive  decline,
commonly manifested as dementia. Initial indications of AD
include  difficulty  recalling  recently  acquired  information,
difficulties  in  problem-solving,  temporal  or  spatial  confu-
sion, and alterations in mood and personality. As the disease
progresses, individuals may experience notable memory de-
terioration, disorientation, speech difficulties, and a decline
in motor function [1-3]. The exact etiopathogenesis of AD is
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A B S T R A C T   

Fisetin (FS) is a bioactive flavonoid obtained mostly from apple and strawberry and classified under the category 
of food supplements due to numerous pharmacological effects against various diseases through multiple 
mechanistic pathways. It acts as excellent neuroprotective, cardioprotective, anti-invasive, anti-tumorigenic, 
anti-angiogenic, anticancer, antidiabetics, antioxidant, anti-inflammatory agent. Despite having excellent safety 
and efficacy profile, FS is very less explored to clinical research either as food supplement or, as therapeutic agent 
due to its poor aqueous solubility, low bioavailability and reduced blood brain barrier permeability. Multiple 
mechanistic pathways through which FS elicits its pharmacological actions and the challenges associated with FS 
that compromises therapeutic efficacy are described in this article. The nanoformulations developed to enhance 
the bioavailability and therapeutic efficacy of FS are also covered with detailed description of research works 
carried by various researchers. These include nanoemulsions, liposomes, ethosomes, glycerosomes, polymeric 
micelles, self-nanoemulsifying drug delivery system and polymeric nanoparticles. Various patents pertaining to 
extraction/isolation, formula composition and therapeutic uses of FS as well as some clinical studies conducted 
using FS as active moiety are also enlisted.   

1. Introduction 

Fisetin (FS) is a polyphenolic flavonoid obtained from various fruits 
and vegetables such as strawberry, apple, persimmon, grape, onion, and 
cucumber [1]. Chemically, it is known as 3,3′,4′,7-tetrahydroxyflavone 
[2] (Fig. 1). It has been reported that FS is associated with 

pharmacological activities such as neuroprotective effects, anti-cancer, 
anti-oxidant, anti-inflammatory, anticonvulsant, antidepressant, hep
atoprotective, nephroprotective, antiulcer and neurotropic effects [1,3, 
4]. Despite being such a potential candidate, oral bioavailability of this 
drug is strongly limited (44%) due to its poor aqueous solubility having 
Log P value of 2.03 [5]. Novel drug delivery system (NDDS) based for
mulations are extensively reported to enhance the solubility, 
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 Abstract: Quercetin (Qu), a dietary flavonoid, is obtained from many fruits and vegetables such as 
coriander, broccoli, capers, asparagus, onion, figs, radish leaves, cranberry, walnuts, and citrus 
fruits. It has proven its role as a nutraceutical owing to numerous pharmacological effects against 
various diseases in preclinical studies. Despite these facts, Qu and its nanoparticles are less explored 
in clinical research as a nutraceutical. The present review covers various neuroprotective actions of 
Qu against various neurodegenerative diseases (NDs) such as Alzheimer’s, Parkinson’s, Hunting-
ton’s, and Amyotrophic lateral sclerosis.  A literature search was conducted to systematically review 
the various mechanistic pathways through which Qu elicits its neuroprotective actions and the chal-
lenges associated with raw Qu that compromise therapeutic efficacy. The nanoformulations devel-
oped to enhance Qu’s therapeutic efficacy are also covered. Various ongoing/completed clinical tri-
als related to Qu in treating various diseases, including NDs, are also tabulated. Despite these many 
successes, the exploration of research on Qu-loaded nanoformulations is limited mostly to preclini-
cal studies, probably due to poor drug loading and stability of the formulation, time-consuming 
steps involved in the formulation, and their poor scale-up capacity. Hence, future efforts are re-
quired in this area to reach Qu nanoformulations to the clinical level. 
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1. INTRODUCTION 

Neurodegenerative diseases (NDs) are a group of conditions 
defined by gradual loss of neuronal function and accumulation 
of proteins with altered physicochemical characteristics in the  
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central and peripheral nervous system [1]. In addition, genetic 
influences, oxidative stress [2], neuroinflammation [3], and ab-
normalities in mitochondrial functions can also lead to NDs. 
These NDs can affect the body's sensory and motor neurons 
markedly, causing cognitive, behavioural and psychotic abnor-
malities that affect the lifestyle with increased mental stress [4]. 

Quercetin (Qu), a dietary flavonoid, is obtained from 
many fruits and vegetables such as coriander, broccoli, ca-
pers, asparagus, onion, figs, radish leaves, cranberry, wal-
nuts, and citrus fruits [5]. It is a secondary polyphenolic me-
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Abstract: Huntington’s disease (HD) is an autosomal fatal genetic disease in which degeneration of 
neuronal cells occurs in the central nervous system (CNS). Commonly used therapeutics are clude-
monoamine depletors, antipsychotics, antidepressants, and tranquilizers. However, these drugs can-
not prevent the psychotic, cognitive, and behavioral dysfunctions associated with HD. In addition to 
this, their chronic use is limited by their long-term side effects. Herbal drugs offer a plausible alter-
native to this and have shown substantial therapeutic effects against HD. Moreover, their safety 
profile is better in terms of side effects. However, due to limited drug solubility and permeability to 
reach the target site, herbal drugs have not been able to reach the stage of clinical exploration. In 
recent years, the paradigm of research has been shifted towards the development of herbal drugs 
based nanoformulations that can enhance their bioavailability and blood-brain barrier permeability. 
The present review covers the pathophysiology of HD, available biomarkers, phytomedicines ex-
plored against HD, ongoing clinical trials on herbal drugs exclusively for treating HD and their 
nanocarriers, along with their potential neuroprotective effects. 
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1. INTRODUCTION 

 The term HD was coined by Ohio based physician 
George Huntington in 1872, who described this disease for 
the first time [1]. HD is an autosomal fatal genetic disorder 
which is a progressive, genetically programmed ND that 
leads to depletion of psychological, cognitive, and motor 
functions. As per Huntington’s disease Society of America 
(HDSA), HD patients show symptoms similar to those of 
Alzheimer’s disease (AD), Parkinson’s disease (PD), and 
amyotrophic lateral sclerosis (ALS) [2-7]. The symptoms 
associated with HD are “chorea” (abnormal autonomic 
movements), loss of rational abilities, and psychological 
disturbances. This abnormality occurs due to the mutation of 
the Huntingtin genes. Healthy neurons contain 6-35 repeats 
of units of cytosine-adenine-guanine (CAG) trinucleotide, 
while accumulation of mutant Huntingtin (mHTT) genes 
changes the translation process (more than 36 CAG repeats) 
[8, 9]. This process may lead to neuronal cell death and 
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cause degeneration of neurotransmitters within the central 
nervous system (CNS) [10]. After the first appearance of 
symptoms in an affected person, death usually occurs within 
15 to 20 years [11]. Various biochemical alterations such as 
downregulation of γ-aminobutyric acid (GABA) and acetyl-
choline (ACh), along with a decrease in their production 
enzymes, glutamate decarboxylase (GAD) and choline-
acetyl transferase (CAT), respectively are seen in patients 
with HD [11-13]. 

Globally, 5 to 8 people in a population of 0.1 million are 
diagnosed with HD [14, 15]. The disease is reported to be 
more prevalent in Europe as compared to that in the USA, 
China, and India. A number of patients diagnosed with HD 
are extrapolated to increase from 58,176 in 2019 to 60,743 in 
2024 [14]. 

2. ETIOPATHOGENESIS 
2.1. Neuropsychiatric Disturbance 
 There is a broad range of HD neuropsychiatric symp-
toms, involving irritation, obsessive- compulsive behavior, 
depression, psychosis, and apathy. Prior to the knowledge of 
HD, this disease was categorized under psychiatric disorder 
because its symptoms were similar to psychiatric diseases. 
Later on, based on mechanistic studies, it was understood 
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A B S T R A C T

Alzheimer’s disease is type of dementia in which cognitive functions get declined. More than 50 million people
are affected by this disease across the world. Many clinical and preclinical studies have been conducted on the
treatment of AD but very limited number of drugs have found a clinical application. Because regeneration of
neuron is a complicated process due to the involvement of multiple pathways, a combination of drugs that can
work through multiple pathways could prove to be effective in treating AD. Based on prior studies and different
mechanisms involved in the treatment, a new hypothesis has been proposed that a combination of galantamine,
memantine and lycopene is anticipated to produce better activity as compared to the current therapies available
in market for the treatment of this disease.

Introduction

Globally, more than 50 million people are suffering for dementia at
present. It is expected to increase upto 152 million by 2050 [1]. It has
been reported that most of the symptoms of dementia are caused by
Alzheimer’s disease (AD) [2]. AD is usually diagnosed at the stage of
dementia. Unfortunately, till that time, most of the neuronal cells in the
brain of AD’s patients have already got degenerated [3]. Due to this
disease, vulnerability of hippocampal subfields gets developed [4]. Two
unusual changes are mainly observed in the microscopic evaluation of
brain of Alzheimer’s patients. These are: formation of abnormal clusters
of protein fragments called β-amyloid peptide (Aβ) near the neuronal
cells and appearance of neurofibrillary tangles (NFTs) formed due to
hyperphosphorylation of microtubules associated tau protein [5–7].
The cholinergic hypothesis states that the loss of acetylcholine (ACh) in
the various parts of the central nerves system (CNS) is responsible for
the decline in cognitive function of the brain that can lead to AD [8]. As
per clinical evidences, diminished activity of choline acetyltransferase
has been observed in amygdala, hippocampus, and cortex parts of the
CNS [9]. ACh binds with two different receptors i.e. the nicotinic ACh
receptors (nAChRs) and the muscarinic ACh receptors (mAChRs) in
postsynaptic neurons. Biochemical and morphological studies reported
that loss of subtype receptor (a7 or a4b2) of nAChRs in presynaptic and

postsynaptic neurons occurs in the brains of patients suffering from AD
[10]. Some studies also showed loss of mAChRs in post-mortem of brain
tissue of AD patients [11]. Inflammatory mediators, reactive oxygen
species (ROS), bacterial lipopolysaccharides (LPS), ionizing radiation,
tumor necrosis factor alpha (TNF-α), interleukin 1-beta (IL1β) are re-
ported to be responsible for the activation of Nuclear factor-kappa B
(NF-κB). Activation of NF-κB in CNS activates growth factors and ex-
citatory neurotransmitter such as glutamate [12,13]. Mitochondrial
dysfunction and increase in ROS can lead to free radicals’ accumulation
in presynaptic and postsynaptic receptor in CNS [14–16]. This will
further increase the oxidative stress to the brain.

The proposed hypothesis

In this manuscript, the possible treatment and multiple targets of AD
have been discussed. FDA has approved five medicines for the treat-
ment of AD. These medicines reduce the symptoms by two mechanism
i.e. AChE inhibition and NMDA glutamate antagonism. Tacrine, done-
pezil, galantamine, rivastigmine are AChE inhibitors, whereas, mem-
antine is NMDA glutamate antagonist [17]. The combination therapy of
AChE and NMDA glutamate inhibitor is very helpful in treating the
disease. As per literature, phytoconstituents are also helpful in treating
AD via one or more of the aforementioned mechanisms. Some of these
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tion of neuronal cells is observed in the brain. There are many drugs approved by the
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13.1 Introduction

Huntington’s disease (HD) is a type of neurodegenerative

diseases (NDs) in which there is the formation of an auto-

somal fatal genetic dysfunction. It produces depletion of

psychological, motor, and cognitive functions (Gupta

et al., 2021). The main symptoms of HD are hallucina-

tions, mood swings, loss of rational abilities, speech diffi-

culties, involuntary movements, chorea, and various

psychological disturbances such as difficulty in concen-

trating, memory loss, feelings of hopelessness, lack of

interest in works performed on daily life (Vishwas,

Gulati, et al., 2020). As per the observations of previous

studies, these abnormalities occur due to genetic mutation

of Huntingtin (mHtt) genes. In healthy humans, there are

nearly 6�35 repeats of cytosine-adenine-guanine (CAG)

trinucleotide, while in the diseased condition these repeats

increase by more than 36 pairs (Szlachcic et al., 2015;

Warby et al., 2009). This process may lead to enhanced

oxidative stress (OS) and neuroinflammation which

causes degeneration of neurotransmitters within the cen-

tral nervous system (CNS) (Li et al., 2010). Moreover,

various biochemical alterations have been reported now

such as the reduction of acetylcholine (ACh) and

γ-aminobutyric acid (GABA), along with the downregula-

tion of enzymes such as choline-acetyl transferase and

glutamate decarboxylase respectively are seen in patients

with HD (Choudhary et al., 2013; Dey et al., 2020;

Pareek et al., 2011).

Many bioactive substances such as Panax ginseng,

Bacopa monnieri, etc., and synthetic drugs such as benzo-

diazepines, riluzole, amantadine, and other neuroleptics

have been reported to show very good neuroprotective

effects. However, they have some limitations such as low

aqueous solubility resulting in reduced bioavailability,

and poor blood-brain barrier (BBB) permeability.

Advanced drug delivery systems [liposomes, solid lipid

nanoparticles (SLNs), nanostructured lipid carriers

(NLCs), self-nano emulsifying drug delivery system

(SNEDDS), and nanoemulsions (NEs)] have been

reported to increase bioavailability, therapeutic efficacy

(Kamble et al., 2013), stability and brain permeability

(Khursheed et al., 2020; Lockman et al., 2002) of the bio-

active substances and synthetic drugs and decrease their

side effects, which, on the other hand, is difficult to be

achieved through conventional drug delivery systems

(Garbayo et al., 2012; Ou et al., 2018; Wang et al., 2014;

Zhang et al., 2016). Advanced drug delivery systems

based on nanoparticles are reported to reduce first-pass

metabolism and enhance their bioavailability because

their small particle size (less than 200 nm) enables them

to cross endothelial cells of BBB by transcytosis (Betzer
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A B S T R A C T   

Neurodegenerative diseases (NDs) continue to burden human lives and economic conditions. They continue to 
challenge the healthcare system due to the associated physiological barriers. Traditional treatment approaches 
are associated with symptomatic relief and are ineffective in the long run. Dendrimers stand out amongst other 
nanocarriers due to ease of surface modifications, internal encapsulation, and nanoscale uniformity of the 
molecule. Moreover, their internal core can encapsulate drug through electrostatic interactions. These are stable 
carriers in the nanometer size range. These either act as therapeutic agents per se or deliver the target drug across 
the blood-brain barrier while minimizing toxicity. Emerging as a promising non-invasive approach, they 
demonstrate the capability to interfere with in-vivo protein aggregation, typically associated with neuro
degeneration. They assist via exerting various neuroprotective roles, such as in oxidative stress, neuro
inflammation, inhibiting certain biochemical parameters, altering protein misfolding and aggregation, etc. 
However, certain limitations are associated with their elimination and cytotoxicity. The investigation revealed 
the masking of exposed cationic surfaces of dendrimers with inert substances, such as polyethylene glycol to limit 
their cytotoxicity. This review describes the incidences and pathophysiology of several NDs, properties, and 
methods of dendrimer synthesis, followed by various research to explore dendrimers potential to treat NDs.   

1. Introduction 

Neurodegenerative diseases (NDs) are distinguished by the contin
uous loss or deterioration of a potentially active but vulnerable 

population of neurons in the central and peripheral nervous system (CNS 
and PNS respectively). These may include numerous diseases such as 
Alzheimer’s disease (AD), Parkinson’s disease (PD), spinocerebral 
ataxias, Huntington’s disease (HD), Amyotrophic lateral sclerosis (ALS), 
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A B S T R A C T   

Sesamol is a lignan of sesame seeds and a natural phenolic molecule that has emerged as a useful medical agent. 
Sesamol is a non-toxic phytoconstituent, which exerts certain valuable effects in the management of cancer, 
diabetes, cardiovascular diseases, neurodegenerative diseases (NDs), etc. Sesamol is known to depict its neu
roprotective role by various mechanisms, such as metabolic regulators, action on oxidative stress, neuro
inflammation, etc. However, its poor oral bioavailability, rapid excretion (as conjugates), and susceptibility to 
gastric irritation/toxicity (particularly in rats’ forestomach) may restrict its effectiveness. To overcome the 
associated limitations, novel drug delivery system-based formulations of sesamol are emerging and being 
researched extensively. These can conjugate with sesamol and enhance the bioavailability and solubility of free 
sesamol, along with delivery at the target site. In this review, we have summarized various research works 
highlighting the role of sesamol on various NDs, including Alzheimer’s disease, Huntington’s disease, Amyo
trophic lateral sclerosis, and Parkinson’s disease. Moreover, the formulation strategies and neuroprotective role 
of sesamol-based nano-formulations have also been discussed.  
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Abstract Flavonoids have a longstanding tradition

of being employed in traditional medicine to improve

human health. Crocin has been suggested as a

potential candidate for addressing a range of ailments,

including neurodegenerative diseases (NDs). In the

modern era, diverse pharmacological activities of

crocin have been explored due to its bioactive

constituents like kaempferol, picrocrocin, safranal,

and crocetin. It demonstrates pharmacological and

therapeutic efficacy against various diseases such as

cancer, kidney diseases, NDs, and measles,

attributable to several mechanisms. Various studies

evidence that it exerts a neuroprotective effect in

conditions like Alzheimer’s disease, Parkinson’s dis-

ease, Huntington’s disease, Amyotrophic lateral scle-

rosis, and others, by modulating relevant parameters.

Despite harboring numerous pharmacological bene-

fits, it exhibits low bioavailability due to poor

solubility and limited ability to cross the blood–brain

barrier (BBB). To address this issue, diverse

approaches involving nanoformulations have been

developed to enhance their bioavailability, aqueous

solubility, and BBB permeability. Various types of
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A B S T R A C T   

Lung cancer (LC) is the commonest class of cancer worldwide and is the reason for more deaths than any other 
type. Treatment of LC using conventional therapy has some limitations such as poor bioavailability and non-site 
release of drug causing various side effects. However, the use of nanotechnology makes it possible to offer 
efficacious treatment of LC by offering nanometer sized formulation that helps in better penetration of drug 
inside tumor cells and site specific drug release. Among various nanoparticles, gold nanoparticles (GNPs) has 
found unique and important application in the biomedical application of nanoparticles in various diseases, 
especially cancer. Owing to their high biocompatibility and stability against oxidation in vivo, tunable nano size, 
ease of functionalization with chemotherapeutic agents, capacity to enhance bioavailability and site specificity of 
entrapped drug, capacity to interact with visible light, make GNPs as special carrier for biomedical application in 
LC. GNPs can absorb infrared radiation and have optical qualities as well. In the present review, various aspects 
of LC and theranostic role of GNPs are comprehensively covered. These include prevalence, classification, eco
nomic burden, pathophysiology as well as commonly available therapies of LC. This was followed by advantages, 
synthesis, biomedical application of GNPs in treating LC as well as their fate in the body. Overall, the uniqueness 
of review relies on the fact that it covers all aspects of LC and all possibilities by which GNPs can offer their best 
role in management of LC.  
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A B S T R A C T   

Recent studies have indicated the significant involvement of the gut microbiome in both human physiology and 
pathology. Additionally, therapeutic interventions based on microbiome approaches have been employed to 
enhance overall health and address various diseases including aging and neurodegenerative disease (ND). Re
searchers have explored potential links between these areas, investigating the potential pathogenic or thera
peutic effects of intestinal microbiota in diseases. This article provides a summary of established interactions 
between the gut microbiome and ND. Post-biotic is believed to mediate its neuroprotection by elevating the level 
of dopamine and reducing the level of α-synuclein in substantia nigra, protecting the loss of dopaminergic 
neurons, reducing the aggregation of NFT, reducing the deposition of amyloid β peptide plagues and amelio
rating motor deficits. Moreover, mediates its neuroprotective activity by inhibiting the inflammatory response 
(decreasing the expression of TNFα, iNOS expression, free radical formation, overexpression of HIF-1α), 
apoptosis (i.e. active caspase-3, TNF-α, maintains the level of Bax/Bcl-2 ratio) and promoting BDNF secretion. It 
is also reported to have good antioxidant activity. This review offers an overview of the latest findings from both 
preclinical and clinical trials concerning the use of post-biotics in ND.   

1. Introduction 

In recent years, there has been a growing interest in research on gut 
microorganisms. A significant volume of research has shown very good 

connections between disruptions in the intestinal microbiome and 
various medical conditions. These include inflammatory bowel diseases 
such as Crohn’s disease (Dubinsky et al., 2006), irritable bowel syn
drome(Frank et al., 2007), as well as colon cancer (O’Keefe et al., 2009). 
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A B S T R A C T   

The study was performed to evaluate the neuroprotective effects of Benfotiamine (BFT) in 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson’s disease (PD) in rats. The rats were given daily doses 
of BFT (100 mg/kg, 200 mg/kg) through oral administration for 42 days. The rats were given a single bilateral 
dosage of MPTP (0.1 mg/nostril) intranasally once before the drug treatment to induce PD. On day 42, the 
animals were subjected to various behavioral paradigms. Post-treatment with BFT for 42 days significantly 
improved the motor and nonmotor fluctuations of MPTP. The results demonstrated that treatment with BFT 
ameliorated MPTP-induced disorders in behavior, body balance, and dopamine levels in the mid-brain. Among 
the post-treated groups, a high dose of BFT was the most effective treatment. Mean values are indicated in ±SEM, 
n = 5***(p < 0.001) when compared with the vehicle control, n = 5 ### (p < 0.001) when compared with the 
disease control; (p < 0.001) when compared with the BFT per se; (p < 0.001) when compared with the low dose 
of BFT; (p < 0.001) when compared with the high dose of BFT. Our finding suggests that BFT contributed to 
superior antioxidant, and anti-inflammatory and could be a novel therapeutic method for PD management. In 
conclusion, BFT could be a potential drug candidate for curbing and preventing PD.   

1. Introduction 

Neurodegenerative diseases are one of the most prevalent health 
concerns in today’s society. Parkinson’s disease (PD) accounts for the 
second most common neurodegenerative disease, with four primary 

cardinal manifestations: rigidity, postural instability, tremor, and aki
nesia. Deterioration of dopaminergic neurons in the midbrain, notably 
in the area of substantia nigra pars compacta (SNpc) (essentially governs 
movements and muscle tone), creates a dysbalance in dopamine (DA) 
and acetylcholine concentrations in the brain, resulting in the dreadful 
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A B S T R A C T   

Liquid self-nanoemulsifying drug delivery system (L-SNEDDS) of curcumin and quercetin were prepared by 
dissolving them in isotropic mixture of Labrafil M1944CS®, Capmul MCM®, Tween-80® and Transcutol P®. The 
prepared L-SNEDDS were solidified using Ganoderma lucidum extract, probiotics and Aerosil-200® using spray 
drying. These were further converted into pellets using extrusion-spheronization. The mean droplet size and zeta 
potential of L-SNEDDS were found to be 63.46 ± 2.12 nm and − 14.8 ± 3.11 mV while for solid SNEDDS pellets, 
these were 72.46 ± 2.16 nm and − 38.7 ± 1.34 mV, respectively. The dissolution rate for curcumin and quercetin 
each was enhanced by 4.5 folds while permeability was enhanced by 5.28 folds (curcumin) and 3.35 folds 
(quercetin) when loaded into SNEDDS pellets. The Cmax for curcumin and quercetin containing SNEDDS pellets 
was found 532.34 ± 5.64 ng/mL and 4280 ± 65.67 ng/mL, respectively. This was 17.55 and 3.48 folds higher as 
compared to their naïve forms. About 50.23– and 5.57-folds increase in bioavailability was observed for cur
cumin and quercetin respectively, upon loading into SNEDDS pellets. SNEDDS pellets were found stable at 
accelerated storage conditions. The developed formulation was able to normalize the levels of blood glucose, 
lipids, antioxidant biomarkers, and tissue architecture of pancreas and liver in streptozotocin induced diabetic 
rats as compared to their naïve forms.   

1. Introduction 

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder of 
elevated blood glucose level (BGL) that is attributed to non-utilization of 

insulin, because of insulin resistance (IR) (Khursheed et al., 2019). The 
oral antihyperglycemic drugs used to manage T2DM are divided into 
various classes such as sulfonylureas (SUs), biguanides, dipeptidyl 
peptidase 4 (DPP-4) inhibitors, meglitinides, sodium glucose 
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A B S T R A C T   

Non-aqueous nanoemulsion (NANE) of Alpinia galanga extract (AGE) was prepared using Palmester 3595 (MCT 
oil) as oil phase, Cremophor RH 40-Transcutol P® as surfactant-co-surfactant (Smix), and glycerin as non-aqueous 
polar continuous phase. The composition was optimized by applying three-level, four factor Box-Behnken design 
(BBD). The mean droplet size and zeta potential of the optimized AGE NANE was found to be 60.81 ± 18.88 nm 
and − 7.99 ± 4.14 mV, respectively. The ex vivo permeation studies of AGE NANE and AGE per se on porcine skin 
reported flux of 125.58 ± 8.36 µg/cm2 h− 1 and 12.02 ± 1.64 µg/cm2 h− 1, respectively. Therefore, the 
enhancement ratio has shown 10-folds increase in the flux for AGE NANE when compared to extract per se. Later, 
confocal laser scanning microcopy confirmed that AGE NANE were able to penetrate into skin’s stratum by trans- 
follicular transport mechanism. The stability studies of AGE NANE confirmed its stability at 30 ± 2 ◦C/75 ± 5 % 
RH and 5 ± 3 ◦C. The efficacy of AGE NANE was evaluated in vivo on imiquimod (IMQ) induced mouse model. 
The mice treated with low and high doses of AGE NANE (groups VI and VII) showed significant (p < 0.05) 
amelioration of psoriasis. Results of histopathology indicated reduction in psoriasis area severity index in AGE 
NANE treated mice (group VI and group VII).   

Abbreviations: ACA, 1΄-acetoxychavicol acetate; AGE NANEH, Alpinia galanga extract loaded non-aqueous nanoemulsion high dose (0.1% w/w); AGE NANEL, 
Alpinia galanga extract loaded non-aqueous nanoemulsion low dose (0.05% w/w); AGE, Alpinia galanga extract; ANOVA, Analysis of variance; BBD, Box-Behnken 
design; CCD, Central Composite Design; CLSM, Confocal laser scanning microscopy; DoE, Design of Experiment; GSH, Reduced glutathione; HPLC, High performance 
liquid chromatography; HR-TEM, High resolution transmission electron microscopy; IMQ, imiquimod; IPM, Isopropyl myristate; MCT, Medium chain triglycerides; 
MDA, Malondialdehyde; NANE, Non-aqueous nanoemulsion; NANE-B, Blank non-aqueous nanoemulsion; PASI, Psoriasis area severity index; PBS, Phosphate 
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Abstract
Purpose  The aim of current study is to formulate, optimize and characterize the developed formulation of Mesalamine-
Curcumin Nanostructured Lipid Carriers (Mes-Cur NLCs).
Methods  It was formulated using high pressure homogenization followed by probe sonication and formulation variables 
were optimized using Central Composite Design. The particle size (PS), zeta potential (ZP), entrapment efficiency (EE), 
drug release, cytotoxicity on NIH 3T3 fibroblasts cells and HaCaT keratinocytes cells and efficacy on RAW264.7 cells for 
optimized formulation was determined.
Results  The PS, ZP and EE were found to be 85.26 nm, −23.7 ± 7.45 mV, 99.2 ± 2.62 % (Mes) and 84 ± 1.51 % (Cur), respectively. 
The good correlation between predicted and obtained value indicated suitability and reproducibility of experimental design. NLCs 
showed spherical shape as confirmed by TEM. In vitro drug release profile of prepared formulation showed that Mes exhibited 100 
% release at 48 h, whereas Cur exhibited 82.23 ± 2.97% release at 120 h. Both the drugs exhibited sustained release upon incor-
poration into the NLCs. The absence of any significant cell death during MTT assay performed on NIH 3T3 fibroblasts cells and 
HaCaT keratinocytes cells indicated that NLCs’ were safe for use. Furthermore, significant reduction in nitric oxide level during 
anti-inflammatory evaluation of formulation on RAW264.7 cells showed excellent potential for the formulation to treat inflammation. 
The formulation was found stable as no significant difference between the PS, ZP and EE of the fresh and aged NLCs was observed.
Conclusion  The outcomes of study deciphered successful formulation of Mes-Cur NLCs.

Keywords  curcumin · central composite design · mesalamine · nanostructured lipid carriers · stability studies
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A B S T R A C T

The aim of this study was to develop simple, advance, accurate and precise method for the quantification of
mesalamine (Mes) and curcumin (Cur) in nanostructured lipid carriers (NLCs) by using high Performance Liq-
uid Chromatography (HPLC) technique. The analysis of the method was done by using C-18 Nucleodur col-
umn with 250 mm x 4.6 mm dimensions and having i.d. of 5m. The quantification of Mes and Cur on HPLC
was done by using mobile phase acetonitrile and water in the different ratios at different time intervals (gra-
dient method), flow rate kept 1 mL/min and wavelength was set up at isosbestic point 365 nm. By using gra-
dient method of ACN and water the peak of Mes and Cur was found to be at 1.7 min and 9.6 min respectively.
The developed method was validated in accordance with ICH Q2 (R1) guidelines. The developed method
showed linearity in the range of 2-10 ppm with r2 equals to 1 i.e 0.9998 for Mes and 0.9998 for Cur. The sys-
tem suitability parameters of the method were also measured which were found to be tailing factor less than
2, resolution between Mes and Cur peaks was more than two and theoretical plates more than 2000. The
LOD and LOQ of the developed method for Mes was found to be 0.14 mg/mL and 0.45 mg/mL. Whereas, LOD
and LOQ of the developed method for Cur was found to be 0.17mg/mL and 0.52mg/mL respectively. The rela-
tive standard deviation of the developed method for both Mes and Cur were below 2 and percentage recov-
ery was found to be between 95-105%. The robustness of the developed method was also checked by doing
small changes in the flow rate and wavelength. The results of robustness study revealed that relative stan-
dard deviation and percentage recovery for both Mes and Cur were under acceptance criteria of ICH Q2 (R1)
guidelines. This indicated that the method is precise, accurate, simple and robust. In addition, the developed
method was effectively used for the estimation of entrapment efficiency (EE), drug loading (DL) and in vitro
drug release study of Mes and Cur in the prepared Mes-Cur based NLCs. The EE of Mes and Cur in NLCs was
found to be 99% and 84% respectively. Whereas, DL of Mes and Cur in the formulation was found to be
0.0019% and 0.0033% respectively. The in vitro drug release study showed that within 48h 100% Mes was
released from NLCs. Whereas, 82.23% Cur was released from the NLCs.

© 2022 SAAB. Published by Elsevier B.V. All rights reserved.
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a b s t r a c t

The use of polysaccharides in preparation of microbially triggered colon-targeted delivery system has
been explored extensively to deliver drugs at the colonic site. This type of targeting is attributed to
inherent property of polysaccharides by virtue of which they are digested in the gut only by the colonic
microflora. In last two decades, the use of fecal microbiota transplantation (FMT) has been reported
widely to treat colonic diseases such as Crohn's disease, irritable bowel syndrome, and recurrent Clos-
tridium difficile infection. It has been established that FMT downregulates inflammatory proliferation and
pro carcinogenic pathways. Although a few reports exist on the use of colon-targeted FMT capsules in
increasing the microbial diversity of gut microflora, they have not been able to establish clinical supe-
riority of the colon-targeted capsules over conventional orally administered capsules. Hence, in the
present study, an attempt has been made to utilize a multipronged strategy through a single formulation,
wherein an anticancer phytoconstituent, polysaccharides, fecal microbiota extract (FME), and nano-
delivery systems have been designed for the effective treatment of colon cancer. Overall, the study is
aimed toward the development of an oral colon-targeted solid self-nanoemulsifying drug delivery sys-
tem (S-SNEDDS) in which curcumin (CCM) was loaded. These SNEDDS were added to polysaccharide
mixture of guar gum, pectin, lactose along with aerosol 200 (A-200) and then to the slurry of fecal
microbiota extract. The liquid was then freeze dried and developed into solid SNEDDS powder. The
process of formulating liquid SNEDDS was optimized using ternary phase diagram and Box Behnken
Design. The developed formulation was characterized for physicochemical, physicomechanical, drug
release and cytotoxic potential studies. The droplet size of reconstituted S-SNEDDS was found to be
78.46 ± 0.87 nm. The site-specific release of S-SNEDDS powder was confirmed by dissolution studies in
medium containing rat caecal contents, wherein, the formulation containing guar gum and pectin in 1%

Abbreviations: NF-kB, Nuclear factor kappa Beta; IL-6, Interleukin 6; TNF-a,
Tumor Necrosis Factor alpha; LDH, Lactate dehydrogenase; dNTPs, Deoxynucleotide
triphosphates.
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A B S T R A C T   

The present study deciphers formulation, optimization and characterization of chrysin nanostructured lipid 
carriers with probiotics (PB) loaded gel (Chrysin (CS)- Nanostructured lipid carriers (NLCs) + PB loaded gel) for 
topical application. Hot homogenization-probe sonication method was used to formulate NLCs. Formulation 
parameters were optimized using Box Behnken Design. The optimized formulation was characterized for particle 
size (PS), zeta potential (ZP), % entrapment efficiency (%EE), % drug loading (%DL). The optimized values were 
found to be 199.99 mg, 33.92 mg, 700 mg and 376.86 mg of solid lipid, liquid lipid, surfactant and co-surfactant 
respectively. The PS, ZP, % EE and % DL of optimized CS-NLCs + PB loaded gel were found to be 66.45 ± 5.62 
nm, − 22 ± 5.21 mV, 97.25 ± 0.15 and 82.3 ± 0.104, respectively. Transmission electron microscopic images 
revealed that NLCs loaded with CS were spherical in shape. The in vitro diffusion studies revealed that 98 ±
0.06% of CS got released from CS-NLCs + PB loaded gel at the end of 48 h. For initial 8h, release of CS was about 
6-fold higher in case of CS-NLCs + PB loaded gel than that of naive CS gel and thereafter the release got reduced, 
which indicated the sustained release of CS from NLCs. The zone of inhibition of CS-NLCs + PB loaded gel was 
0.5-fold, 0.2-fold and 0.54-fold higher than naive PB gel alone, naïve CS gel alone and CS-PB gel combination, 
respectively. It indicated significantly higher antibacterial activity of CS–NLCs + PB loaded gel as that of any 
other treatment group.   
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A B S T R A C T   

In the present study a colon targeted liquisolid powder of xanthohumol was developed using Central Composite 
Design (CCD). Xanthohumol is a drug obtained from hops plants that can be effective in the treatment of UC. It 
possesses poor aqueous solubility, permeability and dissolution rate limited oral bioavailability. Hence, it was 
thought to enhance its dissolution rate by formulating liquisolid powder. Liquisolid technology is simple, single 
step and cost effective techniques to enhance dissolution rate of lipophilic drugs. Further, the formulation was 
targeted to colon using optimized combination of guar gum and pectin. Liquisolid powder of xanthohumol was 
formulated using Transcutol P as non-volatile solvent, polysaccharide mixture of guar gum and pectin as carrier, 
Syloid XDP as coating agent. The ratio of guar gum, pectin and Syloid XDP affecting angle of repose, drug loading 
and dissolution of drug in 5 h were optimized using CCD. The optimized formulation showed angle of repose of 
26.78◦, drug loading of 89.34% and dissolution of drug in 5 h of 5.23%, respectively. The formulation showed 
site-specific release of liquisolid with less than 10% drug release in initial 5 h due to the release restricting 
property of guar gum and pectin followed by a burst release of xanthohumol between 5th and 12th hour indi
cating colon specific release of xanthohumol. The powder X-ray diffraction studies, differential scanning calo
rimetry and scanning electron microscopy revealed about complete solubility of xanthohumol in the Transcutol P 
and complete adsorption of the liquid on surface of Syloid XDP, guar gum and pectin. The accelerated stability 
studies indicated that the formulation was stable. The overall results of study indicated about successful 
development of colon targeted liquisolid formulation of xanthohumol that can be further explored for pre-clinical 
studies.  
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Development of Guar Gum-Pectin-Based Colon Targeted Solid
Self-Nanoemulsifying Drug Delivery System of Xanthohumol
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Abstract: Present study deciphers development of oral polysaccharide-based colon targeted solid
self-nanoemulsifying drug delivery system (S-SNEDDS) of xanthohumol (XH). Several studies have
shown that XH has anti-inflammatory and antioxidant properties, suggesting that it could be a
good candidate for the treatment of colorectal diseases (CRD). Despite its potential, XH has a low
aqueous solubility. As a result, its bioavailability is constrained by the dissolution rate. The liquid
(L)-SNEDDS was constituted using Labrafac PG as oil, Tween 80 as surfactant and Transcutol P
as co-surfactant. The L-SNEDDS was then adsorbed onto the surface of guar gum and pectin and
developed into S-SNEDDS powder. Ternary phase diagram was used to optimize the process of
developing L-SNEDDS. The formulation showed mean droplet size of 118.96 ± 5.94 nm and zeta
potential of −19.08 ± 0.95 mV and drug loading of 94.20 ± 4.71%. Dissolution studies carried out in
medium containing rat caecal contents (RCC) represented the targeted release of S-SNEDDS powder.
It was observed that S-SNEDDS showed less than 10% release XH in initial 5 h and rapid release
occurred between the 5th and 10th hour. Results of cytotoxicity studies revealed good cytotoxicity of
XH loaded S-SNEDDS for Caco2 cells as compared to raw-XH.

Keywords: xanthohumol; solid self-nanoemulsifying drug delivery system; guar gum; colon targeted
delivery system; quality by design

1. Introduction

Xanthohumol (XH) is a prenylated flavonoid extracted from the female flowers of the
hops plant (Humulus lupulus L.), which is primarily found in Germany and China [1]. XH
is chemically known as 30-[3,3-dimethyl allyl]-20,40,4-trihydroxy-60-methoxychalcone [2].
The main constituent of the hop plant, which belongs to the Humulus genus and is a
member of the Cannabaceae family, is XH. Because of its aroma and bitter taste, it is one of
the ingredients used in beer [3]. This herbal drug shows promising anti-inflammatory [4],
antioxidant [5], and anti-cancer [6] properties that can be used in the treatment of CRD.

The oral route is the most preferred route for the administration of drugs due to
its advantages such as ease of administration, controllable dosage regimen, flexibility
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In recent years, microneedles (MNs) have been transformed to serve a wide range of applications in the
biomedical field. Their role as sensors in wearable devices has provided an alternative to blood-based
monitoring of health and diagnostic methods. Hence, they have become a topic of research interest for
several scientists working in the biomedical field. These MNs as sensors offer the continuous
monitoring of biomarkers like glucose, nucleic acids, proteins, polysaccharides and electrolyte ions,
which can therefore screen for and diagnose disease conditions in humans. The present review focuses
on types of MN sensors and their applications. Various clinical trials and bottlenecks of MN R&D are
also discussed.

Keywords: Microneedles; sensors; wearable devices; glucose monitoring; diagnosis

Introduction
The discovery of microneedles (MNs) has provided a new oppor-
tunity in healthcare diagnostics as a technology that enables
minimally invasive diagnosis of biofluids using a portable and
wearable device. MNs are needle-shaped devices of micron size
(length and diameter) that can be delivered through transdermal
patches. In recent years, MN-based devices have played a major
part in biomedical engineering as sensors and diagnostic devices
exploiting transdermal patches and external wearable devices.
MNs offer minimal invasion and painless delivery of drugs
because their penetration into the dermis layer of skin avoids
contact with nerve cells.(p1) The research on MNs is constantly
attracting the attention of scientists across the globe. It is
reported that the market value of MN-based devices in 2022
was US$722.2 million, which increased to US$768.9 million in
2023 and it is forecasted that by 2033 the market value could rise

up to US$1459.1 million with a compound annual growth
(CAGR) of 6.6%.(p2)

Historically, in the clinic, blood serum and plasma was with-
drawn by pricking of fingers to understand biochemical changes.
The other method which is used to withdraw blood includes
puncturing of a vein using a hypodermic needle. These tech-
niques are painful and can cause infection and bruising.(p3) To
avoid blood-withdrawal-based invasive techniques, withdrawal
of interstitial fluid (ISF), saliva or urine is being practiced as a
minimally or even noninvasive technique. ISF has been consid-
ered as the best alternative biofluid to blood and offers precise
detection of biomarkers.(p4) The ISF is present beneath the skin
surface and can be collected by conventional sampling tech-
niques. However, these techniques suffer from problems that
include insufficient volume as well as poor filtration.(p5)

The other techniques such as biopsy sampling can cause pain,
skin damage and suction blisters(p6),(p7) that can last for several

Harnessing the role of microneedles as
sensors: current status and future
perspectives
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Review article 

Treatment avenues for age-related macular degeneration: Breakthroughs 
and bottlenecks 
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Terezinha de Jesus Andreoli Pinto d, Ana Cláudia Paiva-Santos e,f, Francisco Veiga e,f, 
Guarav Gupta g,h, Sachin Kumar Singh b,i,j, Kamal Dua i,k, John Disouza a,*, 
Vandana Patravale l,** 

a Department of Pharmaceutics, Tatyasaheb Kore College of Pharmacy, Warananagar, Tal: Panhala, Kolhapur, Maharashtra 416 113, India 
b School of Pharmaceutical Sciences, Lovely Professional University, Phagwara, Punjab 144 411, India 
c Dr. Prabhakar Kore Basic Science Research Centre, KLE Academy of Higher Education & Research, Belagavi, India 
d Department of Pharmacy, Faculty of Pharmaceutical Sciences, University of São Paulo, Professor Lineu Prestes Street, São Paulo 05508-000, Brazil 
e Department of Pharmaceutical Technology, Faculty of Pharmacy of the University of Coimbra, University of Coimbra, Coimbra, Portugal 
f REQUIMTE/LAQV, Group of Pharmaceutical Technology, Faculty of Pharmacy of the University of Coimbra, University of Coimbra, Coimbra, Portugal 
g Center for Global Health research (CGHR), Saveetha Institute of Medical and Technical Sciences (SIMATS), Saveetha University, Chennai, India 
h Centre of Medical and Bio-allied Health Sciences Research, Ajman University, Ajman, United Arab Emirates 
i Discipline of Pharmacy, Graduate School of Health, University of Technology Sydney, NSW 2007, Australia 
j School of Medical and Life Sciences, Sunway University, 47500 Sunway City, Malaysia 
k Faculty of Health, Australian Research Centre in Complementary and Integrative Medicine, University of Technology Sydney, Ultimo, NSW 2007, Australia 
l Department of Pharmaceutical Sciences and Technology, Institute of Chemical Technology, Matunga, Mumbai, Maharashtra 400019, India   
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A B S T R A C T   

Age-related macular degeneration (AMD) is a significant factor contributing to serious vision loss in adults above 
50. The presence of posterior segment barriers serves as chief roadblocks in the delivery of drugs to treat AMD. 
The conventional treatment strategies use is limited due to its off-targeted distribution in the eye, shorter drug 
residence, poor penetration and bioavailability, fatal side effects, etc. The above-mentioned downside necessi
tates drug delivery using some cutting-edge technology including diverse nanoparticulate systems and micro
needles (MNs) which provide the best therapeutic delivery alternative to treat AMD efficiently. Furthermore, 
cutting-edge treatment modalities including gene therapy and stem cell therapy can control AMD effectively 
by reducing the boundaries of conventional therapies with a single dose. This review discusses AMD overview, 
conventional therapies for AMD and their restrictions, repurposed therapeutics and their anti-AMD activity 
through different mechanisms, and diverse barriers in drug delivery for AMD. Various nanoparticulate-based 
approaches including polymeric NPs, lipidic NPs, exosomes, active targeted NPs, stimuli-sensitive NPs, cell 
membrane-coated NPs, inorganic NPs, and MNs are explained. Gene therapy, stem cell therapy, and therapies in 
clinical trials to treat AMD are also discussed. Further, bottlenecks of cutting-edge (nanoparticulate) technology- 
based drug delivery are briefed. In a nutshell, cutting-edge technology-based therapies can be an effective way to 
treat AMD.   

1. Introduction 

Age-related macular degeneration (AMD) is one of the chronic 
degenerative disorders of the macula and serves as a prevalent root of 
vision loss affecting above 30 million individuals across the globe 

(Yadav et al., 2020). AMD is expected to affect over 5 million Americans 
by 2050 (Streets et al., 2020). AMD compromises the optic nerve’s 
normal vision processing, leading to hazy and impaired vision. Clini
cally, AMD is categorized into dry (atrophic) AMD and wet (exudative) 
AMD, with dry AMD accounting for around 90% of AMD cases (Tang 
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Abstract
Skin cancer remains one of the most prominent types of cancer. Melanoma and non-melanoma skin cancer are commonly 
found together, with melanoma being the more deadly type. Skin cancer can be effectively treated with chemotherapy, which 
mostly uses small molecular medicines, phytoceuticals, and biomacromolecules. Topical delivery of these therapeutics is 
a non-invasive way that might be useful in effectively managing skin cancer. Different skin barriers, however, presented a 
major obstacle to topical cargo administration. Transferosomes have demonstrated significant potential in topical delivery by 
improving cargo penetration through the circumvention of diverse skin barriers. Additionally, the transferosome-based gel 
can prolong the residence of drug on the skin, lowering the frequency of doses and their associated side effects. However, the 
choice of appropriate transferosome compositions, such as phospholipids and edge activators, and fabrication technique are 
crucial for achieving improved entrapment efficiency, penetration, and regulated particle size. The present review discusses 
skin cancer overview, current treatment strategies for skin cancer and their drawbacks. Topical drug delivery against skin 
cancer is also covered, along with the difficulties associated with it and the importance of transferosomes in avoiding these 
difficulties. Additionally, a summary of transferosome compositions and fabrication methods is provided. Furthermore,  
topical delivery of small molecular drugs, phytoceuticals, and biomacromolecules using transferosomes and transferosomes-
based gel in treating skin cancer is discussed. Thus, transferosomes can be a significant option in the topical delivery of 
drugs to manage skin cancer efficiently.

Keywords  Skin cancer · Topical delivery · Transferosomes · Small molecular drugs · Biomacromolecules
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Abstract:

NOVEL NANOEMULSION COMPOSITION OF FISETIN AND PROCESS THEREOF In this study, an endeavor was made to develop nanoemulsions (NEs) loaded with a
pharmacologically active compound, FS (naïve drug), in response to the challenges associated with the oral delivery of FS. Nanoemulsions offer several advantages, su
straightforward and single-step preparation, enhanced drug loading capacity, and convenient oral administration. Upon oral ingestion, these NEs reach the gastrointe
(GIT) and form micelles, effectively shielding the encapsulated drug from the harsh conditions of the GIT, including pH fluctuations and enzymatic degradation. Additi
absorption of the drug-loaded NEs occurs through the lymphatic route, thereby circumventing hepatic metabolism and enhancing the oral bioavailability of the drug, 
easily achievable with other nanoformulations. Furthermore, the nanometer-sized droplets of these NEs facilitate their systemic circulation and enable them to cross 
brain barrier (BBB), allowing for the therapeutic action of FS in the brain. This innovative approach holds promise for improving the oral delivery and efficacy of FS, ma
potential solution for enhancing the bioavailability and therapeutic impact of this compound.
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Description:Field of the invention
The primary objective of this invention is novel nanoemulsion composition of fisetin and process thereof. 
Background of the Invention
References which are cited in the present disclosure are not necessarily prior art and therefore their citation does not constitute an admission that such references 
prior art in any jurisdiction. All publications, patents and patent applications herein are incorporated by reference to the same extent as if each individual or patent 
application was specifically and individually indicated to be incorporated by reference. 
Several patents have been issued for nanoemulsion but none of these are related to the present invention. For example, WO2008051186A2 discloses nanoemulsion
compositions with low toxicity that demonstrate broad spectrum inactivation of microorganisms or prevention of diseases are described. The nanoemulsions conta
aqueous phase, an oil phase comprising an oil and an organic solvent, at least one anti-inflammatory agent, and one or more surfactants, and particles having an av
diameter of less than or equal to 250 nm. Methods of making nanoemulsions and inactivating pathogenic microorganisms are also provided. 
Another patent, WO2009131995A1 relates to methods for inducing an immune response to influenza in a subject comprising administering a nanoemulsion vaccine
composition comprising an influenza immunogen or protein. A method for inducing an immune response to influenza in a subject comprising administering to a su
nanoemulsion vaccine, wherein the nanoemulsion vaccine comprises: (a) droplets having an average diameter of less than about 1000 nm; (b) an aqueous phase; (c
least one oil; (d) at least one surfactant; and (e) no organic solvent, or at least one organic solvent; wherein the nanoemulsion further comprises at least one influen
immunogen recombinant influenza protein or a combination thereof; or the nanoemulsion is sequentially administered with such an influenza immunogen or the
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