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ABSTRACT 

The present investigation aims to encapsulate donepezil (DNP) in niosomes to avert the 

side effects and deliver the drug to the brain bypassing the skin barrier. The finding 

conclusively demonstrated that entrapment efficiency and the alteration in the niosome 

size are associated with the change in the span 60: cholesterol ratio, sonication, hydration 

volume, and Solulan C24. The optimization process resulted in the formation of stable 

niosomes of 180.1 ± 1.83 nm entrapping 82.15% ± 1.54% of the drug.  

The cryo-SEM image and in vitro drug release profile revealed that the optimized 

niosome is pH-sensitive, and the niosomes undergo membrane destabilization at acidic 

skin pH. The MN-assisted studies with MN1200 showed a 26-fold increase in 

transdermal permeation of DNP against the passive method in porcine skin at a steady 

flux rate of 9.89 ± 0.923 μg/cm2/h. Therefore, it may be inferred that delivering the intact 

DNP niosomes using MNs across the skin is feasible by a relatively painless and non-

invasive method, thereby improving patient compliance. 

The specificity of a niosome for brain cells was improved by functionalizing the 

niosomes with NPG, a glucose analog molecule. The molecular docking computational 

studies identified the interacting amino acids between the NPG ligand and active site, 

4PYP of the GLUT-1 transporter protein. In addition, the cell viability studies by AO-EB 

staining and cell uptake studies by the iron perls staining method presented visual 

evidence for non-toxicity and internalization of the niosomes. 

The in vivo studies on AD-induced SD rats demonstrated excellent localization and 

sustained release of DNP from NPG-fn-niosome by three folds. The results confirmed the 

actual effectiveness of NPG functionalization and site-directed delivery. However, 

further preclinical studies are recommended to confirm the efficacy of the engineered 

drug delivery system. 

Keywords: pH-sensitive DNP niosome, Kinetic modeling, Microneedle-assisted 

transpermeation, NPG functionalization, Molecular docking, and In vivo studies.
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CHAPTER 1 

INTRODUCTION 

Adherence to treatment and effective drug targeting is the sine qua non of any therapy’s 

success rate. If following the prescribed medication regimens is critical, delivering the 

drug to the target site is pivotal for treating any medical condition. Unfortunately, 

patients often fail to follow the medical recommendations endorsed, and therapy non-

compliance poses a widespread, herculean task to be addressed in the healthcare sector. 

One such incredibly challenging case is compliance in Alzheimer’s disease (AD), a 

chronic neurodegenerative disorder typically afflicting older adults (Small and Dubois 

2007). 

AD is an irreversible, multifactorial neurological disorder characterized by a decline in 

acetylcholine (ACh). Immunobiologically, AD can be characterized by intercellular 

neurofibrillary tau tangles and extracellular neuritic amyloid plaques (Huang and Jiang 

2009; Muir 1997; Schliebs and Arendt 2011). It is typified clinically by impaired 

cognitive functions so profound that the victims lose the ability, interest, and skill to carry 

out their daily routines. As it advances, AD victims can no longer recognize their family 

members and lose the personality trait that could characterize them as an individual. It is 

also coupled with behavioral problems such as violent behaviors, melancholy, auditory 

and visual hallucination, and loss of judgment and social skills (Corrada et al. 2010; 

Morgan 2011).   

AD has been recorded as the most common form of dementia and significant unmet 

medical needs, with around 50 million people globally living with dementia. The 

incidence rate of dementia is anticipated to augment due to the steady growth of the aging 

population in developed and developing countries (Aprahamian et al. 2013). The critical 

bottleneck which hinders the breakthrough in therapy for AD is the aetiology of the 

disease. Several hypotheses have been addressed to elucidate the cause and development 
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of AD at its cellular level, including the Aβ cascade hypothesis, oxidative stress 

hypothesis, metal hypothesis, tau hypothesis, and cholinergic hypothesis (Hardy and 

Selkoe 2002; Manafirad et al. 2014). However, there is no distinct hypothesis that can 

fully elucidate the pathogenesis of AD as of yet. Hence, there is no permanent cure to 

inhibit AD’s advancement or adjourn its onset (Citron 2010).  

Although there is no permanent cure, anti-dementia therapy can temporarily slow the 

worsening of symptoms to improve the well-being of those with AD and their caregivers. 

The Food and Drug Administration (FDA) endorsed Donepezil (DNP) in AD therapy 

based on the cholinergic hypothesis. DNP is a reversible acetylcholinesterase (AChE) 

inhibitor that helps to restore cholinergic neurotransmission and ameliorate impaired 

memory in AD patients (Coyle et al. 1983). DNP is known to reduce/prevent rapid 

hydrolysis of AChE and restore cholinergic synapses (Colovic et al. 2013). Encouraging 

results were obtained by significantly improving AD patients' intellectual capacity 

through the oral administration of DNP tablets of 5-10 mg dosage per day (Christodoulou 

et al. 2006; Wilkinson 1999). 

However, a successful oral administration is not pragmatic in patients with impaired 

cognitive function (Muramatsu et al. 2010). The non-adherence in AD is non-conforming 

and unintentional. The patient may skip or overdose on the drug. Overdosing may lead to 

the accumulation of the drug in the systemic circulation, thereby escalating DNP 

concentration above its therapeutic level. The oral intake of DNP is known to increase 

gastric acid secretion and lead to adverse effects due to DNP's non-specific interaction 

with the peripheral cholinergic nerves (Colovic et al. 2013; Mehta et al. 2012). Hence, it 

is crucial to encapsulate the drug to negate the side effects and deliver via an alternative 

route to release the drug at a sustained rate at the target site, thereby improving patient 

compliance. 

Using a nano-platform for drug delivery can enhance bioavailability while reducing their 

adverse effects and aid in the sustained release of the drug into the disease site. Reports 

suggested that nasal delivery of DNP nanoparticles enhanced the mean drug content in 
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the brain (Al Asmari et al. 2016; Al Harthi et al. 2019; Md et al. 2014; Yasir et al. 2018). 

The nasal route bypasses the blood-brain barrier (BBB) as there is a unique connection 

between the olfactory lobes and the brain. However, due to the minimal surface area and 

the mucous layer, the drug delivery quantity does not exceed 0.01%-0.1%, affecting 

bioavailability (Illum 2004). The in vitro studies successfully demonstrated that DNP-

loaded in the polylactic-co-glycolic acid (PLGA)-block-polyethylene glycol (PEG) 

nanoparticles breach the BBB and destabilize the Aβ fibril formation (Baysal et al. 2017). 

Also, intravenous injections of polysorbate-coated DNP-PLGA improved the 

nanoparticle specificity to target the brain tissue (Bhavna et al. 2014). Undoubtedly, the 

results demonstrated by the nanoparticles were promising in brain-targeted delivery. 

However, the patients' compliance and adherence with the prescribed dosage remains a 

critical bottleneck. Hence, the route of administration transpires to be decisive in 

addressing AD patients. 

Among the nanoparticles, niosomes have received significant attention in recent years as 

a promising drug delivery system that can smuggle the drug across the skin by suitable 

modifications(Auda et al. 2016; Kumar and Rao 2012; Muzzalupo et al. 2011; 

Muzzalupo and Tavano 2015). What makes niosomes more feasible for clinical 

application is their chemical and biological stability (Azeem et al. 2009; Mahale et al. 

2012). Niosomes composed of nonionic surfactants enhance drug permeation across the 

skin and facilitate the drug's systemic absorption. The nonionic surfactant, Brij®30, 

combined with Brij®52 in an acrylic rubber matrix, exemplifies increased DNP flux 

(Subedi et al. 2012). Reports suggested that DNP’s transdermal administration can be an 

effective alternative as it was well tolerated in healthy human subjects (Kim et al. 2015).  

The physicochemical features of the niosome can be tuned by modulating the process and 

formulation variables. Such fine-tuning of the niosome can control its physicochemical 

properties and attain optimum therapeutic level, reducing the dosage frequency and the 

associated side effects (Dash et al. 2010; Nasirideen et al. 1998). However, the intent is to 

deliver the intact niosome across the skin and the cargo at the target site. Consequently, a 
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drug delivery strategy and a therapeutic protocol should be designed to effectively deliver 

DNP by negotiating with the BBB, focussing mainly on patient compliance, 

administration route, and a simplified dosage regimen to improve the patients’ quality of 

life.  

The literature emphasizes that the microneedle (MN) system of arrays, minimally 

invasive, can overcome the skin barrier and enhance drug delivery (Kumar and Philip 

2007; Lee et al. 2008; Nalluri et al. 2015; Zhou et al. 2010). Synthesis of hydrogel MNs 

(600µm) integrated with the plasticized film of DNP emerged as a promising prototype 

for transdermal drug delivery across the porcine skin with a steady release of 

854.71±122.71µg of DNP over 24 h (Kearney et al. 2016). The dissolving MN tips of 

DNP combined with hydroxy-propyl-methylcellulose (HPMC)-ethanol/water mixture 

demonstrated good mechanical strength when inserted into porcine skin. 95% of the drug 

was released within 5 mins (Kim et al. 2016). The interdependence of the properties of 

the niosome and its effects on the skin permeation, be it passive or MN-assisted, is non-

intuitive (Gomaa et al. 2010; Kim et al. 2016). As a result, their effects are best studied 

for this specific case. 

When the drug is intended from the skin to brain delivery, the drug must be encapsulated 

in a carrier that can breach the skin barrier and then release the drug at the target site. The 

drug release model can be stimulus-response or receptor-mediated targeting (Bertrand et 

al. 2014). Many substantial studies demonstrated the brain targeting efficacy of N- 

palmitoyl glucosamine (NPG) functionalized niosomes. The ligand, NPG, attaches to the 

active sites on glucose transporter-1 (GLUT-1) protein, expressed on the BBB. NPG-

functionalized niosomes of doxorubicin improved drug content in the brain on 

intravenous administration (Bragagni et al. 2012). The NPG-fn-dynorphin-B niosomes 

enabled the drug's effective delivery to the brain (Bragagni et al. 2014). The 

functionalization of the niosomes with the receptor target can enhance the site-directed 

delivery, reducing the associated adverse effects. 
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Furthermore, the structural transition of Aβ amyloids by Cu (II) in the AD brain alters the 

physiological pH between 6.6 to 6.8, inducing cerebral acidosis (Atwood et al. 1998; 

Fraser et al. 1991). Hence developing a pH-sensitive niosome (response-stimulus model) 

that can bypass the skin and reach systemic circulation can pave the way for site-directed 

drug delivery. However, no studies have reported to date on DNP niosomes and their 

efficacy, which instigated our interest in further investigating the potential of niosomes in 

delivering DNP to the brain via the transdermal route.  

Consistent with this concept, the present investigation aims to synthesize stable niosomes 

by modulating the process and formulation variables by the thin film hydration (TFH) 

method. The formulations are evaluated for particle size and entrapment efficiency. The 

optimized niosomal formulation is assessed for pH sensitivity by in vitro release kinetic 

studies, cryo-scanning electron microscope (SEM) imaging, and Fourier-transform 

infrared spectroscopy (FTIR). Also, the formulation's feasibility to bypass the porcine 

skin as an intact DNP niosome is investigated using DNP niosomal gel, 3D printed 

polylactic acid (PLA)-MN coated with DNP proniosomes stainless-steel MN arrays of 

varying needle length. 

The DNP niosomes are then functionalized by the NPG molecule to target the BBB 

specifically. Molecular docking studies of the built ligand, NPG, onto the active site 

4PYP of the GLUT-1 transporter protein are carried out using Surflex Dock (SYBYL 

version7.3). Perl’s iron staining method is used to study the cellular uptake efficiency of 

NPG-fn-DNP niosomes in the IMR-32 cells. GLUT-1 transporter expression study is 

carried out based on cell proliferation using DAPI and 2-NBDG staining techniques. The 

cytotoxicity studies of the niosomal formulations are carried out by AO-EB staining 

live/dead assay. Finally, in vivo studies on AD-induced Sprague Dawley (SD) rat model 

is carried out for DNP niosomes and NPG-fn-DNP niosomes to validate the 

administration route and formulation's clinical efficacy. 

 





 

 

 

 

 

CHAPTER 2 

LITERATURE REVIEW 

 

 

 

 





 

7 
 

CHAPTER 2 

LITERATURE REVIEW 

2.1 AD and its pathophysiology 

A German psychiatrist, Alois Alzheimer, first described AD based on psychological 

assessment and histological studies in 1906 (Foley 2010). AD is a multifactorial 

neurodegenerative disorder leading to a progressive decline in memory. The impaired 

cognition is due to ACh deficiency at the synaptic cleft, leading to neuronal death and 

brain atrophy. Immunohistologically, AD is characterized by intercellular neurofibrillary 

tau tangles and extracellular neuritic amyloid plaques in the cerebral cortex (frontal and 

temporal lobes) (Corrada et al. 2010; Morgan 2011). 

AD is registered as a common form of dementia and contributes to 60% - 70% of the 

prevalent cases, predominantly affecting people aged over 65 and a significant health 

issue. The global burden is expected to accelerate to 152 million by 2050 due to the aging 

population's steady growth in developed and developing countries. AD is a significant 

cause of disability and dependency among older adults bearing physical, psychological, 

and socio-economic impacts on patients with dementia and the family, caregivers, and 

society (Aprahamian et al. 2013). 

AD's pathogenesis is still an unanswered puzzle, with many hypotheses being postulated 

and revised, tested, and treated, and the research is still on (Figure 2.1). However, 

histopathological observations of the clinically demented elderly patients' autopsy reveal 

plaques caused by Aβ deposition and fibrillar tau tangles (Hardy and Selkoe 2002). This 

accumulation/aggregation of protein leads to atrophy and neuronal loss. When the brain 

cells are no longer functional, the AD brain shows evident shrinkage in some regions 

(Figure 2.2). However, it is still unclear whether these histological changes are the cause 

or the effect of AD (Oertel et al. 2007). (Coyle et al. 1983) proposed a strong relationship 

between the cholinergic system and cognitive function. The pharmacologic interference 
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with cholinergic function in AD is consistent with reducing ACh. Furthermore, a 

reduction in ACh leads to a decline in cognitive function. 

 

Figure 2.1: A unifying hypothesis for the pathogenesis of AD 

Hemostasis of metal ions (Cu, Zn, Al, and Fe) is crucial for the brain's physiological 

functioning. AD's metal ion and oxidative stress hypothesis stipulate that metal ion 

imbalance and possible interaction between the metal ions and amyloid β protein is 

closely related to AD's onset and neuropathogenesis in older adults. Deposition of metal 

ions induces oxidative stress and stimulates free radical generation. The free radical 

reacts with polyunsaturated fatty acids leading to increased lipid peroxidation. Such a 

vicious cycle between erroneous metal ion distribution/deposition and oxidative stress 

together or independently promotes Aβ aggregation and ACh contraction at the synaptic 

cleft, eventually leading to chronic neurodegeneration and cognitive deficit (Kumar 

Thakur et al. 2018; Liu et al. 2017; Prakash et al. 2017; Wang et al. 2020). However, 
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there is no distinct hypothesis that can fully elucidate the pathogenesis of AD as of yet. 

Still, there exists no permanent cure to inhibit the advancement of AD or adjourn its onset 

(Citron 2010). 

 

Figure 2.2: Neuroanatomical comparison between the healthy brain and AD brain. 

(Source: Healthy Brain and Severe AD Brain. National Institutes of Health) 

Although there is no cure, anti-dementia therapy can temporarily slow the worsening of 

symptoms to improve the well-being of those with AD and their caregivers. The FDA 

endorsed AChE inhibitors based on the cholinergic hypothesis. AChE inhibitors slow 

down the synaptic losses and compensate for ACh deficiency in the basal forebrain nuclei 

and cortical projection, thus improving cognitive function (Camps and Munoz-Torrero 

2005). Figure 2.3 schematically represents the effect of AChE inhibitors in AD therapy. 

ACh is a neurotransmitter that modulates the cholinergic signaling pathway and 

coordinates the synaptic transfer between neurons. The ACh molecules undergo 

degradation by the AChE enzyme to form choline and acetate at the synaptic cleft. In the 
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AD brain, the ACh level reduces due to excessive degradation by the AChE enzyme. 

Cholinesterase inhibitors correct the deficit ACh by blocking the AChE enzyme's action, 

increasing the ACh level, thus improving the intellectual ability and memory in AD 

patients.  

 

Figure 2.3: The effect of AChE inhibitors in AD therapy (Source: Geriatrics Aging © 

2009 1453987 Ontario, Ltd) 

Currently, DNP is used as a first-line therapy to treat AD. DNP marketed under the trade 

name Aricept is a piperidine-type reversible AChE inhibitor, known chemically as (±)-2, 

3-dihydro-5, 6-dimethoxy-2-[[1-(phenylmethyl)-4-piperidinyl] methyl]-1Hinden- 1 

hydrochloride. It has an empirical formula of C24H29NO3HCl and a molecular weight of 

415.96. DNP is a white crystalline powder that is freely soluble in chloroform, soluble in 
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water and glacial acetic acid, slightly soluble in ethanol and acetonitrile, and practically 

insoluble in ethyl acetate and n-hexane. DNP is known to reduce/prevent rapid hydrolysis 

of AChE and restore cholinergic synapses (Colovic et al. 2013). Although DNP is not a 

permanent cure, encouraging results were obtained by significantly improving AD 

patients' intellectual capacity through oral administration of 5-10 mg of film-coated 

tablets per day (Christodoulou et al. 2006; Wilkinson 1999). 

2.2 The critical bottlenecks in AD therapy 

Cholinergic nerves are present throughout our body, the brain, or other vital 

tissues/organs (Silman and Sussman 2005). The neurotransmitter ACh transmits signals 

through synapses in the brain, thus improving cognition. In other vital tissues/organs, 

ACh acts at the neuromuscular junction to activate the muscle. Therefore, intake of DNP 

may have an immunological effect involving both the brain and other peripheral vital 

organs. An adverse impact of DNP may result in dangerous effects ranging from 

paralysis to convulsion. Other adverse effects include muscular contraction, lack of 

appetite, nausea, vomiting, diarrhea, abdominal pain, and gastrointestinal tract 

hypermotility (Inglis 2002). Hence, the drug DNP must be site-targeted to the brain 

exclusively to avert such adverse effects. 

A successful oral administration is not pragmatic in patients with impaired cognitive 

function (Muramatsu et al. 2010). The patient may either skip or overdose on the drug. 

Overdosing may lead to the accumulation of the drug in the systemic circulation (half-

life, t1/2: 70h), thereby escalating DNP concentration above its therapeutic level. The oral 

intake of DNP is known to increase gastric acid secretion and lead to adverse effects due 

to DNP's non-specific interaction with the peripheral cholinergic nerves (Colovic et al. 

2013; Mehta et al. 2012). The drug administered through intravenous therapy reaches the 

systemic circulation leading to adverse effects due to fluctuation in the drug-plasma 

concentration. A bulk of the drug gets deposited in another tissue/organ. Moreover, 

intravenous administration requires strict adherence to aseptic procedures, qualified 

personnel for administration, and not a patient-friendly therapy.  
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Therefore there is a need to discover other routes of administration to attain optimal 

therapeutic doses; to reduce the incidence of side effects, thus making it more patient- 

and caregiver-friendly, enabling the patients to adhere to the medication on a long-term 

basis (Oertel et al. 2007). The transdermal drug delivery system offers an attractive 

substitute for sustained drug release, especially when dealing with AD patients who 

cannot comply with self-medication. The transdermal drug delivery system has been 

proved beneficial in boosting the bioavailability, reducing the dosage frequency and side 

effects by avoiding the first-pass metabolism, feasibility for administration, and 

medication termination (Chan et al. 2008; Sozio et al. 2012). If transdermal delivery can 

improve the patients' adherence to AD therapy, brain-targeted delivery can reduce the 

risk of adverse effects and improve the patients' compliance and quality of life. 

2.3 Transdermal delivery of DNP 

Successful transdermal delivery of a drug depends on the following criteria. The pre-

requisite is good lipid solubility with n-octanol/water partition coefficient of two and 

above, molecular weight <500 Da, daily parental dosage of not more than 10 mg, and 

solubility > 1 mg/L water. In this premise, DNP, administered as an oral dosage, has a 

379.5 g/mol molecular weight with partition coefficient, Kow, 3.08–4.11, and solubility of 

2.93 mg/L at 25 °C. Therefore, DNP can be efficiently delivered by the transdermal route 

(Xia et al. 2008).  

Studies demonstrated that DNP's transdermal administration was well tolerated in healthy 

human subjects and proven an effective alternate route. Kim et al. (2015) carried out the 

first assessment study for the single-dose transdermal patch. The study investigated 

pharmacokinetic parameters and the DNP's tolerance in human subjects. The 

investigation revealed that the Cmax value (Maximum drug concentration achieved in the 

plasma) and AUCinf (Area under the curve for plasma concentration-time from zero to 

infinity) increased linearly as the dosage increased, attenuating the side effects. The 

residual percentage of DNP in the patch revealed that approximately 20% of DNP was 

delivered in 72 h. As per the FDA report, a single dose of 10 mg DNP results in AUCinf 
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in 885.30 ± 249.10 ng/mL and Cmax of 20.90 ± 5 ng/mL, while a systemic exposure of 

175 mg/50 cm2 patch applied for 72 h gave an AUCinf value three times higher than oral 

dose, and Cmax remained the same. The results indicate that patches have a better 

therapeutic efficacy when compared to the oral route. Hence there is further scope for 

drug release with an increase in the application period or changing the formulation using 

permeation enhancers or physical methods to attain the required drug plasma 

concentration.  

The use of chemical enhancers in a transdermal system promotes drug permeation. The 

nonionic surfactant, Brij®30, combined with Brij®52 in an acrylic rubber matrix, 

exemplifies increased DNP permeation (Subedi et al. 2012). Reports suggest that 

nonionic surfactants can effectively promote the drug's permeation through the skin by 

disrupting the stratum cornea's lipid arrangements (Park et al. 2000; WALTERS et al. 

1988). 

The literature emphasizes that the MN system, which is minimally invasive, can 

overcome the skin barrier and enhance transdermal delivery of the drug (Kumar and 

Philip 2007; Lee et al. 2013; Nalluri et al. 2015). Synthesis of hydrogel MNs (600µm) 

integrated with the plasticized film of DNP emerged as a promising prototype for 

transdermal drug delivery across the porcine skin with a steady release of 

854.71±122.71µg of DNP over 24 h (Kearney et al. 2016). The dissolving MN tip of 

DNP in HPMC demonstrated good mechanical strength.  Approximately 95% of the drug 

was released after 5 mins when inserted into porcine skin (Kim et al. 2016). The reports 

suggested that MN-assisted transdermal delivery can stand in lieu of oral dosage. 

The MNs, coupled with chemical enhancers, can boost the drug permeation across the 

skin barrier and facilitate the drug's systemic absorption. However, suppose the drug is 

intended for the skin to brain delivery. The drug must be encapsulated in a carrier that 

can breach the skin barrier and then release the drug at the target site based on either the 

stimulus-response model or receptor-mediated targeting (Bertrand et al. 2014). This 

unique challenge can be effectively tackled by applying MNs with a hollow bore to 
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disrupt the physical barrier and dispense the nanoparticles to the viable epidermis, which 

can then navigate the systemic circulation to reach the target site (Nalluri et al. 2015; 

Zhou et al. 2010). The application of elastic niosomes composed of nonionic surfactants, 

alcohol, and water can penetrate the skin barrier through the skin pores. Such deformable 

niosomes can be effectively used in site-directed transdermal delivery of the drug (Guan 

et al. 2016). 

2.4 Brain-targeted nanocarriers for DNP 

As per the adage “Where is, there is,” the idea of site-directed drug delivery is projected 

to localize the drug in a particular tissue of interest. Since then, a plethora of nanocarriers 

have been tried and tested for brain-targeted delivery. BBB represents a major rate-

limiting step and a formidable challenge in translating molecular neuroscience 

advancements into pharmacologically effective therapy. The brain capillaries' tight 

endothelial junction and the high level of active efflux transport system make the BBB 

relatively impermeable. It limits the entry of harmful toxins and potent drugs of clinical 

importance, thus hindering treatment. Unless actively transported, nearly 100% of the 

large drug molecules cannot break through the barrier. 98% of the small molecule 

(<500Da) which overcomes BBB by passive diffusion gets thwarted by the efflux 

proteins (Pardridge 2002).  

It is crucial to negotiate with the BBB such that the drug molecule interacts with the 

transport system or bypasses the efflux protein expressed on the microvessel's lumen 

(blood side). Therefore, designing a drug delivery system to treat brain disorders is a 

herculean task involving well-conceived strategies (Gabathuler 2010). 

2.4.1 Intranasal route 

Drug delivery via the nose is amongst the fascinating prototypes directly targeting the 

brain cell through olfactory lobes and trigeminal nerves. The endocytosis mediates the 

drug uptake by olfactory sensory cells followed by axonal transport to the synaptic cleft, 

where the drug is released. Md et al. (2014) formulated chitosan nanosuspension by ionic 
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crosslinking and loaded it with DNP for nasal administration. The Cmax for free-DNP 

estimated from brain homogenate using liquid chromatography-mass spectrometry (LC-

MS) was 7.2±0.86 ng/mL (brain) and 82.8±5.42 ng/mL (plasma). At the same dose, 

Nanosuspension yielded a Cmax value of 147.54±25.08 ng/mL (brain) and 183.451±13.45 

ng/mL (plasma), suggesting that nanoparticles can be efficiently used for both targeted 

and sustained release of the drug. Similar studies were reported by Bhavna et al. (2014) 

for DNP-loaded PLGA nanoparticles coated with tween 80, synthesized by solvent 

emulsification diffusion-evaporation technique. The biodistribution studies exhibited high 

concentrations of DNP uptake in the brain. The coating material, tween 80, demonstrated 

its affinity for adsorption onto the cell, thus enhancing the brain's drug content when 

administered intranasally. The tween 80 coating on nanoparticles inhibits the efflux 

proteins allowing the drug influx (Barbu et al. 2009).  

To demonstrate that nasal administration of liposomal preparation is a reliable mode of 

drug delivery to the brain, DNP liposomes were synthesized by TFH technique using 

cholesterol (CHOL), 1,2-distearyl-sn-glycero-3-phosphocholine (DSPC), and PEG. 

Stable liposomes of particle size 102 ± 3.3 nm were produced and demonstrated good 

entrapment efficiency (84.91% ± 3.31%) and sustained drug release behavior. The 

bioavailability of the DNP in the brain improved significantly (Al Asmari et al. 2016). 

The solid lipid nanoparticles of DNP intended for nasal to brain delivery revealed 

excellent drug localization in the brain. The biodistribution studies performed on Wistar 

rats for DNP nanoparticles showed that the DNP content in the brain was enhanced by 

2.61 times that of free DNP administered by the intravenous route. The nanoparticles 

were synthesized using glyceryl monostearate, Tween 80, and poloxamer 188 (Yasir et 

al. 2018).  

Al Harthi, Alavi, Radwan, El Khatib, & AlSarra (2019) formulated liposomal DNP and 

dispersed it into thiolate chitosan hydrogel for controlled drug release. The 

pharmacokinetics study in the rabbit demonstrated that embedding DNP liposomes in the 

hydrogel enhanced the mean peak drug concentration by 46%, compared to DNP's oral 
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tablets. Intranasal delivery increased the drug's mean content in the brain by 107% 

compared to oral delivery. The results suggested that hydrogels of liposomes can enhance 

DNP bioavailability and be considered AD treatment. 

The nasal route bypasses the BBB limitation as there is a direct connection between the 

olfactory lobes and the brain, facilitating targeted delivery. Despite the apparent 

advantages of nasal drug delivery, the nasal cavity presents several limitations for drug 

delivery, including low drug permeability, rapid mucociliary clearance rate, and 

enzymatic degradation. Furthermore, the drug delivery quantity does not exceed 0.01%-

0.1% due to limited nasal area and the mucous layer's presence, negating bioavailability 

(Illum 2004). 

2.4.2 Physiological approach 

Drug delivery to the brain without permanently damaging BBB is crucial. Physiological 

approaches such as transporter-mediated delivery and receptor-mediated transcytosis 

such as transferrin, insulin, antibodies, and serum proteins bring maximum therapeutic 

efficacy and reduce the associated side effects (Wohlfart et al. 2012). The cellular uptake 

of nanoparticles by the brain cell or transcytosis using receptors can enhance the brain's 

mean drug content (Zensi et al. 2009; Zhang et al. 2013).  

Krishna et al. (2019) reported preclinical evidence for enhanced brain uptake and binding 

to Aβ aggregation in methoxy-PEG–polycaprolactone polymeric nanoparticles. The 

DNP-loaded polymeric nanoparticle developed was modified with tween 80 coating and 

tagged with ApoE3 to enhance brain bioavailability. The synthesized formulation's oral 

administration resulted in a significantly higher DNP uptake in the brain (84.97 ± 11.54 

ng/mg tissue). Tween 80 coating increases the residence time and adsorption of 

nanoparticles on the endothelial cell wall leading to a higher concentration difference that 

facilitates the drug delivery across the BBB. Furthermore, ApoE3 increases the 

specificity of the nanoparticle and releases the drug at the synaptic cleft. Thus, the studies 
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implied that the nanoparticle's surface modification significantly influences designing a 

site-directed drug delivery system. 

Gintonin is a ginseng-derived exogenous glycolipoprotein ligand of the lysophosphatidic 

acid receptor. Choi et al. (2020) demonstrated that Gintonin-mediated drug delivery 

enhanced DNP content in the brain. Gintonin binds to the lysophosphatidic acid receptor, 

which lines the brain endothelial cells, induces morphological changes, and facilitates the 

BBB's transient opening. Co-administration of gintonin-DNP with mannitol caused an 

increase in DNP concentration in the brain. Mannitol acts as a BBB disrupting agent and 

alters the membrane permeability by disturbing the osmolarity. 

Among the nanocarrier, niosomes composed of nonionic surfactants have received 

significant attention in recent years due to their chemical and biological stability that can 

deliver the drug across the skin barrier. Niosomes are also applied extensively in brain 

targeting either by surface modifications or intranasal delivery to enable cell-specific 

targeting. 

2.5 Niosomes: a promising nanocarrier 

Niosomes formed by the self-assembly of nonionic surfactants in an aqueous dispersion 

has efficiently delivered therapeutics (Uchegbu and Florence 1995). Niosomes can 

incorporate hydrophilic drugs in the aqueous core and hydrophobic drugs in the shell 

(Essa 2010). Furthermore, it provides good pharmacological efficacy by modulating the 

drug release properties. They are biocompatible and biodegradable, relatively nontoxic, 

more stable, non-immunogenic in nature, inexpensive, and an alternative to liposomes. 

Niosomes incorporate a nonionic surfactant in the outer shell, imparting its chemical 

stability against hydrolysis or oxidation compared to liposomes. They are osmotically 

active and retain their stability even in long-term storage (Baillie et al. 1985; Uchegbu 

and Florence 1995). The variable characteristics- particle size, drug loading capacity, and 

physical stability can be tuned per our design by varying the preparation technique and 

surfactant: CHOL ratio. Niosomes do not invoke an immunogenic response and bypass 
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the reticuloendothelial system's opsonization (Arunothayanun et al. 2000; Azeem et al. 

2009; Hu and Rhodes 2000). Niosomal formulation can easily be administered via oral, 

intravenous, nasal, topical, and transdermal routes. Numerous types of nonionic 

surfactants have been cited to form stable niosomes with the ability to entrap different 

drugs with a wide range of solubility (Bayindir and Yuksel 2010; Essa 2010; Mehta and 

Jindal 2015).  

2.5.1 Structure and components of niosomes 

The main building block of niosomes is nonionic surfactants and CHOL. The self-

assembly of nonionic surfactants in aqueous dispersion results in closed bilayer structures 

(Figure 2.4). The high interfacial tension between the aqueous phase and the surfactants' 

hydrophobic tails associates the molecules to form a closed bilayered structure. The steric 

hindrance and hydrophilic repulsion amongst the head groups of a nonionic surfactant 

ensure that the hydrophilic tail points outwards and is in contact with the aqueous phase. 

Such an assembly into a closed bilayer usually involves heat and mechanical energy. 

 

Figure 2.4: Structure of the niosomes. 
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2.5.1.1 Nonionic surfactants  

Nonionic surfactants are a class of surfactants with no charged groups in their hydrophilic 

heads. These are utilized to deliver drugs when the rate, duration, or location is controlled 

(Moghassemi & Hadjizadeh, 2014). They are more stable, biocompatible, and less toxic 

than their anionic, amphoteric, or cationic counterparts (Jiao 2008). Therefore, they are 

preferred to form stable, biocompatible niosome for in vitro and in vivo applications. 

Nonionic surfactants comprise two different regions: hydrophilic and hydrophobic. Alkyl 

groups (ethers, esters, amides), block copolymers, fatty alcohol, and acids are the main 

nonionic surfactant classes used for niosome production. The hydrophilic-lipophilic 

balance (HLB) values and alkyl chain length are critical in selecting surfactant molecules 

for niosome preparation. The non-ionic surfactants used in formulating niosomes are 

shown in Table 2.1. 

HLB is a dimensionless parameter, which indicates the solubility of the surfactant 

moiety. It defines the balance between the hydrophilic and nonionic surfactants' 

hydrophobic parts. The HLB value ranges from 0 to 20. Surfactants with an HLB 

between 4 and 8 can effectively prepare niosomes (Uchegbu and Florence 1995). 

Hydrophilic surfactants with an HLB value of 14 - 17 are not suitable for forming a 

bilayer membrane owing to their high solubility (Shahiwala and Misra 2002). However, 

the inclusion of CHOL into the formulation formed stable niosomes with Tween 80 

(HLB=15) and Tween 20 (HLB= 16.7) (Sharma et al. 2015). Tween 20 formed a stable 

niosome when equimolar CHOL was added to the formulation. The interaction between 

the hydrophobic part of the surfactant with the CHOL's head group could explain 

CHOL's influence on the membrane to form stable niosomes (Nasseri 2005). Drug 

entrapment of the niosomes is also affected by the surfactant's HLB value (Kumar and 

Rajeshwarrao 2011). Shahiwala and Misra (2002) integrated nimesulide into niosomes 

using the TFH technique by varying the surfactant molecule of varying HLB values. It 

was found that the entrapment efficiency reduces with the decrease in HLB value. 
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A surfactant has a hydrophilic head and a hydrophobic tail. The hydrophobic tail consists 

of one or two alkyl or perfluoroalkyl groups or, in some cases, a single steroidal group 

(Uchegbu and Vyas 1998). A single-chain alkyl tail of ether-type surfactants is more 

toxic than its equivalent dialkyl chain. The ester-linked surfactants are biologically 

compatible and easily degraded into triglycerides and fatty acids by the esterase enzymes 

(Hunter et al. 1988). 

2.5.1.2 CHOL 

The CHOL content influences the structures of niosomes and physical properties such as 

stability of the formulation, drug entrapment efficiency, and release kinetics (Nasseri 

2005). CHOL forms hydrogen bonds between the hydrophobic tail of the surfactants 

within the bilayer (Moghassemi and Hadjizadeh 2014). It improves the membrane's 

rigidity and decreases permeability, thus inhibiting drug leakage. The CHOL works 

against destabilizing forces spurred by plasma and serum components (Liu et al. 2007). 

The CHOL concentration plays a vital role in altering the drug entrapment efficiency. 

Asthana et al. (2016) demonstrated that CHOL improves the stability and entrapment 

efficiency of the niosome with increasing CHOL content. The effect of CHOL on 

flurbiprofen niosomes was studied by Mokhtar, Sammour, Hammad, & Megrab (2008). 

A significant increase in entrapment efficiency was achieved when 10% of CHOL was 

added into the formulation prepared from Span 40 (S40) and Span 60 (S60), followed by 

a reduction in the entrapment efficiency and a further increase in CHOL content. The 

studies implied that selecting appropriate surfactant and CHOL content is decisive in 

engineering the nanocarrier. 

2.5.1.3 Stabilizers  

Stabilizers are the membrane additives that increase the niosomes' stability by adding 

charged groups to the niosomes' bilayer. They increase surface charge density and induce 

electrostatic repulsion, thus preventing the aggregation of niosomes. Negatively charged 

DCP and phosphatidic acid are commonly used in the formulation of niosomes. Likewise, 

positively charged stearylamine and stearyl pyridinium chloride are also used. Typically, 
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2.5% - 5% of the stabilizers are added to the formulation. However, increasing the 

concentration of charged molecules can alter the formulation's stability and impede 

niosome formation (Junyaprasert et al. 2008). SolC24 is a widely used nonionic 

surfactant to provide the niosome membrane's steric barrier. The addition of 5–10 mol% 

SolC24 into the niosomal formulation prevents aggregation and enhances the physical 

stability of niosomes (Arunothayanun et al. 1999; Dimitrijevic et al. 1997). Junyaprasert, 

Teeranachaideekul, & Supaperm (2008) prepared salicylic acid-loaded niosomes to 

investigate the charge inducer's effect on the zeta potential. They found that the addition 

of positively charged stearyl amine and negative charged DCP greatly influenced the zeta 

potential and the formulation's stability via electrostatic means. 

2.5.1.4 Hydration temperature and hydration volume  

Hydration temperature influences the architecture of the niosome structure. Therefore, 

ideally, the hydration temperature should be above the system's phase transition 

temperature (Tc). The change in temperature affects the assembly of surfactants 

(Arunothayanun et al. 2000; Uchegbu and Vyas 1998). For instance, C16G2: SolC24 

(91:9) at 25°C formed a polyhedral vesicle. On heating, the exact formulation transforms 

into a spherical vesicle at 48 °C. However, on cooling from 55°C to 49°C, the molecules 

reorganized to form a cluster of smaller vesicles while creating polyhedral structures at 

35 °C. The hydration time and volume are also critical factors (Ruckmani and Sankar 

2010). Inappropriate selection of these factors may lead to the formation of fragile and 

leaky niosomes.  
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Table 2.1: The nonionic surfactants used in niosome preparation. 

Nonionic 

surfactants 
Examples Inference/Application References 

Alkyl ethers  

Alkyl glycerol 

ether 

 

Hexadecyl 

diglycerol ether 

 

 Used to entrap proteins and peptides.  

 When used in combination with CHOL, the entrapment 

efficiency is reduced 

Arunothayanun et al. 

2000 

Polyoxyethylene 

glycol alkyl ether  

 

 

 

 

 

Brij series 

 

 

 

 

 

 

 Provide large unilamellar vesicles with high entrapment 

efficiency.  

 Incompatibility with oxidizable drugs causes oxidation 

leading to discoloration of the product. 

 No skin allergy, a wide range of HLB allows the 

formation of inverse vesicles (Brij58) and multilamellar 

vesicles (Brij72 & 92) 

Bayindir and Yuksel 

2010  

Manconi et al. 2003 

Pardakhty et al. 2007 

Alkyl esters  

Sorbitan fatty 

acid esters  

 

 

Span series 

 

 

 Lowest transition temperature (Span20 and Span80) 

 Act as a gelator (Span40 and Span60) 

 Nonirritant and nontoxic substances.  

 Tc of spans increases with the length of the acyl chain; 

hence entrapment efficiency increases. 

Jain and Vyas 1995  

Okore et al. 2011  

Yoshioka et al. 1994 

Polyoxyethylene 

Sorbitan fatty 

acid esters 

 

 

 

Tween series 

 

 

 

 

 

 Stable formulations for a poorly soluble drug stabilize 

protein derivative 

 A high HLB value formed larger niosomes with lower 

entrapment efficiency.  

 Entrapment and the release rate exhibited an inverse 

correlation 

Mandal et al. 2013  

Di Marzio et al. 2011 
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Alkyl amides   

Glycosides 

 

 

C-Glycoside 

derivative 

surfactant  

 Novel glycoside non-ionic surfactant synthesized by 

simple etherification of bergenin with bromoundecane 

to enhance oral bioavailability of cefixime 

Imran et al. 2016 

Alkyl 

polyglucosides 

 

 

Octyl-decyl 

polyglucoside, 

decyl 

polyglucoside  

 In vitro cutaneous delivery of tretinoin niosomes. 

 Showed higher cutaneous drug retention and lower 

drug release rates 

 

Manconi et al. 2006 

Fatty alcohols or fatty acids   

Fatty alcohols 

Stearyl alcohol, 

cetyl alcohol, 

myristyl alcohol 

 Niosomal hybrid mixtures were prepared using fatty 

alcohol and fatty acids as a carrier.  

 Release rates were found to be dependent on carriers 

and surfactants used.  

 Fatty acid-coated hybrids formed large niosomes, 

whereas fatty alcohol-coated hybrids formed small 

niosomes.  

Bandyopadhyay and 

Johnson 2007 

 

Fatty acids 

Stearic acid, 

palmitic acid, 

myristic acid 

Block copolymer   

Pluronic 

 

 

 

 

 

 

 

 

Pluronic L64, 

Pluronic 105 

 

 

 

 

 

 

 

 Biodegradable, pH-sensitive, helps in the delivery of 

proteins and peptides through the oral route 

 Transferrin conjugated pluronic niosomes demonstrated 

greater cellular uptake by MCF-7 and MDA-MB-231 

cells by transferrin receptor-mediated endocytosis.  

 Doxorubicin-loaded niosome demonstrated anticancer 

activity against MCF-7, and MDA-MB-231 tumor cell 

lines, and a significant reduction in viability in a dose- 

and time-related manner was observed.  

Muzzalupo et al. 

2011 Tavano et al. 

2013a 
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2.5.2 Preparation method 

Different preparation techniques to synthesize niosomes have been reported in the 

literature, and each process is known to affect the physicochemical characteristics of the 

niosome significantly. A few of them are discussed here in brief. 

2.5.2.1. Thin Film Hydration (TFH) 

The TFH technique is a well-known and straightforward preparation method. The 

surfactants, CHOL, and membrane additives are liquefied in a volatile organic solvent. 

The solvent is then eliminated using a rotary vacuum evaporator to get a thin film. The 

thin layer is hydrated in phosphate buffer at a temperature above the Tc for a specific time 

with constant shaking. On rehydration, the layer swells and forms unilamellar or 

multilamellar niosome. The drug can be loaded into the formulation either by active 

loading (drug added into the hydration medium) or passive loading method (the drug is 

added in the organic solvent) (Baillie et al. 1985; Bhaskaran and Lakshmi 2009). The 

zidovudine niosomes (Ruckmani and Sankar 2010), minoxidil niosomes (Balakrishnan et 

al. 2009), hydroxycamptothecin niosomes (Hong et al. 2009), paclitaxel niosomes 

(Bayindir and Yuksel 2010), and acyclovir niosomes (Attia et al. 2007) were synthesized 

by TFH technique. 

2.5.2.2 Reverse-Phase Evaporation (RPE) 

In this protocol, the surfactant and CHOL are liquified in an organic phase comprising 

ether and chloroform. The resulting composition is added to the aqueous phase 

containing drugs. The two-phase system is then homogenized by sonication at 4-5°C. The 

organic phase is eliminated at 40°C under negative pressure. The niosomal suspension 

formed is further diluted with PBS buffer and heated in the water bath at 60°C for about 

10 mins to yield large unilamellar vesicles (Kiwada et al. 1985; Naresh et al. 1994). This 

technique was used to prepare niosomes of diacerein (Khan et al. 2015), isoniazid (Singh 

et al. 2011), daunorubicin (Balasubramaniam et al. 2002), and acetazolamide (Guinedi et 

al. 2005). 
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2.5.2.3 Nitrogen Bubbling (NB) 

All the niosomal components- CHOL, surfactant, and the hydrating phosphate buffer are 

added in a three-necked flask. A thermometer and nitrogen bubbling unit is plugged into 

the flask's mouth. A water-cooled reflux setup is attached to the last neck. The niosomal 

components are dispersed at 70°C and homogenized by sonication for 15 s. Instantly, 

nitrogen gas is bubbled through the homogenized mixture to produce large unilamellar 

vesicles (Moghassemi and Hadjizadeh 2014; Talsma et al. 1994). This technique is used 

to prepare doxorubicin (Bragagni et al. 2012) and diacerein niosomes (Khan et al. 2017). 

This protocol does not involve any toxic organic solvents and hence a green preparation 

approach. 

2.5.2.4 Sonication Method (SM) 

This method was used to formulate cefdinir niosomes (Aggarwal et al. 2013) and sodium 

stibogluconate (Baillie et al. 1986). An aqueous mixture containing drug, surfactant, and 

CHOL is taken in a vial. The mixture is homogenized by a sonicator at 60°C for 3 mins 

to produce multilamellar vesicles. 

2.5.2.5 Proniosome Technology (PT) 

Proniosomes are nonionic surfactants coated, water-soluble carriers of sorbitol and 

mannitol. They are dehydrated forms of niosomes synthesized either by spray coating, 

coacervation/phase separation, or slurry method. Before their application, the 

proniosomes require dispersion in an aqueous phase to form niosomes. The proniosomes 

in their dry form reduce complications associated with physical stability such as leakage, 

aggregation, and caking compared to niosomal suspension (Yasam et al. 2014). The use 

of a drug in proniosomes is reported to enhance the bioavailability and percutaneous 

absorption of nifedipine (Yasam et al. 2016), estradiol (Fang et al. 2001b), famotidine 

(Mokale et al. 2016), α-mangostin (Chin et al. 2016), and flurbiprofen (Mokhtar et al. 

2008). 
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2.5.3 Characterization of Niosomes 

The characterization of niosome is essential for clinical applications. It directly impacts 

the stability of niosomes and in vivo performance. Therefore, physicochemical 

parameters of the niosomes such as morphology, particle size, polydispersity index (PDI), 

number of lamellae, zeta potential, encapsulation efficiency, in-vitro release, and stability 

must be assessed.  

2.5.3.1 Size and Morphology 

Various techniques like Dynamic light scattering (DLS), Atomic force microscopy, and 

Zeta sizer are used to study the size and size distribution (Moghassemi and Hadjizadeh 

2014; Rinaldi et al. 2018). DLS provides the cumulative size distribution of the niosomes 

in the dispersion and determines the homogeneity of the suspension. A single sharp peak 

and PDI value of less than 0.5 corresponds to a homogenous population and implies a 

single population (Liu et al. 2007). Electron microscopic analysis such as scanning 

electron microscopy (SEM) (Priprem et al. 2016; Uchegbu and Vyas 1998), Transmission 

electron microscopy (TEM) (Bragagni et al. 2012; Hua and Liu 2007), Freeze-fracture 

Transmission electron microscopy (FF-TEM) (Manosroi et al. 2010), and Cryo 

transmission electron microscopy (cryo-TEM) (Manosroi et al. 2008) are used for the 

determination of niosome morphology.  

2.5.3.2 Bilayer Characterization 

The bilayer characteristic of the niosomes, such as the number of lamellae, bilayer 

thickness, and membrane rigidity, is indispensable as it bears the entrapment efficiency 

and drug release profile. Various techniques such as TEM, AFM, Nuclear magnetic 

resonance (NMR), and small-angle X-ray scattering (SAXS) can be used to determine the 

lamellar structure of the niosomes (Liu et al. 2007). Bilayer thickness of the membrane 

can be determined by SAXS coupled with in situ energy-dispersive x-ray diffraction 

(Pozzi et al. 2010). The fluorescence polarization technique can be applied using 

fluorescent probes such as 1,6 diphenyl 1,3,5-hexatriene and pyrene as a function of 

temperature (McClean et al. 1995) to understand the packing structure microviscosity and 
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membrane rigidity. High fluorescence polarization implies high microviscosity, higher 

lateral diffusion, and less membrane rigidity.  

2.5.3.3 Zeta Potential 

The surface charge on the niosomes plays a vital role in the in vivo performance of 

niosomes. The zeta potential value determines the stability of niosomal formulations. The 

zeta potential value specifies the degree of repulsion between adjacent/similarly charged 

particles in the aqueous dispersion. The zeta potential of the niosomes can be determined 

using a zeta-potential analyzer to study the surface charge and its physical stability over 

storage. Under the electric field, there is an electrophoretic movement of charged 

particles. The particle velocity is determined by detecting the Doppler shift in the 

scattered light, determining the zeta potential (Abdelbary and El-Gendy 2008; Bayindir 

and Yuksel 2010). The charged moieties on the niosome impart stability against fusion, 

flocculation, and aggregation more than uncharged niosomes. Therefore, charge-inducing 

agents are often included in the formulation to improve stability. The surface charge on 

the niosomes produces electrostatic repulsion and steric hindrance between the niosomes, 

thus keeping them discreet and stable (Essa 2010).  

2.5.3.4 Entrapment Efficiency 

Entrapment efficiency is defined as the percentage of the drug entrapped in the niosomes 

to the drug's total quantity in the suspension (Kumar and Rajeshwarrao 2011). It can be 

determined after separating the drug-loaded niosomes from the unentrapped drug. The 

untrapped free drug can be eliminated from the niosomal suspension using filtration, 

centrifugation (Pando et al. 2013), exhaustive dialysis (Tavano et al. 2013a), or gel 

chromatography (Bragagni et al. 2012). The drug entrapped in the separated niosomes is 

determined by disrupting the niosomes by adding 0.1% Triton X-100 or absolute 

methanol to niosomal suspension (Balasubramaniam et al. 2002). The released drug is 

separated by ultracentrifugation, and the supernatant is analyzed for the drug 

concentration by ultraviolet (UV) spectroscopy (Mehta and Jindal 2013) or the high-

performance liquid chromatography (HPLC) method (Waddad et al. 2013).  
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2.5.3.5 Stability 

On storage, the drug may leak from the niosomes due to swelling, aggregation, and 

fusion and alter the physicochemical properties of the niosomes. (Moghassemi and 

Hadjizadeh 2014). The stability of niosomes can be assessed by periodically evaluating 

the particle size, PDI, and entrapment efficiency over the storage period. The percentage 

of drugs retained in the niosomes is analyzed by UV spectroscopy or HPLC methods 

(Hao et al. 2002; Mehta and Jindal 2013).  

2.5.3.6 In Vitro Release and kinetic studies 

In vitro release pattern of niosomal suspension is often studied using dialysis tubing 

(Attia et al. 2007). A dialysis tube containing niosomal suspension is initially placed in a 

buffer solution of appropriate pH to stimulate body fluids. The setup is maintained at 

37°C with constant stirring. Dialysate is pipetted from the release medium at specific 

time intervals and replenished with a fresh buffer of appropriate pH. The samples are 

assessed for the drug concentration by a suitable assay method (Akhilesh et al. 2012). 

To assess the drug release mechanism, the data obtained were fitted into time-dependent 

model equations such as zero-order, first-order, Higuchi, Hixson-Crowell, and 

Korsmeyer-Peppas models. Linear regression analysis of the above curves determined the 

r2 values and released exponent (n) value from the Korsmeyer-Peppas model defined the 

release mechanism (Aggarwal et al. 2013).  

2.6 Niosomes and their application 

Niosomes are promising nanocarriers used to carry therapeutics and diagnostic agents. 

With their nonionic identity, they offer exceptional biocompatibility. The unique 

structural architecture of niosomes permits the drug delivery system to load hydrophilic 

drugs in the aqueous core and lipophilic drugs in the bilayer membrane. Niosome can be 

applied to deliver drugs via topical, transdermal, intravenous, or oral based on patient 

compliance. Some recent surveys on niosomal drug delivery are outlined in Table 2.2. 
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Table 2.2: Niosomes and their application 

Drug Surfactants Method Inference Reference 

Bioavailability 

Cefdinir  

(Oral) 

S60  

 

SM The entrapment efficiency of 74.56% 

The particle size of size range:190 nm-1140 nm 

Sustained release of 94.91% up to 12 h 

(Aggarwal et al. 

2013) 

Benzylpenicillin 

(Oral) 

S80 and Tween 65 TFH The particle size range:1.67μm - 2.22 μm, 

Entrapment efficiency of 82.42 %   

Slow-release 

(Okore et al. 2011) 

Prednisolone 

(Ocular) 

S60 TFH Particle size: 267 nm 

Entrapment efficiency: 90% ± 0.024% 

1.54 times greater than standard eye drops 

(Gaafar et al. 2014) 

Diltiazem 

(Nasal) 

S60 and Brij-52 TFH Particle size range: 0.82-1.59 μm 

Entrapment efficiency range: 66.26% ± 1.45% 

Low rate of elimination 

(Ammar et al. 

2017) 

Delivery of anti-cancer drugs 

Paclitaxel  

(Oral) 

Tween 20, 60,  

S20, S40, S60,  

Brij 76, 78, 72   

TFH Particle size range: 229.3 and 588.2 nm.  

Entrapment efficiency range: 12.1% ± 1.36% to 

96.6% ± 0.482%.  

(Bayindir and 

Yuksel 2010) 
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A diffusion-controlled drug release mechanism. 

Morin hydrate 

(intravenous) 

S60, S80  

Tween-60 

TFH Entrapment efficiency: 98.62% ± 0.01% 

Drug released (Tween 60): 93.4% for in 24 h 

(Waddad et al. 

2013) 

Curcumin and 

Doxorubicin  

(Cell line study) 

 Tween 80 TFH pH-sensitive, two-phase drug release; initial 

phase, doxorubicin was released within the first 

2 days, followed by slow release of curcumin for 

7 day 

(Sharma et al. 

2015) 

Morusin 

(Cell line study) 

S60 TFH Particle size: 479 nm Entrapment efficiency: 

97%, Controlled and pH-dependent sustained 

release 

(Agarwal et al. 

2018) 

Delivery of proteins and peptides 

Bovine serum 

albumin (Oral) 

S60 RPE Entrapment efficiency: 57.904% ± 0.388% 

Optimum CHOL: S60 ratio was defined. The 

position of protein in the niosome was detected 

using Methyl orange dye 

(Moghassemi et al. 

2017) 

Colchicine 

5-fluorouracil 

(oral) 

S60 TFH 

+ 

SM 

Entrapment efficiency: 99% ± 2%  

After 3h, the released drug reached the highest 

and constant for 5h. By 12h, only 12% of 

Colchicine was released into the niosome system 

(Hao et al. 2002) 

17β-Estradiol S40, S60, S85  PT Entrapment efficiency (S40): 97.76% ±0. 19% (Fang et al. 2001b) 
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(transdermal) Tween-20, 60, 80 Drug released: 62.75% ±0.9%  

Insulin 

(oral) 

S60  

N-trimethyl 

chitosan  

RPE Particle size range: 100 and 180 nm 

The niosomes enhanced the insulin permeability 

through the Caco-2 cell monolayer by 4-fold.  

(Moghassemi et al. 

2015) 

Treatment of HIV-AIDS 

Zidovudine 

(Oral) 

Tween 80 TFH Particle size range: 0.801 ± 0.23µm 

Entrapment efficiency: 79.7% ± 1.2%  

The drug release mechanism was the fickian type  

(Ruckmani and 

Sankar 2010) 

Lopinavir 

(Transdermal) 

S40  TFH Particle size range: 196.45 ± 6.23 nm  

Entrapment efficiency: 58.9% ± 1.98% 

The ex vivo skin studies showed permeation  of 

18.32% ± 0.18% of the drug in 24h  

(Patel et al. 2012) 

Tenofovir  

(Oral) 

S60 TFH The bioavailability and the drug's mean 

residence time increased. 

(Kamboj et al. 

2014) 

Psoriasis management 

Methotrexate 

(Topical) 

S60 TFH Particle size range: 1375.00 nm  

Entrapment efficiency: 78.66%  

An in vivo skin deposition study revealed that 

22.45% of the drug was deposited  

(Abdelbary and 

Aboughaly 2015) 
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Acitretin 

(Topical) 

S60 TFH Particle size range: 369.73±45.45 nm  

Entrapment efficiency: 90.32±3.80%  

(Hashim et al. 

2018) 

Diacerein 

(Topical) 

S60 TFH Particle size range: 477.8 nm,  

Entrapment efficiency: 83.02%  

presented the flux of 2.820 μg/cm2 /h,  

(Moghddam et al. 

2016) 

Delivery of DNA vaccine and antigen 

HBsAg 

(Topical) 

S85 RPE Induced strong immunogenic response in  

mice model 

(Vyas et al. 2005) 

Plasmid of 

H3N2 

influenza virus 

(Subcutaneous) 

Monopalmitoyl-

rac-glycerol  

cholesteryl 3-N-

dimethyl 

aminoethyl 

carbamate 

TFH Particle size range: >1500 nm 

Entrapment efficiency: 85-97%  

Better immunization in comparison to the  

naked DNA 

(Perrie et al. 2004) 

Plasmid 

pRc/CMV-

HBs(S)  

(Oral) 

S60 coated 

polysaccharide o-

palmitoyl mannan  

RPE Acted as DNA carrier and adjuvant to enhance 

the affinity towards the antigen-presenting cells 

of aggregated lymphoid nodules 

(Jain et al. 2005) 
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2.7 Niosomes in Targeted delivery: Mechanism 

As per the adage “Where is, there is,” the idea of site-directed drug delivery is envisioned 

to localize the drug in a particular tissue of interest. Localization of the drug with 

sustained release at the target site can enhance the drug interaction with the diseased 

tissue, maintain the plasma and tissue drug concentration, and prevent damage to the 

healthy tissue. Stealth properties of the niosomes can improve site-directed targeting to 

avert systemic clearance. Developing a response-stimuli model for drug release or 

functionalization of the niosomes can improve the targeting efficacy. 

2.7.1 Targeting by elimination 

Ribavirin niosomes prepared by Hashim et al. (2010) were administered intraperitoneally 

to evaluate their liver targeting efficacy. The niosomal formulation significantly 

increased drug concentration in the liver by six times compared to the commercial drug. 

Similarly, Jain et al. (2006) demonstrated rifampicin niosome's ability to target lymphatic 

cells. The thoracic lymph concentration analysis concluded that 52% of the drug was 

released in 120 h while only 13% was found in the drug solution. Thus, the liver's chief 

function, lymphatic cells' metabolism, and elimination led to the accumulation and higher 

concentration of ribavirin and rifampicin in the liver and lymphatic tissues. 

2.7.2 Targeting by Response stimuli mechanism 

Drug targeting can be improved by surface modification and developing a pH-sensitive 

model. Such niosomes undergo protonation of amino moieties on the bilayer and embark 

their cargo by the ‘sponge effect.’ Novel pH-sensitive niosomes of tween-20 or tween-20 

derivatized by glycine have been testified to deliver ibuprofen and lidocaine to the target 

site. In vivo tests performed in murine models demonstrated good pharmacological 

activity. (Marzoli et al. 2019; Rinaldi et al. 2017). Similarly, pH-sensitive niosomes with 

bioconjugate for imaging and drug delivery were prepared by Masotti (2013) for efficient 

delivery of the cargo to malignant liver cells. The findings suggested that the chemical 
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modification of the bilayer could represent a promising drug delivery approach for tumor 

and anti-inflammatory drugs. 

Copolymers such as alkylated N-isopropyl acrylamide (Roux, Francis, Winnik, & 

Leroux, 2002), N-isopropyl acrylamide, N-glycidylacrylamide, and N-

octadecylacrylamide (Francis, Dhara, Winnik, & Leroux, 2001) are known to render pH 

sensitivity to the niosomes and mediate cytoplasmic delivery of encapsulated cargo. The 

niosomes formed were stable in both buffer and human serum.  

The pH-sensitive niosomes can be effectively used to target the tumor cells. M. Wang et 

al. (2012) synthesized pH-sensitive fluorescent niosomes using cholesteryl 

hemisuccinate. The niosomes synthesized were investigated for drug release at different 

pH using a. The findings demonstrated that the niosomes formed were pH-responsive and 

with a remarkable tumor target effect in mice. Salem, Kharshoum, El-Ela, Gamal, & 

Abdellatif (2018) prepared tamoxifen citrate-loaded niosome and incorporated it into 

chitosan/glyceryl monooleate to form a pH-responsive hydrogel delivery system and 

demonstrated a significant reduction in cell proliferation and improved anti-tumor 

activity. Formulation of niosome with 5% of pH (Low) Insertion Peptide (pHLIP) also 

imparted pH sensitivity. In vivo studies demonstrated sustained circulation time and 

significant accumulation of fluorescently labeled pHLIP-niosomes in the tumor, 

proposing pHLIP-coated niosomes to be an effective delivery system (Pereira et al. 2016) 

2.7.3 Targeting by functionalization 

Active targeting of niosomal drug delivery systems can be improved by using a ligand, 

which the receptor could actively take up. Niosome surfaces could be modified by 

conjugation with molecular ligands such as transferrin, insulin, antibodies, and serum 

proteins to facilitate cell-specific targeting (Kong et al. 2013). These ligands bind to an 

overexpressed receptor on the cell surface (Ag et al. 2014; Narang and Mahato 2010). 

Such functionalization improves targeting/coupling and the efficacy of the delivery 
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system. A few examples of targeted drug delivery by functionalization are outlined in 

Table 2.3. 

The ligand, glucosamine, and transferrin target the receptor GLUT-1 transporter on the 

proliferating malignant cells' surface and line the BBB. NPG, a glucose analog, was used 

to functionalize niosome for brain targeted delivery of vasoactive intestinal peptide 

(Dufes et al. 2004a), doxorubicin (Bragagni et al. 2012), and dynorphin-B (Bragagni et 

al. 2014). Receptor-mediated transcytosis of the niosome aids in the cellular uptake of the 

drug by the brain cells. Tavano, Muzzalupo, et al. (2013) designed an effective tumor-

targeted niosomal carrier for doxorubicin. Transferrin was coupled onto the niosomes 

surface using EDC (N-[3-(dimethylamino) propyl]-N-ethyl carbodiimide hydrochloride). 

The functionalized niosomes demonstrated efficient anti-cancer activity against the tumor 

cell lines, MCF-7 and MDA-MB-231, significantly reducing cell viability. 

The incorporation of magnetite in the niosomes facilitated the site-directed accumulation 

of magneto-niosomes under external magnetic fields. Doxorubicin magneto niosomes 

exhibited the drug's control release, promoting magnetite as a useful functional material 

for targeted delivery (Tavano et al. 2013a). Similarly, PEG niosomes modified with 

penetrating peptide, tLyp-1 (Ag Seleci et al. 2017) and AS1411 aptamer functionalized 

niosomes (Riccardi et al. 2018) facilitate selective recognition and specific cellular 

uptake by the cancer cell, thus proving the potential of the functional material in the 

targeted delivery system.  
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Table 2.3: Targeted drug delivery by functionalization of niosomes  

Targeted tissue Loaded therapeutic  Composition Functional moities Reference 

Brain Doxorubicin S60, CHOL, SolC24  NPG (Bragagni et al. 2012) 

Dynorphin-B S60, CHOL, SolC24 NPG (Bragagni et al. 2014) 

Breast cancer Doxorubicin 
Oxidate pluronic L64,        

CHOL 
Transferrin 

(Tavano et al. 2013a) 

Myelogenous leukemia 

(Bone Marrow) 
Doxorubicin 

Tween 60,  

Pluronic L64 

Magnetite 

(Tavano et al. 2013b) 

Epidermoid carcinoma 

(Lung) 

Hydroxycamptothecin S60, CHOL Transferrin (Hong et al. 2009) 

Doxorubicin S60, CHOL, SolC24 NPG Transferrin (Dufes et al. 2004b) 

Melanoma 

(Skin) 
Doxorubicin S60, CHOL, DCP 

N-Lauryl 

glucosamine 

(Pawar et al. 2016) 

MCF-7 breast cancer 

cells 

Nucleolipidic Ru(III)-

complex HoThyRu 

Tween-80[2,3-di 

(tetradecyloxy)propan-

1-aminium chloride 

oligoneucleotide 

AS1411 aptamer 

(Riccardi et al. 2018) 

Mesenchymal Stem 

Cells and glioblastoma 

cells 

Doxorubicin/Curcumin S60, CHOL,  

DSPE-PEG (2000) 

tLyp-1 peptide (Ag Seleci et al. 2017) 
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2.8 Brain targeting by niosomes 

Drug delivery to the brain is a formidable challenge in translational neuroscience because 

of the low permeability of the BBB. The tight junctions of the endothelial cell, which 

lines the BBB, inhibit the entry of molecules from the peripheral system. The BBB 

transport proteins regulate the access of specific molecules by endocytosis or transcytosis 

(Pardridge 2012). Nanoparticles are considered the most versatile drug delivery system to 

reach even inaccessible regions. In low drug dosage, the nasal route can be effectively 

used to bypass the BBB as there is a unique connection via the olfactory lobe to the brain 

(Illum 2004; Sarin 2009). Co-administration of chemical enhancers like mannitol and 

nanoparticles (Choi et al. 2020) or application of focussed ultrasound (Meairs 2015) is 

known to open the BBB and enhance drug uptake. The non-invasive techniques can 

potentially open the BBB and inhibit the efflux transporter, enabling the drug's delivery 

to the brain (Pawar et al. 2016). Current strategies to pave the way for the drug-loaded 

niosomes to the brain rely on nasal delivery or functionalizing with ligands that bind 

target proteins on the BBB.  

2.8.1 Intranasal delivery  

The nasal administration of the niosomal formulation for the drug does not necessitate 

functionalization as there is a direct conduit between the olfactory lobe and the brain to 

deliver the drug. The olfactory lobe of the nostril is contiguous with the cerebrospinal 

fluid flow tract. Hence, the direct delivery of lipid-soluble small molecular weight drugs 

travels through the olfactory nerves to the olfactory bulb via the nasal epithelium 

(Merkus et al. 2003). Although the intranasal route seems to be an attractive tool for 

delivering the drug directly to the central nervous system, bypassing the first-pass 

metabolism, the olfactory region available for drug delivery contributes to only 3-5 % of 

drug total mucous surface area in humans (Illum 2004). Hence, the potent drugs required 

in limited volume can be administered via nasal route. Otherwise, it requires continuous 

and frequent administration, which is not patient compliant and might affect the nasal 

epithelium. It is also associated with variation in the amount of the drug available due to 
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mucociliary clearance (Chou and Donovan 1997), upper airway infection, sensory 

irritation, amount of the drug swallowed, and the difference in the spray actuation process 

(Betbeder et al. 2000).  

Folic acid, associated with improving cognitive function by enhancing the cholinesterase 

inhibitor response, finds it difficult to breach the BBB because of its hydrophilic nature. 

(Ravouru et al. 2013) prepared folic acid niosomes for intranasal administration, which 

demonstrated good entrapment efficiency of 69.42%. In vitro studies revealed that 64.2% 

of the drug entrapped was released in 12 h. Ex vivo perfusion studies on the rat model 

exhibited 48.15% drug absorption via the nasal cavity at 6 h. The low drug permeability 

across BBB and high hepatotoxicity limited the clinical efficacy of pentamidine. 

Chitosan-glutamate-coated pentamidine niosomes were formulated to overcome these 

issues. Approach to the brain via intra-nasal delivery bypasses the first-pass hepatic 

metabolism and blood-brain barrier (Casettari and Illum 2014; Cirillo et al. 2015). 

2.8.2 Intravenous delivery of niosomes to target brain cells 

Hong et al. (2009) synthesized S60-PEG-Transferrin functionalized niosomes and loaded 

them with hydroxycamptothecin, an anti-cancer drug to target the brain cell. The 

niosomes had an entrapment efficiency of 93%, and 60% of the drug was released in 10 h 

on oral administration. This study infers that niosomes formed are stable and bypass the 

first-pass metabolism (degradation by gastric enzymes and the liver) without affecting the 

drug-transferrin conjugation and its ability to be delivered to the target site. 

Marco Bragagni et al. (2012) engineered a brain-targeted niosomal formulation using the 

glucose-derivative ligand to deliver doxorubicin. Preliminary in vivo studies in murine 

models revealed that intravenous administration of functionalized niosomal could 

enhance niosomes’ residence and brain targeting efficiency. Tavano et al. (2013b) 

developed Pluronic L64-doxorubicin niosomes by the TFH method and conjugated them 

with transferrin to target the BBB transferrin receptor protein. The cytotoxicity assay 
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gave positive results, which indicated that niosomes could act as an efficient drug carrier 

to deliver even the prominent molecular weight drugs across the dynamic barrier  

2.8.3 Oral delivery of niosomes to target brain cells 

The optimum chemotherapeutics in the target area, particularly for an aggressive brain 

tumor, is a significant challenge because of BBB's low permeability. To achieve this 

goal, the drug temozolomide was incorporated into niosomes. Furthermore, the surface of 

the niosome was conjugated with chlorotoxin, a small 36 amino acid. Active targeting of 

the niosomes increased the accumulation of drugs in the brain by 3.04-folds. Quantitative 

tissue distribution studies indicated that the drug's permeation into the brain was 

enhanced due to the surface modification (De et al. 2018).  

Jin et al. (2013) developed a niosomal system using Tween 80, S80, and CHOL to deliver 

Ginkgo biloba extract with improved oral bioavailability. The in vivo distribution studies 

showed that the flavonoid glycoside concentration in the vital organs and blood plasma of 

rat model treated with the niosome carrier system significantly improved compared to the 

rats treated with the oral intake of Ginkgo biloba extract. Tween 80 in the niosome 

improved brain targeting, proving niosomes as a smart nanocarrier that can smuggle the 

drug to the brain via the oral route. 

2.9 Transdermal delivery of the antipsychotic drug by niosomes 

The transdermal drug delivery system offers an attractive substitute for a slow and steady 

drug release, especially for neuro-psychiatric patients who cannot comply with self-

medication. It has been proved beneficial in improving the bioavailability, reducing the 

dosage frequency and side effects by avoiding the first-pass metabolism, and feasibility 

for administration and termination of the medication (Chan et al. 2008; da Silva et al. 

2006; Sozio et al. 2012). 

Fang et al. (2001) developed the first niosome for transdermal application using the 

proniosome technology for 17-β estradiol as a hormone replacement therapy. Using the 
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same technology, El-Laithy, Shoukry, & Mahran (2011) designed a transdermal patch for 

vinpocetine to treat seizures and stroke, which helped in the steady release of the drug 

over time. Recently, Ghanbarzadeh, Khorrami, & Arami (2015) conducted a comparative 

study on niosome and liposomal formulation for transdermal delivery of ibuprofen. 

Niosomes prepared by Tween 65 and CHOL showed promising results with an 

entrapment efficiency of approximately 65% and a release of 20% of the entrapped drug 

in 24 h.  

These results suggest that a single dose, the transdermal patch, can be developed with a 

niosomal system for a steady drug release, which would help the patients adhere to the 

regular dosing who tend to forget their medication impaired cognitive functioning. 

However, the drug reaches the systemic circulation, and the drug concentration that 

reaches the brain cell is relatively low. Hence, it is pivotal that the drug is directed to the 

central nervous system to attain the intended therapeutic efficacy. Brain-targeted delivery 

can be achieved by encapsulating the drug in a carrier and functionalizing it with the 

brain-specific target proteins. Furthermore, a design strategy must be developed to bypass 

the intact nanocarrier across the skin barrier for site-directed delivery. 
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CHAPTER 3 

SCOPE AND OBJECTIVES 

Site-directed drug delivery encompasses both the route of administration and the site of 

action. The available literature on DNP pertains to pharmacotherapy and sustained 

cognitive improvement, studies on DNP efficacy, and administration routes. In addition, 

there are reports on the use of chitosan and PLGA nanoparticles to deliver DNP precisely 

to the brain. However, there are no studies reported on DNP niosomes. Furthermore, no 

studies have reported transdermal delivery of intact DNP niosomes to target the brain.  

In this orientation, we look forward to developing DNP niosomes intended to deliver the 

cargo to the brain by overcoming the BBB via the transdermal route. The drug release 

can be achieved by either functionalizing the niosomes or the response-stimuli model. 

Hence, the present study focused on forming stable niosomes by modulating the process 

and formulation variable. The prepared formulation is clinically investigated for 

transdermal delivery and brain targeting efficacy in vitro, ex vivo, and in vivo studies. 

Our primary objective was to develop an alternative drug delivery system to overcome 

BBB and achieve the required therapeutic dosage by understanding the underlying drug 

transport mechanism. We followed pharmacological, physiological, and physical 

approaches to target our drug molecule to the brain cells specifically to achieve this. The 

specific objectives are as follows: 

1. To formulate DNP niosome by TFH method, optimization, and in vitro studies.  

2. To evaluate the pH sensitivity of the niosomes.  

3. In vitro transdermal permeation studies.  

4. To functionalize DNP niosome with NPG and ex vivo cell uptake studies. 

5. To assess the biosafety, biodistribution, and pharmacokinetics in AD-induced SD 

rat models. 





 

 

 

 

 

CHAPTER 4 

MATERIALS AND METHODOLOGY 

 

 

 

 

 

 

 

 





 

43 
 

CHAPTER 4 

MATERIALS AND METHODOLOGY 

This chapter deals with the details of chemical and cell lines used, analytical techniques 

employed, different instruments used for analysis, and the experiment carried out in the 

present investigation. 

4.1 Materials 

4.1.1 Chemicals 

Donepezil hydrochloride (DNP), the HPLC grade used for the formulation, was procured 

from TCI Chemicals. Solulan™ C24 (SolC24), a lanolin derivative, was generously 

gifted by Lubrizol (Brussel, Belgium). The surfactants, sorbitan monolaurate (S20), 

sorbitan monopalmitate (S40), sorbitan monostearate (S60), sorbitan monooleate (S80), 

and Tris (tris-hydroxyl methyl aminomethane), were procured from Merck. Cholesterol 

(CHOL), Dicetyl phosphate (DCP), Sephadex G50, Phosphate buffered saline (PBS) 

tablet, Triethanolamine (TEA), Triethylamine, Glucosamine HCl, Palmitic acid n-

Hydroxysuccinimide ester, 2–2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl) Amino)-2-

Deoxyglucose (2-NBDG), Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal bovine 

serum (FBS), antibiotic-antimycotic solution, 4',6-diamidino-2-phenylindole (DAPI), 

methylene blue, iron oxide (II, III) nanoparticles of 10 nm average particle size, 

paraformaldehyde, and potassium ferrocyanide was obtained from Sigma Aldrich. 

Thermofisher Scientific Chemicals supplied Acridine orange (AO), Ethidium bromide 

(EB), and Dimethyl Sulfoxide (DMSO) solvent. Dialysis membranes of the molecular 

weight cut-off (MWCO) 12k-14kDa were procured from Himedia. Carbopol 934, extra 

pure, was procured from Lobachemie. PLA filaments of 1.75 mm were procured from 

Filament to print, Spain. Amicon® Ultra-3K centrifugal filters were procured from 

Millipore. The trusted pharmaceutical sources supplied euthanasia, Ketamine 

https://en.wikipedia.org/wiki/Sorbitan_monolaurate
https://en.wikipedia.org/wiki/Sorbitan_monostearate
https://pubchem.ncbi.nlm.nih.gov/compound/9920342
https://www.sigmaaldrich.com/catalog/product/sigma/79382?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/sigma/79382?lang=en&region=US
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Hydrochloride injections. Organic solvents-chloroform, methanol, carbon tetrachloride, 

isopropyl alcohol, n-hexane, and salts were of analytical grade. 

4.1.2 Cell lines and animal model  

Human neuroblastoma cells (IMR 32) were obtained from National Centre for Cell 

Science (NCCS), Pune, India. Male SD rats (150–180 g, 6-8 weeks) were procured from 

Adita Biosys Private Limited, Tumakuru (44 in number). The experiment protocol was 

approved by the Yenepoya University Institutional Animals Ethics Committee 

(YU/IAEC/7/2019). The experiments were carried out at Yenepoya University as per the 

guidelines provided by the Committee for the Purpose of Control and Supervision of 

Experiments on Animals (CPCSEA). 

4.2 Methods 

4.2.1 Formulation of DNP niosomes 

The conventional TFH method was employed to synthesize niosomes (Bragagni et al. 

2012; Ruckmani and Sankar 2010) based on the preliminary studies. Accurately weighed 

quantities of the drug DNP, S60, CHOL, and the membrane additives (DCP/ SolC24) 

were dissolved in chloroform in the round bottom flask (Table 4.1). The solvent was 

evaporated at 60 ⁰C using a rotary flash evaporator (Buchi Rotavapor® R-215, Bangalore, 

India).  

The thin film layer, once formed, was then subjected to vacuum to remove the residual 

chloroform under the inert environment, which was then hydrated for 45 mins with PBS 

(pH 7.4) under rotation at 65 ⁰C (above Tc) (Ruckmani and Sankar 2010; Uchegbu et al. 

1994). Based on the experimental design, the formulation was then subjected to 

sonication (20kHz, 40% amplitude, 500W Ultrasonicator, India). During sonication, the 

niosomal suspension container was covered by aluminum foil to prevent evaporation loss 

and immersed in the ice-salt bath to diminish temperature-driven side effects. The 

sonicator was operated in pulsed mode to retard the temperature increase rate and better 
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temperature control. The intact niosomes were purified using Sephadex G50 mini-column 

centrifugation technique and then subjected to physicochemical characterization. 

Table 4.1: The composition of niosomal formulation* 

Formulation 

Code 

S60  

(mM) 

CHOL 

(mM) 

S60: 

CHOL 

Formulation 

Code 

S60  

(mM) 

CHOL 

(mM) 

S60: 

CHOL 

NSV1 

NSV2 

NSV3 

NSV4 

NSV5 

NSV6 

NSV7 

NSV8 

NSV9 

NSV10 

0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

0 

0.3 

0.6 

0.9 

1.2 

1.5 

1.8 

2.1 

2.4 

2.7 

NCV1 

NCV2 

NCV3 

NCV4 

NCV5 

NCV6 

NCV7 

NCV8 

NCV9 

NCV10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

0 

3 

6 

9 

12 

15 

18 

21 

24 

27 

-- 

3.33 

1.66 

1.11 

0.83 

0.66 

0.55 

0.47 

0.41 

0.37 

*Constant Parameter: DNP loading: 5 mg, Hydration Time:45 mins, Hydration Volume: 10 mL 

4.2.2 Gas Chromatography for analysis of chloroform in thin film  

The thin film layer was analyzed for traces of chloroform by gas chromatography (Trace 

Ultra, DB-5 column: 30 m x 0.25 mm x 0.25 µm, Detector: Electron capture detector, 

Auxillary detector: Flame ionization detector, carrier gas flow rate: 1.2 mL/min and 

acquisition time: 16 min). First, the thin film prepared was subjected to vacuum for 0, 3, 

and 12 h. The thin film was dissolved in carbon tetrachloride and analyzed for residual 

chloroform. Carbon tetrachloride was selected as a solvent based on the miscibility with 

chloroform and the difference in retention times. 
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4.2.3 Physicochemical characterization of niosomes 

The formulation's mean particle size, zeta potential, and PDI were estimated by 

differential light scattering at 25°C using Zetasizer (Malvern Instruments, UK). PDI 

determines the degree of homogeneity (Uchegbu et al. 1994). The surface morphology 

was studied using scanning electron microscopy (SEM, JEOL/JSM 6380, LA), cryo-SEM 

(JEOL/JSM 7600, Quorum PP3000T, Japan), and high-resolution transmission electron 

microscope (HR-TEM, Jeol/JEM 2100, LaB6). 

4.2.4 Determination of entrapment efficiency 

The Sephadex G50 mini-column centrifugation technique purified the intact DNP 

niosomes with suitable modifications (Jain et al. 2011). First, 250 µl of PBS of pH 7.4 

was added to the column and centrifuged at 200xg for 10 min (Remi C-24 plus, 

Bangalore, India) to replace the resin's water. Next, approximately 200 µl of DNP-free 

niosomes were loaded over the Sephadex G50 resin and centrifuged again for pre-

saturation. DNP niosomes were then added to the column, followed by centrifugation to 

evade void volume and remove non-associated DNP. The resin was then eluted with PBS 

thrice. Finally, the eluate was mixed with 100% methanol (1:1) to facilitate the disruption 

of the niosomes and complete solubilization of the DNP. Solvent-treated niosomal 

suspension was subjected to centrifugation at 21000xg at 4°C for 30 mins.  

The amount of DNP in the supernatant was quantified using the RP-HPLC system 

(Waters e2695 system) consisting of a UV detector (Waters 2489 UV/Vis Detector) 

(Senthil Kumar et al. 2011). Phenyl RP column (25 cm x 4.6 mm, 5 µ) set at 40°C was 

used as the stationary phase. The separation was achieved using solvent methanol: 20mM 

phosphate buffer (pH 7.4): triethylamine (60: 40: 0.5, v/v) as the mobile phase by 

isocratic elution at the flow rate of 1 mL/min. The UV detector's wavelength was tuned to 

268 nm, and 20 µl of the filtered, degassed sample was injected. The DNP peaks were 

detected at a retention time of 6.8 min and compared with the standard calibration curve 

(Appendix V). Entrapment efficiency was calculated as per the equation: 
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Eq. (4.1) 

4.2.5 In vitro drug release studies and kinetic modeling 

The in vitro release studies from the niosomes were carried out by bulk-equilibrium 

reverse dialysis to prevent drug saturation using a visking tube in different pH mediums 

(Levy and Benita 1990; Washington 1990). The release mediums SBF 5.4, SBF 6.8, and 

SBF 7.4 (Appendix I) were maintained at 37°C with a stirring speed of 100 rpm to 

simulate the skin's, brain, and blood plasma pH, respectively. Dialysis membrane 

(Dialysis membrane 110, LA-395, Himedia) of 12k-14kDa MWCO was equilibrated with 

3 mL of release medium of different pH (receiver compartment-visking tube) and placed 

in the donor compartment for 12 h before the experiment. Then, 5 mL of the DNP 

niosomes were added directly into 500 mL of the donor compartment. Samples were 

withdrawn from the visking tube and regularly replenished with the appropriate pH's 

fresh SBF medium. The samples drawn were treated with an equal volume of 100% 

methanol, and DNP content was determined by the RP-HPLC method at the retention 

time of 6.8 min and UV wavelength tune to 268 nm. The cumulative DNP release 

percentage was calculated as: 

 

Eq. (4.2) 

Where Q, V0, Ct, V, C, and W were a cumulative percentage of drug released, the total 

volume of release medium, DNP concentration at time t, the volume of release medium 

withdrawn at each interval, cumulative DNP concentration, and weight of the total drug, 

respectively. 

4.2.6 Release Kinetics Modeling 

To assess the drug release mechanism, the data obtained were fitted into time-dependent 

model equations such as zero-order, first-order, Higuchi, Hixson-Crowell, and 

Korsmeyer-Peppas models. Linear regression analysis of the above curves determined the 

r2 values and release exponent (n) value from the Korsmeyer-Peppas model defined the 
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release mechanism (Dash et al. 2010; Główny and Mucha 2010; Siepmann and Peppas 

2001). 

a) Zero-order rate equation:  

𝑄𝑡 = 𝑄0 +𝐾0 Eq. (4.3) 

Where 𝑄𝑡 is the amount of DNP released in time 𝑡, 𝑄0 is the initial DNP content in 

solution, and 𝐾0 is the zero-order release constant. 

b) First-order rate equation: 

log𝐶 = log𝐶0 – 𝐾𝑡 /2.303                                    Eq. (4.4) 

Where 𝐶0 is the initial DNP concentration, 𝐾 is the first-order release constant, and 𝑡 is 

time. 

c) Higuchi’s model: 

𝑄 = 𝐾𝐻𝑡 1/2 Eq. (4.5) 

Where 𝑄 is the amount of DNP released per unit area in time 𝑡, 𝐾𝐻 is the Higuchi 

dissolution constant. 

d) Hixson-Crowell model:  

𝑊0
1/3 −𝑊 𝑡

 1/3
 = 𝜅𝑡 Eq. (4.6) 

Where 𝑊0 is the initial amount of DNP entrapped in the niosomes, 𝑊𝑡 is the DNP 

remaining in the niosomes at time 𝑡, and 𝜅 is a constant integrating surface-volume 

relation. 

e) Korsmeyer and Peppas equation: 

𝑀𝑡 / 𝑀∞ = 𝐾𝑡𝑛 Eq. (4.7) 

Where 𝑀𝑡/𝑀∞ is a fraction of DNP released at time 𝑡, 𝐾 is the release rate constant, and 𝑛 

is the release exponent. The exponent, 𝑛 indicates the mechanism of drug release. 

4.2.7 Stability studies 

Optimized DNP niosomes stored in a refrigerator were subjected to long-term and 

accelerated stability studies as per ICH Q1A(R2) (CPMP/ICH/2736/99) guidelines 
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(European Medicines Agency 2003). DNP niosomes were stored in refrigeration and a 

programmable chamber at 5 °C ± 3 °C and 25 °C ± 2 °C/ 60% RH ± 5%RH, respectively. 

The samples were drawn regularly and assessed for mean particle size changes, PDI, 

zeta-potential, and entrapment efficiency to evaluate the formulation's stability. 

4.2.8 Evaluation of pH sensitivity 

The optimized blank niosomes were purified by mini-column centrifugation and were 

eluted with PBS. The eluate was then adjusted to pH 7.4, 6.8, and 5.4 using HCl and 

NaOH and then lyophilized (FD5 series Freeze Dryer, India) to comprehend the effect of 

pH on the niosome structure. The IR spectra of the freeze-dried niosomes were recorded 

using FTIR (Bruker Alpha II, Bangalore, India) operated in attenuated total reflection 

(ATR) mode with 12 scans in the wavelength range of 4000 cm-1 to 500cm-1 and 

resolution of 4 cm−1 to study their possible interactions. Also, the morphological changes 

in the niosomes with the change in pH at hydrated conditions were captured using a field 

emission gun (FEG) -SEM (Jeol/JSM 7600, Japan) equipped with the cryo unit (Quorum, 

PP3000t, UK). 

4.2.9 Transdermal studies 

4.2.9.1 Skin preparation 

White porcine ear auricles were obtained from the abattoir for transdermal permeation 

studies as a substitute for human skin due to their permeability characteristics and 

histological and biochemical similarities (Jacobi et al. 2007; Simon and Maibach 2000). 

The ear epidermis was separated using a scalpel, and excess subcutaneous fat was 

removed carefully. The skin was then mounted on an unjacketed vertical Franz diffusion 

cell (Orchid Scientific, Nasik, India) and clamped between the receptor (20 mL of 20 mM 

PBS, pH 7.4) and donor cell (2 mL) with its stratum cornea facing towards the donor cell. 

Thus, the surface area of 2.5cm2 was available for permeation. The receptor cell was 

maintained at room temperature with stirring at 600 rpm using a magnetic bead.  
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4.2.9.2 Development of a transdermal system for DNP niosomes 

a) Carbopol gel-based 

2% Carbopol 934 was added to DNP niosomes with continuous stirring using a glass rod 

to prepare niosomal gel. TEA was added dropwise to neutralize the pH. Similarly, DNP 

gel was prepared by dispersing DNP (equivalent to 1.66 mg of DNP) in water containing 

Carbopol 934 (2% w/w) (El-Ridy et al. 2017; Shirsand et al. 2012). All the samples were 

stored in the refrigerator (4°C) for at least 24 h before experimentation. Four groups of 

transdermal permeation studies were carried out in triplicates. The donor cell was loaded 

individually with DNP in PBS, DNP gel, DNP niosomes, and DNP niosomal gel. 

Samples from the receptor compartment were withdrawn over 24 h and analyzed for 

DNP content. 

b) 3D printed dissolving tip PLA microneedle synthesis 

Molding of PLA MNs was performed by Fused Deposition Modeling (FDM) Julia-type 

3D printing machine (Fracktal Works, Bangalore, India). This machine offers high 

reproducibility, accurate dosing, cleanroom facility, and robotic component handling, 

which is ideal for the bulk manufacture of MNs. The printing operations were carried out 

using the Cura software package. The polymer used here is 1.75 mm PLA filament, an 

FDA-approved biodegradable thermoplastic. PLA filament has a glass transition 

temperature of 60°C -65°C, a melting temperature of 173°C-178°C, and a tensile 

modulus of 2.7-16 GPa. The printing parameters used to fabricate MNs are tabulated in 

Table 4.2.  

Table 4.2: Printing parameters set to fabricate PLA-MNs 

print speed: 50 mm/s bottom layer speed: 15 mm/s 

layer height: 0.2 mm infill speed: 30 mm/ 

shell thickness: 0.30 mm top/bottom speed: 20 mm/s 

retraction speed: 10 mm/s outer shell speed: 20 mm/s 

travel speed: 175 mm/s  inner shell speed: 20 mm/s 
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The hot end temperature was set at 195°C, and the print bed's temperature was set to 60 

°C (Gomaa et al., 2010; Lee et al., 2008; Luzuriaga, Berry, Reagan, Smaldone, & 

Gassensmith, 2018;). 

MNs were completely immersed in a 5M KOH bath for 9 h, followed by several washes 

with clean water to eliminate the KOH traces (Rincon Lasprilla et al. 2011). The conical 

PLA-MN arrays were then dipped in an acetone solution containing DNP (1.66 mg) for 

1h to load DNP onto the tip head. Acetone was then eliminated from the MN arrays by 

evaporation under a vacuum. DNP-coated PLA-MN was pierced into the porcine skin. 

Samples from the receptor cell were collected after 24 h and analyzed for DNP permeated 

and DNP deposited in the skin over 24 h. Similar studies were carried out for DNP 

proniosomes on PLA-MN arrays. Proniosomes of DNP were considered for the 

investigation to improve the PLA's stability and avert hydrolysis. 

To assess the mechanical strength of our PLA-MNs, conical MNs were coated with 

methylene blue. We identified solvent acetone for coating without dissolving PLA. The 

arrays were immersed in acetone solution containing methylene blue (2 mg/mL) for 1h. 

Acetone from the MN arrays was then cleared by evaporation under vacuum for 30 mins. 

The methylene blue-coated PLA-MN was then inserted into porcine skin and allowed to 

absorb methylene blue and diffuse into the skin tissue for 2 h. The tissue was then 

visualized to observe the transfer of methylene blue in the perforated skin tissue. 

c) Ex-vivo permeation studies of niosomes through MN 

The permeation studies for niosomes were carried out by the active method and then 

compared with the passive method (Leeladurga et al. 2016; Nalluri et al. 2015). DNP 

niosomes equivalent to 1.66 mg were loaded in the donor cell for the passive method. 

The active method involved MN array application: 600, 777, or 1200 (AdminPatch® 

Microneedle Arrays, nanoBioScience LLC, CA, USA) individually on the skin by 

applying steady pressure manually and then loaded with the DNP niosomes. The MN 

array system used was kept undisturbed during permeation studies. Samples from the 

receptor cell were collected at intervals of 2, 4, 8, 12, and 24 h and replenished with the 
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fresh medium. The sample was subjected to centrifugal filtration (Amicon® Ultra-3K) at 

5000xg for 10 mins to remove the free DNP and residual niosomal components. The 

intact DNP niosomes were collected from the retentate, and an equal volume of methanol 

was added to disrupt the niosomes. The treated niosomal suspension was subjected to 

centrifugation at 21000xg at 4°C for 30 mins (Remi C-24 plus, Bangalore, India). The 

free DNP in the supernatant was determined by RP- HPLC analysis.   

4.2.9.3 Permeation parameter analysis 

The receptor compartment sample was subjected to centrifugal filtration (Amicon® 

Ultra-3K device) at 5000xg for 10 mins to remove the free DNP and residual niosomal 

components. The intact DNP niosomes were collected from the retentate, and an equal 

volume of methanol was added to disrupt the niosomes. The treated niosomal suspension 

was subjected to ultracentrifugation at 21000xg at 4 °C for 30 mins (Remi C-24 plus). 

The supernatant was determined by HPLC analysis (Nalluri et al. 2015; Wang et al. 

2012).  

The permeation profile for intact niosomes carrying DNP as a function of time was 

plotted for passive and MN-treated active methods. The apparent permeation coefficient 

(Kp) was computed using Fick’s first law of diffusion:  

 

Eq (4.8) 

Where Js is the flux (µg/cm2/h), M is the cumulative amount of drug in the intact niosome 

permeated across the skin (µg/cm2), A is the active area of the skin (2.5 cm2), Kp is the 

apparent permeability coefficient (cm/h), and ΔC is the difference in concentrations of 

DNP in the donor and receiver.   

Enhancement ratio (ER) was computed to evaluate MN's relative efficiency in 

translocating the intact niosomes across the skin. The enhancement ratios were calculated  

 

Eq (4.9) 
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4.2.9.4 DNP content in porcine skin  

The porcine skin was minced and homogenized (Omni Tissue Master 125 Homogenizer, 

Bangalore, India) in 50% methanol. The homogenate was centrifuged at 18700xg, and 

the supernatant was analyzed for DNP content by RP-HPLC at a UV wavelength of 268 

nm and retention time of 6.8 min.  

4.2.10 Synthesis of NPG and characterization 

The glucose derivative surfactant NPG, which acts as a glucose analog to specifically 

target the brain, was synthesized as described by Dufes et al. 2000 with suitable 

modifications. First, glucosamine (0.0863g) was dissolved in a solution containing 15 mL 

of DMSO and 93µl of TEA, and palmitic acid N-hydroxysuccinimide ester (0.283g) was 

dissolved in 4 mL of chloroform. Then, the two solutions were mixed and kept for 

stirring at room temperature for 72 h in the dark under a nitrogen environment to 

eliminate chloroform. The addition of 200 mL of cold water favored complete 

precipitation of the product. The precipitate was collected by vacuum filtration, followed 

by a wash with DMSO and ethanol. The NPG obtained was freeze-dried and stored at 

4⁰C in an amber bottle. NPG was characterized by 1H NMR-400 MHz (with integration) 

using deuterated DMSO solvent (Bruker Ascend TM 400). The IR spectra of the 

synthesized NPG were recorded using FTIR (Bruker Alpha II, Bangalore, India) operated 

in ATR mode with 12 scans in the wavelength range of 4000 cm-1 to 500cm-1 and 

resolution of 4 cm−1 to study its structure. Then, 5 mg of NPG was added to the 

optimized composition to synthesize functionalized DNP niosomes by the TFH method. 

4.2.11 Molecular docking of NPG to GLUT-1 transporter. 

The ligand, NPG built, was docked into GLUT-1 transporter protein's active site, 4PYP 

using SYBYL ver 7.3 (Tripos, L.P.) Surflex-Dock (BioPharmics LLC.) is licensed to 

MIT, MAHE. Before docking, the ligand was subjected to energy minimization to obtain 

the optimum structure (averaging 200 conformations due to its long fluttering tail). The 

3D structure of 4PYP was retrieved from the protein data bank. 4PYP protein was 

prepared by removing the side chain errors and heterogeneous groups, such as adding 
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hydrogen and assigning the appropriate amide charges, defining the binding cavities, and 

protomol generation to mimic the ideal interactions between the ligand and the active 

site. 

4.2.12 Cell viability studies by AO-EB staining 

Human neuroblastoma cells (IMR 32) procured from NCCS, Pune, were selected to 

assess the therapeutic efficacy of the DNP niosomes and NPG-fn-DNP niosomes. The 

cell lines were cultured in DMEM (Glucose: 4.5g/L) supplemented by 10% FBS and 1% 

antibiotic-antimycotic solution. Cells were maintained at 37°C and 5% CO2 in a 

humidified atmosphere and used after three consecutive passages. 

Cell viability was assessed using AO-EB dual staining method when treated with the 

optimized DNP niosome and NPG-fn-DNP niosomes (Na et al. 2009). Cells were seeded 

into 24-well plates at a seeding density of 25000 cells/well. After adherence, the 

confluent cells were treated with a 100 µM concentration of the DNP in niosomes. Cells 

treated with PBS were considered as a control. Post-incubation with the respective 

niosomal formulation, the cells were washed with PBS, fixed with chilled methanol, and 

stained with AO-EB (1:1). The plates were incubated for 60 mins at room temperature in 

the dark. Then the images were captured with 20x magnification by a fluorescence cell 

imager (ZOE, Biorad, India) at excitation and emission wavelengths of 475/535 nm for 

AO and 528/660 nm for EB stain, respectively. 

4.2.13 Cell line studies for GLUT-1 expression 

IMR-32 cells were cultured with low glucose DMEM (Glucose:1g/L) containing 10% 

FBS and antibiotic-antimycotic solution in a T-75 flask and incubated at 37°C in a 5% 

CO2 humified atmosphere was taken as control. IMR-32 cells cultured with low glucose 

DMEM and 1:100 part of NPG were considered a test sample for GLUT-1 transporter 

protein expression. The confocal microscopy technique has been chosen to associate the 

presence of NPG ligand in the cell. The internalization by the cells was confirmed using 

1:400 part 2-NBDG, a fluorescent probe. The 2-NBDG covalently binds to the glucose 
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molecule and monitors glucose uptake in a live cell. The fluorescence of NPG uptake by 

IMR-32 cells was analyzed by a Leica TCS SP5 confocal microscope equipped with a 

63X oil immersion objective. The specific 2-NBDG displays excitation/ emission at 

480/550 nm. The pseudocolor red was used instead of green to appreciate their presence 

better. The cell lines were tested for glucose uptake by fluorescence-activated cell sorting 

(FACS) Accuri C6 flow cytometer, BD, Biosciences, San Jose, CA, USA. The cell nuclei 

were stained using 1:400 part of DAPI, a fluorescent compound with an excitation peak 

of 358 nm and an emission peak of 461 nm. The fluorescence was detected using a blue 

filter. 

4.2.14 Cell uptake studies by Perls’ iron staining  

To evaluate the internalization of niosomes, the Perls’ iron staining that produces a 

Prussian-blue deposition in the presence of iron was considered (Venturelli et al. 2016). 

The niosomal formulation was hydrated with 0.1% iron oxide nanoparticles in PBS 

buffer as a marker. The Sephadex G50 mini-column centrifugation technique eliminated 

the unbound iron oxide nanoparticles. Iron oxide nanoparticles-treated niosomal 

formulations were added to T-75 containing the monolayer of IMR-32 cell lines and 

allowed to stand for 15 min. The cell lines were then fixed on a glass slide using 4% 

paraformaldehyde solution (diluted in PBS) and incubated for 10- 15 mins. The slide was 

then dipped in the staining solution containing 2% HCl and 4% Potassium ferrocyanide 

for 15 min. The slide was given a wash with distilled water, counterstained with eosin for 

2 mins, and washed once again. The eosin-stained the cytoplasm pink, while the iron 

deposition was stained blue by Prussian blue. The quantification of cells positive for 

internalized niosomes was captured via an optical microscope (Leica DMD108). Prussian 

blue deposition cells were counted as positive for niosomal uptake. As a control, 0.1% 

iron oxide nanoparticles in PBS buffer were considered. 

4.2.15 In vivo studies 

Male SD rats (150–180 g, 6-8 weeks), procured from Adita Biosys Private Limited, 

Tumakuru (44 in number). The animals were maintained in polypropylene cages under a 



 

56 
 

standard housing environment (room temperature: 25 ± 2°C, relative humidity: 60–65%, 

and 12 h of light and dark cycle), with food and water ad libitum. The experiment 

protocol was approved by the Institutional Animals Ethics Committee 

(YU/IAEC/7/2019). The in vivo investigations were conducted at Yenepoya University 

following the guidelines drafted by CPCSEA (Committee for the Purpose of Control and 

Supervision of Experiments on Animals). 

4.2.15.1 Induction of dementia regimen 

The Hippocampal dependent test analyzed the animal model's cognition: Y-maze 

spontaneous alteration test and the Morris water maze test (Davis et al. 2017).  

a) Y-maze spontaneous alternation test 

Spatial working memory and cognitive function were assessed by spontaneous alternation 

behavior in Y-maze. A symmetrical Y-maze of three arms of 35 cm long, 7 cm in height, 

and 10cm in width at an angle of 120° was fabricated using plexiglass. Doors were 

placed at each arm at 5 cm from the center. Each SD rat was positioned in the maze 

center and allowed to explore the arena for 5 mins. The arm entries and the triads are 

recorded to calculate an alternation percentage. 

 

Eq (4.10) 

b) Morris water maze test  

The water maze setup included a circular tank with a radius of 75 cm and a height of 40 

cm. The water tank was divided equally into four quadrants along the circumference of 

the pool (north-east (NE), south-east (SE), south-west (SW), and north-west (NW)). An 

escape platform of a 5 cm radius was immersed 2 cm below the water surface and 

positioned in the NW quadrant. All the SD rats were trained to track down the hidden 

platform.  

The SD rats were subjected to one session of six trials per day individually for the first 

four days. The rats were positioned in each quadrant during the trial to remove the 
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quadrant effects. The rats were left on the platform for 30 s and then patted dry using a 

towel. During the probe trial session, the rats failing to detect the platform within 60 s 

were guided through the water. On day 5 (Probe day), 24 h after the training sessions, the 

escape platform was withdrawn, and a probe trial was carried out. The cut-off time for 

animals to swim was set to 60 s before the end of the session. Time elapsed in escaping to 

the NW quadrant, i.e., the escape latency time (ELT) and the total time (TT) spent in the 

NW quadrant, were evaluated. 

After its initial acclimatization period, the SD rats were trained for good cognition and 

spatial orientation from day 5 in the Y maze and Morris water maze. The rats were 

trained until a minimum of 75% alternation in the Y maze and ELT cut-off of 60 seconds. 

Once completed, dementia in SD rats was induced by administering freshly prepared 

aluminum chloride (AlCl3) in saline at a 10 mg/kg dosage. The dosing regimen of AlCl3 

was fixed owing to its high induction rate and low mortality (Abdel-Aal et al. 2011; 

Abdel-Salam et al. 2015). Based on the Hippocampal dependent test analysis, the animals 

with lower cognition (maximum alterations of 40% and ELT over 60 seconds) were 

injected with the formulation for further evaluation. 

4.2.15.2 Biodistribution of DNP niosome and NPG-fn-DNP niosome 

Three AD-induced rats per time point for each test formulation were used in the study. 

Normal saline and DNP in saline were administered by intravenous route. The DNP 

niosomes and NPG-fn-DNP niosomes (drug dosage of 0.45mg/kg) were administered via 

a transdermal microneedle patch. The rats were sacrificed at different time intervals 

(0th,1st, 2nd, 3rd, 5th, and 7th day) by euthanasia using ketamine hydrochloride. The control 

group rats were sacrificed on the 1st and the 7th day. The blood was collected using 

cardiac puncture in acid citrate dextrose (anticoagulant) coated tubes and centrifuged at 

4000 rpm for 20 min. The supernatant containing blood plasma was collected and stored 

at 4 °C until further analysis.  

Subsequently, the vital organs (brain, heart, liver, lungs, and kidney) were collected. The 

organs were washed twice using normal saline to remove adhering tissue/fluid and then 
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weighed. The vital organs were then homogenized individually with 25 mM phosphate 

buffer (pH 7.4) and centrifuged for 20 min at 4000 rpm. The supernatant containing DNP 

was collected and stored at 4 °C until further analysis. The analysis for drug 

concentration in the vital organs was carried out by RP- HPLC and assessed for 

pharmacokinetic parameters (Bhavna et al. 2014). 

Table 4.3: SD rat group considered for the study 

SN Animal Group No.s Treatment Route  

1 Control 

(Negative) 

4 Saline Intravenous 

2 Control 

(Positive) 

4 DNP in saline  Intravenous 

3 DNP niosomes 18 Optimized DNP niosomes administered 

using 1200μm MN array system 

Transdermal 

4 NPG-fn-DNP 

niosomes 

18 NPG-fn-DNP niosomes administered 

using 1200μm MN array system 

Transdermal 

Total SD Rats= 44 

4.2.15.3 Extraction of DNP from plasma and vital organs 

The DNP's extraction from blood plasma was achieved by the liquid−liquid extraction 

technique (Abonassif et al. 2011; Lu et al. 2004). Briefly, an aliquot of 200 μL of blood 

plasma, 40 µL of 0.1 mol/L NaOH, and 1 mL of isopropyl alcohol-n hexane (3:97, v/v) 

were vortexed for 3 min. The mixture was then centrifuged at 25ºC for 20 mins at 4,000 

rpm. The upper organic layer was transferred in a glass test tube and evaporated under a 

nitrogen stream at 50 ± 2ºC. The dried residue was dispersed in 200 μL of the mobile 

phase and filtered using a 0.25 μm membrane filter. 10 μL of the extract was injected for 

the RP-HPLC analysis.  

The brain and other vital organs were crushed and vortexed, and the supernatant was 

separated using a cooling centrifuge. First, an aliquot of 200 μL of the organ homogenate 
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was taken. Next, 40 µL of 0.1 mol/L NaOH and 1 mL of isopropyl alcohol-n hexane 

(3:97, v/v) were taken in an Eppendorf and vortexed for 3 min. The mixture was then 

centrifuged for 20 mins at 4,000 rpm at 25ºC. After centrifugation, the supernatant so 

obtained was treated similarly to the plasma. 

4.2.15.4 RP-HPLC analysis 

The amount of DNP in the extract was quantified using the RP-HPLC system (Waters 

e2695 system) consisting of a UV detector (Waters 2489 UV/Vis Detector) (Senthil 

Kumar et al. 2011). Phenyl RP column (25 cm x 4.6 mm, 5 µ) set at 40°C was used as the 

stationary phase. The separation was achieved using solvent methanol: 20mM phosphate 

buffer (pH 7.4): triethylamine (60: 40: 0.5, v/v) as the mobile phase by isocratic elution at 

the flow rate of 1 mL/min. The UV detector's wavelength was tuned to 268 nm, and 20 µl 

of the filtered, degassed sample was injected. The DNP peaks were detected at a retention 

time of 6.8 min and compared with the standard calibration curve. 

4.2.15.5 Evaluation of Pharmacokinetic parameters 

The pharmacokinetic parameters were calculated based on the DNP concentration in the 

brain tissue and blood plasma at different time intervals. The least-squares program in the 

Summit PK analysis (Montrose, CO, USA) was used to estimate the parameters. The area 

under the DNP concentration vs. time curve varied from time zero to time t (AUC0–t), the 

area under the DNP concentration vs. time curve varied from time zero to infinity 

(AUC0–∞), and the DNP elimination half-life (T1/2), maximum DNP concentration (Cmax), 

rate of DNP removal from the body (Ke) and mean residence time (MRT) were evaluated 

(Al-Asmari et al., 2015).  

4.2.15.6 In vivo safety profile for DNP niosomes and NPG-fn-DNP niosomes 

The animal safety studies of the DNP niosomal formulations were evaluated based on 

changes in neurobehavior, animal weight, and blood parameters (Bhavna et al. 2014). 
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a) Anatomical pathology:  

The experimental SD rats were observed for mortality, paralysis, edema, erythema, 

cyanosis, ruffled fur, skin irritation, tear secretion, excessive salivation, and lethargy as 

signs and symptoms of toxicity.  

b) Food, water intake, and SD rat weight variation:  

The food and water intake of experimental SD rats were observed periodically throughout 

the investigation. Body weights of all the rats were noted daily. The comparison between 

the percentage of weight gained by the treated SD rats and the control group before 

exposure was noted as clinical signs of toxicity.  

c) Blood parameter analysis:  

Blood samples collected by cardiac puncture were pipetted into an acid citrate dextrose 

tube. The parameters such as red blood cells (RBC) count, white blood cells (WBC) 

count, hemoglobin (Hb) level, hematocrit (HCT) percentage, mean corpuscular volume 

(MCV), mean cell hemoglobin (MCH) concentration, and platelets counts were estimated 

using an auto-analyzer (Sysmex, XP-300™, India) and compared with control. 

d) Vital organ/animal weight ratio analysis:  

The weight ratio of the vital organs to the corresponding SD rats' weight of the treated 

group was determined and compared with the control and observed for variations. 

4.2.16 Statistical Analysis 

Data obtained were analyzed with Origin Pro 8.0 and Microsoft Excel 2016 package. The 

experiments were carried out in triplicates, and the results were expressed as mean ± SD. 

The data group was subjected to regression analysis to determine the p-value. The 

significance threshold of 0.05 was fixed. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter presents observations and inferences on synthesizing DNP niosomes using 

span series to attain the optimum particle size and entrapment efficiency. DNP niosomes 

were prepared and attempted to precisely deliver through the MN approach across the 

skin and target brain. The clinical efficacy of the formulations was validated by in vitro 

skin permeation studies, ex vivo cell line studies, and in vivo studies in the SD rat model. 

The suitability of any nanocarrier system depends on physicochemical properties and 

stability. Hence, a framework to assess the characteristics of the niosomes was designed 

by controlling the formulation and process variables. The present work was adopted to 

develop a DNP niosome in the 100-200nm size range. A high entrapment efficiency 

would mean less time and effort to remove unentrapped material. DNP niosomes were 

synthesized by the conventional TFH method and optimized to achieve a good 

entrapment efficiency.  

The influence of surfactant type, surfactant/CHOL ratio, hydration time, hydration 

volume, sonication time, and charge inducer (DCP and SolC24) on the particle size, 

entrapment efficiency, and stability are studied, and the results are presented in this 

chapter. Furthermore, the optimized formulation's release kinetic modeling was 

conducted at pH 5.4 for skin, 6.8 for the brain, and 7.4 to simulate plasma. The optimized 

niosomes were evaluated for pH sensitivity by FTIR studies, and morphological changes 

were observed by cryo-SEM. Ex vivo studies investigated the feasibility of transdermal 

delivery of intact DNP niosomes across porcine skin. The skin permeability studies were 

carried out using DNP niosomes in Carbopol 934 gel, DNP proniosomes coated 3D PLA-

MN, and stainless steel MN array systems. 

The glucose derivative surfactant NPG, which acts as a glucose analog to target the brain, 

was synthesized and characterized by 1H-NMR for structural elucidation. The NPG built 
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was docked into the active site of GLUT-1 transporter protein, 4PYP using the software 

SYBYL ver 7.3 (Tripos, L.P.) Surflex-Dock (BioPharmics LLC.) to determine the 

binding amino acids. The optimized niosomes were then functionalized with NPG to 

target the GLUT-1 transporter protein lined on the brain cells. GLUT-1 mediated 

internalization of the functionalized niosomes was visually observed by the Iron Perl 

staining method using iron oxide nanoparticles moieties. The cell viability studies were 

observed by AO-EB staining. The clinical validation of the formulation for transdermal 

delivery to the target brain was assessed by biodistribution, pharmacokinetics, and 

toxicity studies in AD-induced animal models. 

The results were interpreted, and the discussion on the results was presented based on 

experimental observations and compared with available literature reports. The results of 

the experimental studies are shown in the form of tables and figures. The finding reported 

in the present study are average triplicates. 

5.1 Selection of the Surfactant 

The conventional TFH method was employed to prepare niosomes using a Span series 

surfactant (Appendix III) based on preliminary studies. The total surfactant to lipid 

concentration was fixed to 20mM with a 1:1 molar ratio of CHOL and Span. The average 

particle size, entrapment efficiency, and PDI of the prepared formulations are presented 

in Table 5.1.  

The results registered revealed that the average particle size of the niosomal formulation 

was in the order of S20 > S40 > S60 > S80. The polydispersity index (PDI) of S40 and 

S60 formulations was less than 1, indicating good homogeneity. The DNP entrapment 

efficiency was in the order of S60 > S40 > S20 > S80. The results obtained illustrate that 

the physicochemical characteristics of the niosomes are dominated by alkyl chain length, 

hydrophobicity, and the high-phase transition temperature of the surfactant.  
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Table 5.1:  Effect of surfactant type, Tc, Carbon chain length, and HLB value on Particle 

size, Polydispersity index, and Entrapment efficiency. 

Surfactant Tc Alkyl 

chain 

length 

HLB 

value 

PS ± SD PDI ± SD %EE ± SD 

S20 16 ⁰C C12 8.6 623.83±17.14 0.909±0.35 43.87±2.86 

S40 42 ⁰C C16 6.7 553.34 ±16.73 0.269±0.13 67.98±2.16 

S60 53 ⁰C C18 4.7 386.93 ±10.17 0.317±0.24 70.14±3.14 

S80 12 ⁰C C18 4.3 343.22 ±12.78 0.847±0.38 35.80±1.28 

Constant parameters: Surfactant=10 mM CHOL=10 mM, Drug loading: 5 mg, Hydration 

volume: 10 mL and Hydration time=45 mins. 

5.1.1 Effect of alkyl chain length  

Niosomes formulated with S20 with an alkyl chain length of C12 measured average 

particle size of 623.83 ± 17.14 nm, while S40 with C16 measured 553.34 ± 16.73nm. The 

niosomes formulated with S60 and S80 with an alkyl chain length of C18 produced 

smaller niosomes than the niosomes of S20. Surfactants with a longer carbon chain 

penetrate deeper into the surfactant-lipid layer, increasing the membrane rigidity and 

reducing the particle size. However, despite S60 and S80 having the same alkyl chain 

length, S80 surfactant produced smaller niosomes in unsaturated fatty acids. A double 

bond between C8 and C9 in the alkyl chain forms a compact layer of surfactant and lipid, 

reducing particle size. The observed results proved that particle size variation depends 

mainly on nature and the alkyl chain length. Similar studies were recorded for niosomes 

of carboxyfluorescein (Yoshioka et al. 1994) and clarithromycin (Asthana et al. 2016). 

Niosome size decreased with increasing carbon chain length value. An attempt to 

examine the effect of the alkyl chain length (Duangjit et al. 2014) confirmed that the 

particle size reduces with the increasing alkyl chain length.  
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The surfactant structure played a vital role in the entrapment of the drug. It was observed 

that with the increasing alkyl chain length, the DNP entrapment efficiency increased 

significantly in the order of C12, C16, and C18. High entrapment efficiency was 

registered for S60 niosomes with C18 (70.143 %) and S40 with C16 (67.98%). The long 

chain of surfactant hydrocarbon interacts strongly with the CHOL molecule, decreasing 

the membrane's elasticity. In contrast, short-chained surfactants increase elasticity 

through shallow insertion, reducing entrapment efficiency. Similar studies were reported 

for timolol maleate niosomes (Abdelkader et al. 2014b), tenofovir disoproxil fumarate 

niosomes (Kamboj et al. 2014), silver sulfadiazine niosomes (Dharashivkar et al. 2014), 

and clarithromycin niosomes (Asthana et al. 2016) synthesized using span series. 

However, S80 niosomes with C18 reduced entrapment efficiency due to an unsaturated 

alkyl chain, resulting in decreased entrapment efficiency (Asthana et al. 2016; 

Dharashivkar et al. 2014). Although S60 and S80 have the same hydrophobic head group 

and hydrophilic alkyl chain length, an unsaturated alkyl chain with a double bond altered 

the entrapment efficiency of S80 by 50%. 

5.1.2 Effect of the phase transition temperature  

The difference in DNP entrapment efficiency could be attributed to the surfactants' phase 

transition temperature (Tc). The results suggested that the higher the Tc, the higher the 

entrapment efficiency and supported the hypothesis proposed by Abdelkader et al. 2010; 

Yoshioka et al. 1994. The theory stated that if the Tc >> Ts, the surfactant monomers 

form an ordered gel state. Moreover, if the Tc << Ts, the surfactant monomers remain in a 

disordered fluid state. In this study, the formulations were stored at 25 ⁰C after the 

synthesis. Correlating to the hypothesis, the Tc of S60 and S40 were above Ts. Hence the 

monomers of S60 and S40 were in the ordered gel state. The ordered bilayer membrane 

of the S60 and S40 niosomes prevented the leaching of the drug and recorded high 

entrapment efficiency. Hence, niosomes of S40 and S60 registered good entrapment 

efficiency. While Tc of S20 and S80 were below Ts, the monomers of S20 and S80 were 

in the disordered fluid state and formed leaky niosomes, thus reducing the entrapment 

efficiency of the niosome.  
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5.1.3 Effect of HLB value  

Nonionic surfactants are composed of the hydrophilic tail and hydrophobic head 

segments and possess high interfacial activity. The particle size and ability of the 

surfactant to form bilayer niosomes or micelles depend on the surfactant's HLB value. 

The results obtained demonstrated an increase in the particle size with the HLB value. 

Among the surfactants considered for the study, S20 has the maximum HLB value of 8.6. 

It comprises a small hydrocarbon chain volume compared with hydrophilic head volume, 

while the relevant value of S60 and S80 is much lower. The hydrophobicity increases at a 

lower HLB value, and the surface free energy decreases, resulting in smaller niosomes 

(Agarwal et al. 2004; Nowroozi et al. 2018; Yoshioka et al. 1994). From the Table 5.1. 

the particle size of niosomes with S60 and S80 is approximately 38 % and 45 % smaller 

than niosomes of S20 niosomes. From the results obtained, it can be expected that at the 

same CHOL concentration, niosomes composed of lower HLB value produces smaller 

niosomes. 

The increase in entrapment efficiency with the HLB value decrease could be attributed to 

the increased hydrophobicity. The hydrophobic force held the drug in the lipid layer, thus 

preventing the drug's leaching from the bilayer. With the increase in hydrophobicity, the 

stability of the niosomes increased, reducing the permeability, which led to efficient 

entrapment of the hydrophobic drug into bilayers of the niosome formed (Balakrishnan et 

al. 2009). However, niosomes of S80 showed the lowest entrapment efficiency despite 

low HLB value due to an unsaturated alkyl chain, which formed leaky niosomes, thus 

reducing the entrapment efficiency. The results were consistent with niosomes of span 

series for carboxyfluorescein (Yoshioka et al. 1994), minoxidil (Balakrishnan et al. 

2009), timolol maleate (Abdelkader et al. 2010), zidovudine (Ruckmani and Sankar 

2010), tenofovir disoproxil fumarate (Kamboj et al. 2014), silver sulfadiazine 

(Dharashivkar et al. 2014) and clarithromycin (Asthana et al. 2016) confirming the 

hypothesis that entrapment efficiency may be correlated with the hydrophobicity of the 

alkyl chain of the surfactant. 
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5.2 One factor optimization S60 niosomes 

This investigation's primary objective was to determine the optimum experimental 

conditions that would yield the best responses, including mean particle size under 200 nm 

with excellent entrapment efficiency, homogeneity, and stability. 

5.2.1 Analysis for traces of chloroform in the thin film by gas chromatography 

Elimination of chloroform from the thin film is a critical stage. The chloroform can 

destabilize the niosomes by solubilizing the membrane and increasing the cytotoxicity of 

the formulation. Reports suggested that placing the thin film formed in a vacuum 

desiccator (Asthana et al. 2016; Mukherjee et al. 2007) or an inert nitrogen environment 

(Ruckmani and Sankar 2010) overnight can effectively eliminate the residual chloroform. 

However, it is a time-consuming process that can influence upscaling and production 

efficiency in an industrial setting. Hence, it is vitally essential to curtail the process-time 

in the TFH method used to synthesize niosomes. 

Accordingly, the thin film (S60-CHOL) formed by the solvent evaporation was subjected 

to a vacuum for a discrete-time length to optimize the vacuum time. The thin film 

deposited was then solubilized in carbon tetrachloride based on its miscibility with 

chloroform and particular retention time. The resultant mixture was then analyzed for 

traces of chloroform in carbon tetrachloride by gas chromatography. The chromatogram 

obtained is presented in Figure 5.1. 

Chloroform and carbon tetrachloride registered characteristic peaks at a 3.2 min and 3.6 

min retention time. Also, substantial changes in the peak were noted at different vacuum 

times. The chromatogram analysis showed that thin film subjected to 3 h and 12 h of 

vacuum under an inert environment showed no traces of chloroform.  
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Figure 5.1. Gas chromatogram of chloroform (retention time= 3.2min) and carbon 

tetrachloride (retention time=3.6min). (a) Analyzed at 0th h of formation of the thin film. 

(b) 3 h of vacuum. (c) 12 h of vacuum.  

However, at 0th h (after the thin film formation), a small chloroform peak was recorded at 

a retention time of 3.2 min (Figure 5.1 a). The preliminary results show that a vacuum 

time of 3 h is adequate to eliminate chloroform, thus curtailing process time. On this 

basis, other formulations were synthesized by the TFH method with 3 h of vacuum time. 
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5.2.2 Effect of S60 concentration 

Ten different molar concentrations of surfactant, S60, were considered to synthesize 

niosomes, and S60 concentration was varied from 0-27 mM, as shown in Table 5.2. All 

the other parameters, such as DNP loading (5 mg), CHOL concentration (10 mM), 

hydration time (45 mins), and hydration volume (10 mL), were kept constant in the study. 

Nonionic surfactant, S60, with a hydrophilic-lipophilic balance (HLB) value of about 4.7, 

was considered for the study owing to its hydrophobicity and high phase transition 

temperature (Tc= 53°C), which enables better entrapment of the drug (Akhilesh et al. 

2012). Over and above, S60 is an ester-linked surfactant that degrades into nontoxic 

triglycerides, and fatty acids catalyzed by esterase (Hunter et al. 1988) and is hence 

biocompatible. As shown in Figure 5.2, the variation in S60 concentration significantly 

affects the mean particle size and entrapment efficiency of the prepared niosomes. The 

higher concentration of S60 resulted in smaller mean particle size and greater entrapment 

efficiency.  

In this investigation, the mean particle size of the DNP niosome reduced significantly 

(p<0.05) by 42 %, with an increase in S60 concentrations from 3 mM to 21 mM. The 

formulation's stability and PDI also improved with increasing S60 strength. NSV1 was 

not considered for physicochemical evaluation as no niosomes can be formed without 

nonionic surfactant in the formulation.  

At a lower concentration of S60 (NSV2 and NSV3), the surfactant molecules may not 

stabilize the membrane of the niosome (Essa 2010; Helgason et al. 2009), which could 

have led to the formation of a larger niosome and formed sediments on storage (Figure 

5.3 b,c). These niosomes thus formed were unstable. The investigation showed that the 

excess CHOL precipitated when the CHOL concentration was higher than the S60 

concentration. The CHOL, represented by an inverted cone shape, acts as a mortar in the 

bilayer and functions cooperatively with the surfactant monomers by virtue of its 

molecular shape to form stable niosomes. However, CHOL molecules are comparatively 

rigid and possess too small head groups to pack into an organized conformation 
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(Israelachvili et al. 1976, 1980). As a result, the excess CHOL precipitated due to its 

inability to accommodate within the acyl chained bilayer, leading to unstable niosomes. 

 

Figure 5.2: Effect of S60 concentration on the mean particle size and entrapment 

efficiency.  

Constant parameters:: DNP loading:5 mg, CHOL concentration:10 mM, Hydration time:45 

mins, and Hydration Volume:10 mL.  

Labels:*** PDI ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation after 30 days at 4°C: 

+++ no sedimentation, ++ partial sedimentation (1-25%) and + near to complete sedimentation 

(1-70%). 

With a further increase in S60 concentration, the transition of the S60-CHOL molecule 

from a dispersed lamellar layer to the vesicular system might have attributed to the 

formation of thermodynamically stable niosomes of smaller size (Jurašin et al. 2013) 

(Figure 5.3 d,e). Additionally, the low HLB value of S60 and surface free energy leads 

to relatively less water uptake in the core and forms smaller niosomes (Yoshioka et al. 

1994). The NSV8 formulation with an S60 concentration of 21 mM recorded the smallest 
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mean particle size of 264.25±6.4 nm. The formulations NSV4-NSV7 showed an excellent 

degree of homogeneity. 

However, beyond the S60 concentration of 21 mM, the stability and the homogeneity of 

the niosomal formulation declined, and increasing S60 concentration showed no effect on 

the mean particle size (Figure 5.2). The observed results could be attributed to the 

formation of w/o/w vesicles from excess S60 moieties and the stable DNP niosomes. 

Figure 5.3f shows the cryo-SEM images captured for NSV10 formulation containing 27 

mM of S60 and 10 mM CHOL. The findings exhibit other smaller vesicles' formation and 

stable niosomes, despite the purification of the formulation by mini-column 

centrifugation. The observations were also ascertained by the HR-TEM image (Figure 

5.3a), which featured the spherical, bilayered, and hydrated vesicle formation when 10 

mM of S60 was added to PBS (pH 7.4). These translations proposed that excluding these 

w/o/w vesicles from the formulation is indispensable to improve the stability and the 

homogeneity of the niosomal formulations.   

Another possible explanation for the change in the mean particle size with variation in 

S60 concentration is derived from the critical packing parameter (CPP), which is given as 

the ratio of volume to the surface area as shown in Equation (5.1) 

 

Eq (5.1) 

Where a0 stands for the minimum interfacial area occupied by the hydrophilic head 

group, ʋ is the lipophilic tail volume, and lc is the lipophilic tail length (Nagarajan 2002).  

CPP is a valid value as it predicts the molecular geometry of the aggregate complex 

formed by the monomers (Mitchell and Ninham 1981). The expected shape of the vesicle 

formed by S60 is spherical as the surfactant's CPP value, S60, is between 0.5 to 1.0 

(Uchegbu and Vyas 1998). The vesicle system's morphology was observed by hydrating 

10 mM of S60 in PBS at 65 °C, corresponding to the NCV1 formulation. The HR-TEM 

revealed that the vesicles formed were spherical and bilayered (Figure 5.3a).  
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Figure 5.3: (a) High-resolution TEM image of bilayer vesicles formed by hydrating 

10mM S60 in PBS corresponds to NCV1 formulation. (b) Cryo-FEG-SEM image of 

NSV2 niosomal formulation (S60: 3 mM:: CHOL: 10 mM). (c) SEM image of Sediments 

of CHOL and DNP displaced from NSV2 niosomal formulation. (d) Cryo-FEG-SEM 

image of NSV5 niosomal formulation (S60: 12 mM:: CHOL: 10 mM). (e) Cryo-FEG-

SEM image of NSV8 (S60: 21 mM:: CHOL: 10 mM) demonstrates non-homogeneity of 

the niosomal formulation. (f) The cryo-FEG-SEM image of NSV10 niosomal formulation 

(S60: 27 mM:: CHOL: 10 mM) vividly showcases the difference in the formation of 

stable niosomes and w/o/w vesicles in the background. 

However, other compatible lipophilic components in the formulation may alter the 

number of lipophilic groups, chain unsaturation, chain branching, and chain penetration 

affecting the parameter ʋ. The electrostatic interactions and head group hydration may 

also modify the ao value. These variations can directly influence the CPP value and alter 
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aggregate structure (Khoee and Yaghoobian 2009). Although the mean particle size of 

the DNP niosomes decreased with an increase in the S60 concentration, the cryo-SEM 

images revealed that the conformation of the niosomes is spherical, irrespective of the 

S60 concentration (Figure 5.3). This structural elucidation implied that the CPP value, 

even if altered, remained within 0.5 to 1, forming spherical niosomes.   

The investigation conclusively demonstrated that with the increase in S60 concentration, 

the mean particle size of the DNP niosomes scales down due to reduced surface tension 

and stabilization on the niosome membranes. The results agreed with the findings 

reported by Essa (2010), where the niosome size reduced, irrespective of some 

differences in the surfactants used. Similar results for S60-based spherical niosomes were 

reported by Khan et al. (2015) for diacerein, which exhibited a reduction in the mean 

particle size by 40% when S60 was increased by two times. 

The effect of S60 concentration on entrapment efficiency was also investigated by 

varying the S60 molar concentration from 0 mM to 27 mM, and the results are 

represented in Figure 5.2. The entrapment efficiency was boosted by 43.66% when the 

S60 concentration was increased from 3 mM to 27 mM (p<0.05). NSV9 formulation with 

24 mM S60 concentration registered an excellent entrapment of 81.62%± 2.76%. 

It is well accepted that water-insoluble drugs are preferentially taken up by the 

hydrophobic shell comprising fatty acyl hydrocarbon chains, which provides an excellent 

solubilizing environment. With the increase in S60 concentration, the hydrophobic 

domain volume increases, and the surface tension decreases, leading to smaller niosomes 

and an increase in the niosomes count. Hence, the active surface available to 

accommodate the DNP increases, resulting in higher entrapment efficiency. Similar 

results were reported by S60 niosomes of acetazolamide (Guinedi et al. 2005), 

carboxyfluorescein (Yoshioka et al. 1994), and doxorubicin (Bragagni et al. 2012), 

indicating that lower the HLB value better is the entrapment efficiency. The findings may 

also be correlated to the hydrophobicity, alkyl chain length, Tc of the S60 and the ordered 

gel state system of the bilayer shell formed in the niosome (Karim et al. 2010). At a much 
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higher concentration of S60, it can be contemplated that the S60 monomers may associate 

with themselves to form w/o/w vesicles entrapping the drug (John W Cooper; Colin 

Gunn 1967) along with the stable DNP niosomes, escalating the entrapment efficiency. 

Hence, it is crucial to eliminate the w/o/w vesicles formed to accurately assess the 

entrapment efficiency of the stable DNP niosomes developed. 

5.2.3 Effect of CHOL concentration 

CHOL is a lipid membrane additive that influences the shape, size, ion permeability, and 

elasticity of the niosomes (Needham and Nunn 1990). The effect of CHOL on the 

physicochemical properties of the niosome was studied by synthesizing DNP niosomes at 

various CHOL concentrations (0-27 mM), as shown in Figure 5.4.  

NCV1 formulation, with only S60 as the niosomal component, formed w/o/w vesicles 

(Figure 5.3a) of 226.8 ± 2.28 nm in the aqueous dispersion entrapping 28.73% ± 2.78% 

of DNP. The data revealed that the mean particle size of the DNP niosomes reduced by 

15.8% when CHOL concentration was varied from 3 mM to 12 mM (NCV2 to NCV5). 

With a further rise in CHOL concentration to CHOL:27 mM, the mean particle size 

increased linearly by 38.4%. The formulation, NCV4, with a mean particle size of 288.71 

± 2.1 nm, and NCV5, with a mean particle size of 288.3 ± 5.73 nm, demonstrated good 

homogeneity and stability. It was observed that the CHOL molecules behaved 

distinctively at varied concentrations. Therefore, understanding the mechanism by which 

CHOL incorporates in the bilayer is crucial in deciphering the role of CHOL 

concentration in controlling the mean particle size of the DNP niosomes.  
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Figure 5.4: Effect of CHOL concentration on the mean particle size and entrapment 

efficiency.                                                                                                                                    

Constant parameters:: DNP loading:5 mg, S60 concentration:10 mM, Hydration Time:45 mins, 

and Hydration Volume:10 mL.  

Labels:*** PDI ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation after 30 days at 4°C: 

+++ no sedimentation, ++ partial sedimentation (1-25%) and + near to complete sedimentation 

(1-70%). 

Being amphipathic, CHOL can incorporate itself into the bilayer membrane with its 

hydrophilic head oriented towards the aqueous core and external phase (Lee et al. 2005). 

With the initial increase in the CHOL concentration, the CHOL molecules functioned as 

vesicular cement, mortaring the bilayer shell's cavities and strengthening the S60 

monomers' nonpolar tail chain order (El-Laithy et al. 2011; Lee et al. 2005). Hence, it is 

feasible to expect optimum CHOL in the bilayer to close packing of S60 monomers, 

increasing curvature and reducing the mean particle size. However, at higher CHOL 

concentration, the gel state is transformed into a liquid order phase imparting disturbance 
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in the vesicular membrane's architecture, forming larger niosomes. The increase in the 

mean particle size may be ascribed to a dramatic alteration in the lipid hydrocarbon 

chains' orientation and associated thickening of the bilayer (Raffy and Teissié 1999; Vist 

and Davis 1990).  

CHOL molecules govern membrane fluidity and elasticity by regulating the lipid 

organization and phase transition behavior. The four fused hydrocarbon rings in the 

steroid skeleton act as a mortar in the membrane, enhancing the entrapment efficiency 

and abolishing gel to sol transition (Redondo-Morata et al. 2012). It was observed that 

with the initial rise in CHOL concentration to CHOL: 9 mM, the entrapment efficiency 

improved linearly. However, a further increase in CHOL concentration above 9 mM 

reduced entrapment efficiency by 44.5% (Figure 5.4). The initial improvement in the 

entrapment efficiency with the rise in CHOL concentration may be attributed to the 

increase in hydrophobicity and stability of the niosomes formed (Bernsdorff et al. 1997) 

and a decrease in the membrane permeability (Kirby et al. 1980).  

In contrast, with a further increase in CHOL concentration, the membrane's rigidity 

increases, and the CHOL molecule may compete with the drug to orientate space within 

the bilayers, thereby excluding the drug from the vesicular membrane and reducing 

entrapment efficiency significantly (Balakrishnan et al. 2009; Ruckmani and Sankar 

2010).  The CHOL concentration above the optimum concentration can disrupt the 

membrane and largely influence the entrapment efficiency (El-Samaligy et al. 2006). 

Similar findings were stated for minoxidil niosomes (Balakrishnan et al. 2009) and 

colchicine niosomes (Hao et al. 2002), which demonstrated an initial increase in the 

entrapment efficiency followed by a reduction in entrapment efficiency upon the further 

rise in CHOL concentration. The reports suggested that a 1:1 molar ratio of S60 and 

CHOL would be optimal to obtain the highest drug entrapment efficiency, which justifies 

our observation for NCV4 (S60:10 mM:: CHOL: 9 mM) and NCV5 (S60:10 mM:: 

CHOL:12 mM) formulations which demonstrated an excellent entrapment efficiency. 
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The investigations revealed that fine-tuning CHOL concentration could significantly 

modify the entrapment efficiency of the DNP niosomes. 

5.2.4 Effect of sonication 

Sonication is one of the most popular approaches applied to reduce the niosome size. 

Exposing the aqueous dispersion system to ultrasound generates cavitation, altering the 

membrane's physical properties to produce a homogenous population of niosomes 

(Richardson et al. 2007). However, sonication is a highly system-specific dispersion 

technique that involves concomitant complex physicochemical interactions. Sonication 

can result in either cluster breakdown or other agglomeration of the niosomes. Hence, in 

this investigation, we elucidate the effect of sonication to efficiently produce a 

homogenous population of DNP niosomes and its corresponding consequences on mean 

particle size and entrapment efficiency. The obtained results for probe sonicated DNP 

niosomes were then compared with the non-sonicated niosomes.  

5.2.4.1 Effect of sonication on increasing S60 concentration 

The effect of sonication on the physicochemical characteristics was assessed in 

conjunction with S60: CHOL ratio (Figure 5.5). Compared with the non-sonicated 

niosomal formulation, the probe sonicated formulations with the S60/CHOL ratio of 0.9 

to 2.7 demonstrated a superior effect on reducing the mean particle size of the DNP 

niosomal formulations (NSV4-NSV10). The NSV4-NSV6 formulation exhibited a 30%-

35% reduction in the mean particle size with narrow size distribution and registered an 

improvement in the PDI value and stability.  

Analysis of the data in Figure 5.5 reveals that S60 concentration and probe sonication 

influence the mean particle size of the DNP niosomes. The mean particle size reduction is 

attributed to the cavitation energy waves generated by the probe ultrasonicator. The 

cavitation energy produces vibrational shock waves to raise the pressure and shear stress. 

The membrane of larger niosomes breaks into smaller fragments, which fold up into 

thermodynamically stable niosomes of smaller size (Brennen 2014; Lasic 1995). The 
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cavitation energy also imparts high kinetic energy, which increases the collision 

frequency of the suspended niosomes in the aqueous dispersion (Taurozzi et al. 2012). In 

principle, higher collision frequency enhances particle-particle impact events, which can 

perturb the bilayer organization leading to fragmentation or local increase in the 

curvature to form smaller niosomes. Such abrasions and erosion may lead to the outer 

shell's delamination. Henceforth, larger multilamellar niosomes may reduce to small 

unilamellar niosome (Betageri and Parsons 1992; Lasic 1993, 1995). 

 

 

Figure 5.5: Effect of sonication on varying S60 concentrations.  

Constant parameters: DNP loading:5 mg, CHOL concentration:10 mM, Hydration Time:45 

mins, Hydration Volume:10 mL and sonication time: 2mins.  

Labels: *** PDI value ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation after 30 days at 

4°C: +++ no sedimentation, ++ partial sedimentation (1-25%) and + near to complete 

sedimentation (1-70%). 
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Conversely, probe sonication on NSV2 and NSV3 with S60/CHOL ratios of 0.3 and 0.6 

exhibited a negligible effect on reducing mean particle size. The higher molar 

concentration of CHOL molecules in the niosomal formulation imparted membrane 

rigidity to subjugate the impact of sonication on reducing the mean particle size. The 

effect of sonication on increasing CHOL concentration is further discussed in Section 

5.2.4.2. 

In the context of entrapment efficiency, at the S60/CHOL ratio of 0.3 (NSV2), 

entrapment efficiency reduced by 18.2%, while the S60/CHOL ratio from 0.6 to 1.2 

showed no such deviations. The entrapment efficiency trendline diverged and established 

a continuing decline with a further increase in the S60/CHOL ratio. This gradual decline 

in the entrapment efficiency on sonication supported our conception of w/o/w vesicle 

formation at higher S60 concentration and stable niosomes, affecting the PDI and the 

stability. The probe sonication helped disrupt the w/o/w vesicle entrapping the drug 

fostering precise assessment of entrapment efficiency for the stable niosomes. 

Formulation NSV5 recorded a maximum entrapment efficiency of 73.3%±2.13 % with a 

mean particle size of 240.3±2.738 nm to form a stable niosome.  

It is well accepted that under the influence of probe sonication, for that S60-CHOL 

concentration, the larger bilayers may break up and, upon self-assembly, yield niosomes 

of smaller mean particle size (Helfrich 1974; Lasic 1993; Winterhalter and Lasic 1993). 

The rapid re-equilibration of the S60 and CHOL molecules relieves the intra-bilayer 

tension and reduces the bending energy. Consequently, thermodynamically stable 

vesicles are formed probably by a flip-flop of S60 monomers. Such a re-organization may 

develop a w/o/w vesicular system of S60 alone or form niosomes with an influx of 

CHOL molecules between the S60 molecules.  

The chances of S60 monomer to form to w/o/w vesicular system or stable niosomes by 

incorporating the CHOL molecule largely depends upon S60 and CHOL concentration. 

Lasic (1995) postulated that at higher S60 concentration, the monomers might detach 

from the bilayer and associate themselves to form a w/o/w system by budding off 
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mechanism due to the bilayer's asymmetric interactions. The intrinsic ability of the S60 

monomers, owing to their hydrophobicity coupled with hydrogen bonding and Van der 

Waals force, invokes the formation of the w/o/w system (León et al. 2015). The vesicular 

system so formed also can entrap DNP. As a result, the entrapment efficiency for the 

DNP amplified with an increase in S60 concentration, as shown in Figure 5.5. 

As stated earlier, it is vital to exclude the w/o/w vesicular system to improve the 

formulation's stability for the precise assessment of entrapment efficiency. Hence, the 

formulation was subjected to sonication for 2 mins. Sonication perturbs the bilayer 

organization of w/o/w vesicles resulting in fragmentation. In a temperature-controlled 

sonication system with a temperature below the Tc, the inelastic bending prevents these 

small fragments from bending. The energy required to stretch/compress and fuse to form 

a vesicle is substantial (Lasic 1995). The active surface areas available for drug 

entrapment dropped abruptly. 

Consequently, the entrapment efficiency for DNP declined linearly with increasing S60 

concentration beyond 12 mM. The percentage change in the entrapment efficiency 

between the sonicated and the non-sonicated formulation increased gradually, with the 

S60/CHOL ratio increasing beyond 1.2, as shown in Figure 5.5. Accordingly, probe 

sonication for 2 mins successfully demonstrated the removal of such vesicles formed and 

aided in the precise evaluation of entrapment efficiency for DNP in the stable niosomes. 

The findings implied that the physicochemical properties of the niosome are accredited to 

the optimum S60/CHOL ratio. 

5.2.4.2 Effect of sonication on increasing CHOL concentrations 

CHOL molecules in niosomes are known to regulate membrane elasticity and 

permeability.  The effect of sonication on the physicochemical characteristics was 

assessed in conjunction with S60: CHOL ratio (Figure 5.6). The data shows erratic 

variations in the mean particle size distribution compared to its corresponding non-

sonicated formulations.  
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The data analysis revealed that the effect of sonication on size reduction was minimized 

with an increase in CHOL concentration. NCV1 formulation formed unstable vesicles 

(w/o/w system), which were reduced by 46.7% to produce smaller vesicles of 142.2±2.36 

nm. The mean particle size of NCV4 (S60/CHOL ratio: 1.11) and NCV5 (S60/CHOL 

ratio: 0.83) formulations diminished by 11% on sonication. The formulations displayed 

excellent stability and homogeneity (PDI≤ 0.2). The findings revealed that for every 

fraction of CHOL added, the effect of sonication on mean particle size reduced gradually. 

However, the impact of sonication on mean particle size was insignificant at higher 

CHOL concentrations. 

 

Figure 5.6: Effect of sonication on varied CHOL concentrations.  

Constant parameters: DNP loading:5 mg, S60 concentration:10 mM, Hydration Time:45 mins, 

Hydration Volume:10 mL and sonication time: 2 mins.  

Labels: *** PDI value ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation after 30 days at 

4°C: +++ no sedimentation, ++ partial sedimentation (1-25%) and + near to complete 

sedimentation (1-70%) 
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Generally, it is assumed that the larger niosomes are sheared into smaller ones under the 

influence of sonication and its sensitivity to the applied frequency. Despite subjecting the 

formulation to sonication, larger niosomes contradict our intuitive expectations. The data 

analysis ascertained that the effect of sonication on the mean particle size gradually 

reduced with an increase in CHOL concentration. At a low concentration of CHOL, the 

niosome membranes are more flexible and more liable to the effect of ultrasound waves, 

resulting in a smaller size. At CHOL concentration ≥ 21 mM, sonication showed no 

impact on size reduction. The derived results could be explained based on the membrane 

rigidity resulting from CHOL inclusion. It is well established that CHOL's incorporation 

diminishes the membrane flexibility and micro fluidity, which imparts physical stability 

to the niosomal systems (Oriyama et al. 2003; Uchegbu and Vyas 1998). 

Furthermore, it is known that CHOL increases the chain order of the liquid-state bilayer 

and strengthens the nonpolar tail of the surfactant (Lee et al. 2005). The increase in the 

membrane rigidity offers resistance to sonication, showing no changes in the niosomal 

size at higher CHOL concentrations. The rise in CHOL concentration can also dampen 

the cavitation process due to higher acoustic attenuation (Taurozzi et al. 2012). Hence it 

is recommended to synthesize niosomes with S60: CHOL ratio of 0.9 to 1.2 to form a 

homogenous population of stable niosomes. 

From the perspective of entrapment efficiency for DNP, for the non-sonicated 

formulation NCV1, NCV2, and NCV3, the concentration of S60 was more than CHOL, 

which prompted the formation of unstable vesicles along with the stable niosomes 

entrapping the DNP, the fact being validated by the low PDI value and stability (as 

discussed earlier, Section 5.2.4.1). Sonication disrupted these unstable vesicles and 

plummeted the entrapment efficiency by 67.5%, 45.6%, and 23.5% for NCV1, NCV2, 

and NCV3. For S60: CHOL ratios of 1.11 and 0.83, sonication boosted entrapment 

efficiency by 6% and 11% distinctively. Further increase in CHOL concentration 

converged the entrapment efficiency trendline of the sonicated and non-sonicated 

formulation. It exhibited a negligible effect on entrapment efficiency owing to the 

membrane rigidity conferred by the increased CHOL concentration. Such an influx of the 
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CHOL molecules can adversely displace the drug from the niosome shell, affecting 

entrapment efficiency. Of all, NCV4 exhibited excellent entrapment efficiency of 

72.84%±1.56 % with a mean particle size of 212.37±1.76 nm and was considered for 

further optimization. 

It brought to view that the S60: CHOL ratio is of utmost importance, which has to be 

operated within the design space for the formulation of stable niosomes of optimum size 

and excellent entrapment efficiency. The investigations revealed that the energy input by 

sonication and S60/CHOL ratio, which determines the bending elasticity and mechanical 

cohesivity of the niosomal shell, steers the physicochemical characteristic of the DNP 

niosomes. Based on the stability, PDI, mean particle size, and entrapment efficiency, 

NSV5 (S60/CHOL ratio: 1.2) and NCV4 (S60/CHOL ratio: 0.83) formulation was 

considered for further investigations 

5.2.5 Effect of hydration volume  

Hydration volume and hydration time are also the critical parameters that define the 

shape and size of the niosomes. Inappropriate tuning of these parameters may lead to the 

formation of fragile and leaky niosomes. The hydration time was fixed at 45 mins as the 

uniformity of niosome shape depends on hydration time (Jain and Vyas 1995). Four 

formulation groups were considered for the study, viz., blank niosomes of NSV5, DNP 

niosomes of NSV5, blank niosomes of NCV5, and DNP niosomes of NCV4, to 

understand the effect of hydration volume on the physicochemical characteristics of the 

niosomes. The hydration volume varied from 2.5-30 mL, while the drug loading (5 mg), 

hydration time (45 mins), and probe sonication time (2 mins) were kept constant. 

Analysis of the data revealed that at the hydration volume of 2.5 mL, larger niosomes 

were formed with relatively low entrapment efficiency, as shown in Figures 5.7a, b. The 

particle size analyzer recorded a mean particle size of 288.7 ± 7.36nm and 275.3 ± 5.78 

nm for DNP niosomes of NSV5 and NCV4. The formulations were unstable, and the 

drug precipitated within 6 h of annealing time. The result shows that low hydration 
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volume hinders the S60 and CHOL association from forming a stable niosome. Also, 

inadequate hydration adversely affects the hydrophilic head area (ao) value, leading to 

increased CPP value and formation of niosomes of non-uniform shape and size, which 

primarily affects the PDI stability of the formulation.  

With the increase in hydration volume above 5 mL, the mean particle size of DNP 

niosomes of NCV4 and NSV5 increased (p<0.05). The preliminary studies show that 

with the increase in hydration volume, either the water molecules intercalated between 

the bilayer in the shell, increasing the hydrodynamic diameter of the niosome, or it is 

likely to restructure the bilayers to form the multilamellar niosome. Presuming that 

multilamellar niosomes are developed, the entrapment efficiency of the niosomes is 

bound to increase as the drug preferentially partitions into the multi-bilayer of the 

niosomes, thereby increasing the surface area available for drug incorporation. On the 

contrary, DNP niosomes of NSV5 and NCV4 displayed a significant reduction in 

entrapment efficiency (p<0.05) with increased hydration volume. Hence, the theory of 

water inclusion theory in the membrane is proposed.  

To further validate, blank niosomes for NSV5 and NCV4 were synthesized, and their 

mean particle size was compared with their corresponding DNP niosomes. Analysis of 

the data in Figure 5.7 shows that the mean particle size of the DNP niosomes increased 

linearly from 205.22± 3.8 nm to 423.7 ±2.78 nm for NSV5 and 204.5±5.34 nm to 

412.34± 3.28 nm for NCV4 with an increase in the PDI. Essa (2010) postulated the drug 

inclusion theory into the membrane, suggesting that the drug partitions into the 

membrane, increasing the hydrodynamic diameter by approximately 30%. With the 

increase in the hydration volume, the DNP concentration should reduce, and the DNP 

molecule available for accommodating into the shell is narrowed. 

 

 

 

 

 



 

84 
 

 

 

Figure 5.7: (a) Effect of hydration volume on the mean particle size and entrapment 

efficiency of NSV5-loaded and NSV5-Blank. (b) Effect of hydration volume on mean 

particle size and entrapment efficiency of NCV4-loaded and NCV4-Blank. 

Consequently, the bulkiness of the niosome shell should have been contracted, producing 

niosomes of smaller size. On the contrary, the mean size of the DNP niosomes increased 
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despite reducing entrapment efficiency. Similar trends were observed for the blank 

niosomes of NSV5 and NCV4, which ascertained our hypothesis that the water molecule 

intercalates between the membrane by replacing the drug and leading to the lipid swelling 

layer forming entropically stable hydrated niosomes. The results agreed with the 

investigations carried out by Claessens et al. (2004) to determine the effect of ionic 

strength on the bilayer rigidity, size, and stability of the lipid vesicles who reported that 

negatively charged niosomes of phospholipids continuously swell in pure water. 

At a hydration volume of 5 mL, entrapment efficiency of 79.13% ±2.63 % (NSV5) and 

77.15%± 2.14% (NCV4) was recorded, explaining that optimum DNP concentration is 

achieved in the bilayer shell of the niosomes. Further increase in the hydration volume 

diluted the drug concentration in the suspension and incorporated the water molecule in 

the bilayer, thus reducing the entrapment efficiency proportionately. Ruckmani and 

Sankar (2010) reported the formation of leaky niosomes with increasing hydration 

volume. Similar results were reported for ketorolac liposomes (Mehanna et al. 2017), 

confirming that entrapment efficiency decreases with increased hydration volume. 

Of the two, NSV5 formulation loaded with 5mg of DNP hydrated in 5mL of PBS for 45 

mins recorded a good entrapment efficiency of 79.13% ± 2.63% and a mean particle size 

of 205.4 ± 2.7 nm, and hence considered for further studies. 

5.2.6 Effect of membrane additives  

Theoretically, niosomes require a particular class of amphiphile to prevent aggregation. 

Therefore, a membrane additive is often included in the formulation to alter the 

biodistribution or improve the formulation's stability via electrostatic means or stearic 

stabilization. Bilayer membrane additives are lipid excipients or edge activators incapable 

of forming surfactant vesicles independently but can be integrated into the bilayer shell. 

Hence, the effect of membrane additives on the characteristic of the niosomes was 

studied using DCP and SolC24. The chemical structure of the DCP and SolC24 is given 

in Figure 5.8. DCP, an anionic surfactant, is known to enhance the stability of the 
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formulation (Abdelbary and El-Gendy 2008; Junyaprasert et al. 2008; Ruckmani and 

Sankar 2010), while SolC24, a nonionic molecule, is known to enhance the 

biodistribution of the niosomes in brain tissue (Bragagni et al. 2012, 2014; Dufes et al. 

2003, 2004a; Uchegbu et al. 1994). Hence, 5 mM of the edge activator, DCP, and SolC24 

were added individually into the optimized NSV5 formulation to get NSV5DCP and 

NSV5SolC24. Comparative studies for the variation in its physicochemical properties are 

presented in Table 5.2 and Figure 5.9. 

 

 

Figure 5.8: Chemical structure of (a) SolC24 (Mol.Wt:1442.71) (b) DCP 

(Mol.Wt:546.48) 

Analysis of the data revealed that the inclusion of membrane additives into the NSV5 

formulation influences the mean particle size. The finding demonstrated an 18.7% 

increase in the mean particle size of NSV5DCP, while the mean particle size of NSV5SolC24 

was reduced by 12.2%. Of the three, the NSV5SolC24 formulation demonstrated a higher 

homogeneity with a PDI value of 0.12 and a mean particle size of 180.1 ± 1.83 nm. In 

comparison, NSV5DCP formed larger niosomes with a mean particle size of 243.8 ± 2.76 

nm. 

A different mechanism can explain the increase in the mean particle size of the 

NSV5DCP niosomes. Firstly, the assimilation of DCP into the bilayer can build up the 

volume of the aqueous compartment between the adjacent bilayer membrane in 

multilamellar niosomes by charge repulsion and induce the formation of larger NSV5DCP 
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niosomes (Carafa et al. 2002; Fang et al. 2001a). Secondly, the interplay between the two 

cetyl chains of DCP and the stearyl chain of S60 reduces the surfactant's ability to curve 

and split, which might result in less tightly packed bilayer membranes producing larger 

NSV5DCP niosomes (Carafa et al. 1998; Chaw and Kim 2013; Fang et al. 2001a). Another 

possible interpretation could be that the inclusion of DCP molecules into the bilayer 

could have led to mutual repulsion between the charged moiety and the S60 head groups, 

thereby increasing the hydrodynamic diameter of the niosome (Abdelkader et al. 2014a; 

Essa 2010).  

Table 5.2: Physicochemical characterization of the niosomal formulations to study the 

effect of membrane additives 

Formulations 

code 

PS ± SD      

(nm) 

PDI ± SD Zeta-potential ± 

SD (mV) 

EE ± SD         

(%) 

NSV5 205.4 ± 2.7 0.19±0.046 -24.7±3.16 79.13 ± 2.63 

NSV5DCP 243.8 ± 2.76 0.315±0.041 -40.9±2.73 61.62 ±1.73 

NSV5SolC24 180.1 ± 1.83 0.12±0.007 -32.7±1.17 82.15 ±1.54 

Formulations were stored at 4°C, and the measurements were carried out after 24 h of synthesis.  

Intriguingly, the addition of SolC24 into the formulation decreased the mean particle size 

despite its massive structure compared to the NSV5 formulation. Similar findings were 

reported by Junyaprasert et al. (2008), who demonstrated that the inclusion of SolC24 

into the niosomes could reduce the mean particle size. The reduction in the NSV5SolC24 

can be attributed to the hydrophobicity of SolC24. The decline in the mean particle size 

of NSV5SolC24 can be elucidated based on SolC24 positioning within the bilayer, as 

proposed by Abdelkader et al. (2011). The hypothesis states that the SolC24 molecule 

embeds between the aliphatic stearyl chains of the S60 molecule within the bilayer, 

resulting in a tightly packed bilayer due to SolC24's strong interactions with S60 and 

CHOL. While the two-chained DCP molecule traverses through the bilayer's breadth with 
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the -HPO4 head group facing the aqueous phase producing a larger NSV5DCP niosome 

(Abdelkader et al. 2011, 2014a). The results revealed that membrane additives' nature and 

structure could critically influence the membrane fluidity, curving rate, and splitting of 

the bilayer membrane, regulating the mean particle size. 

The zeta potential's significance is that its values can be correlated to the particles' 

electrophoretic movement and the formulation's stability. The zeta potential value of 

NSV5, NSV5DCP, and NSV5SolC24 is presented in Table 5.2 and Figure 5.9 (b, d, and f). 

Despite S60 being nonionic, the NSV5 formulation registered a negative charge of -

24.7±3.16 mV, which can be ascribed to the preferential adsorption of counterions or the 

hydroxyl ions on the niosome shell. 

The inclusion of DCP increased the charge density of the bilayer membranes in NSV5DCP 

due to ionization of the acidic (-HPO4) as reflected by the high zeta potential value of -

40.9 ± 2.73 mV. Similar studies were reported for zidovudine niosomes (Ruckmani and 

Sankar 2010), β-estradiol niosomes (Essa 2010), and salicylic acid niosome (Junyaprasert 

et al. 2008), which implied that the formulations were stabilized by electrostatic 

repulsion. Concerning SolC24, despite being a nonionic molecule, the zeta potential of 

NSV5Solc24 improved by 32.4%. The zeta-potential improvement is attributed to the 

entropic stabilization of the long hydrophilic polyoxyethylene chain of SolC24 and a shift 

in the shear plane, which hinders the association of vesicles (Junyaprasert et al. 2008; 

Uchegbu and Florence 1995). The improved electrophoretic mobility of the particles 

confers it with a stearic shield, which prevents the particle from aggregation, thus 

improving the stability of the NSV5SolC24. 
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Figure 5.9: (a) Size distribution of NSV5 formulation (b) Zeta potential of NSV5 

formulation (c) Size distribution of NSV5DCP formulation (d) Zeta potential of NSV5DCP 

formulation (e) Size distribution of NSV5SolC24 formulation (f) Zeta potential of 

NSV5SolC24 formulation.  

Concerning the entrapment efficiency, NSV5DCP exhibited a reduction in entrapment 

efficiency by 22.13%, while NSV5SolC24 showed a nominal increase in entrapment 

efficiency by 3.82% (Table 5.2). The possible explanation for low entrapment efficiency 
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in NSV5DCP is the electrostatic repulsion force between the DCP, S60, and CHOL head 

groups within the bilayer membrane (Balakrishnan et al. 2009; Waddad et al. 2013; 

Yoshioka et al. 1994). However, NSV5DCP was stable over three months of storage with 

approx. — 7 % of the DNP leached out. On the other hand, NSV5SolC24 exhibited 

negligible entrapment efficiency and recorded 82.15% ± 1.54%. The NSV5SolC24 

formulation was stable over six months with approx. — 3% leaching out of the drug. The 

higher entrapment efficiency may be attributed to the affinity of the SolC24 molecule to 

associate with S60 and CHOL reducing the membrane permeability and elasticity, 

consequently retaining more drugs. Similar results were reported for niosomes bearing 

transferrin and glucose ligand (Dufes et al. 2000) and vasoactive intestinal peptide-loaded 

niosomes (Dufes et al. 2003), and doxorubicin niosomes (Bragagni et al. 2012). 

5.3 Stability studies 

During storage, swelling of the membrane bilayer, drug leakage, and loss in the number 

of vesicles can alter the physicochemical characteristics of the niosome and influence the 

stability of the formulation. Niosomes are self-assembles of S60, CHOL, and membrane 

additives entrapping drugs into closed bilayer structures. However, hydrated niosomes 

are not considered thermodynamically stable and can undergo chemical degradation, such 

as oxidation and hydrolysis, to form leaky niosomes. The electrophoretic mobility 

conferred to the niosomes can also lead to the fusion of the niosomes to form aggregates 

during storage.  

Hence, the long-term stability of all the formulations was assessed for their transition in 

the physicochemical properties. The formulation, NSV5DCP, and NSV5SolC24 were stored 

at 4 °C and 25 °C, and samples were withdrawn after one, three, and six months to 

evaluate mean particle size, PDI, zeta potential, and entrapment efficiency, as shown in 

Figure 5.10. The degree of sedimentation of the prepared formulations was recorded 

based on their physical appearance. 
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The data revealed that the mean particle size of the NSV5DCP increased by 13.2% (stored 

at 25 °C) and 6.02% (stored at 4 °C) over six months of storage (Figure 5.10 a). The 

formulation's entrapment efficiency was reduced by 31.2% (at 25 °C) and by 13.6 % (at 4 

°C) over a storage time of 6 months. As mentioned previously, the increase in the mean 

particle size and reduction in entrapment efficiency is attributed to charge repulsion. The 

NSV5 formulation stored at 25 °C showed a 5.8% increase in the mean particle size, 

while storage at 4 °C displayed a negligible effect. However, the entrapment efficiency 

was reduced irrespective of storage temperatures. Similar results were observed 

concerning the degree of sedimentation and homogeneity. Both NSV5DCP and NSV5 

registered near to complete sedimentation and low PDI value.  

In comparison, NSV5SolC24 showed a negligible effect on the mean particle size, zeta-

potential, entrapment efficiency, or homogeneity, irrespective of the storage temperature 

or storage duration. The observed result can be ascribed to the steric stabilization 

endowed by the SolC24 molecules lowering the prospect of niosome aggregation. 

Additionally, the Tc of SolC24 is 50 °C (Abdelkader et al. 2014a) and hence exists in the 

gel phase at a lower temperature after hydration. The gel phase of SolC24, coupled with 

S60 and the membrane-stabilizing effect of CHOL, binds the drug molecules together 

and prevents drug leakage. The NSV5SolC24 formulation showed a good PDI value of <0.2 

and no sedimentation signs despite extended storage time.  
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Figure 5.10: Stability studies for NSV5, NSV5DCP, and NSV5SolC24 formulations stored at 

4°C and 25°C (a) Mean particle size (b) Zeta potential (c) Entrapment Efficiency. 

Labels: *** PDI value ≤ 0.2, ** PDI≤0.5 and *PDI≤0.9. Degree of sedimentation observed on 

storage after 30 days: +++ no sedimentation, ++ partial sedimentation (1-25%) and + near to 

complete sedimentation (1-70%) 
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Hence, further investigation for pH sensitivity and application studies were carried out on 

optimized NSV5SolC24 niosomes. The optimization studies demonstrated that selecting 

critical material attributes (surfactant, CHOL, and membrane additives) and critical 

process parameters (vacuum evaporation time, sonication, and hydration volume) is 

crucial in engineering the desired niosome. Ideally, for brain targetting, any 

nanoparticles' average particle size should be 100 - 200 nm. This size range prevents 

systemic toxicity and evades reactive immune response. The summary of optimized 

critical variables for DNP niosomes synthesis is stated in Table 5.3.   

Table 5.3 Optimized process parameters for DNP niosomes 

Process parameters Optimized value 

DNP loading 5 mg 

S60 12 mM 

CHOL 10 mM 

S60/CHOL ratio 1.2 

SolC24 5 mM 

Vacuum evaporation time 3 h 

Hydration volume 5 mL 

Sonication time 2 mins 

The one-factor optimization studies aided in curtailing the overall process time by 

eliminating chloroform within 3 h of vacuum evaporation. It also ascertained that the 

hydration volume increase amplifies the niosome size due to the intercalation of water 

molecules between the membrane. The optimized DNP niosomes were homogenous 

single population formula with an average particle size of 180.1 ± 1.83 nm and PDI of 

0.12 ± 0.007. The optimized DNP niosomes demonstrated good entrapment efficiency of 

82.15 ± 1.54 %. The formulation was stable over 6 months of storage with a zeta 

potential value of -32.7 ± 1.17 mV attributed to its stability. Figure 5.11 graphically 

represents the summary of optimization studies carried out by the TFH method. 
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Figure 5.11: Schematic representation of TFH method employed for synthesis and optimization studies of DNP niosome.
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5.4 Release kinetic studies for DNP niosomes at different physiological pH 

An essential prerequisite for an efficient drug delivery system is either the slow and 

sustained release of drugs from the carrier or response stimuli-driven drug release at the 

target site. Optimized niosomal formulation with a DNP loading of 5 mg was subjected to 

in vitro release studies at pH 5.4 (topical skin), pH 6.8 ( AD brain), and pH 7.4 (blood 

plasma) to evaluate its response to pH variations. The drug release kinetics for DNP 

niosomes were studied by reverse dialysis method under controlled conditions of 37 °C 

(simulating body temperature) and constant stirring at 100 rpm. The DNP release was 

quantified by the RP- HPLC method at the retention time of 6.8 min and UV wavelength 

of 268 nm. The surface morphological changes induced by pH change in DNP niosomes 

were evidenced by cryo-SEM imaging (Figure 5.12). 

 

Figure 5.12: Comparative cryo-SEM image of hydrated DNP niosomes at different 

physiological pH. 

Encapsulating the drug in a nanocarrier and surface modification can systematically alter 

the drug release mechanism. The in vitro release studies data at different pH were fitted 

into the kinetic model to understand the drug release kinetics and mechanism. The 
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correlation coefficients for zero order, first order, Higuchi matrix, Hixson-Crowell, and 

Korsmeyer-Peppas equation were calculated (Table 5.4).  

Table 5.4. Determination of the order of DNP release from DNP niosomes. 

 Zero-order First-order Higuchi Hixson-

Crowell 

Korsmeyer 

Peppas  

 r2 K0% 

mg/h 

r2 K1 

h-1 

r2 KH 

 

r2 K%m

g/h 

r2 n 

 

Plasma 0.99 0.95 0.93 0.03 0.88 8.17 0.88 0.029 0.412 NA 

pH 7.4 Fickian Diffusion 

Brain 0.98 16.4 0.85 0.59 0.94 36.53 0.95 0.486 0.996 1.35 

pH 6.8 Non-Fickian Diffusion 

Skin 0.85 29.2 0.97 0.39 0.98 56.97 0.96 0.985 0.993 1.81 

pH 5.4 Non-Fickian Diffusion 

The data obtained showed that at pH 7.4, the drug release lasted till 105 h, with 95.7% ± 

0.986% of the entrapped DNP being released (Figure 5.13). The DNP release for the 

formulation at pH 7.4 fitted in a zero-order model, releasing 0.953% of the drug/h with 

high linearity and r2=0.991. The Fickian diffusion model best-expressed curve fitting for 

drug release from the DNP niosomal formulation. The DNP release curve depicted the 

slow and sustained release of drugs. The encapsulation of the drug in the niosome bilayer 

limited the diffusion rate and lowered the drug release. The presence of CHOL molecules 

in the bilayer contributes to membrane permeability (Shaker et al. 2015).  
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Figure 5.13: In vitro release studies for DNP niosomes at pH 7.4  

At pH 6.8, simulating the AD brain, the DNP niosomes demonstrated a pH-dependent 

sustained release profile with 98.17 % ± 1.65 % of the drug being released over 6 h 

(Figure 5.14). The release kinetics fitted well in the Korsmeyer-Peppas model with 

release exponent, n=1.35, and corresponded to non-fickian diffusion with super case-II 

anomalous transport/relaxation (Siepmann and Peppas 2001). The non-fickian transport 

of the DNP is due to swelling of the niosomes or structural change in the bilayer. The 

cryo-SEM image in Figure 5.12 (b) clearly showed a slight bulge and elongation in the 

DNP niosomes at pH 6.8 and did not undergo significant morphological changes. The 

localized swelling affects the viscoelastic diffusive flux of the niosome membrane and 

introduces relaxation time, thus affecting the drug transport process (Camera-Roda and 

Sarti 1986). 
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Figure 5.14: In vitro release studies for DNP niosomes at pH 6.8  

While at pH 5.4, biphasic drug release was observed with burst release of 72.836 % ± 

3.003% released within 1 h, followed by sustained release (Figure 5.15). The non-fickian 

diffusion model best expressed overall curve fitting with DNP release of 92.59% ± 

1.311% within 3 h. The formulation at pH 5.4 followed the Korsmeyer-Peppas model 

with release exponent, n=1.81, and corresponded to non-fickian diffusion with super 

case-II anomalous transport/relaxation (Siepmann and Peppas 2001). At lower pH, the 

DNP release mechanism is altered due to the structural change or relaxation in the 

membrane alters or through solubility change (Camera-Roda and Sarti 1986). The 

morphological changes of DNP niosomes induced at lower pH are evidenced by cryo-

SEM imaging in Figure 5.12 (c). The observed morphological change suggested the 

presence of pH-sensitive linkage responding to a pH gradient (Scaffidi-Domianello et al. 

2011). 
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Figure 5.15: In vitro release studies for DNP niosomes at pH 5.4  

The in vitro studies reflected the pH sensitivity of developed DNP niosomes. DNP 

release from developed niosomes was perceived as pH-dependent, demonstrating slow 

and sustained drug release at neutral pH 7.4 and a burst release at acidic pH 5.4.  

5.5 Evaluation of pH sensitivity by FTIR analysis 

To further validate the structural change in the DNP niosomes, FTIR spectral peaks of the 

functional groups were recorded for the niosomes at different pH, as shown in Figure 

5.16. 

At pH 7.4, FTIR spectra for blank niosomes of DNP niosomes showed characteristic 

peaks for -OH spectra at 3471.49cm-1, strong asymmetric stretching of aliphatic -CH at 

2922.82 cm-1 and 2854.39 cm-1, in-plane bending vibration of C=O at 1737.78 cm-1 and 

rocking vibration of -O-CH2 at 1643.96 cm-1 corresponded to the ester group of S60. 

Deformation vibration at 1464.47 cm-1 corresponded to C=C, while bending at 1344.46 
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cm-1 corresponded to O-CH of the tetrahydrofuran of S60. Out of plane bend at 1280.90 

cm-1 and 1244.2 cm-1 was registered for –CH of alcohol groups. Furthermore, out of the 

plane's angular deformation, C-H's vibrations were noted at 948.44 cm-1 and 845.43 cm-1 

(Li et al. 2008; Reis et al. 1996). The interplay between the glycerol oxygen of S60 and 

β-OH of the CHOL is the basis for membrane stabilization in the niosome membrane 

(Khan et al. 2017; Nasseri 2005). The sharp stretching peak for the ether group of SolC24 

was recorded at 1092.48 cm-1, indicating the compatibility of SolC24 with other 

excipients and its successful assimilation into the membrane bilayer. The DNP niosomes 

formed were spherical, as demonstrated by the cryo-SEM imager in Figure 5.12 (a). 

At pH 6.8, a protruding peak was registered at 3359.31 cm-1 for alkane attached alcohol 

within the hydroxyl group's broad spectrum. An ester peak shift from 1737.78 cm-1 to 

1709.19 cm-1 corresponds to the C=O weak stretching vibration of saturated carboxylic 

acid. The transition peak may be attributed to the acid hydrolysis of the ester molecule of 

S60 to form diols and carboxylic acid. A diol is a compound containing two hydroxyl 

groups reflected by its corresponding two peaks between 3000 cm-1 to 3500 cm-1 (Islam 

et al. 2014). The observed spectral peak at 1344.46 cm-1, which corresponds to the O-CH 

of the tetrahydrofuran of S60, showed no deviations. The finds suggested that the 5-

membered cyclic ring of the S60 was structurally intact and did not undergo any cyclic 

transition. 

At pH 5.4, the ether spectra' retraction from 1092.48 cm-1 was seen evidently, and the 

peak shifted by 36 cm-1. The vibration registered at 1056 cm-1 corresponds to the C-C 

skeleton of the cyclohexane. The addition of acid catalyzes ether cleavage and activates 

the SN2 reaction to form alkyl halide and alcohol (Cox 2012). Angular deformation 

vibration for C-Cl was observed at 719.91 cm-1, and that for alcohol overlapped with the 

hydroxyl spectrum at 3375.94cm-1, in the presence of nucleophile (water). The 

morphological changes over pH change produced evidence for aberrations in the DNP 

niosomes at pH 6.8. In contrast, at pH 5.4, the shell surface ruptured (Figure 5.12), hence 

the burst in the DNP release profile. 
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Figure 5.16: Comparative FTIR spectra of lyophilized DNP niosomes formulation at 

different physiological pH. 

The finding proposed that the pH-sensitive DNP niosomes cannot bypass the skin barrier 

as intact niosomes. The skin's acidic pH can protonate the carbonyl oxygen of the S60 

ester group and the ether oxygen of the SolC24 and rupture the niosome to facilitate drug 

release at the skin surface.  
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The results implied that if the formulation is intended for transdermal delivery, then DNP 

in developed niosomal formulation is not feasible as the drug is released entirely on the 

topical surface due to the acidic pH of the skin. The acidic pH triggers the complete 

destabilization of the niosome membrane.  The presence of permeation enhancers, S60, 

and CHOL in the formulation can enhance the DNP moieties' permeation across the skin 

to a certain extent. Nevertheless, the amount of DNP in its systemic circulation reaching 

the target site is negligible. At the lower bioavailability of the drug, the desired 

therapeutic efficacy may not be achieved. Hence, the formulated niosomes in their 

present form cannot be used for transdermal delivery; instead, they can be effectively 

used for topical treatments such as skin allergies, burns, wounds, and skin cancer. 

Therefore, it is crucial to explore means to deliver intact DNP niosomes across the 

physical and pH barriers, thus enabling site-directed delivery.  

5.6 Transdermal Permeation Studies 

The transdermal drug delivery system offers an attractive substitute for a slow and steady 

drug release, especially for neuro-psychiatric patients who cannot comply with self-

medication. Literature emphasized that solid MNs can effectively bypass this pH barrier 

and the skin barrier due to their mechanical strength. Embedding the formulation into an 

MN system avoids the skin's pH barrier and stratum cornea to facilitate transdermal 

delivery (Leeladurga et al. 2016; Nalluri et al. 2015). The hollow MNs can create a 

conduit to translocate the intact DNP niosomes into the systemic circulation, thereby 

aiding the controlled and sustained release of DNP at the target site. An integrated 

approach with hollow microneedles and niosomes has been effectively used in the 

transdermal delivery of plasmid DNA-encoding ovalbumin (Pamornpathomkul et al. 

2018) and simvastatin niosomes (Zidan et al. 2016). Synthesis of hydrogel MNs 

integrated with the plasticized film of DNP (Kearney et al. 2016), and the dissolving MN 

tip of DNP in HPMC (Kim et al. 2016) emerged as a promising prototype transdermal 

delivery of the drug across the porcine skin with a steady release of DNP. Another 

alternative could be applying ultra-deformable elastic niosomes to penetrate the skin 
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barrier through the pores. Such deformable niosomes can be effectively used in site-

directed transdermal delivery of the drug (Guan et al. 2016).  

The feasibility studies for transdermal delivery of intact DNP niosomes across the skin 

barrier were carried out using Franz diffusion studies using porcine ear skin. The 

developed DNP niosomes were tested for their transmembrane permeation in Carbopol 

934 gel, PLA MN array, and hollow stainless MN array systems. 

5.6.1 Carbopol gel-based delivery 

The DNP niosomes gel and free DNP gel were developed in 2% Carbopol 934. The gels 

appeared clear and smooth, as shown in Figure 5.17 (a). The gel examined was 

homogenous, showing no aggregates or clumps. A schematic representation of the Franz 

diffusion cell technique with DNP niosomes in Carbopol 934 gel is illustrated in Figure 

5.17 (b).  

a 

 

b 

 

Figure 5.17: (a) DNP niosomes in Carbopol 934 gel. (b) Transdermal permeation studies 

for DNP niosomes in Carbopol 934 gel 
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DNP niosome equivalent to 1600 mg was added to the Carbopol 934 gel and placed in 

the Franz diffusion cell's donor compartment over the porcine skin. The samples were 

collected at regular intervals and processed by ultra spin centrifugal filtration (3kDa). The 

retentate containing intact DNP niosomes and filtrate containing free DNP were analyzed 

for DNP content by HPLC. Similar sampling was carried out for DNP in Carbopol 934 

gel, DNP niosomes, and free DNP in PBS. The cumulative DNP released across the skin 

from the DNP niosomes gel and DNP niosomes are demonstrated in Figure 5.18. 

 

 

Figure 5.18: Cumulative DNP release (T) across the skin vs. time for DNP niosomes and 

DNP niosome in Carbopol 934 gel. 

Abbreviation: T: Total, DNP permeated across the skin (filterate+retentate) 

The results exhibited a biphasic release from DNP niosomes. There was an initial rapid 

drug release where about 60-65% of the encapsulated drug was released. The lipophilic 

drug DNP is primarily embedded in the lipid bilayers of niosomal vesicles, which causes 
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a rapid release on dispersing niosomes at skin pH (Mokhtar et al. 2008). With time, the 

entrapped DNP showed a sustained drug release profile.  

Table 5.5: Permeation parameters for Carbopol 934 gel-based formulations 

Formulation  DNP in PBS DNP 

Carbopol 

934 gel 

DNP 

niosomes 

DNP niosomes 

Carbopol 934 

gel 

Cumulative 

DNP 

permeated 

in 24 h (µg) 

T 21.484±3.72 33.51±1.86 529.84±88.83 727.638±52.86 

R -- -- 23.47±3.57 14.83±5.04 

Flux, Js 

(µg/cm2/h) T 0.358±0.001 0.625±0.11 8.831±2.09 12.13±1.25 

R -- -- 0.391± 0.08 0.25±0.11 

Permeability 

coefficient, 

Kp x10-5 

(cm/h) 

T 22.261±4.17 39.256±7.91 748.13±427.93 1364.42±315.26 

R -- -- 24.40±5.96 15.6±3.02 

ER T 1 1.59±0.26 24.68±0.197 27.47±1.962 

R -- -- 1 0.638±0.15 

DNP content 

in porcine 

skin (µg) 

 41.706±3.43 78.325±7.65 868.246±12.76 845.743±10.93 

Abbreviation: T: Total, DNP permeated across the skin (filterate+retentate),  

                         R: Retentate, DNP permeated as intact niosomes 

Results show the superiority of permeation of DNP niosomes over free DNP. Differences 

in the in vitro DNP release patterns could be owed to the S60, which acts as a permeation 

enhancer solubilizing the crystalline structure of the skin (Weiner et al. 1989). Improved 

skin permeation of DNP from niosomal gel can be justified because of the occlusive 

characteristics of the aqueous gel. The surfactants in vesicular form reduce the skin's 

intracellular lipid bilayers' crystallinity and improve drug permeation (Kumbhar et al. 
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2013). These characteristics enhance skin hydration and drug deposition (Abdelbary and 

El-Gendy 2008; Ruckmani and Sankar 2010). 

Different mathematical models were employed to predict the DNP release mechanisms. 

Linear regression analysis of the mathematical models was used for the release data of 

DNP from niosomal gel. The correlation coefficients (r2) value revealed that the release 

of DNP from Carbopol gel best fits Higuchi’s model (diffusion mechanism). The results 

point to sustained release characteristics with a diffusion drug release pattern, where 

niosomes and the matrix gel act as reservoirs for continuous drug delivery (Attia et al. 

2007). These findings agree with results obtained and reported by previous research 

studies (Attia et al. 2007; Bayindir and Yuksel 2010; Guinedi et al. 2005). 

Table 5.5 reveals the permeability parameters such as steady-state flux of DNP (Js), DNP 

permeability coefficient (Kp), and enhancement ratio (ER). There was a significant 

(p<0.05) enhancement in the Kp value of DNP when encapsulated in niosomes in 

Carbopol 934 gel, 1364.42 ± 315.26 cm/h, compared to free DNP in Carbopol 934 gel 

(39.256 ± 7.91cm/h). The enhancement ratio revealed a 1.6-fold increase in the drug's 

permeation when incorporated into the niosomal gel compared to suspended DNP 

niosomes. However, incorporating DNP niosomes in the Carbopol 934 gel resisted the 

translocation of intact DNP niosomes across the skin barrier. 

5.6.2 PLA microneedle array  

PLA is a biocompatible polyester that can degrade into smaller fragments on hydrolysis. 

The degradation rate relies on the surrounding medium's pH, making it ideal for 

synthesizing the dissolving tip MN array. Another critical quality of the PLA array is that 

it is solid and can be coated with the drug/formulation, making it suitable for transdermal 

delivery of the drug. 

An FDM 3D printer successfully synthesized the PLA-MN array (Figure 5.19). PLA 

array synthesized consisted of 64 conical needles of 1500µm in length and tip width of 

465 µm over a 2.5 cm2 area with a base thickness of 3.5 mm. The schematic 
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representation for PLA-MN fabrication is given below (Figure 5.20). Lyophilised DNP 

pronisomes/free DNP equivalent to 1600 mg were coated on the PLA array using 

acetone. 

a 

 

b 

 

Figure 5.19: (a) FDM Fractal works Julia-type 3D printing machine. (b) PLA- MN array 

synthesized by FDM 3D printer. 

The 3D printed PLA MN's ability to create microchannels on the porcine skin was 

visualized using methylene blue-coated PLA-MN arrays, as shown in Figure 5.21. Since 

the PLA-MN was manually applied to the skin, there was no uniformity in the formation 

of microchannels. The non-uniformity could be attributed to the swelling and hydrolysis 

of the PLA-MN array.  

We tested the DNP release under pH 5.4, representative of skin pH. Our general 

technique involved applying a PLA array with 64 MNs coated with either DNP coating or 

DNP proniosomes coated manually on the skin and analyzed for DNP release. It was 

observed that the MN tips dissolved within 3 h of application. We have demonstrated that 

886.311 ±56.23 μg of DNP was delivered within 24 h.  
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Figure 5.20: Schematic representation of 3D printed PLA-MN fabrication. 

 

a 

 

b 

 

Figure 5.21: (a) Porcine ear skin (control) (b) Microchannels created in porcine ear skin 

by PLA array coated with methylene blue.  
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Figure 5.22: Cumulative DNP release (T) across the skin vs. time for DNP coated PLA-

MN array, DNP proniosomes coated MN, and DNP niosomes. 

Abbreviation: T: Total, DNP permeated across the skin (filterate+retentate) 

PLA coated with DNP proniosomes showed a biphasic DNP release profile with 50% of 

the drug released within 4 h, and the remaining amount of the DNP followed a sustained 

release pattern for 24 h. The DNP release fitted well in the matrix-based Higuchi model. 

The burst release of DNP is attributed to immediate contact of the niosomes with the 

acidic release medium and the reduction in the diffusion pathway with the MNs piercing 

through the skin barrier. The DNP niosomes and the PLA array's pH sensitivity also had 

a crucial role in enhancing the permeation and drug release. (Figure 5.22) 

Table 5.6 reveals the permeability parameters such as steady-state flux of DNP (Js), DNP 

permeability coefficient (Kp), and enhancement ratio (ER). The drug's permeation from 

the DNP proniosomes coated PLA-MN was enhanced by 2-fold and 9-fold compared to 
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DNP niosomes and DNP coated PLA. The increased permeability coefficient for the 

array coated with the free drug or niosomal formulation is attributed to the MN array's 

mechanical strength to pierce through the skin and reduced diffusional path.  

Table 5.6: Permeation parameters for PLA based MN array 

Formulation  DNP in 

PBS 

DNP-coated 

PLA-MN 

DNP 

Niosomes 

DNP proniosomes 

coated-PLA-MN 

Cumulative 

DNP 

permeated in 

24 h (µg) 

T 21.484±3.72 98.678±15.58 529.84±88.83 886.311±56.23 

R -- -- 23.47±3.57 42.352±2.85 

Flux, Js 

(µg/cm2/h) T 0.358±0.001 1.478±0.1315 8.831±2.09 13.438±1.468 

R -- -- 0.391± 0.08 0.705±0.063 

Permeability 

coefficient, 

Kp x10-5 

(cm/h) 

T 22.261±4.17 101.15±8.51 748.13±427.93 1491.43±519.84 

R -- -- 24.40±5.96 43.99±3.74 

ER T 1 4.59±0.765 24.68±0.197 41.25±5.23 

R -- -- 1 1.81±0.261 

DNP content 

in porcine 

skin (µg) 

 41.706±3.43 1156.546±14.35 868.246±12.76 1117.86±24.73 

Abbreviation: T: Total, DNP permeated across the skin (filterate+retentate),  

                         R: Retentate, DNP permeated as intact niosomes 

Despite the ease of synthesis, DNP loading is limited, and release rates are 

uncontrollable. Hence a more sophisticated architecture is required to enhance DNP 

loading and sustain DNP release over time. It is also essential to consider that the 

components used to synthesize proniosomes were hygroscopic, making the proniosomes 

coated PLA-MN unstable. Although the proniosomes coated, PLA array proved to 

effectively deliver the drug across the skin barrier at lab scale experimentation, scaling up 
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may not be feasible. Further experiments are recommended to improve the solubility, 

solvent selection, and compatibility of the proniosomes with the PLA array. It is also 

recommended to enhance the mechanical strength of the PLA with the addition of other 

polymers without affecting its intrinsic property, vis, pH-sensitive dissolution.  

5.6.3 Stainless steel MN array 

The comparative in vitro porcine skin permeation profile of intact DNP niosomes for 

passive and active methods is shown in Figure 5.23. The possible mechanism of skin 

permeation of intact DNP niosomes is illustrated in Figure 5.24.  

  

Figure 5.23: Comparative DNP permeation profile of intact DNP niosomes for passive 

and MN-assisted active methods. 
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Figure 5.24: Schematic representation for (a) in vitro porcine skin permeation studies 

using Franz Diffusion Cell. (b) The mechanism involved in the MN-assisted active 

method. (c) The mechanism involved in the passive method. (d) MNs used for the 

transdermal studies. 

It is significant to note that the passive method's skin treated with DNP niosomes 

permeated 529.835 ± 88.833 µg of DNP (24 h) overall. Of this, 95.5% of the DNP was 

released as a free drug from DNP niosomes (collected as filtrate), thus displaying the 

prominent role of surfactant, S60, and CHOL permeation enhancer. Surfactants also can 

solubilize the stratum corneum lipid layer (Ayala-Bravo et al. 2003). The molecular 

dispersion of the drug in S60 enhances the partition coefficient and lipophilicity, thereby 

improving the permeability (Karande and Mitragotri 2009). The CHOL is known to 
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facilitate the fusion of the niosome in the lipid bilayer of the stratum corneum, disrupt the 

niosome, and increase skin deposition (Fresta and Puglisi 1996). Outwardly, the 

interaction can occur either at the skin surface or in the deeper dermal layers. 

Furthermore, it depends on the elasticity and deformability of the niosome. The 

physicochemical characteristic (size, charge, and elasticity) profoundly enhance drug 

permeation (Honeywell-Nguyen and Bouwstra 2005). The synergetic effect between 

DNP niosomes and the skin composition is responsible for improved skin permeation. 

Table 5.7. Permeation parameters for intact DNP niosomes in the retentate* in 24 h. 

Skin treated 

with 

Passive 

Method 

Active Method 

DNP 

niosomes  

MN600+DNP 

niosomes  

MN777+DNP 

niosomes 

MN1200+DNP 

niosomes 

Cumulative 

DNP permeated 

in 24 h (µg) 

23.43 ± 3.57 51.31 ± 4.43 103.42± 9.87 608.19±15.6 

Flux, Js 

(µg/cm2/h) 0.391 ± 0.08 0.855 ± 0.10 1.723±0.23 10.136±1.54 

Permeability 

coefficient, Kp 

x10-5(cm/h) 

24.40 ± 5.96 54.29 ± 8.29 113.26± 19.4 995.15±98.78 

ER 1 2.21±0.21 4.45±0.36 26.46±4.7 

DNP content in 

porcine skin 

(µg) 

792.09± 

19.31 

2531.05± 

184.47 

1467.59± 

156.53 

2390.41± 173.34 

* After centrifugal filtration (3kDa MWCO), retentate with intact DNP niosome was considered. 

+ Skin area=2.5 sq cm.   

MN Specifications: MN600-500 µm and 187needle/cm2, MN777-700 µm and 121needle/cm2and 

MN1200- 1100 µm and 43needle/cm2. 
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In contrast, the skin passive treated with an equivalent amount of DNP suspended in PBS 

permeated 21.73 ± 2.86 µg for 24 h, which confirms that the chemical composition of the 

DNP niosomes dictates the permeation parameters. Currently, it is understood that dermal 

penetration of the nanoparticle is size-dependent. The nanoparticles (< 20nm) can 

infiltrate intact, while nanoparticles < 45nm can permeate via damaged skin. 

Furthermore, larger nanoparticles are freighted via the skin appendage (Lademann et al. 

2007, 2008; Larese Filon et al. 2015). Hence, the possible permeation of intact DNP 

niosomes of size 180.1 ± 1.83nm carrying a DNP cargo of 23.436 ± 3.575 µg by the 

passive method is due to the shunted appendage route via the hair follicle canal. The 

result agrees with the Lademann group's research for transdermal delivery of fluorescent 

dye-loaded particles of 320nm via the follicular hair route (Lademann et al. 2007). 

Undoubtedly, the passive treatment of the skin with DNP niosomes would enhance the 

systemic absorption of the DNP. However, the skin with stratum corneum (porcine ear 

skin:14-30µm) is a formidable barrier to the trafficking of intact DNP niosomes beyond 

which systemic translocation can manifest itself under specific scenarios. Hence, it is 

imperative to disrupt the physical barrier to permeate intact DNP niosomes measuring 

180.1 ±1.83nm into the viable epidermis. Therefore, MNs of varying lengths were 

adopted to subjugate the resistance offered by the upper strata. The DNP permeated as 

intact DNP niosomes and other permeation parameters are presented in Table 5.7. 

A significant increase in the permeation of intact DNP niosomes was ascertained for MN-

assisted active drug permeation compared with the passive method. Compared to the 

passive permeation, the cumulative DNP permeated over 24 h increased by 2.21, 4.45, 

and 26.46-fold with MN600, MN777, and MN1200, respectively. A similar trend was 

demonstrated for Kp, Js, and ER values (Table 5.7). The flux value was found to be in 

MN1200 > MN777 > MN600 > Passive. Despite low needle density in MN1200, a 26-

fold shoot in the flux was observed with MN 1200 over the passive treatment. The 

enhancement in the permeation parameters can be attributed to the length of the MNs and 

not the needle density. The MN1200, with a needle length of 1100 µm and a needle 
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density of 43 in 1cm2 showed better permeation than MN600, with 500 µm needle length 

and 187 needles in a 1cm2 active area. From the results, it is apparent that with the 

increase in the height of the MNs, the penetration depth also increased to form micro-

conduits, which facilitated enhanced permeation of intact DNP niosomes across the skin. 

The result was also supported by the overlayed-HPLC chromatogram (Figure 5.25) 

obtained for the receptor compartment filtrates after 2 h of treatment.  

 

Figure 5.25: Overlayed-HPLC chromatogram for the free DNP permeated by passive 

method against MN-assisted delivery. 

After 2 h of treatment, the sample from the receptor was collected. The intact DNP 

niosomes were separated using Ultraspin centrifugal filtration (3kDa). The HPLC 

analysis of the drug's filtrate showed a sharp peak for DNP for the passive method. 

However, MN-assisted filtrates showed no signs of free DNP in the filtrate (Figure 5.25), 

which validated that MNs can effectively bypass the intact DNP niosomes. Besides, the 

stability, the charge (-32.7 mV), and the size (180.1 nm) of DNP niosomes favored MN-

assisted transdermal delivery. The observation suggested that the pH-sensitive DNP 

niosomes can be effectively delivered as intact niosome across the skin barrier when 
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assisted with MNs, thus promoting DNP release when countered by the acidic 

microenvironment. 

In the frame of reference to the DNP content in the treated skin, an analogy for the 

translocation of intact DNP niosomes within/across the skin could not be established as 

there was no means to isolate the intact DNP niosomes from the free DNP. However, a 

significantly higher amount of DNP was deposited in the skin treated with the MNs at the 

end of 24 h and is a testimony to potential DNP skin deposition. 

The MN1200 improved transdermal permeation of intact DNP niosomes across the 

porcine ear skin. It is feasible to deliver the intact niosomes using MNs across the skin by 

a relatively painless and non-invasive method, thereby improving patient compliance. 

These positive results suggest the proposed method could be successfully extended to 

other drugs and effectively implemented to deliver the drug across the skin barrier and 

harness its pH sensitivity traits to release the cargo at the target site. Furthermore, 

functionalization of the niosomes with NPG ligand can improve the targeting efficacy by 

receptor-mediated drug release. NPG is known to target the GLUT-1 transporter protein 

that lines the BBB. 

5.7 Functionalisation of optimized DNP niosome with NPG ligand 

5.7.1 Synthesis and characterization of NPG  

The glucose derivative surfactant NPG, which acts as a glucose analog explicitly 

targeting the brain, was synthesized as described by Dufes et al. 2000. The freeze-dried 

white NPG powder (Figure 5.26) was obtained and stored in amber bottles to prevent 

decomposition by light. 
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Figure 5.26: Synthesized NPG ligand to target GLUT-1 transporter protein 

 

Figure 5.27: FTIR-ATR spectra for NPG ligand 

The IR spectra for NPG recorded a broad peak at 3383.50 cm-1, representing N-H 

stretching vibration at 3301.97 cm-1 for the hydroxyl group. The 2917.21 cm-1 and 



 

118 
 

2849.23 cm-1 peaks corresponded to the C-H- stretching. The small peaks at 1819.36 cm 

-1 and 1782.96 cm-1 were registered for C=O stretching. Doublet with a strong 

transmittance at 1673.61 cm-1 and 1644.28 cm-1 corresponded to the amide (C=O 

stretching) with an NH2 deformation vibration of 1548.3 cm-1 for cyclic carbohydrates. 

NPG synthesized was dissolved in deuterated DMSO to register the 1 H- NMR spectrum. 

δ 0.85 ppm= CH3 (palmitoyl), δ 1.24 ppm = CH2 (palmitoyl chain), δ 1.46 ppm= CH2 

(palmitoyl shielded by carbonyl), δ 2.09 ppm = CH2 (adjacent to carbonyl proton), δ 2.5 

ppm= DMSO peak, δ 3.11 ppm= CH sugar proton, δ 3.33 ppm = water peak and δ 3.4-5 

ppm = non exchangeable sugar proton (Figure 5.28). The spectrum obtained was 

compared with the findings of Bragagni et al. 2012.  
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Figure 5.28: 1H-NMR proton assignment of NPG 
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5.7.2 Molecular docking studies 

NPG molecule was synthesized to functionalize the niosomes to target the GLUT-1 

transporter. GLUT-1 transporter protein belongs to the solute carrier family 2, a high-

affinity glucose transporter, which catalyzes facilitative diffusion of glucose, fructose, 

and other hexoses. It is responsible for glucose supply to the brain and other organs. To 

check whether there was any interaction between NPG and GLUT-1 transporter protein 

bing site, we performed molecular docking studies using SYBYL ver 7.3, Surflex Dock 

tool. 4PYP is the crystal structure for human glucose transporter GLUT-1 in the PDB.   

We performed a blind docking study to get an unbiased estimate of the binding site for 

NPG on 4PYP. B-Nonylglucoside (BNG) was a reference due to its structural similarity 

with the ligand NPG. It was also reported that BNG could be transported by inward-open 

conformation in human (mammalian) GLUT-1 transporter (Deng et al. 2014).  

a 

 

b 

 

Figure 5.29 (a) Structure of NPG (b) Optimized structure of the ligand NPG averaging 

200 conformations yielded BNG (reference). 
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a

 

b

 

c

 

Figure 5.30 (a) The molecular docking shows the interaction between NPG (Ligand) and 

the BNG (reference) at the active site of 4PYP. (b) Zoomed to show the ligand and the 

reference (c) Colored the binding site based on lipophilic potential; the orange-green 

indicates the lipophilic/hydrophobic regions 

 

Figure 5.31: Full surface view of the GLUT-1 transporter protein interacting with the 

ligands. NPG ligand is represented as the white ball and sticks, while BNG ligand used as 

the reference is presented as purple sticks NPG ligand with interacting amino acids are 

labeled. 
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Ligand NPG was prepared and optimized by iterations (maximum no. of iterations 

reached 100) using Surflex dock software. The ligand's binding energy was -1.523 

kcal/mol and 38 average number of 1-4 Vander Waals pairs. The total energy was 52.85 

kcal/mol in the dynamic state with 49 avg numbers of 1-4 Vander Waals pairs. The 

optimized structure was obtained after averaging 200 conformations in the trajectory 

frame due to its long fluttering tail matched with BNG molecules, as shown in Figure 

5.29 (b).  

A stable conformational state was attained via non-polar interactions between the 

interacting residues of the ligand, NPG, and 4PYP protein binding pockets. The 

interacting amino acid in the active site pocket of 4PYP was ASN 317. OD1 GLN 161. O 

GLU 380.OE1 and OE2 for NPG ligand, while the interacting amino acids for BNG were 

Asn288A GLN 161. O GLU 380.OE1 and OE2. The interacting amino acids are the same 

as the BNG ligand (except for Asn288A), suggesting that the NPG molecule can 

successfully target the GLUT-1 transporter, 4PYP (Figure 5.31). This work was inspired 

by a work reported by Jain 2009 explaining protein flexibility in docking the ligand.  

The computational study demonstrates the probable binding pocket for NPG ligand onto 

the 4PYP active site on GLUT-1 receptor protein. The approach is computationally 

tractable and primarily epitomizes a contribution to real-world docking. Further, the 

ligand itself was built by an independent, active modeler to assess real-world behavior 

and offers a way to systematically make use of modeling knowledge in the form of ligand 

fragments. The critical interactions within the assigned prediction space allow for 

significant protein flexibility, including both side-chain and backbone movements, which 

offer accuracy in the prediction by cross-docking.  

5.7.3 Cell viability studies by AO-EB staining 

Cell viability studies were carried out using AO-EB staining in human neuroblastoma cell 

lines (IMR-32). The live/dead cell viability assay allows us to visualize early apoptotic 

and necrotic cells.  
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a                                    12 h 24 h 48 h 

   
b                                    12 h 24 h 48 h 

   
c                                    12 h 24 h 48 h  

   

Figure 5.32 Fluorescence cell images demonstrating live/dead assay in IMR-32 human 

neuroblastoma cells induced by (a) control (PBS) (b) DNP niosome (c) NPG fn DNP 

niosomes. Green fluorescent intensity from cell nuclei stained with AO denotes live cells. 

Nuclei stained with EB and emitting red fluorescent intensity represent a dead cell.   

Scale bars:100 µm. 



 

124 
 

The IMR 32 cells were considered for the studies as they mimic the human cerebral 

cortex projections. Under controlled tissue culture, the differentiated cell lines form 

intracellular fibrillary material, characteristic of the AD brain.  

The cell lines were treated with optimized DNP niosome and NPG-fn-DNP niosomes for 

a fixed time and observed for cell viability using live dead viability staining. PBS was 

used as a control. DNP concentration of 100 µM was sufficient to elicit cytotoxicity in 

SH-SY5Y human neuroblastoma cells (Sortino et al. 2004). Hence, the same DNP 

concentration was applied for this assay. The viability of cells was analyzed post-

incubation. The stain EB enters the dead cells, binds to the cell nuclei via the damaged 

cell membrane, and emits red fluorescence while the live cells emit green fluorescence. 

Both control cells (Figure 5.32a) and cells treated with niosomal formulation (Figure 

5.32 b,c) showed a higher percentage of viable cells marked by high green fluorescence. 

However, necrotic cells (red fluorescence) appeared in a small percentage at 48 h, stating 

that cell death was induced due to the lack of O2, nutrient supplement, and toxin 

deposition. The results provided visual, qualitative support to the cytotoxicity 

observations that all the test compounds were compatible with the cells with no apparent 

toxicity. 

5.7.4 Cell line GLUT-1 expression and uptake studies 

Metabolically active, cancerous neuroblastoma cells IMR-32 cells were selected to study 

the GLUT-1 expression in cells. The GLUT-1 transporter expression studies in the cell 

lines were assessed by exploiting its high glucose metabolism rate. Moreover, the 

cancerous cells have been reported to have higher GLUT-1 protein and excellent glucose 

expression.  
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Figure 5.33: Confocal microscopy and flow cytometry studies for IMR-32 cells 

expressing GLUT-1 Transporter protein and MFI values at different time intervals. 

The cells' glucose uptake was visualized by the 2-NBDG staining method as the 

fluorescent probe covalently binds to the cytoplasmic glucose molecule. The fixed cells 

were evaluated for fluorescence by confocal microscopy and flow cytometry. The GLUT-

1 expression indicated by the MFI value for NPG treated (red fluorescence) was 

approximately three times that of control for To, T24, and T48 after seeding. The red 

fluorescence is directly proportional to the bonding of the NPG to its fluorescent analog 
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2-NBDG, and DAPI, which emits blue fluorescence on binding to the A-T rich DNA, 

depicts the nuclei (Venturelli et al. 2016). NPG-treated cell lines showed an excellent 

proliferation rate and no signs of cytotoxicity. The investigation and comparison studies 

were carried out from the point of view of glucose cell metabolism leading to the 

conclusion that at low glucose concentration DMEM, NPG moieties were effectively 

internalized. Higher GLUT-1 expression in NPG treated cell lines suggested that NPG 

ligand can effectively functionalize the niosome to enhance the cellular uptake. 

 

 

Figure 5.34: Iron Perl staining on IMR-32 cells exhibiting niosomal uptake. (a) Control- 

Cells treated with iron oxide nanoparticles. (b) iron oxide nanoparticle bound DNP 

niosomes treated cells. (c) iron oxide nanoparticle bound NPG-fn-DNP niosomes treated 

cells. 

The monolayer of IMR-32 cells was incubated with iron oxide nanoparticles bound 

niosomal formulation for 15 mins in a 5% CO2 incubator maintained at 37 ⁰C. The cells 

were fixed in 4% paraformaldehyde and then subjected to iron perls staining and counter-

stained with eosin. The paraformaldehyde fixes cells forming the cross-links of the -CH2- 

molecules (methylene bridge) in cellular protein and subcellular structures (Thavarajah et 

al. 2012). Under acidic conditions, potassium ferrocyanide reacts with ferrous iron to 

produce insoluble blue pigmentation. Counter-staining the slide with acidic eosin dye 

stains a cell's cytoplasm (basic), giving them a pink color (Fischer et al. 2008). The 
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prepared slides were observed for niosomes uptake by the cells under the light 

microscope. 

The iron perl staining method estimated total positive cells (Prussian-blue stained), 

confirming the internalization of the niosomes. Cells treated with iron oxide bound DNP 

niosomes exhibited a low uptake, while iron oxide bound NPG-fn-DNP niosomes 

demonstrated higher cell uptake, despite the same glucose concentration. The deposition 

of the iron oxide in the DNP niosome may be attributed to the surfactant's solubilization 

effect on the cell membrane. The cell damage could have altered the membrane's 

permeability, facilitating niosome uptake (Figure 5.34b). The increased uptake of iron 

oxide bound NPG-fn-DNP niosomes in the neuroblastoma cells, IMR-32 could be 

attributed to high GLUT-1 protein expression. Functionalization with a glucose analog, 

NPG, facilitated receptor-mediated translocation of the niosomes via the GLUT-1 

transporter protein. Hence the total positive cells (Prussian-blue stained) were higher in 

NPG-fn-DNP niosomes than in the DNP niosomes. Also, the permeabilizing properties of 

the niosomes led to higher iron deposition and niosome internalization. Our observations 

strongly suggested that the internalization mechanism is dependent on GLUT- 1 

transporter protein. 

5.8 In vivo biodistribution studies for DNP niosomes and NPG-fn-DNP niosomes 

The in vivo biodistribution studies were carried out in AD-induced SD rats by AlCl3 

chemical treatment. Alzheimerogenic chemical, AlCl3 is known to induce neurotoxicity 

linked with cognitive impairment. Intraperitoneal administration of AlCl3 at a dosage of 

10 mg/kg induced oxidative stress and upregulation of AChE activity leading to 

cholinergic dysfunction and impaired cognitive function (Chiroma et al. 2018). The 

degree of AD in SD rats was evaluated by the Y-maze test (Figure 5.35) and Morris 

water maze test (Figure 5.36).   
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Figure 5.35: Degree of AD evaluation in SD rats by Y-maze test. 

 

 

Figure 5.36: Degree of AD evaluation in SD rats by Morris water maze test 

The prepared niosomal formulation enclosing 0.092 mg DNP (equivalent to 0.45 mg/kg 

body weight) was selected for transdermal delivery. Stainless steel MN array of 1200µm 

was considered for biodistribution studies, as shown in Figure 5.37. The MN loaded with 
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the formulation was glued onto the rat's shaved neck using pressure adhesive tapes. The 

rat body's vital organs were used to determine the percentage of DNP (µg) per gram of 

tissue. The drug biodistribution from NPG-fn-DNP niosomal formulation and DNP 

niosomal formulation was studied and compared, as shown in Table 5.8. 

 

Figure 5.37: 1200µm stainless steel MN fabricated for transdermal deliver 

The biodistribution studies for the niosomal formulation (DNP niosomes and NPG-fn-

DNP niosomes) exhibited a reduced DNP level in plasma with time. The biodistribution 

data revealed a higher percentage of DNP per gram of the brain tissue for the NPG-fn-

DNP formulation than the DNP niosomes for the initial five days. It was observed that 

there was a sustained release of the drug from DNP niosomes. It could be attributed to its 

pH-sensitive nature as the drug is released when an acidic pH is encountered in the brain. 

Functionalisation of the niosomes enhanced the drug content in the brain remarkably. 

These results indicated that the NPG-fn-DNP niosomes improved the brain delivery of 

DNP significantly. The observed effects were consistent with the vasoactive intestinal 

peptide niosomes (Dufes et al. 2003) and doxorubicin niosomes (Bragagni et al. 2012).  

The distribution of DNP from niosomes in the various organ was compared (positive 

control) with DNP solution administered intravenously after 24 h, as shown in Figure 

5.38
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Table 5.8. Biodistribution studies of DNP 

Organs  1h ± SD 1-day ± SD 2-day ± SD  3-day ± SD 5-day ± SD 7 day ± SD 

Plasma* DNP niosomes 5.676±0.599 4.233±0.934 3.753±0.750 3.263±0.814 2.786±0.32 1.548±0.723 

% 

µg/mL 

NPG-fn-DNP niosomes  6.326±0.25 5.732±0.74 4.713±0.741 2.325±0.651 0.943±0.364 0.472±0.016 

Brain DNP niosomes 1.014±0.211 2.149±0.837 2.0441±0.210 1.872±0.364 1.283±0.134 0.836±0.217 

%µg/g NPG-fn-DNP niosomes  2.122±0.461 5.375±0.357 5.837±0.282 3.642±0.35 2.043±0.257 0.636±0.183 

Heart DNP niosomes 2.889±0.619 3.654±0.743 1.836±0.354 1.507±0.233 1.275±0.266 0.7333±0.099 

%µg/g NPG-fn-DNP niosomes  3.285±0.524 3.246±1.003 2.136±0.734 0.973±0.108 0.532±0.174 0.050±0.014 

Lungs DNP niosomes 2.631±0.981 3.273±0.386 2.884±0.249 1.231±0.156 0.473±0.132 0.241±0.063 

%µg/g NPG-fn-DNP niosomes  1.847±1.073 2.836±1.73 2.053±0.244 1.345±0.332 0.671±0.097 0.362±0.185 

Liver DNP niosomes 2.422±0.729 2.733±0.736 3.543±1.076 3.917±0.863 4.576±0.651 3.71±0.276 

%µg/g NPG-fn-DNP niosomes  2.054±0.656 3.115±1.036 3.431±0.815 3.164±0.273 2.073±0.198 1.732±0.245 

Kidney DNP niosomes 7.435±1.555 5.482±2.113 4.961±0.9935 5.436±1.075 6.732±1.255 7.835±1.507 

%µg/g NPG-fn-DNP niosomes  6.783±2.031 5.873±0.756 6.074±0.102 4.075±1.824 4.895±1.086 5.355±1.883 
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The niosomal formulation administered using MN assisted active method improved the 

DNP concentration in the brain tissue owing to its particle size (<200 nm), which enabled 

the translocation of the niosomes across the BBB. A significantly higher percentage of 

DNP was obtained with the niosomal formulation than DNP solution at the exact drug 

dosage (24h), indicating that the optimized formulation increased the circulation time and 

lowered the clearance rate. Negligible traces of the drug were found in the brain after 24 

h when administered as a DNP solution via intravenous route due to the higher clearance 

rate of DNP in the brain. The results also demonstrated that the drug from the NPG-fn-

DNP niosomes showed a higher affinity towards the brain region than the drug solution 

or the DNP niosome, thus proving the drug targeting efficiency of NPG-fn-DNP 

niosomes. A higher concentration of DNP was deposited in the liver and kidney as they 

are the main organs for drug metabolism and elimination. 

 

Figure 5.38: DNP concentration in vital organs and plasma after 24 h.
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The pharmacokinetic parameters for DNP niosomes, NPG-fn-DNP niosomes, and DNP 

solutions were evaluated by estimating the DNP concentration in plasma and the brain. 

The pharmacokinetic parameters of formulated niosomes were compared with DNP 

solutions administered by the intravenous route. It was observed that the Cmax of DNP in 

plasma and brain tissue improved significantly when NPG-fn-DNP niosomal formulation 

was administered as compared with that of the drug solution, as shown in Table 5.9.  

Table 5.9: Pharmacokinetic parameters for DNP concentration in plasma and brain of SD 

rat model. 

Sample DNP solution DNP niosomes NPG-fn-DNP niosomes 

Routes Intravenous Transdermal Transdermal 

 Plasma Brain  Plasma Brain  Plasma Brain  

Cmax 

(ng/mL) 

1050.8± 

61.69 

14.2± 

0.86 

1135.17± 

84 

438.68±5 

2.7 

1129.64± 

25.25 

1343.19± 

12.01 

Tmax (h) 1 6 1 24 1 48 

Ke (h-1) 0.985 

±0.39 

0.987± 

0.16 

0.007± 

0.004 

0.003± 

0.001 

0.168± 0.002 0.0096± 

0.001 

T1/2 (h) 4.52± 

2.16 

6.73± 

2.22 

100.06± 

6.16 

223.33± 

8.27 

41.04± 0.634 72.17± 

0.985 

MRT 

(h) 

6.53± 

4.02 

12.91 ± 

2.65 

295.2± 

10.66 

479.23± 

11.9 

156.81± 1.16 228.06± 

2.95 

The HPLC method determined the DNP concentration in the brain tissue and plasma after 

transdermal administration (Figure 5.39) at the retention time of 6.8 min and compared it 

with the standard cholinesterase inhibitor graph. When the AUCs of both the groups were 

compared, the NPG-fn-DNP group's transdermal administration had a higher AUC of 

3657.84 ± 59.2 ng h/mL in the brain when compared to DNP niosomes, which was 

1396.91 ± 108.8 ng h/mL. The results indicate the improved bioavailability of the drug in 

the brain. 
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a 

b 

 

Figure 5.39: DNP concentration versus time profile in blood and brain for DNP niosomal 

and NPG-fn-DNP niosomal formulation administered via transdermal route. 

When the plasma Cmax and tmax were compared, the DNP niosome and the NPG-fn-DNP 

niosome administered peaked within 1 h with a Cmax of 1135.17± 84 ng/mL and 
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1129.64±25.25 ng/mL, respectively. The DNP concentration in the brain reached a 

maximum within 24 h (Cmax= 438.68±52.7 ng/mL) when the DNP niosome was 

administered. In NPG-fn-DNP niosomes, the drug peaked within 48 h (Cmax= 

1343.19±12.012 ng/mL). The NPG-fn-DNP niosomes demonstrated a 3-fold 

improvement in DNP concentration in brain tissue than DNP niosomes.  

The exact mechanism of this transport so far is not known. It has been hypothesized that 

the NPG ligands present on the niosomes could be recognized by the cells of BBB, which 

express high levels of the glucose transporters GLUT1, thus allowing an efficient brain 

uptake and drug delivery in the brain (Dufes et al. 2003). The results were well supported 

by the molecular docking studies done previously. An additional mechanism could be the 

improved retention of the niosome in the brain blood capillaries joined with adsorption to 

the capillary wall. Both concur to give rise to a higher drug concentration gradient that 

would improve the drug transport across the BBB (Kreuter 2004). A possible surfactant 

effect could also be considered for increased drug permeation through the BBB. The 

surfactants' solubilization of the endothelial cell membrane lipids leads to membrane 

fluidization (Kreuter 2004). A further possibility could be the endocytosis of the niosome 

by the endothelial cells, followed by the drug's delivery within these cells and then 

delivery to the brain (Kreuter et al. 2002). All of these mechanisms also could operate in 

combination. Hence, MN-assisted transdermal administration of DNP 

niosome/functionalized DNP niosomes can be an alternative for delivering the drug to the 

brain by crossing BBB and treating brain-related disorders. 

5.9 The in vivo safety profile for DNP niosomes and NPG-fn-DNP niosomes 

After transdermal administration, the in vivo safety profile and toxicity studies for DNP 

niosomes and NPG-fn-DNP niosomes have been performed to identify the animals' body 

weight, behavior, and variations in the blood parameters.  
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No mortality or respiratory discomfort was observed in any SD rats test group compared 

to the control. After transdermal administration, regular eating and movement were taken 

as a sign to show no cardiovascular strain on the treated SD rat models.  

The body weight and the food and water intake showed no significant difference in the 

treatment of SD rats compared to the control. No significant differences were observed 

(p>0.05) in the body weights of the treated group. No treatment-related behavioral 

changes were observed compared with the control SD rat group. 

 

 

Figure 5.40: Vital organ/animal weight ratios of different experimental SD rat models.  

The treated group's vital organ/animal weight ratio was compared with the control 

(Figure 5.40). However, it is essential to note an increment in the liver size compared to 

the negative control. The possible reason could be the increase in the activity or the 

organ's stress to eliminate the foreign substance, as the liver is the vital organ involved in 
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drug elimination. However, the liver size increase was within the normal organ/ body 

weight ratio range, which indicated that the formulation is safe for administration. 

 

 

Figure 5.41: Effect of DNP loaded niosomal formulation on blood parameters in SD rat 

models (RBC (106 µL-1), WBC (103 µL-1), Hb (g/dL), HCT (%), MCV (fL), MCH (pg) 

and Platelets (103 µL-1). 

The blood parameter values of RBC, WBC, Hb, HCT, MCV, MCH, and platelets were 

within the normal range in treated SD rats (Figure 5.41). Irregularities in platelet count 

were seen despite being within the normal range. Platelets are tiny but significant cells in 

the blood that helps the body control bleeding. It is vital to monitor platelet count to 

diagnose or screen various diseases or medical conditions that may affect blood clotting. 

On administration of free DNP/ DNP niosome/ NPG-DNP niosome, the platelet count 

escalated on day 1. Variations in the platelet count may be attributed to the increased 
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activity of the platelets in repairing the damaged blood vessels induced by the 

microneedle patch, thereby producing more thrombocytes and anti-coagulating agents.  

The DNP administration by transdermal route to the brain targeted delivery is the first of 

its kind to date. Hence, the effect of toxicity on the SD rat model was considered during 

the transdermal administration of the formulations. The study scrutinized the safety of the 

DNP niosome and NPG-fn-DNP niosome administered to the brain via transdermal 

administration. No adverse effect was observed on the vital organ/animal body weight 

ratio. Hence, the transdermal route of administration was an achievement to deliver 

niosome and effectively treat neurodegenerative disorders. 
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Chapter 5 

SUMMARY AND CONCLUSIONS  

The study demonstrated the interdependence of process and formulation variables on the 

physicochemical properties of the niosome. The finding conclusively demonstrated that 

entrapment efficiency and the alteration in the niosome size are associated with changes 

in the S60: CHOL ratio, sonication, and hydration volume. The addition of 5 mM of 

SolC24 to the optimized formulation (NSV5SolC24) formed stable niosomes with a mean 

particle size of 180.1 ± 1.83 nm and entrapment efficiency of 82.15% ± 1.54%. The in 

vitro release studies, FTIR studies, and the morphological conformation of the optimized 

DNP niosomes constituted evidence that the optimized formulation is pH-sensitive. FTIR 

spectral analysis of optimized DNP niosomes suggested that the ether and ester group in 

the niosome complex undergoes SN2 cleavage and hydrolysis at lower pH, thus 

enhancing DNP release. It may be inferred that the prolonged circulation of niosomes in 

the blood (pH 7.4) helps distribute the drug to the brain, wherein the rapid release of the 

DNP at acidic pH is expected.  

Investigating the feasibility of the transdermal delivery system revealed that MNs 

fostered improved transdermal permeation of intact DNP niosomes across porcine ear 

skin, irrespective of MN length. The MN-assisted studies with MN1200 showed a 29-fold 

increase in transdermal permeation of intact DNP niosomes at a steady flux rate of 9.89 ± 

0.923 μg/cm2/h against the passive method. It may be inferred that it is feasible to deliver 

the intact DNP niosomes using MNs across the skin by a relatively painless and non-

invasive technique, thereby improving patient compliance. These positive results suggest 

that the proposed MN-assisted DNP niosome delivery method could be successfully used 

to deliver niosomes to the brain through systemic circulation and can be used as an 

alternative to current therapy. 
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NPG, a glucose analog molecule, was synthesized and characterized by 1H NMR and 

FTIR studies. The molecular docking computational studies identified the interacting 

amino acids between the NPG ligand and active site, 4PYP of the GLUT-1 transporter 

protein. The cell viability studies by AO-EB staining and cell uptake studies by the iron 

perls staining method presented visual evidence for non-toxicity and internalization of the 

niosomes. 

The in vivo studies on AD-induced SD rats demonstrated excellent localization and 

sustained release of DNP from NPG-fn-niosome. The DNP concentrations in the brain 

from NPG-fn-DNP niosomes were 3 times higher than the DNP niosomes. The results 

showed that NPG functionalization significantly enhanced the site-directed delivery of 

DNP compared to the free DNP solution and DNP niosomes, confirming the actual 

effectiveness of functionalization. When the AUCs of the treated groups were compared, 

the NPG-fn-DNP group's transdermal administration had a higher AUC of 3657.84 ± 

59.2 ng h/mL in the brain when compared to DNP niosomes, which was 1396.91 ± 108.8 

ng h/mL. The results indicate the improved bioavailability of the drug in the brain. The 

niosomal formulations were able to show higher DNP concentration in the brain and no 

mortality, hematological changes, and bodyweight variations in the SD rats when the 

formulation was administered via the transdermal route. These positive results suggest 

that the proposed technology-based approach to breach BBB could be successfully 

extended to other drugs and exert a robust central action even at low doses. However, 

further preclinical studies are recommended to endorse the efficacy of the engineered 

drug delivery system. 
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Appendices 

Appendix I: Simulated body fluid (SBF) preparation 

SBF was prepared by adding NaCl: 8.035g, NaHCO3:0.355g, KCl: 0.225g, 

K2HPO4.3H2O: 0.231g, MgCl2.6H2O: 0.311g, 1.0M HCl: 39 mL, CaCl2: 0.292g, Na2SO4: 

0.072g in 700mL of ion-exchanged distilled water. The pH of the obtained solution is 2.0 

±1.0. Tris (tris-hydroxyl methyl aminomethane): 6.118g was slowly added to get a 

solution of pH 7.45 ± 0.01 and made up to 1000 mL. The pH was adjusted to 5.4, 6.8, and 

7.4 using 1N HCl/NaOH to stimulate the skin, brain, and body fluid, respectively. 

Appendix II: Dialysis membrane pre-treatment 

Materials: Dialysis membrane of 12k-14kDa MWCO, 10 mM sodium bicarbonate, 10 

mM Na2EDTA (pH 8.0), 20% to 50% (v/v) ethanol. 

Procedure: Cut the dialysis membrane to the required length and boil in 10 mM sodium 

bicarbonate. Soak the membrane in 10 mM Na2EDTA for 30 mins with some agitation. 

Clean the membranes by repeated washing with distilled water to remove traces of 

EDTA. Store the membranes at 4°C in 20% to 50% ethanol until further use. 

Appendix III: Method optimization studies 

Thin-Film Hydration method:  In this method, the surfactants S60/S40 (10 mM), 

CHOL (10 mM), and 5 mg of DNP were dissolved in a volatile organic solvent in a 

round-bottomed flask. The solvent was then eliminated using a rotary vacuum evaporator 

to obtain a thin film on the flask's inside wall. The thin layer is hydrated at 65⁰C using 

phosphate buffer for 60 mins with constant shaking. On rehydration, the layer swells and 

forms a niosome. The drug was loaded into the formulation by the passive loading 

method (added in the organic solvent) (Baillie et al. 1985; Bhaskaran and Lakshmi 2009). 

Thin layer evaporation-vortex method: Accurately weighed quantities of the drug DNP 

(5 mg), S60/S40 (10 mM), CHOL (10 mM) were dissolved in chloroform in the round 
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bottom flask (Table 3.1). The solvent was evaporated under vacuum at 60 ⁰C using a 

rotary flash evaporator (Buchi Rotavapor® R-215, Bangalore, India). The film formed 

was then hydrated with 5mL of PBS with 4 cycles of heating at 65⁰C for 3 min and 

intermittent vortex mixing for 3 min 

Nitrogen bubbling method: All the niosomal components- DNP (5 mg), S60/S40 (10 

mM), CHOL (10 mM), and phosphate buffer (5 mL) are added in a three-necked flask. 

The set-up was arranged so that one neck was used to place the thermometer, the other 

one to bubble the nitrogen, and to the last neck, water-cooled reflux was attached. The 

niosomal components were dispersed at 70°C and homogenized for 15 s. Immediately, 

nitrogen gas was bubbled through the homogenized mixture to produce niosomes  

(Moghassemi and Hadjizadeh 2014; Talsma et al. 1994). 

Reverse phase evaporation method: In this protocol, the S0/S40 (10 mM) and CHOL 

(10 mM) are dissolved in 5 mL of chloroform. The resulting composition is added to the 

aqueous phase, 5 mL of PBS containing 5 mg of DNP. The two-phase system was 

sonicated at 4-5°C for 15 mins for homogenization. The organic phase was eliminated at 

40°C by rotary evaporation. (Kiwada et al. 1985; Naresh et al. 1994). 
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Figure S1: Effect of Preparation Technique on Particle size & Stability  

 

Figure S2: Effect of Preparation Technique on Entrapment Efficiency. 
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Appendix IV DNP Release kinetic studies from niosomes 

Release kinetic modeling at pH 7.4 

A 

 

B 

 
Figure S3: Zero-order kinetic model at pH 7.4 (A) DNP-Niosomes. (B) NPG fn DNP 

Niosomes 

A

 

B 

 

Figure S4: First order kinetic model at pH 7.4 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 



 

177 
 

A

 

B 

 
Figure S5: Higuchi kinetic model at pH 7.4 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 

A

 

B 

 

Figure S6: Hixson Crowell kinetic model at pH 7.4 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 
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Figure S7: Korsmeyer Peppas kinetic model at pH 7.4 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 

A 

 

B 

 
Figure S8: In vitro release kinetic model at pH 7.4 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 
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Release kinetic modeling at pH 6.8 

A

 

B 

 
Figure S9: Zero-order kinetic model at pH 6.8 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 

A

 

B 

 
Figure S10: First order kinetic model at pH 6.8 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 
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Figure S11: Higuchi kinetic model at pH 6.8 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 

A

 

B 

 
Figure S12: Hixson Crowell kinetic model at pH 6.8 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 
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Figure S13: Korsmeyer Peppas kinetic model at pH 6.8 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 

A

 

B 

 
Figure S14: In vitro release kinetic model at pH 6.8 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 
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Release kinetic modeling at pH 5.4 

A

 

B 

 
Figure S15: Zero-order kinetic model at pH 5.4 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 

A 

 

B 

 
Figure S16: First order kinetic model at pH 5.4 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 
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Figure S17: Higuchi kinetic model at pH 5.4 (A) DNP-Niosomes. (B) NPG fn DNP-

Niosomes 

A 

 

B 

 
Figure S18: Hixson Crowell kinetic model at pH 5.4 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 
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Figure S19: Korsmeyer Peppas kinetic model at pH 5.4 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 

A 

 

B 

 
Figure S20: In vitro release kinetic model at pH 5.4 (A) DNP-Niosomes. (B) NPG fn 

DNP-Niosomes 
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Appendix V: Reverse Phase-High Performance Liquid Chromatography studies 

 

 

Figure S21: Standard curve for DNP derived from RP-HPLC studies 
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Figure S22: Overlayed RP- HPLC linearity summary report. 
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