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Abstract:  

The intranasal route of drug administration is widely known to be a non-invasive route that has the 

potential to carry a drug directly to the central nervous system (CNS). Drugs with low solubility and large 

molecular weight are two common problems encountered which interfere with the delivery of potent 

drugs to a target. The purpose of this project was the preparation, characterization, in vitro and in vivo 

testing by intranasal administration to hamsters for various formulations of a hydrophobic small 

molecular weight drug- dibenzoylmethane (DBM) and a hydrophilic large molecular weight drug- oxytocin 

to study their bioavailability following inhalation into the nasal cavity (NC). The goal is to improve the 

delivery of drugs to the brain. 

The poorly soluble drug, DBM was formulated in brain homogenate (BH), in HPMC polymer suspension 

and as drug-loaded nanoparticles and characterized in solid and suspension states. DBM was loaded into 

a novel lipid- and cyclodextrin-based nanoparticle formulation and characterized by various methods. In 

addition, oxytocin was formulated in BH and in normal saline. In vitro cell culture-based studies, 

histological characterizations of nasal cavities for glial fibrillary acidic protein (GFAP) protein and in vivo 

biodistribution studies after intranasal administration were carried out.  

DBM loaded nanoparticles were observed to be thermostable and amorphous in nature. The final particle 

size for the DBM loaded nanoparticles was 163.8±3.2nm. The entrapment efficiency and percentage drug 

loading of DBM-loaded nanoparticles was 86.4±0.6% and 9.20% respectively. Invitro release studies 

showed about 95.80% of drug was released from the nanoparticles within 8 days. Oxytocin formulations 

were characterized by visual evaluations, pH, viscosity and stability. Invivo biodistribution studies after 

intranasal administration of oxytocin showed presence of 1.7445 ± 0.5714 and 1.895.2 ± 0.4626 ng/mL of 

oxytocin in the blood after 30 minutes of administration. No drug was detected in blood samples of 

animals treated with DBM in BH. However, about 40.77171 ± 4.9340 and 44.44912 ± 5.3666 ng/mL of 

DBM was detected in blood samples of animals administered DBM in HPMC polymer suspension and DBM 
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nanoparticles respectively. Histological studies on the NC confirmed the presence of inoculum within the 

cavity of lymphatic vessels for both drugs. 

Thus, formulations of hydrophobic small molecular weight drug- DBM and a hydrophilic large molecular 

weight drug- oxytocin were successfully designed and characterized. These were inhaled intranasally by 

hamsters to determine relative effectiveness and biodistribution. 
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1.1. Barriers/ challenges to CNS drug delivery: 

Before a drug can enter the CNS, there are various barriers that it needs to overcome. The blood brain barrier 

(BBB), blood cerebrospinal fluid barrier (BCSFB), and systemic distribution and clearance are the major 

barriers for a drug. Overcoming these barriers can be a challenge for a drug for its CNS delivery.  

1.1.1. Blood brain barrier: According to Hawkins, the BBB is the regulated interface between the CNS and 

the peripheral circulation. The BBB was originally observed by Paul Ehrlich in 1885 and was not well 

understood before the 20th century.1 Various studies by scientists like Paul Ehrlich, Edwin Goldmann and 

many others lead to the understanding that BBB is a mechanical barrier that separates the brain from the 

circulatory system. The BBB is a barrier that does not allow most of the foreign substances to enter the brain 

and thus controls their entry into the CNS. As William Pardridge mentions in his article, the BBB is the 

bottleneck in the brain drug development.9 According to Daneman et.al., the BBB has two main cell types, 

the endothelial cells that form the walls of blood vessels and the mural cells that are found on the albumenal 

surface of the aforementioned endothelial cell layer.2 Unlike the endothelial cells of any other blood vessels, 

the endothelial cells in the BBB are held together by tight junctions. These tight junctions create a high-

resistance barrier to molecules and ions that move from outside to the inside of the brain.2-4,10-12 Only drugs 

with a molecular weight less than 500 Daltons, high lipophilicity, no affinity for the BBB efflux system and 

low plasma protein binding can cross the BBB. A drug that forms less than 8-10 hydrogen bonds with solvent 

water can also cross the BBB in an amount that is pharmacologically significant.5 This cuts down the number 

of molecules that can cross the BBB to a very small number. Overcoming the BBB is thus a challenging factor 

and an important parameter to be considered during formulation development for CNS drugs.6 

1.1.2. Blood CSF barrier: Cerebrospinal fluid (CSF) is produced from the arterial blood by the choroid 

plexuses of the lateral and fourth ventricles by a combined process of diffusion, pinocytosis and active 

transfer.7 The brain produces 500mL a day and is constantly reabsorbed, so that only 100-150mL is present 
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at any time. CSF circulates within the ventricular system of the brain and moves in a pulsatile manner through 

the CSF system with nearly zero net flow.7 However, some suggest that CSF flows along the cranial nerves 

and spinal nerve roots and allow it into the lymphatic channels.8 As the name suggests, the BCSFB is a term 

used to describe the barrier present between the blood and the CSF. Just like the BBB, the BCSFB excludes 

chemicals from entering the brain. Like the BBB, the capillaries have tight junction which act as the 

mechanical barrier to any foreign molecules. However, the BCSFB has a surface area which is greatly 

different than the surface area of the BBB, and hence in terms of drug delivery to the CNS the BCSFB is a less 

significant barrier to delivery.6 

1.1.3. Systemic distribution and clearance: Systemic distribution is a frequently overlooked route. A drug 

often gets mixed with blood and gets diluted, metabolized or degraded if it gets distributed into systemic 

circulation. To improve the drug transport through the BBB, researchers tend to increase the lipophilicity of 

the molecule. This increase in lipophilicity however, can also cause an increase in the permeation of the 

molecule across other membranes of the body and thus get distributed systemically and gets diluted. To 

achieve the desired minimum amount of drug in the brain, a larger dose must be given which can in turn 

lead to a series of adverse or undesirable effects due to overdosing.6 

Various approaches such as disruption of the BBB, chemical delivery systems, prodrug approach, drug 

delivery systems such as nanoparticles and nanogels, intrathecal drug delivery approach, intranasal drug 

delivery approach are of great interest these days.6,14-16 This project focuses on the intranasal drug 

delivery approach for delivery of drugs to the CNS.  

1.2. The intranasal route as an approach for drug delivery:  

A recent Pub Med search restricted to the last five years using search terms “intranasal” AND “drug 

delivery” resulted in 744 matches indicating great interest in using this route to deliver drugs.  Advantages 

of this route are that it bypasses both the harsh environment of the gut and first pass metabolism by the 

liver. Intranasal drug delivery is a noninvasive approach for transporting therapeutics from the nose 



4 
 

directly into the CNS through pathways which may include the olfactory and trigeminal nerves that 

connect the nasal mucosa with the CNS.9,16  

Thus, intranasal delivery is a noninvasive way of delivering drugs to the brain for treatment of ailments 

relating to the brain or CNS.16  However, this method of delivery is hindered not only by the barrier 

presented by the nasal mucosa itself, but also the BBB.13  The drugs administered through this route can 

also reach the systemic circulation directly via blood an lymphatic vessels in the lamina propria of the 

nasal cavity.16 Theoretically, this drug delivery route can be useful for the delivery of various peptides and 

other potent drugs.14 In order to discover more about this route of drug transport it is very important to 

understand the anatomy and physiology of the NC, pathways of nasal drug delivery and mechanisms of 

nasal drug delivery to brain.16,18 

1.3. Anatomy and physiology of the NC: 

The NC is a component of both the respiratory and olfactory system. In its role in the respiratory system, 

the NC humidifies, heats, and filters the air before it is moved further to the lower airways. The histological 

structure of the NC allows optimal functioning of the cavity to perform all the above mentioned tasks.19 

The total volume of human NC is about 15-20 mL and it has a total surface area of approximately 150cm2. 

The NC is divided into two symmetrical parts by the nasal septum with each half consisting vestibule, the 

nasal chamber proper and the nasopharynx.18 The nasal vestibule is the anterior most portion of the NC. 

The vestibule is lined by stratified squamous and keratinized epithelial cells. It also contains the nasal hairs 

which protect the NC from particulate matter. It has a surface area of about 0.6cm2. The vascularization is 

modest and hence the permeability is poor.16 The vestibule leads into the nasal chamber proper. 

Squamous epithelium, transitional epithelium, respiratory epithelium and olfactory epithelium are the 

four distinct types of epithelial populations that line the nasal chamber proper of the nasal cavity.17,18 

Squamous epithelium is non-keratinized stratified epithelium that lines the basal lamina and are more 

flattened towards the surface.  Transitional epithelium, is a non-ciliated cuboidal to columnar epithelium. 
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These are found in the zone between the squamous epithelium and the respiratory epithelium. 

Respiratory epithelium consists of non-olfactory epithelium. It is a pseudostratified ciliated columnar 

epithelium and has its own unique features that vary according to the region of the NC. Ciliated, non-

ciliated columnar, basal cells and goblet cells are the four major cell types of respiratory epithelium. 

(Figure 2 b)18 The olfactory epithelium covers a large proportion of the nasal surface area in rodents and 

is usually located superior to the respiratory epithelium. The olfactory mucosa consists of this epithelium 

and the underlying lamina propria. Olfactory mucosa is identified by its yellow color, presence of 

Bowman’s glands and olfactory axons present in the lamina propria and very tall pseudostratified 

columnar epithelium.17,18 (Figure 2b) Each of the four types of epithelia lie on a basement membrane 

which is  permeable to both fluids and other material.17,18 The lamina propria lies below this basement 

membrane and has abundant blood and lymphatic vessels, nerves and other submucosal glands that 

produce nasal secretions in large proportions.  An important defense component of the nasal cavity is the 

nasal mucociliary apparatus which protects against inhaled toxicants, trapped particulates and nasal 

secretions.18 The nasal mucociliary apparatus includes the cilia located on the apical surface of the nasal 

mucosa cells and the mucus that is secreted by goblet cells, the seromucous glands and Bowman’s glands. 

1.4. Pathways of drug transport via intranasal route: 

The pathways and mechanisms of drug transport for intranasal drug delivery to the brain have not been 

adequately elucidated. The movements of drugs across the NC mucosa to the lamina propria, through  

capillary endothelial cells, across the BBB, across the BCSFB and entrance into the lymphatics are all 

potential routes that drugs must take to enter the CNS.  .16 In addition there are pathways hypothesized 

for transport of drug via the nerve endings located in the NC that have been studied by several scientists. 

The drugs may take one or a combination of these routes and appear in the brain. Movement through 

either of these pathways  differ due to various drug and dosage form properties.6,20 
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The movement of molecules from the NC to the brain can occur along the nerve endings present in the 

NC., Inhaled drugs can get to the brain via two pathways – intracellular or extracellular. Intracellular 

transport takes place via axonal transport of drug containing exosomes along the length of  axons 

towards the olfactory bulb. The extracellular pathway  involves translocation via the perineural space 

followed by absorption into local blood vessels. From these vessels. the drug can spread throughout the 

brain.59 

 

Figure 3: Mechanisms of drug transport via intranasal drug delivery route. Drug administered nasally can 

cross the nasal mucosa via paracellular transport, enter the lymphatics, systemic circulation and reach the 

CNS. Alternatively, the drug can also reach the CNS via perineural spaces. Image modified from (59). 

There are three pathways for drugs from the nasal passage to the central nervous system. They are as 

follows: 

a) Transport across nasal epithelial barriers (olfactory or respiratory): 

This transport occurs either by an intracellular pathway across the olfactory epithelium by 

endocytosis and subsequent intraneuronal transport. Extracellular transport pathway occurs 

across the olfactory or respiratory epithelia by paracellular diffusion to the underlying lamina 

propria.60 

b) Transport to the site of brain entry via nasal mucosa: 

This occurs at the olfactory bulbs or brainstem.  In theory, this may take place intracellularly by 

endocytosis or intraneuronal transport via olfactory sensory neurons or extracellularly via 
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perineural, perivascular or lymphatic channels associated with trigeminal and olfactory nerve 

bundles from the lamina propria to the brain.60 

c) Transport from brain entry to CNS: 

Final transport of drug from the olfactory bulb or brainstem to all other areas of the CNS may 

occur by intracellular transport from second order neurons or also by extracellular transport 

through local distribution and local diffusion from perivascular spaces inside the parenchyma.60  

1.5. Mechanisms of drug delivery: 

There are different transport mechanisms across and into the biological membrane for drug 

internalization namely intracellular, paracellular and transcellular pathways as shown in Figure 2. 

i. Intracellular Transport:  

Intracellular transport refers to when the particle is internalized into the cell via energy or enzyme-

dependent endocytosis.16 This pathway is mainly observed for substances such as hormones and enzymes 

that need internalization to act at the cellular level.22 

ii. Paracellular Transport: 

 Paracellular transport refers to the transport of nanoparticles between the cells. It is a passive process 

specific for hydrophilic molecules that cannot cross biological membranes due to lipidic properties of cell 

bilayer.22 The nasal epithelium has cells that are connected by components of tight junctions such as 

zonula adherens and macular adherens. These junctions can be opened by various chemical and 

biochemical means to promote paracellular transport of drugs between cells.16,22 

iii. Transcellular Transport: 

The transcellular pathway refers to the transport through cells from extracellular fluid through the apical 

and basolateral membrane. This mechanism of drug transport is a slow process. 16 Various factors like 

particle size, cell type, concentration of particles and surface charge play a role in deciding the endocytosis 
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pathway by transcellular pathway.16,22 Receptor mediated endocytosis of clathrin-dependent or clathrin-

independent mechanisms are involved in this type of transport. 16,22 

From all these transport pathways, this study aims to focus on the bulk paracellular transport pathways 

for drugs and drug formulations. 

  

 

Figure 4: (a) Mechanisms of drug transport across biological membranes. Drug internalization can occur 

by three major transport pathways namely intracellular, paracellular and transcellular pathway.  Figure 
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modified from (22). (b) Drug transport via paracellular spaces from nasal passage to lymphatics and 

systemic circulation. Figure modifies from (60). 

1.6. Factors affecting absorption from the NC: 

After a drug has been delivered intranasally it must cross the mucus membrane to reach either the 

systemic circulation or the CNS. This transport usually occurs by two mechanisms: transcellular transport 

and paracellular transport. When the drug is transported transcellularly, it means there is a passive 

diffusion of the drug from inside of the cells and this is seen mainly with lipophilic drugs.23 There are 

several other factors that affect the drug absorption. They are as follows: 

1.6.1. Nasal physiological factors:  

i. Blood flow: The nasal mucosa has a rich blood supply. The blood flow rate greatly affects the amount 

of drug that moves into systemic circulation. It is well known that vasoconstriction and vasodilatation 

determine the blood flow rate and hence influence the amount of drug absorbed into systemic 

circulation.24 

ii. Mucociliary clearance: Mucociliary clearance is referred to as the self-clearing mechanism which is 

carried out by the NC.24 It protects the respiratory system from various inhaled bacteria, irritants and toxic 

particles. The mucus sticks such agents and transports them down in the NC where they are swallowed or 

spit out.24,25 The nasal mucociliary mechanism is described as a “conveyor belt” in which the ciliated cells 

are the driving force while mucus is the sticky fluidic belt that makes the foreign particles. The physiologic 

control of cilia and rheological properties of the mucus layer determine the efficiency of the mucociliary 

clearance.26 The average nasal mucociliary transit time in humans has been reported to be about 12-15 

minutes and a transit time of more than 30 minutes are indicative of abnormality and an impaired 

mucociliary clearance.24,26 Factors such as increased mucus production, increased ciliary beating 

frequency or decreased mucus viscosity can lead to an increase in the mucociliary clearance. If the 

mucociliary clearance increases, the residence time of the drug in the nasal mucosa will decrease and 
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hence the permeation will decrease which will lead to a reduced bioavailability. Thus, all factors that can 

change or modify the pace of mucociliary clearance can modify the drug absorption profile. Environmental 

factors, temperature, sulfur, cigarette smoking, diseases like asthma, cystic fibrosis, viral and bacterial 

infections, diabetes mellitus etc. can modify the mucociliary clearance.24 Polar drugs seem to be most 

affected by mucociliary clearance mechanism. This is because the polar drugs are highly soluble in the 

mucus and hence their movement across the nasal mucosa is very slow.24 

iii.Enzymatic degradation: When a drug is administered via the nasal route, the degradation and metabolism 

of drugs in the GIT and liver is bypassed. However, the drug can get degraded or metabolized by the 

various enzymes present in mucus or nasal mucosa.24 Some of the enzymes that lead to this type of 

metabolism or degradation are carboxyl esterases, aldehyde dehydrogenases, epoxide hydrolases, 

glutathione-S-transferases etc.27-29 Metabolism can also be caused by the cytochrome P-450 enzymes 

present in the nasal tissues. The cytochrome P-450 found in the nasal tissues is unique in its activity and 

its effects are still under study.28 Although the metabolism of drugs from NC is low, it should not be 

ignored.24 

iv. Transporters and efflux systems: Transport proteins and efflux system such as P-glycoprotein which is 

an ATP-dependent efflux pump, can prevent influx of a drug from the nasal mucosa into the CNS. P-gp is 

the transport protein which is present in the apical area of ciliated epithelial cells and in the sub mucosal 

vessels of the olfactory region.24 A study based on transport proteins proves that P-gp attenuates the 

accumulation of intranasally administered drugs which are P-gp substrates into the brain.30 

1.6.2.  Physicochemical Properties of the drugs:  

The influence of various physicochemical properties of drugs on their nasal absorption is well understood. 

Some of these are described below: 

i. Molecular weight, lipophilicity and pKa: The nasal mucosa is highly lipophilic and hence any drug that is 

relatively lipophilic can cross the nasal mucosa easily. Also, drug absorption of molecules with a molecular 
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weight more than 1kDa is greatly reduced. Polar drugs are less absorbed and are highly dependent of the 

molecular weight.24 Several studies were performed to understand the effect of pH and lipophilicity on 

small molecular weight drugs on the nasal mucosa. These studies suggested that nasal absorption of weak 

electrolytes depends on their degree of ionization and that the non-ionized species are absorbed in largest 

amounts. 

ii. Stability: Biological, physical and chemical stability of the drug and drug formulation must always be 

maintained since the drugs can be degraded or metabolized in the NC as described before. Hydrolysis, 

oxidation, photolysis, isomerization etc. are other ways of drug degradation. To overcome these, several 

strategies are applied. These strategies include administration of prodrugs which release the active drug 

moiety at the site of action or enzymatic inhibitors which inhibit the degradation due to enzymes.24 

iii. Solubility: Intranasal drugs are commonly administered as solutions in the NC. As nasal secretions are 

more aqueous in nature, a drug should be more aqueous soluble for increased dissolution and hence an 

increased absorption.23 The drugs with a low aqueous solubility or drugs that require a high dose may be 

problem when intranasally administered. In such cases, nanoparticles can be used to deliver the drug. 

Other strategies to improve drug solubility include the use of a prodrug, cyclodextrins in the formulation 

as a solubilizing excipient, or a salt form of the same drug.31  

1.6.3. Effect of drug formulation: 

i. Viscosity: An increase in formulation viscosity can increase mucoadhesion and result in an increase in the 

drug absorption. High viscosity leads to an increase in contact time between the drug and nasal mucosa 

and thereby increases drug absorption. Also, an increase in viscosity interferes with normal ciliary beating 

or mucociliary clearance and thus increases the permeability of drugs.24 

ii. pH and mucosal irritancy: The pH of the drug formulation should be such that it provides most of the 

drugs in the non-ionized form to be better absorbed. Also, the pH of the formulation can lead to nasal 
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irritancy if not within a range. The pH should be like that found in the human nasal mucosa which is around 

5.0-6.5 in adults and 5.0-7.0 in infants.23,32  

iii.Pharmaceutical form: Nasal drops are the simplest and are convenient but the quantification of an exact 

amount of drug is not easy. Nasal powders cause nasal irritation. Recently, formulations such as lipid 

emulsions, microspheres, liposomes, nanoparticles, etc. have been developed to improve the nasal drug 

delivery.24 

iv.Pharmaceutical excipients: Solubilizers, buffer components, antioxidants, preservatives, thickening 

agents, humectants, taste masking agents etc. are some of the most commonly used excipients for nasal 

formulations.24 These should be selected keeping in mind their toxicological profile and drug-excipient 

interactions. 

1.7.  Drug molecules:  Small hydrophobic and large hydrophilic molecules 

 

Figure 5: Types of drugs and their challenges in drug delivery. Low molecular weight drugs with a low 

hydrophilicity are extremely good candidates for drug delivery while high molecular weight drugs with 

high hydrophobicity are extremely difficult candidates for drug delivery. Small molecular weight 

hydrophobic drugs such as fentanyl, propranolol, amphetamine, etc. which have been studied for their 
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intranasal delivery have been able to overcome the problem of a poor bioavailability and rapid first pass 

metabolism. Similarly, high molecular weight drugs like insulin, growth hormone and ACTH analogues 

have been studied with similar inferences.54 DBM and oxytocin are model drugs from each of these 

categories which require further studies. 

 

Hydrophobicity and molecular weight are amongst the two main problems pertaining to the delivery of 

potent drugs. Formulation, solubility, dissolution are problems for highly hydrophobic drugs whereas drug 

degradation by breakdown and drug metabolism is the major hindrance for high molecular weight drugs. 

Fentanyl, propranolol, and amphetamine are examples of small molecule but hydrophobic systemic drugs 

that have been given intranasally while insulin, growth hormone, ACTH analogues etc. are examples of 

peptide and high molecular weight drugs that are given intranasally.54 Both these types of drugs result in 

a poor bioavailability upon oral administration. Hence, finding alternate drug delivery routes becomes a 

must. The two model drugs used in this study belong to each of these categories. The first model drug, 

DBM is a small molecular weight but a hydrophobic drug whereas oxytocin is a large molecular weight but 

a hydrophilic peptide molecule. 

1.7.1. Dibenzoylmethane: DBM is a natural phytochemical found as a minor constitute in the root 

extract of licorice (Glycyrrhiza glabra in the family Leguminosae), and it is a beta-diketone phytochemical 

with a wide variety of anti-cancer and anti- neurodegenerative effects. The chemical formula for DBM is 

C15H12O2.33 The estimated physicochemical properties of DBM include molecular weight of 224.26 g/mol 

and boiling point at 703.9K. DBM has a log P value of 2.7 which suggests that it is a hydrophobic 

molecule.33 The pKa of DBM was predicted to be around 8.64. It has a solubility of approximately 

22μg/mL.34 

 Several studies have been carried out on DBM as a drug however there are very few that show 

formulations pertaining to DBM. Various studies have found out DBM to be potential against 
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neurodegenerative diseases and some forms of cancer. YaFan et al. concluded that inhibition of phorbol-

12-myristate 13-acetate-induced breast carcinoma cell invasion by DBM.35 DBM also inhibits DMBA-

induced mammary adduct formation and mammary carcinogenesis by increasing cytochrome P450-

mediated (EROD) metabolism.36 In 1998, Huang et al. found that dietary DBM inhibits DMBA-induced 

mammary tumorigenesis in sencar mice and DMBA induced formation of ovarian tumors and lymphomas/ 

leukemia.37 A DBM derivative protects dopaminergic neurons against oxidative stress37 and endoplasmic 

reticulum stress and chemoprevention of gastrointestinal cancers in ApcMin/+ mice.38 More recently, 

Khor et al., in 2009 proved from their study that DBM bocks the growth and progression of prostate cancer 

in TRAMP mice via modulation of tumor cell cycle regulation.38 Halliday et al. proved the activity of DBM 

in neurodegenerative diseases. According to this study DBM induced eIF2a-P-mediated translational 

repression prevents neurodegeneration in mice.74 

 

Figure 4: Claimed activities for DBM23,35-38,74,101-102 
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Thus, DBM has had a variety of effects but because of its hydrophobicity it becomes very difficult to deliver 

adequate quantities to its target. Hence, this molecule has been chosen as a model drug for formulation 

development, formulation characterizations, in vitro and in vivo studies for its intranasal delivery.  

1.7.2. Oxytocin:  

Oxytocin is a potent, large molecular weight, hydrophilic drug and hormone that has various activities.39 

Oxytocin is known as the ‘love molecule’ and has a role in promoting mother-child and pair bonding.39 It 

is also known to have other activities such as improving social cognition and functioning in various 

psychiatric disorders like schizophrenia and autism. Finger et. al. and Halverson et.al. suggested that 

oxytocin may be a candidate for the treatment of various neurodegenerative diseases, empathy and social 

symptoms of schizophrenia.48,49 There are various other studies carried out that indicate oxytocin to be 

potent for the treatment of conditions such as post-traumatic stress disorder, anxiety, modulation in 

social behavior, psychiatric disorders and many others.40-51  

 

Figure 5: Claimed activities for oxytocin41-43,47-50 
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Thus, oxytocin is also a potent drug with various activities but because of its molecular properties it 

becomes very difficult for the drug to reach its target site. There are a lot of difficulties such as first pass 

metabolism and poor bioavailability in the body for oxytocin.39 Hence, this molecule has been chosen as 

a model drug for formulation development, formulation characterizations, in vitro and in vivo studies for 

its intranasal delivery.  
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Chapter 2: Delivery of a small hydrophobic molecule- DBM via intranasal route 
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2.1. Introduction: 

DBM is a natural phytochemical found as a minor constitute in the root extract of Licorice (Glycyrrhiza 

glabra in the family Leguminosae) with a wide variety of anti-cancer and anti- neurodegenerative effects. 

DBM has a logP value of 2.7 which suggests that it is a hydrophobic molecule.33 The pKa of DBM is 

predicted to be around 8.64. It has a solubility of approximately 22μg/mL.34 

 

Figure 6: Chemical structure of DBM33 

 

 Several studies have been carried out on DBM in its pure form, however there are very few that show 

formulations pertaining to DBM. Khor et al., in 2009 proved from their study that DBM blocks the growth 

and progression of prostate cancer in TRAMP mice via modulation of tumor cell cycle regulation.38 Halliday 

et al. proved its activity in treating neurodegenerative diseases. Thus, DBM is a potent drug with various 

claimed activities but because of its hydrophobicity it becomes very difficult to deliver adequate quantities 

at its target site. Hence, this molecule has been chosen as a model drug for formulation development, 

formulation characterizations, in vitro and in vivo studies for its intranasal delivery.  

This chapter includes various formulation and other characterization studies pertaining to nasal delivery 

of DBM. Thus, developing a simple, sensitive and selective analytical method for the detection of DBM 

was an important and one of the initial steps. It was experimentally determined that the most optimum 
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conditions for the determination of this drug included the use of a reverse phase UPLC system using a C-

18 column and detection at 342 nm. 

Further to this, DBM was loaded into three matrices: BH, HPMC polymer suspension and cyclodextrin- 

Gelucire matrix. The objective of this study was to optimize various parameters to obtain the desired 

formulation. Various parameters such as drug loading, quantities of individual components of the system, 

temperature, stirring, sonication time etc. were optimized to reach the desired results. 

Kincaid et al., found infected or uninfected BH adhering to M cells, passing between cells of nasal mucosa, 

and within cavity of lymphatic vessels of the NC at all time points examined after administration of a small 

drop of BH below each nostril inhaled immediately into the NC.82 Based on the findings of this study, BH 

was used as a vehicle for formulations with DBM and oxytocin for intranasal drug delivery. 

DBM loaded nanoparticles were prepared by solvent-evaporation method.112 Once the formulations were 

developed, they were characterized by various solid and solution state characterization techniques to 

confirm its properties like muco-adhesion, drug release, crystallinity etc. The characterized formulations 

were tested for its activity in vitro. They were tested on Calu-3 cell lines and evaluated for their uptake 

within a given period. Lastly, the formulations were tested on animals, i.e. in vivo to get more insights into 

its activity and distribution in the body. Histological characterization of the NC of these animals were 

studied by immunohistochemistry to learn more about the transport across the cavity.  
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2.2. Development and validation of analytical method using UPLC for detection of DBM 

2.2.1. Materials: 

Gelucire 50/13 (Gattefossé); 2-Hydroxypropyl-beta-cyclodextrin (HPβCD) (Roquette, IA); DBM (Aldrich 

Chemistry Company); Dulbecco’s modified eagle’s medium (DMEM) (Gibco, Life technologies); PBS tablets 

(Sigma-Aldrich) Acetonitrile (Fisher Scientific); Methanol (Fisher Scientific); Trypsin-EDTA, FGF, EGF and 

Sodium Dodecyl Sulphate (SDS) was purchased from Thermo Fisher Scientific, Fetal Bovine Serum (FBS) 

(Atlanta Biologicals, Flowery Branch, GA). 

2.2.2. Methods: 

2.2.2.1. Chromatographic conditions: 

The UPLC analysis was performed on Water Acquity UPLC system. The instrument was equipped with a 

binary solvent pump for delivery of mobile phase solvents, a photodiode array (PDA) detector and an auto 

sampler. A reverse phased liquid chromatographic technique was used for the separation of DBM in the 

samples. A 50mm BEH C18 column (1.7μm, 2.1mmX100mm) with a 5mm VanGuard precolumn was used 

for the separation. The guard column used in the method connects directly to the UPLC long column and 

minimizes extra column volumes and avoids leakage. A gradient elution was used for the separation of 

DBM. A 10mM disodium phosphate buffer in water at pH 7.2-7.4 was used as the aqueous phase and 

acetonitrile was used as the organic phase. The column temperature was maintained at 50˚C and flow 

rate was maintained at 0.2mL/minute. Injection volume was 10µL while the wavelength for detection 

used was 342 nm for DBM (λmax for DBM). Benzophenone was used as an internal standard (IS) for DBM. 

It is highly soluble in organic solvents and has structural similarity and have a molecular weight similar to 

DBM. Benzophenone showed maximum absorbance at 254nm (λmax for Benzophenone).  

2.2.2.2. Preparation of mobile phase: 

The mobile phase consisted of a mixture of acetonitrile and disodium phosphate buffer. The buffer was 

made by dissolving 1.418 g of disodium phosphate in 1L of distilled water and the pH was adjusted to 7.4 
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using 0.1N HCl. This solution was sonicated and then filtered through 0.22μm filter. The aqueous phase 

and organic phase were pumped to the UPLC column separately by the binary solvent pump. 

2.2.2.3. Preparation of standard solutions: 

A stock solution of 1 mg/mL of DBM was prepared in a 50:50 mixture of ACN to buffer. The standard 

solutions were prepared by serial dilutions of the stock solution in a concentration range of 500 μg/mL to 

30 mg/mL. 10mg of DBM was accurately weighed and dissolved in 10mL of a 50:50 mixture of acetonitrile 

to disodium phosphate buffer to make the stock solution. Standard curves were constructed by plotting 

area ratio of DBM and IS vs concentration of DBM. 

2.2.2.4. Calculations:  

The standard curve was obtained by plotting concentration (Y coordinate) and area ratio (X coordinate). 

The unknown concentrations of test samples were determined by extrapolating from the equation of the 

standard curve. 

2.2.2.5. Validation:  

1) Specificity:  

The current method was tested for its specificity in detecting and quantifying blank DBM. Specificity was 

tested by comparison of the chromatograms obtained by a mobile phase injection vs an injection of DBM 

and benzophenone dissolved in the mobile phase solution under similar experimental conditions. This 

comparison was carried out at 342 nm which is the absorption maxima for DBM. 

2) Linearity: 

For the UPLC method for detection of DBM, linearity was assessed by injecting a series of DBM standards 

and plotting the calibration curves of peak area against the concentration of the injected samples. The 

standards were prepared by serial dilutions of a stock solution of DBM. The linearity of this curve was 

calculated within a specific concentration range, using the slope, y-intercept and coefficient of 

determination (r2). 
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3) Precision: 

The current UPLC method for detection and quantification of DBM was tested for intra-day as well as 

inter-day precision. For the intra-day precision, a set of five standard solutions were made from the same 

stock solution and were injected three times within one day. For inter-day precision, a set of six standard 

solutions made from on stock solution were injected three time on different days over a period of one 

month. Relative standard deviation (RSD) was calculated for each standard for intra-day and inter-day 

precision. 

4) Accuracy: 

The accuracy of the given UPLC method was determined by comparing the theoretical concentration to 

the measured concentration by the following equation: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
𝑋100   (1) 

Where, measured concentration is the concentration of standard obtained from the standard curve 

equation; theoretical concentration is the concentration based on the dilutions made to the standard stock 

solution. 

The concentrations selected over the range were 10, 1 and 0.1 µg/mL. The experimental value obtained 

after injections of the samples was then compared with the above-mentioned theoretical concentrations 

to determine the percentage accuracy.  
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2.2.3. Results and Discussion: 

2.3.3.1. Validation:  

1) Specificity:  

Specificity of an analytical technique is the ability of the method to selectively detect and determine an 

analyte while lacking any interference from impurities and other formulation components as per USP 

guidelines.61 Similar to the USP guidelines, the International Conference on Harmonization of Technical 

Requirements for Registration of Pharmaceuticals for Human Use (ICH) documents define specificity as 

the ability to assess unequivocally the analyte in the presence of components that may be expected to be 

present, such as impurities, degradation products, and matrix components.63 The chromatograms for 

injection with only mobile phase (blank) and with the drugs dissolved in mobile phase are shown in Figure 

7 and Figure 8 respectively. The blank injection showed no defined peaks which indicated that there was 

no interference by the media at the specific absorption at 342 nm. The injection with drug dissolved in 

mobile phase showed a well-defined peak for DBM at 342 nm at a retention time of 1.24 minutes and for 

IS at 254nm at a retention time of 0.74 minutes. Thus, the UPLC method was found to be specific for the 

detection and quantification of DBM. 

 

Figure 7: Representative chromatogram of blank with only mobile phase. The blank injection showing no 

defined peaks indicates there was no interference by the media in the specific absorption at 342 nm. 
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Figure 8: Representative chromatogram of DBM and benzophenone dissolved in mobile phase showing a 

well-defined and specific peak for DBM at 342 nm with a retention time of 1.24 minutes and for IS at 

254nm with a retention time of 0.74 minutes. 

 

2) Linearity: 

Linearity of an analytical technique is the concentration range that produces results directly proportional 

to concentration of the analyte present in a sample.61 The USP defines linearity of an analytical procedure 

as its ability to produce results that are directly, or by well-defined mathematical transformation, are 

proportional to the concentration of analyte within a given range.62 The standard curve obtained for 

detection of DBM was found to be linear for a concentration range of 30 ng/mL-500 µg/mL. The equation 

of this line gave the relationship between the two variables namely, concentration of analyte (x) and the 

peak area ratio (y). This linear equation obtained for the standards was y = 67875x + 151.9 for DBM. As 

the coefficient of determination, r2= 0.9999, there is a strong relation between concentrations of drug 

solutions and the peak height over a given concentration range. Figure 10 represents the standard curve 

for DBM.   
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Figure 9: Overlapping peaks for standards in a concentration range of 500 µg/mL- 30 ng/mL of DBM and 

same concentration for benzophenone as internal standard in all the DBM standards. Same retention time 

was observed for DBM and benzophenone in all the injections with varying peak intensities based on their 

concentrations. This was used to assess linearity by injecting a series of DBM standards and plotting the 

calibration curves of peak area against the concentration of the injected samples. 
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Figure 10: Standard curve for DBM in mobile phase. The standard curve obtained for detection of DBM 

was found to be linear for a concentration range of 500 µg/mL- 30 ng/mL. The equation of this line gave 

the relationship between the two variables namely, concentration of analyte (x) and the peak area or peak 

height (y). This linear equation obtained for DBM standards was y = 67875x + 151.9. As the coefficient of 

determination, r2= 0.9999, there is a strong relation between concentrations of drug solutions and the 

peak height over a given concentration range. 

3) Precision: 

According to USP guidelines, precision of a procedure is the extent of agreement among the acquired 

results from tests that are evaluated through multiple evaluations of an individual sample.62 The USP 

defines precision as the degree of uniformity between individual test results based on multiple samplings 

of a homogenous sample. Precision was evaluated for the current UPLC method by running a series of 

measurements under the same operating conditions and determining the standard deviation or the RSD, 

also called the coefficient of variation. The closer the values are for a sample after multiple measurements 

under similar experimental conditions and measurement parameters, higher is the precision. The %RSD 

was for each standard was found to be less than 10%. This was within the required precision limits as 

specified by the USP.62 Thus, the UPLC method was found to be precise for the detection and 

quantification of DBM. Table 1 represents inter-day precision results while Table 2 represents intra-day 

precision results for DBM. 

 

Table 1: Inter-day precision for UPLC method for quantification of DBM 

 Area Ratio    

Concentration (ug/mL) Day 1 Day 2 Day 3 Mean Area Ratio SD %RSD 

138.89 1.9050 1.9214 2.1154 1.9806 0.1170 0.059 

69.44 0.9876 0.9932 1.0976 1.0261 0.0619 0.060 

34.72 0.5008 0.5019 0.5450 0.5159 0.0252 0.049 
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17.36 0.2571 0.2592 0.2657 0.2607 0.0045 0.017 

8.68 0.1291 0.1293 0.1307 0.1297 0.0009 0.007 

4.34 0.0590 0.0559 0.0564 0.0571 0.0016 0.028 

 

Table 2: Intra-day precision for UPLC method for quantification of DBM 

 Area Ratio    

Concentration 

(µg/mL) 
Time 1 Time 2 Time 3 

Mean Area 

Ratio 
SD %RSD 

138.89 1.722765 2.115354 2.110882 1.9830 0.2254 0.114 

69.44 1.094371 1.097578 1.079968 1.0906 0.0094 0.009 

34.72 0.462729 0.544992 0.500825 0.5028 0.0412 0.082 

17.36 0.263194 0.265719 0.264293 0.2644 0.0013 0.005 

8.68 0.130832 0.130716 0.129097 0.1302 0.0010 0.007 

 

4) Accuracy: 

Accuracy of an analytical procedure is the equivalence between an experimentally determined values to 

the true value.62 The accuracy of an analytical procedure should be established across its range.  

It was observed that the percentage accuracy was within 10 % standard deviation for the samples. Thus, 

the UPLC method for DBM was found to be accurate. Table 3 represents accuracy study results for DBM. 

 

Table 3: Accuracy of UPLC method for quantification of DBM 
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2.3. Preparation and characterizations of formulations loaded with DBM: 

2.3.1. Methods: 

2.3.1.1. Preparation of formulations loaded with DBM: 

2.3.1.1.1. Preparation of DBM in BH suspension:  

i. Preparation of BH: Brain from either an HY strain of transmissible mink encephalopathy agent- infected 

hamster (containing a 109.3 intracerebral [i.c.] 50 % lethal dose [LD50]/g) or an uninfected hamster was 

used.82-83 This crude hamster brains were homogenized and diluted to a 10 % w/v suspension in Dulbecco’s 

phosphate buffered saline (DPBS). The brain was homogenized using glass homogenizer. 

ii. Preparation of DBM in BH suspension: 50 mg of DBM was dissolved in 500 µL of BH at room 

temperature and stirred constantly on IKA® RT 10 power magnetic stirrer (IKA® Works, Inc., Wilmington, 

USA) at the motion speed of 400 rpm for 30 minutes and stored at 4˚C. 

2.3.1.1.2. Preparation of polymeric suspension of DBM in HPMC:  

 

Measured 

concentration 

( µg/mL) 

Theoretical 

concentration 

( µg/mL) 

% Accuracy Average 

Standard 

Deviation 

(SD) 

% 

Accuracy 

± SD 

C1 10.025 10 100.25 

99.89 0.34 
99.89 

±0.34 
 9.984 10 99.84 

 9.958 10 99.58 

C2 0.998 1 99.82 

100.98 6.09 
100.98 

±6.09 
 0.955 1 95.55 

 1.076 1 107.57 

C3 0.101 0.1 101 

100.33 0.70 
100.33 

±0.70 
 0.100 0.1 99.6 

 0.100 0.1 100.4 
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i. Screening of polymers:  

Various hydrophilic polymers such as PVP, HPMC, PEG etc. were screened for their settling and 

precipitation tendency over a period of 3 days. The settling tendency for each of these polymers over a 

period was observed.  

ii. Selection of suitable DBM-HPMC ratio:  

Solution A: 250 mg of DBM was added to 5 mL of Acetone, thus making a 50 mg/mL solution. 

Solution B: 20 mg of HPMC was dissolved in 20 mL of water, thus making a 1 mg/mL solution. 

Different quantities of HPMC solution were added to the DBM solution as follows and their tendency to 

precipitate was observed. 

2.3.1.1.3. Preparation of DBM loaded nanoparticles: 50 mg of DBM was weighed and dissolved in 200 µL 

of acetone. 100 mg of Gelucire 50/13 was prior melted at 50˚C and mixed with 100 mg Tween80, thus 

making the oily phase. DBM solution was rapidly added to the mixture of Gelucire and Tween 80. 100 mg 

of HPβCD dissolved in 7 mL deionized water was then added to the oil phase drop wise, thus obtaining a 

w/o emulsion. Next, the emulsion was kept on the hotplate stirrer with constant stirring for 2 hours at 

50˚C to evaporate the acetone. Probe sonication was carried out to harden the particles and reduce their 

size to the nano range. This was followed by freeze drying.56 

Probe sonication: A MISONIX probe sonicator (MISONIX Sonicator 3000, Farmingdale, NY) with a quarter 

inch micro-tip was used for the preparation of nanoparticles. The energy was set at 2.5 watts and process 

time was 12 minutes. The pulsar on time was 2 seconds with a pulsor off time of 1 second. The total time 

for sonication was optimized to 12 minutes based on the particle size obtained.  

Freeze drying: Freeze drying was performed on Millrock technology LD 85 freeze dryer. Nanoparticle 

dispersion (approximately 7 mL) was placed in 20 mL vials. The samples were freshly prepared and placed 

in the lyophilizer with a condenser temperature of −78.9°C. The complete freeze-drying cycle was for 

1,194 minutes which consisted of 912 minutes of the primary drying phase. Lyophilization was performed 
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at a shelf temperature of −50°C for 1 day, followed by a secondary drying at 20 °C for 240 minutes. The 

vacuum set point was at 50 Mtorr while the bath temperature was 30 °C. Lyophilized samples were kept 

at 4 °C until used. Reconstitution was carried out by sonication for 10 min and manual shaking of 

lyophilized samples in 10 mL of deionized water.  

2.3.1.2. Characterizations of formulations loaded with DBM: 

2.3.1.2.1. Fourier transform infrared spectroscopy (FTIR): Spectra Absorbance was obtained using the 

Nicolet iS 50 Fourier Transform Infrared Spectrometer (FTIR) with a ZnSe ATR crystal. The spectra were 

signal averaged from 25 scans at 4 cm-1 resolutions with a dry-air purge at ambient temperature. A 

background was collected to account for any interference that the environment might provide. 

Atmospheric compensation (to eliminate H2O and CO2 interference in the beam path) was used in all 

measurements. Background correction was carried out for every sample. Data processing for all infrared 

data was done using OMNICTM FTIR Software. 

2.3.1.2.2. Visual inspection of formulation: The formulations were inspected for their visual appearance. 

Uniformity, settling tendency of particles, characteristics of the cake formed after freeze drying and 

solution after reconstituting the freeze-dried product were observed. 

2.3.1.2.3. Evaluation of particle size, polydispersity index: The formulations were analyzed for particle 

size, polydispersity index and zeta potential using the Zeta plus particle sizing software (Brookhaven 

Instruments Corp.). One hundred μL of the sample was diluted to 1 mL with deionized water. The sample 

was analyzed using the dynamic light scattering technique. Particle size was determined before and, after 

probe sonication, as well as after lyophilization. It was also determined at definite intervals of time after 

freeze-drying. Polydispersity index, which is a measure of sample homogeneity, was also simultaneously 

determined using the same instrument. All samples were measured in triplicates. 

2.3.1.2.4. Thermogravimetric analysis (TGA): TGA analysis was performed to determine the total 

water/solvent content present in the DBM loaded nanoparticles. 68-70 A Shimadzu Thermogravimetric 
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Analyzer TGA-50 (Kyoto, Japan) was utilized for TGA. Approximately 10–15 mg of freeze-dried 

formulations was placed in open aluminum pans and heated up to 300°C at a rate of 10°C/min, with a 

nitrogen purge of 20 ml/min, in a thermogravimetric analyzer to determine whether degradation 

occurred. 

2.3.1.2.5. Differential scanning calorimetry (DSC): The physical state of pure DBM and its miscibility with 

a cyclodextrin/lipid matrix was analyzed using differential scanning calorimeter (Shimadzu DSC-60, Kyoto, 

Japan) with a thermal analysis operating system (Shimadzu TA-60WS, Kyoto, Japan). Approximately 4–5 

mg of sample was weighed in an aluminum pan, which was crimped and used as the sample pan. An empty 

crimped aluminum pan was used as the reference pan. The pans were heated from room temperature to 

about 300°C at a rate of 10°C/min with a nitrogen purge of 20 mL/min. DSC was performed on pure DBM, 

Gelucire 50/13, and HPβCD, their physical mixtures (1:2:2 DBM: lipid: cyclodextrin), and the drug-loaded 

nanoparticles. The physical mixture ratio used was proportional to the amount of drug, lipids, and 

cyclodextrin utilized in the preparation of the DBM-loaded nanoparticles.  

2.3.1.2.6. X-Ray diffraction (XRD): Physical state of the nanoparticles after lyophilization and in storage 

was studied using XRD. Lyophilization can lead to a change in the physical characteristics of the 

nanoparticles due to the heating and cooling cycles. Hence, as described by Meng et al., XRD was used to 

determine the physical state of the formulation.68,69 Data in the 2Ɵ range of 5–60 degrees were collected 

in focusing geometry (PANalytical empyrean diffractometer, United Kingdom) operated with Cu Kα 

radiation at 40 kV and 45 mA. A mask of 20 mm and a divergence slit of 1/4 degree were used on the 

incident beam path. A thin layer of powder sample was placed on a zero-background silica plate and the 

sample holder was continuously spun at the rate 90 deg/s during the measurement. A solid-state PIXcel3D 

detector was scanned at a rate of 0.135 degrees/s to collect data, Bragg-Brentano focusing geometry, and 

a diffracted beam monochromator for the PIXcel detector was utilized to improve the signal-to-noise 

ratio. 
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2.3.1.2.7. Scanning electron microscopy (SEM): SEM (Nova NanoSEM, FEI) was used to characterize the 

surface morphology of the nanoparticles. Field emission SEM with ultra-stable, high-current Schottky gun 

was utilized. Advanced optics and detection for best selection of the information and image optimization 

were used. Suspended nanoparticles were mounted on a glass slide and left to dry. Photomicrographs 

were captured by an accelerated voltage electron beam at a desired magnification. 

2.3.1.2.8. Mucin-binding efficacy: This study was carried to determine the mucoadhesive property of the 

formulations. Various concentrations of pure mucin were prepared by serial dilution method and a 

standard curve was plotted to further find out the concentration of free mucin in the sample. This was 

carried out at 251 nm (λmax of mucin). 0.5mg/mL mucin suspension was prepared in phosphate buffered 

saline (PBS) (pH 7.4). This solution was mixed with equal volume of nanoparticle formulation and 

incubated at 37 degrees Celsius for 60 minutes. After incubation, samples were ultra-centrifuged at 

65,000g for about 20 minutes so that the entire nanoparticle bound mucin gets settled to the bottom 

while the free mucin is present in the supernatant. The concentration of free mucin in the supernatant 

was measured by UV spectrophotometry at 251 nm and mucin binding efficacy was calculated as 

follows:93-95 

𝑀𝑢𝑐𝑖𝑛 𝑏𝑖𝑛𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑎𝑐𝑦 (%) =  
(𝑇𝑜𝑡𝑎𝑙 𝑚𝑢𝑐𝑖𝑛−𝑈𝑛𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑚𝑢𝑐𝑖𝑛)

𝑇𝑜𝑡𝑎𝑙 𝑚𝑢𝑐𝑖𝑛
× 100  (2) 

2.3.1.2.9. Percentage entrapment efficiency and percentage drug loading: For entrapment efficiency 

(%EE) and drug loading (%DL), a small quantity of lyophilized nanoparticles was dispersed and centrifuged 

at 15000 rpm for 1.5 hours at 15˚C. The clear supernatant was decanted, and the pellet was centrifuged 

again to remove any drug that was unentrapped. After filtering the two supernatants, they were 

combined, and absorbance was recorded. Following equations were then used to calculate the %EE and 

%DL in the nanoparticles: 

 %EE = [Amount of drug in nanoparticles (mg)/Total amount of drug (mg)] × 100  (3) 

 %DL = [Amount of drug in nanoparticles (mg) / Weight of nanoparticles] × 100. 64  (4) 
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2.3.1.2.10. In vitro drug release studies: 

In vitro drug release studies were performed using dialysis cassettes. (MWCO: 10K-12K Daltons) Slide-A-

Lyzer dialysis cassettes were used in the study. Floats were used to aid the cassette to float on the surface 

of the release media. The dialysis cassettes were first soaked into water for a couple of minutes. Simulated 

nasal electrolyte solution (SNES) was used as the release medium. SNES was composed of 7.45 mg/mL of 

NaCl, 1.29 mg/mL of KCl, and 0.32 mg/mL of CaCl2·2H2O maintained at a pH of 5.5-6. The pH was adjusted 

using a 0.1N HCl solution. About 3mL of solution of freeze-dried nanoparticles dissolved in aqueous media 

was filled into dialysis cassettes and immersed into the release medium. The setup was maintained at a 

temperature of 37±2˚C and stirred continuously on a magnetic stirrer at 50rpm. Aliquots were collected 

pre-determined time intervals at 0, 0.25, 0.5, 1, 3, 6, 12, 24, 48, 96 hours and centrifuged and filtered 

through a 0.2μm syringe filter. Equivalent amount of fresh release medium was replaced to make up for 

the volume taken as aliquots at each time interval. The supernatant was further diluted with a 50:50 

mixture of acetonitrile: buffer (mobile phase for UPLC analysis). The diluted supernatant was then 

analyzed for total DBM content using UPLC analysis at 342 nm (λmax of DBM). Calculations were carried 

out to plot a graph of % drug release Vs time in hours and thus the total amount of drug released was 

determined. The mass balance at time zero up to 8 days was determined by calculating the amount of 

drug inside and outside of the dialysis cassettes at each time. To determine the release mechanism of the 

drug from nanoparticles, data was fitted into different kinetic models of drug release such as zero-order 

(cumulative percent drug released versus time), first order (log cumulative percent drug remaining versus 

time), and Higuchi’s diffusion model (cumulative percent drug released versus square root of time) and 

the Korsmeyer Peppas model (cumulative percent drug remaining versus log time).57 The order of release 

was then determined using the correlation coefficient (r2) obtained in each case. 

2.3.1.2.11. Stability studies: After physical characterization of the nanoparticles, solid-state stability 

studies were conducted by XRD and solution-state stability by particle size analysis. For XRD, the 
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diffraction spectra of the lyophilized particles, which were stored at a low temperature, were analyzed at 

Day 1, Day 20, and Day 50. For particle size, the lyophilized particles, which were stored at room 

temperature were dispersed in aqueous media and the particle size was determined at 15 minutes, 30 

minutes, 1 hour, 3 hours, 6 hours, 12 hours, Day 1, 3, 7, and 15.  

2.3.2. Statistical data analysis: Results were expressed as the mean ± SD. Statistical analysis was 

performed by using t-test. Between-groups and within-groups comparison was carried out between 

groups and within groups at each time point and for each treatment group. P < 0.05 was considered 

statistically significant. 
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2.3.3. Results and Discussion: 

2.3.3.1. Preparation of polymeric suspension of DBM in HPMC:  

i. Screening of polymers: HPβCD and PEG precipitated within 5 minutes of standing. PVP showed settling 

after ten minutes of standing. HPMC was found to be the most suitable polymer since it precipitated only 

after 3 days. Thus, HPMC was used as the polymer for the polymeric suspension loaded with DBM. 

Table 4: Precipitation/settling tendency of polymers over a period. Yes: observed precipitate; No: no 

precipitate observed 

 

ii. Selection of suitable DBM-HPMC ratio:  

Based on the above observations, 1mL of Solution A and 7mL of Solution B was used for further 

experiments. 50 mg of DBM particles were dissolved in 200µL of acetone at room temperature and this 

solution was added to 7 mL of HPMC aqueous solution (1 mg/mL) and mixed continuously on the stirrer 

at 400 rpm for 30 minutes. The organic solvent, acetone was rapidly removed by evaporation under 

normal conditions for one hour. 

Table 5: Selection of suitable DBM-HPMC ratio. Different quantities of HPMC solution were added to the 

DBM solution as follows and their tendency to precipitate was observed. 2 mL of solution B lead to 

separation while 10 mL of solution B lead to a much-diluted solution. Whereas, 7 mL of solution B showed 

no separation and no dilution as well. 

Sample n=1 n=2 n=3 
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2.3.3.2. Characterizations of DBM loaded formulations: 

2.3.3.2.1. IR spectroscopy:  

In FTIR, various characteristic peaks give insights into the structure and interactions between the drug and 

other components of the system. Aromatic carbons of DBM show a characteristic peak around 1550 cm-1 

Other characteristic peaks such as at 3262 cm-1 for OH stretch of HPβCD, 2989 cm-1 for BH and 3269 cm-1 

for OH stretch in HPMC are also seen in Figure 11. No depression, deviation or changes in these peaks 

were observed. Some of these peaks were basis for confirmation of the presence of interactions in the 

components.  

A characteristic peak at 1592.15 cm-1 of DBM indicates aromatic carbons is seen in Figure 11. This peak of 

the aromatic carbon of DBM is significantly depressed in case of dispersion in BH, micro particulate and 

nanoparticulate formulations, suggesting possible interactions and bonding between DBM and other 

components of the system. Since these are complex formulations, FTIR spectroscopy could not decipher 

any more interactions in them. 

1mL solution A + 2mL solution 

B 

Separated Separated Separated 

1mL solution A + 5mL solution 

B 

No separation No separation No separation 

1mL solution A + 10mL 

solution B 

No separation 

(Diluted) 

No separation 

(Diluted) 

No separation 

(Diluted) 
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Figure 11: Infrared (IR) spectroscopic characterization for BH dispersion, polymeric suspension and DBM 

loaded nanoparticles. A characteristic peak at 1592.15 cm-1 of DBM indicates aromatic carbons and is 

significantly depressed in case of dispersion in BH, micro particulate and nanoparticulate formulations, 

suggesting possible interactions and bonding between DBM and other components of the system. 

2.3.3.2.2. Visual inspection of formulation: 

All the three formulations showed different characteristic-cake formation after freeze drying, but they 

were all stable, uniform and showed no settling after reconstitution of the freeze-dried powder. 

 

Table 6: Visual inspection of BH dispersion, polymeric suspension and DBM loaded nanoparticles. 

Appearance of the suspension/solution before, after freeze drying, and after reconstitution of freeze-dried 

powder was analyzed. 

Sr.No. Formulation Visual appearance 

(Before freeze drying) 

Visual appearance 

(Freeze-dried solid) 

Visual appearance 

(Solution after 

reconstitution) 
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2.3.3.2.3. Evaluation of particle size, polydispersity index: 

Particle size analysis was based on the principle of dynamic light scattering. For DBM in HPMC polymeric 

suspension, particle size was observed to be 757.8 ± 17.8 nm after probe sonication, 1623.4± 54.5 nm 

after freeze drying and about 1624.3 ± 91.8 nm after 3 days. Particle size after 7 days was 2060.7 ± 337.3 

nm. Thus, particle size for DBM in HPMC was analyzed over 7 days showed a slight increase yet was within 

the desired range (Figure 12).  

 In case of nanoparticles, the particle size after probe sonication was 3104.8 ± 1185.0 nm. However, after 

freeze drying, there was a large difference in the size seen. The final particle size of DBM nanoparticles 

after freeze drying was found to be 142.4.8±1.2 nm. The particle size remained the same till 15 minutes. 

After that, there was a slight increase in the size of the nanoparticles in solution state. The particle size 

after 12 hours was about 247.3 ± 41.7 nm and that after 7 days was about 196.4 ± 25.1 nm. However, the 

particle size was seen to be within the intranasal drug delivery range i.e. <300 nm. (Figure 13) 

Several studies have incorporated Gelucire 50/13 as lipid matrix in the designing of nanoparticles and 

have successfully achieved nanosized particles (<350nm).65-67 However, the authors were not aware of 

any study formulating nanoparticles with the above-mentioned matrix and DBM.74 Hence particle size 

analysis was conducted after probe sonication and after the freeze-drying to determine the effect of both 

1 DBM in BH Uniformly dispersed 

at start 

Settling on standing 

Cracked cake 

formation 

Uniformly 

dispersed 

2 DBM in HPMC 

suspension 

No 

precipitation/settling 

Collapsed/Shrinked 

cake formation 

Uniform. No 

settling or 

separation 

3 DBM loaded 

nanoparticles 

Uniform. 

 No settling or 

separation 

Porous cake 

formation 

Uniform. No 

settling or 

separation 
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these processes on particle size in case of nanoparticles. After probe sonication, micro-sized particles of 

DBM were obtained. However, the particle size decreased significantly after lyophilization. There was a 

slight variation in the size observed over time. (Figure 13)  

Polydispersity for DBM-loaded nanoparticles was found to be 0.16±0.1. Thus, a polydispersity of less than 

0.35 was obtained for DBM-loaded nanoparticles till 14 days. This indicated a uniform formulation with 

no micron-size particles in the formulation.  

 

 

Figure 12: Particle size analysis for polymeric dispersion and DBM loaded nanoparticles for 7 days. DBM in 

HPMC suspension gave a stable particle size in the micron range till 3 days and increased after Day 3. DBM 

loaded nanoparticles showed particle size less than 300 nm till Day 7. 

 

Table 7: Particle size and polydispersity index (PDI) for DBM-loaded nanoparticles at different time 

intervals. Particle size was seen to be within the intranasal drug delivery range i.e. <250 nm. A 
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polydispersity of less than 0.35 was obtained for DBM-loaded nanoparticles. This indicated a uniform 

formulation with no micron-size particles in the entire formulation. 

Time Particle size (nm) PDI 

0 minutes 142.4 ± 1.2 0.176 

15 minutes 143.1 ± 4.6 0.222 

30 minutes 172 ± 14.9 0.298 

1 hour 206.1 ± 43.2 0.315 

3 hours 208.7 ± 48.4 0.314 

6 hours 250 ± 20.1 0.243 

12 hours 247.3 ± 41.7 0.34 

24 hours 228.1 ± 37.2 0.319 

2 days (48 hours) 215.5 ± 31.2 0.32 

7 days (168 hours) 196.4 ± 25.1 0.31 

14 days (336 hours) 201.6 ± 27.8 0.317 
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Figure 13: Particle size analysis for DBM-loaded nanoparticles at different time intervals. Stable particle 

size was observed for the drug loaded nanoparticles for a period of 336 hours. There was a slight variation, 

but particle size was seen to be within the intranasal drug delivery range i.e. <300 nm. 

2.3.3.2.4. Thermogravimetric analysis:  

As indicated in Figure 14, DBM-loaded nanoparticles were found to be thermostable up to 179.5 °C. The 

percent weight loss for DBM-loaded nanoparticles was found to be less than 0.5%. This small percent 

change might be due to the evaporation of water, because of the hygroscopic nature of the polymer i.e., 

HPβCD. In addition, no other obvious weight loss was observed until 250 °C, indicating that no degradation 

occurred during the heating process of TGA and during the preparation of the nanoparticles. Traces of 

water in the nanoparticulate formulation can result in aggregation, leading to an increase in particle size. 

It might lead to loss in solubility and long-term stability of DBM in nanoparticles. 68-70 Thus, it can be 

concluded that there were only traces of water or solvents (less than 1%), overall samples did not absorb 

moisture, and all formulations were significantly thermostable (high degradation temperatures). 

0 0.25 0.5 1 3 6 12 24 48 168 336

0

100

200

300

P
ar

tic
le

 S
iz

e 
(n

m
)

Time (hrs)



42 
 

 

Figure 14: Thermogravimetric analysis plot for DBM loaded nanoparticles and blank nanoparticles. 

Percent weight loss for DBM-loaded nanoparticles was less than 0.5% which suggests that that there were 

only traces of water or solvents (less than 1%) and that the nanoparticles did not absorb moisture, and all 

formulations were significantly thermostable (high degradation temperatures). DBM: Dibenzoylmethane 

2.3.3.2.5. Differential scanning calorimetry: 

Miscibility between drugs and the cyclodextrin/lipid matrix is an important factor in the formulation of 

stable nanoparticles.69-72 Thermal analysis carried out using DSC confirmed good miscibility between DBM 

and the Gelucire/HPβCD matrix. In thermal analysis, pure Gelucire 50/13 is a low-melting lipid and showed 

an endotherm at 46 °C. However, HPβCD showed a broad endotherm, which is likely owing to small 

amount of moisture present in the cyclodextrin due to its hygroscopic nature. As for pure DBM, a sharp 

melting endotherm was observed at 80 °C, which confirmed its melting point.33 For a physical mixture of 

Gelucire, HPβCD, and DBM, the melting peak was not completely masked and a small endotherm around 

the melting point of DBM was observed (Figure 15). Another small endothermic transition at around 160 

°C was observed, possibly representing the melting of HPβCD. This may be because of melting of DBM in 

Gelucire matrix only, because HPβCD is a high melting point cyclodextrin and DBM melts before to HPβCD. 

Angel et. al. also carried out a similar set of runs and they observed a similar trend for carboplatin when 
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loaded in PCL for intranasal delivery. They concluded that disappearance of drug peak infers to the 

molecular dispersion of carboplatin in the polymer matrix.104 Ashwini et.al. also carried out a similar study 

for ondansetron loaded SLNs and concluded that disappearance of sharp peaks or formation of a broad 

peak indicates formation of an amorphous region and also molecular dispersion of the drug in the 

matrix.106 Thus, based on the findings of these studies, the authors conclude that DBM showed good 

miscibility in the Gelucire/HPβCD matrix. Also for DBM loaded nanoparticles, the melting peak of DBM 

was completely masked which indicated that DBM was molecularly dispersed in the lipid and cyclodextrin 

matrix. 

 

Figure 15: Differential scanning calorimetric plot of pure DBM, pure Gelucire, pure cyclodextrin, physical 

mixture of components and DBM-loaded nanoparticles. Pure Gelucire 50/13 is a low-melting lipid and 

showed an endotherm at 46 ̊ C. HPβCD showed a broad endotherm and pure DBM showed a sharp melting 

endotherm 80 ̊ C. For the physical mixture, the melting peak of DBM was not completely masked. However, 

for DBM loaded nanoparticles, the melting peak of DBM was completely masked which indicated that DBM 

was molecularly dispersed in the lipid and cyclodextrin matrix. 
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2.3.3.2.6. X-ray diffraction: 

The diffractogram for DBM shows many sharp peaks at 14°, 22°, 35° and 32°. In case of DBM in BH 

suspension these peaks are lower and intensity and some high intensity peaks as seen in DBM are not 

seen. In the diffractogram for DBM in HPMC suspension, some peaks from pure DBM are seen to be 

shifted. However, peaks at 22° and 25° are evidently seen in Figure 16. The diffractogram for DBM loaded 

in BH shows lower intensity crystalline peaks which suggest that the crystallinity of DBM was reduced in 

BH. For the polymeric suspension of DBM in HPMC, there are high intensity sharp crystalline peak. This 

indicates that the formulation was highly crystalline. 

The peaks at 18° and 22° were as the principal peaks observed in the diffractograms of Gelucire 50/13. 

The characteristic peaks of the DBM were absent in respective nanoparticles; furthermore, the 

characteristic peak of Gelucire 50/13 did not shift completely and had a lower intensity.  

Kumar et. al and Aarti et.al. in their study based on streptomycin sulfate (STRS) loaded solid lipid 

nanoparticles and chitosan-g-HPβCD nanoparticles of efavirenz respectively, were able to come to a 

conclusion that loss of characteristic sharp crystalline peak confirms the loss of crystallinity and its shift 

towards the amorphous state.107,108 Based on these finding, the authors believe that the disappearance of 

sharp crystalline peaks may be attributed to the incorporation of DBM between parts of the crystal lattice 

of the lipid and led to a change in the crystallinity of DBM-loaded nanoparticles from a crystalline to an 

amorphous form, as desired. 68,69 The diffractogram does not show a unique diffraction peak of DBM 

present in nanoparticles, suggesting that the drug have been converted to their amorphous form in the 

cyclodextrin and lipid system and have a local crystal arrangement, as confirmed by specific diffraction 

peaks present at 18° and 22°. Thus, DBM present in the nanoparticles were confirmed to have amorphous 

physical state. 
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Figure 16 also represents XRD at Day 1, Day 20, Day 50 to determine stability of nanoparticles. The 

diffractograms at all three days were seen to be same and thus suggested that the formulation was stable 

and showed no drug crystallizing out from the matrix till 50 days. 

 

Figure 16: XRD diffractogram for BH dispersion, polymeric suspension and DBM loaded nanoparticles. Pure 

DBM shows sharp peaks indicating its crystalline nature. DBM in BH is slightly crystalline while DBM in 

HPMC suspension is highly crystalline. DBM loaded nanoparticles are amorphous with two characteristic 

sharp peaks from the lipid. 
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Figure 17: XRD plot of pure DBM, pure gelucire, pure cyclodextrin, and freeze dried DBM-loaded 

nanoparticles. The diffractogram does not show a unique diffraction peak of DBM present in nanoparticles, 

suggesting that the drug have been converted to their amorphous form in the cyclodextrin and lipid system 

and have a local crystal arrangement, as confirmed by specific diffraction peaks present at 18˚ and 22˚. 

The peaks at 18˚ and 22˚ are as the principal peaks observed in the diffractogram of Gelucire 50/13. 

 

2.3.3.2.7. Scanning electron microscopy: 

In the left image of SEM photomicrograph showing a clump of particles in freeze-dried form of DBM-

loaded nanoparticles suggests its porous morphology and large surface area (Figure 18). The images on 

the right show individual particles and their size. Angel et. al. in their study suggested similar findings 

based on the morphology and uniformity of the carboplatin loaded nanoparticles.104 The particle size in 

our study were confirmed to be less than 300 nm. (As seen in the bottom right image) The particles were 

irregular in shape and showed moderate uniformity. Thus, the surface morphology and size of the 

nanoparticles was confirmed by SEM. 
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Figure 18: Scanning electron microscopy photomicrograph of DBM-loaded nanoparticles showing porous 

morphology and large surface area, in the image of a clump of particles in freeze-dried form. The images 

on the right show individual particles and their size within 300 nm range. 

 

2.3.3.2.8. Mucin-binding efficacy: 

The total free mucin concentration for pure DBM was about 2 mg/mL which was exactly like the initial 

mucin concentration before incubation. While for DBM nanoparticles, the mucin concentration after 

incubation was about 1.1 mg/mL. This change was used to further calculate the mucin binding efficacy. 

Thus, the mucin-binding efficacy for pure DBM was zero while that for DBM nanoparticles was calculated 

to be about 45.16 ± 0.471%. Thus there was about a 45 times increase in the mucoadhesive property of 

the drug when it was formulated as nanoparticles. Due to various components of the system such as the 

lipid and polymer, this was an increased interaction with mucin which resulted in an increased mucin 

binding.98 Pathak et.al. have described how the use of a mucoadhesive polymer in the microemulsion lead 



48 
 

to an increased brain and plasma concentrations of nimodipine while Gavini et. al. tested the 

mucoadhesive properties of cyclodextrins and found increased ex vivo mucoadhesion for various ratios of 

cyclodextrins used.99,100 Based on these, we infer that the increased mucin binding in the nanoparticles 

must be due to the other components in the system such as the cyclodextrin. 

Table 8: Percentage mucin-Binding Efficacy for DBM-loaded and blank nanoparticles determined from the 

total free mucin concentration (mg/mL). NPs: nanoparticles 

 Absorbance 

Mucin 

concentration 

(µg/mL) 

X 

Dilution 

factor 

Total free 

mucin (mg/mL) 

Mucin binding 

efficacy (%) 

Average 

mucin 

binding 

efficacy (%) 

DBM 

NPs 

0.352 271.83 1087.35 1.1 45.632 
45.16 ± 

0.471 
0.356 274.92 1099.71 1.1 45.014 

0.358 276.47 1105.89 1.1 44.705 

Pure 

DBM 

0.66 509.72 2038.90 2.0 0 

0 0.657 507.40 2029.63 2.0 0 

0.64 494.27 1977.11 2.0 0 

 

2.3.3.2.9. Percentage entrapment efficiency and percentage drug loading:  

Table 9: Percentage entrapment efficiency for DBM-loaded nanoparticles. SD: Standard deviation 

Absorbance Concentration (mg/mL) 
Entrapment 

efficiency 

Entrapment 

efficiency ± SD 

0.504 0.7145 85.7 

86.45 ± 0.65 0.462 0.6522 86.95 

0.471 0.6655 86.68 

 

For this study, the amount of DBM present in the nanoparticles was about 5mg. The quantity of drug not 

entrapped in the nanoparticles after calculating from the UV absorption was calculated to be between 
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0.65-0.71 mg/mL (Table 9). The % EE for DBM-loaded nanoparticles was then calculated to be 86.4 ± 0.6 

%. Similarly, the % DL for DBM-loaded nanoparticles were calculated to be 11.5 ± 0.9 %. 

 The quantities of various components of the system were optimized to obtain optimum % EE with 

optimum particle size. Jamali et. al., in their study formulated nanoparticles loaded with curcumin and 

observed an entrapment efficiency of about 66 %, due to various characteristics of the polyphenols, 

making it difficult to be entrapped into the nanoparticle matrix.73 The study on Lorazepam loaded 

polymeric nanoparticles by Sharma et. al. refers to the influence of the concentrations of polymer and its 

ratio to the concentration of drug on the percentage entrapment efficiency.105 Haque et. al. and 

Mintimadugu et. al. in their work on alginate nanoparticles and nanoparticles encapsulated tarenflurbil 

studied the effect of concentration of surfactant on the particle size, drug loading and percentage 

entrapment efficiency. 109,110 

Table 10: Percentage drug loading for DBM-loaded nanoparticles. SD: Standard deviation 

 

 

 

 

The authors kept the findings of these studies in consideration since the authors were not aware of any 

study based on DBM-loaded nanoparticles. According to the knowledge of the authors, this is the first 

attempt to formulate DBM as nanoparticles, this was a very good number to work with. The values of 

percentage drug loading were in good correlation with the theoretically determined values. 

Thus, % EE and % DL for the DBM-loaded nanoparticles was confirmed. 

 

2.3.3.2.10. In vitro drug release studies: 

Drug loading (%) Mean SD Drug loading ± SD 

8.669 

9.28 0.543 9.280 ± 0.54 9.467 

9.707 



50 
 

As seen in the drug release plot, there was an initial lag for about 3 hours after which there was a small 

amount of drug release from the nanoparticle system. About 4.29 ± 0.92 % and 10.27 ± 1.13 % drug was 

release after 12 and 48 hours respectively. After 48 hours, there was a rapid increase in drug release from 

10.27±1.13 % to about 42.91 ± 5.01 % at 72 hours and then to 84.78 ± 4.90 % in about 120 hours. At the 

end of 192 hours, about 95.80 ± 1.0 % DBM was released from the nanoparticles. The mass inside and 

outside the dialysis cassettes at time zero and after 8 days was found to be balanced. This suggested there 

was no drug degradation taking place in the system or there was no significant drug loss in the study. 

In vitro release studies have been performed for DBM-loaded nanoparticles and the drug release profile 

for the drug from the nanoparticles is shown in Figure 19. The release profile of DBM from the 

nanoparticles showed a biphasic behavior, which suggests that there was a lag and slow release of DBM 

followed by a rapid release phase in the plot. The initial lag and slow release can be due to the slow 

diffusion from the lipid and cyclodextrin matrix over a period of 24 hours. However, the latter rapid drug 

release phase can be due to the drug release after the lipid and cyclodextrin were dissolved in the media.  

To study the release kinetics of DBM released from the matrix, the data obtained were fitted into different 

release models, such as zero order, first order, Higuchi’s model, and the Korsmeyer-Peppas model. The 

data was found to best fit into the zero-order release model as the plot showed maximum linearity 

determined by regression coefficient (R2 value). The plot showed highest linearity regression coefficient 

(R2) of 0.972 compared to first order (0.845) and the Higuchi model (0.820). Pardeshi et. al. carried out a 

study solid lipid nanoparticle for ropinirole hydrochloride as intranasal carriers which showed a zero-order 

release profile and has a slow drug release.103 According to a review by Jain et.al. the zero-order model is 

generally used for dosage forms that do not disintegrate and that release the drug slowly over a long 

period of time.57 Thus, based on the release profiles of DBM from these nanoparticles and inferences from 

these studies, the authors suggested that DBM has a prolonged and slow release from the lipid and 

polymer matrix.57 
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Figure 19: Plot for percentage DBM released vs time (hours) for DBM-loaded nanoparticles. An initial lag 

in the release of DBM was observed for about 3 hours. The percent release for DBM was 95.80 ± 1.0 % 

after 8 days. 

2.3.3.2.11. Stability studies: 

The XRD diffractogram for DBM loaded nanoparticles showed two characteristic peaks at 18° and 22° 

respectively. These peaks at 18° and 22° were as the principal peaks observed in the diffractogram of pure 

Gelucire 50/13. Kumar et. al and Aarti et.al. in their study based on streptomycin sulfate (STRS) loaded 

solid lipid nanoparticles and chitosan-g-HPβCD nanoparticles of efavirenz respectively, were able to come 

to a conclusion that loss of characteristic sharp crystalline peak confirms the loss of crystallinity and its 

shift towards the amorphous state. 107,108 Thus the nanoparticles were in the amorphous state at Day 1. 

There were no sharp peaks seen in the diffractograms at Day 20 and Day 50 as well, suggesting that no 

drug crystallized out of the nanoparticles for 50 days (Figure 20). This suggested that the nanoparticles 

were amorphous for 50 days. Thus, the drug remained into the matrix for a long time and the formulation 

remained stable.  
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Particle size for the nanoparticles loaded with DBM remained stable for up to 6 hours, after which an 

increase in particle size was observed (Figure 13). However, the particle size was within the desired range 

for a period of 14 days. These observations suggested that the nanoparticles were stable during storage 

for a period. 

 

Figure 20: XRD plots for DBM loaded nanoparticles on Day 1, 20 and 50 to determine stability of 

nanoparticles.  
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2.4. In vitro testing of drug uptake in Calu-3 cell culture models: 

In vitro testing of pharmaceutical formulations in cell culture model is often used as a preliminary study 

to determine its behavior in vivo. Culturing of cells and tissues derived from human nasal epithelium is a 

well-established study to learn more about underlying cellular and molecular mechanisms of drug 

transport. Due to various drawbacks associated with culturing primary cell lines, there is an increasing 

utilization of cell culture models based on cell lines.75 

Teijeiro-Osorio et. al. in their study on hybrid poly/oligosaccharide nanoparticles as carriers for the nasal 

delivery successfully carried out various studies for studying the interactions of these nanoparticles with 

the nasal epithelium and also microscopic studies.76 Foster et. al. also used Calu-3 cells lines in their study 

and suggested that these cells are efficient for studying the cellular uptake studies for small lipophilic 

molecules.58 Based on the findings and conclusions of these studies, Calu-3 cell lines were chosen for this 

study. 

Calu-3 cells were used as a model for nasal drug delivery due to their tight junctions and mucus producing 

ability. 76 Calu-3 monolayer is considered as an appropriate model for the nasal and bronchial epithelia 

because of many features like the normal human nasal tissues such as the tight junctions, high enough 

TEER values and mucus secretions. 75,76 Kettler et. al. in their study suggest that the study uptake of 

nanoparticles in the cells is important because the knowledge of drug uptake is crucial in predicting the 

behavior of nanoparticles based on their physical-chemical properties. 77  

Thus, the objective of this study was to determine the uptake of DBM from the nanoparticles loaded DBM 

in order to prove its paracellular transport across the nasal mucosa to the lamina propria. In this study, in 

vitro cell cultures representing the target site were exposed to the formulation for a definite period in a 

predefined set of conditions mimicking the physiological conditions. The amount of nanoparticles taken 

up by the cells was then evaluated using analytical techniques. UPLC for used for the quantitation of DBM 

taken up the cells in this study.  
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2.4.1. Methods: 

2.4.1.1. In vitro cell culture: 

Calu-3 cells lines were cultured and sub-cultured in Minimum Essential Media (supplemented with 10 % 

FBS) and incubated at 37 ˚C and 5 % CO2 after seeding in Nunc™ EasyFlask™ 75 cm2 Cell Culture Flasks 

(Thermo Scientific). Cells were detached from the culturing flasks by trypsin-EDTA and were then 

subcultivated. Upon confluence, the cells were sub-cultured at a split ratio of about 1:12 each time. The 

sub-cultured cells were then plated in 6-well plates and allowed to adhere to the wells and grow till 

confluent. The entire study was carried out in two sets namely Treatment group 1: Pure DBM (250 µg/mL) 

and Treatment group 2: DBM loaded nanoparticles (Equivalent to 250 µg/mL) 

The results for cellular uptake were reported as the concentration of drug (µg/mL) per total protein 

concentration (µg/mL). All samples were evaluated in triplicates. 

 

2.4.1.2. Determination of total cellular protein content by BCA Assay: 

Pierce BCA protein assay: BCA Protein Assay is a detergent-compatible formulation based on 

bicinchoninic acid (BCA) and is used for the colorimetric detection and quantitation of total protein 

present in the sample. This method is based on a combination of the well-known Cu+2 to Cu+1 reduction 

by the proteins present in an alkaline medium (also known as biuret reaction) and then a selective 

colorimetric detection of Cu+1 using the bicinchoninic acid reagent. Two molecules of BCA chelate with 

one cuprous ion leading to purple coloration. The objective of this assay was to determine the protein 

content in each sample to normalize it with the amount of drug uptake to get a better insight into the 

results.78 

i. Assay procedure: 

A) Preparation of diluted bovine serum albumin (BSA) standards (Working range = 20 - 2000 μg/ml):  
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Various concentrations of BSA were prepared by serial dilutions in PBS. The dilutions carried out are as 

shown in Table 11 below: 

Table 11: Serial Dilution Scheme for Bovine Serum Albumin (BSA) standard for Microplate Method. Diluent 

used was PBS. 

Vial Volume of 

diluent (μL) 

Volume of stock (2 mg/ml 

of albumin standard) 

Final BSA 

concentration 

(µg/ml) 

A 0 300μL of stock 2000 

B 125 375μL of stock 1500 

C 325 325μL of stock 1000 

D 175 175μL of vial B dilution 750 

E 325 325 of vial C dilution 500 

F 325 325 of vial E dilution 250 

G 325 325 of vial F dilution 125 

H 400 100 of vial G dilution 25 

I 400 0 0+Blank 

 

B) Preparation of BCA working reagent (WR): 

Adequate quantity of the working reagent was prepared by mixing BCA Reagent A and BCA Reagent B in 

specific amounts followed by the Microplate procedure for the assay. 100 μL of each standard or unknown 

samples replicate were pipetted into a Microplate well. 200 μL of the working reagent was added to each 

well and the plate was mixed thoroughly on a plate shaker for 30 seconds. The plate was covered and 

incubated for 30 minutes at 37 ˚C. It was then allowed to come to room temperature and the absorbance 

was measured at or near 562 nm on a plate reader. 

2.4.1.3. Evaluation of drug uptake: 

Cells were grown appropriately in 6-well plates until confluence. Once the cells reached confluence, the 

old media was replaced by new media and drug and/or nanoparticle solutions were applied. These were 
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incubated for different time intervals such as 0, 15, 60, and 120 minutes. After incubations, the cells were 

washed with 3X cold buffer (PBS at pH 7.4).  

Cells were then carefully scraped with a pipette tip in lysis solution using a specific pattern to ensure all 

material has been detached.  

One portion of this sample was stored in -80 ̊ C for the BCA assay for determination of total cellular protein 

content. The remaining portion was centrifuged for 5 minutes at 4 °C at 24,000 g and further to determine 

the drug content using UPLC. 

2.4.1.4. Extraction of DBM for quantification using UPLC:  

DBM was extracted from the cells using a bi-phasic separation technique. This was carried out by addition 

of 0.5mL of ethyl acetate as the extracting solvent. This solution was vortexed and centrifuged at 17000 x 

g for 15 minutes at 4 °C. The supernatant was collected. The pellet was again washed with equal quantity 

of ethyl acetate, vortexed, centrifuged and supernatant was added to the earlier supernatant. Ethyl 

acetate was now allowed to evaporate in the fume hood overnight and the drug was now reconstituted 

with a mixture of 20 %  buffer + 80 % acetonitrile and sonicated for about 5 minutes and run on UPLC to 

determine the concentration of DBM in the samples. 

The cellular uptake was reported as the mean ± SD of DBM content (in ng) per µg of total cellular protein. 

2.4.2. Results and Discussion: 

2.4.2.1. Determination of total cellular protein content by BCA Assay: 

Various dilutions of Albumin standard solution were made as mentioned in Table 11 to plot a standard 

curve of the net absorbance vs the protein concentration in µg/mL. The standard curve obtained for 

estimation of protein concentration was found to be linear for a concentration range of 500 µg/mL-7.8 

µg/mL. The equation of this line gave the relationship between the two variables namely, protein 

concentration (x) and the Net absorbance (y). This linear equation obtained for albumin standards was y 

= 0.0013x + 0.0119. As the coefficient of determination, r2= 0.9968, there is a strong relation between the 
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protein concentrations and the net absorbance over the given concentration range. Figure 21 represents 

the standard curve for BCA Assay.   

Table 12: Net absorbance at 562 nm obtained by BCA Assay for concentrations of Albumin standard in the 

range of 500 µg/mL – 7.8 µg/mL 

Protein 

concentration 

(µg/mL) 

Absorbance (at 562 nm) 
Average 

absorbance 

Net 

absorbance 

500 0.714 0.724 0.723 0.72 0.65 

250 0.432 0.424 0.414 0.42 0.35 

125 0.272 0.262 0.238 0.26 0.19 

62.5 0.203 0.168 0.162 0.18 0.11 

31.3 0.119 0.117 0.116 0.12 0.05 

15.6 0.11 0.105 0.091 0.10 0.03 

7.8 0.08 0.081 0.078 0.08 0.01 

0 0.069 0.069 0.069 0.07 0.00 

 

Figure 21: Standard plot for protein concentrations (µg/mL) in a concentration range of 500 µg/mL to 7.8 

µg/mL. The two variables, protein concentration (X coordinate) and net absorbance (Y coordinate) follow 

a linear relationship as indicated by the linear equation and R2 value of 0.9968. 

y = 0.0013x + 0.0119
R² = 0.9968
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Table 13 and Table 14 represent the average protein concentration of samples in triplicates at various 

time points for both treatment groups. The average protein concentration in each well was within 100-

300 µg/mL range. These were carried out in triplicates and the SD was found to be within the range. The 

average protein concentration (µg/mL) for treatment group 1 and 2 were very close to each other. 

Table 13: Average protein concentrations of samples in triplicates at various time points for treatment 

group 1: Pure DBM 

Time 

(hours) 

Protein concentration 

(µg/mL) 

Average protein 

concentration ± SD 

1 210.9 190.9 190.9 197.57 ± 11.54 

2 200.9 200.9 240.9 214.23 ± 23.09 

3 310.9 310.9 200.9 274.23 ± 63.50 

4 160.9 160.9 180.9 167.57 ± 11.54 

6 200.9 200.9 160.9 187.51 ± 23.09 

Table 14: Average protein concentrations of samples in triplicates at various time points for treatment 

group 2: DBM loaded nanoparticles 

Time 

(hours) 

Protein concentration 

(µg/mL) 

Average protein 

concentration ± SD 

0.5 180.90 170.9 240.9 197.57 ± 37.85 

1 160.90 190.9 260.9 204.23 ± 51.31 

2 250.90 300.9 160.9 237.57 ± 70.94 

3 230.90 270.9 310.9 270.90 ± 40.01 

4 150.90 190.9 210.9 184.23 ± 30.55 

 

2.4.2.2. Evaluation of drug uptake: 

The average drug concentration in each of the well was determined and drug uptake(ng) per µg of protein 

was calculated. It was observed that the drug uptake was very low for Treatment group 1 as well as 
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Treatment group 2. (Table 15) Zhao et. al. in their study of cellular uptake of nanoparticles have said that 

various factors such as size, shape, surface chemistry, surface charge can have an effect on the cellular 

uptake of nanoparticles.111 Thus the authors believe that some of these factors may be the reason for the 

very low drug uptake and that the drug loaded nanoparticles take a route other than through the cells in 

order to reach their target site. 

Table 15: Drug uptake in (ng/mL)/Protein Concentration of samples (µg/mL) in triplicates at various time 

points for Treatment group 1: Pure DBM and Treatment group 2: DBM loaded nanoparticles 

Time 

(hours) 
Drug uptake in (ng)/Protein concentration (µg) 

 Treatment group 1: Pure DBM 
Treatment group 2: DBM loaded 

nanoparticles 

0.5 0.96 ± 0.07 0.87 ± 0.19 

1 0.75 ± 0.07 0.98 ± 0.24 

2 0.67 ± 0.06 0.81 ± 0.15 

3 0.54 ± 0.14 0.61 ± 0.06 

4 0.88 ± 0.09 0.95 ± 0.11 

6 0.82 ± 0.13 0.88 ± 0.30 
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various time points for Treatment group 1: Pure DBM and Treatment group 2: DBM loaded nanoparticles 
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According to Crowe et al., the movement of molecules from the NC to the brain via extracellular pathway 

refers to the translocation within paracellular cleft to the lamina propria followed by absorption into local 

blood vessels or lymphatic vessels.59 This means that drugs or drug formulations pass via paracellular 

spaces and reach the lamina propria of the nasal mucosa. Thus, no uptake of drug into the cells till 6 hours 

suggested the authors that the drug or drug formulations were being transported via the paracellular 

route.  

2.5. In vivo biodistribution studies of the formulations in hamsters: 

S. Hirai, T. Yashiki, and T. Matsuzawa made the first attempts in establishing studies with animal models 

for absorption of drugs across nasal mucosa. 80 Their study tremendously increased the interest in the nasal 

route. A correct and robust animal model is very important for a study (in vivo) because the results are to 

extrapolate to man. Various animal models have been developed over the years, the most common one 

being the hamsters. 81 

As discussed earlier, various nanotechnology-based carriers were formulated and characterized for their 

intra nasal delivery.79 Experimental animal studies investigating mainstream formulations were carried out 

to gain more insights into various other aspects pertaining to the transport and pharmacokinetic prospects 

of the drug and its formulations. Kincaid et. al. carried out a study indicating the NC as a potential route 

for prion infection in hamsters. They successfully tested the hypothesis that the NC is the site of entry and 

neuroinvasion for prion infections.83 The findings of these study formed the basis of our study to administer 

our model drugs into similar vehicles to hamsters intranasally.  

Based on the preliminary evidence obtained by various characterizations related to nasal drug delivery for 

the three formulations loaded with DBM and in vitro cell culture studies, an in vivo study on hamsters was 

carried for the three formulations. The amount of drug present in the blood was evaluated by analytical 

technique previously developed. Nasal cavities of the hamsters were collected and sectioned for their 

histological characterizations. Immunohistochemistry was performed for GFAP protein present in BH. 
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GFAP is the principle intermediate filament of astrocytes and hence is a component of BH.82 

Photomicrographs were taken wherever formulations containing BH were identified on the surface, 

within, or beneath the nasal mucosa and within the cavity of lymphatic vessels. Inferences about the 

transport of inoculum from outside the nasal mucosa till the lymphatic vessels of lamina propria were 

made. 

 

2.5.1. Methods: 

i. Animal care: Procedures involving animals was preapproved by the Creighton University Institutional 

Animal Care and Use Committee and was carried out in accordance with the Guide for the Care and 

Use of Laboratory Animals. Male Syrian golden hamsters from Harlan Sprague Dawley (Indianapolis, 

IN) were group housed in standard cages with ad libitum access to food and water. There was a 

minimum of 1 week for acclimatization before the experiments were initiated. 

ii. Inhalation via NC: Extranasal inoculations were performed as described previously.82,83 Hamsters were 

anesthetized with isoflurane (Webster Veterinary, Kansas City, MO) placed supine, and 25 µl of delivery 

matrix was placed below each nostril (total volume 50 µl). The formulations were placed below the 

nostrils and immediately inhaled into the NC as hamsters are obligatory nose breathers. Extranasal 

inoculation prevents the possibility of damage to the fragile nasal mucosa of the NCs that can occur if 

anything is placed inside the nostril. Delivery matrices were prepared to have physiologically 

acceptable pH values (~6.8-7.4), viscosities (4-9 cP), and surface tensions (40-50 mN/m).  

This study had treatment groups as follows: 

Treatment group 1: DBM in BH (n=4) 

Treatment group 2: Polymeric suspension of DBM in HPMC (n=3) 

Treatment group 3: DBM loaded nanoparticles (n=3) 
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iii. Tissue collection: Based on the results of various previous studies carried out by Kincaid et al., a survival 

time point of 30 minutes was determined to be optimal for both observations of transport and 

detection in blood. 82,83   

Animals were reanesthetized 30 minutes after inoculation.  The thorax was opened, and 1-2 ml of blood 

was collected from the heart using a heparinized syringe and placed on ice. The samples were red tinged 

to dark red. They were evaporated to dryness with nitrogen and were frozen for storage until further 

analysis. Before extraction and quantification, the samples were removed and allowed to come to room 

temperature. Following the blood collection, the skulls (containing NCs) were immersion fixed in 

paraformaldehyde lysine-periodate (PLP) for 1 week. The skulls (containing NCs) were then decalcified for 

2 weeks at room temperature. 

2.5.1.1. Histological characterizations of nasal cavities: Using the hard palate for orientation, the NC was 

excised between the posterior edge of the incisors and the anterior edge of the seventh palatal ridge, a 

length of 10-12 mm. This block of tissue contained the entire hamster NC and was placed in cassettes for 

paraffin embedding. Serial sections (10 µm) of the NCs were cut with a rotary microtome and mounted 

onto glass slides. To establish the time and location of NC trans-epithelial transport tissue sections not 

further than 100 µm apart (every 10th slide) was cleared, dehydrated, and stained with hematoxylin and 

eosin (H&E) for general tissue morphology. Slides containing tissue sections adjacent to where the inhaled 

formulation can be seen embedded in the nasal mucosa or inside the lumen of lymphatics were examined 

by immunohistochemistry. Tissue sections were analyzed using an Olympus B X 40 light microscope for 

bright field analysis. Paracellular transport events were photographed and noted for each animal. 

For the sections of NCs of the animals dosed with formulations containing BH, immunohistochemistry 

protocol for staining GFAP was carried out. All the steps such as deparaffinization, blocking endogenous 

peroxidases, blocking non-specific antibody binding, addition of primary antibody, secondary antibody 
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and the avidin- biotin complex followed by the DAB chromogen reaction and H&E staining were 

appropriately carried out. 

2.5.1.2. Quantification of drug from blood: 

2.5.1.2.1. Selection of extracting solvent for benzophenone and DBM: 

Various solvents were screened for a complete extraction of drug and IS from the samples. Solvents such 

as ethyl acetate, dichloromethane. chloroform, acetonitrile, hexane and acetone were screened. The 

percentage drug recovery from aqueous and organic phase was determined by estimating the 

concentration of each component in the two phases using UPLC.  

2.5.1.2.2. Extraction of DBM from blood samples: DBM was extracted from blood using a bi-phasic 

separation technique. Various solvents were examined and percentage drug recovery from each of these 

solvents was compared to find out the best solvent for drug extraction. Ethyl acetate was observed to give 

the maximum percentage drug recovery and hence was used as the final extracting solvent. 0.1 mL of 

each blood sample was used for the extraction protocol. About 0.3 mL of distilled water was added to the 

samples and vortexed to precipitate the drug out of the system. This was followed by addition of 0.1mL 

of a 500 µg/mL solution of the IS and 0.5mL of ethyl acetate. This solution was vortexed and centrifuged 

at 17000 x g for 15 minutes at 4 °C. The supernatant was collected. The pellet was again washed with 

equal quantity of ethyl acetate, vortexed, centrifuged and supernatant was added to the earlier 

supernatant. Ethyl acetate was now allowed to evaporate in the fume hood overnight and the drug was 

now reconstituted with a mixture of 20 % buffer+80 % acetonitrile and sonicated for about 5 minutes and 

run on UPLC to determine the concentration of DBM in the samples. 

2.5.1.2.3. Evaluation of drug content using UPLC: 

About 1mL samples of blood were collected from each animal after 30 minutes of administration of the 

drug formulation. All samples were dark red to red tinged in color. These samples were evaporated to 

dryness with nitrogen gas and were stored in the fridge until analyzed for drug content. For evaluation of 
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drug content, the frozen samples were thawed and allowed to come to room temperature. About 0.5 mL 

of each sample was taken for further analysis. The extraction protocol mentioned above was carried out 

for complete extraction of the drug. The extract was diluted with mobile phase and injected in the UPLC 

under above mentioned conditions and parameters. 

2.5.2. Results and Discussion: 

2.5.2.1. Histological characterizations of nasal cavities: 

Only the nasal cavities of animals administered DBM in BH were analyzed for their histological 

characterizations by immunohistochemistry for GFAP which is a protein present in BH. A very small 

fraction of the number of sections cut, less than 0.01% of the number of all sections, were taken for 

performing immunohistochemistry for GFAP protein. The NC was sectioned at regular intervals.  The 

sections were analyzed for presence of inoculum either in the airspace outside or contacting mucosa or 

within the lymphatic vessels in the lamina propria. Any inoculum traversing the mucosa was also looked 

for.  

It was observed that the inoculum was found in at least one of the sections in the nasal cavities of all the 

animals. This suggested us that the technique worked in terms of detecting the inhaled inoculum. As 

indicated in Table 18, from the nasal cavities of four hamsters who were administered with the 

formulation, we could see the inoculum to be present in all four NC. The inoculum was also seen inside 

the cavity of a lymphatic vessel for 2/4 NC. However, we could not see the inoculum while it was traversing 

the nasal mucosa. But since we could see it in the cavity, we could conclude that the formulation reached 

the cavity of lymphatic vessels from the lamina propria. Sampling could be one the major reasons why we 

did not see the inoculum traversing the nasal mucosa. Sampling issues refers that we did not sample 

enough. Another reason could be that the pores forming in the nasal mucosa through which the inoculum 

is hypothesized to pass are temporary and hence is a very quick process making it difficult to be detected 

by histological characterizations.  
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Thus, from the histological studies, the authors suggested that the formulations after reaching the lamina 

propria via paracellular transport from the nasal passage, could reach the cavity of lymphatic vessels in 

the lamina propria. 

 

Table 16: Histological analysis of nasal cavities after inhalation of drugs 

DBM & BH (n=4) Number of 

tissue sections 

examined 

Inoculum in 

airspace or 

contacting 

mucosa 

Inoculum 

traversing 

mucosa 

Inoculum within 

lymphatic vessels of 

lamina propria 

**PS 40 39 Yes No No 

PS 41 60 Yes No Yes 

PS 42 60 Yes No Yes 

PS 43 30 Yes No No 

** bad morphology limited number of sections that could be analyzed 

 

 

Figure 23: Histological analysis of nasal cavities after inhalation of DBM in BH formulation. Left 

image (A) shows the inoculum in the airspace or contacting mucosa and right image (B) shows the 

inoculum within the lumen of a lymphatic vessel of lamina propria.  In the figure, the * indicates 

airspace or contacting mucosa and ^ indicates inoculum inside the lumen of a lymphatic vessel of 

lamina propria. 
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2.5.2.2. Quantification of drug from blood: 

2.5.2.2.1. Selection of extracting solvent for benzophenone as IS and DBM: 

Ethyl acetate, dichloromethane, chloroform, acetonitrile, hexane, and acetone were screened. Out of 

these, acetone and hexane did not show a biphasic separation. For the remaining three solvents, the 

entire extraction protocol was followed, and percentage drug recovery was calculated which was found 

to be as represented in Table 16. 

Table 17: Percentage drug recovery for selection of suitable extracting solvent for DBM and IS. 

IS: Internal standard; SD: Standard Deviation 

 

Dichloromethane showed a good enough extraction of DBM but did not show complete extraction of the 

IS. Chloroform resulted in a very low extraction of DBM and the IS in organic phase. However, ethyl acetate 

showed a complete extraction of both these components. The percentage recovery of DBM and IS was 

100% when ethyl acetate was used for extraction. Thus, ethyl acetate was finalized to be used as the 

extracting solvent for further analysis of the blood samples collected from animal studies. 

2.5.2.2.2. Evaluation of drug content using UPLC: 

The blood samples were injected into UPLC to determine the quantity of DBM present in them. No DBM 

was detected in samples of blood from the animals administered DBM in BH. Whereas, about 40.77 ± 4.93 

and 44.45 ± 5.36 ng/mL of DBM in HPMC suspension and DBM loaded nanoparticles respectively. A t-test 

was carried out on the concentrations of the latter two formulations to find if there was a significant 

 % DBM recovered ± SD % IS recovered ± SD 

Solvent Organic phase Aqueous phase Organic phase Aqueous phase 

Ethyl acetate 100 ± 0.01 0 ± 0.01 100 ± 0.1 0 ± 0.1 

Dichloromethane 87.73 ± 0.23 2.62 ± 0.03 71.69 ± 0.36 28.31 ± 0.23 

Chloroform 33.98 ± 0.69 66.02 ± 0.58 63.59 ± 0.96 36.41 ± 0.35 
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difference between them. The t-test shows that there was no significant difference (p > 0.05) between 

the drug concentrations in the blood samples of test animals in both the groups (DBM in HPMC and DBM 

loaded nanoparticles) 

 

Thus, the in vivo biodistribution studies lead us to conclude that there is no significant difference between 

the formulations of the DBM with regards to transport across the nasal epithelium following inhalation. 

The detected levels of DBM formulations were lower than what we would expect if taken orally. Having 

said that, by the detection of drug in blood, the authors could conclude the transport of formulations from 

lymphatic vessels to the blood vessels, i.e. systemic circulation. 

 

Table 18: Evaluation of DBM concentration (ng/mL) from blood samples by UPLC 

Treatment group Average Concentration (ng/mL) % RSD t-test 

DBM in brain homogenate 0 0  

DBM in HPMC suspension 40.77 ± 4.93 12.10 0.88 

(p > 0.05) DBM loaded nanoparticles 44.44 ± 5.36 12.07 
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Summary:  

A sensitive UPLC method was successfully developed and validated as per USP guidelines for the detection 

of DBM. DBM was observed to elute at 1.24 minutes while the IS, benzophenone was seen to elute at 

0.74 minutes, thus showing a good separation and resolution.  

DBM formulations in BH, HPMC polymer solution and as drug loaded nanoparticles were successfully 

prepared and characterized using various techniques. DBM in BH was slightly crystalline, did not show 

settling and was a stable formulation. DBM in HPMC polymeric suspension was a micron sized crystalline 

stable solution with DBM molecularly dispersed in the matrix. In case of DBM loaded nanoparticles, 

particle size smaller than 250nm was obtained and was stable in solution state till 14 days. Polydispersity 

index confirmed uniformity of the particles. Thermal analysis showed particles were thermostable till 

170˚C and that DBM was molecularly dispersed in the matrix. XRD results indicated no sharp peaks which 

confirmed the amorphous nature of particles. SEM images confirmed porous morphology, large surface 

area and the particle size of the nanoparticles. Mucin binding study suggested the mucoadhesive property 

of the formulation as compared to the pure drug solution. Entrapment efficiency was found to be 86.45 ± 

0.65% and drug loading was 9.280 ± 0.54%. 95.80±1.0% drug was released in 92 hours.  

Cellular uptake studies in Calu-3 cells culture indicated no significant amount of drug uptake up to 6 hours 

of incubation. This indicated the paracellular transport of drug from nasal passage to the lamina propria. 

Histological characterizations of the nasal cavities indicated that BH mixed with DBM was detected in the 

airspace or on the nasal mucosa of all animals.  It was detected inside the lumen of lymphatics in 2/4 

animals that inhaled the DBM/BH mixture. This suggested the transport of inoculum from the lamina 

propria to the cavity of lymphatic vessels. In vivo biodistribution studies indicated no DBM present in the 

blood of animals administered DBM in BH formulation whereas showed about 40.77171 ± 4.9340 and 

44.44912 ± 5.3666 ng/mL of DBM in HPMC suspension and DBM loaded nanoparticles respectively which 

proved the transport of drug to the systemic circulation after intranasal administration.  
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Chapter 3: Delivery of a large hydrophilic molecule- oxytocin via intranasal route   
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3.1. Introduction: 

 

Figure 24: Chemical structure of oxytocin39 

Developing a sensitive and selective analytical method for the detection of oxytocin was important and 

one of the initial steps. It was determined that oxytocin-ELISA is the most optimal and sensitive method 

for the determination of this drug. 

The formulations studied in this section were loaded with oxytocin loaded into different matrices and 

were further studied for nasal drug delivery. Kincaid et al., found infected or uninfected BH adhering to 

M cells, passing between cells of nasal mucosa, and within cavity of lymphatic vessels of the NC at all time 

points examined after administration of a small drop of BH below each nostril inhaled immediately into 

the NC.82 Based on the findings of this study, BH was used as a vehicle for formulations with oxytocin for 

intranasal drug delivery. Further to this, oxytocin was formulated in BH and normal saline solution. Once, 

the formulations are developed, they were characterized by various techniques.  

Next, the formulations were tested in animals, i.e. in vivo to get more insights into its activity and 

distribution in the body and histological characterizations of the nasal cavities of these animals were 

studied by immunohistochemistry to learn more about the transport across the NC. 
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3.2. Analytical method for detection and quantification of oxytocin using oxytocin-ELISA: 

Enzyme-linked Immune Sorbent Assay (ELISA):  

ELISA is a quantitative analytical method that shows a reaction between antigen-antibody through color 

change by an enzyme-linked conjugate and enzyme substrate and that are used to detect and quantify 

the molecules present in various biological fluids.82,83 Peptides, proteins, hormones or vitamins are low 

concentration molecules that are detected using this technique because of their high level of specificity 

against various antibodies or antigens developed for them.82 Figure 19 shows a schematic representation 

of the three types of ELISA and are further explained below. 

i. Indirect ELISA:  

The wells of a microtiter plate are adhered with the sample to be analyzed with the antigen. Then, a 

nonreacting protein solution is introduced to block any part not coated with the antigen. This is followed 

by addition of a primary antibody and an enzyme-conjugated secondary antibody. A substrate is then 

added which quantifies the primary antibody by a color change in the wells. The concentration of primary 

antibody in the serum is directly proportional with the intensity of the color.83 

ii. Sandwich ELISA: 

This type of ELISA is used to identify specific antigen in a sample. After coating the well surface with a 

known quantity of antibody, and coating with non-reacting protein for the remaining part, the antigen-

containing sample is added to the plate. A sandwich is then made by introducing a specific primary 

antibody, followed by enzyme-linked secondary antibody and the substrate. The substrate is then 

enzymatically converted to a color that can be later quantified.82,83 

iii. Competitive ELISA:  

The process of competition between the sample antigen and antigen bound to the wells with a primary 

antibody is the most important part of competitive ELISA. Unlike other types, antibody is incubated with 

antigen to be measured. After an incubation period, this mixture is added to antigen-coated wells. This is 
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followed by addition of enzyme-conjugated secondary antibody and substrate. Absence of color indicates 

the presence of antigen in the sample.82,83 

The analytical method for detection and quantification of oxytocin is competitive ELISA which is discussed 

in detail further. 

 

Figure 25: Types of ELISA assays 55 

Oxytocin-ELISA:  

The oxytocin-ELISA is a competitive immunoassay for the detection and quantification of oxytocin in 

samples.52,84-88 Oxytocin-ELISA, thus, depends on the reaction between the molecule in the sample and a 

fixed amount of antibody that is added to it where some of the hormone molecules will bind to the 

antibody while some others will remain free.52,84-88 

It uses a polyclonal antibody for oxytocin to competitively bind in the standard or sample or maybe an 

alkaline phosphatase molecule which has covalently attached oxytocin. In this assay, the yellow color due 

to intensity of the bound oxytocin is inversely proportional to the concentration of oxytocin in either 

samples or standards.88 The assays were performed using manufacturer’s protocols.88 Figure 20 indicates 

a schematic representation of the principle of oxytocin-ELISA and is discussed in detail in further sections. 
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Figure 26: Principle of oxytocin-ELISA21 

3.2.1. Methods: 

3.2.1.1. Reagent preparation: 

A) Oxytocin standard: 

10,000pg/mL oxytocin standard solution was thawed to room temperature. Seven 12 x 75 mm tubes were 

labeled #1 through #7. 1 mL of standard diluent (assay buffer or tissue culture media) was transferred into 

tube #1. 500 μL of standard diluent were pipetted into tubes #2 through #7. 100 μL of buffer was removed 

from tube #1. 100 μL of the 10,000 pg/mL standard was added to tube #1. This was vortexed thoroughly. 

500 μL of tube #1 was added to tube #2 and vortexed thoroughly. 500 μL of tube #2 was added to tube 

#3 and vortexed. This was continued for tubes #4 through #7. The concentration of oxytocin in tubes #1 

through #7 was 1,000, 500, 250, 125, 62.5, 31.2, and 15.6 pg/mL respectively. 

B) Oxytocin Conjugate: 

The conjugate was allowed to warm to room temperature. Any unused conjugate was divided into 

discrete aliquots and re-frozen at or below -20 °C. 

C) Wash Buffer: 

The Wash Buffer was prepared by diluting 5mL of the supplied concentrate with 95 mL of deionized water.  
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3.2.1.2. Assay procedure: 

All reagents were brought to room temperature for at least 30 minutes prior to opening. All standards 

and samples were run in duplicate.  

Assay layout sheet was referred to determine the number of wells to be used and any remaining wells 

were put with the desiccant back into the pouch and the ziploc was sealed. Unused wells were stored at 

4 °C. 100 μL of standard diluent (Assay buffer or tissue culture media) were pipetted into the NSB and the 

B0 (0 pg/mL standard) wells. 100 μL of standards #1 through #7 was pipetted into the appropriate wells. 

100 μL of the samples were pipetted into the appropriate wells. 50 μL of assay buffer was pipetted into 

the NSB wells. 50 μL of the blue conjugate was pipetted into each well, except the total activity (TA) and 

blank wells. 50 μL of the yellow antibody was pipetted into each well, except the blank, TA and NSB wells. 

NOTE: Every well used was green in color except the NSB wells which was blue. The blank and TA wells 

were empty at this point and had no color. The plate was tapped gently to mix. The plate was sealed and 

incubated at 4 °C for 18-24 hours. The contents of the wells were emptied out and washed by adding 400 

μL of wash solution to each well. This wash was repeated 2 more times for a total of 3 washes. After the 

final wash, the wells were emptied, and firmly the plate was tapped to dry on a lint free paper towel to 

remove any remaining wash buffer. 5 μL of the blue conjugate was added to the TA wells. 200 μL of the 

pNpp substrate solution was added to every well and incubated at room temperature for 1 hour without 

shaking. 50 μL of stop solution was added to every well. This stopped the reaction and the plate was read 

immediately. The plate reader was blanked against the blank wells, and the optical density was read at 

405 nm. 

3.2.2. Results and Discussion:  

Various concentrations of oxytocin standard were made, and ELISA assay was carried out on them. Table 

18 shows the average oxytocin concentration and mean percentage bound.  



75 
 

The standards were prepared by serial dilutions of a stock solution of oxytocin. The logarithmic linearity 

of this curve was calculated within a specific concentration range, using the slope, y-intercept and 

coefficient of determination (r2). The standard curve obtained for detection of oxytocin by ELISA was for 

a concentration range of 1000 pg/mL- 15.6 pg/mL. Oxytocin concentration did not follow good linear 

correlation or exponential correlation. Hence logarithmic correlation was established. This correlation 

gave r2= 0.9784 which indicated a good logarithmic correlation. The equation of this line gave the 

relationship between the two variables namely, concentration of oxytocin (x) and the % bound (y). This 

equation obtained for oxytocin standards was y = -14.44ln(x) + 123.86. As the coefficient of determination, 

r2= 0.9784, there is a strong relation between concentrations of drug solutions and the & bound over a 

given concentration range. 

 

Figure 27: Standard plot of oxytocin concentration (pg/mL) Vs percentage oxytocin bound for oxytocin 

standards ranging from 1000 pg/mL to 15.6 pg/mL using oxytocin-ELISA. Standard curve indicates the 

logarithmic correlation followed by oxytocin. 

 

Table 19: Average oxytocin concentration for oxytocin standards ranging from 1000 pg/mL to 15.6 pg/mL 

using oxytocin-ELISA  

y = -14.44ln(x) + 123.86
R² = 0.9784
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Standard 
 

Oxytocin concentration 

(pg/mL) 

Mean % 

bound 

Standard 

deviation 

S1 1000 24.9 4.06 

S2 500 35.6 1.01 

S3 250 41.9 5.75 

S4 125 56.3 2.20 

S5 62.5 61.6 0.17 

S6 31.25 69.7 6.94 

S7 15.6 89.0 5.75 

 

3.3. Preparations and characterizations of oxytocin formulations: 

3.3.1. Methods: 

3.3.1.1. Preparation of oxytocin formulations: 

3.3.1.1.1. Preparation of oxytocin in BH: 

For oxytocin in BH, a 10 % (w/v) BH from either an HY strain of transmissible mink encephalopathy agent 

-infected hamster (containing a 109.3 intracerebral [i.c.] 50% lethal dose [LD50]/g) or an uninfected 

hamster was used.83 This crude hamster brains were diluted to a 10 % w/v suspension in Dulbecco’s 

phosphate buffered saline (DPBS), homogenized using glass homogenizer was used as BH. 

A 2 mg oxytocin vial was reconstituted up to 0.9 mL normal saline. 150 µL of this solution was taken and 

diluted with 300 µL BH to make the final solution. This solution was stirred at low temperature to avoid 

degradation of oxytocin. 

3.3.1.1.2. Preparation of oxytocin in normal saline solution:  

Normal saline was made by making a 0.9 % NaCl (MW: 58.44) solution in deionized or distilled water in a 

clean container. A 2 mg oxytocin vial was reconstituted up to 0.9 mL normal saline. 150 µL of this solution 
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was taken and diluted with 300 µL normal saline to make the solution. This solution was stirred at low 

temperature to avoid degradation of oxytocin. 

3.3.1.2. Characterizations of oxytocin formulations: 

3.3.1.2.1. Visual appearance: 

The formulations were inspected for their visual appearance. They were inspected for visual clarity, 

settling or occurrence of any precipitation.  

3.3.1.2.2. pH:  

pH measurements were done using a Beckman Coulter Φ™ 390 pH meter, manufactured by Beckman 

Coulter, Indiana, USA. Measurements of pH of the two formulations were carried out as per conventional 

standard procedures. 

3.3.1.2.3. Viscosity:  

Viscosity determination were performed on a TA instruments AR G-2 rheometer manufactured by TA 

instruments, USA. The data obtained was then processed using Rheology Advantage software that came 

along with the instrument. A cone and plate method was used as a rheological method for the 

determination of the viscosity of the two formulations. The cone had a 40 mm diameter, 2°00’18” angle, 

and was positioned to have a 53µ truncation gap. Viscosity was only measured once per sample (n=1). 

3.3.2. Results and Discussion: 

3.3.2.1. Characterizations of oxytocin formulations: 

3.3.2.1.1. Visual appearance: 

Both the formulations were inspected for their visual appearance for a period of one hour. No 

precipitation or settling was observed for any of the two solutions upon standing. Oxytocin in BH was a 

hazy solution because of the BH while oxytocin in normal saline was a clear solution because normal saline 

is a clear solution. 

3.3.2.1.2. pH:  
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Due to the limited amount of BH available, pH determinations of oxytocin in BH was done only once (n=1). 

Knowing that the BH that was received was a 10% w/v solution in Dulbecco’s phosphate buffered saline 

(DPBS), pH for oxytocin in BH was expected to be like the pH of DPBS. DPBS has a pH range of 6.9-7.9. The 

pH of oxytocin in BH formulation was observed to be 7.02 when measured on the pH meter. While for 

oxytocin in normal saline, the pH was observed to be 5.72 when measured on the pH meter.  

According to literature recommendations, a pH of 5-7 is the ideal pH for intranasal products. Thus the two 

formulations were within the ideal pH range for intranasal drug delivery. 

3.3.2.1.3. Viscosity:  

Viscosity of BH was selected as a variable that should be controlled for in order to make the normal saline 

and the BH suspension resemble each other as closely as possible. 

There was substantial variability in BH viscosities between samples. This can be because of the origin of 

BH. BH is a biological fluid and hence its properties may vary greatly between species and within the same 

species. 

Therefore, a relatively broad viscosity range of 1-9 cP was selected as the range in which the target 

formulation of oxytocin in BH and oxytocin in normal saline should fall to be comparable to the BH in 

terms of viscosity. 
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3.4.  In vivo biodistribution studies of the formulations in hamsters: 

Animal care: Procedures involving animals was preapproved by the Creighton University Institutional 

Animal Care and Use Committee and was carried out in accordance with the Guide for the Care and Use 

of Laboratory Animals. Male Syrian golden hamsters from Harlan Sprague Dawley (Indianapolis, IN) were 

group housed in standard cages with ad libitum access to food and water. There was a minimum of 1 week 

for acclimatization before the experiments were initiated. 

3.4.1. Methods: 

i. Inhalation via NC: Extranasal inoculations were performed as described previously.82,83 Hamsters will 

be anesthetized with isoflurane (Webster Veterinary, Kansas City, MO) placed supine, and 25ul of 

delivery matrix was placed below each nostril (total volume 50µl). The formulations were placed below 

the nostrils and immediately inhaled into the NC as hamsters are obligatory nose breathers. Extranasal 

inoculation prevents the possibility of damage to the fragile nasal mucosa of the NCs that can occur if 

anything is placed inside the nostril. Delivery matrices were prepared to have physiologically 

acceptable pH values (~6.8-7.4), viscosities (4-9cP), and surface tensions (40-50 mN/m).  

ii. Tissue collection: Based on the results of various previous studies carried out by Kincaid et al., a survival 

time point of 30 minutes was determined to be optimal for both observations of transport and 

detection in blood. 82,83   

Animals were reanesthetized 30 minutes after inoculation.  The thorax was opened, and 1-2 ml of 

blood was collected from the heart using a heparinized syringe and placed on ice. Blood was collected 

from the heart and animals were perfused with fixative 30 minutes after inhalation of drug/carrier. 

A 2mg oxytocin vial was reconstituted up to 0.9mL normal saline. 150 µL of this solution was taken and 

diluted with 300µL each of normal saline and BH respectively to make the solution for the two treatment 

groups. The samples were red tinged to dark red. They were evaporated to dryness with nitrogen and 
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were frozen for storage until further analysis. Before extraction and quantification, the samples were 

removed and allowed to come to room temperature. This study had treatment group as follows: 

Treatment group 1: Oxytocin in Normal Saline (n=5) 

Treatment group 2: Oxytocin in BH (n=5) 

3.4.1.1. Histological characterizations of nasal cavities: Using the hard palate for orientation, the NC was 

excised between the posterior edge of the incisors and the anterior edge of the seventh palatal ridge, a 

length of 10-12 mm. Skulls were removed and placed into decalcifying solution for 2 weeks (1 change of 

solution). Nasal cavities cut into 3 blocks (4-5 mm thick), put into cassettes and embedded in paraffin. 

Serial sections (10 µm) of the NCs were cut with a rotary microtome and mounted onto glass slides. To 

establish the time and location of NC trans-epithelial transport tissue sections not further than 100 µm 

apart (every 10th slide) was cleared, dehydrated, and stained with hematoxylin and eosin (H&E) for general 

tissue morphology. Slides containing tissue sections adjacent to where the inhaled formulation can be 

seen embedded in the nasal mucosa or inside the lumen of lymphatics were examined by 

immunohistochemistry. Tissue sections were analyzed using an Olympus BX 40 light microscope for bright 

field analysis. Paracellular transport events were photographed and noted for each animal. 

For the sections of NCs of the animals dosed with formulations containing BH, immunohistochemistry 

protocol for staining GFAP was carried out. All the steps such as deparaffinization, blocking endogenous 

peroxidases, blocking non-specific antibody binding, addition of primary antibody, secondary antibody 

and the avidin- biotin complex followed by the DAB chromogen reaction and H&E staining were 

appropriately carried out. 

3.4.1.2. Quantification of oxytocin from blood:  

For extraction, the dried and frozen samples were thawed and allowed to come to room temperature. 

The following extraction protocol was then followed for complete extraction of the drug from the samples. 

3.4.1.2.1. Extraction of oxytocin from blood samples: 
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For a 200 mg C18 column, a volume of 0.1 mL was used. An equal volume of 0.1% trifluoroacetic acid (TFA) 

in water (TFA-H2O) was added to the sample. This was then centrifuged at 17000 x g for 15 minutes at 4 

°C to clarify and the supernatant was saved. A 200 mg C18 Sep-Pak column was equilibrated with 1 ml of 

acetonitrile. This was followed by equilibration with 10-25 mL of 0.1% TFA-H2O. The supernatant was 

applied to the Sep-Pak column and washed with 10-20 mL of 0.1 % TFA-H2O. Wash was discarded. The 

sample was slowly eluted (gravity-fed) by applying 3 mL of a solution comprising of 95 % acetonitrile/5 % 

of 0.1 % TFA-H2O. This elution was then collected in a plastic tube. It was evaporated to dryness under 

nitrogen gas and stored at -20 °C. It was reconstituted with Assay Buffer and measured immediately. 

Figure 22 represents a schematic representation of the extraction protocol discussed above. 

 

Figure 28: Extraction protocol by a C18 Sep-Pak column using a mixture of ACN and TFA as the extracting 

solvents for extraction of oxytocin from blood samples of animals taken 30 minutes after administration 

of the sample nasally.113 

3.4.1.2.2. Evaluation of drug content: 

After extraction of oxytocin from the blood samples, Oxytocin-ELISA was carried out to determine the 

amount of drug present in each sample. Oxytocin-ELISA was carried out as described in section 3.1.1.2. 
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3.4.2. Results and Discussion: 

3.4.2.1. Histological characterizations of nasal cavities 

Only the nasal cavities of animals administered oxytocin in BH were analyzed for their histological 

characterizations. The NC was sectioned at regular intervals.  The sections were analyzed for presence of 

inoculum either in the airspace outside or contacting mucosa or within the lymphatic vessels in the 

lamina propria. Any inoculum traversing the mucosa was also looked for.  

It was observed that the inoculum was found in at least one of the sections in the nasal cavities of all the 

animals. This suggested us that the technique worked in terms of detecting the inhaled inoculum. As 

indicated in Table 21, from the nasal cavities of five hamsters who were administered with the 

formulation, we could see the inoculum to be present in all five NC. The inoculum was also seen inside 

the cavity of a lymphatic vessel for 4/5 NC. However, we could not see the inoculum while it was traversing 

the nasal mucosa. But since we could see it in the cavity, we could conclude that the formulation reached 

the cavity of lymphatic vessels from the lamina propria.  

Thus, from the histological studies, the authors suggested that the formulations after reaching the lamina 

propria via paracellular transport from the nasal passage, could reach the cavity of lymphatic vessels in 

the lamina propria. 

Table 20: Histological analysis of nasal cavities after inhalation of drugs 

 
Oxytocin & BH 

(n=5) 
Number of 

tissue 
sections 

examined 

Inoculum in 
airspace or 
contacting 

mucosa 

Inoculum 
traversing 

mucosa 

Inoculum within 
lymphatic vessels 
of lamina propria 

PS 35 50 Yes No Yes 
PS 36 44 Yes No Yes 
PS 37 47 Yes No No 
PS 38 42 Yes No Yes 
PS 39 54 Yes No Yes 
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Figure 29: Histological analysis of nasal cavities after inhalation of oxytocin in BH formulation. Left image 

(A) shows the inoculum in the airspace or contacting mucosa and right image (B) shows the inoculum 

within the lumen of a lymphatic vessel of lamina propria.  In the Figure the * indicates airspace or 

contacting mucosa and ^ indicates inoculum inside the lumen of a lymphatic vessel of lamina propria. 

 

3.4.2.2. Evaluation of drug content: 

In vivo biodistribution studies after intranasal administration of oxytocin to hamsters showed presence of 

about 1744.5 ± 571.4 and 1895.2 ± 462.6 pg/mL of oxytocin in the blood after 30 minutes of administration 

of oxytocin in BH and oxytocin in normal saline respectively. However, t-test showed that there was no 

significant difference between the oxytocin concentrations in the blood samples of test animals in both 

the groups. 

Table 20: Total oxytocin concentration (ng/mL) determined by oxytocin-ELISA assay in blood samples of 

animals taken 30 minutes after administration of the sample nasally. 

Group Well Oxytocin 

concentration 

(pg/mL) 

Mean 

% 

bound 

Average 

oxytocin 

concentration 

(pg/mL) 

Standard 

deviation 

% RSD t-test 

P30 2.2239 12.7 1.8952 0.4626144 24.4% 0.65903 
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Oxytocin in 

Saline 

P31 1.2482 21.0 P > 0.05 

P32 1.8539 15.2 

P33 2.4376 11.3 

P34 1.7123 16.3 

Oxytocin in BH 

P35 2.3460 11.8 

1.7445 0.5714556 32.8% 

P36 1.2718 20.8 

P37 1.0409 23.7 

P38 1.8579 15.3 

P39 2.2062 12.8 

 

Thus, the in vivo biodistribution studies lead us to conclude that there is no significant difference between 

the formulations of the oxytocin with regards to transport across the nasal epithelium following 

inhalation. Having said that, by the detection of drug in blood, the authors could conclude the transport 

of formulations from lymphatic vessels to the blood vessels, i.e. systemic circulation. 
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3.5. Summary: 

Oxytocin formulations were successfully prepared and characterized by techniques such as pH, viscosity 

and visual evaluations. No precipitation or settling was observed for any of the two solutions upon 

standing by visual evaluations. This suggested physical stability for the formulations. The formulations 

were within the ideal pH range for intranasal drug delivery (pH: 5-7). In case of viscosity, a relatively broad 

viscosity range of 1-9 cP was selected as the range in which the target formulation of oxytocin in BH and 

oxytocin in normal saline should fall to be comparable to the BH in terms of viscosity. 

Histological characterizations suggested that BH mixed with oxytocin was detected in the airspace or on 

the nasal mucosa of all animals.  It was detected inside the lumen of lymphatics in 4/5 animals that inhaled 

the DBM/BH mixture. Since we could see the inoculum inside lymphatic vessels it suggested that the 

formulation went across the mucosa. This leads to the conclusion that the formulation could pass from 

the lamina propria till the cavity of lymphatic vessels. 

In vivo biodistribution studies after intranasal administration of oxytocin to hamsters showed presence of 

about 1.744 ± 0.571 and 1.895 ± 0.463 ng/mL of oxytocin in the blood after 30 minutes of administration. 

However, t-test showed that there was no significant difference between the oxytocin concentrations in 

the blood samples of test animals in both the groups. This proved that the drug could pass from the 

lymphatic vessels and reach the systemic circulation within 30 minutes of intranasal administration. 
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4.1. Conclusions 

Intranasal drug delivery for two model drugs, DBM and oxytocin was studied successfully. Both the drugs 

were formulated differently and administered into the NC to gain insights into its delivery. Firstly, a 

sensitive UPLC method was successfully developed and validated as per USP guidelines for the detection 

of DBM. DBM was observed to elute at 1.24 minutes while the IS, benzophenone was seen to elute at 

0.74 minutes, thus showing a good separation and resolution. 

DBM loaded nanoparticles were successfully prepared and characterized. DBM formulations in BH, HPMC 

polymer solution and as drug loaded nanoparticles were successfully prepared and characterized using 

various techniques. DBM in BH and HPMC polymeric suspension were characterized for crystallinity, and 

stability. Both the formulations were stable with DBM being molecularly dispersed into the matrix. For 

DBM loaded nanoparticles, particle size smaller than 250 nm was obtained and was stable in solution state 

till 14 days. Polydispersity index confirmed uniformity of the particles while thermal analysis showed 

particles were thermostable till 170 ˚C and that DBM was molecularly dispersed in the matrix. XRD results 

indicated no sharp peaks which confirmed the amorphous nature of particles and SEM images confirmed 

porous morphology, large surface area and the particle size of the nanoparticles. Mucin binding study 

suggested the mucoadhesive property of the formulation as compared to the pure drug solution. 

Entrapment efficiency was found to be 86.45 ± 0.65 % and drug loading was 9.280 ± 0.54 %. Drug release 

studies gave more insights into the release mechanism of the drug. About 95.80±1.0 % DBM was released 

in 92 hours. 

In vitro cellular uptake studies in Calu-3 cells culture indicated no significant amount of drug uptake up to 

6 hours of incubation which suggested its paracellular transport to the lamina propria. Histological 

characterizations of the nasal cavities indicated that BH mixed with DBM was detected in the airspace or 

on the nasal mucosa of all animals.  It was detected inside the lumen of lymphatics in 2/4 animals that 

inhaled the DBM/BH mixture thus confirming its transport to the lymphatic vessels. In vivo biodistribution 
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studies indicated no DBM present in the blood of animals that were administered DBM in BH formulation 

whereas showed about 40.77 ± 4.93 and 44.44 ± 5.36 ng/mL of DBM in HPMC suspension and DBM loaded 

nanoparticles respectively thus confirming its transport to the systemic circulation. Again, t-test showed 

that there was no significant difference between the DBM concentrations in the blood samples of test 

animals in both the groups. 

Similarly, oxytocin formulations were also successfully prepared and characterized by techniques such as 

pH, viscosity and visual evaluations. Again, BH mixed with oxytocin was detected in the airspace or on the 

nasal mucosa of all animals.  It was detected inside the lumen of lymphatics in 4/5 animals that inhaled 

the DBM/BH mixture. There did not appear to be a difference between the ability of the drug/BH mixtures 

to cross the nasal mucosa following inhalation. There were no examples of drug/BH embedded in, or 

spanning, the nasal mucosal epithelium. In vivo biodistribution studies after intranasal administration of 

oxytocin to hamsters showed presence of about 1.74 ± 0.57 and 1.89 ± 0.46 ng/mL of oxytocin in the 

blood after 30 minutes of administration. However, t-test showed that there was no significant difference 

between the oxytocin concentrations in the blood samples of test animals in both the groups.  

Thus, overall the in vitro characterizations and in vivo biodistribution studies lead us to conclude that 

there is a substantial difference between the formulations of the two drugs for transport across the nasal 

epithelium following inhalation. Having said that, the detected levels of DBM formulations were lower 

than we would expect if taken orally, while that for oxytocin formulations were higher. DBM is a small 

molecular weight hydrophobic molecule and has many formulations related difficulties that further might 

need to be addressed. On the other hand, oxytocin is a peptide and cannot be administered orally because 

of its rapid degradation and elimination in the GIT. The in vitro cellular studies confirmed paracellular 

transport of drugs to the lamina propria, histological studies confirmed its transport to the cavity of 

lymphatic vessels while detection of the drug in the blood confirmed their transport to the blood vessels 

and thus into the systemic circulation. This study gave more insights into the drug transport mechanism 
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from the nasal cavity through the lamina propria till the systemic circulation for both drugs. This study 

confirmed that intranasal drug delivery system could offer a promising noninvasive approach for potential 

drugs. 
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4.2. Global Impact 

Over the last decade, a great deal of attention has been received by the possibility that intranasal drug 

delivery might be useful. It has been recognized to be a useful and reliable alternative to oral and 

parenteral routes.80,81.89 The nasal route has been proved to be useful for the administration of a large 

number of potent drugs with different formulation and drug delivery related problems.81 In general, 

compounds having poor stability in the GIT and ones that undergo rapid extensive first-pass metabolism, 

such as peptide and proteins are the primary targets for drug delivery via intranasal route.89 Various small 

molecules such as Diazepam, amphetamine, cocaine, as well as peptides such as insulin, beta-endorphin 

have successfully circumvented the obstacles of BBB.90-92 These drugs have been delivered to the CNS with 

a comparatively higher bioavailability via this route of administration. 81,89 Nanotechnology for various 

poorly water-soluble drugs allow them to bypass the BBB and be absorbed in the brain blood capillaries 

for efficiently. 

Lot of research studies are currently being carried out to develop a good and robust basis to prove the 

transport via this route. This study has provided with more insights about two model drugs, one being a 

peptide and the other being a small hydrophobic molecule. Various formulations developed for these 

potent drugs will impact its further formulation development in many ways. 

This study is a step towards providing a better life for the patients who suffer from CNS related diseases 

by making the drug available at the target in required quantities. If the nasal route plays in crucial role in 

the transport of various potent drugs more effectively, this study will have an impact on understanding 

the delivery of two different types of drugs and various aspects pertaining to their formulation 

development.  
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4.3. Future Directions 

The present study involved formulations of a single drug entity. In future studies, more than one potent 

drugs can be loaded into the same system and studied for the drug transport across NC. A different 

polymer matrix can be investigated with the aim of sustaining the drug release out of the system or aid in 

the transport across the NC. The system can also be modified with the use of a different surfactant so that 

the percent entrapment of DBM could be increased even more. 

This system could be tested for its in vitro efficacy on some other cell lines that would mimic the NC as 

well. The poor uptake of DBM can be investigated further by determining the transport mechanisms that 

can be involved in this case. Not just different cell lines but also different time for treatment of the 

formulations and different concentration/ amounts of drug can be tested for their cellular uptake. 

Similar in vivo studies on hamsters can be carried out with different time intervals and different dose. 

Blood samples in this study were carried out at a single time, i.e. 30 minutes. This can be continued for a 

longer time and samples can be taken at 1hour, 3 hours, 6 hours, etc. This can give us a better idea about 

the actual pharmacokinetic profile of the drug into the body after intranasal administration.  

A fluorescent marker drug or dye can be used in the system which can track the drug transport. This can 

also help give a clearer picture about the drug transport. If the drug emits fluorescence, more experiments 

such as confocal microscopy can be carried out. The brain from the hamsters can be analyzed in order to 

find out the concentration of drugs present in the brain. This can give a complete idea about the drug 

transport from the NC to the brain. 

In this study, a lot of experiments were carried out that could give insights about the drug formulations 

and drug transport, however studies based on the activity of drug at the target site should be carried out. 

The activity of the drug to successfully treat the specified condition should be evaluated. 
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