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ABSTRACT 

Since the 1980s, there continues to be reports investigating potential routes for the delivery 

of compounds to the brain after instillation in the nasal cavity. The exact mechanism(s) by 

which compound translocation from the nose to the brain occurs are unknown.  Several 

hypothesized pathways for compound transport have been proposed and include movement 

through various nerves in the nasal cavity, the nasal vasculature, or the nasal lymphatic 

system. However, intercellular transport of large volumes of intranasally instilled inoculum 

between nasal epithelial cells has been recently reported in hamsters. Intercellular transport 

in the nose could potentially be used for the non-invasive delivery of drugs to the brain. 

This thesis looks at the possibility of intercellular transport across the nasal mucosa for the 

purpose of drug delivery to the brain.  

Two liquids were formulated that contained a visual probe suspended in either crude brain 

homogenate (BH) or a dilute polymer solution. Visual probe suspensions were 

characterized for the particle size distribution of the visual probe, suspension viscosity, and 

surface tension.  Suspensions were instilled into the noses of hamsters and compared for 

intercellular transport and biodistribution of the visual probe. Visual probe transport was 

evaluated in animal groups at 15 and 30 min after inhalation and compared to uninoculated 

controls and in control animals that received brain homogenate without visual probe. 

Organs were collected and evaluated for the presence of the visual probe using a validated 

analytical method using ultra-high pressure chromatography (UPLC). BH-visual probe 

given to animals that were sacrificed 15 min after inhalation showed intercellular transport 

between the epithelial cells. BH-curcumin was also found in the lymph vessels of one of 

the animal that received BH-visual probe suspension and was sacrificed 15 min after 
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inhalation. There was no visual probe detected in any organ 30 min after inhalation of any 

formulations. 
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Chapter 1 

The nose and the nasal pathways for drug delivery  
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1.1 Introduction 

Drug delivery to the nose is conventionally utilized for topical treatment of nasal conditions 

(1–3).  The nasal route of drug administration is also used for the administration of potent 

medications such as hormones, peptides, benzodiazepines, as well as medications for 

treating migraine and cluster headaches (3–12). Nasal drug delivery is non-invasive and 

avoids first pass metabolism (3,13–16). The systemic distribution of drugs from the nose 

is thought to be facilitated by the relatively large surface area of the nasal cavity, the 

presence of relatively thin epithelial layers, the rich vasculature and high blood flow, and 

the presence of a number of lymphatic vessels in the nasal cavity (11,13,16,17). However, 

the transport mechanisms used by drugs to cross the epithelium are not known for most 

drugs. As the systemic absorption is limited, potent drugs are preferentially administered 

via this route. Typically, drugs in the nanomolar range are considered to be best delivered 

through the nasal route of administration (16,18). Nasal physiology, including  (clearance 

mechanisms, interpatient variability and small dose volumes that can be applied also lead 

to variable absorption resulting in inconsistent bioavailability (16,17,19,20).  Despite these 

limitations, several drugs, including large molecules such as the peptides and proteins, have 

been systemically delivered by this route (21).  

1.2 Factors affecting absorption from the nasal cavity 

1.2.1 Particle size 

Particle size plays an important role in the deposition pattern of drug formulations 

administered intranasally through a device and can dictate whether the drug will be 

effectively delivered in the nasal cavity (22). Larger particles tend to move to the posterior 

part of the nasal cavity whereas the smaller particles tend to stay in the anterior part of the 
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cavity (23). Particles in the narrow size range of 3-5 μm tend to travel to the lungs and are 

not likely to stay in the nasal cavity (22). The particle size is also dependent on the thickness 

of the polymer coating on the drug particles which essentially increase the particle size of 

the formulation (24) As a general rule, particles deposited at the anterior portion of the 

nasal cavity will be cleared by dissolution and taken up by the vasculature whereas the 

particles deposited in the posterior region will usually get cleared by the mucociliary 

clearance mechanism (13,23). Use of computational methods may be employed while 

assessing the possible deposition profile for any intranasal formulation (23). The use of 

methylcellulose as a polymer in one of the studies showed a dose dependent increase in the 

particle size with an increase in the polymer concentration and an inverse correlation 

between retention and the concentration of polymer (25).  

1.2.2 Viscosity 

Besides particle size, a parameter of importance is the use of polymers in formulations 

involving suspending drug in a polymer matrix. Since many liquid and particulate delivery 

systems contain one or more polymers, the properties of the polymer(s) greatly affects the 

drug deposition and retention in the nasal cavity (26). Improved residence and contact time 

of the drug formulation with the nasal epithelium have been reported to be critical factors 

to improve drug absorption. An increase in residence time can be brought about by 

inhibiting the mucociliary clearance from the nasal epithelium, as well as by localizing the 

spread of the formulation on the epithelium. Increasing the viscosity of the formulation 

delivered on the epithelium will allow it to be more localized and reduce the spread. 

Polymers have been used as viscosity modifiers and are effective in improving the 

residence time of the formulation on the nasal epithelium (24). There is a direct correlation 
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between viscosity and in vivo absorption of drug (27). The use of polymers as carriers for 

the delivery of drugs to the nasal mucosa may serve to enhance drug absorption by 

increasing the contact time between the formulation and the mucosal layer. The use of 

microcrystalline cellulose as a carrier for drugs delivered to the nasal mucosa enhanced the 

absorption by absorbing the water around the formulation, thereby locally increasing the 

concentration of the drug. The use of high concentrations of hydroxypropyl cellulose 

(HPC) has been shown to enhance the absorption of the drug contained within the dosage 

form (28). However, HPC was shown to improve the absorption of low molecular weight 

peptides while having no effect on high molecular weight peptides (29). In a yet another 

study, the absorption  was enhanced at moderate concentrations of dextran while it was 

diminished at higher concentrations (30). Therefore, higher concentration of polymers in a 

formulation may inhibit the absorption. Hence, it is necessary to evaluate the effect of the 

polymer on the absorption at the concentration in question. Also, increasing viscosity may 

hamper the natural mucociliary clearance mechanism of the nose and thereby cause other 

adverse effects.  

1.2.3 Molecular size and lipophilicity of the molecule 

The transport of drugs across the nasal epithelium is sensitive to molecular size. Molecules 

bigger than 300 Da do not tend to cross the epithelial barrier as effectively as smaller 

molecules (31). Also, at molecular sizes under 300 Da, drug absorption seems to be more 

affected by factors such as the physicochemical properties of the molecule but is 

predominately a function of molecular size (31). While the nasal mucosal surface is 

essentially hydrophilic, the seemingly rapid and almost complete absorption of lipophilic 
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molecules across the mucosa leads us to believe that lipophilicity plays a crucial role in the 

absorption of molecules from the nasal mucosa (31,32). 

1.2.4 Formulation parameters 

Formulation excipients play an important role in drug deposition and may also aid in 

improving drug delivery in the nose. For example, some excipients are permeation 

enhancers that disrupt the integrity of the epithelial layer thereby allowing a comparatively 

free entry of the drug into the systemic circulation. Permeation enhancers may also increase 

the contact time of the formulation with the mucosal surface and enhance permeation. 

Various polymers and gelling agents as well as surfactants are used as permeation 

enhancers in nasal formulations (28,33–35). Use of lipid-based formulations with either 

nano-sized or micro-sized drug particles have also been beneficial in improving the 

absorption profile of drugs given intranasally (35–42). These typically enhance the 

bioavailability of the drug they are carrying which could be looked at as a direct result of 

reduced particle size as well as the presence of lipid carriers in some formulations.  

1.2.5 Other factors 

The highly developed network of vasculature in the nose makes it possible for drugs that 

are absorbed in the nasal cavity to be systemically distributed. Nasal absorption is often 

dependent on the blood flow and the changes at vascular levels in the nose. The 

parasympathetic nervous system and the sympathetic nervous system regulates changes in 

the nasal vasculature thereby causing nasal congestion or decongestion.  

The state of drug at the site of permeation also plays a very important role in its ability to 

cross a barrier. For example, the ionization state of a drug molecule affects the drug’s 
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ability to effectively pass through the nasal epithelium. The nasal mucosa has a pH of 5.5-

6.5 which can affect the ionization state of the molecule. Therefore, the nasal mucosal pH 

may enhance or suppress transepithelial drug transport in the nose (19,43).  

Molecules also need to be solubilized in the nasal mucosal fluid to traverse the epithelial 

barrier. The nasal mucosa is mainly hydrophilic in nature and the transport of molecules 

would therefore be expected to vary directly with the solubility of the molecule in water 

(43). In some instances, prodrugs with higher aqueous solubility than the parent drug have 

been found to improve drug absorption in the nose (44).   

1.3 The nasal cavity 

The nose is a prominent anatomic structure on the face helps in breathing and olfaction. 

The upper part of the buccal cavity forms the floor of the nasal cavity. The nose has three 

pairs of bones and is very vascular in that three branches of the internal and external carotid 

arteries supply the nose. The nasal cavity opens posteriorly into the pharynx by an opening 

named the choana, while it opens to the outside in the form of nares or the nostrils. The 

length of the human nasal cavity is approximately 12-14 cm with a surface area of 160 cm2. 

The nose has two nasal cavities separated by a cartilaginous/bony wall called the nasal 

septum. Internally, the nasal cavity is divided into three main regions- the vestibule, the 

respiratory and the olfactory regions (Figure 1). 
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The nasal vestibule is covered with stratified squamous epithelium and has a surface area 

of 0.6cm2. The nasal vestibule has thick hair called vibrissae that are analogous in structure 

to the whiskers found in many rodents. The upper chamber of the nose consists of bony 

elements called the turbinates or the conchae. The inferior, medial and the superior 

turbinates are on each side of the nasal cavity. The turbinates act to increase the surface 

area of the nasal mucosa to enable proper humidification and warming of air entering the 

nose. On each side of the nasal cavity are a series of air filled cavities within the skull called 

the paranasal sinuses.  

Figure 1: The anatomy of the human nose (Netter’s anatomy, 2nd edition) 
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1.3.1 The olfactory mucosa (45)  

The olfactory mucosa is found just inferior to the cribriform plate of the skull and is 

approximately 7 cm above and behind the nostrils (46). It is supported by the nasal septum 

as well as the middle and the superior turbinates. It is principally made up of olfactory 

epithelial cells and covers a relatively small area in the human nose (~ 3-5% of the total 

area or about 4 cm2). This surface area is very small as compared to the surface area found 

in dogs (77% of the total area or 150 cm2) suggesting the extent of olfactory dependence. 

In addition to the olfactory epithelium, the olfactory mucosa also contains three types of 

cells- the olfactory neurons, the supporting cells (the sustentacular cells) and the basal cells. 

The basal cells are capable of differentiating into either the supporting cells (provide 

metabolic and physical support to the olfactory cells) or the olfactory neurons. The apex of 

the bipolar olfactory neurons is covered with non-motile cilia. The olfactory neurons 

congregate to form the olfactory nerve.  Since the olfactory neurons are not present in the 

normal airflow path through the nasal cavities, the sensation of smell depends upon the 

diffusability of inspired molecules to reach the olfactory neurons. 

        

 
Fig. 2: The distribution of olfactory epithelium in the human nose (the blue region) (Netter’s 

anatomy 2nd edition) 
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Mucous secreting Bowman’s glands are located in the lamina propria and since the 

olfactory epithelium consists of non-motile cilia, the clearance mechanism isn’t as efficient 

as the respiratory epithelium. The mucous gradually moves into the back of the throat 

where the mucous is then ingested.  

1.3.2 The respiratory epithelium 

The respiratory epithelium is made up of four types of cells, namely, the ciliated and the 

non-ciliated columnar cells, the goblet cells and the basal cells. The ciliated cells are 

pseudostratified columnar epithelial cell. The goblet cells produce mucous that lines the 

respiratory epithelium. The mucous and the cilia present on the epithelium give rise to a 

mucociliary mechanism that constantly drives mucus and trapped particulate matter 

towards the pharynx. The cilia beat synchronously to propel the mucous and the trapped 

particulate matter towards the pharynx(20,45). The mucociliary clearance, therefore plays 

an important role in the contact time between the formulation and the nasal epithelium. 

The mucus in the nose also has a number of enzymes that help protect the nasal cavity from 

possible airborne pathogens. The presence of exopeptidases leads to the reduced 

availability of peptides after intranasal administration due to the ability of the peptidases 

to cleave the N- and C- terminals of the molecule. Endopeptidases in the nose possess the 

ability to inactivate the peptides by cleaving the internal peptide bonds (47). 

1.3.3 Nerve supply to the nose (48,49) 

The human nose is innervated by the olfactory nerve and branches from the trigeminal 

nerve. The olfactory nerves are present in the upper part of the nasal cavity within the 

olfactory mucosa and are responsible to carry sensory information (smell) to the olfactory 

bulb and then to the brain. The branches of the trigeminal nerve that innervate the nose 
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provide somatosensation. These branches are called anterior and posterior ethmoidal 

nerves. Another branch of the trigeminal nerve has the infraorbital nerve as its largest 

terminal branch that also acts as a somatosensory nerve. Posterior superior nasal nerves, 

branch off of the maxillary nerve and supply the mucosa of the superior and middle nasal 

conchae as well as the nasal septum. The inferior nasal concha is supplied with the greater 

palatine nerve which is also a branch of the maxillary division of the trigeminal nerve. 

                      

 

 

 

 

Figure 3: Nerve supply to the nose. (a) Medial branches supplying the septum; (b) Lateral 

branches supplying the conchae and the lateral walls. (48) 
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1.4 Nose to brain delivery 

Drug delivery to the brain following intranasal administration was proposed and initially 

described in the 1980’s and 1990’s.  Of particular interest was a report in 1997 by Frey et 

al that described central nervous system (CNS) distribution of radiolabeled nerve growth 

factor (125I-NGF) following intranasal delivery in male Sprague Dawley rats (50).  This is 

of particular interest because this appears to circumvent the blood brain barrier (BBB) that 

functions as a protective barrier to CNS distribution.  The presence of the BBB should 

prevent drug distribution into the CNS from the systemic circulation for most drugs 

(3,11,18,45,50,51).The blood-brain barrier (BBB) consists of tight junctions of brain 

capillaries that are surrounded by a layer of pericytes and basal membrane (i.e. basal 

lamina) (52,53). The BBB restricts completely the transport of almost all large molecules 

and about 98% of small molecule drugs are unable to get across the barrier (52). In recent 

years, the transport of drugs into the CNS by way of the nasal route has been continued to 

be reported for several drugs (1–4,9,10,18,28,32,33,37,54–67).  

1.5 Transport pathways across the nasal epithelium 

Typically, drug movement across the epithelium occurs by cellular internalization, 

transcellular transport, paracellular transport, or receptor mediated transcytosis. Cellular 

internalization (Figure 4a) involves the movement of a drug particle from the outer part of 

the cell membrane by a cascade of receptor mediated changes. The receptor mediated 

changes lead to the formation of a vesicle around the drug particle. Once inside, the drug 

particle is released into the cytoplasm. The main types of cellular internalizations are 

pinocytosis, micropinocytosis and phagocytosis. Transcellular transport (Figure 4b), on the 

other hand, goes beyond internalization. Once internalized, the drug particle is released 
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into the cytoplasm and is transported to the other side of the cell where it is expelled to the 

outside of the cell. Hydrophilic molecules that are unable to cross the cell barrier by going 

through the cell, utilize the spaces between the cells to get transported to the other side. 

This transport mechanism is called the paracellular transport (Figure 4c) and is principally 

utilized by hydrophilic drugs. Paracellular transport involves passage through the tight 

junctions between the epithelial cells. The junctions between the epithelial cells may also 

be leaky and have gaps that may permit the crossing over of compounds to the other side 

of the epithelia. The type of transport that a drug particle may utilize to cross the epithelium 

relies to a greater extent on the particle size, the surface charge, receptor affinity and 

particle shape (15). 

 

  

 

 

Nasally administered drugs typically utilize one or more of these transport mechanisms to 

reach the systemic circulation and exert its effects.  However, the exact mechanism(s) that 

facilitate drug distribution into the CNS following nasal administration have not been 

Figure 4: The transport mechanism across a typical epithelial barrier (A) Cellular 

internalization of drug into cell via endocytosis; (B) transcellular transport of drug 

between cells through the tight junctions; (D) receptor mediated transcytosis. Figure 

taken from (15) 
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identified.  Four generally accepted transport processes have been proposed and include: 

1) the olfactory nerve pathway, 2) the trigeminal nerve pathway,  3) the vascular pathway 

and 4) pathways involving the CSF and the lymphatics (11,16,45,68,69). 

1.5.1 The olfactory nerve pathway 

The olfactory nerve pathway is believed to be instrumental in transporting drugs from the 

nasal cavity directly to the CNS. Mathison et. al. proposed two mechanisms in which this 

transport may be possible: the olfactory epithelium pathway and the olfactory nerve 

pathway. The olfactory epithelium pathway suggests the possibility of transport of 

molecules by either entering through the supporting cells or the Bowman’s glands,  

followed by distribution in the intercellular fluid surrounding the olfactory nerve (69). 

Following nasal administration of fluorescein dextran, concentrations were analyzed in the 

olfactory bulbs and the nasal cavity and were found to be directly transported to the 

olfactory bulbs within 15 min of administration (70). The olfactory nerve pathway involves 

the transport of a molecule through the axons of the olfactory nerves. The olfactory nerves 

are bipolar neurons that convey the sense of smell to the brain (11,45). Present in the upper 

portion of the nasal passage, the axons of olfactory neurons are protected by the overlying 

olfactory receptor neurons. There is evidence that olfactory receptor neurons are shed every 

3-4 weeks due to constant exposure to toxins. The shedding creates a gap, which may be 

considered as a leaky junction that is unprotected and may thus promote transport across 

the nasal passage (11).  

While the olfactory nerve pathway has been thought to act by transporting drug either 

paracellularly or by transcytosis (45), there are no reports that describe the mechanisms of 

drug transport by the olfactory nerves. The most compelling evidence is that drug has 
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frequently been found in the olfactory bulb after intranasal drug delivery. Another 

supporting principle for the olfactory nerve pathway as a route to deliver drugs to the brain 

is the ability of many neurotropic viruses to reach the brain after peripheral inoculation, 

possibly through the nerves (69).  

1.5.2 The trigeminal nerve pathway 

The trigeminal nerve is associated with conveying somatosensory information from the 

face and motor innervation to the muscles of mastication via its three branches: the 

ophthalmic, the maxillary and the mandibular nerves. Thorne et al reported that insulin like 

growth factor (IGF-I) can be delivered to the CNS via the trigeminal pathway by measuring 

the radioactivity of the compound which was found to be the maximum in the trigeminal 

nerve branches, trigeminal ganglion and pons within 30 min of intranasal administration. 

The concentration was many fold higher than when the IGF-I was given intravenously to 

rats (67). Another study by the same group showed that interferon-β was transported  via 

the trigeminal nerves after intranasal administration to monkeys (71) and rats (72). The 

presence of drug in the trigeminal nerve branches as stated above, provides evidence to 

support the transport of drugs across the trigeminal nerve pathway.  

1.5.3 The vascular pathway 

Branches of the carotid artery- the maxillary, the ophthalmic and the facial arteries supply 

blood to the nasal mucosa. The relative density of blood vessels under the mucosa is higher 

in the respiratory mucosa region than the olfactory mucosa increasing the likelihood of 

absorption occurring in the respiratory region rather than the olfactory region. Under the 

respiratory mucosa are present both continuous and fenestrated capillary endothelia that 

make the transport of molecules of varying sizes possible (11). The fenestrations may serve 
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as ports for drug molecules to enter into the vasculature. Molecules may also enter the 

systemic circulation by being absorbed by the arteriovenous anastomoses and eventually 

getting delivered to the CNS (51). There may also be a possibility of drugs entering the 

systemic circulation through absorption into the venous blood supply and then transferring 

to the carotid artery followed by afferent movement to the brain and spinal cord (11,73).  

1.6 Is ‘intercellular’ drug transport a possibility? 

The lamina propria of the nasal cavity has prominent lymphatic vessels that drain the 

vestibule end to the submandibular lymph nodes while the rest of the nasal cavity drains to 

the upper deep cervical nodes. Lymphatic capillaries are among the leakiest of any vessel 

due to the presence of gaps between the adjacent cells that merely overlap each other 

(74)(Figure 5) and the presence of gaps or openings allow the leakage of fluid and drug 

into the lumen of these lymph vessels (75). However, only recently have reports described 

a possibility mechanism that may allow for gross transport of matter across the nasal 

mucosa through lymph vessels. 
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Specifically,  Kincaid et al emphasized the possibility of the vascular pathway serving as a 

major route for transport to the CNS following intranasal inoculation in the transmission 

of prion diseases in animals (76). Prion (derived from proteinaceous infectious only) 

diseases are a group of self-propagating neurodegenerative disorder caused by the 

misfolding in the conformation of a native mammalian protein (77–80). This group of 

disease infects both humans (Creutzfeldt-Jakob disease, Gerstmann-Straussler-Scheinker, 

and kuru) and animals (bovine spongiform encephalopathy, chronic wasting disease and 

scrapie). The disease etiology may be sporadic, hereditary or infectious and progression 

requires the presence of an intermediary organ carrying the normal protein which gets 

misfolded post transcription following contact with the infectious isoform (81,82). The 

lymphoid tissues act as hubs of misfolding wherein the normal prion proteins are not only 

Figure 5: (Left) Schematic diagram of a lymph vessel; (Right) drainage of lymph 

from the nasal cavity (75) 
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converted into their misfolded infectious types but also replicate (83). Following systemic 

distribution, the misfolded infectious proteins get carried to the CNS where they cause 

neuronal death (82). While exploring the nasal route as a means of spread for prion 

diseases, Kincaid et al administered a small amounts of brain homogenate (BH) infected 

with prions intranasally to hamsters.  

 

 

 

 

After using immunohistochemistry (IHC) treatment on the nasal cavity sections, BH was 

found to be present between the nasal mucosal cells (Figure 6).  

Figure 6: Transport of brain homogenate between the nasal mucosal cells following 

intranasal administration (99) 

RE: Respiratory Epithelium; OE: Olfactory Epithelium; ly: lymph vessel; n: nerve fascicles 
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Infected BH moved past the epithelium into the nasal associated lymphoid tissue (NALT- 

part of mucosa associated lymphoid tissue), and further drained into the submandibular and 

cervical lymph nodes, which seems to point towards a possible mechanism by which 

materials can be transported into the lymph vessels. This finding was particularly 

interesting as in almost all of the animals sacrificed after the 4 week time point, infected 

BH was detected in the NALT, the submandibular and the cervical lymph nodes (76). This 

is much faster than any previous reports of accumulation in the peripheral tissues. Based 

on this study, the authors postulated that the infected BH may have spread to the CNS via 

unknown routes from the NALT. Figure 7 shows the accumulation of BH at various time 

points in the NALT of hamsters. 

 

 

 

In 2012, Kincaid et al, generated results that strongly point towards transport of BH across 

the nasal epithelium in large quantities. This transport was found to be across the olfactory, 

Figure 7: The deposition of infection causing prions in the NALT of hamsters (A) 4 

weeks, (B) 10 weeks; (C) 16 weeks and (D) 22 weeks post infection. The prions were 

detected immunohistochemically. Scale bars- 50 μm. (76) 
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respiratory and the follicle associated epithelium in hamsters (84). This epithelial transport 

was rapid and they were able to detect the BH within the lumen of lymphatic vessels as 

early as 5 min after inhalation. BH was still reported in the lymphatics up to 60 min after 

inhalation, (84). This was true for both uninfected BH as well as BH infected with prion 

disease (Figure 8). Report of matter crossing into the NALT has been reported in literature 

where fluorescein dextran was found to enter the NALT but was undetectable in the lymph 

vessels (70). 

 

 

 

The presence of BH between the cells of the nasal mucosa as well as within the lymphatics 

soon after inhalation may be due to the presence of some alternative mechanism that allows 

Figure 8: Infected BH (A and D) as well as uninfected BH (C and D) was located inside 

the lymph vessels of the lamina propria of the nasal cavity. The arrows indicate the 

presence of BH within the lymphatics. (84) 

(A and B): 5 min after inhalation; (B and C): 60 min after inhalation. Scale bars: 50 µm.  
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for the bulk transport of brain homogenate. A few reports in the literature mention the 

presence of spaces between cells that may be formed as a result of the constant shedding 

and turnover of cells which is due to the natural regeneration process (11,14,51). These 

reports, however, talk exclusively about the regeneration process that takes place in the 

olfactory nerve receptors. In fact, epithelium shedding in the mammalian intestine has been 

studied and reported in literature (85–87). A similar process might be taking place in the 

nasal epithelium, given the nature of the epithelial cells. However, BH might have some 

properties (like being a biological fluid) that may confer on it the ability to rapidly convey 

the material suspended in it.   

1.7 Objective of this thesis 

A preliminary study suspended India Ink in viscous gels and qualitatively suggested gross 

matter movement could occur (Figure 9) by intercellular movement through gaps in the 

epithelium due to cell shedding independent of BH. However, the visualization of India 

Ink was poor and prompted the need to improve the carrier system and visualization 

properties.  This thesis tested the hypothesis that the in vivo transport of a visual marker is 

similar when administered to hamsters as intranasal suspension in a polymer solution 

versus brain homogenate.  
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In order to test the hypothesis, the viscosity and surface tension of BH were characterized. 

A straightforward formulation and characterization of BH-visual probe and polymer-visual 

probe suspensions was performed. Suspensions were then intranasally administered in 

hamsters followed by the quantitative evaluation of probe concentrations in organs/tissues 

and qualitative analysis of visual probe in the nasal epithelium. 

Specifically, this hypothesis was tested using a polymer-visual probe system that had 

similar solution viscosity and surface tension as well as similar suspended particle size 

distributions comparable to the BH-visual probe system. The polymer and BH suspensions 

were then compared in vivo to evaluate the transport of a BH-visual probe suspension to 

that of a polymer-visual probe suspension. Qualitative (microscopic analysis of the visual 

probe) and quantitative (biodistribution of the visual probe) analyses helped us get some 

information about the unresolved transport across the nasal epithelium. The polymer 

system was selected as it showed similar transport across the epithelium and was found to 

be within the epithelium cells after intranasal administration (Figure 9) as well as it allowed 

us to closely match some of the physical properties to that of the BH as mentioned 

Figure 9: Transport of India ink mixed with polymers traversing across the epithelial cells. 

Polymer solutions indicated with an arrow were found to be between the epithelial cells after 

inhalation 
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previously. The visual probe used in this thesis is a naturally occurring polyphenol, an 

active constituent of the turmeric rhizome called curcumin. Curcumin served the purpose 

of acting as a marker with the help of which transport and biodistribution in animal organs 

after intranasal administration was studied. 
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Chapter 2 

In vitro characterization and intercellular transport and 

biodistribution in vivo of curcumin suspended in brain 

homogenate and polymer solution 
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2.1 In vitro characterization of curcumin loaded BH and polymer suspensions 

The human brain is principally composed of water (the most abundant) followed by lipids, 

proteins, carbohydrates, as well as organic and inorganic matter (88). While the values may 

differ for the brains of various species, the percent composition remains equivalent for most 

mammals (88). Inhaled BH, as discussed previously, has the ability to cross the nasal 

mucosa into the underlying lamina propria. However, since BH is not an optimal carrier 

for drugs, the objective of this thesis was to identify if a polymeric suspension with a 

similar viscosity, surface tension, and particle size would behave similarly to BH or 

whether BH has innate qualities or components that enable it to cross the nasal epithelium 

more proficiently than polymeric formulations. For this purposes, the BH was evaluated 

for its viscosity, surface tension and pH. As mentioned previously, viscosity and particle 

size are the two important factors that have been reported to affect the behavior of a 

formulation administered intranasally. The viscosity and surface tension were controlled 

by optimizing the carrier system and the particle size was kept limited to under 10 μm to 

test for the proposed intercellular transport mechanism. The formulation systems 

consisting of the visual probe in BH and the visual probe in the carrier system would then 

be suspended into the two formulations (BH suspension and the carrier suspension) and 

tested in vivo for transport across the epithelial layer as well as in vitro for biodistribution.    

2.1.1 In-vitro characterization of hamster BH 

Materials 

BH was generously provided by Dr. Jason Bartz, Department of Microbiology, Creighton 

University, Nebraska, USA.  BH was composed of crude hamster brains diluted to a 10% 
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w/v suspension in Dulbecco’s phosphate buffered saline (DPBS) that were mechanically 

homogenized using a glass homogenizer. 

Methods 

Rheology  

Viscosity of brain homogenate was selected as a variable that should be controlled for in 

order to make the aqueous polymer suspension and the BH suspension resemble each other 

as closely as possible. Rheological studies were performed on a TA instruments AR G-2 

rheometer manufactured by TA instruments, USA and the data was processed using 

Rheology Advantage software that came along with the instrument. For the purposes of the 

studies, a cone and plate method was used as a rheological method for the determination 

of the viscosity. The cone had a 40 mm diameter, 2o 00’18” angle, and was positioned to 

have a 53micron truncation gap. 

Initially, the continuous ramp method was employed for determining the rheological 

properties of the BH. Continuous ramp method considers one reading at each shear rate as 

the final value. However, due to a lot of variability in the values so obtained, a more robust 

method, the steady state method was employed in this case. The steady state method makes 

use of structural breakdown and rebuilding that occurs in fluids on application of shear as 

a means of viscosity measurement. A steady state plateau is said to be reached when the 

structure breakdown (due to the application of shear force) and rebuilding (after the 

removal of the shear force) are in equilibrium with one another. That is, the sample is able 

to regain its lost internal structure on removal of the shear force (89). BH viscosity was 

only measured once per sample (n=1).  All the viscosities, unless otherwise described, are 

reported at a shear rate of 100/s. 
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Surface tension  

Surface tension measurements were done using a Krüss K100 tensiometer, manufactured 

by Krüss, Hamburg, Germany. The plate method was employed to determine the surface 

tension. Approximately 5 mL of BH was taken in a small beaker and was placed on the 

sample holder of the instrument. A surface tensiometer plate was cleaned by heating it until 

red hot. The plate was then allowed to cool off to room temperature. The plate was then 

attached to the instrument and the sample holder brought within a few centimeters of the 

liquid surface. Surface tension was then measured. 

Microscopy  

All microscopic analyses were done using a Leica Microsystems, Wetzlar, Germany’s 

Leica DM 2500M light microscope. All fluorescent analyses were done using the same 

microscope and Leica KüblerCODIX as a fluorescent light source. All fluorescent imaging 

were performed under the blue filter of the microscope emitting light at a 420nm 

wavelength.  

pH 

pH measurements were done using a Beckman Coulter Φ™ 390 pH meter,  

manufactured by Beckman Coulter, Indiana, USA. Measurements were obtained using 

conventional procedures.  

Results 

Rheology of BH 

The viscosity of brain homogenate was determined based off of the continuous ramp 

method as well as the steady state calculations. The continuous ramp stage takes into 
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account just one value for every shear rate (Figure 10). The viscosity of BH was found to 

range from be 4 cP to 9 cP for different samples (Figure 10). However, the BH sample used 

to suspend the visual probe for in vivo analysis had a viscosity of around 1 cP (data not 

included in Figure 10). 

 

As mentioned previously, the steady state measurement is based on the ability of the fluid 

to regain its lost structure on relieving the shear force applied. In this case, the insrument 

takes into account 5 consecutive readings at any shear rate and if the standard deviation 

within those values is less than that specified in the procedure, the average value is plotted.  
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Figure 10: The change in viscosity of BH on application of increased magnitudes of shear 

rates (using continuous ramp) 
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Figure 11 is a plot of viscosity vs shear rate as obtained after using the steady state method. 

The viscosity obtained by the steady state method was found to be equal to 3.52 cP at a 

shear rate of 100/s.  

There was substantial variability in BH viscosities between samples.  This is due in part to 

biological samples taken from different animals and the inability to run replicate samples 

from the same animal (due to small sample sizes and the inability to re-test samples).  

Therefore, a relatively broad viscosity range of 1-9 cP was selected as the range in which 

the target formulation should fall to be able to be called ‘comparable’ to the BH in terms 

of viscosity. The viscosity (Figure 11) demonstrated the inconsistency of BH viscosity as 

a function of the shear rate applied. This can be expected given the origin of BH. Being a 

biological fluid, the BH may vary greatly both between species and also within the same 

species.  
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Figure 11: The change in viscosity of BH on application of increased magnitudes of shear 

rates (using steady state) 



29 
 

Surface tension 

Comparable surface tension between two or more fluids essentially points out at their 

ability to interact similarly given the same set of surface. The average surface tension for 

BH was found out to be equal to 44.656 ± 0.154945 mN/m (n=3). Every point on the 

surface tension measurement graph was plotted by taking an average of the previous five 

consecutive readings and comparing their standard deviations to the stored value. When in 

agreement with the rule, the measurement stops.   

 

 

In case the standard deviations fell outside the range specified, another reading was taken. 

As is visible from the graph (Figure 12), there was still a downhill trend in the surface 

tension of the BH even 60 s into the run which happened to be the maximum time set for 

one set of measurements. Figure 12 graph depicts the average of the runs along with their 

standard deviations as represented by the error bars. As the BH didn’t show consistent 

results for the surface tension measurements, a range of 40-50 mN/m was set for the surface 

tension measurements that would be considered to be comparable to that of the BH.  
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Figure 12:  The average surface tension of BH 
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Microscopy 

Under normal light microscopy, BH usually shows presence of membranous clusters. 

Under the microscope, at exposure levels that make the visual probe fluoresce, the brain 

homogenate showed no signs of visible fluorescence. This ensured that the innate ability 

of biological matter to fluoresce does not interfere with that of the visual probe. 

 

 

pH 

Due to the limited amount of BH available, and due to the biological source of the BH, no 

pH determinations were made. However, knowing that the BH that was received was a 

10% w/v solution in Dulbecco’s phosphate buffered saline (DPBS), pH determinations 

were made based off of the pH of DPBS. DPBS has a pH of 7.72 (n=3) when measured on 

the pH meter. This information, along with the literature recommending a pH of 5-7 as the 

ideal pH for intranasal products, the target pH range was chosen to be 6-7 (neutral on the 

pH scale). 

2.1.2 Preparation and characterization of a polymer solution 

In order to meet the viscosity requirements of BH, there was a need to find a solution that 

would have a comparable viscosity. This was done by preparing a variety of polymer 

Figure 13: Microscopic images of BH. Left image is the brightfield microscopic image 

whereas the right is the fluorescence microscopic image 
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solutions of various concentrations and then testing for viscosity, surface tension and pH 

characteristics. The polymers screened included cellulose based polymers, povidones, 

polyethylene glycol as well as carbomers. The polymer solutions were then tested for 

viscosity, surface tension and pH. 

Materials 

Hydroxypropyl cellulose (HPC, average molecular weight 80,000) was obtained from 

Sigma-Aldrich, USA. Hydroxypropylmethyl cellulose K4M (HPMC) was obtained from 

Colorcon, USA. Polyethylene glycol 400 (PEG) was obtained from Fischer scientific, 

USA. Poloxamer 407 was obtained from Spectrum, USA. Carbomer 974P (Carbomer) was 

obtained from Lubrizol, USA. Polyvinylpyrollidone (PVP K-12) was obtained from BASF, 

Germany. These polymers were prepared as solutions with different concentrations in 

water (%w/v of polymer in water).  

Methods 

Polymer solutions were prepared in filtered water. Polymer solutions of varying 

concentrations were prepared as % w/v of polymer in water. In almost all cases, polymers 

were dissolved in water under constant agitation and a small amount of heat (~ 40oC) was 

applied to ensure proper hydration of the polymer. 

Rheology  

The steady state method was employed to screen polymer viscosities using methods 

described previously. The steady state method employs the use of structure breakdown and 

rebuilding as a means of viscosity measurement. A steady state plateau is said to be reached 

when the structure breakdown (due to the application of shear force) and rebuilding (after 



32 
 

the removal of the shear force) are in equilibrium with one another. That is, the sample is 

able to regain its lost internal structure on removal of the shear force (89). All the viscosities 

mentioned, however, are at a shear rate of 100/s. Various polymers at different 

concentrations were selected and tested for their viscosities. 

Surface tension 

Surface tension measurements were done using a Krüss K100 tensiometer, manufactured 

by Krüss, Hamburg, Germany, as previously described with the following modification. 

Approximately 15 mL of polymer solution was used for analysis. 

pH 

pH measurements were made using a Beckman Coulter Φ™ 390 pH meter, manufactured 

by Beckman Coulter, Indiana, USA, as previously described. 

Results 

All of the polymers screened, were also tested for the quality of suspension that they would 

form. Not all polymer solutions were able to form stable suspensions with the visual probe. 

For example, PEG had a pH close to neutral at concentrations tested and had surface tension 

measurements outside the desired range. Poloxamer completely solubilized curcumin and 

formed a clear yellow liquid suggesting that it acted as a surfactant that couldn’t hold 

suspended curcumin particles. Additionally, carbomer had an acidic pH and was therefore 

not considered. From the table 1, it can be concluded that hydroxypropyl cellulose (HPC), 

and HPMC have values of viscosity, surface tension and pH that closely mimic that of the 

BH. 
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HPMC, however, wasn’t able to form an easily redispersable suspension, meaning that 

HPMC was unable to hold the dispersed curcumin for a sufficient length of time. The 

suspended particles quickly settled at the bottom and vigorous agitation was unable to 

overcome this limitation, possibly due to the low concentration (0.2% w/v) of the polymer 

in water. This concentration did meet the requirements of viscosity, surface tension and pH 

but was unable to form a stable suspension. HPC (2.5% w/v), on the other hand, seemed to 

be able to withhold suspended particles longer than HPMC and vigorous agitation seemed 

to work in favor of suspending the settled particles. Note that the blank values (Table 1), 

indicated with -, indicate that the measurements were not taken as either one or more of 

the measurements fell outside of the limits established for characterization of BH.  

Polymer Concentration 
(%w/v) 

Viscosity 
mPa.s 

Surface 
tension 
mN/m 

pH 

Hydroxypropyl cellulose 2.5 4.97 42.17 ± 0.05 6.41 

Polyethylene glycol 
10 
15 
20 

2.99 - 5.34 

3.07 - 5.05 

3.81 59.42 ± 0.06 5.09 

Poloxamer 407 5.0 3.77 38.03 ± 0.04 6.69 

HPMC 0.2 4.92 45.55 ± 0.08 7.61 

Carbomer 
0.16 
0.25 
0.5 

4.04 - 3.26 

6.25 - 3.38 

13.07 - 3.30 

PVP K-12 25.0 4.58 53.75 ± 0.09 - 

Table 1: The viscosities, surface tension, and pH of the various polymers screened 
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Figure 14 represents the change in viscosity of HPC solution on application of increased 

shear rate. Initially at low shear rates, the viscosity shows a variable profile possibly due 

to the sensitivity of the instrument being low at low shear rates but remains constant over 

applied high shear rates. The viscosity at a shear rate of 100/s was equal to 4.97 cP.  

 

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

0 20 40 60 80 100 120

Lo
g 

V
is

co
si

ty
 (

P
a.

s)

Shear rate (1/s)

Viscosity vs Shear rate for 2.5% HPC

30

35

40

45

50

55

60

0 2 4 6 8 10 12 14 16 18

Su
rf

ac
e 

te
n

si
o

n
 (

m
N

/m
)

Time (s)

Figure 14: Graph of log viscosity vs shear rate for a 2.5% HPC solution 

Figure 15: The surface tension of 2.5% HPC solution 
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The surface tension measurements of the 2.5% HPC (Figure 15) solution were also 

consistent for all samples tested. The average surface tension was found to be equal to 

41.81 ± 0.1mN/m. 

Based on the viscosity measurements, the surface tension measurements and the pH 

measurements, a 2.5% w/v solution of HPC was selected as an ideal candidate for 

mimicking the properties of BH. 

2.1.3 Characterization of the visual probe curcumin 

Curcumin is chemically named bis(4-hydroxy-3-methoxyphenyl)-1,6-hepta- diene-3, s-

dione and is a natural product obtained and purified from the rhizomes of turmeric. As a 

visual probe, curcumin is detectable under the blue filter (UV blue excitation filter 410nm) 

of the fluorescent microscope. Light from the blue filter incident on curcumin is emitted as 

a green fluorescent light which can be visualized. Additionally, curcumin absorbs light 

with a maximum absorbance over a range of wavelengths. Literature has shown the use of 

either 420 nm or 425 nm as the λmax. For our purposes, we used 420 nm as the wavelength 

for the detection of curcumin. There are three discrete components of curcumin (e.g. 

curcuminoids that include curcumin, demethoxycurcumin, and bisdemethoxycurcumin) 

can elute one after the other under optimized liquid chromatographic conditions and 

detected using a photodiode array (PDA) detector at 420 nm. Curcumin has poor solubility 

at neutral pH which will allow for distinct identification of curcumin particles under the 

microscope. In terms of toxicity, curcumin is non-toxic even when administered at high 

doses (90).  It is used in the treatment of a variety of conditions, including inflammatory 

disorders and neurodegenerative disorders, but is used in this study as a visual probe 

without regard to its possible therapeutic properties. As a visual marker, curcumin was 
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used as a tracking agent for the bulk movement of the two formulations across the nasal 

epithelium and evaluation of biodistribution in specific organs/tissues mentioned 

previously.  

Materials 

Curcumin was obtained from Acros Organics (CAS 458-37-7), New Jersey, USA. 

Acetonitrile Optima ® (CAS 75-05-8) was obtained from Fisher Scientific, New Jersey, 

USA and acetic acid anhydrous (CAS 77-92-9) was obtained from Fisher Scientific, New 

Jersey, USA for chromatographic purposes.  

Methods 

Microscopy 

All microscopic analyses were completed using a Leica Microsystems, Wetzlar, 

Germany’s Leica DM 2500M light microscope. All fluorescent analyses were completed 

using the same microscope and Leica KüblerCODIX as a fluorescent light source. All 

fluorescent imaging was performed under the blue filter of the microscope emitting light 

in the 420nm wavelength.  

Particle size analysis 

Malvern Mastersizer Hydro 2000S (Malvern, UK) was used as the particle size analyzer 

for the purposes of these studies. The Malvern Mastersizer works on the principle of laser 

diffraction and gives a volume % versus particle size as the result. 
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UPLC detection of curcumin 

Curcumin was detected chromatographically on a Waters Acquity UPLC instrument 

(Waters, USA). All the samples were analyzed on a Acquity BEH C18 column (2.1 X 

50mm, 1.7 µm). The mobile phase consisted of ultrapure, HPLC grade acetonitrile (ACN) 

as the organic component and 0.01M citric acid solution (pH adjusted to 3.5 using sodium 

hydroxide) as the aqueous component used for chromatographic evaluations. The mobile 

phase flow rate was 0.4-0.45 mL/min at a column temperature of 45oC.  The total run time 

for one injection was 2.5 min and curcuminoid peaks eluted starting at 1.2 min. the three 

peaks eluted approximately at 1.2 min, 1.4 min and 1.6 min  

Results 

Microscopy 

At a wavelength of 420 nm, curcumin fluoresces to emit a green light which is visible under 

a microscope (Figure 16).  

 

 Figure 16: Crude curcumin under the blue filter of a fluorescent microscope 
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Particle size analysis 

Crude curcumin had a normal particle size distribution with a d(0.5) of 25.5 μm (Figure 

17). For the purposes of this study, the particle size of visual probe was desired to be less 

than 10 μm and necessitated a reduction in the particle size distribution for incorporation 

into BH and polymer suspensions. 

 

 

UPLC detection of curcumin 

Curcumin, at a λmax of 420nm, shows three peaks starting around 1.2 minutes until 1.6 

minutes. All the peaks elute one after another with the chromatogram showing satisfactory 

resolution between the peaks (Figure 18). The three peaks were assumed to be curcumin 

analogs as discussed previously and all analyses were performed by combining the peak 

areas of all the three peaks.  
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UPLC method development and validation for the detection of curcumin 

A UPLC method was developed for curcumin and was validated for interday and intraday 

precision and accuracy. The calibration curve of curcumin was tested for linearity over a 

range of 0.01 μg/mL to 100 μg/mL. the calibration curve showed a linear correlation 

between the concentration and the absorbance units (Figure 19).  
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Figure 18: The chromatogram of curcumin run on a BEH C18 column 

Figure 19: Calibration curve for curcumin 
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Four quality control samples were run and their theoretical concentrations compared with 

the known concentrations and the accuracy was calculated (Table 2). At lower 

concentrations (close to 0.01 μg/mL) the method wasn’t as accurate. This was confirmed 

after determining the lower limit of detection and quantification to be 0.03 μg/mL and 0.15 

μg/mL respectively for this method.  

Theoretical Concentration 

(μg/mL) 

Experimental Concentration 

(μg/mL) 

%Accuracy 

1 1.08 ± 0.0037 108.72 

5 5.34 ± 0.0053 106.85 

20 21.71 ± 0.0367 108.56 

 

An analytical method to quantitatively analyze curcumin was developed which was found 

to be reliable for the detection of curcumin.  

2.1.4 Formulation development 

In order to test the intercellular transport, the formulations of curcumin suspended in BH 

and 2.5% w/v HPC must have a particle size of less than 10 μm (width of an epithelial cell) 

which will allow us to either prove or disprove the hypothesis.  Therefore, antisolvent 

precipitation of curcumin was performed into water followed by lyophilization. The 

lyophilized curcumin was then suspended in the BH and the HPC solution to give the 

desired formulations. 

 

Table 2: Accuracy of the chromatographic method for curcumin 
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Materials 

BH as a 10% w/v solution in DPBS was generously supplied by Dr. Jason Bartz. 

Hydroxypropyl cellulose was obtained from Aldrich Chemistry (CAS 9004-64-2), USA.  

Curcumin was obtained from Acros Organics (CAS 458-37-7), New Jersey, USA. Acetone 

was obtained from Fisher chemical, USA. 

Methods 

Previous studies by Kincaid et al described the possibility of compounds escaping to the 

other side of the epithelial layer by taking advantage of leaky junctions in the epithelium 

controlling the particle size of the suspension was necessary. Since the width of an 

epithelial cell is approximately 10 μm, it was necessary to have a suspension with particle 

size under 10 μm. As shown previously (Figure 17), the crude curcumin particle size 

distribution was too large for use in our experiments (25.5 μm). In order to reduce the 

particle size of crude curcumin to less than 10 μm, a powder was prepared by anti-solvent 

precipitation followed by lyophilization to remove water and obtain a powdered curcumin 

of an acceptable particle size distribution. The lyophilized curcumin was then dispersed in 

the BH and the HPC to prepare the two formulations. 

Preparation of lyophilized curcumin 

200mg of curcumin was dissolved in 3mL of acetone. This solution was then precipitated 

by the dropwise addition of solution into a beaker containing 30mL of filtered water under 

rigorous agitation on a magnetic stirrer (1100 rpm) and slight heat (45oC). The suspension 

of curcumin in water was left to be stirred under for approximately 20 minutes to ensure 

complete evaporation of acetone. The resulting suspension was then transferred to a deep 
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petri dish lyophilized in a Millrock Technology LD 85 lyophilizer for a complete cycle 

taking three days. The lyophilization cycle was composed of an initial freezing step 

followed by a primary dry cycle and a secondary dry cycle. The freeze step involved 

reducing the temperature to -50oC over a period of 4 hours and then held at -60oC for 20 

minutes at a pressure of 50 MT (millitorr). The primary dry cycle involved gradually 

ramping the temperature from -20oC to +20oC in increments of 10oC over a period of 30 

mins. Each temperature was then held stable for a duration of 4 hours with the exception 

of the last step which involved holding the temperature stable for 6 hours. The vacuum 

throughout the primary dry cycle was held at 50 MT. The secondary dry cycle involved 

holding a temperature of 20oC over a period of 6 hours at a 10 MT vacuum. Finally, the 

freeze dryer was kept at 5oC in order to keep the sample refrigerated before use. 

Formulation of BH-curcumin suspension 

Lyophilized curcumin was weighed and dispersed into the brain homogenate suspension 

(10% w/v in DPBS). It was sonicated for up to 30 s using a Misonix Sonicator 3000 probe 

sonicator to ensure uniform processing for both the suspensions This suspension was then 

subject to homogenization using an Omni International TH homogenizer for 5 s to facilitate 

proper mixing. The suspension so obtained was used to dose the hamsters and was vortexed 

before every dosing. 

Formulation of HPC-curcumin suspension 

A sufficient amount of HPC was dissolved in a specific volume of water to give a final 

concentration of 2.5% w/v of HPC solution. HPC was added slowly to the water in the 
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beaker under constant rigorous agitation and heat (40-45o C). This solution was left to be 

stirred overnight without heat to ensure proper hydration. 

An appropriate quantity of freeze dried curcumin was weighed and added to a beaker 

containing HPC solution (prepared as described previously) under constant agitation on a 

magnetic stirrer to obtain a concentration of 2.5mg/mL of curcumin in HPC solution. The 

resulting suspension was homogenized using an Omni International TH homogenizer for 

15 s to facilitate proper mixing. The suspension was then sonicated for 30 s using a Misonix 

Sonicator 3000 probe sonicator to ensure proper dispersion of curcumin in the HPC 

solution. The resulting suspension was used to dose the hamsters. Care was taken to 

resuspend the formulation before every dosing by vortexing the suspension. 

Results 

Preparation of lyophilized curcumin 

Anti-solvent precipitation of curcumin followed by lyophilization produced a light and 

fluffy curcumin powder with a particle size smaller than that of crude curcumin. The crude 

curcumin particle size d(0.5) of 25.5 μm was reduced to 0.13 μm (Figure 20). Lyophilized 

curcumin was incorporated directly into the BH to form the BH-curcumin suspension and 

the HPC to form the HPC-curcumin suspension. 
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Rheology 

The viscosity of curcumin suspensions in BH and HPC showed continued variability of 

BH and consistency of HPC solutions (Figure 21).  Specifically, the viscosity of BH-

curcumin was 1.72 cP at a shear rate of 100/s.  However, the suspension viscosity was still 

within the 1-9 cP range and was acceptable for subsequent in vivo studies.  On the other 

hand, HPC-curcumin viscosity was 5.42 cP at a shear rate of 100/s and was similar to the 

range established in polymer screening studies.  All rheological measurements of curcumin 

suspensions were obtained using the steady state method (Figure 21). 
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Figure 20: Comparison between the PSD of lyophilized curcumin and crude curcumin 
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As is evident from the Figure 21, the HPC curcumin suspension viscosity is consistent on 

application of shear rates starting around 60/s whereas the BH-curcumin suspension curve 

shows no such area where the curve has reached a plateau.  

Microscopy 

The microscopy of the suspension shows curcumin fluorescing under the blue filter of 

fluorescent microscope (Figure 22). Figure 22 A, C were taken under regular light while 

Figure 22 B, D were of the same visual field but using a fluorescent light source at 420 nm. 
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Figure 21: The rheological profiles of BH-curcumin suspension and HPC-curcumin 

suspension 
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Both the BH-curcumin suspension as well as the HPC-curcumin suspension showed 

adequate fluorescence under the microscope. While the BH-curcumin suspension showed 

the presence of aggregates of BH that have taken up the curcumin, the HPC-curcumin 

suspension showed near discrete particles of curcumin against a dark background, thereby 

providing sufficient microscopic evidence that a suspension was successfully formulated. 

 

Figure 22: Microscopic images of BH and HPC-curcumin suspensions (A)&(B); brain 

homogenate-curcumin suspension (C)&(D). Images (A) and (C) are brightfield 

microscopic images whereas (B) and (D) are fluorescent images of the same field as (A) 

and (C) respectively. Magnification- 10x, scale bar- 50 μm. 
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Figure 23 A and D show the false red color images of BH-curcumin and HPC-curcumin 

suspension. These images were the superimposed onto images B and E respectively 

(fluorescent images of BH-curcumin and HPC-curcumin suspensions) to obtain images C 

A D 

B 

C 

E 

F 

Figure 23: (A through C) microscopic images of BH-curcumin suspension; (D through F) 

microscopic images of HPC-curcumin suspension. A&D are bright false color images; B&E 

are fluorescent images; C- superimposed image of A and B; F-superimposed image of D and 

E 
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and F. The orange regions in images C and F represent overlap between the false-red 

obscurations observed under normal light and the fluorescent suspended curcumin 

particles.  The superimposed images (Figure 23 C and F) show conserved fluorescence and 

visual obscurations indicating presence of curcumin in both the images thereby confirming 

curcumin fluorescence. 

Particle size distribution  

The particle size distribution of freeze dried curcumin and curcumin as a suspension in a 

solution of HPC, show a similar size profile with a d(0.5) of 0.13and 0.14 μm. The particle 

size distributions were bimodal (Figure 24) with both populations of particles well below 

the 10 μm restriction. A more comprehensive result of the two samples is shown in Table 

3. 
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Particle size Average particle size (microns) 

 HPC-Cur suspension Lyophilized curcumin 

d(0.1) 0.074 0.066 

d(0.5) 0.143 0.129 

d(0.9) 0.663 0.802 

 

 

As illustrated in Table 3, the particle size of curcumin did not change after undergoing the 

steps described above for the preparation of the HPC-curcumin suspension. A similar study 

was not performed for BH-curcumin suspensions due to the small sample sizes available 

for use. However, no change in the curcumin particle size after it was suspended in HPC 

helped to make an assumption that there should be no change in the particle size of 

curcumin after being suspended in a vehicle (in this case, BH).  

Surface tension 

Surface tension measurements on the HPC-curcumin suspension gave the mean surface 

tension of 41.68 ± 0.07 mN/m (Figure 25). Due to the small volume of BH available, 

surface tension measurements on the BH-curcumin suspension were not performed. 

Although the sample is recoverable in the surface tension measurement, the very small 

volume available precluded the measurements to be made. 

 

Table 3: Comparing the particle size of lyophilized curcumin and HPC-curcumin 

suspension 
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2.2 In vivo testing of the suspensions in hamsters (Animal studies) 

Investigating the proposed intercellular mechanism required in vivo testing of prepared 

formulations as described above. The main aim of this study was to test the hypothesis that 

curcumin (visual probe) could be transported across the nasal mucosa following inhalation. 

Therefore, the in vivo studies were designed to detect curcumin either crossing the nasal 

mucosa or within the lamina propria, indicating transepithelial transport.  

Based on previous transepithelial transport studies by Kincaid et al, it is clear that 

intercellular transport takes place within minutes after inhalation. Therefore, the animal 

studies were designed to collect blood after survival times of 15 min and 30 min. Organs 

(heart, lungs, spleen, kidneys, brain, brain stem, olfactory bulbs, submandibular lymph 

nodes and cervical lymph nodes) as well as blood from the animals were collected 15 min 

or 30 min after dosing and analyzed for the amount of curcumin present using UPLC. Only 

lungs, spleen, brain, brain stem, olfactory bulbs and the submandibular lymph nodes and 

cervical lymph nodes were analyzed. Other organs were isolated and frozen for future 
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analysis but not tested for the presence of curcumin. The lymph nodes (SLN, CLN) and 

the spleen were analyzed because inhaled inoculum had been detected in the lumen of 

lymph vessels within minutes of inhalation. The brain, brain stem and the olfactory bulbs 

were analyzed due to their proximity to the site of administration as well as previous reports 

suggesting drug transport to these regions after intranasal according to published 

hypotheses of nose to CNS drug distribution pathways. The nasal cavity was also isolated 

and sectioned in order to be observed under the microscope for studying the 

aforementioned transport mechanism. 

Materials 

Tert- butyl methyl ether (TBME) was obtained from Acros Organics (CAS 1634-04-4), 

New Jersey, USA. TBME was used as an extracting solvent due to it being a very strong 

organic solvent. Omni International TH homogenizer (Georgia, USA) was used as a 

mechanical homogenizer for the purposes of extraction. Quercetin, used as an internal 

standard, was obtained from Pfaltz & Bauer (CAS 6151-25-3), Connecticut, USA. Tissue 

sections were examined using an Olympus BX40 light microscope. The hamsters were 

adult male golden Syrian hamsters obtained from Harlan Sprague Dawley (Indianapolis, 

IN) and weighed between 110 and 142 grams with an average weight of 125 grams.  

Isofluorane (Webster Veterinary, Kansas City, MO) was used to anesthetize animals  

Methods  

Animals were divided into four broad groups, two control groups and two experimental 

groups as described in Table 4.  Every group except for the uninoculated controls was 

further divided into two subgroups of 15min and 30 min time points. Animals in the BH 
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control group were dosed with the vehicular control (BH) without suspended curcumin 

while the uninoculated control group animals receive no treatment. 

 

 Animals were anesthetized with isoflurane and extranasally inoculated with 20 μL per 

nostril (40 μL total) of BH or BH-curcumin suspension, or HPC-curcumin suspension. The 

inoculum was placed just inferior to the nostrils and since hamsters are obligatory nose 

breathers it was immediately drawn into the nasal cavity.  The pipette did not have to be 

placed inside the nasal cavity for dosing where it would have likely damaged the nasal 

mucosa. The animals were allowed to revive and survive for either 15 or 30 minutes before 

re-anesthetizing and sacrifice by exsanguination and cranial decapitation followed by 

necroptic organ/tissue collection (including the cervical lymph nodes, submandibular 

lymph nodes, brainstem, brain and olfactory bulbs, spleen, lungs, liver, and kidneys for 

subsequent analysis. The organs were collected in tubes and placed on a dry ice bath until 

further processing or frozen at -80°C. Nasal cavities were immersion fixed in 

Group Time point Number of animals 

BH-curcumin group 

15 min (BH-C15) 4-8 (5)  

30 min (BH-C30) 17-21 (5) 

HPC-curcumin group 

15 min (PO-C15) 9-13 (5) 

30 min (PO-C30) 22-26 (5) 

BH controls 

15 min (BH15) 1-3 (3) 

30 min (BH30) 14-16 (3) 

Uninoculated controls 
 27 (1) 

28 (1) 

Table 4: The distribution of animals into various groups 
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paraformaldehyde lysine periodate (PLP) for one week and decalcified for 2 weeks.  The 

nasal cavities were then embedded in paraffin prior to being sectioned at 7 µm on a rotary 

microtome. 

Every 5th tissue section from each animal was stained with hematoxylin and eosin.  

Adjacent tissues sections from animals inoculated with BH or BH with curcumin (also 

every 5th) were immunohistochemically processed for the presence of glial fibrillary acidic 

protein (GFAP), a prominent constituent of BH.  GFAP immunoreactivity indicated the 

presence of BH.  Tissue sections were examined using an Olympus BX40 light microscope.  

Tissue sections that had inoculum located within or deep to the nasal mucosa were 

photographed and filed.  

Extraction of curcumin from organs 

The parameters established for the detection of curcumin were employed for organ 

analysis. In order to test the validity and efficiency of the method for detection of curcumin 

extracted from organs, a number of controls were run. Initially, curcumin was analyzed by 

organic solvent-based extraction from fetal bovine serum (FBS) samples spiked with 0.1 

mL of an approximately 0.20 mg/mL curcumin in 100 mL methanol. Quercetin was used 

at an approximately 0.20 mg/mL concentration in methanol as an internal standard (IS) for 

the extraction purposes. Effort was made to maximize the extraction of both curcumin and 

IS by performing serial extractions. The procedure for recovery of curcumin and quercetin 

from FBS spiked sample controls was optimized and curcumin recovery was consistently 

recovered from the samples. Tert-butyl methyl ether (TBME), acetonitrile, acetone and 

chloroform were screened as potential organic extracting solvents with FBS spiked 
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samples. TBME was found to be the best solvent for extraction of curcumin and quercetin 

from FBS spiked samples.  

This TBME-based extraction protocol was also performed on spiked blank organs 

(including lungs, liver, kidney, blood, spleen, etc.). Tissue-based curcumin and quercetin 

extraction from spiked organs/tissues was further optimized until consistent recoveries 

were obtained. Extraction process controls (including FBS, blank organ/tissue controls, 

and curcumin and quercetin solutions) were incorporated in the analysis of all organ/tissue 

samples from experimental animals to verify the integrity of the extraction procedure.  

The extraction procedure for organs/tissues obtained from experimental animals involved 

mincing and homogenizing the organs using an Omni International TH homogenizer. 

DPBS was added to aid in homogenizing as well as to enable the formation of a suspension 

that would be easy to pipette. The homogenate then was distributed (300 μL each) in at 

least two 2 mL Eppendorf tubes. 100 μL quercetin (IS) was added and mixed.1mL of 

TBME was added as an extraction solvent. The resulting mixture was vortexed for 5 min 

and centrifuged at 11000 - 12000 rpm for 5 min. Supernatant was collected in a glass tube. 

The extraction procedure was repeated twice using 0.5mL of TBME during each of the 

following runs and sonicated in between runs to redisperse the organ mass to enhance 

extraction. Supernatants were pooled and TBME evaporated and the residue after 

evaporating TBME was then reconstituted using 0.5 mL of mobile phase. In order to ensure 

no biological matter was injected into the UPLC, the reconstituted solutions were 

centrifuged at 12000 rpm for 3 minutes. The supernatant obtained after centrifuging was 

then used to inject into the UPLC. The parameters used were the same as the ones 

mentioned previously for the detection of curcumin.  
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For the purposes of this study, brain, brainstem, lungs and spleen were analyzed for the 

presence of curcumin. In addition, submandibular lymph nodes (SLN) and cervical (CLN) 

were also analyzed for the presence of curcumin. Organs were treated individually from 

each animal in most cases. However, due to the very small size of some organs, they were 

grouped together as necessary for efficient extraction. Olfactory bulbs, SLN and CLN from 

each group were combined to obtain a quantity large enough to work with. Each of these 

grouped organs were further divided into two groups. This was done in an attempt to be 

able to properly point out the positives (containing curcumin) from the negatives (curcumin 

absent).   

Results 

Transport of curcumin in vivo 

The natural fluorescent property of curcumin was diminished likely as a result of tissue 

processing. The diminished the fluorescence signal of curcumin made it difficult to detect 

and analyze using a light microscope. However, the BH-curcumin suspension was tagged 

using an antibody for the GFAP protein present in the BH as specified previously (under 

the methods section) which made it relatively easy to analyze. Figure 26 shows the 

inoculum in the airspace of the nasal cavity after inhalation in hamsters. 
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The immunohistochemically tagged BH appears brown under the microscope. In vivo, 

curcumin was seen to get transported across the epithelium in two animals that received 

BH-curcumin suspension and were sacrificed 15 min after the suspension was 

administered. Figure 27 show the presence of BH-curcumin between the olfactory 

epithelial cells after intranasal administration in the two animals. Similarly, Figure 28 

shows similar BH-curcumin presence between the respiratory epithelium. 

 

Figure 26: Inoculum in the air space of the nasal cavity of hamsters 

 (A) BH-curcumin suspension; (B) HPC-curcumin suspension; * represents air space 
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Figure 27: Intercellular transport of BH-curcumin suspension between the epithelial cells 

(7μm serial sections) (15 min survival) *represents air space; OE- olfactory epithelium 

Figure 28: Intercellular transport of BH-curcumin suspension between the epithelial cells 

(7μm serial sections) (15 min survival) *represents air space 
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BH-curcumin was also observed in the lymphatics of animals at 15 min survival time point 

as can be seen in Figure 29. The presence of BH-curcumin suspension in the lymphatics 

15 min after treatment strongly suggests that gross intercellular transport took place rapidly 

across the nasal epithelium. It is interesting to note that Figures 27 and 29 are from the 

same animal and suggest that the BH-curcumin inoculum moves past the epithelial layer 

into the lymph vessels in the lamina propria. It should be noted that at the time of this 

writing, not all animals and sections were processed. However, none of the HPC-curcumin 

treated animals showed the presence of curcumin within the lymphatics. 

 

 Biodistribution of curcumin in organs 

Although 100% recovery of curcumin from in vivo organs/tissues was seldom attained the 

consistency in recovery of both curcumin and the internal standard between sample sets as 

well as the triplicates from within the same sample provided confidence in the TBME-

based extraction method. Although there were differences in curcumin and internal 

standard recoveries between from the organs, this behavior was attributed to the innate 

property of that organ.  Additionally, curcumin recoveries were consistently measured 

Figure 29: Transport of BH-curcumin suspension into the lymphatics of hamster (indicated 

by arrows)   

(7μm serial sections) (15 min survival) * represents air space; RE- respiratory epithelium 
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between experimental animals and spiked organ/tissue controls. Table 5 gives a 

representative result of curcumin and internal standard (quercetin) recovery from one such 

study with blank organs.  

Organ Curcumin Quercetin 

 Mass recovered (μg) %Recovery Mass recovered (μg) % Recovery 

Lungs 28.704 57.41% 35.969 71.94% 

Heart 35.699 71.40% 32.451 64.90% 

Spleen 35.204 70.41% 29.240 58.48% 

Liver 26.333 52.67% 35.816 71.63% 

Blood 38.230 76.46% 30.730 61.46% 

Kidneys 40.040 80.08% 38.892 77.78% 

FBS Ctrl 44.410 88.82% 44.882 89.76% 

   

Blood from test animals could not be analyzed due to extensive haemolysis following 

freezing of anticoagulated whole blood samples. Freezing caused haemolysis which 

prevented the separation of the fluid fraction from the cell pellet for analytical analysis of 

curcumin concentrations. 

Curcumin was not detected in any of the control group animals and there were no peak 

signals detected at curcumin retention times in samples from these animals. Curcumin was 

identified in the olfactory bulbs, brain stem and brain of some hamsters from the 

experimental group. The organs in which curcumin was detectable had very low amounts 

of curcumin present and could not adequately be quantified. The curcumin concentration 

Table 5: Extraction of curcumin and IS from blank organs and FBS. (Ctrl- control) 
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was, when detected above the lower limit of detection but below the lower limit of 

quantification. There were detectable amounts of curcumin transport across the nasal 

epithelium into the surrounding organs (Table 6). 

 

 

 

Curcumin was detected in the animals that were grouped into the 15 min time point and 

received BH-curcumin suspension. Curcumin was also found in the lungs of three hamsters 

and the spleen of one hamster. However, there was only one instance where curcumin was 

detected in the lungs of an animal that received HPC-curcumin (PO-C) and was sacrificed 

30 min after inoculation.  

In the organs that were pooled for convenience (Table 7), curcumin was detected in the 

olfactory bulbs of one group of animals that received the BH-curcumin suspension 

sacrificed at 15 min and 30 min time points as well as in one group that received the 

polymer-curcumin suspension and sacrificed at the 15 min time point. 

 

 

 

Table 6: Curcumin detected in organs that were not pooled together 
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Curcumin was also detected in the SLN of one subgroup of animals that received BH-

curcumin and were sacrificed at 15 min after being administered the suspension. Curcumin 

was either not present in the CLN or was below the lower limit of detection. From these 

results, it can be deducted that BH-curcumin suspension showed transepithelial transport 

in animals sacrificed 15 min after inhalation. 

 

2.3 Discussion of in vitro and in vivo findings 

The in vivo transport results and the in vitro biodistribution studies lead us to conclude that 

there is a substantial difference between the two formulations with regards to transport 

across the nasal epithelium following inhalation. The BH-curcumin suspension was 

visually confirmed to be transported across the epithelial cell layers within 15 min of 

inhalation. This rapid, bulk transport is different than previously reported transport 

mechanisms and confirms the intercellular transport mechanism proposed by Kincaid et al. 

The HPC-curcumin suspension (PO-C), however, was not visually observed to be 

intercellularly transport across the epithelial cell layer. It may be possible that the polymer 

formulation in fact does get transported intercellularly, but at the time points studied, there 

Table 7: Curcumin detected in organs that were pooled into either one or two groups 
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was no evidence for it. Nevertheless, these results confirm a process of novel intercellular 

drug transport across the nasal mucosa. This is interesting, particularly, when one takes 

into account that the transport allowed for the deposition of curcumin into the lymph 

vessels. The presence of curcumin in the SLN of one group of animals lends credence to 

the presence of curcumin in the lymph vessels since they are known to empty into the SLN. 

Future studies are needed to determine if intercellular transport would ultimately allow for 

the systemic delivery of drugs administered intranasally. It is important to note that the 

actual number of intercellular transport sites in any given animal is likely limited.  

The hypothesis that any system mimicking the BH would behave similarly in vivo thereby 

partially fails. It appears that the BH acts as a better carrier for suspended matter as 

compared to HPC. This may be in part due to the reasons mentioned in section 2.1 of this 

thesis. However, completely disregarding the hypothesis would be inappropriate since 

some intercellular transport did seem to be occurring in the HPC-curcumin suspension 

group (Figure 30).  

   

 

However, the presence of intercellular transport was somewhat ambiguous due to the 

Figure 30: HPC-curcumin suspension between the epithelial cells (shown by dotted 

parenthesis around the area); OE- olfactory epithelium 
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inadequate contrast between the epithelial cell layer and the formulation. The only way to 

differentiate is by looking at dark regions amidst uniformly stained epithelium. Therefore, 

it is impossible to draw conclusions regarding bulk polymeric transport mechanisms with 

surety in this regards. The fact that BH gained preferential entry across the epithelial layer 

may be because of its composition. Also the presence of curcumin did not affect the 

movement of BH across the epithelial layer. Therefore, a substance suspended in the BH 

does not affect the transport characteristics. Future drug formulations should match the BH 

not only in the physical characteristics but also in terms of composition to likely simulate 

observed bulk BH intercellular transport. 

Further characterization of the polymer formulation may be pertinent to getting useful 

information about the behavior of the polymer formulation. There are reports in the 

literature of the use of a number of characterization methods that have been employed to 

test curcumin formulation in vitro for, as an example, release characteristics and 

permeability studies. Wang et al made use of Franz diffusion apparatus while Chen et al 

made use of a dialysis apparatus to test the permeability of their formulation before in vivo 

experiments (33,35). Wang et al also utilized histology as a means of understanding the 

extent of damage that their formulation could cause to the nasal epithelium. Making use of 

such methods for the proper characterization of the polymer formulation would have 

helped in attributing the in vivo behavior and thereby helped in drawing a parallel between 

the in vivo results and the in vitro characterization studies.  
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Chapter 3 

Discussion of future studies to investigate the intercellular 

transport mechanism and biodistribution of drugs following 

intranasal administration  
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The confirming existence of an intercellular mechanism that enables transport across the 

epithelia that line the nasal cavity was a very important finding of this thesis. However, the 

experimental design that was utilized must be adjusted in order to adequately address the 

hypothesis.  

The polymer system used in this thesis work was not a complete representation of the BH 

system. In order to more closely mimic the BH, a polymer system should include excipients 

such as lipids, surfactants, proteins or peptides, etc. in order to more closely mimic the BH 

composition. However, other polymer systems or a mixture of polymers rather than 2.5% 

w/v HPC can be formulated. The polymeric systems can be formulated in order to obtain 

a formulation that will enhance the retention of the formulation on the nasal mucosa. 

Increased mucosal retention time, for example increasing the viscosity of polymer systems 

as well as the intrinsic properties of some polymers such as the gelling property of 

poloxamers, can be utilized. Studies conducted on whether or not viscosity plays a role in 

improving the absorption of desmopressin when given intranasally showed that a 0.25% 

w/v methyl cellulose with desmopressin delivered as an aerosol provided an improved 

retention time on the nasal mucosa. This, however, did not improve drug bioavailability 

(24). Use of Poloxamer 188 and Carbopol 934 as a vehicle in formulating a nasal dosage 

form showed to be more potent in delivering drug (in this case, methotrexate) to the brain, 

possibly due to the improved residence time on the nasal mucosa (56). Other approaches 

have utilized the use of some other polymer systems such as Pluronics as a means of 

formulating nanoparticles or formulation of solid lipid nanoparticles dispersed in polymer 

solutions (64–66). Use of thermosensitive gels that undergo sol to gel transformation at a 

particular temperature has been reported in the literature. However, there is a need to assess 
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the effect that some of these polymer systems may have on the epithelial lining. The use of 

dextran has shown to enhance the in vivo absorption of acyclovir at concentrations of 10% 

and 20% when compared to a formulation having just 5% dextran. This, however, 

decreases by 9% (as compared to 20% formulation) at a concentration of 40% dextran (30). 

Hence using dextran at a particular concentration may actually enhance the absorption in 

vivo and allow for more transport to occur across the epithelium. 

Use of dextran would particularly also be helpful in the visualization of transport across 

the nasal epithelium. This is because dextran can be conjugated with fluorescein 

(fluorescein dextran solution) and thereby used as a fluorescent dye (70). This was one of 

the drawbacks of this study as curcumin wasn’t entirely successful as a visual probe 

because it lost fluoresce due to the process of immersion fixing. Also, future visual probes 

should be evaluated in order to ensure they can retain fluorescence after the fixation 

process. The conditions of fixation also have a substantial effect on the fluorescence 

properties of the visual probe in question. As an example, FITC shows strong fluorescence 

when fixed with paraformaldehyde at pH. However, the use of paraformaldehyde at a pH 

of 7, strongly diminishes the fluorescent properties of FITC (91). It may be meaningful to 

change some conditions used during the fixation process to try and see if the process still 

dampens curcumin’s property to fluoresce. However, use of molecules that may possibly 

have strong fluorescence even after immersion would be the best way to deal with the 

problem. A good example of this could be India ink used by Kincaid et al, or the use of 

methylene blue as a dye (92). The use of molecules that can be detected using 

immunohistochemistry is something that should be further explored. Alternatively, the use 

of quantum dots can be employed as a visual marker. Quantum dots have been used in 
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studies looking at the width of brain extracellular space by making use of its diffusion 

properties (93). Intranasally, quantum dots were used by Hopkins et al in 2014 to study the 

nose to brain transport of quantum dots after delivery of aerosolized formulations (94). 

Not having blood as a tissue that could have been analyzed was one of the bigger drawbacks 

that was faced. Freezing blood immediately after collection was a problem. In future 

studies, anticoagulated whole blood should be centrifuged immediately after collection in 

order to obtain plasma and separate the cellular fraction from the fluid fraction. This will 

prevent the cells from breaking down and prevent hemolysis and clumping of blood cells 

which was observed in frozen blood samples from experimental animals. 

Since this study provided evidence that intercellular transport does occur between the 

mucosal cells by taking advantage of the intercellular spaces, future studies could consider 

increasing the duration of time points at which the animals are sacrificed in order to analyze 

the actual disposition of the visual marker in the nasal cavity. It is likely that curcumin as 

a visual marker was present in the lymph vessels at the 30-minute time point. Since the 

organs that were analyzed were either prior to or post the lymph vessels (in terms of 

location) and since no lymph vessel was analyzed, stating with confidence that the transport 

is very rare might be a misjudgment. There might still be a possibility of the formulation 

to have escaped into the lymph vessels especially in animals that were sacrificed 30 min 

after being administered the formulation. Increasing the time points, especially the 30 min 

time point to either 60 min or later may allow for the partial or complete drainage of lymph 

into the SLN and/or the CLN. This fact will be appreciated when considering the resistance 

to the flow of lymph in the lymphatic vessels. Lymph fluid is propelled against a pressure 

gradient thereby adding resistance to the flow of lymph and the presence of a lymph node 
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further increases the resistance to the flow of lymph (95). As an alternative, analyzing the 

lymphatic fluid for the presence of the visual marker would also be helpful in assessing the 

distribution and giving a stronger reason to believe in the intercellular transport 

mechanism. However, this consideration would require a substantial expenditure of time 

and labor for experimentation. 

The use of full body imaging for animals after they have been administered with a visual 

dye have also been reported in the literature. The use of IVIS (In vivo Imaging Systems) 

spectrum imaging after intranasal administration has been previously reported (96). This 

may help in understanding the actual transport as well as the dissemination of the visual 

probe after intranasal administration. It has been previously used in studying neuroinvasion 

by an encephalitis virus in mice (97). This would provide a noninvasive technique for 

tracking the movement of a visual probe. This however, cannot be used to observe the 

intercellular transport in action. An alternative possibility is that of using Ussing chambers 

for testing the transport of drugs across the nasal mucosa. Horizontal Ussing chambers are 

devices that are used to replicate tests with mucosal linings in vitro. The chambers can be 

utilized to actually use an epithelial lining and replicate in vivo conditions in the lab. Ussing 

chambers save the need for in vivo experiments by allowing for studying the transport 

across the mucosa on a benchtop (98). 
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GLOBAL IMPACT 

This project demonstrated the presence of an intercellular transport mechanism for bulk 

transport across the nasal epithelium for the eventual CNS distribution following nasal 

administration. If further studies conclusively point out at this transport process is non-

selective, drug delivery to the CNS through the nose could expand possibilities for the non-

invasive delivery of drugs to the brain and the systemic circulation. Also, future studies 

may confirm the potential route for the delivery of infectious vectors systemically via the 

nose. This will be particularly important when dealing with prions as infectious agents 

since the route of spread of prion disease isn’t yet clear. If the nasal route plays a crucial 

role in the transmission of prion diseases, it will be something worth studying further to 

understand the ways in which it could be prevented. 
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APPENDIX 1 

A.1.1 Characterizing BH 

The following care should be taken before characterizing the BH. These steps were 

implemented while characterizing BH for the purposes of studies mentioned in this thesis: 

1) BH should be in the frozen state. It should be thawed using an ice bath. It takes 

approximately 60-90 min for the BH to thaw. 

2) The thawed BH should be vortexed to melt any residual frozen BH present in the 

interior of the sample (not in contact with the walls of the tube). 

3) Before any measurement, BH should be thoroughly mixed using a vortex (because 

it is a suspension in a buffer) and care should be taken that while pipetting out one 

doesn’t get a clear or a pale yellow/off white liquid. If this is the case, the BH needs 

to be further vortexed. 

4) While pipetting, BH should show presence of suspended ‘chunks’. Any 

measurement done on a sample that does not contain the chunks may introduce 

errors in the measurement 

A.1.2 Using the rheometer (TA instruments AR-G2) 

1) Make sure that the instrument is turned on in sequence: 

Nitrogen  Thermo cube cooling unit  uncap the bearing cover  turn on the 

instrument panel 

2) Set the cooling unit at least 15 degrees below the temperature at which you would 

want to carry out the measurement (generally, for measurements being made at 

37oC, the cooling unit is set between 15-20oC) 

3) Make sure to start heating the Peltier plate (if needed) straight away. The cooling 
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unit ensures that the plate is kept heated and so should be set at a considerably 

lower temperature. 

4) Follow steps for measuring the inertia and record the value in the book provided 

and then proceed to attaching the cone on to the bearing. Measure bearing friction 

and record the same after selecting the appropriate geometry from the software. 

5) Zero the gap on the instrument and perform rotational mapping for the geometry. 

6) Put sample (0.6mL when using the cone) on to the center and lower the geometry 

to a distance of 53 microns from the plate. Make sure the sample is in contact with 

the entire underside of the geometry and that none is sticking to the sides. 

7) Go to the wizard and set up a procedure for the measurement of the viscosity. 

Under flow method, select continuous steady state to get most reliable results. 

8) Plot the viscosity vs shear rate graph to get data on the behavior of fluid and plot 

the shear rate vs shear stress to get data on the type of fluid. 
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