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Inhaled Mycophenolate Mofetil Formulations for the Prevention of 
Lung Allograft Rejection 

 

Helene Laurence Dugas, PhD. 

The University of Texas at Austin, 2012 

 

Supervisor:  Robert O. Williams III 

 

The use of lung transplantation, a life saving intervention, has been increasing 

over the last thirty years with a disappointing median survival of only 4.8 years. Despite 

the progress made in immunosuppressive therapies, allograft rejection following 

transplantation is the leading cause of death. As part of the immunosuppressive therapy, 

mycophenolate mofetil (MMF), the ester prodrug of mycophenolic acid (MPA) has 

proven its efficacy among heart, liver, kidney as well as lung transplanted patients. 

However, due to its rapid excretion, high daily doses are necessary and lead to serious 

side effects, forcing the patient to stop and change their course of treatment. 

Administration of drugs to the lungs is known to minimize local and systemic side effects 

by employing a lower amount of drug, to increase patient compliance and to improve the 

efficacy of the treatment. Therefore, developing novel MMF formulations for targeted 

delivery to the lungs will broaden the therapeutic options against lung transplant 

rejection. Within the framework of this dissertation, the development of an inhaled 

formulation of MMF was investigated. MMF must be metabolized by carboxylesterases 

to become active and its metabolism suffers from high inter- and intra-patient variability. 

The first objective of this dissertation was to investigate the occurrence of MMF 

hydrolysis in the lung. The second objective was to study the in vivo deposition, 
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metabolism and distribution in rats, of an inhaled micron-size MMF suspension in 

comparison to inhaled IV Cellcept® and oral Cellcept®, the currently marketed products. 

According to the in vitro results, MMF is metabolized in human lung cells by 

carboxylesterases. The in vivo results showed an incomplete metabolism of MMF when 

delivered as a suspension due to the limited dissolution of the drug in the lungs. 

Following inhalation, the MMF suspension achieved higher and more prolonged 

concentration of the total drug in the lungs and lymphoid tissues as compared to the 

inhaled IV Cellcept®. The pulmonary delivery of the MMF suspension was able to 

achieve similar levels of drug in the lungs, higher levels in the lymphoid tissues and 

significantly lower levels in the systemic circulation when compared to the levels 

obtained from the oral gavage of oral Cellcept®. Ultimately, this dissertation 

demonstrated that the administration of micron-size MMF suspension offers a great 

potential for pulmonary administration. 
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Chapter 1:  Nanotechnologies for Pulmonary and Nasal Delivery 

 

 

1.1 INTRODUCTION 

Almost 40 % of the drugs currently marketed and close to 90 % of the pipeline 

drugs exhibit poor-water solubility and/or poor permeability, leading to an overall low 

bioavailability [1, 2]. Chemical modification, crystal change and size reduction have been 

investigated to improve the solubility of those BCS class II, III and IV drugs. While those 

techniques improved their solubility, their absorption may still be low and their 

metabolism clearance high, resulting in a low therapeutic effect and potential serious side 

effects, as high dose must be administered. In situ delivery is known to minimize local 

and systemic side effects by employing a lower amount of drug, to increase patient 

compliance and to improve the efficacy of the treatment. Nanoparticle engineering 

technologies play an important role in the improvement of pulmonary and nasal drug 

delivery. These technologies encompass traditional techniques, such as milling and spray-

drying, as well as more recent techniques, such as cryogenic and supercritical processes. 

Using those techniques, scientists are able to produce engineered particles exhibiting 

specific physiochemical properties. Since pulmonary and nasal drug delivery requires 

particles with specific criteria and good aerosolization properties, nanoparticle 

technologies are great tools to produce inhaled and nasal drug formulation with optimum 

characteristics for lung and nose delivery.  Developing such formulations will broaden 

the therapeutic options used to treat pulmonary, nasal as well as certain systemic 

diseases. Pulmonary and nasal physiologies are correlated to particle deposition and 

absorption, and will be discussed in this chapter. Nanoparticle technologies used in the 
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pharmaceutical industry in addition to more innovative processes will be detailed. Finally 

the clinical considerations of pulmonary and nasal delivery of drug nanoparticles will be 

discussed through several pertinent examples taken form the literature. 

 

1.2 PULMONARY PHYSIOLOGY, NASAL PHYSIOLOGY AND DRUG DELIVERY 

1.2.1 Physiology of the lung 

The primary function of the lung resides in its ability to facilitate gas exchange 

between the external environment and the systemic circulation, and to maintain a 

constant systemic pH. The lung can be divided into two main compartments: the 

conducting zone and the respiratory zone [3]. The conducting zone includes the trachea 

branching into intrapulmonary bronchi further dividing into smaller diameter bronchi and 

bronchioles, and ends with terminal bronchioles. As its name indicates, the conducting 

zone is allowing air circulation in and out of the lung during the ventilation process. The 

respiratory zone consists of the respiratory bronchioles containing the alveolar ducts and 

sacs participating in the gas exchange function of the lung. In this zone, with a mean 

alveolar number of 480 million [4], the total cross-sectional area approaches 140 to 160 

m2. This large surface area, combined with an thin alveolar epithelial layer ranging from 

0.57 to 0.69 μm [5], offer a real potential for drug delivery. The alveolar epithelium is 

primarily constituted of type I and II pneumocytes. Gases diffuse through type I 

pneumocytes while type II secrete lung surfactant that lines the alveolar luminal surface 

[3, 6]. 

In the conducting airways, ciliated cells line the surface of the epithelium. A 

biphasic mucous layer covers the ciliated surface, protecting the epithelium from 

dehydration and foreign substances (e.g., inhaled particles, virus, bacteria, and drugs). 
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The mucociliary escalator moves the mucous layer and the substances trapped within it 

toward the oral cavity, where they are either swallowed or coughed up. In the 

tracheobronchial region, this mucociliary clearance is a major barrier to pulmonary 

delivery [6, 7]. In the respiratory zone, depending on the physicochemical properties of 

the substance deposited, the clearance process will occur either by dissolution, direct 

passage and uptake by the vascular system, transport in the lymphatic system or 

phagocytosis by circulating alveolar macrophages [8, 9], Figure 1.1. 

The increasing interest in pulmonary drug delivery over the last thirty years can 

be attributed to the non-invasive nature of the treatment, delivery directly at the disease 

site, avoidance of the first-pass metabolism and decrease in systemic side effects while 

increasing the on site drug levels. Lung delivery has been also associated with rapid onset 

of action and increased bioavailability over traditional oral dosage forms [7, 8]. 

 

1.2.2 Physiology of the nose 

The nasal passageways function as a means to warm, humidify and filter the 

inhaled air before it reaches the lungs. The nasal cavity has a large surface area 

(approximately 180 cm2) and is highly vascularized. It is divided in two by the septum 

and further segmented into the superior, middle and inferior concha, also called turbinates 

[10]. The nares are the keratinized regions of the nose covered with hair and composed of 

a stratified squamous epithelium. The atrium epithelium is characterized by both 

squamous and pseudostratified columnar epithelial cells, and the turbinates by ciliated 

and nonciliated pseudostratified epithelial cells only [11, 12].  

Particle clearance in the nasal cavity is governed by the solubility properties of 

the particles. If insoluble substances deposit on the mucus layer lining the nonciliated 
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nasal epithelium, sneezing or nose wiping will remove them. Similarly to the 

tracheobronchial region, substances depositing on the mucus covering the ciliated 

epithelium, the mucociliary clearance will transport the mucus towards the nasopharynx 

region where it will be either swallowed or expectorated. If the particles are soluble, they 

may be absorbed through the mucus and nasal epithelium into systemic circulation [9, 

13]. 

The nasal route offers several advantages for drug delivery: high absorption of 

small hydrophobic molecules, avoidance of the first-pass metabolism and ease of 

administration [14, 15]. It is also effective at stimulating the local and systemic immune 

system [11, 16], and delivering drugs to the brain [13]. 

 

1.3 PARTICLES AND DEPOSITION 

1.3.1 In the lung 

The objective of pulmonary delivery of drugs is to target the deep lung where 

maximal bioavailability is expected. Among other physicochemical properties of inhaled 

aerosols, particle size and flow rate influence the deposition in the different regions of the 

lung. The literature shows evidence of the importance of the aerodynamic diameter of the 

particles over their geometric diameter [17, 18]. In fact, even particles exhibiting a large 

geometric diameter have the ability to deposit in the respiratory zone of the lung as soon 

as their aerodynamic diameter is below 5 microns. The aerodynamic diameter accounts 

for the geometric diameter of the particles as well as for their shape and density, as 

shown below [19-22]: 

         Equation 1.1 
da = dv

!
" # !0
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where da is the aerodynamic diameter, dv is the geometric diameter, ρ is the 

particle density, χ is the dynamic shape factor (χ=1 for spherical particles, but changes 

with the geometric of the particles) and ρ0 is the reference density (usually ρ0=1). The 

shape factor χ is the ratio of the resistance force exerted on the actual particles in 

movement in a fluid, by the resistance force exerted on spherical particles having 

identical volume. Hinds [23] has provided an extensive review of the experimental or 

model based determinations of the dynamic shape factor, which is beyond the scope of 

this chapter. Depending on their aerodynamic diameters, particles will deposit in different 

region of the lung: large particles (da>5 µm) will deposit in the oropharyngeal and trachea 

regions, whereas particles with 1-5 micron size range will most likely settle in the 

respiratory bronchioles and the alveoli. Nanoparticles (da<1 µm) will reach the alveolar 

region but about 80% of the inhaled particles will actually be exhaled due to their lack of 

inertia and gravity. 

The mechanisms of deposition can be organized into five categories: inertial 

impaction, sedimentation, diffusion, interception and electrostatic precipitation [19, 24, 

25]. Inertial impaction occurs when the momentum of the particles is such that they move 

in a straight direction, independently of the airflow. Hence, impaction happens when the 

particles or droplets collide onto the lung epithelium. The impact is more likely to happen 

if the particles travel long distances, since they will not stop due to the friction forces 

between the particles and the air [24, 26, 27]. The travelled distance is based on the 

equation below: 

        
Equation 1.2

 
where S is distance, B is particle mechanical mobility, m is mass and v is particle 

velocity. The inertial deposition can also be related to the Stokes number: as the Stokes 

S = B !m !v
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number increases, the inertial impaction efficiency increases. Since the Stokes number is 

directly proportional to the square of the diameter (Equation 1.2), the inertial deposition 

efficiency increases with particle size [24, 28, 29]. 

       Equation 1.3 

where ρ is particle density, d is particle diameter, V is air velocity, η is air 

viscosity and R is radius of the airway. Most of the particle deposition models assume a 

laminar parabolic flow in all airway generations. Therefore, inertial impaction is expected 

to occur preferentially in the upper airways, at the airway bifurcations [24, 27-30].  

Sedimentation occurs because of the gravity applied to the particles. Stokes law 

governs the terminal settling velocity in the laminar region: 

      Equation 1.4 

where ρa is the air density and g the gravitational acceleration. However, as the 

particle size decreases, the Stokes law does not apply by itself and must be corrected with 

a slip correction factor, CC, derived by Cunningham. The terminal sedimentation velocity 

with the slip factor can be written as [23, 24, 27, 31]: 

       Equation 1.5 

where 

     Equation 1.6 

where Kn is the Knudsen number in air.  
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Another parameter to consider when characterizing particle sedimentation 

behavior is the Reynolds number: if it indicates laminar flow, Stokes law is applicable. 

Otherwise, a turbulent drag correction factor must be applied to model the appropriate 

terminal settling velocity [24, 25, 27, 32]. 

The last particle deposition mechanism mentioned in this chapter is diffusion. 

This phenomenon, also called Brownian motion, occurs when the particle size is so small 

that the particles undergo random motion due to particle collisions in the fluid. The rate 

of diffusion is proportional to the diffusion coefficient given by the Stokes-Einstein 

equation: 

       Equation 1.7 

where k is Boltzmann’s constant and T is absolute temperature [23, 24, 27]. 

The diffusion driven deposition is only dependent on particle size and not its 

density: it will increase as the particle size decreases. 

 

1.3.2 In the nose 

The deposition mechanisms in the nose are identical to the ones described in the 

previous section. Particle deposition in the nasal cavity highly depends on the particle 

size as well as airflow velocity. The airflow behavior is intimately related to the breathing 

rate: while the airflow is laminar for a breathing rate of 15 L/min, it becomes turbulent at 

breathing rate of 25 L/min and higher [33, 34]. The major part of flow passes through the 

middle and inferior turbinates, and a smaller portion passes through the upper turbinate, 

including the meatuses and the olfactory region [35], where most of the drug absorption 

is expected to happen.  Particular attention should be paid to the particle size: particles 

Dif = k !T
3" !# !d
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more than 10 μm in size will deposit in the nasal cavity. Particle smaller than 10 μm will 

start depositing also in the airways of the lungs and when the particle size reaches the 

nano-size range (below 200 nm), less than 20% is anticipated to deposit in the nasal 

region [36-41]. Kelly et al. [37] and Martonen et al. [42] also reported that the surface 

quality of the nasal epithelium and small anatomical variations do not affect nasal 

deposition significantly. 

 

1.4 PARTICLE ENGINEERING TECHNOLOGIES 

The definition of nanoparticles can be ambiguous across fields involved in the 

nanosciences. A common definition of nanoparticle used in research and industry, and 

accepted by the International Organization for Standardization considers particles to be in 

the nano-scale when they are between 1 and 100 nm in every direction [43]. Other 

governmental and environmental groups consider nanoparticles to have a larger size: 

between 200 nm and 300 nm. The Food and Drug Administration, on the other hand, 

recommends not adopting a strict definition of nanomaterials due to the broad and 

complex fields employing this term [44]. In the pharmaceutical field, the definition is still 

unclear and the literature suggests that particles below 1 μm in all three dimensions 

should be considered as nanoparticles given that, in this range, enhancements in 

membrane permeability and absorption are already observed [45]. For pulmonary 

delivery, technologies are employed to create nanoparticles with the ultimate goal of 

improving powder dispersion and aerosol performance to deliver the drug to the deep 

lung. 

Nanoparticles can be produced through a wide variety of particle engineering 

technologies. Those particle size reduction technologies can be divided into two general 
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categories:  top-down and bottom-up processes. The top-down process is based on size 

reduction by consecutive fracture, abrasion or cleavage of the bulk material. The bottom-

up process refers to the gradual build-up of the particles until reaching the desired size 

range. 

 

1.4.1 Top-down approach 

1.4.1.1 Milling techniques 

While different milling techniques are available on the market, only a couple of 

them are capable of producing particles in the nanosize range, as reported in Table 1.1. 

This section will only describe the milling techniques leading to nanomaterial. 

 

1.4.1.1.1 Ball milling 

Ball milling is a wet or dry process capable of reducing the particle size to the 

nano-size range. In this technique, the milling cylinder is partially filled with fine milling 

pearls or balls made of steel, glass, zirconium oxide, tungsten carbide, high cross-linked 

plastic, such as hard polystyrene, with sizes ranging from 0.1 mm to more than 10 mm 

[46]. The final particle size will depend on the speed of the disc stirrer, the rotation speed 

of the cylinder, the filling ratio of grinding beads and their sizes, as the impact, pressure 

and shear forces between the moving balls and the particles will be different. At high 

speed, the forces created by the balls falling from the top to the bottom of the cylinder 

provide coarse dry grinding of the bulk substance. At low speed, very fine grinding is 

achieved by attrition of the powder between the milling pearls, and the milling pearl and 

the wall of the milling chamber. Also, as the milling ball size decreases, the surface area 
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increases, offering a large number of contact points with the bulk powder resulting in a 

slower but finer grinding. 

In this type of top-down particle reduction technique, shear forces of the fluid can 

be considered too low to break the particles. Therefore, the particles can only be broken 

when stressed in between two grinding pearls or between a grinding pearl and the wall of 

the milling chamber. The efficiency of the process will depend on the number of particles 

captured between the grinding elements, the number of stress events and their intensity 

[47, 48]. Depending on the number of particles caught in this process, the energy 

transferred to the particles will vary. First, if only one particle is captured, the entire force 

will transfer to the particle. Second, if more than one particle is captured between the 

balls, the first particle to be captured will be the largest one and/or the closest one to the 

connection point between each ball, hence receiving the largest force. The subsequent 

particles captured between the two pearls will be stressed but at considerably lower 

energies of different intensities. Single particle stressing occurs rarely and the number of 

captured particles depends preferentially on the concentration of the dispersion and the 

particle size. Kwade [47] reported that the ratio between the diameter of active volume 

between the two grinding balls, dact, ant the average distance between two particles in 

suspension, y, could be a mean of evaluating the number of particle captured. The active 

volume is the volume in which a particle is captured between two grinding balls. The 

average distance between the centers of two particles is linked to the solids volume 

concentration of the dispersion and the size of the particles. 

;    Equation 1.8 

dact
y

= 6cv
!

3 " 2 1# d( ) " dGM
x

+1# d2 d = a
x
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where dGM is the diameter of the grinding balls, x is the diameter of a particle, a is 

the minimum distance between the grinding balls, and cv is the concentration of the 

particles in the dispersion. 

If the ratio dact/y is greater than 1 and d tends to zero, then multiple particles are 

expected to be captured between the grinding balls. Moreover, as the size decreases, the 

fluid flow will drive the smaller particles better than the large ones, increasing the 

probability of capture between the chamber wall and the grinding balls. Therefore the 

dact/y ratio increases with decreasing particle size. In addition, the viscosity of a 

suspension containing particle smaller than 2 μm increases, in comparison to a 

suspension of the same concentration with larger particles, and the mobility decreases, 

hence the probability of having a bed of particles captured between the grinding balls 

increases and the efficacy of the collision decreases, increasing at the same time the 

process duration to obtain finer particles. 

The stress events leading to the capture of particles between the grinding balls, or 

the grinding balls and the chamber wall can be organized in three possible mechanisms: 

acceleration of the grinding balls from the disc stirrer geometry to the chamber walls 

acquiring kinetic energy, centrifugal acceleration causing the grinding balls to press 

against the chamber wall, and the motion of the grinding elements in tangential direction 

at high velocity and their collision with other grinding elements with lower velocities. 

The average number of stress events for each particle can be estimated as follow [47]: 

        Equation 1.9 
SN = NC !PS

NP
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where NC is the number of media contacts, PS is the probability of the particles to 

be captured and sufficiently stressed when in contact with the grinding balls and NP is the 

number of particles inside the wet mill. 

The stress intensities can be described as the results of the force acting on the 

grinding balls and the kinetic energy of the grinding balls, and depends on the type of 

stress mechanisms considered. Kwade provides a detailed study on the estimation of the 

stress intensities [47].  

While the dry ball mill can decrease the particle size down to about 0.5 μm, wet 

ball milling, also called media milling, is capable of decreasing the particle size far below 

400 nm. In 1992, the Nanocrystal® Technology was the first wet milling nanotechnology 

to achieve particles in the nano-size range, see Figure 1.2 [49, 50]. Wet milling is based 

on the same technique as the dry ball milling process but employs grinding poorly water-

soluble drugs (water solubility less than 10mg/ml) dispersed in an aqueous dispersion 

containing stabilizers and surfactants. Surfactants and stabilizers are used during the 

fabrication process to avoid aggregation of the crystals in the nanodispersion. The 

amount of surface modifiers can vary between 0.1% and 90% by weight and the drug 

concentration in the dispersion is usually 400 mg/ml and below. It is a popular technique 

due to its ease of scalability (from 25 mg to 1 ton) and its relatively short process time 

(30 to 60 min). It also offers thermal control over the process: precooling or cooling the 

suspending media can control the process temperature enabling the use of heat-sensitive 

materials. Hence, the chemical degradation, solid phase transition and melting of the 

milled substances can be prevented [50]. This wet mill technology has expanded the use 

of nanoparticles for oral, pulmonary, intravenous, intramuscular, subcutaneous and ocular 

drug delivery systems [1]. Ostrander et al. [51] reported beclomethasone dipropionate 

milled to a mean size of 164 nm using the NanoCrystal® technology. Nebulization of 
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beclomethasone dipropionate made by the NanoCrystal® process exhibited a fine particle 

dose (amount of drug anticipated to deposit deep in the lungs) upon in vitro 

characterization improved by a factor of two in comparison to the commercialized 

product Vanceril® inhaler. 

 

1.4.1.1.2 Fluid energy milling 

Fluid energy milling technology, also called air jet milling, is based on inter-

particle impactions and sometimes even particle-wall collisions to reduce the particle 

size: the average size range of particles generated is very diverse and depends on the type 

of air jet mill used. In the industry, fluid energy mills are very popular dry milling 

techniques due to their efficiency and scalability. One type of fluid energy mill is the 

spiral jet mill consisting of a horizontal circular grinding chamber into which the drug 

substance is fed. The particle size generated is below 10 μm [52]. The powder to 

micronize is metered into a feed funnel. Compressed air or gas from the injector draws 

the feed material in the grinding chamber through a vacuum created by the Venturi tube. 

The grinding air or gas supplies high pressure air or gas to the grinding chamber in a 

rotational direction and is forced through the grinding nozzles at high speed. The high 

velocity air or gas vortex created in the chamber accelerates the feed powder generating 

particle-particle impaction and leading to particle size reduction. The centrifugal forces 

maintain the larger particles in the outer area of the grinding chamber where particle 

collisions occurs, while the finer particles travel towards the center due to centripetal 

forces and exit the grinding chamber in the draft generated by the vortex finder or inner 

classification tube. A schematic of the fluid energy mill is shown in Figure 1.3. 
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The parameters affecting the particle size of the final product are the geometric 

parameters related to the mill design and the operational condition related to the solid 

feed rate, the injector pressure, the grinding pressure and the material itself [53], with the 

most significant variables being the feed rate, the volumetric flow rate of the grinding air 

or gas and the height of the vortex finder when grinding at constant pressure [54]. An 

extensive analysis of process scale-up of the spiral jet mill is provided by Midoux et al. 

[53].  

During the grinding process, disorder of the crystal structure of the milled drug 

substance can occur leading to amorphous or partially amorphous particles. Since the 

recrystallization phenomenon is random, the particle size growth is generally 

uncontrolled. Brodka-Pfeiffer et al. [55, 56] performed thorough studies on the 

micronization of salbutamol sulfate intended for pulmonary delivery, using the spiral air 

jet mill. In their first study [55], after milling of salbutamol sulfate, they obtained large 

loose aggregates of very fine particles that could be easily redispersed. The average 

particle size obtained was 1.71 μm with a D(v, 90) of 3.68 μm, which are respirable 

particles.  The amorphous content varied depending on the grinding pressure. Their 

subsequent publication [56] focused on the recrystallization phenomena upon storage of 

the milled salbutamol sulfate in different storage conditions and the associated particle 

growth. On one hand, no particle growth and crystal structure changes were observed in 

the dry conditioning, but this type of conditioning is not a feasible approach in the 

industry. On the other hand, complete recrystallization was observed within 24 hr when 

the powder was stored at 55% relative humidity (RH) and above with the largest particle 

growth seen at 40°C and 75% RH. Even if crystal growth was observed, the particle size 

remained below 5 μm, the respirable range. 
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1.4.1.1.3 Cryogenic milling 

Cryogenic milling or cryomilling involves the mechanical attrition of powders in 

cryogenic conditions. The process is similar to ball milling where the particles are either 

milled in a slurry formed with a cryogenic milling media or dry milled using a cryogenic 

liquid to decrease the temperature of the milling chamber. In either case, both fabrication 

processes control the temperature of the grinding chamber using a cryogenic media while 

the particle size reduction occurs by attrition [57, 58]. Cryomilling offers advantages for 

the particle size reduction of heat-sensitive compounds, increases the particle brittleness 

favoring particle fracture upon impaction but also has certain limitations related to the 

cryogenic liquid removal such as particle aggregation. 

Niwa et al. [59] developed an ultra cryomilling technique, Figure 1.4. It is based 

on media ball milling techniques but uses liquid nitrogen as the dispersing media instead 

of water due to the rare solubility of solid particles in this cryogenic liquid. Liquid 

nitrogen was chosen due to its low viscosity (0.158 mPa.s at -196°C) and low surface 

tension (8.85 mN/m at -196°C) preventing coaggregation of the particles during the 

milling process, and because materials become more brittle at cryogenic temperatures 

(below -150°C). The authors optimized the ultra-cryo mill process conditions to obtained 

particles in the nano-size range: the size of grinding beads, the volume of bead loading 

and the agitation speed of the rotation shaft and disks were investigated. Using this 

technology, nanoparticles of phenytoin, ibuprofen and salbutamol sulfate were produced 

and the ultra-cryo mill technology lead to higher percentages of submicron particles for 

each drug in comparison to the jet mill technology. However, particle aggregation upon 

evaporation of liquid nitrogen was a major concern. Even though particle reduction 

increases the specific surface area, the particle size reduction of poorly water-soluble 

drug has the tendency to form poorly water-soluble aggregates with low wettability 
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capability. Sugimoto et al. [60] also used the ultra-cryo mill technology and suggested the 

use of surfactants and stabilizers to prevent particle agglomeration and improve wetting. 

Solubility enhancement of phenytoin co-ground with different pharmaceutical excipients 

using the ultra-cryo mill was proven. 

Cryogenic milling technologies are interesting techniques to reduce particle size. 

The process parameters can be tailored to achieve a particular particle size range. 

However additional scale-up studies are necessary to make this technology appropriate 

for use in the pharmaceutical industry. 

 

1.4.1.2 High-pressure homogenization 

The homogenization process forms homogeneous or narrowed particle-size 

distributions in suspensions or emulsions. Homogenization techniques can be separated 

into two categories: low-energy input homogenization specific to emulsions, and high-

energy input homogenization used to fabricate suspensions and emulsions. This section 

will only touch on the high-energy homogenization processes and more specifically the 

different type of high-pressure homogenization techniques as they are the most 

commonly used in the top-down processes. High-pressure homogenizers utilize three 

different types of energy transfer mechanisms depending on the process conditions: 

collision/impaction, shear stress and cavitation. Homogenization processes are 

advantageous due to various volume capacities, ranging from milliliters to a few 

thousand liters, the tailoring of the particle size and the possible modification of the 

crystalline nature of the substrate, from crystalline to partially amorphous to completely 

amorphous. These processes are therefore easily scalable and the solubility is improved 

thanks to particle size reduction and crystal structure modifications. 
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1.4.1.2.1 Piston-gap homogenization 

Most piston-gap homogenization techniques are based on cavitation forces to 

reduce the particle size. In this particle engineering technique, the substances are 

dispersed in water and passed through a very small gap (25 μm and smaller) at high 

pressure (approximately 1,500 bar), Figure 1.5. According to the Bernouilli’s principle, 

the high streaming velocity created by the passage of the particle suspension through the 

very small gap and the increased dynamic pressure of the fluid lead to the boiling of the 

dispersant (water) at room temperature. The gas bubbles formed collapse as the fluid 

exits the piston gap causing cavitation-induced shock waves, therefore fracturing the 

particles and reducing their size [61-63]. The particle size range and polydispersity index 

obtained highly depend on the process pressure and the number of cycle applied [62, 64]. 

Budesonide for pulmonary administration has been successfully produce using the piston-

gap homogenization technology [65]. The suspension was first pre-milled to the micron-

size range at increasing pressure and then reduced to the nano-size range at high pressure 

during 20 cycles. The stabilizers and surfactants used played an important role in the final 

particle size of the suspension as steric and electrostatic stabilizations were necessary to 

prevent particle agglomeration. After choosing the optimized formulation, scale-up and 

increase of drug content were performed and did not affect significantly the particle size. 

The budesonide suspension was shown to be stable over a one-year period. 

Other technologies based on the same piston-gap homogenizing technique were 

developed. DissoCubesTM technology, developed by Müller et al. and acquired by 

SkyePharma PLC [66, 67], increases the saturation solubility and induces structural 

changes in the particle (the high energy input increases the amorphous fraction). The 
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feasibility of the process was investigated and several poorly water-soluble drugs could 

be converted into nanosuspension with a mean particle size diameter below 1 μm [67-70]. 

NanoPure® technology, developed by PharmaSol GmbH, uses the piston-gap 

homogenization approach but utilizes low vapor pressure dispersion media and low 

homogenization temperature. The boiling of the dispersing media is almost nonexistent, 

hence the particle size reduction is the result of shear stress, collision and turbulence and 

not cavitation. The low temperatures used in this process allow the use of thermo-labile 

compounds and because non-aqueous media can be used, degradation of the drug 

substances via hydrolysis is prevented [66, 69, 71, 72]. Nanosuspensions of amphoterin B 

using the NanoPure® technology with a mean diameter of 250 nm and a polydispersity 

index of 0.3 were prepared [69]. 

 

1.4.1.2.2 Jet-stream homogenization 

Jet-stream homogenizers, also called microfluidizers, use the impaction of jet 

streams to induce particle size reduction. The concept of jet stream interaction front was 

invented and patented by Cook and Lagace to produce solid lipid nanoparticles emulsions 

[73] and owned by Microfluidics Corporation. Later on, the concept was applied to 

suspension and particle size reduction. The pre-homogenized coarse suspension in the 

inlet reservoir is passed through an intensifier pump generating pressures up to 40,000 psi 

and accelerated into the interaction chamber. Inside the interaction chamber, the stream 

divides into microchannels. The high-pressure streams generated are forced to collide 

upon themselves at ultrahigh velocity up to 400m/s. The impaction and shearing forces 

produced cause particle breakage and size reduction. 
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The microfluidizer presents disadvantages including the obtaining of a rather 

large quantity of particles in the larger size range [74], the high number of passes 

necessary to obtain particles within the desired size range (sometimes up to 100 passes), 

translating into long processing times, and the compatibility of the process with “soft” 

drugs rather than “hard” drugs [69, 75]. Those drawbacks have been overcome by the 

introduction of “Y” multi-slotted interaction chamber resulting in easy of scalability and 

the obtainment of particles in the nano-size range in as little as two passes.  

 

1.4.2 Bottom-up approach 

1.4.2.1 Spray-drying 

Spray drying techniques have been used industrially for well over a century and 

are therefore well-understood processes. Its simplicity, robustness and scalability have 

convinced a variety of industrials to use this technology for a vast panel of products. In 

the pharmaceutical industry, spray drying has been used to generated bulk active 

ingredients such as small and large molecules, vitamins, and bulk excipients [76]. It has 

also been used as a process technology to provide unique physical and chemical 

properties to pharmaceutical powders including increased porosity, crystal changes, and 

sphericity.  

Spray drying technology is a multi-step process: the preparation of a feed fluid, 

which can consist of a solution, suspension or emulsion, the atomization of that fluid 

through a nozzle in the drying chamber, the evaporation of the solvent droplets after 

contact with the hot drying gas, which are converted into particles, the separation of those 

particles from the wet drying gas into the cyclone or filter bag. A schematic of the 

process is provided in Figure 1.6 [76-78]. The final particle size and characteristics rely 
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on the operating parameters chosen, such as the type of atomizer, the atomization 

pressure, the airflow and the drying temperature. The atomizer is a key parameter of the 

spray-drying technology, as it will impact the degree of atomization of the feed fluid. 

Several types of atomizer are available: rotary nozzles, pneumatic two-fluid nozzles, 

three- and four-fluid nozzles, pressure nozzles, ultrasonic nozzles and monodispersed 

nozzles. The atomizer selection is based on the feed fluid properties (nature of the fluid, 

viscosity, rheological behavior, etc), the feed flow capacity, particle-size distribution 

targeted and the air disperser design of the spray-drying unit [76, 78, 79]. Then, the 

drying gas-droplet contact may occur according to two different configurations: co-

current, where both the drying gas and the atomized droplets originate from the top of the 

drying chamber, and counter-current, where the atomized droplets originate from the top 

of the drying chamber while the drying gas exits through the bottom of the chamber. The 

collecting systems include cyclones, the common collection system used in the 

pharmaceutical industry, filter bags, which are usually placed after the cyclones to 

prevent particles from being carried in the gas recycling system, and electrostatic 

precipitators that are used to collect nanoparticles and improved recovery efficiencies 

[76, 78].  

This technology has been very popular for the fabrication of particles for 

pulmonary and nasal delivery. One of the recent examples is ExuberaTM commercialized 

by Pfizer. It was the first approved pharmaceutical product treating type I and type II 

diabetes through pulmonary delivery of insulin. The product was formulated as a dry 

homogeneous powder produced by spray drying [80]. Despite its commercial failure, due 

to a lack of success, this inhaled insulin formulation was a major breakthrough in the 

systemic drug delivery via the inhalation route. 
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Drugs to treat pulmonary diseases, such as anti-asthmatics, immunosuppressants, 

antifungals, anti-cancer drugs, and potential vaccines have been formulated using the 

spray-drying technology. Also, excipients, such as lactose and mannitol, have been 

physically modified using this technology to serve as drug carrier for pulmonary delivery. 

The advantage offered by this process is the production of low density, usually highly 

porous particles. The geometric of those particles is large but their aerodynamic diameter 

is small. First, it results in improved aerosolization of the particle due to the smaller 

surface area to volume ratio, which reduces the risk of aggregation and promotes 

immediate dispersion of the particles by the airflow shear forces [81]; but because of their 

small aerodynamic diameter, the particles are efficiently deposited in the deep lung with 

fine particle fraction reaching 65% to 95% [82]. Second, because of their large diameter, 

the particles escape the phagocytosis clearance mechanism providing a sustained release 

in the lungs [81]. Finally, those large, porous particles may be used as carriers to deliver 

small molecules, therapeutic proteins and peptides for systemic delivery via the lungs and 

are often referred as Trojan particles [83, 84]. 

 

1.4.2.2 Cryogenic technologies 

Cryogenic technologies were developed to improve the solubility and dissolution 

properties of poorly water-soluble drugs by increasing the specific surface area of the 

particles through nanostructures, and creating amorphous materials [85-87]. As its name 

suggests, the cryogenic technology uses cryogenic liquids to rapidly freeze a feed 

formulation containing the drug and, sometimes, additional pharmaceutical excipients. 

The commonly used cryogen is liquid nitrogen: it is colorless, odorless, nonflammable 

and has a boiling temperature of -195°C. Its alternative is liquid argon with a boiling 
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temperature of -185°C. Liquid argon is however an asphyxiating gas and is more 

expensive than liquid nitrogen. Other cryogens are used, such as liquid hydrocarbons, but 

they exhibit a higher boiling point and on a safety stand point, are more dangerous as 

they are highly combustible. The feed solution containing the drug and the excipients is 

often dissolved or emulsified in a solvent or co-solvent system and the frozen matter has 

to be dried to get the free-flowing powder. Sublimation processes such as lyophilization 

and atmospheric freeze-drying are used for solvent removal. The sublimation step is 

critical as the advantageous physicochemical properties imparted during the cryogenic 

process may be lost if melting occurs. 

 

1.4.2.2.1 Spray freeze-drying (SFD) 

This cryogenic method has been used in the pharmaceutical industry for over 60 

years. It was first used for proteins and peptides, because unlike spray drying techniques, 

no heat is required which prevents proteins and peptides denaturation [88]. It is only in 

the early 1990s that SFD started to be used by pharmaceutical industries to prepare 

amorphous forms of poorly water-soluble drugs [89, 90]. 

The particle engineering technique is generally described as three-step process 

comprising the atomization of a feed solution, emulsion or suspension containing the 

drug and, potentially, pharmaceutical excipients, rapid freezing of the atomized droplets 

above the surface of the cryogenic liquid and sublimation of the solvent from the frozen 

material to obtain a final, usually amorphous, dry powder [85]. 

The atomization of the drug solution, emulsion or suspension is achieved using 

different types of specialized fluid nozzle or vibrating orifice droplet generators. They 

include two-fluid nozzles, ultrasound or vibration nozzles and monodisperse droplet 
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generators. The particle size and the morphology of the particles rely on the 

physicochemical properties of the feed liquid, i.e. surface tension and viscosity, the type 

of nozzle used and the atomization parameters, i.e. liquid processing rate, liquid pressure, 

atomizing gas, etc. Two-fluid nozzles allow the highest processing rate (up to 15 L/min) 

but the particle size distribution can easily spread over several orders of magnitude. The 

physicochemical properties of the liquid formulation, the nozzle geometry and the 

velocity of the liquid and atomizing gas control the particle size distribution with this 

type of nozzle. In addition to generating a wide particle size distribution, the use of the 

atomizing gas decreases the efficiency and effectiveness of the cryogenic vapor to freeze 

the atomized droplets by increasing its temperature. Ultrasonic or vibration nozzles offer 

a lower processing rate than the two-fluid nozzles even though it is considered to be 

relatively high (up to 100 ml/min). Its advantages over the two-fluid nozzles are the 

control of the particle size and its narrow distribution, and the lower cost, as it does not 

utilize large amounts of atomizing gas. Particle size is controlled by properties of the feed 

liquid and nozzle, i.e. orifice size and atomizing area, and the frequency of the 

vibration/sonication. The last type of nozzle, monodisperse droplet generators, utilizes 

ink jet printing technology. They create highly monodispersed droplets but the processing 

rates are extremely low (about 0.1 mL/min) and the viscosity of the feed solution limits 

the technology as they may clog the droplet generators. 

The freezing of the atomized droplets occurs in the cryogenic vapors. In many 

cases, the cryogenic vapor is created over the cryogen reservoir ensuring complete 

freezing of the atomized droplets as they enter the cryogen. This technology has been 

used to generate solid dispersions of cyclosporine A for pulmonary delivery [90]. The 

particles obtained at different drug loadings had an aerodynamic diameter well within the 

respirable range. The SFD technology was also used to prepare dry powder of whole 
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inactivated influenza virus for nasal vaccination [91]. Here the particle size range was 

above the respirable range to enhance deposition in the nasal cavity (D50=26.9 μm). 

 

1.4.2.2.2 Spray freezing into liquid (SFL) 

Spray freezing into liquid (SFL) is a more recently reported particle engineering 

technology developed and patented by Williams III et al. [92], and commercialized by 

The Dow Chemical Company, and more recently Enavail LLC. A feed solution 

consisting of an aqueous, organic or aqueous/organic cosolvent system, aqueous/organic 

emulsion, or suspension containing the drug alone or the drug with pharmaceutical 

excipients, is sprayed under pressure into cryogenic liquid through an insolated nozzle. 

The cryogenic liquid includes compressed fluid carbon dioxide, helium, propane, ethane, 

liquid nitrogen, liquid argon, or hydrofluoroethers [92]; but as mentioned earlier, the 

most common cryogen used is liquid nitrogen. The spray generates frozen atomized 

droplets of the feed solution upon contact with the cryogen. The frozen material is then 

dried via sublimation to collect dry flowing drug particles. 

The powders processed with the SFL technology are generally characterized by 

micron size aggregates exhibiting primary nanostructures [93, 94] with an amorphous 

morphology, high porosity, hence, high surface area; all contributing to improve 

wettability in aqueous and enhance dissolution properties of the poorly water-soluble 

drugs processed by SFL [95-97]. The SFL technology has been used to generate 

successful formulations for pulmonary delivery [98-100]. Nanostructures of itraconazole 

formulations were delivered to mice as prophilaxis against invasive pulmonary 

aspergillosis [98]. The survival rate of mice treated with the SFL itraconazole 
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formulation was greater in comparison to the group receiving the marketed product via 

oral gavage. 

The SFL process and the SFD process are two similar nanoparticle engineering 

technologies, but the SFL process produces product with better stability. In fact, both the 

SFL and the SFD processes were shown to produce microparticulates of similar porosity 

when fabricating lysozyme particles [93]. The degree of protein aggregation and the loss 

of protein activity were however lower in the SFL process than in the SFD. Also, due to 

reduced exposure time to the air-water interface in the SFL technology, the product made 

with the SFL technology was more stable than with the SFD process. 

 

1.4.2.2.3 Thin film freezing (TFF) 

The TFF technology is also known as ultra rapid freezing (URF), cold metal block 

freezing, spray forming, thermal spray coating, splat cooling, slat quenching 

solidification, powder spray deposition, etc [85, 101]. Similarly to the SFL and the SFD 

technologies, the TFF process starts with a feed solution containing the drug alone or 

with pharmaceutical excipients. The feed solution is frozen drop wise on a rotating 

cryogenic substrate pre-cooled to a given temperature, usually below the lowest freezing 

temperature of the solvent used to dissolve the drug and the excipients. The frozen thin 

pellets are then removed from the cryogenic surface by a scraper and maintained in 

frozen state in liquid nitrogen. Again, similarly to the SFD and SFL technologies, the 

solvents are removed by sublimation to obtain dry powders. The schematic diagram of 

the TFF process is depicted in Figure 1.7 [102].  

This process is utilized to created micro-aggregates containing primary 

nanoparticle structures of amorphous or crystalline materials. It improves the dissolution 
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of poorly water soluble drugs by increasing the specific surface area of the particles as 

well as modifying their crystal structure [87]. The cooling rate of the TFF process (~102 

K/s) produces rapid nucleation and significantly prevents particle growth, as the particles 

are immobilized in the frozen state. The size of the primary structures is controlled by the 

process parameters and the formulation composition: the solvent composition, the 

percentage of dissolved solids in the feed solution and the temperature of the cryogenic 

surface [102, 103]. Several formulations for pulmonary delivery have been developed 

using the TFF technology [104-106]. However, due to the excipient limitations for use in 

inhalation therapy, stabilizing the active pharmaceutical ingredient in its amorphous state 

without compromising on the final product potency can be challenging. The TFF process 

is also limited by its costs when used at production scale: the maintenance of a low 

humidity environment and the use of high quantities of liquid nitrogen are major 

drawbacks. 

 

1.4.2.3 Controlled precipitation technologies 

The precipitation technology is one of the earliest processes developed to 

fabricate nanoparticles and microparticles. They are based on the control of the particle 

growth mechanisms: nucleation, condensation and coagulation, Figure 1.8. The overall 

process consists of the dissolution of the drug in an appropriate solvent, the addition of 

that solution to an antisolvent, causing the precipitation of fine drug particles, and finally 

solvent removal. 
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1.4.2.3.1 Antisolvent precipitation 

The antisolvent precipitation process is one of the most commonly used bottom-

up processes to form nanoparticles due to its simplicity, cost effectiveness and easy of 

scale-up. The production of hydrolsols and Nanomorph® products by Novartis and 

Abbott, respectively, have demonstrated the scalability of this particle engineering 

technique [69]. In the antisolvent precipitation process, the drug is dissolved in an 

organic solvent, which is then added to an antisolvent, usually water. The drug must be 

sparingly soluble in the antisolvent but the solvent and antisolvent must be miscible in the 

fabrication conditions. During the two-phase mixing, the solubility of the drug drops 

increasing the degree of supersaturation and subsequently the degree of nucleation. Due 

to the miscibility of the solvent in the aqueous media, the nuclei are spread apart limiting 

coagulation. The addition of stabilizers further prevents particle growth by condensation 

and coagulation: upon precipitation, the hydrophilic portion of the stabilizer extends in 

the aqueous phase while the hydrophobic portion adsorbs at the surface of the particle, 

providing steric stabilization and, depending on the chemistry of the stabilizer, 

electrostatic stabilization [107]. A schematic of the antisolvent precipitation driving 

mechanism is given in Figure 1.9 [108]. 

This technique more commonly produces micron-size particle rather than nano-

size particle. As mentioned earlier, the degree of miscibility of the solvent with the 

antisolvent is a factor contributing to the formation of drug nanoparticles, as it facilitates 

supersaturation and adsorption of the stabilizers at the surface of the nucleating particles. 

Another critical parameter influencing the final size of the particle is the efficiency of 

mixing of the solvent and antisolvent. The Damkohler number (Da) measures the 

influence of mixing on phase separation [108]. 
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Da =
τmix
τ precip        

Equation 1.10 

where τmix and τprecip are the mixing and precipitation times, respectively. 

τprecip is a function of the condensation time τcond and the coagulation time τcoag , see 

Figure 1.8. A large Da (>1) implies a process controlled by mixing (τmix is large) leading 

to low and heterogeneously distributed levels of supersaturation, and low nucleation rates 

relative to particle growth rates. The particles obtained are generally large and 

polydisperse. In this case, D can be reduced by increasing the mixing intensity, which 

generates greater supersaturation and more rapid nucleation (decrease in τmix). Also, the 

addition of stabilizers may extend the coagulation and condensation time, therefore 

increasing τprecip and bringing Da closer to 1. A low Da (<1) implies a process controlled 

by precipitation. The nucleation occurs more rapidly, relative to particle growth, as a 

result of a rapid and more homogeneous supersaturation levels. A large number of nuclei 

are formed and the particles generated are small and monodispersed.  

Matteucci et al. [108] have thoroughly investigated the critical variables of the 

antisolvent precipitation process: the rate of drug solvent added, the degree of miscibility 

of the solvent and antisolvent, the antisolvent to solvent ratio, the type and amount of 

stabilizers, the degree of mixing, the type of nozzle, the temperature, etc. Several drugs 

intended for pulmonary administration have been generated using this particle 

engineering technology: atropine sulfate [109], beclomethasone dipropriate [110], insulin 

[111], salbutamol sulfate [112], cyclosporine A [113], paclitaxel [114], progesterone 

[115], budesonide [116]. The particles obtained were in the submicron range and well 

within the respirable size range. 
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1.4.2.3.2 Evaporative precipitation into aqueous solution (EPAS) 

The EPAS technology has been developed and patented by Johnston [117] in 

2004 and is owned by The Dow Chemical Company, and more recently Enavail LLC. 

This technology involves the dissolution of the drug alone or with pharmaceutical 

excipients in a low boiling temperature organic solvent, the atomization of this solution 

into an aqueous solution heated above the boiling point of the organic solvent, and the 

precipitation of the nanoparticles in the aqueous media. Stabilizers and surfactants are 

incorporated in the aqueous phase, the organic phase, or both. The rapid evaporation of 

the organic solvent induces supersaturation of the drug and therefore its nucleation. The 

nucleating surfaces increase the interfacial area generating a strong driving force for the 

adsorption of the stabilizers at the surface of the newly formed particles. The resulting 

particles are then dried by one of the following process: filtration, lyophilization, TFF 

followed by sublimation, spray drying [118]. 

The particle size and its distribution, and the morphology of the particles obtained 

by this particle engineering technique, rely on the nozzle design, the process temperature, 

the flow rate, the degree of mixing, the choice of organic solvent, the choice of stabilizers 

and their concentration, and the final drug loading of the final aqueous suspension. The 

organic solvent influences the particle size of the product because the degree of 

miscibility of the solvent with water will control the particle growth via Ostwald ripening 

and the capability of the stabilizers to adsorb on the surface of the particles and provide 

steric stabilization. Chen et al. [119] showed a significant particle size reduction when 

producing cyclosporine A nanoparticles stabilized with Pluronic F127 with 

dichloromethane than diethyl ether. The particles produced when using diethyl ether were 

about 3-fold larger than the one produced with dichloromethane (1218 nm versus 423 

nm). 
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The organic solvent is heated to improve the drug solubility and promote rapid 

evaporation during atomization. The aqueous media is also heated to accelerate the 

evaporation process even more and enhance the nucleation rates. However, the benefits 

of increased temperatures of the aqueous depend on the nature of the stabilizers. In fact, 

when fabricating polyvinylpyrrolidone-stabilized cyclosporine A, Chen et al. [119] 

observed a decrease in the particle size when increasing the temperature from 55°C to 

85°C. On the contrary, when using polysorbate 80, they observed an increasing average 

particle size as the aqueous media temperature increased.  This phenomenon can be 

attributed to the weakening of the hydrogen bonding between the ethylene oxide groups 

of polysorbate 80 at high temperatures, which interfered with the steric stabilization ot 

the particles [120]. The choice of stabilizers and their amounts are hence intimately 

related to the process parameters [121]. 

The typical sizes of particles obtained from the EPAS technology range between 1 

μm and 10 μm. However, when the process parameters are well chosen, particles in the 

nanometer range can be produced. The EPAS process successfully produced itraconazole 

nanoparticles for the prevention of invasive pulmonary aspergillosis [99]. The particles 

were within the respirable range and the pulmonary administration of the EPAS 

itraconazole powder significantly improved survival in comparison to the commercial 

oral product in a murine model. 

More recently a modified EPAS process, called advanced evaporative 

precipitation into aqueous solution (AEPAS) has been develop. It consists in the 

formation of a drug emulsion containing also the stabilizers followed by the actual EPAS 

process. It has been shown that the final particle size of the solute is linked to the size of 

the emulsion droplets. This process removes the need of particular nozzles to obtained 

particles within the desired range [122].  
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1.4.2.3.3 Emulsion templates 

The emulsion template process consists in creating a micro- or nano-emulsion 

followed by solvent evaporation. The solvent evaporation can be performed via vacuum 

evaporation, lyophylization, spray drying or one of the cryogenic technologies, 

mentioned previously in this chapter, followed by sublimation. 

The key to this technology is first to create a stable emulsion. Emulsions are, by 

nature, thermodynamically instable system due to their positive free energy of emulsion 

formation (ΔGf). The interfacial energy term (λΔΑ) is positive and much larger than the 

entropy of droplet formation (ΔSf), such that the free energy of emulsion formation can 

never be entropy driven [123]. 

       
Equation 1.11 

where λ is the surface tension, ΔΑ is the surface area gained with emulsification, 

T the temperature and ΔSf the entropy of droplet formation. 

Emulsion destabilization results from their tendency to try to reduce the large 

interfacial area between the two immiscible phases created during the emulsion 

formation. The use of surfactants is therefore critical to ensure stability of the emulsion 

formed as they reduce the surface tension between the two phases.  

The emulsification methods may involve high and low energy emulsification 

processes. This section will only discuss the high-energy emulsification methods as they 

are the most commonly used to produce formulations for inhalation and nasal delivery. 

Three types of devices are mainly reported in the literature to generate nano-scale 

emulsions: the rotor/stator devices, the ultrasonic devices and the microfluidizers, 

discussed earlier in this chapter. Those devices induce mechanical stress disrupting the 

!G = "!A #T!S
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interface between the two phases, oil and water, followed by the adsorption or 

arrangement of the surfactants at the oil/water interface ensuring steric and/or 

electrostatic stabilization of the droplets formed. The rotor/stator devices induce droplet 

size reduction by shear forces and impaction. Even though they are great tools to generate 

microemulsions, rotor/stators are not the preferred device to create nanoemulsions as the 

final emulsions are fairly polydispersed [124, 125]. The energy provided by the 

mechanical agitation is primarily dissipated as heat and wasted in viscous friction, 

resulting in an energy transferred to the system not sufficient to create the nanoemulsion. 

The second type of high-energy devices is ultrasound devices and uses cavitation forces 

to generate the emulsions. The waves produced by the ultrasonic horn induced a series of 

mechanical rarefaction and compression leading to the implosion of the cavitation 

bubbles generated [123]. Here again the energy created by the ultrasonic horn is 

dissipated by heat but the energy remaining is sufficient to increase the interfacial area 

and create an emulsion. The efficiency of this nanoemulsification process depends both 

on the power of the sonication as well as the composition of the formulation. This process 

is very useful at the laboratory level but industrials will preferentially turn themselves 

toward high-pressure homogenizers as their batch capacities are considerably larger. The 

high-pressure homogenizers described earlier can be utilized to create nanosuspension as 

well as nanoemulsion and the theory behind this technology remains the same for both 

systems. 

In high-energy emulsification methods, the nature of the surfactants, i.e. 

functional groups responsible for the hydrophilic/hydrophobic interactions, zeta potential, 

etc, and their amount are factors determining the final droplet and ultimately particle size 

distribution [65]. It is important for the stabilizer to adsorb at the oil/water interface and 

provide sufficient steric and/or electrostatic stabilization of the nanoemulsion. In fact, 
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upon solvent removal, the stabilization of the particle is achieved thanks to the 

hydrophobic nature of poorly water-soluble drug in the aqueous media leading to the 

adsorption of the surfactant hydrophobic portion on the surface of the particles.  As the 

hydrophilic portion of the stabilizer extends from the surface of the particles, the distance 

between the particles increases such that the van der Walls attraction become ineffective 

and steric stabilization is provided [126, 127]. When the concentration of surfactant is 

sufficient, the particles repel each other thanks to volume restriction and osmotic pressure 

effect [128]. However, if its concentration is too low, bridging flocculation may occur 

causing the hydrophilic portion of the surfactant to have multiple points of contact on the 

surface of the particles and lie along that surface rather than extend away from it [126]. 

Similarly, when using ionic surfactants, the electrostatic charges created at the oil/water 

interface and later at the particle/water interface have to be sufficient to provide 

electrostatic stabilization. 

Following spray drying or cryogenic freezing and solvent sublimation, 

nanoparticles can be produced and used for potential pulmonary and nasal applications 

[129-131]. 

 

1.4.2.4 Supercritical or compressed fluid technologies 

The supercritical and compressed fluid technologies are alternatives to the 

conventional liquid antisolvent precipitation techniques mentioned earlier. Compressed 

and supercritical fluids (SCFs) are fluids compressed or heated above their critical point 

(Pc, critical pressure and Tc, critical temperature), Figure 1.10 In the supercritical fluid 

region, gases exhibit specific physical properties: their diffusivity increases significantly 

(~100 times greater then liquid diffusivity) and their viscosity decreases (~100 times 
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lower than liquid viscosity). These properties lead to rapid diffusion of the SCF in the 

liquid solvent, enabling rapid supersaturation and nucleation and production of small 

particles. Multiple SCFs may be used but the most prevalent in the pharmaceutical 

industry is carbon dioxide (CO2) as it has a mild critical point (31.1°C and 72.6 bar), and 

it is nonflammable, nontoxic, inexpensive and safe to use. Early SFC processes showed 

limitations in the production of particles in the respirable size range but could be useful 

for nasal delivery. More recent progress in those technologies enabled the production of 

particles in the nano-scale. A schematic summarizing the different SCF processes is 

shown in Figure 1.11. 

 

1.4.2.4.1 Gaseous antisolvent precipitation (GAS) 

The GAS technology consists in the addition of a SCF antisolvent, usually CO2, to 

organic solution containing the drug and stabilizers, followed by the solubilization of the 

SCF in the organic solvent [118]. As the SCF dissolved in the organic phase, the 

solubility of the drug in that phase decreases, hence generating supersaturation and 

nucleation of the drug. To obtained homogeneous supersaturation and high degree of 

nucleation, corresponding to small monodispersed particles, the SCF and the organic 

solvent must be highly miscible and the drug must be practically insoluble in the SCF. 

The use of stabilizers is important, as they will adsorb on the particles surface as the 

solubility decreases and provide steric and/or electrostatic stabilization preventing the 

coagulation and condensation phenomena. The major drawback related to this technology 

is the difficulty to collect the drug particles from the organic solvent while preventing 

growth and agglomeration: a steep decrease in the drug solubility from a certain SCF 

concentration must occur to ensure rapid and homogeneous precipitation of small 
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uniform particulates. Many drugs show a slow decrease in solubility as the SCF 

concentration increases: the typical particle size obtained from the GAS process ranges 

from 1 μm to 10 μm. 

 

1.4.2.4.2 Supercritical or compressed fluid precipitation (PCA, ASES, SDS, SAS) 

The supercritical of compressed fluid precipitation, in contrast to the GAS 

method, atomizes the drug directly in the SCF antisolvent. The solvent containing the 

drug and potential stabilizers is first atomized with the SCF, using two-fluid nozzles or 

ultrasonic dispersion devices, in a chamber pressurized with the compressed gas or the 

SCF [118]. More rapid mixing, due to the continuous feed of SCF or compressed gas 

through the atomization nozzle, and higher pressure maintained in the chamber favor 

rapid and higher supersaturation than in GAS processes. The atomization facilitates rapid 

mass transfer between the drug solution and the SCF in every direction: it increases the 

surface area of the solvent droplets, thereby increasing the contact with the SCF and 

promoting rapid supersaturation and precipitation of small uniform particles. Upon 

precipitation, the residual solvent are removed, the pressure in the chamber is return to 

atmospheric pressure and the drug particulates are collected on a filter at the bottom of 

the chamber. 

Most drugs have a limited solubility in carbon dioxide, the preferred SCF used in 

the pharmaceutical industry, and therefore this particle engineering technique has been 

quite popular for the fabrication of nanoparticles. Steroids [132], terbutaline sulphate 

[133] and fluticasone [134] micronized powder for pulmonary delivery have been 

produced using this process. This technology has also been compared against the more 

traditional jet-mill technologies described earlier: the supercritical fluid method resulted 
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in particles with a lower mass median aerodynamic diameter in comparison to the jet-

milled particle (4 μm versus 6 μm) [135].  

 

1.4.2.4.3 Rapid expansion of supercritical solutions (RESS) 

In this technology, the SCF is used as a solvent and not an antisolvent. The active 

pharmaceutical ingredient and additional stabilizers are dissolved in the SCF. The mix is 

preheated and passed through a saturator to then be atomized with a heated nozzle into a 

collection chamber at atmospheric pressure. The instant vaporization of the SCF resulting 

from the sudden depressurization promotes rapid nucleation and precipitation of drug 

particulates. The rapid depressurization generates an intense turbulence, which 

instantaneously creates evenly distributed supersaturation regions. The intense degree of 

nucleation produced leads to the production of small monodispersed particles [118]. 

Similarly to other techniques, several parameters affect the final particles 

characteristics. The temperatures and pressure of the extraction unit and the SCF-drug 

solution are critical. The pathway taken by the process along the pressure-temperature 

diagram for the SCF may lead to atomized SCF in different state before being vaporized, 

resulting in the need of a heated nozzle. Also the geometry of the nozzle may influence 

the particle size as it is directly linked to the degree of atomization. The typical particle 

size obtained with this technology typically ranges between 1 μm  and 5 μm, even though 

particles in the nano-size range were sometimes generated. 

The RESS process has also been investigated to generate drug particles for 

pulmonary delivery. Charpentier et al. [136] successfully produced nanoparticles of 

beclomethasone dipropionate, a corticosteroid commonly used to treat asthma, for 

inhaled therapy. They investigated the influence of the process parameters on the final 
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mean particle size. The type and diameter of the atomization nozzle lead to different 

particle size and shape: larger nozzles produced needle-like particles whereas smaller 

ones gave spherical particles. Smaller drug concentration, higher pre-expansion pressure 

and temperature also lead to smaller and more monodispersed particles. 

 

1.4.2.4.4 Modified RESS process 

Rapid expansion from supercritical to aqueous solution (RESAS) has been 

developed to overcome particle growth due to particle collisions in the RESS process. 

The supercritical solution containing the drug is atomized through the nozzle directly in 

an aqueous solution. Again, to prevent particle growth associated with coagulation and 

condensation mechanisms, stabilizers may be added to the aqueous media to further 

stabilize the newly form particles. Because the turbulence created by the expansion of the 

SCF, the aqueous media containing the surfactants will have the tendency to foam 

excessively. A stream of nitrogen is therefore blown over the surface of the aqueous 

media to prevent that phenomenon to occur [118]. 

Young et al. [137] investigated the use of RESAS to produce cyclosporine A 

nanoparticles in comparison to the traditional RESS technology. The cyclosporine 

particles obtained were in the submicron range, 500-700 nm, whereas those obtained 

from the RESS process were 3-20 μm in diameter [138].  RESAS was also used to 

generated nanoparticles of other drugs: ibuprofen [139, 140], naproxen [139], paclitaxel 

[141], raloxifene [142]. 

Particles from gas-saturated solution (PGSS) is another modified RESS process. 

In this technology, the CO2 is dissolved in a melted solid containing the drug. The 

mixture is then depressurized through a nozzle, similarly to the RESS process, and the 
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expansion of the CO2 generates an intense atomization at the same time as rapid cooling 

of the molten mixture, therefore forming the small particles. The excipients used must be 

soluble with CO2 but the drug does not. This technology offers the advantages of lower 

CO2 consumption in comparison to the other SCF processes, and lower working pressure 

[143, 144]. Also it offers the possibility to produce nano-encapsulated drug particles 

[143, 145]. The particle size obtained are however larger than with the RESS process (3-6 

μm) making the particles more likely to be used in a nasal delivery system than 

pulmonary. 

 

1.5 CLINICAL CONSIDERATIONS OF PULMONARY AND NASAL DELIVERY OF 
NANOPARTICLES 

Nasal and pulmonary delivery of active pharmaceutical ingredients offers 

advantages because of their physiology, discussed earlier in this chapter. The in-situ 

delivery via those non-invasive routes of administration allows the reduction of the 

effective dose without compromising efficacy by achieving high local deposition, the 

significant decrease of the systemic side effects, the avoidance of the first-pass hepatic 

metabolism, when compared to the oral route, the reduction of drug degradation due to 

the relatively mild environment and low metabolic activity, and the targeting of the drug 

to specific compartments. 

Through various examples reported in the literature, this section will discuss the 

local and targeted effects of nasal and pulmonary delivery of nanoparticles produced with 

the particles engineering technologies detailed earlier. Conventionally, the nasal route has 

been used to deliver drugs to treat nasal allergy, nasal congestion and nasal infection 

locally. No significant work has been done to improve local treatment in the nose as the 
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focus has been towards the use of the nasal route to target the systemic and lymphatic 

systems. Therefore, for the nasal route, only the targeted delivery will be discussed. 

 

1.5.1 Topical effects of the inhalation route 

The main goal when delivering drugs to the lungs is to achieve high lung drug 

concentration to ensure therapeutic effect and rapid onset of action [146]. Nanoparticle 

targeting to the lungs has been investigated for multiple lung disease states, including 

asthma, chronic obstructive pulmonary disease (COPD), tuberculosis, cystic fibrosis, 

lung cancer, allograft rejection, pulmonary hypertension, etc. It also offers a great 

potential to treat lower respiratory tract infections often associated with lung diseases: 

community-acquired pneumonia (Streptococcus pneumonia, Haemophilus influenzae, 

Moraxella catarrhalis, Chlamydia pneumoniae, Legionella pneumophila, and 

Mycoplasma pneumoniae), invasive fungal infections (Aspergillus spp,) and bacterium 

infections (Staphylococcus aureus, Pseudomonas aeruginosa, and other opportunistic 

Gram-negative pathogens) [147]. 

The nebulization of itraconazole nanoparticles made by the spray freezing into 

liquid technique [100] showed significantly improved itraconazole lung concentrations in 

comparison to the oral administration of the itraconazole marketed product, Sporanox®, 

in rats. Much lower serum levels were also obtained and the toxic side effects reported 

after oral administration of Sporanox® were not observed in the rats receiving the inhaled 

amorphous itraconazole. The safety of the itraconazole formulation for inhalation was 

also investigated during a repeated dose study [148]. No inflammation or changes in 

pulmonary histology was reported and uptake of the particle by macrophages was 
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observed, which may improve the host defenses against invasive fungal infections and 

help its prevention.  

Various pulmonary formulations of cyclosporine A have been developed for the 

treatment of respiratory inflammation as well as allograft rejection. An inhalable dry-

emulsion formulation of cyclosporine A prepared by spray-drying was tested for 

dissolution behavior in vitro, plasma concentration and efficacy in asthma/COPD-model 

rats [149] after pulmonary administration. The dry-emulsion showed improved solubility, 

when compared to amorphous cyclosporine and the commercialized product Neoral®. 

The plasma concentration after inhalation was much lower than after oral administration 

of Neoral®, decreasing the risks of nephrotoxicity or hepatotoxicity generally associated 

with the oral administration of cyclosporine A [150, 151]. The dry-emulsion cyclosporine 

formulation for inhalation also demonstrated attenuated inflammatory symptoms, 

showing the efficacy of the inhaled treatment. Amorphous cyclosporine nanodispersions 

[113] have been formulated using the antisolvent precipitation process for the prevention 

of lung allograft rejection. The amorphous nanodispersion exhibited supersaturation 

values 18 times the aqueous solubility of crystalline cyclosporine. The lung 

administration of the nanodispersion showed high lung deposition and plasma levels 

below the toxic concentration. Clinical trials using the aerosolized solution of 

cyclosporine (Sandimmune®, Novartis) showed efficacy among patients suffering from 

severe chronic graft rejection and refractory rejection [152], and as the nanodispersion 

exhibited higher lung levels than the solution in the animal model, the nanodispersion 

was expected to demonstrate improved performance in the prevention of lung allograft 

rejection. 

Hollow and highly porous particles have been designed using the spray drying 

technology exclusively. They are often used as means to improve the aerosolization 
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properties of the formulation, to deliver nanoparticles that would not deposit in the deep 

lung otherwise because of their size, and to avoid phagocytosis clearance. 

PulmoSpheresTM and Trojan particles are the typical examples illustrating these features, 

Figure 1.12. Newhouse et al. [153] administered PulmoSpheresTM containing tobramycin 

to healthy volunteers and compared the effectiveness of this dry powder formulation 

against the nebulization of a commercialized nebulized tobramycin product (TOBI, 

Chiron Corporation). The results reported significant improvement in lung deposition: 34 

± 6% for the PulmoSpheresTM versus 5 ± 2% for the nebulized formulation. The 

PulmoSpheresTM formulation was 9 times more efficient than the nebulized tobramycin as 

its dry powder inhaler loading dose was about fourfold lower than the nebulized dose (80 

mg versus 300 mg). Another study performed by Duddu et al. [154] showed the ability of 

budesonide PulmoSpheresTM to achieve a faster onset of action after lung delivery from a 

passive dry powder inhaler in comparison to the Pulmicort® Turbohaler (AstraZeneca) (5 

min versus 30 min) and a higher peak concentration (4.7 ± 2.1 ng/ml versus 2.2 ± 0.7 

ng/ml). Peak inspiration flow (PIF) rates must be taken in consideration when developing 

a formulation for inhalation, as there is a large inter- and intra-patient variability of the 

aspiration rate depending on the disease state of the patient. This variability may lead to 

different deposition profiles depending on the PIF rate generated by the patient. In this 

study, the plasma concentration profiles at low and high PIF rates were invariant, which 

showed the ability of the PulmoSphereTM to deposit deep in the lungs independently of 

the PIF rate. 

Trojan particles, also called large porous nanoparticle aggregates (LPNP) or 

porous nanoparticle-aggregate particles (PNAP), incorporate nanoparticles into large, 

microparticles to associate the advantages of aerosolization and lung deposition of large 

porous particles to the benefits of nanoparticles. Self-assembled rifampicin PLGA 
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nanoparticle systems were investigated for the treatment of tuberculosis [155]. The oral, 

IV and pulmonary administration of the suspension, solution and LPNP, respectively, 

lead to similar plasma levels of rifampicin. However, the pulmonary delivery of the 

LPNPs of rifampicin showed significantly higher and prolonged levels of the drug in the 

lungs in comparison to the other routes of administration. This system was able to 

provide both high lung level due to the large porous structures and high plasma levels 

because of the rapid absorption of the nanoparticles constituting the large particles. This 

pulmonary formulation was able to provide systemic and local treatment against 

tuberculosis. Doxorubicin loaded nanoparticles for chemotherapy [156] were also 

formulated via the same techniques, as well as salbutamol sulfate, aspirin [84] and insulin 

[157]. 

 

1.5.2 Targeted effects 

1.5.2.1 Targeted delivery via the pulmonary route 

Nanoparticles for pulmonary delivery have been used not only to provide an 

intense and prolonged active substance concentration in the lungs, but also to target 

alveolar macrophages and the lymphatic circulation, and to avoid the hepatic first-pass 

metabolism. 

Macrophages located in the lower respiratory tract play a key role in pulmonary 

clearance responses to inhaled particles. Different types of macrophages have been 

identified depending on their location within the lung. Alveolar macrophages reside on 

the epithelial surfaces of the alveolar region, airway macrophages are located in the 

epithelium of the conducting airways and lung peripheral associated lymphoid tissues, 

and the interstitial macrophages are found perivascular, peribronchiolar and visceral 



 43 

pleutral sites and the alveoli sub-epithelial region [158]. The phagocytic uptake has been 

demonstrated to be size and surface properties dependent. While particles in the sub-

micron range and particles larger than 5 μm escape the alveolar macrophages uptake 

resulting in longer residence time or higher lung epithelium permeation, particles 

between 1 μm and 5 μm exhibited maximum macrophage uptake [159-161]. 

Macrophages particles uptake is very rapid, happening as early as 15 minutes after 

pulmonary delivery, and can provide complete particle removal within 24 hours at low 

substrate concentration [162-164]. Since alveolar macrophages play an important role in 

the host defense mechanism in infectious diseases, in autoimmune diseases and in graft 

rejections, several nanoparticle therapies targeting alveolar macrophages have been 

investigated [165-168]. In the case of tuberculosis, Mycobacterium TB is known to infect 

alveolar macrophages and multiply in them [169]. Zhou et al. [162] used the precipitation 

with compressed antisolvent (PCA) process to prepare PLA microparticles of isoniazide 

methanesulfonate (INH) for prolonged delivery to alveolar macrophages in rats. The use 

of the PCA technology lead to monodispersed particles between 1-3 μm, the optimum 

size for macrophages uptake. The PLA-INH microparticles after intratracheal 

administration showed high and sustained concentrations of INH in the broncholavaged 

alveolar macrophages and very low plasma levels. On the contrary, the intratracheal 

instillation of INH solution only showed INH levels in the broncholavaged alveolar 

macrophages 30 minutes after administration and was not detected in the plasma. Finally, 

low levels of INH in the plasma and in the broncholavaged alveolar macrophages were 

observed after oral gavage of the INH solution. This example proved the promising use 

of INH loaded PLA microparticles to deliver high and sustained levels of INH to alveolar 

macrophages to treat tuberculosis. 
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The avoidance of first pass metabolism offers the advantage of decreasing the loss 

of bioavailability due to liver metabolism and the potential toxicity due to toxic 

metabolites generated by hepatic metabolism. In the treatment of tuberculosis, for 

example, treatment failure is associated with poor patient adherence due to the 

hepatotoxicity caused by the treatment [170]. The bioavailability of isoniazid (INH), one 

of the antituberculosis drugs, is patient dependent because of hepatic acetylator 

polymorphism leading to fast or slow acetylation of the drug. The liver toxicity has been 

related to acetylhydrazine (AcINH), the hydrolyzed form of the main inactive metabolite 

of INH produced in the liver. In the same study mentioned earlier, Zhou et al. [162] 

showed a significant decrease in the AcINH plasma levels when administering the INH 

loaded PLA microparticles to the lung than when administering a INH solution by the 

oral route. The avoidance of the hepatic first pass metabolism by delivering the drug 

directly to the lungs could decrease significantly the amount of the toxic metabolite, 

hence reducing the hepatotoxicity. In general, the avoidance of the hepatic first pass 

metabolism by delivering the active substance to the lung may not only improve the drug 

bioavailability but also decrease the rate of degradation of the drug providing a prolonged 

exposure to the therapeutic effect of the drug, and therefore improving the efficacy of the 

treatment. 

 

1.5.2.2 Targeted delivery via the nasal route 

The challenges to deliver nanoparticles to the nasal cavity include size, since 

nanoparticles tend to deposit deep in the lung instead of in the nasopharyngeal region, 

and absorption through the nasal mucosa. While lipophilic drugs are generally readily 

absorbed through the nasal mucosa, with bioavailabilities near 80%, polar molecules, 
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including low molecular weight drugs and high molecular weight peptides and proteins, 

exhibit a very low permeability of the nasal mucosa, about 10% and sometimes even 

down to 1%. This low permeability exposes the drug to mucociliary clearance and 

enzymatic degradation. The nasal absorption of polar substances is greatly improved by 

the use of absorption enhancers co-administered with the active substance, such as bile 

salts, chitosan, cyclodextrins, saponins, phospholipids, etc. The use of mucoadhesives, 

like chitosan, in situ gels and swellable particles, have also been investigated to increase 

the residence time of the active substance on the nasal mucosa and promote absorption. 

Little has been done on local nasal treatment using particles; nonetheless, extensive work 

has been performed to deliver drugs to the systemic circulation and the lymphatic system 

through the nasal route. Among others, anti-migraine, anti-emetics, smoking cessation, 

acute pain, anti-infective and calcitonin products have been developed and 

commercialized. More recently, the nasal route has been used for the delivery of 

vaccines, such as influenza vaccines. 

One of the interesting aspects of the nasal route is its capability to bypass the 

blood-brain barrier and reach the central nervous system. This concept was first initiated 

to evaluate the toxicity of environmental pollutants and nanoparticles on the central 

nervous system (CNS), and was applied later for the delivery of drugs to the CNS. Drug 

delivery to the CNS via the nasal route has been demonstrated to happen through the 

blood and predominantly through the olfactory bulbs reaching then the brain and the 

cerebrospinal fluid [171]. Gao et al. [172] prepared a lectin-conjugated PEG-PLA 

nanoparticle and showed their capability to avoid the nasal ciliatoxicity and their efficient 

brain uptake by the use of a fluorescent marker. The nanoparticles were prepared using 

the nanoemulsion template process and the use of the lectins was based on their specific 

binding to N-acetyl-d-glucosamine and sialic acid, which present abundantly in the nasal 
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cavity. Another example is nimodipine, a dihydropyridine calcium antagonist having 

important effects on neuroprotection and cognition. Nimodipine is rapidly eliminated by 

the hepatic first-pass metabolism leading to poor oral bioavailability and low brain 

concentration. The drug has been encapsulated in MPEG-PLA nanoparticles [173] using 

the emulsion template process followed by lyophilization and reconstitution in a 

biological buffer before nasal administration in rats. The plasma and brain concentrations 

of the drug after nasal delivery were assessed and compared against the intravenous and 

intranasal administration of a nimodipine solution. The nanoparticles were able to 

transport directly into the CNS leading to a greater drug concentration in the brain tissues 

compared to the nasal and IV solution. 

Another interesting aspect of the nasal route involves its ability to provide a rapid 

onset of action and has been therefore investigated for the delivery of analgesics, anti-

emetic and anti-migraine products. Nasal formulations of morphine have been studied to 

overcome its poor oral bioavailability (~25%) and to provide a rapid therapeutic effect to 

patient suffering from mild to severe pain. A morphine/chitosan powder blend and a 

morphine/chitosan solution have been administered to human volunteers through the 

nasal route [174]. The plasma levels as well as the central effects, such as drowsiness and 

nausea, were compared to the IV administration of the same dose. No significant 

differences in the plasma concentrations were observed between the nasal formulations 

and a bioavailability of about 60% was achieved. Nasal formulations of morphine were 

well tolerated and well accepted, and cancer patients reported some improvements in the 

treatment of breakthrough pain. Russo et al. [175] developed a spray-dried formulation of 

amorphous morphine soft agglomerates and compared it to crystalline micro-particles of 

morphine. The idea was to decrease the risk of inhalation by creating large agglomerates, 

to promote prompt dissolution of the drug in the nasal cavity by administering the 
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amorphous form of the drug, and finally to provide a stable dry powder nasal 

formulation. The amorphous formulation developed was stable; the in vitro tests for 

insufflation delivery were reproducible with an emitted dose above 90% and the in vitro 

transport across rabbit nasal mucosa was faster with the agglomerates than with a 

morphine saturated solution. 

The last aspect of nasal delivery that will be discussed in this section is the use of 

the nasal route for vaccine delivery. The main reasons for exploiting the nasal route for 

vaccine delivery are: (1) the nasal mucosa is the first site of contact with the inhaled 

pathogenic microorganisms, (2) in humans, mucosal lymphoid tissues are directly located 

under the nasal mucosa, making T and B lymphocytes, macrophages and dendritic cells 

directly available, (3) mucosal and systemic immune responses can be created and (4) 

nasal delivery is non-invasive, making it patient friendly. A schematic overview of the 

main cellular mechanisms involved in nasal vaccination is shown in Figure 1.13. There 

are many publications suggesting the possibility of using nanoparticles for nasal delivery 

of vaccines and demonstrating real advantages. They are usually functionalized or coated 

nanoparticle with biocompatible polymers: PLA, PLGA, chitosan and PEG. The different 

nasal vaccine systems described in the literature use either live or attenuated whole cells, 

split cells, proteins, and polysaccharides, with and without the addition of adjuvants. 

Nasal vaccines containing chitosan have been studied extensively. In fact, chitosan has 

not only bioadhesive properties but also the ability of transiently opening the tight 

junctions of the nasal mucosa, which, overall, could lead to improve immune response. 

There are also some evidences that chitosan could act as an adjuvant and promote the 

production of cytokines [176]. Chitosan influenza, pertussis and diphteria vaccines have 

been investigated [177]. For the influenza vaccine, chitosan-based purified surface 

antigen PSA of B/Panama flu vaccine was administered intranasally to mice and the 
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serum anti-haemagglutinin in the serum and in the nasal wash were measured and 

compared to intranasal PSA alone and subcutaneous PSA alone. The same serum IgG 

levels were seen in the subcutaneous and intranasal administration of chitosan-based 

PSA. High levels of IgA were found in the nasal wash of the chitosan-based PSA, 

whereas almost no nasal IgA levels were recorded for following the subcutaneous 

administration. This chitosan-based influenza vaccine has then been tested on human 

subjects. In both the intranasal and the intramuscular route, more than 70% of the 

volunteers had similar protective levels, proving the efficacy of the nasal influenza 

vaccine. Similarly, the chitosan-based pertussis vaccine showed similar serum IgG levels 

when compared to the subcutaneous administration of the filamentous haemagglutinin 

antigen (FHA) and higher nasal IgA levels. Finally, biodegradable polyesters, PLA and 

PLGA, have been also investigated as carrier for the delivery of vaccine through the nose. 

In addition to their controlled release properties, it has been showed that antigen 

presenting cells may readily engulf them when their particle size ranges between 1 μm 

and 5 μm [178-180], enhancing the lymphatic uptake and therefore boosting the immune 

response [181]. 

 

1.6 SUMMARY 

The development of nanoparticle engineering processes has increased the 

possibilities of formulating active pharmaceutical ingredients for pulmonary and nasal 

delivery. These technologies encompass techniques, such as milling and spray-drying, as 

well as more recently developed techniques, such as cryogenic and supercritical 

processes. The phycochemical properties of the particles (size, viscosity, solubility, etc) 

as well as aerosol product performance are essential parameters to ensure delivery of the 
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active material to the targeted areas and efficacy of the treatment. Nanoparticle 

technologies can generate particles tailored to meet the specific criteria necessary to 

achieve efficient nasal or pulmonary deposition.  Pulmonary and nasal delivery of active 

substances could significantly improve patient outcomes and broaden the therapeutic 

options for local and systemic therapy.  
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1.8 TABLES 

Table 1.1: Approximate particle size obtainable by various milling techniques. 
Adapted from [182], with permission of John Wiley & Sons Inc. 

 
Size 
(μm) 

Hammer 
Mill 

Universal 
and Pin 

Mill 
Jet 

Mill 

Jet Mill 
with 

internal 
classifier 

Media 
Mill 

Toothed 
Rotor-
Stator 

Colloid 
Mill 

Type - Dry Dry Dry Dry Wet Wet Wet 

Very fine 50-150 X X  X  X  

Super fine 10-50 X X X X X X X 

Ultra fine <10  X X X X  X 

Colloidal <1    X X  X 
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1.9 FIGURES 

 
 

 

Figure 1.1:  Diagram of the lung and particle-size requirements based on intended 
deposition region in the respiratory tract.  

Reprinted from [183], with permission from Elsevier Ltd. 
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Figure 1.2:  NanoCrystal® Technology from Elan Pharmaceuticals.  

The milling chamber charged with polymeric media is the active component 
of the mill. The mill can be operated in a batch or re-circulation mode. A 
crude slurry consisting of drug, water and stabilizer is fed into the milling 
chamber and processed into a nanocrystalline dispersion. The typical 
residence time required to generate a nanometer-sized dispersion with a 
mean diameter <200 nm is 30–60 min. Reproduced from [50], with 
permission of Elsevier BV. 
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Figure 1.3:  Top: Fluid energy mill or jet mill, (Sturtevant Jet Mill Micronizer). Bottom: 
scheme of a spiral jet mill grinding chamber.  

Top: Courtesy of Sturtevant, Inc.  
Bottom: Reproduced from [53], with permission of Elsevier S.A. 
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Figure 1.4:  Schematic diagram of ultra cryo-milling apparatus in liquid nitrogen  

The beads, disks, shaft, and inner wall of vessel are made of zirconia. 
Reproduced from [59] with permission of Elsevier BV. 
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Figure 1.5:  Basic homogenization principles. 

Left: piston-gap homogenizer arrangement where the macrosuspension is 
forced through a small gap and particle fracture occurs due to shear forces, 
cavitation and impaction. Right: jet-stream homogenizer arrangement where 
impact forces facture the particle due to the collision of two high-velocity 
stream. Reproduced from [63], with permission of Springer 
Science+Business Media.  
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Figure 1.6:  Schematic of the spray-drying technology. 

Reproduced from [76], with permission of Springer Science+Business 
Media. 
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Figure 1.7:  Schematic diagram of the thin film freezing technology. 

Reproduced from [102], with permission of Elsevier BV. 
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Figure 1.8:  Mechanisms of precipitation. 

Reproduced from [108]. Copyright (2006) American Chemical Society. 
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Figure 1.9:  Antisolvent precipitation in the presence of amphiphilic stabilizers.  

Reproduced from [108]. Copyright (2006) American Chemical Society. 
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Figure 1.10:  Phase diagram showing the supercritical region with Tc, the critical 
temperature and Pc, the critical pressure.
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Figure 1.11:  Schematic of the various SCF particle engineering technologies. 

Reproduced from [184], with permission of Elsevier BV 
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Figure 1.12:  SEM images large porous particles using various porogens. 

(A, B, C) canola oil; (D, E, F) silicon oil. Reproduced from [185], with 
permission of Elsevier BV; (G, H) Trojan or large porous nanoparticles. 
Reproduced from [84], with permission of Elsevier BV; (I) 
PulmoSphereTM. Reproduced from [186], with permission of Springer 
Science+Business Media. (A, D) bulk powder, (B, E, G, I) surface 
morphology, and (C, F, H) interior morphology. Scale bar = 10 μm for A, D 
and 2 μm for B, C, E, F 
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Figure 1.13:  Schematic overview of the main cellular mechanisms involved in nasal 
vaccination. 

Reproduced from [180], with permission of Elsevier BV. 
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Chapter 2:  Research Objective 

 

 

2.1 OVERALL OBJECTIVE 

Lung transplantation is a life-saving intervention for patients suffering from end-

stage pulmonary diseases. Although the outcomes have significantly improved over the 

last three decades, the long-term survival rate remains disappointing in comparison to 

other major organ transplantations. Beyond the first year after lung transplantation, graft 

failure, non-cytomegalovirus infections and bronchiolitis obliterans syndrome are the 

leading cause of death, suggesting that improvements in the long-term management of 

acute and chronic rejection are necessary.  

 Mycophenolic acid (MPA), an anti-metabolite immunosuppressant, has proven 

its efficacy among major organ transplant patients. Mycophenolate mofetil (MMF), the 

ester prodrug of mycophenolic acid, has been developed to improve the oral 

bioavailability of mycophenolic acid. Upon absorption, mycophenolate mofetil is rapidly 

hydrolyzed into mycophenolic acid by the carboxylesterases present in the intestine wall 

and in the liver. Due to its rapid excretion, a high daily oral dose is necessary, leading to 

GI tract toxicity and myelosuppression. Those side effects can force the patients to 

decrease their daily dose and even sometimes to stop the treatment, increasing the risks of 

allograft rejection. Therefore, developing new therapeutic strategies for mycophemolate 

mofetil is critical to improve patient outcomes. 

Pulmonary therapy offers an interesting approach to drug delivery because of its 

potential to minimize toxicity without compromising efficacy and therefore improve 

patients’ compliance. It has already been used in the treatment of asthma, cystic fibrosis, 
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tuberculosis, pulmonary hypertension, diabetes, lung cancer, and immunosuppressive 

therapy. Consequently, the pulmonary delivery of mycophenolate mofetil could benefit 

lung transplant patients by decreasing the gastrointestinal side effects. 

The overall objective of this dissertation was to develop a mycophenolate mofetil 

formulation suitable for pulmonary delivery and exhibiting high and prolonged drug 

levels in the lung and in the lymphatic system in comparison to the mycophenolate 

mofetil IV solution commercially available, delivered via inhalation. 

 

2.2 SUPPORTIVE OBJECTIVES 

Since mycophenolate mofetil must be hydrolyzed into mycophenolic acid, the 

active metabolite, the first part of this PhD research focused on the evaluation of 

mycophenolate mofetil metabolism in human lung epithelial cells. It is known that 

carboxylesteases 1 and 2 hydrolyze mycophenolate mofetil. Those enzymes are present in 

large quantities in the intestine and liver, resulting in rapid metabolism of mycophenolate 

mofetil upon oral absorption. The presence of those enzymes in human lungs has been 

proven, but their expression levels are very limited. Therefore, the presence of 

carboxylesterases 1 and 2 in human lung epithelial cells had to be proven as well as their 

implication in the metabolism of mycophenolate mofeil. Mycophenolate mofetil was 

incubated with different human lung cell fractions and the kinetic parameters were 

calculated. Inhibition studies were also performed to verify the implication of 

carboxylesterases in the hydrolysis of mycophenolate mofetil. 

In the second part of this PhD research, as the hydrolysis of mycophenolate 

mofetil occurred in the presence of human lung cells, mycophenolate mofetil 

formulations for pulmonary delivery could be developed and evaluated in vivo to 
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establish preclinical pharmacokinetic profiles in rats. The aim was to achieve high and 

prolonged drug levels in the lung and in the lymphatic system. The lymphatic system was 

targeted through the alveolar macrophages and the sustained release was achieved 

through the progressive hydrolysis of mycophenolate mofetil. A mycophenolate mofetil 

microsuspension was developed using a controlled precipitation engineering technique. 

After in vitro characterization, the suspension was evaluated in vivo after pulmonary 

administration via nebulization and compared to the nebulization of the mycophenolate 

mofetil IV solution and the oral administration of the commercially available oral 

product. 
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Chapter 3:  Hydrolysis of Mycophenolate Mofetil in Human Lung 
Epithelial Cells, Microsomes and Cytosol Fractions 

 

 

3.1 ABSTRACT 

Mycophenolate mofetil (MMF) is the ester prodrug of mycophenolic acid (MPA), 

an immunosuppressant responsible for the reversible inhibition of the de-novo purine 

biosynthesis necessary for the activation of T and B-lymphocytes in the immune response 

cascade. Previous studies have shown the rapid hydrolysis of MMF into MPA by 

intestinal and hepatic carboxylesterases 1 (hCES1) and 2 (hCES2). The present study 

tested the hypothesis that MMF is hydrolyzed in human lung epithelial cells and their 

cellular fractions. The hydrolysis activity of MMF in human lung microsomal fraction 

with concentration ranging from 5 to 1000 μM fitted a one-site saturation model with 

apparent Km and Vmax values of 447 ± 166 μM and 56 ± 10 nmol/(min  mg of protein), 

respectively, for the microsomal fraction and 267 ± 66 μM and 23 ± 2 nmol/(min  mg of 

protein), respectively, for the cytosolic fraction. The hydrolysis of MMF in human lung 

epithelial cells was characterized by a two-enzyme kinetics model with apparent Km and 

Vmax values of 3 ± 21 μM and 0.30 ± 0.46 nmol/(min  mg of protein), respectively, for 

the high affinity component and 968 ± 300 μM and 22 ± 3 nmol/(min  mg of protein), 

respectively, for the low affinity component. The absence of atypical enzyme kinetics 

profile in the microsomal and cytosolic fractions may be attributed to the large inter-

individual variability in the levels of expression of carboxylesterases (CES). Furthermore, 

the MMF hydrolytic activities observed in the human lung cells and cell fractions were 

much lower in comparison to the ones observed in the intestinal and hepatic fractions, 
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certainly because of the higher expression levels of CES in the intestine and liver. 

Finally, the inhibition studies confirmed the involvement and the presence of hCES1 and 

hCES2 in the metabolism of MMF in lung cells and cell fractions. 

 

3.2 INTRODUCTION 

Mycophenolate mofetil (MMF) is the ester prodrug of mycophenolic acid (MPA), 

an anti-metabolite immunosuppressant. It is a non-competitive reversible inhibitor of 

inosine monophosphate deshydrogenase, it effectively inhibits the purine biosynthesis 

and therefore blocks the proliferation of activated T and B lymphocytes [1]. MPA has 

proven its efficacy among heart, liver, kidney as well as lung transplant patients [2]. 

Moreover, results from non-randomized case studies are promising and suggest that MPA 

may decrease the incidence of acute rejection episodes [3-6] and bronchiolitis obliterans 

syndrome [4, 6, 7]. MPA may also have a beneficial effect on established bronchiolitis 

obliterans syndrome [8, 9]. Those findings suggest that MPA is an excellent 

immunosuppressant. 

The esterification of MPA to its morpholinoethyl ester, MMF, was performed to 

improve its oral bioavailability from 72% to 92% [10, 11] and its activation is catalyzed 

by carboxylesterases (CES). CES are members of the α/β serine hydrolase family of 

enzymes that includes cholinesterases and lipases, and are involved in the phase I 

metabolism of xenobiotics [12-14]. As reported the Human Gene Organization 

Nomenclature Committee, there are 5 human CES subfamilies, with carboxylesterases 1 

(hCES1) and carboxylesterases 2 (hCES2) being the primary and the secondary CES, 

respectively, and sharing 48% amino acid sequence identity [14]. Owing to their large 

and conformationally flexible active site, CES1 and 2 are capable of catalyzing 
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structurally diverse substrates, including pyrethroid insecticides, narcotics (heroin), 

stimulants (cocaine), and prodrugs such as antibiotics (ceftin, vantin), antiviral 

(oseltamivir) anticancer (CPT-11, capecitabine), angiotensin-converting enzyme inhibitor 

(delapril, imidapril, temocapril), narcotic analgesic (meperidine), corticosteroid 

(methylprednisolone), choleretic and antispasmodic (hymecromone), and more [12, 14, 

15]. However, their substrate specificities are significantly different: hCES1 isozymes 

mainly hydrolyze substrates with large acyl groups and small alcohol groups whereas 

hCES2 preferentially hydrolyze components with large alcohol groups and small acyl 

groups [12, 14, 16]. In addition, because of the large flexible active pocket, hCES1 may 

also accommodate large alcohol moieties [12, 16]. 

CES are widely expressed in tissues and plasma, with high levels in the liver, 

intestine and colon, and lower levels in heart, kidney, lungs, testis, stomach and spleen. 

Both hCES1 and hCES2 levels are high in the liver. Human intestine and colon mainly 

express hCES2 while the other organs exclusively express hCES1 [14, 17, 18]. Fujiyama 

et al. [19] reported that (1) the contribution of blood esterases in the disappearance of 

MMF from the blood is very small, (2) intestinal and hepatic hCES hydrolyzed MMF, (3) 

because the hydrolytic activity of hCES1 on MMF was significantly higher than the 

hydrolytic activity by hCES2, the rapid disappearance of MMF from the plasma was due 

to the hepatic hCES1, and (4)  the hydrolysis of MMF is greatly dependent on the inter-

individual variability of hCES expressions and activities [13, 20]. 

In situ administration of drugs is known to minimize local and systemic side 

effects by employing a lower amount of drug, to increase patient compliance and most 

importantly to improve the efficiency/efficacy of the treatment. At this point, only 

corticosteroids are available as inhaled treatments. Besides, studies involving aerosolized 

tacrolimus [21, 22] and cyclosporine [23] have been in progress since the 1990s. Inhaled 
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formulations of tacrolimus and cyclosporin were successful in achieving high lung levels 

and low systemic levels [24, 25]. To our knowledge, MMF has never been formulated for 

inhalation therapy even though its immunosuppressive properties make it an excellent 

candidate to inhalation provided that MMF is hydrolyzed in the lungs. 

The aims of the present study are to report the hydrolytic activities of MMF to 

MPA in human lung epithelial cells and cell fractions, to compare them to the rates of 

hydrolysis of MMF to MPA in hepatic and intestinal fractions and finally to confirm the 

presence and implication of human lung CES in the metabolism of MMF by using a 

chemical inhibitor specific to CES. The findings will determine if the development of 

MMF inhaled formulations for pulmonary delivery is appropriate and viable. 

 

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

Mycophenolate mofetil was purchased from Trademax Pharmaceuticals & 

Chemicals Co., Ltd (China). Mycophenolate mofetil reference standard was bought from 

USP (Rockville, MD) and mycophenolic acid reference standard from Spectrum 

(Gardena, CA). Sodium phosphate monobasic monohydrate, sodium phosphate dibasic 

heptahydrate, acetonitrile (ACN) for HPLC, triethylamine (TEA) for HPLC, 

dimethylsulfoxide (DMSO) certified ACS and ortho-phosphoric acid for HPLC were 

obtained from Fisher Scientific (Pittsburgh, PA). Dulbecco's Modified Eagle Medium 

(DMEM), Fetal Bovine Serum (FBS), trypsin , penicillin-streptomycin (P/S) and 

Ethylenediaminetetraacetic acid (EDTA) were purchased from Invitrogen (Carlsbad, 

CA). Dubelcco’s phosphate buffer saline (PBS) and phenylmethanesulfonyl fluoride 

(PMSF) were purchased from Sigma-Aldrich (St Louis, MO). BEAS-2B (immortalized 
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human lung epithelial cells) was obtained from ATCC (Manassas, VA). Mixed gender 

non-smoker human lung pooled microsomes and cytosols were purchased from Celsis 

(Baltimore, MD). All other chemicals and solvents were of the highest grade 

commercially available. 

 

3.3.2 Preparation of mycophenolate mofetil stock solution for incubation 

Mycophenolate mofetil stock solutions were prepared by dissolving the 

appropriate amount of MMF in DSMO to afford a 200 mM solution. The subsequent 

stock solutions were diluted with DMSO from the original stock solution to obtain the 

following concentrations: 100 mM, 50 mM, 20 mM, 10 mM, 5 mM and 1 mM. Those 

solutions were further diluted in 0.1 M sodium phosphate buffer (pH=7.4) to 1000 μM, 

500 μM, 250 μM, 100 μM, 50 μM, 25 μM and 5 μM MMF solutions for incubation 

containing 0.5% of DMSO. This technique was specifically used to achieve high 

concentration of MMF in the incubation milieu without introducing a large amount of 

DMSO that could denature cells and proteins. Since spontaneous hydrolysis of MMF in 

solution was observed within 24-hour of preparation, each stock solution was prepared 

just before the incubations.  

 

3.3.3 Incubation of human lung microsomes and cytosols 

The human lung microsomes (HLM) and cytosols (HLC) incubations were similar 

to the incubations performed by Fujiyama et al. [19]. In brief, the MMF solutions for 

incubation (5-1000 μM) were preincubated for 5 min in an incubator shaker at 37°C and 

100 rpm. Stability incubations (MMF without microsomes or cytosols) and negative 

controls (microsomes or cytosols without MMF) were also included. The reactions were 
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initiated by the addition of the cell fractions (40 μg of HLM proteins and 32 μg of HLC 

proteins) and the mixtures were incubated at 37°C and 100 rpm. The final reaction 

volume was 400 μl. At 0 and 30 minutes, 150 μl aliquots were added to 75 μl of ice-cold 

acetonitrile. Samples were left on ice for 10 minutes before centrifugation at 14,000 rpm 

at 4°C for 10 minutes. Supernatants were transferred into fresh 0.5-ml centrifuge tubes. 

After processing, samples were analyzed by HPLC with UV detection. 

 

3.3.4 Incubation of BEAS-2B 

Seeding and handling procedures for flask cultures and subculturing were 

followed as explained in the product information sheet for ATCC BEAS-2B product. 

Briefly, the received tube of BEAS-2B was gently thawed at 37°C and poured into 9 ml 

of DMEM containing 10% FBS and 1% P/S (growing media) pre-warmed at 37°C. After 

centrifugation 900xg, 9°C for 9 minutes, the supernatant was discarded and the cell pellet 

re-suspended in 12 ml of the growing media. The 12-ml suspension was added to a 75 

cm2 flask and placed in the incubator at 37°C, 5% CO2. The immortalized human lung 

epithelial cells (BEAS-2B) were cultured until reaching the desired cell concentrations. 

The cell suspension was centrifuged at 900xg, 9°C for 4 minutes and the pellet was re-

suspended with the incubation media to obtained the desired cell concentrations (0.5 

million cells per ml and 1 Mcell/ml). The amount of protein contained in 1 and 0.5 

Mcell/ml was evaluated by using the Bradford protein assay and bovine serum albumin 

for the calibration curve. It was determined that 0.5 and 1 Mcell/ml contained 0.111 ± 

0.009 mg/ml and 0.211 ± 0.011 mg/ml of protein, respectively. The concentration of 0.5 

Mcell/ml was therefore chosen for this incubation.  
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To determine the kinetic parameters of MMF hydrolysis, MMF was incubated in 

0.1 M sodium phosphate buffer (pH = 7.4) at specific concentrations ranging from 5 μM 

to 1000 μM and with a cell density of 0.5 Mcell/ml for up to 1 hour. 12-well cell culture 

plates containing 597 μl of the cell suspension were preincubated for 5 min in an 

incubator shaker at 37°C and 100 rpm. The reactions were initiated by the addition of 3 

μl of MMF stock solution in DMSO to give a final volume of 600 μl. Stability 

incubations (MMF without cells) and negative controls (cells without MMF) were also 

included. At each time point (0, 30 and 60 minutes), 150 μl aliquots were added to 75 μl 

of ice-cold acetonitrile. Samples were left on ice for 10 minutes before centrifugation at 

14,000 rpm at 4°C for 10 minutes. Supernatants were transferred into fresh 0.5-ml 

centrifuge tubes. After processing, samples were analyzed by HPLC with UV detection. 

 

3.3.5 Determination of the thermodynamic parameters 

Since spontaneous hydrolysis of MMF was witnessed in the incubation milieu, it 

was critical to estimate the thermodynamic parameters (Energy of activation Ea, Enthalpy 

ΔH‡, Entropy ΔS‡ and Gibbs free energy ΔG‡ of the transition state) and verify that its 

hydrolysis in the presence of BEAS-2B and the different lung cell fractions was actually 

driven by enzyme catalysis. Also, the presence of carboxylesterases in human lung 

epithelial cells and their cell fractions, and their involvement in the hydrolysis of MMF 

had to be confirmed. Briefly, 40 μl of a 750 μM MMF solution was added to human lung 

cell fractions as well as the BEAS-2B preincubated with or without 1mM of CES 

inhibitor phenylmethanesulfonyl fluoride (PMSF). The incubation milieu contained 0.15 

Mcell of BEAS-2B, 30 μg of HLM proteins, or 24 μg of HLC proteins and the final 

incubation volume was 300 μl. The reactions were performed at three temperatures: 
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25°C, 37°C and 55°C. A stability control (MMF only) and a positive control (MMF and 

PMSF only) were also performed at these temperatures. The reactions were terminated at 

each time point by the addition of ice-cold acetonitrile. After centrifugation at 14,000 

rpm at 4°C for 10 minutes, the supernatants were analyzed by HPLC with UV detection. 

 

3.3.6 HPLC analysis 

The analysis was performed using a Dionex Ultimate 3000 HPLC equipped with 

HPG-3200SD binary pump with in-line degasser, VWR-3400RS UV-visible detector and 

WPS-3000SL analytical autosampler. The data were acquired with a Chromeleon 6.8 

Chromatography Data System (Dionex). Compounds were separated on a reverse-phase 

Kinetex C18 column (100 mm x 3.0 mm, particle size: 2.6 μm, pore size: 100Å) 

thermostated at 45°C ± 0.2°C. The HPLC system was operated with a multiple step mode 

at 0.9 ml/min. The mobile phases consisted of 0.3% triethylamine in water 

(pH=5.3):acetonitrile (90:10, v:v) and acetonitrile as mobile phase A and B, respectively. 

The pH adjustment was done using 85% o-phosphoric acid. The multiple step mode was 

as follow: from 0 to 0.25 min, 0% B; from 0.25 to 2 min, 9% B; from 2 to 6 min, 33% B 

followed by 1 min at 90% B to clean the column and 3 min at 0% B to return to the initial 

conditions, see Figure 3.1. Detection was performed at 215 nm with a 10-minute run 

time.	  	  

	  

3.3.7 Data analysis 

The data for the formation of MPA from the hydrolysis of MMF versus time were 

plotted on Microsoft Excel. The rates of MMF disappearance versus MMF concentration 

were fitted using the Michaelis-Menten equation and linearized to derive the Eadie-
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Hofstee plots. From those graphs, the kinetic parameters were estimated by calculation of 

the regression line by the least squares method. The kinetic parameters obtained were 

compared to those obtained by VisualEnzymics® (Softzymics, Inc, Princeton, NJ, USA) 

 

3.3.8 Statistical analysis 

The statistical analysis was performed using JMP 9.0® (SAS institute Inc., Cary, 

NC, USA). One-way ANOVA, with Tukey-Kramer post-hoc test where necessary, was 

used to statistically compare the kinetic parameters.  Results with p-values less than 0.05 

were considered statistically significant. 

 

3.4 RESULTS 

Preliminary experiments performed by Fujiyama et al. [19] enabled use of 

optimum reaction conditions leading to the protein concentrations and incubation times 

reported in the materials and methods section. In addition, in humans, the airway lining 

fluid and the airway and alveolar epithelia intracellular pH have been reported to average 

6.85 and 6.95, respectively, with extreme values of pH 4.5-8.5 measured in human 

airway surface liquid depending on the disease state of the patients [26]. hCES1 and 

hCES2 activities have been reported to be optimal at pH 6.5 and pH 7.5-8, respectively, 

and 90% of their hydrolytic activity is retained in pH 6.5-7.5 and 6.5-9.0, respectively 

[27, 28]. Therefore, for comparison purposes, the reaction conditions used in this study 

were appropriate and representative of what should be expected in vivo. 
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3.4.1 MMF hydrolysis to MPA in human lung microsomes and cytosol fractions 

The rate versus MMF concentration plots, as shown in Figure 3.2, exhibited a 

hyperbolic behavior, characteristic of reactions following Michaelis-Menten kinetics. The 

kinetic parameters, Km (the affinity of the enzyme for the substrate) and Vmax (the 

maximum reaction rate), for the formation of MPA from MMF after incubation with 

human lung subcellular fractions were then estimated from the Eadie-Hofstee plots 

(Figure 3.3), as reported in Table 3.1. For each plot, the data was best fitted to a typical 

enzyme kinetics model, a one-site saturation model. The graphs were clearly monophasic 

and the kinetic parameters could be calculated from the linearized Michaelis–Menten 

equation: 

        Equation 3. 1 

Where Km, or Michaelis constant, is the concentration of substrate S at which half 

the maximal velocity Vmax of the reaction is reached, Vmax the maximal velocity and v/[S] 

the metabolic clearance at a given substrate concentration.  

The estimation of those two parameters enabled the determination of the intrinsic 

metabolic clearance (CLint), which is a measure of the ability of the enzyme to metabolize 

the drug without being restricted by protein binding. 

 

        Equation 3. 2 

Michaelis-Menten type kinetics assumes the enzyme reaction happens at steady 

state. The steady state approximation requires that the rates of formation and cleavage of 

the enzyme-substrate ES to be about equal. Thus the ES concentration is approximately 

constant [29].  
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Now, from the original Michaelis-Menten model (Equation 3.3), it can be 

assumed that the protein-substrate binding occurs rapidly in comparison to the formation 

of the product P and therefore kcat << k-1 with  

 
S + E k1

k−1
   SE kcat⎯ →⎯ P + E

     
Equation 3. 3 

     Equation 3. 4 

The equilibrium constant expression for the dissociation of ES into E and S is 

       Equation 3. 5 

The Km constant can therefore be rewritten as
 

       Equation 3. 6 

Consequently, the Michaelis constant can be seen as an estimate of the substrate-

enzyme affinity and how tight the binding will be. A low Km reflects a high protein 

affinity. Indeed, if the substrate-enzyme complex is formed and does not dissociate due to 

a high enzyme affinity, very little product will form. On the contrary, a high Km is the 

result of a low enzyme affinity; since the substrate-protein complex is unstable, it will 

dissociate quickly to lead to the final product [30].  

The kinetic parameters obtained from the manual linearization of the Michaelis-

Menten equation are as follow. For human lung microsomes, the Km, Vmax and intrinsic 

metabolic clearance values were 427 ± 65 μM, 55 ± 17 nmol/(min  mg of protein) and 

129 μl/(min  mg of protein), respectively. For human lung cytosol fractions, the 
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estimated apparent Km, Vmax and CLint were 283 ± 63 μM, 23 ± 3 nmol/(min  mg of 

protein) and 85 μl/(min  mg of protein), respectively. 

The kinetic parameters obtained from VisualEnzymics® are as follow. For human 

lung microsomes, the Km, Vmax and intrinsic metabolic clearance values were 447 ± 166 

μM, 56 ± 10 nmol/(min  mg of protein) and 126 μl/(min  mg of protein), respectively. 

For human lung cytosolic fractions, the estimated apparent Km, Vmax and CLint were 267 ± 

66 μM, 23 ± 2 nmol/(min  mg of protein) and 87 μl/(min  mg of protein), respectively. 

Those results were not statistically different from those obtained by the manual 

linearization of the Michaelis-Menten equation: the p-values for the estimated apparent 

Km, Vmax and Clint were 0.6399, 0.8604 and 0.9543, respectively for the lung microsomes, 

and 0.9325, 0.8512 and 8937, respectively for the lung cytosolic fraction. 

 

3.4.2 Incubation of BEAS-2B 

The velocity versus MMF concentration plot, as shown in Figure 3.4 exhibited a 

non-asymptotic behavior characteristic of biphasic kinetics. From the Eadie-Hofstee 

plots, Figure 3.5, the formation of MPA from MMF in the presence of human lung 

epithelial cells was confirmed to be biphasic: the formation of MPA is the result of high 

and low affinity enzyme reactions. From the manual linear regression, the calculated 

apparent Km, Vmax and CLint for the high affinity enzyme reaction were 63 ± 38 μM, 3.1 ± 

0.5 nmol/(min  million cells) and 60 μl/(min  million cells), respectively. For the low 

affinity enzyme reaction, the kinetic parameters were 800 ± 159 μM, 20 ± 1 nmol/(min  

million cells) and 26 μl/(min  million cells), respectively. The parameters are reported in 

Table 3.1.  
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The kinetic parameters obtained from VisualEnzymics® were 3 ± 21 μM, 0.30 ± 

0.46 nmol/(min  million cells) and 97 μl/(min  million cells), respectively for the high 

affinity and 968 ± 300 μM, 22 ± 3 nmol/(min  million cells) and 23 μl/(min  million 

cells), respectively for the low affinity. For the high affinity, the results were statistically 

different from those obtained by the manual linear regression of the Michaelis-Menten 

equation: the p-values for the apparent Km, Vmax and CLint were 0.0748, 0.0020 and 

0.0847, respectively. The Michaelis constant and the intrinsic metabolic clearance were 

not statistically different but their p-values were very close to the level of significance (α 

= 0.05). Therefore the risk of committing a beta error was fairly high, i.e. concluding that 

the results were not statistically different when in fact they were. This difference may be 

explained by the choice of points used in the manual linear regression of the high affinity 

portion versus the points chosen by the software. For the low affinity component, the 

results were not statistically different with p-values for the estimated apparent Km, Vmax 

and Clint of 0.4383, 0.4014 and 0.9101, respectively. 

 

3.4.3 Determination of the thermodynamic parameters 

From the data obtained, Arrhenius plots can be constructing by plotting ln kcat 

versus 1/T, Figure 3.6. A linear plot was obtained for each reaction milieu. From the 

slope of the lines, the energy of activation (Ea) was calculated for each system and 

reported in Table 3.2. The energies of activation of MMF alone and MMF with PMSF 

were similar: 57.7 kJ/mol and 52.2 kJ/mol, respectively. This suggested that not chemical 

interaction between the 2 substances was occurring. On the opposite, the energies of 

activation calculated for the human lung cells, the microsomes and the cytosolic fraction 

were lower than that of MMF alone: 37.3 kJ/mol, 33.0 kJ/mol and 46.8 kJ/mol, 
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respectively, versus 57.7 kJ/mol. Finally, when inhibiting the activity of the 

carboxylesterases, the energies of activation of the hydrolysis of MMF in the human lung 

cells, the microsomes and the cytosolic fraction were similar to that of MMF with PMSF: 

53.9 kJ/mol, 53.2 kJ/mol and 52.7 kJ/mol, respectively, versus 52.2 kJ/mol. 

According to the transition-state theory, other thermodynamic parameters (Energy 

of activation Ea, Enthalpy ΔH‡, Entropy ΔS‡ and Gibbs free energy ΔG‡ of the 

transition state) may be determined to better understand the reaction mechanism as well 

as the probability of the transition state. They were calculated by using the Eyring’s plot 

derived from linearization of the Eyring’s absolute reaction rate equation, 

      Equation 3. 7 

where k is the rate constant, kB is the Boltzmann’s constant (1.381×10-23 J/K), h the Plank 

constant (6.626×10-34 JS), T the absolute temperature in degree Kelvin (K), R the 

universal gas constant (8.3145 J/K/mol), ΔH‡ the enthalpy of activation and ΔS‡ the 

entropy of activation.  

The Eyring’s plots are shown in Figure 3.7. The values of ΔH‡ and ΔS‡ can be 

determined from the slope (- ΔH‡/R) and intercept (ΔS‡/R + ln(kB/k)). From these values, 

the Gibbs free energy of activation can be calculated from ΔG‡ = ΔH‡ - TΔS‡. Table 3.2 

summarizes the data. 

 

3.5 DISCUSSION 

It has been reported that xenobiotics may react in two different ways: enzymatic 

contributions, which is the most commonly found situation in a biological environment, 

and non-enzymatic contributions, where the xenobiotic reacts with a chemical species 
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other than an enzyme. Xenobiotics tend to react spontaneously with macromolecules as 

well as other chemical partners. The pace of the reaction depends on the nature of the 

chemical entities with which the xenobiotic reacts [31]. Therefore, a slow spontaneous 

and temperature driven hydrolysis of MMF in the stability control samples at increasing 

temperatures was expected. 

Enzymes are reaction catalysts: they lower the energy of activation necessary for 

the reaction to occur. MMF is known to be metabolized by human carboxylesterases 1 

and 2 present in the intestinal mucosa and in the liver [19]. Our study found that the 

energy of activation of the spontaneous hydrolysis of MMF was higher than the 

hydrolysis of MMF in the presence of human lung epithelial cells or cell fractions. The 

hydrolysis occurring in lung microsomes showed the lowest energy of activation, 

followed by the lung cells, then the cytosol.  The differences in energy of activation 

levels may be due to the greater expression of CES in the inner lumen of the endoplasmic 

reticulum and the interindividual variations in CES expression levels [32, 33]. When 

incubated in the presence of the carboxylesterase inhibitor, PMSF, the energies of 

activation in the human lung cells and cell fractions were similar to the energy of 

activation of MMF and PMSF alone. These results confirmed the presence of 

carboxylesterases 1 and 2 in human lung epithelial cells and subsequently in their cellular 

fractions in addition to their implication in the metabolism of MMF into MPA. 

When calculating the thermodynamic parameters, valuable information about the 

nature of the transition state was gained. The enthalpy of activation relates to the amount 

of stretching and breaking of the chemical bonds necessary to achieve the transition state. 

The entropy of activation is a measure of the probability of achieving the transition state. 

According to Le Chatelier’s principle [34], the calculated positive enthalpy of activation 

indicates that the reaction is endothermic and will be favored as the temperature 
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increases. It also indicates a conformational change due to the substrate-enzyme binding 

[35]. The negative entropy indicates that the formation of the transition state requires a 

specific conformation of the enzymes and the small molecule to create an effective 

interaction [36], which leads to a loss of molecular motions upon the formation of the 

activated enzyme-substrate complex [35]. 

As reported by Fujiyama et al. [19, 20], mycophenolate mofetil is primarily 

hydrolyzed by hCES1. Human CES2 also hydrolyzes MMF but exhibits a much lower 

hydrolytic activity in comparison to hCES1. Several researchers [14, 17] have 

demonstrated that hCES1 and hCES2 are mainly expressed in the liver, colon and small 

intestine. Also, hCES1 is expressed in the human lung to a lesser extent, whereas hCES2 

seems to be absent. Our study found that the hydrolysis rate for transformation of MMF 

into MPA was the highest in human lung microsomes with the metabolic Clint for MPA 

being 126 μl/(min  mg of protein), followed by the human lung cells and then the cytosol 

with a metabolic Clint of 97 and 87 μl/(min  mg of protein), respectively. 

Carboxylesterase activity exhibits large inter-individual variability. Even though the 

amount of CES is invariant among individuals, they are characterized by different alleles 

for gene expression resulting in individuals considered as “good metabolizers” versus 

“poor metabolizers” [13]. Therefore, since the microsome and cytosol fractions were 

pooled from different donors as well as a different number of donors, 10 versus 5 

respectively, the inter-individual variability may explain the differences found in the rates 

of hydrolysis. Multiple papers have shown this enzyme polymorphism [17, 37, 38]. 

Forkert et al. [37] reported that the esterase activity for vinyl carbamate metabolism could 

double from one patient to another. Moreover, Hatfield et al. [17] recorded a significant 

difference in the lung expression levels and activities of hCES1 between smokers and 
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non-smokers. These findings are not specific to the lung and hCES1, but are valid for 

other organs and also hCES2 [13, 14, 17, 37-39]. 

The differences observed in the MMF hydrolytic activity in lung cell fractions 

may be attributed to the localization of hCES1 and hCES2 within the cells. Madda and 

Proia [32] reported that the carboxylesterase family was exclusively expressed in the 

inner lumen of the endoplasmic reticulum, equivalent to the microsomal fraction of the 

cells. Later, Tabata et al. [33] showed the expression of carboxylesterases in the cytosolic 

fraction and Crow et al. [40] identified the distribution of hCES1 and hCES2 in pooled 

human liver microsomes and cytosol, showing a significantly lower expression of hCES1 

in the cytosol (50-fold lower) than in the microsomes, and confirming the similar levels 

of hCES2 in both the cytosolic and microsomal fractions. In addition, the metabolism of 

rufinamide was reported to occur at a ratio of two-thirds in human microsomal fraction 

and one-third in the cytosolic fraction [41], supporting the idea of higher hCES 

expression levels in the microsomes than in the cytosol. The distribution of hCES1 and 

hCES2 in human lung cell fractions showed higher levels of hCES1 than hCES2 in 

human lung microsomes [17]. The inhibition study we performed confirmed the presence 

of hCES in the human lung cytosolic fraction. Very low levels of carboxylesterases were 

found in dog and rat lung cytosol [42], thus low levels of hCES can also be expected in 

human lung cytosolic fractions. This lower expression level of hCES in the cytosol may 

explain the lower decrease of energy of activation observed in the hydrolysis of MMF in 

the cytosol than in the microsomes, when compared to the energy of activation of MMF 

alone. Besides, Fujiyama et al. [19] calculated the hydrolysis rate of MMF into MPA to 

be approximately 10-fold higher when incubated with recombinant hCES1 than with 

recombinant hCES2. Therefore, the difference in the hydrolytic activities of MMF in the 

microsomal and cytosolic fractions observed in our study seems to be attributed to the 
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lower amount of hCES enzymes present in the cytosol than in the microsomes, rather 

than the hydrolysis of MMF occurring with a specific hCES subfamily in each fraction, 

with one leading to a higher Km than the other. Similarly, when comparing the hydrolytic 

activity of MMF in the lung fractions with the results obtained by Fujiyama et al. [19, 20] 

in the hepatic fractions, the high rate of hydrolysis of MMF in the liver was mainly due to 

the high hepatic expression levels of hCES1 opposed to the significantly lower levels of 

expression of hCES1 in the lungs. 

While the enzyme activity in the lung microsomal and cytosolic fractions 

followed the Michaelis-Menten kinetics, the hydrolytic activity of MMF in the human 

lung epithelial cells exhibited an atypical kinetic profile which is characteristic of 

biphasic behavior. This enzymatic behavior was very similar to the behavior observed in 

human intestinal microsomes and cytosol reported by Fujiyama et al. [19]: meaning that 

both were characterized by low and high affinity components. Such behavior can be 

observed in single or multiple enzyme systems. In the case of a single enzyme system, 

either the substrate binds to the enzyme active site in multiple productive orientations, or 

the structure of the active enzyme site leads to the binding of two substrate molecules. In 

this case, the semi-hyperbolic portion of the profile is the result of a binding orientation 

providing a low Km and a low Vmax whereas the linear portion of the profile corresponds 

to the other binding orientation producing a high Km and Vmax [29, 43]. This behavior has 

been reported in the demethylation of naproxen by CYP2C9 where multiple 

conformations of the substrates are bound within the same enzyme active site [44-46]. 

The active site of hCE1 and hCE2 contains two binding cavities: a large and structurally 

flexible pocket, and a small and rigid one. Because the hCES1 active site is slightly 

smaller than that of hCES2, its access is restricted by the steric properties of the substrate 

[47-49]. Therefore it may explain that multiple conformations of the MMF substrate 
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interact with the active site creating unproductive bindings. Finally, in a single enzyme 

system, it is possible that, in the presence of multiple binding sites, two or more 

molecules may bind to the enzyme with one site producing a more efficient binding than 

the other. hCES1 is known to have two ligand-binding sites, the active site, mentioned 

earlier, and a surface ligand-binding site called the Z-site. When a substrate binds to the 

hCES1 Z-site, the engendered conformational changes alter the enzyme activity of the 

original binding site and therefore can result in lower kinetic parameters [49]. 

In the case a two-enzyme system, the atypical behavior observed can be the result 

of the binding of the substrate to the active site of each enzyme: with one producing a 

low hydrolytic activity, and the other, a high one. Indeed, Fujiyama et al. [19] reported a 

higher hydrolytic activity of hCES1 than hCES2 when measuring the hydrolysis of MMF 

by each enzyme. After calculation of the catalytic efficiency from the data reported by 

Fujiyama et al., the catalytic efficiency of hCES1 was 25-fold higher than the catalytic 

efficiency of hCES2 (18.5 mM-1  min-1 for hCES1 versus 0.73 mM-1  min-1 for hCES2). 

Moreover, Sudsakorn et al. [50] reported the O-demethylation of 3-O-methylfluorescein 

to be biphasic and the result a low affinity with CYP2C9 and a high affinity with 

CYP2C19. Thus, the biphasic behavior observed in the human lung epithelial cells may 

be attributed to the combination of the hydrolysis of MMF by hCES1, the low affinity 

component, producing a high Km and Vmax, and the hydrolysis of MMF by hCES2, the 

high affinity component, resulting in low Km and Vmax. Those results would correlate with 

the biphasic behavior observed for the hydrolysis of MMF in the human lung epithelial 

cells. 

Both scenarios were considered when fitting the data using VisualEnzymics®. The 

results were then analyzed to determine which model fit the data the best, the two 

substrate/one enzyme model or the two enzyme/one substrate model. Since the two 
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models were not nested, the comparison was made using the Akaike Information 

Criterion. The results showed that the two enzymes/one substrate model best fit the 

human lung cells data. We may have expected to observe a similar atypical enzyme 

kinetics behavior in the microsomal and cytosolic fraction. However, the large inter-

individual variability in the expression of hCES1 and hCES2 most likely explains this 

absence of biphasic behavior in the lung cell fractions. Finally, in the cytosolic fraction, it 

is possible that the levels of hCES1 and hCES2 are so low that only an apparent one-site 

saturation model can be observed. 

 

3.6 CONCLUSION 

Mycophenolate mofetil hydrolysis in human lung epithelial cells as well as human 

lung fractions was confirmed, and carboxylesterases present in the human lung fractions 

were responsible for the hydrolysis of MMF into MPA. The hydrolytic activity observed 

in the human lung was similar to the hydrolytic activity recorded in the human intestinal 

fractions. The hydrolytic activity observed in the lung cytosolic and microsomal fractions 

was significantly lower than in the hepatic fractions. Those differences are certainly due 

to the greater concentrations of hCES1 and hCES2 in those organs in comparison to the 

lungs. The biphasic behavior observed in the human lung cells was likely a consequence 

of the binding of MMF to each hCES producing low and high affinity components. This 

behavior may not be observed in the microsomal and cytosolic fractions because of the 

large intra- and inter-individual variability in the expression of hCES. Finally, the 

development of MMF formulations for pulmonary delivery seems appropriate and viable 

since MMF is now expected to hydrolyze into its active metabolite, MPA, upon 

inhalation. 
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3.9 TABLES 

Table 3. 1: Kinetic parameters of MMF hydrolysis in different human cell fractions 

 Vmax Km CLint (Vmax/Km) 

 nmol/(min  mg of protein) μM μl/(min  mg of protein) 

HLuM 56 ± 10 447 ± 166 126 

HLuC 23 ± 2  267 ± 66 87 

BEAS-2B    

High affinity 0.30 ± 0.46  3 ± 21  97 

Low affinity 22 ± 3 968 ± 300 23 

HIMa    

High affinity 15.6 ±3 27 ± 9 571 

Low affinity 19.7 ± 2.4 782 ± 512 25 

HICa    

High affinity 5.9 ± 1.7 18 ± 12 339 

Low affinity 12 ± 8.2 1656 ± 2710 7 

HLiMa 3073 ± 224 992 ± 138 3098 

HLiCa 75 ± 4 329 ± 40 230 

a Kinetic parameters reported in Fujiyama et al, 2010 
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Table 3. 2: Thermodynamic parameters of MMF hydrolysis in different reaction milieus 

 Ea ΔH‡ ΔS‡ ΔG‡ R2 

 kJ/mol kJ/mol kJ/mol/T kJ/mol  

MMF alone 57.7 55.1 - 0.157 104.0 0.98939 

HLuM 33.0 30.5 - 0.217 98.2 0.62981 

HLuC 46.8 44.1 - 0.180 100.5 0.89895 

BEAS-2B 37.3 34.7 - 0.213 101.2 0.99512 

MMF + PMSF 52.2 49.6 - 0.176 104.7 0.92027 

HLuM + PMSF 53.2 50.6 - 0.172 104.2 0.88393 

HLuC + PMSF 52.7 50.1 - 0.174 104.3 0.99704 

BEAS-2B + PMSF 53.9 51.3 - 0.169 100.5 0.99997 
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3.10 FIGURES 

 

Figure 3. 1: Multiple steps mode for HPLC analysis. 
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Figure 3. 2: Velocity versus concentration plots of MMF hydrolysis by lung cells 
fractions (n=3). 
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Figure 3. 3: Eadie-Hofstee plots of MMF hydrolysis by lung cells fractions (n=3). 
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Figure 3. 4: Velocity versus concentration plots of MMF hydrolysis by BEAS-2B (n=3). 
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Figure 3. 5: Eadie-Hofstee plots of MMF hydrolysis by BEAS-2B (n=3). 
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Figure 3. 6: Arrhenius plot showing the relationship between the rate constant k and the 
temperature T for the hydrolysis of MMF. 

() Cytosol + PMSF; () Cytosol; () BEAS-2B + PMSF; () BEAS-2B; 
() Microsome + PMSF; () Microsomes; () MMF + PMSF; () 
MMF. 
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Figure 3. 7: Eyring’s plot showing the relationship between 1/ k and 1/ T for the 
hydrolysis of MMF. 

() Cytosol + PMSF; () Cytosol; () BEAS-2B + PMSF; () BEAS-2B; 
() Microsome + PMSF; () Microsomes; () MMF + PMSF; () 
MMF. 
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Chapter 4:  Pulmonary Bioavailability of an Inhaled Mycophenolate 
Mofetil Suspension: Comparison with Oral and Pulmonary 

Administration of Cellcept® 

 

 

4.1 ABSTRACT 

Following lung transplantation, allograft rejection is the main cause of death. 

Mycophenolate mofetil (MMF), the ester prodrug of mycophenolic acid (MPA), an anti-

metabolite immunosuppressant, has proven its efficacy among major organ transplant 

patients but suffers from severe gastro-intestinal toxicity because of high daily dose and 

enterohepatic recirculation of the drug. Pulmonary administration of MMF could broaden 

the therapeutic options against lung allograft rejection and improve patient outcomes by 

lowering the side effects without compromising efficacy. In this study, a suspension of 

MMF microparticles suitable for inhalation was developed using the emulsion template 

process and characterized for particle size, aerosolization performance and aerodynamic 

properties. To evaluate the benefits of using the MMF suspension over a solution, an IV 

Cellcept® solution was also characterized in vitro. Both formulations exhibited excellent 

aerosolization performance. The mass median aerodynamic diameters for the IV 

Cellcept® solution and the MMF suspension were 2.19 ± 0.33 μm and 4.42 ± 0.19 μm, 

respectively. The fine particle doses were nearly equivalent for both formulations: 36.31 

± 2.64 mg for the MMF suspension and 38.46 ± 4.83 mg for the IV Cellcept® solution, 

suggesting the same drug exposure during in vivo experiments. Single dose 24-hour 

pharmacokinetic studies following inhalation of the formulations and oral administration 

of oral Cellcept® were performed in rats. Following oral administration, MMF was 
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completely and rapidly metabolized into MPA whereas only partial metabolism was 

observed following pulmonary administration of MMF. Oral administration of Cellcept® 

showed high plasma levels and lower lung and thymus gland levels. MMF suspension 

following pulmonary administration displayed more favorable pharmacokinetics than 

inhalation of the IV Cellcept® solution, but the MPA drug levels in each compartment 

were much lower than the levels obtained after oral administration of Cellcept®.  The 

comparison of the total drug levels in the lung, thymus gland and plasma following 

inhalation of the MMF suspension with the MPA levels in the different compartments 

suggested that pulmonary delivery of a MPA suspension could be beneficial in 

preventing lung allograft rejection. 

 

4.2 INTRODUCTION 

Lung transplantation is a life-saving intervention for patients suffering from end-

stage pulmonary diseases, such as chronic obstructive pulmonary disease (COPD), cystic 

fibrosis (CF) and idiopathic pulmonary fibrosis (IPF). Although the outcomes have 

significantly improved over the last three decades, the long-term survival rate remains 

disappointing in comparison to other major organ transplantations. Indeed, in the 2010 

report published by the U.S. Organ Procurement and Transplantation Network and the 

Scientific Registry of Transplant Recipients, the median survival was only 4.8 years [1]. 

Beyond the first year after lung transplantation, graft failure, non-cytomegalovirus 

infections and bronchiolitis obliterans syndrome are the leading cause of death [2], 

suggesting that improvements in the long-term management of acute and chronic 

rejection are necessary.  
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Immunosuppressive therapies interfere with the allograft destruction at different 

stages of the immune response cascade. Mycophenolate mofetil (MMF) is the ester 

prodrug of mycophenolic acid (MPA), an anti-metabolite immunosupressant.  MPA is a 

non-competitive inhibitor of the de novo purine biosynthesis of guanosine nucleotides 

necessary for the production of activated T- and B-lymphocytes and therefore blocks 

their proliferation [3]. MPA has proven its efficacy among heart, liver, kidney and lung 

transplanted patients [4]. MMF is a class II drug in the biopharmaceutical classification 

system characterized by pH-dependent solubility [5]. Upon absorption, MMF is rapidly 

hydrolyzed into MPA by the carboxylesterases present in the intestine wall and in the 

liver [6]. But the expression levels of carboxylesterases suffer from high inter-and intra-

patient variability leading to variations in MPA pharmacokinetics and pharmacodynamics 

[7]. MPA is lipophilic with a log P7.4 of 0.20, enabling tissue distribution upon absorption 

or systemic administration [5, 8]. Due to its rapid excretion, a high daily oral dose (up to 

3g/day) is necessary, leading to GI tract toxicity and myelosuppression [7, 9]. Those side 

effects can force the patients to decrease their daily dose and even sometimes to stop the 

treatment, increasing the risks of allograft rejection [10]. Therefore, developing new 

therapeutic strategies for MMF is critical to improve patient outcomes. 

Pulmonary therapy offers an interesting approach to drug delivery thanks to its 

large area of absorption and high vascularization, its capability to avoid the hepatic first-

pass metabolism, and its ability to achieve high lung deposition and reduced systemic 

drug concentration. This noninvasive route of administration has the potential to 

minimize toxicity without compromising efficacy and therefore improves patients’ 

compliance. It has already been used widely in the treatment of asthma, cystic fibrosis, 

tuberculosis, pulmonary hypertension, diabetes, lung cancer, and immunosuppressive 
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therapy [11-14]. Consequently, the pulmonary delivery of MMF could benefit lung 

transplant patients by decreasing the systemic side effects. 

 Particle engineering techniques for pulmonary drug delivery have significantly 

improved in the recent years, enabling more efficient drug deposition to the lungs [15, 

16]. The pulmonary delivery of nanoparticles and microparticles offers benefits specific 

to each type of particle. Nanoformulations have been used in lung delivery to enhance the 

dissolution of poorly water-soluble drugs by increasing their specific surface area, hence 

improving their bioavailability [17-19]. Also, Makino et al. [20] have demonstrated that 

nanoparticles lower than 0.2 μm escape the alveolar macrophages update resulting in 

longer residence time of the drug in the lungs. However, limited by their low inertia, 

nanoparticles often have to be associated with carriers or delivered as aqueous 

dispersions to be able to reach the deep lungs [21, 22]. Microparticles, on the other hand, 

can reach the deep lung when their aerodynamic diameter is less than about 5 μm. 

Besides, microparticles offer the advantage of providing prolonged drug release [23] and 

targeting alveolar macrophages [24-26]. Indeed, alveolar macrophage uptake has been 

observed in microparticles with a size between 0.5 μm and 3 μm, with an optimum 

uptake of 1 μm particles [20, 27]. Also, the particle uptake is very rapid; it can happen as 

early as 15 minutes after lung delivery and, at low concentrations, complete particles 

removal can be observed within 24 hours [28-31].  In the case of an immunosuppressive 

therapy for lung transplanted patients, since the actors of the immune response are 

present in the transplanted lung as well as in the lymphatic system, it is important to 

achieve simultaneously high immunosuppressant levels in the lungs and in the lymphatic 

system. Therefore, the alveolar macrophages uptake could be use as a mean to deliver 

MMF to the lymphatic system.  
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A recent study in our laboratory has demonstrated the ability of lung cells to 

hydrolyze MMF in vitro into it active metabolite, MPA. The hypothesis of this work was 

that a micron size MMF suspension, with particles within the 1-2 μm range, can be 

developed and achieve high and sustained drug levels in the lung and the lymphoid 

tissues while keeping a low systemic concentration following inhalation. To the best of 

our knowledge, tissue distribution of MPA after oral administration of oral Cellcept®, the 

currently commercialized product, has not been reported yet, hence this study reports the 

distribution of MPA in the lung, thymus gland and plasma following administration of 

oral Cellcept® by mouth. A micron size MMF suspension containing particles within the 

1-2 μm range was developed using particle engineering techniques. Its in vitro 

physicochemical and aerodynamic properties were evaluated. Finally, the 

pharmacokinetic profile and systemic bioavailability of MMF after pulmonary 

administration of the micron size MMF suspension were investigated in rats and 

compared to the profiles obtained after nebulization of the IV Cellcept® solution and oral 

administration of oral Cellcept®.  

 

4.3 MATERIALS AND METHODS 

4.3.1 Chemicals and reagents 

Mycophenolate Mofetil and mycophenolic acid were purchased from Trademax 

Pharmaceuticals & Chemicals Co., Ltd (China). Mycophenolate mofetil reference 

standard was bought from USP (Rockville, MD) and mycophenolic acid reference 

standard from Spectrum (Gardena, CA). Acetonitrile (ACN) for HPLC, triethylamine 

(TEA) for HPLC, ethanol absolute (200 proof) molecular biology grade, methylene 

chloride stabilized and certified ACS, spectranalyzed methanol and ortho-phosphoric acid 
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for HPLC were obtained from Fisher Scientific (Pittsburgh, PA). Potassium phosphate 

monobasic, indomethacin (the internal standard) and tyloxapol were purchased from 

Spectrum (Gardena, CA). DPPC (1,2 dipalmitoyl-sn-glycero-3-phosphocholine) was 

purchased from Genzyme Pharmaceuticals (Cambridge, MA). All other chemicals and 

solvents were of the highest grade commercially available. 

 

4.3.2 Formulation preparation 

4.3.2.1 Cellcept® Suspension 

The Cellcept® suspension for oral gavage was prepared as follow. Nine Cellcept® 

capsules were opened and poured into 30 ml of 0.1% (w:v) xanthan gum solution. The 

suspension was probe sonicated for 10 minutes at 50% duty cycle and 5 output control, to 

uniformly disperse the powder in solution. To rinse the sonication probe and reach a final 

MMF concentration of 50mg/ml, 15 ml of 0.1% (w:v) xanthan gum solution was added. 

The xanthan gum was used to prevent particle aggregation prior to administration. The 

final product will be referred hereafter as oral Cellcept® suspension. 

 

4.3.2.2 Engineered Particles of Mycophenolate Mofetil in Suspension 

The micron-size MMF suspension with particles ranging from 1 to 2 μm was 

prepared using the emulsion template process. Briefly, DPPC and MMF were dissolved 

in 1 ml of ethanol and 6 ml of dichloromethane. This solution was added dropwise to 50 

ml 0.2g/L tyloxapol in D5W solution while sonicating with an analog Branson Sonifier® 

cell disruptor/homogenizer 450 fitted with a ½” diameter tapped bio horn at 50% duty 

cycle and 5 output control and cooled down in an ice bath. After addition of the 

DPPC/MMF solution, the sonication was continued for 5 minutes. The solvents were 
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extracted at 27°C for 10 minutes by vacuum evaporation using a Buchi® rotary 

evaporator system consisting of a distillation chiller B-741, a vacuum pump V-700 and a 

rotavap R-210. The duration of the evaporation was determined by witnessing two 

boiling events corresponding to the evaporation of dichloromethane and ethanol, 

respectively. The evaporation was pursued 5 minutes after the end of the second boiling 

event, leading to a total process duration of 10 minutes. Due to the azeotropic nature of 

the solvent mixture, the volume of the final suspension was readjusted to 50 ml with the 

0.2g/L tyloxapol in D5W solution and further sonicated for 5 min at 50% duty cycle and 

5 output control in an ice bath. The final suspension pH was adjusted to about 7 by the 

addition of an appropriate volume of 0.5N sodium hydroxide solution (~40μl) and left at 

room temperature to equilibrate before characterization. The final concentration the 

micron-size MMF suspension was 25 mg/ml and will be referred hereafter as the MMF 

suspension. 

 

4.3.2.3 IV Cellcept® Solution  

The IV Cellcept® solution was prepared by dissolving the IV Cellcept® 

preparation as indicated in the package insert. Subsequent adequate dilutions with D5W 

were performed to obtain a 25 mg/ml solution referred hereafter as IV Cellcept® solution. 

 

4.3.3 Formulation characterization 

4.3.3.1 Particle size analysis 

The particle size analysis was determined by Dynamic Light Scattering (DLS) 

using the Malvern Zetasizer Nano S® (Malvern Instrument Ltd, Worcestershire, UK). 

The measurements were performed at 25°C with a pre-measurement equilibration time of 
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1 minute. The samples were diluted with 0.2g/L tyloxapol in D5W to have the intercept 

of the correlation function between 0.7 and 1. The refractive indexes for the dispersant 

(water) and the internal phase (phospholipids) were set at 1.33 and 1.45 respectively. The 

z-average size and the polydispersity index (PdI) were recorded for each formulation and 

the measurements were done in triplicate. The z-average size corresponds to the mean 

hydrodynamic size of the particles measured by DLS. The polydispersity index is a 

parameter used to define the particle size distribution of the sample analyzed by DLS. It 

is a dimensionless number extrapolated from the correlation function. When its value is 

below 0.2, the particles are considered monodispersed. Above 0.2 but below 0.7, the 

particles exhibit a unimodal profile and the size distribution broadens as the PdI 

increases. Samples with very broad particle size distribution and multimodal profile have 

PdI values above 0.7. 

 

4.3.3.2 Morphology 

Scanning electron microscopy (SEM) was used to examine the surface 

morphology of the MMF particles present in the suspension. The suspension was quickly 

frozen in liquid nitrogen and lyophilized using a Virtis Advantage 2.0 BenchTop freeze 

dryer (SP Scientific, Warminster, PA) to obtain a dry powder. Samples were loaded onto 

double-sided carbon tape and sputter coated with a 60/40 Pd/Au target for 4 minutes. SEM 

images were captured using a Leo 1530 SEM or an FEI Quanta 650 SEM under high vacuum 

mode with an operating voltage of 3-10 kV.  
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4.3.4 Aerosol characterization 

4.3.4.1 Aerodynamic droplet size analysis 

The formulations were nebulized using the Aeroneb Professional Nebulizer 

System (Philips Respironics, Murrysville, PA) composed of the nebuliser unit, the T-

piece and the control module. The Aeroneb Professional Nebulizer System will be 

referred hereafter as the Aeroneb Pro® nebulizer. The aerodynamic droplet size analysis 

was performed using the Next Generation Pharmaceutical Impactor (NGI) (MSP Corp., 

Shoreview, MN).  For each formulation, 6 ml of the formulation were added to the filler 

port of the Aeroneb Pro® Nebulizer and attached to the T-piece. The T-piece was then 

connected to the induction port of the NGI using a molded silicone adapter. The 

nebulization was started and continued for 15 minutes at a flow rate of 15 L/min (±5%), 

as suggested in the General Chapter <1601> of the USP 34-NF 29 on the characterization 

of nebulizer products [32]. Since the Micro Orifice Collector (MOC) of the NGI fails to 

operated correctly at that flow rate [33], the filter holder placed at the outlet of the NGI 

was fitted with a glass fiber filter to collect the finest droplets. The drug, collected on 

each NGI plate and in the induction port, was dissolved in approximately 15 ml of 

H2O:ACN:MeOH (2:2:1) (v:v:v) solvent mixture, and poured into 25-ml volumetric 

flasks. After 5 minutes of sonication in a sonication bath, each volumetric flask was 

adjusted to 25 ml with the same solvent mixture. This procedure avoided any loss of 

volume due to solvent evaporation during handling and transfer. The glass fiber filter was 

directly placed in a scintillation vial containing 20 ml of the solvent mixture and vortexed 

for 30 seconds. Each solution was diluted with the solvent mixture when necessary, 

filtered with a 0.22 μm syringe filter and analyzed via HPLC analysis for MMF and MPA 

content. 
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Following HPLC analysis, the total emitted dose (TED) was calculated based on 

the amount of drug collected on the induction port, NGI plates 1 through 7, the MOC and 

the back-up filter. As described in the General Chapter <601> of the USP 34-NF 29 on 

Aerosols, Nasal sprays, Metered-dose inhalers, and Dry powder inhalers [34], the mass 

median aerodynamic diameter (MMAD) and the geometric standard deviation (GSD) 

were calculated based on the amount of drug deposited on stages 1 through 7 and the 

MOC/back-up filter. The fine particle dose (FPD) represents the amount of drug included 

in nebulizer droplets that have MMAD of 5 μm or less. The cut-off diameter of each plate 

depends on the flow rate applied. At 15 L/min (±5%), droplets deposited on stage 3 

through the back-up filter have a MMAD below 5.39 μm. Therefore, the FPD was 

calculated as the sum of the drug amount collected on stage 3 through the back-up filter. 

 

4.3.4.2 Nebulization performance 

Since one of the formulations to be nebulized is a suspension, its physical 

properties may affect the performance of the nebulizer in terms of output rate and inhaled 

mass, maybe even lead to a blockage of mesh holes during nebulization [35-37]. To 

verify if our formulations affect the performance of the Aeroneb Pro® nebulizer, we 

measured the changes in transmission over time with laser diffraction techniques. The 

Malvern Spraytec® instrument (Malvern Instrument Ltd, Worcestershire, UK), equipped	  

with	  300	  mm	  lens,	  was fitted with the inhalation cell. The outlet of the inhalation cell 

was fitted to a vacuum tube adapter and connected to a vacuum producing a 1 L/min 

airflow at the inlet device adaptor portion, therefore mimicking the nebulization 

conditions of the animal study. The internal phases and dispersant refractive indexes were 

set at 1.33 (water), 1.45 (phospholipids) and 1.00 (air), respectively. For each 



 125 

formulation, 6 ml of the formulation was added to the nebulizer reservoir. The nebulizer 

performance output was measured by looking at the transmission variations of the 

droplets cloud over a 15-minute period. The slopes obtained from each transmission 

versus time plot were compared to each other. 

 

4.3.5 In vivo studies in Sprague Dawley rats 

Adult male Sprague Dawley (SD) rats weighing 300-350 g were used in the 

present in vivo animal studies. The rats were housed in a 12-hour light/dark cycle with 

food and water available ad libitum, and acclimated for 4 days before the start of any 

procedure. All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Texas at Austin and performed in compliance 

with all relevant laws, regulations and guidelines governing the humane care and use of 

research animals. 

 

4.3.5.1 Oral gavage of Cellcept® 

The oral gavage of the oral Cellcept® suspension was performed using a 16-gauge 

feeding tube and a 1-ml syringe. To avoid stress during the procedure that could result in 

an altered metabolism, the rats were trained to take the feeding tube for 3 consecutive 

days prior to dosing. After the training period, the rats were weighed and administered 50 

mg of MMF/kg of the oral Cellcept® suspension. After oral gavage, the rats were placed 

back in their cage with free access to food and water. The rats were sacrificed by 

isofluorane inhalation overdose 0.25, 0.5, 1, 2, 4, 6, 12 and 24 hours after the dose 

administration. Blood was collected via cardiac puncture with heparinized syringes. 

Additional blood samples were collected 8 and 10 hours after the dose administration 
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from jugular catheters surgically implanted on the 12-hour and the 24-hour rats, 

respectively. Upon collection, the blood samples were centrifuged at 3,000xg using the 

centrifuge 5804 R with rotor A-4-44 (Eppendorf, Hamburg, Germany) at 4°C for 10 

minutes. The plasma was transferred into a fresh tube and immediately frozen on dry ice. 

The lungs and thymus gland were harvested after thoracotomy and frozen on dry ice. The 

samples were stored at -80°C until analysis. MMF and MPA were extracted from the 

samples following the extraction method explained hereafter, and analyzed via HPLC 

with UV detection for drug content.  

 

4.3.5.2 Pulmonary dosing of the IV Cellcept® solutions and the micron-size 
mycophenolate mofetil suspension 

For the inhalation study, the nose-only dosing chamber apparatus capable of 

dosing 4 rats simultaneously was assembled as shown in Figure 4.1. Prior to dosing, the 

rats were acclimated for 4 consecutive days into the restraint tubes, restricted by the 

conical nose insert and the posterior closure device. The residence time was progressively 

increased to 15 minutes by 5 minutes increment each day. This acclimation was 

performed not only for the well-being of the animals, but also to prevent stress and 

hyperventilation during the actual procedure that could lead to higher variability in the 

drug levels measured. The day of the experiment, each rat were weighed and placed in 

the restrainer. After assembly of the nose-only dosing apparatus, the exhaust tube was 

placed in the fume hood with its end wrapped in gaze. This precaution was taken to avoid 

the influence of the aspiration created by the fume hood on the flow going trough the 

chamber. The airflow rate was set with an external fan at 1 L/min (±5%) to ensure proper 

filling of the nose-only dosing chamber during aerosolization. Six milliliters of the 

formulation was pipetted into the filler port of the Aeroneb Pro® nebulizer and 
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aerosolized for 15 minutes. Once the nebulization time completed, the rats were gently 

returned to their cages with free access to food and water. The rats were sacrificed by 

isofluorane inhalation overdose 0, 0.5, 1, 2, 4, 6, 12 and 24 hours after the dose 

administration. Blood was collected via cardiac puncture with a heparinized syringe. 

Upon collection, the blood samples were centrifuged at 3,000xg at 4°C for 10 minutes. 

The plasma was transferred into a fresh tube and immediately frozen on dry ice. The 

lungs and thymus gland were harvested after thoracotomy and frozen on dry ice. The 

samples were stored at -80°C until analysis. MMF and MPA were extracted from the 

samples following the extraction method explained hereafter, and analyzed via HPLC 

with UV detection for drug content. 

The amount of MMF to which the rats were exposed was estimated to be 10 

mg/kg for both formulations. The calculation of the whole body dose was calculated 

based on the assumption that the drug concentration in the inhalation chamber gradually 

increases until reaching steady state. At steady state, the amount of drug entering and 

exiting the chamber is equal and the drug concentration C in the chamber at any given 

time is: 

C = FPDr
F

1− e−λt( )        Equation 4. 1 

where FPDr is the rate of delivery of the FPD determined with the NGI, F is the 

airflow rate, λ is the chamber air-change rate and t the time.  

The chamber air-change rate, λ, is determined based on the airflow rate, F, and the 

volume of the inhalation chamber, V: 

λ = F
V

         Equation 4. 2 

Based on those assumptions, the whole body dose delivered to the rats cn be 

estimated using the following equation: 
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WBD = RMV ⋅ FPDr
F

⋅ t '+ V
F
e−λt ' −1( )⎡

⎣⎢
⎤
⎦⎥

    Equation 4. 3 

where RMV is the specific Rate Minute Volume and t’ is the duration of the 

aerosolization. The RMV of SD rats was calculated from Strohl et al. [38]: 

 

with f, the number of breath per minute (fSD=92 breath/min) and VT, the tidal 

volume (for SD rats, VT=0.29 ml/100g). 

The volume of the inhalation chamber used was estimated at 0.227 L, the airflow 

rate was 1 L/min, the FPDr was calculated from the NGI results and the inhalation 

duration was 15 minutes. 

 

4.3.6 HPLC analysis 

4.3.6.1 Preparation of the plasma, lung and thymus gland samples 

The extraction procedure was similar to the extraction procedure developed by 

Zivanovic et al. [39]. Briefly, the plasma samples were thawed at room temperature. The 

volume of 10 μl of the internal standard solution was added to 1.5-ml centrifuge tubes 

containing 500-μl aliquots of the plasma samples and vortexed for 10 seconds. An aliquot 

of 500 μl of KH2PO4 (pH 2.4; 0.05M):ACN (95:5) (v:v) was added to the samples 

followed by a 30 s vortex mixing. The samples were then centrifuged at 15,000 rpm for 5 

minutes at 4°C. 

The extraction for the lung and thymus gland was as follow. The tissues were 

weighed and placed into glass test tubes. For every gram of tissue, 4 ml of (2:1) 

H2O:ACN solution were added and the samples were homogenized in a bath of ice using 

an Ultra-Turrax® TP 18/10 Homogenizer with 8 mm rotor blade (IKA-Werke, Staufen, 

Germany). The volume of 10 μl of the internal standard solution was added to 1.5-ml 

RMV = f !VT
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centrifuge tubes containing 500-μl aliquots of the homogenized tissue and vortexed for 

10 seconds. An aliquot of 500 μl of KH2PO4 (pH 2.4; 0.05M):ACN (2:1) (v:v) was added 

to the samples followed by a 30 s vortex mixing. The samples were then centrifuged at 

10,000 rpm for 5 minutes at 4°C and the supernatant transferred into a fresh 2-ml 

centrifuge tube. A volume of 500 ml of of KH2PO4 (pH 2.4; 0.05M):ACN (2:1) (v:v) was 

added to the pellet, which was then resuspended using an Omni Sonic Ruptor-250® 

Ultrasonic Homogenizer with 5/32" (3.9mm) with a micro-tip probe (Omni International, 

Kennesaw, GA, USA) for 10 seconds. After a final 30-second vortex mixing, the samples 

were centrifuged at 15,000 rpm for 10 minutes at 4°C and the supernatant transferred into 

the 2-ml centrifuge tube containing the first supernatant. 

 

4.3.6.2 Extraction procedure for plasma, lung and thymus gland samples 

The solid phase extraction procedure was performed using 100 mg/1 ml Supelco 

Discovery® DSC-18 SPE tubes mounted on the Supelco 12-port Visiprep™ SPE vacuum 

manifold with disposable liners, purchased from Sigma-Aldrich (St Louis, MO). Briefly, 

the SPE cartridges were conditioned with 2 ml of methanol followed by 2 ml of KH2PO4 

(pH 2.4; 0.05M). The prepared plasma and tissue samples were then pipetted into the 

cartridges and passed through them. The packing was washed with 2 ml of KH2PO4 (pH 

2.4; 0.05M). The substances were eluted by the addition of 1.5 ml of KH2PO4 (pH 2.4; 

0.05M):ACN (2:8) (v:v). The extracted samples were evaporated under a stream of 

nitrogen until complete evaporation, reconstituted in with appropriate volumes of 

H2O:ACN (3:1) and analyzed via HPLC with UV detection for drug content. 
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4.3.6.3 Chromatographic conditions 

The HPLC analysis was performed using a Dionex Ultimate 3000 HPLC 

equipped with HPG-3200SD binary pump with in-line degasser, VWR-3400RS UV-

visible detector and WPS-3000SL analytical autosampler. The data were acquired with 

Chromeleon 6.8 Chromatography Data System (Dionex). Compounds were separated on 

a reverse-phase Kinetex C18 column (100 mm x 3.0 mm, particle size: 2.6 μm, pore size: 

100Å). Each mobile phase was filtered through 0.45 μm nylon membrane and degassed 

for 10 minutes. The HPLC system was operated with a multiple step mode at 0.9 ml/min 

with the column heater thermostated at 45°C ± 0.2°C. The mobile phases consisted of 

0.3% triethylamine in water (pH=5.3):acetonitrile (90:10, v:v) and acetonitrile as mobile 

phase A and B, respectively. The pH adjustment was done using 85% o-phosphoric acid. 

The multiple step mode was as follow: from 0 to 0.25 min, 0% B; from 0.25 to 2 min, 9% 

B; from 2 to 6 min, 33% B followed by 1 min at 90% B to clean the column and 3 min at 

0% B to return to the initial conditions, see Figure 4.2. Detection was performed at 215 

nm with a 10-minute run time. 

 

4.3.7 Pharmacokinetic analysis 

The rats were evaluated for their 24 hr plasma, lung and thymus gland 

pharmacokinetics following administration of the dose. The tissue concentrations versus 

time and the plasma versus time were calculated using a non-compartmental model in 

WinNonlin® version 4.1 (Pharsight®, St. Louis, MO). Since the absorption, distribution, 

metabolism and clearance profiles of MMF and MPA are quite complex, it was chosen to 

perform a model-independent pharmacokinetics analysis. 
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4.3.8 Statistical analysis 

The statistical analysis was performed using JMP 9.0® (SAS institute Inc., Cary, 

NC, USA). One-way ANOVA, with Tukey-Kramer post-hoc test where necessary, was 

used to statistically compare the in vitro characterization of the formulations and the in 

vivo pharmacokinetic parameters.  Results with p-values less than 0.05 were considered 

statistically significant. 

 

4.4 RESULTS 

4.4.1 Formulation characterization 

For the MMF suspensions, the effects of DPPC concentration, sonication times 

and sonication output on the particle size and polydispersity index (PdI) were 

investigated. The formulation parameters are summarized in Table 4.1. From the z-

average size obtained for each formulation, the general trend observed was a decrease in 

particle size as the ratio DPPC:MMF increased, as shown in Figure 4.3. The statistical 

analysis of the z-average sizes suggested that MMF023 and MMF024 were the only 

formulations for which the z-average sizes were not statistically different (p=0.594). The 

PdI increased as the amount of DPPC decreased suggesting that the particle size 

distribution in formulations containing a higher amount of DPPC is narrower. However, 

the statistical analysis showed no statistical differences among the four different 

formulations (p<0.05). Since a MMF suspension with a particle size ranging from 1 μm 

to 2 μm was desired, the formulations containing 100 mg and 50 mg of DPPC were 

chosen to investigate the influence of the process parameters on the particle size. As 

shown in Figure 4.4, increasing the sonication time, from 5 minutes to 15 minutes, did 

not significantly affect the z-average size. The z-average sizes of MMF023 were 1.28 ± 
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0.29 μm and 1.24 ± 0.12 μm after 5 and 15 minutes of sonication, respectively, and the z-

average sizes of MMF024 were 1.38 ± 0.32 μm and 1.32 ± 0.29 μm after 5 and 15 

minutes of sonication, respectively. No change in the PdI was observed for MMF024 and 

an increase in the PdI of MMF023 was recorded. When the sonication output was 

increased from 5 to 7, the z-average sizes of both formulations increased, as shown in 

Figure 4.5. The intra-formulation z-average sizes obtained with 5 and 7 sonication output 

were statistically different with p-values of 0.0005 and 0.0001 for MMF023 and 

MMF024, respectively. On the contrary, the PdIs were not statistically different (p-values 

> 0.05); suggesting an increase in the particle size as the sonication output increased, but 

not a broadening of the particle size distribution. Finally, because the average particle 

size increased at higher sonication powder and because shorter processing times are 

preferred, formulations MMF23 A and MMF24 A were chosen. Since no significant 

differences were observed in regards to z-average sizes and PdIs between formulation 

MMF023 A and MMF024 A, a sedimentation behavior was also investigated (data not 

shown). MMF023 A and MMF024 A formulations were left to settle for 3 days at room 

temperature and their ability to redisperse easily was evaluated. After 3 days, both 

formulations had a similar appearance:  a distinction could be made between the sediment 

and the opalescent supernatant. After inverting 10 times the recipients, no sediment was 

left at the bottom of the container containing suspension MMF023 A whereas a layer of 

particles was still observed at the bottom of the container containing suspension 

MMF024 A. It is only after vigorous agitation that this layer of particles could be 

dislodged. Those observations suggested the formation of a hard cake in suspension 

MMF024 A making the sediment difficult to redisperse. Finally, since suspension 

MMF023 A was the most promising MMF formulation, suspension MMF023 A was 

produced in triplicate to ensure reproducibility of the fabrication process. The results are 
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reported in Figure 4.6. No statistical differences between the z-average sizes and the PdIs 

were recorded among the formulations fabricated (minimum p-value obtained 0.1553), 

confirming the process reproducibility. The z-average size was 1.42 ± 0.21 μm with a PdI 

of 0.43 ± 0.09. Suspension MMF023 A was freeze-dried, characterized via SEM for 

particle morphology and used for aerosol characterization. 

Figure 4.7 shows the SEM images of lyophilized suspension MMF023 A in 

0.2g/L tyloxapol in water and in 0.2g/L tyloxapol in D5W. On one hand, the rapid 

freezing MMF023 A in 0.2g/L tyloxapol in water in liquid nitrogen followed by 

lyophilization resulted in large aggregate particles with well defined micron-size primary 

particles. On the other hand, the rapid freezing in liquid nitrogen of MMF023 A made in 

0.2g/L tyloxapol in D5W followed by lyophilization lead to large aggregate particles in 

which the smaller primary particles seemed to be fused with each other in the sugar 

matrix.  

 

4.4.2 Aerosol characterization 

The aerodynamic parameters of the IV Cellcept® solution and the MMF 

suspension (MMF023 A) were determined in triplicate for intra- and inter-formulations 

variability. The in vitro deposition profiles for each formulation are showed in Figure 4.8. 

Overall, within each type of formulation (solution or suspension), the MMF depositions 

on each stage of the NGI exhibited similar intra-formulation profiles. For most NGI 

stages, the amount of drug deposited showed inter-formulation statistical differences 

(p<0.05). The main difference observed between the IV solution and the suspension 

deposition profiles was the higher MMF deposition on stages 4, 5 and 6, and on stages 2, 

3 and 4, for IV Cellcept® solution and MMF suspension, respectively. This behavior lead 
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to a lower MMAD in IV Cellcept® solution than in MMF suspension – 2.19 ± 0.33 μm 

versus 4.42 ± 0.19 μm. The aerodynamic parameters for each formulation replicate are 

reported in Table 4.2. The aerodynamic diameters calculated were statistically different 

among formulations of the same nature, but were of the same order of magnitude. 

Interestingly, although the MMF suspension had a higher aerodynamic diameter than the 

IV solution, the fine particle fractions were similar for both formulations and not 

statistically different: 36.31 ± 2.64 mg of MMF and 38.46 ± 4.83 mg of MMF, for the 

MMF suspension and the IV Cellcept® solution, respectively. 

The transmission plots, reported in Figure 4.9, enabled the comparison of the 

nebulization performance of each formulation in comparison to saline over a 15-minute 

period. At the end of that period, the nebulizer was stopped and the transmission went 

back to about 98 ± 1%. This indicated that the formulations did not fog the detector 

lenses. Therefore, if a decrease of transmission or an erratic transmission was observed, it 

would be the result of a progressive loss of aerosol performance or a discontinuous 

nebulization, respectively. From the transmission plots, no drastic irregular behavior was 

observed for either of the formulations. Also, the slopes of the linear regressions 

performed on each formulation suggested that the nebulizer’s performance was not 

altered during the 15-minute period. Indeed, the slopes obtained for the MMF suspension 

and the IV Cellcept® solution were very similar to the slope obtained for saline, which 

nebulizes readily. 

 

4.4.3 Pharmacokinetics of oral Cellcept® following oral gavage 

A non-compartmental model was used to determine 24-hour pharmacokinetic 

parameters in the plasma, lung and thymus gland after oral administration of oral 



 135 

Cellcept, reported in Table 4.3. The drug concentration versus time plots are shown in 

Figure 4.10. The plasma Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals for MPA 

were 35 ± 18 μg/ml, 0.38 ± 0.14 hr, 2.38 ± 0.15 hr and 116 ± 18 mg*hr/L, respectively. 

The lung Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals for MPA were 10 ± 4 

μg/ml, 0.38 ± 0.14 hr, 3.51 ± 0.50 hr and 34 ± 6 mg*hr/L, respectively. Finally, the 

thymus gland Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals for MPA were 4.2 ± 

2.4 μg/ml, 0.38 ± 0.25 hr, 4.40 ± 0.45 hr and 16 ± 5 mg*hr/L, respectively. 

 

4.4.4 Pharmacokinetics of IV Cellcept® and crystalline micron-size MMF 
suspension following inhalation 

After inhalation of IV Cellcept® and MMF suspension, the pharmacokinetic 

parameters for MMF and MPA could be calculated and are reported in Table 4.3. The 

MPA concentration versus time polts are shown in Figure 4.11 and Figure 4.12 following 

the inhalation of IV Cellcept® solution and MMF suspension, respectively. The MMF 

concentration versus time plots are shown in Figure 4.13 for both formulations. 

For the IV Cellcept® solution, the MPA plasma Cmax, tmax, t1/2 and AUC0-24hr ± 95% 

confidence intervals were 6.04 ± 0.87 μg/ml, 0.38 ± 0.25 hr, 5.25 ± 0.75 hr and 25 ± 4 

mg*hr/L, respectively. The MPA lung Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence 

intervals were 1.29 ± 0.21 μg/ml, 0.38 ± 0.24 hr, 6.06 ± 1.02 hr and 5.5 ± 0.6 mg*hr/L, 

respectively. The MPA thymus gland Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence 

intervals were 0.61 ± 0.13 μg/ml, 0.75 ± 0.50 hr, 9.3 ± 1.2 hr and 4.5 ± 0.4 mg*hr/L, 

respectively. The MMF plasma Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals 

were 0.38 ± 0.05 μg/ml, 2.25 hr, 4.69 ± 0.75 hr and 1.2 ± 0.1 mg*hr/L, respectively. The 

MMF lung Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals were 1.44 ± 0.17 

μg/ml, 0.75 ± 0.24 hr, 11.2 ± 4.6 hr and 11 ± 7 mg*hr/L, respectively. The MMF thymus 



 136 

gland Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals were 0.74 ± 0.09 μg/ml, 

0.25 hr, 25.8 ± 5.5 hr and 9.1 ± 0.4 mg*hr/L, respectively. 

For the MMF suspension, the MPA plasma Cmax, tmax, t1/2 and AUC0-24hr ± 95% 

confidence intervals were 5 ± 4 μg/ml, 0.50 ± 0.28 hr, 7 ± 1 hr and 16.6 ± 1.5 mg*hr/L, 

respectively. The MPA lung Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals were 

1.22 ± 0.48 μg/ml, 0.38 ± 0.24 hr, 7.29 ± 1.45 hr and 7.7 ± 0.5 mg*hr/L, respectively. 

The MPA thymus gland Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals were 1.02 

± 0.21 μg/ml, 0.50 ± 0.29 hr, 15.7 ± 2.3 hr and 9.1 ± 0.4 mg*hr/L, respectively. The 

MMF plasma Cmax, tmax, t1/2 and AUC0-24hr ± 95% confidence intervals were 0.38 ± 0.02 

μg/ml, 5.5 ± 3 hr, 11.9 ± 3.5 hr and 6.8 ± 0.7 mg*hr/L, respectively. The MMF lung Cmax, 

tmax, t1/2 and AUC0-24hr ± 95% confidence intervals were 1.58 ± 0.11 μg/ml, 0.63 ± 0.48 hr, 

28.4 ± 2.5 hr and 24.7 ± 1.1 mg*hr/L, respectively. The MMF thymus gland Cmax, tmax, t1/2 

and AUC0-24hr ± 95% confidence intervals were 2.8 ± 1.0 μg/ml, 0.88 ± 0.95 hr, 28.5 ± 3.4 

hr and 33.4 ± 1.9 mg*hr/L, respectively. 

 

4.5 DISCUSSION 

Following activation of the adaptive immune response, T- and B-lymphocytes are 

activated in-situ and the lymphoid tissues surrounding the allograft. The lymphocytes 

activated in the lymph nodes must then migrate to the allograft to induce the immune 

response final steps leading to the rejection[40]. When considering the development of an 

inhaled formulation of MMF for lung transplant patients, it was therefore critical to 

attempt the delivery of a high drug amount dose not only to the lung but also to the 

lymphatic system. If achieved, this would allow blocking of the proliferation of activated 

T- and B-lymphocytes in the lung and in the peripheral lymph nodes. To target the 
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lymphatic system, the development of the micron-size MMF suspension was based on the 

evidence of alveolar macrophages uptake of 1-3 μm particles [20, 26, 30]. Also, the 

development of pulmonary formulations is typically restricted by the excipients and their 

amounts. Indeed, few excipients are currently present in FDA-approved inhalation drug 

products and the amounts for which they are approved are generally low [41, 42].  DPPC 

(1,2 dipalmitoyl-sn-glycero-3-phosphocholine) and tyloxapol are used in the FDA-

approved inhalation product Exosurf® Neonatal (GlaxoSmithKline) and have been chosen 

in the present study because of their physicochemical properties and their approved 

amounts, 108 mg and 8 mg, respectively [43]. Moreover, it has been demonstrated that 

the use of surfactants, like DPPC and tyloxapol, in pulmonary administration of drugs 

favors particle migration towards the peripheral regions of the lung [44]. Surfactants 

decrease locally the surface tension of the lung fluid, enhancing the Marangoni effect and 

pulling the drug away from the aerosol and to the lung periphery [45-48]. By using DPPC 

and tyloxapol in the MMF suspension, the migration of MMF to the lung peripheral 

region after deposition should be enhanced. 

The emulsion template process is based on the formation of a nano- or micro-

emulsion followed by solvent evaporation leading to the precipitation of nanoparticles or 

microparticles in the aqueous phase [49]. This process uses a high- or low-energy 

emulsification method to achieve the desired particle size. However, the size and the 

stability of the particles obtained rely on the quantity of energy provided to the system, 

the amount of surfactants and the nature of the components [49]. First, this study showed 

the influence of increased amount of DPPC on the particle size of the MMF suspension. 

As the concentration of DPPC increased, the particle size of the suspension decreased. 

The emulsion, with dichloromethane as the oil, was formed by cavitation: the waves 

produced by the ultrasonic horn induced a series of mechanical depression and 
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compression leading to the implosion of the cavitation bubbles generated [49-51]. Due to 

its amphiphilic nature, the hydrophobic portion of DPPC strongly adsorbed into the oil 

phase while the hydrophilic portion extended into the aqueous phase. Therefore, while 

the cavitation mechanisms increased the tension of the oil-water interface due to the 

formation of the emulsion, the presence of DPPC decreased the interfacial tension and 

consequently stabilized the emulsion. Therefore, when the amount of DPPC was 

increased, stabilization of the emulsion increased and its droplet size decreased leading to 

smaller particles in suspension. Upon solvent removal, MMF and DPPC precipitate in the 

aqueous phase due to their low water solubility. Particle stabilization was achieved 

thanks to the hydrophobic nature of MMF in water leading to the adsorption of the DPPC 

hydrophobic chain onto the surface of the microparticles.  As the hydrophilic portion of 

the DPPC extended from the surface of the MMF particles, the distance between the 

particles increased such that van der Walls attractions became ineffective and steric 

stabilization was dominant [52, 53]. When the concentration of DPPC was sufficient, the 

MMF particles were repelling each other thanks to volume restriction and osmotic 

pressure effect [54]. However, when the concentration of DPPC was too low, bridging 

flocculation may have occurred where DPPC had multiple points of contact on the 

surface of the MMF particles causing the hydrophilic portion to lie along the surface 

rather than extend away from it [53]. This would explain the difficulties encountered to 

resuspend the sediment in formulation MMF023 C. The slight effect observed on the 

particle size when the sonication time was increased from 5 minutes to 10 minutes can be 

related to the efficiency of the sonication process: it has been shown that, for a given 

composition of the emulsion and sonication power, the emulsion reaches an asymptotic 

size independent of the fabrication time [49]. 
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The SEM images of the MMF particles obtained from the lyophilization of the 

suspension in water showed the morphology of the crystalline microparticles. They were 

well-defined, non-spherical and flat, and formed clusters certainly due to the presence of 

tyloxapol, which is liquid at room temperature. On the contrary, the SEM images 

obtained for the suspension in water did not show any clear morphology of the primary 

particles. The product itself had a cotton candy-like texture, characteristic of the 

lyophilization of sucrose [55]. The SEM images were similar to the images obtained for 

freeze-dried sucrose [56, 57] suggesting the fusion of the MMF particles within the sugar 

matrix. 

It was important to evaluate the nebulization performance as well as the 

aerodynamic parameters of each formulation in order to understand their in vivo 

behavior. The concern was not so much with the IV Cellcept® solution but more with the 

MMF suspension. In fact, for the Cellcept® solution, because it is a solution, its 

nebulization was expected to have no fluctuation in the produced aerosol cloud and 

aerodynamic parameters similar to those reported by Aerogen® [58], which was 

confirmed. The inter-formulation differences observed in the aerodynamic parameters 

could be attributed to the difficulty to maintain constant temperature and humidity levels 

in our laboratories; in fact, it has be reported that temperature and humidity variations can 

significantly influence the results obtained from the NGI analysis [33]. For the MMF 

suspension, several studies reported the successful pulmonary delivery of 

nanosuspensions of poorly water soluble drugs using the Aeroneb Pro® nebulizer [17, 18, 

59, 60], but using microparticles may have lead to the clogging of the nebulizer mesh 

resulting in lower aerosol performance. This predicted behavior did not occur even 

though the MMF suspension was in the 1-2 μm size range. The presence of surfactants, 

tyloxapol and DPPC, and sodium salt, introduced during the pH adjustment, helped 
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preventing clogging and loss in aerosolization performance. Indeed, as showed by 

Ghazanfari et al. [61], formulations with lower surface tension and higher salt 

concentration resulted in improved aerosol output when using the Aeroneb Pro® 

nebulizer. Finally, there were no significant differences in the fine particle dose and the 

aerosol performance between the IV Cellcept® solution and the MMF suspension. As a 

result, the nebulization of each formulation should deliver approximately the same whole 

body dose to the rats in the in vivo study, and the same amount of drug is expected to 

deposit deep in the lung for each formulation. This will therefore enable a proper 

comparison of the PK profiles between the IV Cellcept® solution and the MMF 

suspension after pulmonary administration. 

The oral dose of Cellcept® administered to the rats was similar a human daily 

dose. The pharmacokinetic profile showed complete metabolism of MMF into MPA in 

the intestine and in the liver, as no MMF was measured in the plasma 15 minutes after 

oral administration, which correlates with the presence of carboxylesterases 1 and 2 in the 

liver and intestine, and their involvement in the metabolism of MMF [6, 62]. MPA is 

distributed to the major organs within two hours of the average tmax. The second MPA 

concentration peak observed at the 4-hr time point suggests an enterohepatic circulation 

of mycophenolic acid glucuronide, the main metabolite of MPA. In human, this 

phenomenon is due to the storage of MPAG in the gallbladder, followed by deposition 

back into the intestinal lumen, deconjugation and reabsorption as MPA.  Rats do not have 

a gallbladder but produce bile that flows directly into the small intestine. This pseudo 

enterohepatic recirculation phenomenon observed here has been reported and studied in 

rats for MPA and MPAG: MPAG is extensively excreted into the bile and accumulates in 

the intestines where it is reconverted into MPA and reabsorbed [63, 64]. 
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The inhalation studies showed the involvement of a pulmonary first-pass effect on 

MMF. The hydrolysis of MMF into MPA was only partial resulting in levels of MMF 

found in the plasma and in the thymus gland. The presence of carboxylesterases in the rat 

lung has been reported, their expression levels are much lower in the lung than in the 

liver and intestines [65-67], and carboxylesterases hydrolysis is a saturable process (in 

vitro work, not shown here). As soon as all the enzymes are saturated, the dissolved 

MMF permeates through the lung epithelium into the systemic circulation. The 

concentration peaks of MPA in the lung are similar for both formulations but a sustained 

concentration of MPA is measured in the group of rats inhaling the MMF suspension. It 

correlates with the sustained levels of MMF, observed in the lungs of the same group of 

rats. The MMF microparticles gradually dissolved in the lung fluid, potentially got 

hydrolyzed, and permeated through the lung membrane. The concentration peaks of MPA 

in the plasma following the inhalation of the IV Cellcept® solution and the MMF 

suspension are not statistically different but occur at different times. In fact, the 

hydrolysis of MMF after pulmonary delivery of the MMF suspension requires first the 

dissolution of the drug microparticles before being metabolized, resulting in a later tmax. 

Measuring the thymus gland drug concentration can give a good estimate of the 

lymphatic system drug concentration. In fact, the thymus gland, one of the major 

lymphatic structure, is not only vascularized with the systemic circulation but also highly 

capillarized with the lymphatic system [68]. After inhalation of the IV Cellcept® solution, 

the levels of MPA and MMF observed in the thymus gland were the result of the 

systemic distribution, whereas after the inhalation of the MMF suspension, the drugs 

levels in the thymus gland were the results of both systemic and lymphatic 

biodistribution, resulting in higher drug levels. The MMF suspension contained particles 

in the 1-2 μm size range, which is the optimum size for alveolar macrophages uptake [20, 



 142 

26]. Therefore, the MMF particles that were not yet dissolved may have been 

phagocytosed by the alveolar macrophages and translocated into the lymphatic system, 

while the dissolved drug traveled in the systemic circulation to reach the thymus gland. 

Overall, after inhalation of the IV Cellcept solution or the MMF suspension, the AUCs of 

MPA in the different body compartments over the 24-hour period were significantly 

lower than the AUCs obtained after oral administration of Cellcept®. However, the MMF 

suspension performed better than the IV Cellcept® solution: the sustained release 

provided by the MMF microparticles resulted in higher AUCs in the lung and thymus 

gland. Finally, it was interesting to compare the MPA levels measured in the plasma, 

lung and thymus gland after oral administration of Cellcept®, with the total drug levels 

(MMF and MPA) measured in each compartment after inhalation of the IV Cellcept® 

solution and the MMF suspension (data shown in Figure 4.14). Again, the AUCs 

obtained for the MMF suspension were higher than the ones obtained for the IV Cellcep® 

solution due to a progressive release of MMF and MPA from the lung. The plasma AUC 

of the total drug for the MMF suspension was much lower than that of MPA for the oral 

gavage of Cellcept®. Also, even though the whole body dose given by the inhalation route 

was 5 times lower than the dose given orally, the lung total drug AUC after inhalation 

was similar to the lung AUC after oral administration, and the thymus gland total drug 

AUC after inhalation was much higher than the thymus gland AUC after oral 

administration. The objective was to achieve high and prolonged drug levels in the lung 

and thymus gland following pulmonary administration, the pharmacokinetics of the 

MMF suspension was more favorable than the IV Cellcept® solution. The partial 

metabolism of MMF and the comparison of the MPA levels after oral administration with 

the total drug levels after inhalation suggested that a suspension of MPA microparticles 

would be more appropriate to achieve high lung and thymus deposition, and low systemic 
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concentration than the current MMF suspension. The results obtained are promising since 

the objectives were reached: high and prolonged drug levels were achieved in the lung 

and the lymphatic system, and low plasma level was measured. Also, because the MMF 

was delivered via the inhalation route, no enterohepatic recirculation was observed and 

lower side effects could be expected. 

 

4.6 CONCLUSION 

Nebulized MMF suspension containing microparticles was successfully 

developed. Its in vitro characterization showed its suitability for pulmonary delivery via 

aerosol inhalation. The in vivo comparison of the inhalation of IV Cellcept® solution and 

the formulation MMF suspension demonstrated the more favorable pharmacokinetic 

profile of the MMF suspension. Following pulmonary administration of the MMF 

suspension, high and sustained levels of drug were measured in the lung and the 

lymphatic system with low levels in the plasma. However, the incomplete metabolism of 

MMF into its active metabolite, MPA, suggests the use of MPA in further formulation 

development for pulmonary administration. 
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4.9 TABLES 

Table 4.1: Summary of MMF formulation produced by the emulsion template process. 

Composition (mg) Sonication parameters 
Formulation 

MMF DPPC Power 
output – duty cycle Time (min) 

MMF021 A 1500 500 5 - 50% 5 

MMF022 A 1500 150 5 - 50% 5 

MMF023 A 1500 100 5 - 50% 5 

MMF024 A 1500 50 5 - 50% 5 

MMF023 B 1500 100 5 - 50% 15 

MMF024 B 1500 50 5 - 50% 15 

MMF023 C 1500 100 7 - 50% 5 

MMF024 C 1500 50 7 - 50% 5 
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Table 4.2: Summary of the aerodynamic properties of aerosolized IV Cellcept® and MMF 
suspension at a flow rate of 15L/min using an Aeroneb Pro® nebulizer. 

Formulation MMAD 
(μm) GSD FPD 

(mg) 
TED 
(mg) 

1 1.87 ± 0.09 2.09 ± 0.10 43.22 ± 3.27 47.88 ± 3.78 

2 2.24 ± 0.13 2.28 ± 0.04 36.33 ± 1.25 44.65 ± 0.06 IV Cellcept® 
solution 

3 2.55 ± 0.10 2.30 ± 0.04 34.12 ± 1.45 43.98 ± 1.03 

1 4.21 ± 0.11 2.03 ± 0.01 37.75 ±1.30 64.93 ± 3.46 

2 4.47 ± 0.09 2.08 ± 0.01 37.27 ± 3.31 68.71 ± 4.7 MMF023 A 

3 4.58 ± 0.09 2.09 ± 0.02 34.57 ± 1.50 65.23 ± 2.38 
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Table 4.3: Pharmacokinetic parameters of oral Cellcept® following oral administration, and IV Cellcept® and MMF suspension 
following pulmonary administration. 

Oral Cellcept® IV Cellcept® MMF suspension 
Compound Pharmacokinetic 

parameters Plasma Lung Thymus gland Plasma Lung Thymus gland Plasma Lung Thymus gland 

Cmax (μg/ml) 35.0 10.4 4.16 6.04 1.29 0.61 4.99 1.22 1.02 

tmax (hr) 0.38 0.38 0.38 0.38 0.38 0.75 0.50 0.38 0.50 

t1/2 (hr) 2.38 3.51 4.40 5.25 6.06 9.25 6.74 7.29 15.69 

Cl/F (L/hr) 0.44 1.50 3.30 0.38 1.68 1.75 0.54 1.01 0.64 

V/F (L) 1.51 7.62 20.76 2.83 14.38 23.30 5.16 10.5 14.33 

MPA 

AUC0-24 (μg*hr/ml) 114.6 33.2 15.7 25.2 5.5 4.5 16.5 7.7 9.1 

Cmax (μg/ml) - - - 0.38 1.44 0.74 0.38 1.6 2.77 

tmax (hr) - - - 2.25 0.75 0.25 5.5 0.63 0.88 

t1/2 (hr) - - - 4.69 11.20 25.75 11.86 28.44 28.54 

Cl/F (L/hr) - - - 7.58 0.84 0.49 1.01 0.17 0.13 

V/F (L) - - - 50.82 11.26 17.45 16.93 6.75 5.19 

MMF 

AUC0-24 (μg*hr/ml) - - - 1.2 11.4 9.1 6.8 24.7 33.4 
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4.10 FIGURES 
 

 

Figure 4. 1: Nose-only dosing chamber apparatus for inhalation studies in rats. 
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Figure 4. 2: Multiple steps mode for HPLC analysis. 
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Figure 4. 3: Influence of the DPPC content on the MMF suspension Z-average and PdI. 
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Figure 4. 4: Influence of the sonication time (5 minutes versus 15 minutes) on the MMF 
suspension Z-average and PdI. 
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Figure 4. 5: Influence of the sonication output (5 output and 50% duty cycle versus 7 
output and 50% duty cycle) on the MMF suspension Z-average and PdI. 
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Figure 4. 6: Inter-formulation process reproducibility. 
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Figure 4. 7: SEM images of MMF023 A in 0.2g/L tyloxapol in water (a, b, c) and 0.2g/L 
tyloxapol in D5W (d, e, f). 
(a) and (d) aggregate particle at 500X magnification; (b) and (e) aggregate 
particle at 5,000X magnification; (c) and (f) primary particle structure at 
25,000X magnification 
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Figure 4. 8: Inter-formulation in vitro NGI deposition profiles of aerosolized IV 
Cellcept® solution and MMF suspension at a flow rate of 15L/min using an 
Aeroneb Pro® nebulizer. 
Results are expressed as mean ± standard deviation (n=3) of amount of drug 
deposition within a 15-minute period. 
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Figure 4. 9: Transmission plots of aerosolized saline (control), MMF suspension and IV 
Cellcept® solution at a flow rate of 15L/min using an Aeroneb Pro® 
nebulizer. 

Results are expressed as mean ± standard deviation (n=3) of % transmission 
over a 15-minute period. (—) Saline; (—) MMF suspension; (—) IV 
Cellcept® solution. The slopes of the linear regression analysis are a measure 
of the homogeneity of the aerosol production. 
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Figure 4. 10: Plasma, lung and thymus gland MPA concentrations in rats after oral 
administration of oral Cellcept (50 mg/kg). 

A – Plasma (×); B – Lung (□) and Thymus gland (△). Results are 
expressed as mean ± standard deviation (n=4) 
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Figure 4. 11: Plasma, lung and thymus gland MPA concentrations in rats after pulmonary 
administration of IV Cellcept (10 mg/kg). 

A – Plasma (×); B – Lung (□) and Thymus gland (△). Results are 
expressed as mean ± standard deviation (n=4) 
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Figure 4. 12: Plasma, lung and thymus gland MPA concentrations in rats after pulmonary 
administration of MMF suspension (10 mg/kg). 

A – Plasma (×); B – Lung (□) and Thymus gland (△). Results are 
expressed as mean ± standard deviation (n=4) 
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Figure 4. 13: Plasma, lung and thymus gland MMF concentrations in rats after pulmonary 
administration of (A) IV Cellcept; (B) MMF suspension (10 mg/kg). 

Plasma (×); Lung (□); Thymus gland (△). Results are expressed as mean ± 
standard deviation (n=4) 
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Figure 4. 14: Plasma, lung and thymus gland total drug AUCs after oral administration of 
Cellcept® (50 mg/kg) and after pulmonary administration of IV Cellcept and 
MMF suspension (10 mg/kg). 
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Appendix A:  Characterization of Mycophenolate Mofetil and 
Mycophenolic Acid 

 

 

A.1 PURPOSE 

The purpose of this study was to evaluate the physical characteristics of 

mycophenolate mofetil (MMF) and mycophenolic acid (MPA). 

 

A.2 METHODS 

MPA and MMF were received from Trademax Pharmaceuticals and Chemicals 

(Houston, TX). The powders were characterized by modulated Differential Scanning 

Calorimetry (mDSC), X-ray diffraction (XRD), static light scattering and Scanning 

Electron Microscopy (SEM).  

 The mDSC analysis was used to determine the melting point of the products and 

after quench cooling in liquid nitrogen, their glass transition temperature and 

recrystallisation temperature if observed. The following method was used: equilibrate for 5 

minutes at 20°C, ramp from 20°C to 200°C at 5°C/min with a modulated amplitude of 1°C 

every 60 seconds, cool down to 15-20°C. 

Powder XRD (Cu Kα1 radiation, λ = 1.54059Å, 40 kV, 40 mA, 5° to 40°, 2Θ step 

size = 0.05°, dwell time = 2 seconds) show the crystalline patterns of MMF and MPA. 

The particle sizes of MMF and MPA was measured by static light scattering using a 

Malvern Spraytec equipped with a wet dispersion cell (Malvern Instruments, Worcestershire, 

UK). Since MMF and MPA are poorly soluble, they were suspended in water and sonicated 

for 30 seconds to help with wetting. 
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Scanning electron microscopy (SEM) was used to examine the surface 

morphology of pure MPA and MMF. Samples were loaded onto double-sided carbon tape 

and sputter coated with a 60/40 Pd/Au target for 4 minutes. SEM images were captured using 

a Leo 1530 SEM or an FEI Quanta 650 SEM under high vacuum mode with an operating 

voltage of 3-10 kV.  

 

A.3 RESULTS 

MMF and MPA exhibited a melting endotherm at 100.3°C and 146.4°C, 

respectively. After quench cooling in liquid nitrogen, the glass transition temperatures 

were -7.3°C and 8.5°C, respectively for MMF and MPA. No recrystallisation event was 

observed for MMF and the recrystallisation temperature of MPA was about 70°C. The 

mDSC thermograms of MMF and quench cooled MMF are reported in figure A.1. The 

mDSC thermograms of MPA and quench cooled MPA are reported in figure A.2. 

The XRD patterns of MMF and MPA are reported in figure A.3 and figure A.4, 

respectively.  MMF exhibits XRD peaks at 12, 13.3, 17.3, 17.8, 19.9, 21.0, 23.2 and 24.2 

± 0.2 degrees 2Θ. MPA XRD pattern had peaks at 7.8, 9.5, 10.8, 13.6, 15.2, 15.7, 18.9 

and 26.2 ± 0.2 degrees 2Θ.  

MMF particle size had a D(v, 10) of 8 μm, D(v, 50) of 21 μm and D(v, 90) of 54 

μm. MPA particle size had a D(v, 10) of 21 μm, D(v, 50) of 52 μm and D(v, 90) of 120 

μm. The particle size distributions for each drug are reported in figure A.5. 

The SEM images show the crystalline morphology of MMF and MPA in figure 

A.6 and figure A.7, respectively. They correlated in size with the results obtained by 

static light scattering. 
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A.4 FIGURES 

 

 

Figure A. 1: Modulated DSC reverse heat flow thermogram of pure MMF – (A) MMF; 
(B) quench cooled MMF. 

A 

B 
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Figure A. 2: Modulated DSC reverse heat flow thermogram of pure MMF – (A) MPA; 
(B) quench cooled MPA. 

A 
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Figure A. 3: X-Ray diffraction pattern of pure MMF. 

!"

#!!"

$!!!"

$#!!"

%!!!"

%#!!"

&!!!"

&#!!"

'!!!"

'#!!"

#!!!"

#" $!" $#" %!" %#" &!" &#" '!" '#" #!"

!"
#$
"%
&#
'(

)*#+$#,(-.$/01(



 172 

 

Figure A. 4: X-Ray diffraction pattern of pure MPA. 
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Figure A. 5: Particle size distributions of (····) MMF and (—) MPA. 
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Figure A. 6: SEM images of pure MMF at 400X (A) and 3,000X (B) magnification. 
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Figure A. 7: SEM images of pure MPA at 400X (A) and 1,000X (B) magnification. 
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Appendix B:   Organic Synthesis of Mycophenolate Sodium and its 
Characterization 

 

 

B.1 PURPOSE 

The purpose of this study was to synthesize mycophenolate sodium (MPS) and 

confirm the crystal form by evaluation of its physical characteristics. 

 

B.2 METHODS 

Mycophenolate sodium was prepared following the method of preparation 

described in examples 4 and 5 in the US patent 20080103317A1: “Processes for 

preparation of crystalline mycophenolate sodium”. Briefly, 19.2 g of mycophenolic acid 

(MPA) was dissolved in 750 ml of ethyl acetate and stirred for 30 minutes. 11.4 ml of a 

30% w/v sodium methoxide in methanol was added dropwise to the MPA solution. After 

completion, the mixture is stirred for 30 additional minutes and filter via Buchner 

filtration using a Watman 50 hardened paper filter. MPS was washed three times with 

ethyl acetate. MPS was then dried at 60-65°C for a week. After that period the product 

was left to cool down at room temperature and stored in an amber jar. The MPS powder 

was characterized by modulated Differential Scanning Calorimetry (mDSC), X-ray 

diffraction (XRD) and Scanning Electron Microscopy (SEM).  

 The mDSC analysis was used to determine the melting point of MPS and after 

quench cooling in liquid nitrogen, its glass transition temperature and recrystallisation 

temperature if observed. The following method was used: equilibrate for 5 minutes at 20°C, 
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ramp from 20°C to 200°C at 5°C/min with a modulated amplitude of 1°C every 60 seconds, 

cool down to 15-20°C. 

Powder XRD (Cu Kα1 radiation, λ = 1.54059Å, 40 kV, 40 mA, 5° to 40°, 2Θ step 

size = 0.05°, dwell time = 2 seconds) shows the crystalline pattern of MPS. 

Scanning electron microscopy (SEM) was used to examine the surface 

morphology of pure MPS. Samples were loaded onto double-sided carbon tape and 

sputter coated with a 60/40 Pd/Au target for 4 minutes. SEM images were captured using 

a Leo 1530 SEM or an FEI Quanta 650 SEM under high vacuum mode with an operating 

voltage of 3-10 kV.  

 

B.3 RESULTS 

MPS exhibited a melting endotherm at 188.9°C. After quench cooling in liquid 

nitrogen, its glass transition temperature was recorded at 97°C and no recrystallisation 

event was observed. The mDSC thermograms of MPS and quench cooled MPS are 

reported in figure B.1. The XRD pattern of MPS is reported in figure B.2.  MPS exhibits 

XRD peaks at 5.5, 8.2, 10.0, 10.8, 13.8, 19.2, 22.1 and 24.1 ± 0.2 degrees 2Θ. The SEM 

images show the crystalline morphology of MPS in figure B.3. The MPS powder consists 

of 50-100 μm aggregates of small needle like crystals with a diameter of approximately 1 

μm and length ranging between 1 μm and 10+ μm. The melting temperature and the XRD 

pattern obtained with the product synthesized correlated with the data reported in the 

patent. The product synthesized is the anhydrous crystal form M2 of mycophenolate 

sodium.  
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B.4 FIGURES 

 

 

Figure B. 1:  Modulated DSC reverse heat flow thermogram of pure MPS – (A) MPS; (B) 
quench cooled MPS. 

A 
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Figure B. 2: X-Ray diffraction pattern of pure MPS. 
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Figure B. 3: SEM images of pure MPS at 2,600X (A) and 16,000X (B) magnification. 

 

B 
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Appendix C:  Investigation of Mycophenolic Acid Formulations via 
Thin Film Freezing 

 

 

C.1 PURPOSE 

The purpose of this study was to evaluate the use of the Thin Film Freezing 

technology (TFF) to produce amorphous mycophenolic acid (MPA) formulations. 

 

C.2 METHODS 

MPA and a stabilizer were dissolved in 1,4 dioxane:water (1:1) (v:v) at 1% w/v 

dissolved solid content. The use of surfactant was added in some cases. The stabilizers 

included Lactose (Inhalac 120), polyvinylpyrrolidone (PVP K-25), polyethylene glycol 

(PEG) and Poloxamer 407. The surfactants consisted of soybean lecithin and polysorbate 

80. The solution were frozen drop-wise on a stainless steel drum pre-cooled to -60°C/-

80°C with liquid nitrogen. A metallic scrapper collected the pellets into a container filled 

with liquid nitrogen. The pellets were then lyophilized to obtain a dry powder. 

Lyophilization was performed over 48 hours following those parameters: -40°C for 120 

minutes, ramp to -5°C for 720 minutes, hold at -5°C for 120 minutes, ramp to 5°C for 

360 minutes, hold at 5°C for 120 minutes, ramp to 25°C over 720 minutes, hold at 25°C 

for at least 180 minutes until removal. The vacuum was kept at 200 mTorr until the end 

of the -5°C hold sequence and then lower to 150mTorr to improve water ice removal. 

The formulation compositions were created by Design of Experiment using the software 

JMP 9.0® (SAS institute Inc., Cary, NC, USA). 
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 Crystallinity was assessed by powder XRD (Cu Kα1 radiation, λ = 1.54059Å, 40 

kV, 40 mA, 5° to 40°, 2Θ step size = 0.05°, dwell time = 2 seconds)  

The formulations exhibiting an amorphous XRD pattern were analyzed by modulated 

Differential Scanning Calorimetry (mDSC) using the following DSC method: equilibrate for 

5 minutes at 20°C, ramp from 20°C to 200°C at 5°C/min with a modulated amplitude of 1°C 

every 60 seconds, cool down to 15-20°C. 

Scanning electron microscopy (SEM) was used to examine the surface 

morphology of the amorphous MPA formulations. Samples were loaded onto double-

sided carbon tape and sputter coated with a 60/40 Pd/Au target for 4 minutes. SEM 

images were captured using a Leo 1530 SEM or an FEI Quanta 650 SEM under high 

vacuum mode with an operating voltage of 3-10 kV.  

 

C.3 RESULTS 

Table C.1 summarizes the formulations prepared by TFF and lyophilization. 

Figure C.1, Figure C.2 and Figure C.3 show the XRD patterns of MPA with Lactose, 

PVP and Poloxamer, respectively. The formulations containing PEG were not analyzed 

by XRD due to their physical nature: the waxy nature of PEG made the powders very 

sticky and difficult to work with. It was concluded that even if they were amorphous, 

their use in an inhalation formulation would have been too challenging. 

PVP is the only polymer that provided enough stabilization to maintain the 

amorphous state of the MPA powder. The minimum MPA:PVP ratio to obtain an 

amorphous MPA formulation is 7:3 w:w. When looking at XRD patterns, due to the 

density of the TFF powders, the amount that the XRD plate can hold is fairly small 

therefore the MPA powder formulations had to be compressed on the XRD plate. It 
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allowed having enough component to have reasonable peak intensities. When the pattern 

looked amorphous, the best conclusion that could be given for the powder is that this 

particular formulation exhibited less than 10% crystallinity. The amorphous state of 

MPA015 and MPA024 was confirmed using mDSC: no recrystallization peak or melting 

endotherms were observed on the thermograms of each formulation. The results are 

reported in Figure C.4. In Figure C.5, the SEM images of MPA015 showed the 

morphology of the large porous flakes observed by the naked eye and revealed the 

nanostructures of the primary particles. 

 

C.4 CONCLUSION 

MPA amorphous nanostrutures were produced using the TFF technology. The 

minimum MPA:PVP K25 ratio to obtained an amorphous formulation was 7:3 (w:w). 

The surfactants did not seem to influence the crystallinity of the formulations, at least in 

the amounts used here. 
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C.5 TABLES 

Table C. 1:Summary of MMF formulation produced by the emulsion template process. 

Formulation # Stabilizer weight 
(mg) Surfactant weight 

(mg) API Th. weight 
(mg) 

MPA001 - - - - MPA 1000 
MPA002 PEG 50 Polysorbate 80 50 MPA 900 
MPA003 PEG 300 - - MPA 700 
MPA004 Poloxamer 407 50 - - MPA 950 
MPA005 Lactose 300 - - MPA 700 
MPA006 PVP 50 Polysorbate 80 25 MPA 925 
MPA007 PEG 175 - - MPA 825 
MPA008 PVP 250 Polysorbate 80 50 MPA 700 
MPA009 PEG 150 Soybean Lecithin 50 MPA 800 
MPA010 Lactose 275 Polysorbate 80 25 MPA 700 
MPA011 Lactose 50 - - MPA 950 
MPA012 Lactose 50 Polysorbate 80 50 MPA 900 
MPA013 Poloxamer 407 300 - - MPA 700 
MPA014 Lactose 50 Soybean Lecithin 25 MPA 925 
MPA015 PVP 300 - - MPA 700 
MPA016 PVP 275 Soybean Lecithin 25 MPA 700 
MPA017 PEG 50 - - MPA 950 
MPA018 PEG 250 Polysorbate 80 50 MPA 700 
MPA019 PVP 50 Soybean Lecithin 50 MPA 900 
MPA020 PVP 50 - - MPA 950 
MPA021 Lactose 250 Soybean Lecithin 50 MPA 700 
MPA022 Poloxamer 407 175 - - MPA 825 
MPA023 Poloxamer 407 150 Soybean Lecithin 50 MPA 800 
MPA024 PVP 500 - - MPA 500 
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C.6 FIGURES 

 

Figure C. 1:  X-Ray diffraction patterns of MPA + Lactose formulations by TFF. 

(1) MPA001; (2) MPA005; (3) MPA010; (4) MPA011; (5) MPA012; (6) 
MPA014; (7) MPA021 
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Figure C. 2:  X-Ray diffraction patterns of MPA + PVP formulations by TFF. 

(1) MPA001; (2) MPA006; (3) MPA008; (4) MPA015; (5) MPA016; (6) 
MPA019; (7) MPA020; (8) MPA024 
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Figure C. 3: X-Ray diffraction patterns of MPA + Poloxamer formulations by TFF. 

(1) MPA001; (2) MPA004; (3) MPA013; (4) MPA022; (5) MPA023 
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Figure C. 4:  Modulated DSC reverse heat flow thermogram of amorphous MPA 
formulations. 
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Figure C. 5:  SEM images of MPA015 primary particle structure at 44,000X (A) and 
100,000X (B) magnification. 
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Appendix D:  Particle Size Stability of Mycophenolate Mofetil 
Suspension and Particle Size after Lyophilization/Reconstitution 

 

 

D.1 PURPOSE 

The purpose of this study was to evaluate the stability of mycophenolate mofetil 

(MMF) suspension, MMF023 A made in Chapter 4, over the course of 9 hours. Since 

MMF hydrolyses spontaneously into mycophenolic acid in water, this study also 

investigated the use of lyophilization for the long-term storage of the MMF formulation 

for inhalation: it measured the size of MMF023 A suspension after rapid freezing, 

lyophilization and reconstitution. 

 

D.2 METHODS 

The micron-size MMF suspension was prepared using the emulsion template 

process. Briefly, DPPC and MMF were dissolved in 1 ml of ethanol and 6 ml of 

dichloromethane. This solution was added drop wise to 50 ml 0.2g/L tyloxapol in D5W 

solution while sonicating with an analog Branson Sonifier® cell disruptor/homogenizer 

450 fitted with a ½” diameter tapped bio horn at 50% duty cycle and 5 output control and 

cooled down in an ice bath. After addition of the DPPC/MMF solution, the sonication 

was continued for 5 minutes. The solvents were extracted at 27°C for 10 minutes by 

vacuum evaporation using a Buchi® rotary evaporator system consisting of a distillation 

chiller B-741, a vacuum pump V-700 and a rotavapor R-210. The duration of the 

evaporation was determined by witnessing two boiling events corresponding to the 

evaporation of dichloromethane and ethanol, respectively. The evaporation was pursued 5 
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minutes after the end of the second boiling event, leading to a total process duration of 10 

minutes. Due to the azeotropic nature of the solvent mixture, the volume of the final 

suspension was readjusted to 50 ml with the 0.2g/L tyloxapol in D5W solution and 

further sonicated for 5 min at 50% duty cycle and 5 output control in an ice bath. The 

final suspension pH was adjusted to about 7 by the addition of an appropriate volume of 

0.5N sodium hydroxide solution (~40μl) and left at room temperature to equilibrate 

before characterization. The final concentration the micron-size MMF suspension was 25 

mg/ml. The stability of the suspension particle size was assessed by measuring the 

particle size every 3 hours over 9 hours. 

For the reconstitution capability study, the MMF emulsion was fabricated as 

described above but the aqueous solvent consisted of 0.2ml/ml tyloxapol in water. After 

the first sonication process, the emulsion was rapidly frozen by adding it drop wise to a 

beaker filled with liquid nitrogen. The frozen material was then lyophilized to obtain a 

dry powder. Lyophilization was performed over 48 hours following those parameters: -

40°C for 120 minutes, ramp to -5°C for 720 minutes, hold at -5°C for 120 minutes, ramp 

to 5°C for 360 minutes, hold at 5°C for 120 minutes, ramp to 25°C over 720 minutes, 

hold at 25°C for at least 180 minutes until removal. The vacuum was kept at 200 mTorr 

until the end of the -5°C hold sequence and then lower to 150mTorr to improve water ice 

removal.  The powder was then reconstituted in 50 ml of D5W and inverted until 

complete reconstitution. The suspension was then analyzed for particle size. 

The particle size analysis was determined by Dynamic Light Scattering (DLS) 

using the Malvern Zetasizer Nano S® (Malvern Instrument Ltd, Worcestershire, UK). 

The measurements were performed at 25°C with a pre-measurement equilibration time of 

1 minute. The samples were diluted with 0.2g/L tyloxapol in D5W to have the intercept 

of the correlation function between 0.7 and 1. The refractive indexes for the dispersant 
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(water) and the internal phase (phospholipids) were set at 1.33 and 1.45 respectively. The 

z-average and the polydispersity index (PdI) were recorded. 

 

D.3 RESULTS 

Table D.1 summarizes the z-average sizes obtained for the original MMF 

suspension and the reconstituted suspension. No significant change was observed over 

the 9-hour period for the MMF suspension. The z-average of the suspension after 

reconstitution of the lyophilized powder was within the same range as the freshly 

prepared MMF suspension and interestingly, the PdI was significantly lower than in the 

fresh MMF suspension. 

 

D.4 CONCLUSION 

The MMF suspension particle size is stable over 9 hours. The suspension can 

therefore used over 9 hours in the in vivo study without the risk of particle size growth. 

The lyophilization of the original MMF emulsion seems promising for long-term storage 

of the formulation for inhalation. 



 193 

 

D.5 TABLES 

Table D. 1: Z-average and Polydispersity Index (PdI) of MMF suspension over time and 
reconstituted lyophilized MMF suspension. 

Formulation Z-average 
(nm) PdI 

0 hr 1228 ± 44 0.521 ± 0.06 

3 hr 1160 ± 94 0.376 ± 0.08 

6 hr 1333 ± 141 0.436 ± 0.06 
MMF023 A 

9 hr 1236 ± 122 0.519 ± 0.08 

MMF023 A 
reconstituted 0 hr 1392 ± 111 0.143 ± 0.092 
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Appendix E:  Development and Validation of HPLC Method for the 
Separation Mycophenolate Mofetil, Mycophenolic Acid and 

Mycophenolic Acid Glucuronide 

 

 

H.1 PURPOSE 

The purpose of this study was develop and validate a simple HPLC method for 

the simultaneous detection of mycophenolate mofetil (MMF), mycophenolic acid (MPA), 

mycophenolic acid glucuronide (MPAG) and indomethacin, the internal standard (IS). 

 

H.2 MATERIALS AND METHODS 

H.2.1 Materials 

Mycophenolate Mofetil was purchased from Trademax Pharmaceuticals & 

Chemicals Co., Ltd (China). Mycophenolic acid glucuronide (MPAG) was obtained form 

ASI Bioanalytics and Forensic Toxicology (London, UK). Indomethacin (IS) was 

purchase from Sigma Aldrich. Mycophenolate mofetil reference standard was bought 

from USP (Rockville, MD) and Mycophenolic acid reference standard from Spectrum 

(Gardena, CA). Acetonitrile (ACN) for HPLC, triethylamine (TEA) for HPLC, 

dimethylsulfoxide (DMSO) certified ACS and ortho-phosphoric acid certified for HPLC 

were obtained from Fisher Scientific (Pittsburgh, PA). All other chemicals and solvents 

were of the highest grade commercially available. 

 



 195 

H.2.2 HPLC analysis 

H.2.2.1 Instrumentation and chromatographic condition 

The analysis was performed using a Dionex Ultimate 3000 HPLC equipped with 

HPG-3200SD binary pump with in-line degasser, VWR-3400RS UV-visible detector and 

WPS-3000SL analytical autosampler. The data was acquired with Chromeleon 6.8 

Chromatography Data System (Dionex). Compounds were separated on a reverse-phase 

Kinetex C18 column (100 mm x 3.0 mm, particle size: 2.6 μm, pore size: 100Å) 

thermostated at 45°C ± 0.2°C. The HPLC system was operated with a multiple step mode 

at 0.9 ml/min. The mobile phases consisted of 0.3% triethylamine in water 

(pH=5.3):acetonitrile (90:10, v:v) and acetonitrile as mobile phase A and B respectively. 

The pH adjustment was done using 85% o-phosphoric acid. The multiple step mode was 

as follow: from 0 min until 0.25 min, 0% B; from 0.25 min until 2 min, 9% B; from 2 

min until 6 min, 33% B followed by 1 min at 90% B to clean the column and 3 min at 0% 

B to return to the initial conditions, see Figure E.1. Detection was performed at 215 nm 

with a 10-minute run time.	  	  

	  

H.2.2.2 Preparation of solutions  

MMF and MPA stock solutions were prepared by dissolving accurately weighed 5 

mg of each drug in 5 ml of ACN:H2O (1:1, v:v), leading to final concentrations of 1 

mg/ml. The solutions were filtered through a 0.2 μm PTFE membrane and stored at -

70°C protected from light. 100 μg/ml MPA and MMF solutions were freshly prepared 

from the stock solutions the day of the analysis. The calibration standards were prepared 

by appropriate dilutions of the 100 μg/ml MPA and MMF solutions to reach 

concentrations of 0.25, 0.5, 1, 2.5, 5, 10 and 25 μg/ml.  
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MPAG and IS stock solutions were prepared by dissolving accurately weighed 5 

mg of each drug in 5 ml of MeOH:H2O (1:1, v:v), leading to final concentrations of 1 

mg/ml. The stock solutions were prepared fresh the day of the analysis due to their 

relative instability after 2 weeks storage at -70°C. The calibration standards were 

prepared by appropriate dilutions of the stock solutions to reach concentrations of 0.25, 

0.5, 1, 2.5, 5 and10 μg/ml, and 5, 10 and 25 μg/ml for MPAG and IS, respectively. 

 

H.2.2.3 Validation procedures 

Accuracy, precision, detection and quantification limits, linearity and system 

suitability (resolution, tailing factor, precision/injection repeatability and theoretical 

number of plate) were investigated and the method validated following the guidelines of 

the International Conference on Harmonization and the CDER reviewer guidance on 

Validation of Chromatographic Methods. 

 

H.2.2.3.1 System suitability 

The system suitability was assessed by determination of the precision/injection 

repeatability, the resolution (Rs) between MMF, MPA and MPAG, the tailing factor (T) 

and the theoretical plate number (N), which evaluates the efficiency of the 

chromatographic column. Six replicate analyses of MPA and MMF at a concentration of 

5 μg/ml were performed to evaluate the HPLC precision/injection repeatability. The 

acceptance criteria were ±1% for the relative standard deviation for the peaks retention 

times and areas of each drug, Rs ≥ 1.5 due to the high efficiency of the column used, T ≤ 

2 and N ≥ 2000. 
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H.2.2.3.2 Detection limit and quantification limit 

Both limits of detection (LOD) and quantification (LOQ) were determined based 

on the signal-to-noise ratio.  The detection limit is the lowest concentration that can be 

detected but not properly quantified and the quantification limit is the lowest 

concentration that can be detected with acceptable precision and accuracy. Acceptable 

signal-to-noise ratios for LOD and LOQ are 3 and 10 respectively. 

 

H.2.2.3.3 Linearity 

The calibration curves were established from the HPLC analysis of seven MPA 

and MMF concentrations including the LLOQs for each drug. The linearity was 

evaluated by calculation of the regression line by the least scare method. To be 

acceptable, the regression coefficient had to be ≥ 0.999.  

 

H.2.2.3.4 Accuracy and precision 

The precision of the method was determined by repeatability and intermediate 

precision. The repeatability, or intra-day precision, is a measurement of the precision of 

the analytical method under the same running conditions and over a short period of time 

(one day). It was evaluated by analyzing six replicates of seven concentrations of the 

main compounds (MMF and MPA) chosen within the linear range, and three replicates of 

six concentrations of the main metabolite (MPAG). The intermediate precision, or inter-

day precision, was measured by comparing the results obtained on different days. The 

relative standard deviation (%RSD) for the intra-day and inter-day precisions should be 

less than 1% and less then 5% respectively. The accuracy was calculated for both inter-

day and intra-day variations and its acceptance criteria were ±5%, except ±10% for 

LLOQ. 
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H.3 RESULTS 

H.3.1 Method development and optimization 

The developed method was inspired from the current USP method for MMF and 

its impurities. The method was modified by changing the suggested column, Zorbax 

Eclipse XDB-C8, with a Kinetex C18 column. This column a smaller inner diameter and 

length, a smaller particle size but a higher pore size. This switch led to a smaller flow 

rate, hence decreasing solvent cost and waste, and shorter running time. First an isocratic 

method was experimented but the biological matrix from the human lung epithelial cells 

interfered with the MPA peak, the DMSO present in the incubation milieu was eluting at 

the same time as the glucuronide form of MPA and finally the running time was too long 

(25 minutes). To separate the MPAG peak and the solvent peak, a highly aqueous mobile 

phase was necessary: 90:10 (v:v) 0.3% triethylamine in water (pH=5.3):acetonitrile was 

determined to be the adequate. At this aqueous/solvent ratio, the total run time was 90 

minutes leading to well separated but very broad peaks and quite long run time. The 

multiple-step method allowed to shorten the run time to 10 minutes and to obtained well 

separated sharp peaks within the acceptance criteria set originally, by increasing step-

wise the acetonitrile amount. This method is time and cost-effective for routine analysis 

of samples containing MMF, MPA, MPAG and IS. 

 

H.3.2 System suitability 

The relative standard deviations for each parameter were well below the 

acceptable limits. The HPLC precision/injection repeatability showed retention time and 

peak area RSDs of 0.42% and 0.75%, and 0.04% and 0.72% for MPA and MMF 
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respectively. For the main metabolite, MPAG, the RSDs for its retention time and peak 

area were 0.88% and 0.94% respectively. For the internal standard, IS, the RSDs for its 

retention time and peak area were 0.41% and 0.68% respectively. The resolutions for 

each compound were at least 1.5 and the tailing factors were 1.01, 0.96, 1.11 and 0.97 for 

MPA, MMF, MPAG and IS respectively. The theoretical plate numbers were far above 

2000, as set for the acceptance criterion, and reflected a high efficiency chromatographic 

column. The results are reported in Table E.1. 

 

H.3.3 Detection limit and quantification limit 

The limit of detection was found to be 75 ± 7 ng/ml, 70 ± 5 ng/ml and 100 ± 6 

ng/ml for MPAG, MPA and MMF, respectively. The limit of quantification was 0.20 ± 

0.005 μg/ml, 0.18 ± 0.004 and 0.24 ± 0.007 μg/ml for MPAG, MPA and MMF, 

respectively. The limit of detection and the limit of quantification were not determined 

for IS since it will be added in known quantities in the biological samples. 

 

H.3.4 Linearity 

The calibration curves were constructed and the linearity was evaluated by 

calculation of the regression line by the least square method. For MPA and MMF, the 

standard deviations of the slope and the intercept were 0.0033 and 0.0035, and 0.0047 

and 0.0046, respectively, see Table E.2. For MPAG, the standard deviations of the slope 

and the intercept were 0.0034 and 0.0052. For each compound, the regression coefficient 

for each calibration curve was well above 0.999. 
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H.3.5 Accuracy and precision 

The intra-day and inter-day accuracy and precision are reported in Table E.3 and 

Table E.4. Both parameters were within the acceptance criteria. For MPA, the accuracy 

ranged from 95.93% to 102.35%, with 90.74% for the LOQ, and the relative standard 

deviation for the precision was between 0.22% and 0.4%. For MMF, the accuracy and the 

precision were between 99.4% and 102.8%, and 0.17% and 0.44%, respectively. Finally, 

the accuracy and precision of the HPLC assay for MPAG fell between 94.98% and 

101.13%, and 0.13% and 0.66%, respectively. The results obtained from the intermediate 

precision were also within the acceptance criteria. For MPA, the accuracy ranged from 

90.28% to 101.95%, and the relative standard deviation for the precision was between 

1.75% and 4.03%. For MMF, the accuracy and the precision were between 91.07% and 

106.5%, and 4.09% and 9.43%, respectively. Therefore, the HPLC method developed is 

precise and accurate for the range of concentrations of MMF, MPA, MPAG and IS 

studied: all results are within the acceptance criteria. 

 

H.4 CONCLUSION 

A sensitive, specific, accurate and reliable HPLC-UV method was developed and 

validated. The method will be used to quantify rat plasma and tissues in biodistribution 

and pharmacokinetics studies. 
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H.5 TABLES 

Table E. 1: System suitability for MMF, MPA, MPAG and IS 

 Retention 
time Peak area Resolution Tailing 

factor 
Theoretical 

plate number 
 minutes mAU  

min 
   

MPAG (5μg/ml)      
Mean (n=3) 2.18 11.72 ≥2 1.11 134,323 
SD 0.019 0.11 - 0.02 620 
RSD (%) 0.88 0.94 - 1.37 0.46 

MPA (5μg/ml)      
Mean (n=6) 3.64 12.51 ≥2 1.01 128,933 
SD 0.015 0.09 - 0.01 319 
RSD (%) 0.42 0.75 - 1.12 0.25 

IS (5μg/ml)      
Mean (n=6) 4.52 8.44 ≥2 0.97 177,743 
SD 0.019 0.06 - 0.03 876 
RSD (%) 0.41 0.68 - 3.01 0.49 

MMF (5μg/ml)      
Mean (n=6) 5.19 9.75 ≥1.5 0.96 209,906 
SD 0.002 0.07 - 0.03 739 
RSD (%) 0.04 0.72 - 2.91 0.35 
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Table E. 2: Results of the linear regression analysis of the calibration curves for MPA, 
MMF and MPAG 

 Slope Intercept Correlation coefficient (R2) 

MPA     
Mean (n=6) 0.9000 0.0173 0.99993 
SD 0.0033 0.0035 0.00002 

MMF     
Mean (n=6) 1.2023 0.0126 0.99998 
SD 0.0047 0.0046 0.00001 

MPAG     
Mean (n=3) 1.5760 0.0105 0.99995 
SD 0.0034 0.0052 0.00003 

 
 



 203 

Table E. 3: Intra-day accuracy and precision of HPLC assay for MMF, MPA and MPAG 

Intra-day accuracy and precision 

Standard curve samples Concentration 
μg/ml 0.25 0.5 1 2.5 5 10 25 
MPA        

Mean (n=6) 0.2269 0.480 1.023 2.52 5.05 9.97 24.91 
SD 0.0005 0.001 0.003 0.01 0.02 0.05 0.11 
RSD (%) 0.22 0.25 0.26 0.26 0.30 0.48 0.47 
Accuracy (%) 90.74 95.93 102.35 100.77 100.94 99.70 99.64 

MMF        
Mean (n=6) 0.2570 0.499 0.998 2.55 5.00 9.94 25.02 
SD 0.0011 0.001 0.003 0.01 0.01 0.02 0.08 
RSD (%) 0.44 0.29 0.33 0.32 0.17 0.18 0.31 
Accuracy (%) 102.8 99.7 99.8 102.1 100.0 99.4 100.1 

MPAG        
Mean (n=3) 0.2486 0.496 0.934 2.48 4.94 9.82 - 
SD 0.0003 0.002 0.006 0.01 0.02 0.03 - 
RSD (%) 0.13 0.32 0.66 0.25 0.38 0.26 - 
Accuracy (%) 101.13 100.96 94.98 100.95 100.39 99.88 - 

IS        
Mean (n=6) - - - - 5.01 10.14 24.91 
SD - - - - 0.03 0.05 0.17 
RSD (%) - - - - 0.69 0.47 0.68 
Accuracy (%) - - - - 100.1 101.4 99.6 
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Table E. 4: Inter-day accuracy and precision of HPLC assay for MMF and MPA 

Inter-day accuracy and precision 

Standard curve samples Concentration 
μg/ml 0.25 0.5 1 2.5 5 10 25 
MPA        

Mean (n=5) 0.225 0.457 0.934 2.42 5.09 10.18 24.44 
SD 0.009 0.012 0.018 0.06 0.13 0.18 0.66 
RSD (%) 4.03 2.56 1.90 2.47 2.48 1.75 2.70 
Accuracy (%) 90.28 91.41 93.36 98.76 101.95 101.83 99.64 

MMF        
Mean (n=5) 0.266 0.455 0.943 2.52 5.18 10.26 24.83 
SD 0.013 0.035 0.067 0.21 0.48 0.43 1.01 
RSD (%) 4.87 7.62 7.13 8.16 9.43 4.28 4.09 
Accuracy (%) 106.5 91.07 94.35 100.65 103.70 102.62 99.31 

IS        

Mean (n=5) - - - - 4.95 9.91 25.91 
SD - - - - 0.04 0.16 0.71 
RSD (%) - - - - 0.81 1.61 2.74 
Accuracy (%) - - - - 99.0 99.1 103.64 
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H.6 FIGURES 

 
Figure E. 1: Multiple steps mode for HPLC analysis. 
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Appendix F:  Pharmacokinetics Profile after Inhalation of a 1mg/ml IV 
Cellcept® Solution in Rats 

 

 

F.1 PURPOSE 

The purpose of this study was to evaluate the pharmacokinetic profile of a 1 

mg/ml IV Cellcept® solution in rats after inhalation. 

 

F.2 METHODS 

F.2.1 Aerosol characterization 

The 1 mg/ml IV Cellcept® solution was nebulized using the Aeroneb 

Professional® Nebulizer System (Philips Respironics, Murrysville, PA) composed of the 

nebuliser unit, the T-piece and the control module. The Aeroneb Professional® Nebulizer 

System will be referred hereafter as the Aeroneb Pro® nebulizer. The aerodynamic 

droplet size analysis was performed using the Next Generation Pharmaceutical Impactor 

(NGI) (MSP Corp., Shoreview, MN).  Six milliliters of the solution were added to the 

filler port of the Aeroneb Pro® nebulizer and attached to the T-piece. The T-piece was 

then connected to the induction port of the NGI using a molded silicone adapter. The 

nebulization was started and continued for 15 minutes at a flow rate of 15 L/min (±5%), 

as suggested in the General Chapter <1601> of the USP 34-NF 29 on the characterization 

of nebulizer products. Since the Micro Orifice Collector (MOC) of the NGI fails to 

operated correctly at that flow rate, the filter holder placed at the outlet of the NGI was 

fitted with a glass fiber filter. The drug, collected on each NGI plate and in the induction 
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port, was dissolved in approximately 15 ml of H2O:ACN:MeOH (2:2:1) (v:v:v) solvent 

mixture, and poured into 25-ml volumetric flasks. After 5 minutes of sonication in a 

sonication bath, each volumetric flask was adjusted to 25 ml with the same solvent 

mixture. This procedure avoided any loss of volume due to solvent evaporation during 

handling and transfer. The glass fiber filter was directly placed in a scintillation vial 

containing 20 ml of the solvent mixture and vortexed for 30 seconds. Each solution was 

diluted with the solvent mixture when necessary, filtered with a 0.22 μm syringe filter 

and analyzed via HPLC analysis for MMF and MPA content. 

Following HPLC analysis, the total emitted dose (TED) was calculated based on 

the amount of drug collected on the induction port, NGI plates 1 through 7, the MOC and 

the back-up filter. As described in the General Chapter <601> of the USP 34-NF 29 on 

Aerosols, Nasal sprays, Metered-dose inhalers, and Dry powder inhalers, the mass 

median aerodynamic diameter (MMAD) and the geometric standard deviation (GSD) 

were calculated based on the amount of drug deposited on stages 1 through 7 and the 

MOC/back-up filter. The fine particle dose (FPD) represents the amount of drug included 

in nebulizer droplets that have MMAD of 5 μm or less. The cut-off diameter of each plate 

depends on the flow rate applied. At 15 L/min (±5%), droplets deposited on stage 3 

through the back-up filter have a MMAD below 5.39 μm. Therefore, the FPD was 

calculated as the sum of the drug amount collected on stage 3 through the back-up filter. 

 

F.2.2 In vivo studies in Sprague Dawley rats 

Adult male Sprague Dawley (SD) rats weighing 300-350 g were used in the 

present in vivo animal studies. The rats were housed in a 12-hour light/dark cycle with 

food and water available ad libitum, and acclimated for 4 days before the start of any 
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procedure. All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Texas at Austin and performed in compliance 

with all relevant laws, regulations and guidelines governing the humane care and use of 

research animals. 

Prior to dosing, the rats were acclimated for 4 consecutive days into the restraint 

tubes, restricted by the conical nose insert and the posterior closure device. The residence 

time was progressively increased to 15 minutes by 5 minutes increment each day. This 

acclimation was performed not only for the well-being of the animal, but also to prevent 

stress and hyperventilation during the actual procedure that could lead to higher 

variability in the drug levels measured. The day of the experiment, each rat were weighed 

and placed in the restrainer. After assembly of the nose-only apparatus, the exhaust tube 

was placed in the fume hood with its end wrapped in gaze. This precaution was taken to 

avoid the influence of the aspiration created by the fume hood on the flow going trough 

the chamber. The airflow rate was set with an external fan at 1 L/min (±5%) to ensure 

proper filling of the nose-only chamber during aerosolization. Six milliliters of the 

1mg/ml IV Cellcept® solution was pipetted into the filler port of the Aeroneb Pro® 

nebulizer and nebulized for 15 minutes. Once the nebulization time completed, the rats 

were gently returned to their cages with free access to food and water. The rats were 

sacrificed by isofluorane inhalation overdose 0, 0.5, 1, 2, 4, 6, 12 and 24 hours after the 

dose administration. Blood was collected via cardiac puncture with a heparinized syringe. 

Upon collection, the blood samples were centrifuged at 3,000xg at 4°C for 10 minutes. 

The plasma was transferred into a fresh tube and immediately frozen on dry ice. The 

lungs and thymus gland were harvested after thoracotomy and frozen on dry ice. The 

samples were stored at -80°C until analysis. MMF and MPA were extracted from the 
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samples following the extraction method explained earlier, and analyzed via HPLC with 

UV detection for drug content. 

 

F.3 RESULTS 

F.3.1 Aerosol characterization 

Table F.1 summaries the aerodynamic parameters of the 1 mg/ml inhaled IV 

Cellcept® solution. The MMAD was similar to the MMAD obtained for the aerosol 

characterization of 25 mg/ml IV Cellcept®, in Chapter 4. The GSD is fairly large certain 

due to the lack of control over the temperature and the relative humidity in our 

laboratories. As expected, the FPD and TED are fairly small. Finally, there are no 

significant differences in the aerodynamic parameters among the 1 mg/ml IV Cellcept® 

solutions tested on the NGI. 

 

F.3.2 Pharmacokinetics profile 

Figure F.1 shows the concentration of MMF, MPA and total drug in the plasma. 

Figure F.2 shows the concentration of MMF, MPA and total drug in the lung. Figure F.3 

shows the concentration of MMF, MPA and total drug in the thymus gland. Figure F.4 

shows the AUCs comparison between 1 mg/ml inhaled IV Cellcept® and 50 mg/kg oral 

Cellcept® single dose administration in rats reported in Chapter 4. The concentration of 

MMF in the plasma is very low due to the occurrence of MMF hydrolysis in the lung. 

The concentration of drug in the thymus gland is very similar to the drug concentration 

observed in the lung, certainly due to systemic distribution as well as lymphatic 

distribution. Overall, the concentration levels achieved in the plasma, lung and thymus 

gland are very low and are correlated to the expected low whole body dose. 
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F.4 TABLES 

Table F.1:  Summary of the aerodynamic properties of aerosolized 1 mg/ml IV Cellcept® 
at a flow rate of 15L/min using an Aeroneb Pro® nebulizer – n=3 ± SD. 

Formulation MMAD 
(μm) GSD FPD 

(mg) 
TED 
(mg) 

1 1.72 ± 0.13 2.49 ± 0.05 2.17 ± 0.11 2.51 ± 0.19 
IV Cellcept® 

2 1.56 ± 0.44 2.33 ± 0.16 2.32 ± 0.21 2.56 ± 0.27 
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F.5 FIGURE 

 

Figure F. 1: Drug concentration in rat plasma after nebulization of 1 mg/ml IV Cellcept® 
– n=4 ± SD. 
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Figure F. 2: Drug concentration in rat lung after nebulization of 1 mg/ml IV Cellcept® – 
n=4 ± SD. 
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Figure F. 3: Drug concentration in rat thymus gland after nebulization of 1 mg/ml IV 
Cellcept® – n=4 ± SD. 
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Figure F. 4: AUC comparisons between 1 mg/ml inhaled IV Cellcept® and 50 mg/kg oral 
Cellcept® single dose administration in rats – n=4 ± SD. 
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Appendix G:  Raw Data for Lung, Plasma and Thymus Gland 
Concentrations following Inhalation in Rats 

 

 

G.1 PURPOSE 

The appendix contains the raw data of each rat after a singe dose administration of 

inhaled 1 mg/ml IV Cellcept® solution, 25 mg/ml IV Cellcept® solution and 25 mg/ml 

MMF suspension, as described in Chapter 4 and Appendix F. 

 

G.2 METHODS 

The formulations dosed consisted of 1 mg/ml IV Cellcept® solution, 25 mg/ml IV 

Cellcept® solution and 25 mg/ml MMF suspension. 

Adult male Sprague Dawley (SD) rats weighing 300-350 g were used in the 

present in vivo animal studies. The rats were housed in a 12-hour light/dark cycle with 

food and water available ad libitum, and acclimated for 4 days before the start of any 

procedure. All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Texas at Austin and performed in compliance 

with all relevant laws, regulations and guidelines governing the humane care and use of 

research animals. 

Prior to dosing, the rats were acclimated for 4 consecutive days into the restraint 

tubes, restricted by the conical nose insert and the posterior closure device. The residence 

time was progressively increased to 15 minutes by 5 minutes increment each day. This 

acclimation was performed not only for the well-being of the animal, but also to prevent 

stress and hyperventilation during the actual procedure that could lead to higher 
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variability in the drug levels measured. The day of the experiment, each rat were weighed 

and placed in the restrainer. After assembly of the nose-only apparatus, the exhaust tube 

was placed in the fume hood with its end wrapped in gaze. This precaution was taken to 

avoid the influence of the aspiration created by the fume hood on the flow going trough 

the chamber. The airflow rate was set with an external fan at 1 L/min (±5%) to ensure 

proper filling of the nose-only chamber during aerosolization. For each formulation, 6 

milliliters of the formulation was pipetted into the filler port of the Aeroneb Pro® 

nebulizer and nebulized for 15 minutes. Once the nebulization time completed, the rats 

were gently returned to their cages with free access to food and water. The rats were 

sacrificed by isofluorane inhalation overdose 0, 0.5, 1, 2, 4, 6, 12 and 24 hours after the 

dose administration. 

The oral gavage of the oral Cellcept® suspension was performed using a 16-gauge 

feeding tube and a 1-ml syringe. To avoid stress during the procedure that could result in 

an altered metabolism, the rats were trained to take the feeding tube for 3 consecutive 

days. After the training period, the rats were weighed and administered 50 mg of 

MMF/kg of the oral Cellcept® suspension. After oral gavage, the rats were placed back in 

their cages with free access to food and water. The rats were sacrificed by isofluorane 

inhalation overdose 0.25, 0.5, 1, 2, 4, 6, 12 and 24 hours after the dose administration. 

For each formulation and time point, blood was collected via cardiac puncture 

with a heparinized syringe. Upon collection, the blood samples were centrifuged at 

3,000xg at 4°C for 10 minutes. The plasma was transferred into a fresh tube and 

immediately frozen on dry ice. The lungs and thymus gland were harvested after 

thoracotomy and frozen on dry ice. The samples were stored at -80°C until analysis. 

MMF and MPA were extracted from the samples following the solid phase extraction 
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method explained in Chapter 4, and analyzed via HPLC with UV detection for drug 

content. 

G.3 TABLES 
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Table G. 1: Individual plasmas, lung and thymus gland concentrations following 
inhalation of 25 mg/ml MMF suspension in rats 

Time point (hr) 0 0.5 1 
MMF suspension MMF MPA Total drug MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.300 2.580 2.879 0.290 1.446 1.736 0.351 1.068 1.419 
Rat 2 0.336 2.869 3.205 0.258 1.144 1.402 0.348 2.794 3.143 
Rat 3 0.346 1.293 1.639 0.343 11.479 11.823 0.321 2.821 3.141 
Rat 4 0.294 2.865 3.159 0.266 3.013 3.279 0.366 0.530 0.896 
Average 0.32 2.40 2.72 0.29 4.27 4.56 0.35 1.80 2.15 
Std Dev 0.03 0.75 0.74 0.04 4.88 4.91 0.02 1.18 1.17 

Plasma 
(μg/ml) 

95% CI 0.03 0.74 0.72 0.04 4.78 4.81 0.02 1.16 1.14 
Rat 1 1.708 0.867 2.574 1.513 0.533 2.046 1.492 0.494 1.987 
Rat 2 1.566 0.874 2.440 1.610 0.634 2.243 1.364 0.624 1.988 
Rat 3 1.380 0.544 1.923 1.453 1.908 3.361 1.504 0.766 2.270 
Rat 4 1.477 1.209 2.686 1.316 0.839 2.155 1.469 0.412 1.881 
Average 1.53 0.87 2.41 1.47 0.98 2.45 1.46 0.57 2.03 
Std Dev 0.14 0.27 0.34 0.12 0.63 0.61 0.06 0.15 0.17 

Lung 
(μg/g) 

95% CI 0.14 0.27 0.33 0.12 0.62 0.60 0.06 0.15 0.16 
Rat 1 4.228 1.118 5.346 1.843 0.496 2.339 2.492 0.558 3.050 
Rat 2 2.717 0.826 3.543 2.296 0.613 2.909 2.110 0.708 2.819 
Rat 3 1.975 0.481 2.455 2.029 1.258 3.286 1.887 0.649 2.537 
Rat 4 1.951 0.459 2.411 1.940 0.852 2.792 1.722 0.361 2.083 
Average 2.72 0.72 3.44 2.03 0.80 2.83 2.05 0.57 2.62 
Std Dev 1.07 0.31 1.38 0.19 0.34 0.39 0.33 0.15 0.42 

Thymus 
Gland 
(μg/g) 

95% CI 1.05 0.31 1.35 0.19 0.33 0.38 0.33 0.15 0.41 
           
Time point (hr) 2 4 6 
MMF suspension MMF MPA Total drug MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.368 1.017 1.386 0.266 1.104 1.370 0.267 0.279 0.546 
Rat 2 0.331 1.288 1.619 0.341 1.445 1.787 0.414 0.387 0.800 
Rat 3 0.298 0.417 0.716 0.273 0.993 1.267 0.261 0.628 0.889 
Rat 4 0.319 0.706 1.025 0.269 1.278 1.547 0.338 0.753 1.091 
Average 0.33 0.86 1.19 0.29 1.21 1.49 0.32 0.51 0.83 
Std Dev 0.03 0.38 0.40 0.04 0.20 0.23 0.07 0.22 0.23 

Plasma 
(μg/ml) 

95% CI 0.03 0.37 0.39 0.04 0.19 0.22 0.07 0.21 0.22 
Rat 1 1.334 0.546 1.879 1.368 0.423 1.791 0.936 0.256 1.191 
Rat 2 1.542 0.605 2.148 1.057 0.406 1.463 1.118 0.308 1.425 
Rat 3 1.476 0.478 1.954 0.952 0.380 1.333 1.063 0.329 1.392 
Rat 4 1.241 0.419 1.659 1.091 0.481 1.572 1.050 0.343 1.394 
Average 1.40 0.51 1.91 1.12 0.42 1.54 1.04 0.31 1.35 
Std Dev 0.14 0.08 0.20 0.18 0.04 0.19 0.08 0.04 0.11 

Lung 
(μg/g) 

95% CI 0.13 0.08 0.20 0.17 0.04 0.19 0.07 0.04 0.11 
Rat 1 1.925 0.590 2.515 1.189 0.374 1.562 1.404 0.342 1.746 
Rat 2 1.697 0.597 2.294 1.252 0.375 1.627 1.265 0.296 1.561 
Rat 3 1.894 0.600 2.494 1.087 0.351 1.438 1.349 0.461 1.811 
Rat 4 2.110 0.672 2.782 1.183 0.439 1.622 1.463 0.445 1.908 
Average 1.91 0.61 2.52 1.18 0.38 1.56 1.37 0.39 1.76 
Std Dev 0.17 0.04 0.20 0.07 0.04 0.09 0.08 0.08 0.15 

Thymus 
Gland 
(μg/g) 

95% CI 0.17 0.04 0.20 0.07 0.04 0.09 0.08 0.08 0.14 
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Time point (hr) 12 24 
MMF suspension MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.210 0.658 0.868 0.206 0.458 0.664 
Rat 2 0.321 0.531 0.852 0.145 0.157 0.302 
Rat 3 0.366 0.505 0.871 0.204 0.144 0.348 
Rat 4 0.336 0.569 0.905 0.194 0.129 0.322 
Average 0.31 0.57 0.87 0.19 0.22 0.41 
Std Dev 0.07 0.07 0.02 0.03 0.16 0.17 

Plasma 
(μg/ml) 

95% CI 0.07 0.07 0.02 0.03 0.15 0.17 
Rat 1 1.056 0.330 1.387 0.886 0.265 1.151 
Rat 2 0.846 0.195 1.042 0.791 0.192 0.982 
Rat 3 0.909 0.254 1.163 0.824 0.185 1.009 
Rat 4 0.943 0.269 1.212 1.054 0.204 1.258 
Average 0.94 0.26 1.20 0.89 0.21 1.10 
Std Dev 0.09 0.06 0.14 0.12 0.04 0.13 

Lung 
(μg/g) 

95% CI 0.09 0.05 0.14 0.11 0.04 0.13 
Rat 1 1.344 0.303 1.647 1.151 0.294 1.445 
Rat 2 1.332 0.349 1.681 1.048 0.299 1.347 
Rat 3 1.220 0.332 1.552 1.171 0.299 1.470 
Rat 4 1.654 0.336 1.991 1.057 0.288 1.345 
Average 1.39 0.33 1.72 1.11 0.29 1.40 
Std Dev 0.19 0.02 0.19 0.06 0.01 0.07 

Thymus 
Gland 
(μg/g) 

95% CI 0.18 0.02 0.19 0.06 0.01 0.06 
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Table G. 2: Individual plasmas, lung and thymus gland concentrations following 
inhalation of 25 mg/ml IV Cellcelpt® in rats 

Time point (hr) 0 0.5 1 
IV Cellcept 25 mg/ml MMF MPA Total drug MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.115 6.390 6.505 0.275 4.177 4.452 0.077 0.642 0.719 
Rat 2 0.119 6.091 6.210 0.105 2.402 2.506 0.107 1.051 1.159 
Rat 3 0.102 3.988 4.089 0.112 4.799 4.911 0.119 0.723 0.842 
Rat 4 0.119 6.872 6.990 0.139 4.282 4.421 0.122 1.673 1.795 
Average 0.11 5.83 5.95 0.16 3.91 4.07 0.11 1.02 1.13 
Std Dev 0.01 1.27 1.28 0.08 1.04 1.07 0.02 0.47 0.48 

Plasma 
(μg/ml) 

95% CI 0.01 1.25 1.25 0.08 1.02 1.05 0.02 0.46 0.47 
Rat 1 1.683 1.292 2.976 1.583 0.877 2.460 0.634 0.447 1.081 
Rat 2 1.359 1.376 2.735 1.420 0.669 2.090 0.696 0.432 1.128 
Rat 3 1.171 0.989 2.160 1.259 0.994 2.253 0.740 0.358 1.099 
Rat 4 1.165 1.480 2.645 1.216 0.744 1.960 0.694 0.564 1.258 
Average 1.34 1.28 2.63 1.37 0.82 2.19 0.69 0.45 1.14 
Std Dev 0.24 0.21 0.34 0.17 0.14 0.22 0.04 0.09 0.08 

Lung 
(μg/g) 

95% CI 0.24 0.21 0.34 0.16 0.14 0.21 0.04 0.08 0.08 
Rat 1 0.768 0.530 1.298 0.536 0.468 1.004 0.501 0.272 0.773 
Rat 2 0.694 0.496 1.190 0.643 0.366 1.010 0.528 0.328 0.855 
Rat 3 0.648 0.369 1.017 0.540 0.612 1.152 0.519 0.192 0.711 
Rat 4 0.860 0.749 1.608 0.595 0.391 0.987 0.369 0.799 1.168 
Average 0.74 0.54 1.28 0.58 0.46 1.04 0.48 0.40 0.88 
Std Dev 0.09 0.16 0.25 0.05 0.11 0.08 0.07 0.27 0.20 

Thymus 
Gland 
(μg/g) 

95% CI 0.09 0.15 0.24 0.05 0.11 0.07 0.07 0.27 0.20 
           
Time point (hr) 2 4 6 
IV Cellcept 25 mg/ml MMF MPA Total drug MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.388 0.381 0.769 0.012 1.353 1.365 0.083 0.664 0.747 
Rat 2 0.400 0.418 0.818 0.015 1.564 1.579 0.016 0.730 0.747 
Rat 3 0.429 0.977 1.406 0.040 1.241 1.281 0.014 1.907 1.921 
Rat 4 0.304 0.476 0.780 0.008 1.889 1.896 0.043 1.802 1.845 
Average 0.38 0.56 0.94 0.02 1.51 1.53 0.04 1.28 1.32 
Std Dev 0.05 0.28 0.31 0.01 0.28 0.27 0.03 0.67 0.66 

Plasma 
(μg/ml) 

95% CI 0.05 0.27 0.30 0.01 0.28 0.27 0.03 0.66 0.64 
Rat 1 0.575 0.287 0.862 0.134 0.196 0.330 0.139 0.123 0.262 
Rat 2 0.595 0.288 0.884 0.092 0.177 0.269 0.610 0.140 0.749 
Rat 3 0.917 0.509 1.426 0.152 0.175 0.326 0.237 0.398 0.635 
Rat 4 0.609 0.277 0.886 1.398 0.341 1.739 0.126 0.237 0.363 
Average 0.67 0.34 1.01 0.44 0.22 0.67 0.28 0.22 0.50 
Std Dev 0.16 0.11 0.27 0.64 0.08 0.72 0.23 0.13 0.23 

Lung 
(μg/g) 

95% CI 0.16 0.11 0.27 0.62 0.08 0.70 0.22 0.12 0.22 
Rat 1 0.562 0.173 0.734 0.470 0.216 0.686 0.333 0.170 0.503 
Rat 2 0.549 0.157 0.706 0.610 0.275 0.885 0.548 0.155 0.703 
Rat 3 0.548 0.201 0.749 0.256 0.231 0.487 0.181 0.329 0.510 
Rat 4 0.533 0.165 0.698 0.296 0.309 0.605 0.446 0.224 0.669 
Average 0.55 0.17 0.72 0.41 0.26 0.67 0.38 0.22 0.60 
Std Dev 0.01 0.02 0.02 0.16 0.04 0.17 0.16 0.08 0.10 

Thymus 
Gland 
(μg/g) 

95% CI 0.01 0.02 0.02 0.16 0.04 0.16 0.15 0.08 0.10 
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Time point (hr) 12 24 
IV Cellcept 25 
mg/ml MMF MP

A Total drug MMF MP
A Total drug 

Rat 1 0.004 0.626 0.630 0.014 0.372 0.386 
Rat 2 0.015 1.647 1.662 0.022 0.252 0.274 
Rat 3 0.018 1.006 1.023 0.024 0.271 0.295 
Rat 4 0.039 1.032 1.071 - - - 
Averag
e 0.02 1.08 1.10 0.02 0.30 0.32 

Std 
Dev 0.01 0.42 0.43 0.01 0.06 0.06 

Plasma 
(μg/ml) 

95% 
CI 0.01 0.41 0.42 0.01 0.07 0.07 

Rat 1 1.638 0.306 1.944 0.599 0.130 0.729 
Rat 2 0.205 0.215 0.420 0.138 0.040 0.178 
Rat 3 0.232 0.139 0.371 0.285 0.063 0.347 
Rat 4 0.178 0.207 0.385 - - - 
Averag
e 0.56 0.22 0.78 0.34 0.08 0.42 

Std 
Dev 0.72 0.07 0.78 0.24 0.05 0.28 

Lung 
(μg/g) 

95% 
CI 0.70 0.07 0.76 0.27 0.05 0.32 

Rat 1 0.342 0.161 0.503 0.374 0.104 0.478 
Rat 2 0.279 0.200 0.479 0.227 0.099 0.327 
Rat 3 0.355 0.162 0.517 0.381 0.090 0.471 
Rat 4 0.404 0.195 0.599 - - - 
Averag
e 0.34 0.18 0.52 0.33 0.10 0.42 

Std 
Dev 0.05 0.02 0.05 0.09 0.01 0.09 

Thymus 
Gland 
(μg/g) 

95% 
CI 0.05 0.02 0.05 0.10 0.01 0.10 
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Table G. 3: Individual plasmas, lung and thymus gland concentrations following 
inhalation of 1 mg/ml IV Cellcelpt® in rats 

Time point (hr) 0 0.5 1 
IV Cellcept 1 mg/ml MMF MPA Total drug MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.276 1.291 1.567 0.457 0.438 0.894 0.391 0.193 0.583 
Rat 2 0.322 0.631 0.954 0.343 0.539 0.882 0.315 0.222 0.538 
Rat 3 0.291 0.728 1.019 0.530 0.363 0.893 0.369 0.438 0.807 
Rat 4 0.366 1.163 1.529 0.354 0.306 0.660 0.329 0.335 0.665 
Average 0.31 0.95 1.27 0.42 0.41 0.83 0.35 0.30 0.65 
Std Dev 0.04 0.32 0.33 0.09 0.10 0.12 0.03 0.11 0.12 

Plasma 
(μg/ml) 

95% CI 0.04 0.32 0.32 0.09 0.10 0.11 0.03 0.11 0.12 
Rat 1 0.699 0.594 1.293 0.542 0.246 0.788 1.006 0.592 1.598 
Rat 2 0.531 1.026 1.557 0.592 0.226 0.818 0.657 0.203 0.861 
Rat 3 0.590 0.667 1.257 0.579 0.167 0.747 0.350 0.210 0.560 
Rat 4 0.511 0.463 0.975 0.582 0.153 0.735 0.438 0.127 0.565 
Average 0.58 0.69 1.27 0.57 0.20 0.77 0.61 0.28 0.90 
Std Dev 0.08 0.24 0.24 0.02 0.04 0.04 0.29 0.21 0.49 

Lung 
(μg/g) 

95% CI 0.08 0.24 0.23 0.02 0.04 0.04 0.29 0.21 0.48 
Rat 1 0.626 0.509 1.135 0.582 0.186 0.768 0.334 0.095 0.429 
Rat 2 1.049 2.626 3.675 0.397 0.132 0.529 0.474 0.113 0.588 
Rat 3 0.572 0.301 0.873 0.419 0.110 0.529 0.376 0.099 0.475 
Rat 4 0.546 0.279 0.825 0.395 0.111 0.506 0.573 0.090 0.663 
Average 0.70 0.93 1.63 0.45 0.13 0.58 0.44 0.10 0.54 
Std Dev 0.24 1.14 1.37 0.09 0.04 0.12 0.11 0.01 0.11 

Thymus 
Gland 
(μg/g) 

95% CI 0.23 1.11 1.34 0.09 0.04 0.12 0.10 0.01 0.10 
           
Time point (hr) 2 4 6 
IV Cellcept 1 mg/ml MMF MPA Total drug MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.163 0.216 0.379 0.155 0.373 0.528 0.050 0.225 0.276 
Rat 2 0.177 0.247 0.424 0.073 0.290 0.363 0.060 0.365 0.425 
Rat 3 0.149 0.136 0.285 0.056 0.200 0.255 0.460 0.278 0.738 
Rat 4 1.202 3.394 4.595 0.078 0.213 0.291 0.051 0.191 0.242 
Average 0.42 1.00 1.42 0.09 0.27 0.36 0.16 0.26 0.42 
Std Dev 0.52 1.60 2.12 0.04 0.08 0.12 0.20 0.08 0.23 

Plasma 
(μg/ml) 

95% CI 0.51 1.57 2.07 0.04 0.08 0.12 0.20 0.07 0.22 
Rat 1 0.438 0.212 0.651 0.254 0.291 0.545 0.221 0.087 0.308 
Rat 2 0.447 0.112 0.559 0.727 0.113 0.841 0.292 0.063 0.355 
Rat 3 0.454 0.142 0.596 0.252 0.351 0.603 0.224 0.073 0.297 
Rat 4 0.585 0.480 1.065 0.800 0.077 0.877 0.232 0.027 0.259 
Average 0.48 0.24 0.72 0.51 0.21 0.72 0.24 0.06 0.30 
Std Dev 0.07 0.17 0.23 0.30 0.13 0.17 0.03 0.03 0.04 

Lung 
(μg/g) 

95% CI 0.07 0.16 0.23 0.29 0.13 0.16 0.03 0.03 0.04 
Rat 1 0.399 0.097 0.497 0.569 0.269 0.837 0.256 0.033 0.289 
Rat 2 0.384 0.083 0.467 0.480 0.064 0.543 0.221 0.046 0.267 
Rat 3 0.370 0.077 0.448 0.314 0.036 0.349 0.320 0.063 0.383 
Rat 4 0.378 0.077 0.455 0.257 0.091 0.348 0.116 0.034 0.150 
Average 0.38 0.08 0.47 0.40 0.11 0.52 0.23 0.04 0.27 
Std Dev 0.01 0.01 0.02 0.14 0.11 0.23 0.09 0.01 0.10 

Thymus 
Gland 
(μg/g) 

95% CI 0.01 0.01 0.02 0.14 0.10 0.23 0.08 0.01 0.09 
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Time point (hr) 12 24 
IV Cellcept 1 mg/ml MMF MPA Total drug MMF MPA Total drug 

Rat 1 0.060 0.199 0.259 0.064 0.148 0.213 
Rat 2 0.054 0.173 0.227 0.053 0.275 0.328 
Rat 3 0.049 0.207 0.256 0.150 0.117 0.267 
Rat 4 0.039 0.265 0.304 0.022 0.112 0.134 
Average 0.05 0.21 0.26 0.07 0.16 0.24 
Std Dev 0.01 0.04 0.03 0.06 0.08 0.08 

Plasma 
(μg/ml) 

95% CI 0.01 0.04 0.03 0.05 0.07 0.08 
Rat 1 0.230 0.042 0.272 0.213 0.387 0.600 
Rat 2 0.486 0.066 0.552 0.273 0.243 0.516 
Rat 3 0.261 0.032 0.293 0.312 0.276 0.587 
Rat 4 0.217 0.053 0.271 0.215 0.041 0.256 
Average 0.30 0.05 0.35 0.25 0.24 0.49 
Std Dev 0.13 0.01 0.14 0.05 0.14 0.16 

Lung 
(μg/g) 

95% CI 0.12 0.01 0.13 0.05 0.14 0.16 
Rat 1 0.165 0.034 0.199 0.337 0.005 0.342 
Rat 2 0.287 0.022 0.309 0.396 0.033 0.428 
Rat 3 0.255 0.036 0.291 0.355 0.016 0.372 
Rat 4 0.466 0.027 0.493 0.311 0.004 0.315 
Average 0.29 0.03 0.32 0.35 0.01 0.36 
Std Dev 0.13 0.01 0.12 0.04 0.01 0.05 

Thymus 
Gland 
(μg/g) 

95% CI 0.12 0.01 0.12 0.03 0.01 0.05 
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Appendix H:  Biodistribution in Liver, Spleen and Kidneys after Single 
Administration of Oral Cellcept® in Rats 

 

 

H.1 PURPOSE 

The purpose of this study was to measure mycophenolate mofetil (MMF) and 

mycophenolic acid (MPA) levels in the liver, spleen and kidneys after single 

administration of oral Cellcept®. 

 

H.2 METHODS 

Adult male Sprague Dawley (SD) rats weighing 300-350 g were used in the 

present in vivo animal studies. The rats were housed in a 12-hour light/dark cycle with 

food and water available ad libitum, and acclimated for 4 days before the start of any 

procedure. All procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Texas at Austin and performed in compliance 

with all relevant laws, regulations and guidelines governing the humane care and use of 

research animals. 

The oral gavage of the oral Cellcept® suspension was performed using a 16-gauge 

feeding tube and a 1-ml syringe. To avoid stress during the procedure that could result in 

an altered metabolism, the rats were trained to take the feeding tube for 3 consecutive 

days. After the training period, the rats were weighed and administered 50 mg of 

MMF/kg of the oral Cellcept® suspension. After oral gavage, the rats were placed back in 

their cages with free access to food and water. The rats were sacrificed by isofluorane 

inhalation overdose 0.25, 0.5, 1, 2, 4, 6, 12 and 24 hours after the dose administration. 
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Blood was collected via cardiac puncture with a heparinized syringe. Additional blood 

samples were collected 8 and 10 hours after the dose administration from jugular 

catheters surgically implanted on the 12-hour and the 24-hour rats, respectively. Upon 

collection, the blood samples were centrifuged at 3,000xg using the centrifuge 5804 R 

with rotor A-4-44 (Eppendorf, Hamburg, Germany) at 4°C for 10 minutes. The plasma 

was transferred into a fresh tube and immediately frozen on dry ice. The lungs, thymus 

gland, liver, spleen and kidneys were harvested after thoracotomy and frozen on dry ice. 

The samples were stored at -80°C until analysis. MMF and MPA were extracted from the 

samples following the extraction method explained in Chapter 4, and analyzed via HPLC 

with UV detection for drug content.  

 

H.3 RESULTS 

After analysis of the liver, spleen and kidneys, no MMF concentration could be 

measured in those tissues. It suggested a complete hydrolysis of MMF into MPA when 

absorbed through the intestine walls and when passing through the liver. No levels of 

MMF were found in the liver, suggesting that the hydrolysis process was very quick. 

As shown on figure H.1, the highest level of MPA was found in the liver, 

followed by the kidneys, lung, thymus gland and spleen. 

Liver >> Kidneys > Lung > Thymus Gland ≈ Spleen 

The high concentration found in the kidneys correlates to the rapid excretion of 

MPA reported in the literature. 

Table H.1 summarizes the raw drug concentration in the plasma, lung, thymus 

gland, liver, spleen and kidneys of each rat after a single dose administration of oral 

Cellcept® by oral gavage. 
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CONCLUSION 

After oral administration, MMF is quickly metabolized into MPA, the active 

ingredient, followed by a rapid distribution of MPA to the major organs. 
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H.4 TABLES 

Table H. 1: Individual plasmas, lung, liver, spleen, kidneys and thymus gland 
concentrations following single oral administration of oral Cellcept® in rats – 
50 mg/kg  

Time point (hr) 0.25 0.5 1 2 4 6 8 10 12 24 
Oral Cellcept 50mg/kg MPA MPA MPA MPA MPA MPA MPA MPA MPA MPA 

Rat 1 23.33 21.57 4.08 3.84 12.24 4.33 2.18 2.12 4.14 0.20 
Rat 2 20.37 35.16 6.80 5.10 15.08 8.02 5.74 1.81 1.72 0.15 
Rat 3 19.31 21.34 7.12 4.09 10.42 6.38 9.74 6.77 5.04 0.02 
Rat 4 60.23 13.35 16.36 7.02 22.58 4.03     2.62 0.73 
Average 30.81 22.86 8.59 5.01 15.08 5.69 5.89 3.57 3.38 0.28 
Std Dev 19.69 9.05 5.36 1.44 5.36 1.87 3.78 2.77 1.49 0.31 

Plasma 
(μg/ml) 

95% CI 19.29 8.87 5.25 1.42 5.25 1.84 4.28 3.14 1.46 0.30 
Rat 1 7.49 8.01 1.41 0.66 5.37 1.36 - - 1.17 0.10 
Rat 2 6.17 9.47 1.20 1.31 3.47 2.46 - - 0.38 0.10 
Rat 3 8.00 7.53 1.89 0.99 1.90 2.27 - - 1.33 0.41 
Rat 4 16.16 4.14 5.05 1.67 3.67 1.37 - - 1.12 0.02 
Average 9.46 7.29 2.39 1.16 3.60 1.87 - - 1.00 0.16 
Std Dev 4.54 2.25 1.80 0.43 1.42 0.58 - - 0.42 0.17 

Lung 
(μg/g) 

95% CI 4.45 2.21 1.76 0.42 1.39 0.57 - - 0.41 0.17 
Rat 1 3.47 - 5.87 0.49 1.53 0.40 - - 0.75 0.05 
Rat 2 3.14 - 0.84 0.31 1.40 0.81 - - 0.23 0.05 
Rat 3 2.14 - 0.57 0.57 0.66 0.77 - - 0.65 0.14 
Rat 4 7.71 - 2.30 1.78 2.37 0.43 - - 0.40 0.03 
Average 4.12 - 2.39 0.79 1.49 0.60 - - 0.51 0.07 
Std Dev 2.46 - 2.44 0.67 0.70 0.22 - - 0.23 0.05 

Thymus 
Gland 
(μg/g) 

95% CI 2.41 - 2.39 0.66 0.68 0.21 - - 0.23 0.05 
Rat 1 17.57 19.39 6.24 5.59 16.02 7.54 - - 4.81 0.73 
Rat 2 18.83 25.94 6.27 2.93 11.64 7.85 - - 3.08 0.48 
Rat 3 13.39 18.61 10.69 3.86 8.85 10.55 - - 5.30 0.88 
Rat 4 53.07 14.83 11.51 6.73 22.15 6.26 - - 6.07 0.39 
Average 25.71 19.69 8.68 4.78 14.66 8.05 - - 4.81 0.62 
Std Dev 18.39 4.62 2.82 1.71 5.80 1.80 - - 1.27 0.22 

Liver 
(μg/ml) 

95% CI 18.02 4.53 2.76 1.67 5.68 1.76 - - 1.24 0.22 
Rat 1 4.07 3.80 0.90 0.94 2.09 0.81 - - 0.51 0.08 
Rat 2 3.32 5.17 0.64 0.36 2.12 1.02 - - 0.25 0.03 
Rat 3 4.79 4.26 1.06 0.75 1.54 1.24 - - 0.81 0.12 
Rat 4 6.53 3.23 1.66 1.09 2.68 0.80 - - 0.45 0.01 
Average 4.68 4.12 1.07 0.79 2.11 0.97 - - 0.50 0.06 
Std Dev 1.38 0.82 0.43 0.32 0.47 0.21 - - 0.23 0.05 

Spleen 
(μg/g) 

95% CI 1.35 0.80 0.43 0.31 0.46 0.21 - - 0.23 0.05 
Rat 1 13.54 8.08 2.36 3.40 7.19 1.85 - - 1.88 0.17 
Rat 2 5.13 10.43 1.56 1.34 5.25 2.94 - - 0.71 0.27 
Rat 3 6.42 7.95 2.18 1.52 3.48 3.44 - - 1.90 0.40 
Rat 4 20.34 7.72 4.23 2.53 5.61 1.85 - - 1.67 0.08 
Average 11.36 8.55 2.58 2.20 5.38 2.52 - - 1.54 0.23 
Std Dev 7.04 1.27 1.15 0.96 1.52 0.80 - - 0.56 0.14 

Kidneys 
(μg/g) 

95% CI 6.90 1.24 1.13 0.94 1.49 0.78 - - 0.55 0.14 
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H.5 FIGURES 

 

Figure H. 1: MPA concentration in rat liver, lung, thymus gland, kidneys and spleen oral 
gavage of a single dose of oral Cellcept® - 50 mg/kg – n=4 ± SD. 
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Figure H. 2: MPA concentration in rat liver, kidneys and spleen oral gavage of a single 
dose of oral Cellcept® - 50 mg/kg – n=4 ± SD. 
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