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Attention has begun to focus on the pulmonary delivery of antifungal agents for 

invasive fungal infections as inhalation of the fungal spores is often the initial step in the 

pathogenesis of many of these infections.  Invasive fungal infection in the lungs in 

immunocompromised patients has high mortality rates despite current systemic (oral or 

intravenous) therapies.  However, drug delivery of antifungal agents directly to the lungs 

could potentially result in high concentrations of drug in the lungs, a quicker onset of 

action, and reduction of systemic side effects.  Voriconazole (VRC) is a second, 

generation triazole antifungal agent with increased potency, a broad spectrum of 

antifungal activity, and a fairly poor aqueous solubility.  It is the recommended 

therapeutic agent for the treatment of Invasive Pulmonary Aspergillosis (IPA), and its use 

has improved therapeutic outcomes in immunocompromised patients with IPA.  Still, 

systemic administration by oral or intravenous delivery is limited by high inter- and intra-

patient pharmacokinetic variability, many potential drug interactions, and a narrow 

therapeutic index with many adverse effects, leading to clinical failures.  Therefore, 

development of novel particulate formulations containing VRC for targeted drug delivery 

to the lungs is critical to improving therapeutic outcomes in patients with invasive fungal 

infections in the lungs.  Within the framework of this dissertation, two particle 
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engineering processes, thin film freezing (TFF) and advanced evaporative precipitation 

into aqueous solution (AEPAS), were investigated.  The goal was to investigate 

microcrystalline VRC, nanocrystalline VRC, and nanostructured amorphous VRC 

formulations suitable for pulmonary delivery and to determine the effect of morphology 

on the in vivo deposition and distribution of inhaled particulate VRC formulations.  TFF 

process parameters significantly affected the solid state properties and aerodynamic 

performance of the dry powder formulations containing VRC.  Following dry powder 

insufflation into the lungs of mice, microstructured crystalline TFF-VRC achieved higher 

and more prolonged concentrations of VRC in the lungs with slightly lower systemic 

bioavailability than nanostructured amorphous TFF-VRC-PVP K25.  AEPAS and TFF of 

template nanoemulsions did not lead to production of crystalline nanoparticles, as 

predicted.  In particular, VRC proved to be a difficult molecule to stabilize in the 

nanocrystalline and nanostructured amorphous states.  Ultimately, this body of work 

demonstrated that the particle engineering process, TFF, could be used to develop 

voriconazole formulations suitable for dry powder inhalation with more favorable 

pharmacokinetic parameters compared to inhaled voriconazole solution. 
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Chapter One: Polymeric Biomaterials in Pulmonary Drug Delivery 

 

1.1  INTRODUCTION 

Inhalation drug therapy has received increased interest in recent years as an 

attractive route of administration for both local and systemic effects.  The advantages of 

pulmonary drug delivery include non-invasiveness, high surface area available for 

absorption, high blood flow, and avoidance of first-pass metabolism.  However, the lungs 

are designed to protect the body against the environment making targeted drug delivery 

to the lungs challenging for pharmaceutical scientists [1-3]. 

Due to the sensitivity of lung tissue, a limited number of excipients are currently 

approved by the Food and Drug Administration (FDA) for inhalation.  The polymeric 

biomaterials discussed in this chapter have proven biocompatibility and biodegradability 

when delivered by other routes of administration; however, there is concern when 

delivering these materials to the lungs.  Do they damage the epithelial barrier making the 

lungs more susceptible to environmental hazards?  How long will they remain in the 

lungs?  Will they adversely affect lung function?  All of these questions must be 

addressed in preclinical and clinical studies before we will see polymeric biomaterials as 

excipients in FDA approved products for inhalation. 

The efficacy of pulmonary drug delivery depends on the efficiency of drug 

deposition in the airways; therefore, the structure and function of the lungs play an 

important role.  Many books and articles have been written in regards to the structure and  
 
This chapter was taken from: 
Nicole A. Beinborn and Robert O. Williams III. “Polymeric Biomaterials in Pulmonary Drug Delivery.” in 
Polymeric Biomaterials, 3rd Edition. Taylor & Francis (In press). 
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function of the respiratory system.  For that reason, we do not intend to give an extensive 

review of this topic.  Instead, the first section of the chapter will present basic 

information regarding the structure of the lungs and how it will influence pulmonary drug 

delivery using polymeric biomaterials.   The second part provides an extensive review of 

various polymeric biomaterials currently being investigated for use in pulmonary drug 

delivery. 

 

1.2  STRUCTURE AND FUNCTION OF THE LUNGS 

Human lungs are incredibly complex organs.  They are part of the respiratory 

system that allows for inhalation and gas exchange.  The respiratory system is divided 

into 2 parts:  the upper and lower airways.  The upper airways consist of the nose to the 

larynx while lower airways are composed of trachea and all parts of the lung (Figure 1.1) 

[4].  The lower airways can be further subdivided into the conducting zone and the 

respiratory zone.  The conducting zone consists of the first 16 generations of airways.  

Starting at the trachea, a series of branching occurs, with each generation smaller in 

diameter and shorter in length but greater in number and surface area than the preceding 

generation.  The respiratory zone consists of the respiratory bronchioles, alveolar ducts 

and alveoli, all of which participate in gas exchange (Figure 1.2) [5].  Each bifurcation in 

the lungs provides increased resistance to delivery of drug particles.  Therefore, it is 

imperative that drug particles or droplets for inhalation have a mass median aerodynamic 

diameter (MMAD) between 1 and 5 µm with low polydispersity in order to reach the 

alveoli [4-6]. 

The entire respiratory tract is lined with epithelial cells, designed to protect the 

body from the external environment and substances that may be present in the inhaled air.  
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Table 1.1 provides a summary of the types of epithelial cells found in the airways, as well 

as their location and function [6].  The epithelial cell barrier must be overcome so that the 

drug can reach its site of action.  Ciliated columnar epithelial cells are the major cells 

present from the trachea all the way down to the respiratory bronchioles.  These cells 

make up what is known as the mucociliary escalator.  Non-ciliated goblet cells are 

present in the trachea and bronchi and non-ciliated Clara cells are present in the 

bronchioles.  Both are responsible for secreting a mucus-like substance, which protects 

the lung from dehydration, humidifies inspired air and protects against foreign particles.  

When particles deposit in tracheobronchial region, the cilia force mucus and the particles 

trapped in it upwards until they are swallowed or expectorated.  Some materials may 

affect the beat frequency of the cilia and therefore influence the rate of mucus clearance, 

which may be an important consideration for sustained-release action via pulmonary drug 

delivery to the airways.  The alveolar surface (140 to 160 m2 in surface area) is covered 

mostly by a single layer of Type I cells.  These cells are very thin with only 0.1 to 0.5 µm 

separating the air from the pulmonary capillary blood, although they have tight junctions 

which only permit penetration of substances less than 0.6 nm.  Metabolically active Type 

II cells are also present on the alveolar surface, which are responsible for both producing 

lung surfactant (10 to 20 nm in thickness) and Type I cell renewal [4, 6, 7].  Therefore, 

drug particles delivered to the alveoli must first dissolve in the lung surfactant before 

being able to pass through the epithelial cells to the systemic circulation. 

Once particles reach the alveoli, the lung has yet another defense mechanism:  

alveolar macrophages.  Alveolar macrophages reside in the lung surfactant and have a 

cell diameter of approximately 15 to 22 µm.  Particles of 1 to 3 µm in diameter are 

readily phagocytosed, while larger particles and nano-sized particles tend to evade 

alveolar macrophages due to their size [8].  Once the foreign substance undergoes 
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phagocytosis, the alveolar macrophage will migrate to the mucociliary escalator or the 

lymph tissue where it can be cleared from the respiratory tract [6].  The last major barrier 

for pulmonary drug delivery is metabolism.  All metabolizing enzymes found in the liver 

are also present in the lungs [9]. 

The pH of the lung fluid is approximately 7.  Hence, it may be desirable for 

polymeric biomaterials intended for pulmonary drug delivery to be soluble or swellable at 

neutral pH.  The soluble polymeric biomaterials discussed in this chapter are commonly 

used as absorption enhancers in the lungs while the swellable polymeric biomaterials are 

used primarily as mucoadhesive, sustained-release agents. 

 

1.3  POLYMERIC BIOMATERIALS USED IN PULMONARY DRUG DELIVERY SYSTEMS 

1.3.1  Poly(lactic acid-co-glycolic acid) (PLGA) and Polylactic acid (PLA) 

Poly(lactic acid-co-glycolic acid) is a biodegradable, biocompatible copolymer 

consisting of lactic acid and glycolic acid monomers, while PLA is a biodegradable 

polymer composed only of lactic acid monomers.  There has been significant preclinical 

research in recent years on the use of PLGA in pulmonary drug delivery formulations 

although PLGA is not yet approved by the Food and Drug administration for inhalation.  

PLGA and PLA are currently being investigated for sustained release delivery via the 

lungs.  Formulations containing PLGA or PLA polymers may enable the dosing 

frequency of many drugs to be reduced, thus increasing patient compliance. 

Suarez et al. produced PLGA microspheres containing rifampicin by spray drying 

that resulted in a longer residence time in the lungs.  When the formulation was 

administered by insufflation to guinea pigs, 20 µg of drug was detected in the lungs after 

72 hours compared to only 6 µg with rifampicin alone.  The increased concentration in 
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the lungs from the PLGA microspheres proved to be superior in an animal model of 

tuberculosis as well.  The microspheres could be administered by either insufflation with 

lactose as an excipient or nebulization of aqueous suspension [10, 11].  Taylor et al. 

engineered spray dried, respirable particles (MMAD between 1 and 5 µm) comprised of 

ipratropium bromide and glycine.  These particles were then spray-coated with PLA 

coatings of 1, 5, 10, 15, 30, and 50% w/w to create sustained-release respirable particles.  

The pharmacodynamic effect of the PLA-coated ipratropium bromide particles was 

measured following dry powder insufflation in guinea pigs.  The onset of drug action was 

0.3 minutes for uncoated drug particles while the 5% and 30% w/w PLA-coated particles 

delayed the onset of action to 1.67 and 9.78 minutes, respectively.  Furthermore, the 

duration of effect was increased from 11 minutes with uncoated drug particles to 13 and 

54 minutes with 5% and 30% w/w PLA-coated particles, respectively [12]. 

PLGA nanospheres containing insulin have been administered to guinea pigs via 

nebulization resulting in significantly lower blood glucose levels over 48 hours.  

Monodispersed nanospheres with a mean diameter of 400 nm were manufactured using 

an emulsion solvent diffusion method in water followed by lyophilization.  The 

nanospheres were redispersed to form a suspension and aerosolized using an ultrasonic 

nebulizer producing a respirable fraction (droplet particle size < 7 µm) of approximately 

70%.  Sustained release of insulin in the lungs was achieved with the nebulized 

nanosphere suspension compared to nebulized aqueous solution of insulin [13].  Pandey 

et al. investigated drug-loaded PLGA nanoparticles administered to guinea pigs via 

nebulization.  The nanoparticle formulation contained rifampicin, isoniazid, and 

pyrazinamide for the treatment of tuberculosis.  Pharmacokinetic analysis revealed an 

increase in bioavailability of 6.5-fold, 19.1-fold, and 13.4-fold for rifampicin, isoniazid, 

and pyrazinamide, respectively, compared to intravenous administration of the 
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conventional drugs.  The drugs were present at therapeutic concentrations in the lungs 10 

days following a single dose of drug-loaded nanoparticles by nebulization, while the 

drugs were not detected in the lungs beyond 24 hours after oral or aerosol administration 

of the conventional drugs.  The efficacy against tuberculosis was equivalent for the 

nebulized drug-loaded nanoparticles administered once every 10 days for 6 weeks and the 

conventional oral formulation administered once daily for 46 days [14].  Similar 

sustained release properties were observed with lectin-coated PLGA nanoparticles 

containing rifampicin, isoniazid, and pyrazinamide delivered to the lungs [15].  Surti et 

al. also reported an increase in bioavailability of PLGA and lectin-conjugated PLGA 

nanoparticles compared to free drug.  The site enhancement factors were approximately 

four and six times that of the free drug for the PLGA formulation and the lectin-

conjugated PLGA formulation, respectively [16]. 

Yamamoto et al. developed a dry powder inhaler formulation containing insulin-

loaded PLGA nanospheres with sustained release properties.  The authors granulated the 

freeze-dried nanospheres with mannitol in a spray-drying fluidized bed to form particles 

with acceptable inhalation properties [17].  Ohashi et al. used spray drying to produce 

rifampicin/PLGA nanoparticles, mean diameter of 213 nm, dispersed in mannitol 

microspheres with a mean diameter of 3.2 µm.  A four-fluid nozzle was used to produce 

the formulation in one step.  The mannitol microspheres containing rifampicin/PLGA 

nanoparticles were compared in vitro and in vivo to rifampicin/PLGA microspheres 

without mannitol (mean diameter = 2.1 µm).  The in vitro aerosol characteristics using a 

Jethaler® inhalation device were similar with a fine particle fraction of approximately 

35%; however, alveolar macrophage uptake was significantly greater for the formulation 

of mannitol microspheres containing rifampicin and PLGA.  Since Mycobacterium 

tuberculosis is active in the alveolar macrophages, this formulation may be useful for 
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targeted inhalation therapy for tuberculosis.  The authors concluded that the mannitol 

quickly dissolved in the lungs, leaving the rifampicin/PLGA nanoparticles to disperse and 

deposit.  The rifampicin/PLGA microspheres without mannitol were removed by 

mucociliary clearance but the rifampicin/PLGA nanoparticles were difficult to clear, 

resulting in increased lung retention and macrophage uptake [18].  Similarly, Tomoda et 

al. formed nanocomposite particles for inhalation where trehalose dissolved quickly 

leaving behind the drug-loaded PLGA nanoparticles for uptake by epithelial cells [19].  

Sung et al. investigated porous nanoparticle-aggregate particles for lung delivery to 

guinea pigs.  Rifampicin-containing PLGA nanoparticles were first prepared by an 

emulsion solvent evaporation technique.  The nanoparticle suspension was then added to 

an aqueous leucine solution and spray dried to form aggregate particles with suitable 

aerosolization properties.  Concentrations of rifampicin in the lungs remained elevated 

for 8 hours following insufflation of these porous nanoparticle-aggregate particles 

compared to porous particles without nanoparticles even though the porous particles 

without nanoparticles exhibited a higher fine particle fraction in vitro (68% versus 

approximately 40%).  These results indicate the sustained release properties of the PLGA 

contributed to the prolonged lung levels of rifampicin [20].  Figures 1.3 and 1.4 are 

schematic representations of the fate of inhaled nanocomposite particles that represent the 

concept of all the formulations just described:  dissolution and/or deaggregation of 

microparticles into primary nanoparticles with sustained action in lung tissue. 

PLGA has also been used to produce low density, large porous particles for 

pulmonary delivery (Figure 1.5).  Low density, large porous particles can achieve higher 

respirable fractions with improved lung deposition.  Furthermore, low density, large 

porous particles, by virtue of their larger diameter, will evade alveolar macrophages thus 

delivering another mechanism of sustained release in the lungs.  Twelve milligrams of 
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powder comprising large porous PLGA particles loaded into the Spinhaler® dry powder 

inhaler (DPI) exhibited a fine particle fraction (MMAD < 4.7 µm) of 48%; a significant 

improvement over the fine particle fraction for small nonporous PLGA particles (16%).  

Animal studies were conducted to evaluate the large porous PLGA particles for both 

local and systemic delivery in the lungs.  Figure 1.6 shows the in vivo lung deposition of 

large porous particles compared to small nonporous particles.  Systemic inhalation 

therapy with large porous particles containing PLGA and insulin or estradiol resulted in 

an extended period of absorption (approximately 100 hr) and increased bioavailability 

compared to small nonporous PLGA particles.  Local drug delivery of large porous 

PLGA particles comprising albuterol sulfate resulted in improved therapeutic 

effectiveness compared to small nonporous PLGA particles [21].  Koushik et al. reported 

similar outcomes with large porous PLGA particles containing deslorelin.  The large 

porous PLGA particles achieved sustained release significantly longer than small 

conventional PLGA particles containing deslorelin and both formulations achieved 

sustained release significantly longer than deslorelin powder alone [22].  Edwards et al. 

determined that the size of large porous particles affected the bioavailability following 

inhalation.  Testosterone was incorporated into large porous PLGA particles with two 

different mean diameters, 10 µm and 20 µm, and administered to rats as inhalation 

aerosols.  The 20 µm diameter particles resulted in a plasma Cmax of approximately 32 

ng/mL, whereas, the 10 µm particles resulted in a plasma Cmax of about 23 ng/mL [23]. 

PLGA has been successful in achieving sustained drug delivery in the lungs in 

preclinical studies; however, PLGA does have some disadvantages.  PLGA may cause 

some cytotoxicity and immunogenicity in lung tissue even though it has a long history of 

safety in humans via other routes of administration.  Sivadas et al. compared the 

cytotoxicity of some of the biopolymers mentioned in this chapter on human airway 
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epithelial Calu-3 cells.  Polymeric microparticles of comparable size (aerodynamic 

diameter range of 1 to 3 µm) containing chitosan, alginate, PLGA, HPC, or sodium 

hyaluronate were produced by spray drying.  PLGA was the only biopolymer to exhibit 

some cytotoxicity and immunogenicity [24].  PLGA requires a long period for 

degradation (weeks to months) which may also decrease its safety in pulmonary drug 

delivery [25]. 

Talton et al. have reported a new technique to apply nano-thin coatings of PLGA 

or PLA onto dry powders for inhalation.  Micronized corticosteroids, budesonide and 

triamcinolone acetonide, with a particle size of 1 to 5 µm were used.  The pulsed laser 

technique successfully applied an ultra thin film of polymer coating (less than 1% by 

weight) onto the micronized drug substances.  The in vitro aerosol characteristics were 

unchanged before and after the coating process.  When tested for cytotoxicity using a 

murine macrophage cell line J774A.1, there was no difference in cell viability between 

the polymer-coated corticosteroid and the uncoated corticosteroid.  Formulation of 

inhaled powders with these nano-thin polymer films may lead to sustained release with 

reduced polymer load and therefore reduced toxicity [26].  Arya et al. showed that 

budesonide coated with a nano-thin film of PLA resulted in increased residence time in 

the lungs of neonatal rats following intratracheal instillation [27].  Other researchers have 

developed a novel, fast degrading PLGA derivative for pulmonary delivery:  

diethylaminopropylamine polyvinyl alcohol-grafted-poly(lactic-co-glycolic acid), also 

known as DEAPA-PVAL-g-PLGA [28].  Figure 1.7 shows the structure of this PLGA 

derivative.  Nanoparticles formed using the DEAPA-PVAL-g-PLGA biopolymer were 

less cytotoxic than PLGA nanoparticles in A549 cells and more stable during 

nebulization than PLGA nanoparticles [29, 30].  In addition, nebulization of DEAPA-

PVAL-g-PLGA nanoparticles loaded with 5(6)-carboxyfluorescein resulted in slower 
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drug release and absorption compared to nebulization of 5(6)-carboxyfluorescein solution 

in an ex vivo lung model [31]. 

 

1.3.2  Polyethylene glycol (PEG) 

Polyethylene glycol is a water soluble polymer composed of repeating units of 

ethylene oxide.  Polyethylene glycol is generally recognized as safe (GRAS) by the FDA 

and PEG 1000 is listed as an inactive ingredient for inhalation at concentrations of 

0.0224% or less.  According to the FDA’s Inactive Ingredient Database, once an inactive 

ingredient has appeared in an approved drug product for a particular route of 

administration, the inactive ingredient is not considered new and may require a less 

extensive review the next time it is included in a new drug product [32].  PEG 1000 is 

used as a lubricant in Symbicort® Inhalation Aerosol drug product [33].  Inhalation of 

PEG has been shown to be relatively safe in preclinical studies.  Klonne et al. evaluated 

the toxicity of PEG 3350 (20% w/w in water) in rats following aerosol exposure for 6 

hours per day, 5 days per week for 2 weeks.  Only at the highest exposure level (1008 

mg/m3) was there an observed increase in lung weight, serum neutrophils, and pulmonary 

macrophages.  Overall, inhalation of PEG 3350 produced very little toxicity [34]. 

Recently, PEG 2000 was used to form a PEGylated PAMAM dendrimer 

formulation for pulmonary delivery of low molecular weight heparin (LMWH).  The 

pharmacokinetics and efficacy of LMWH-PEG-dendrimer micelle solution was 

compared to a plain LMWH solution following intratracheal administration to rats using 

a MicroSprayer®.  The LMWH-PEG-dendrimer micelle solution resulted in a slightly 

lower Cmax and an equivalent tmax but the AUC, bioavailability, and LMWH half-life were 

doubled thus indicating sustained release.  Furthermore, the LMWH-PEG-dendrimer 
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micelle formulation administered every 48 hours was as efficacious as the LMWH 

solution administered every 24 hours [35].  Garcia-Contreras et al. compared the 

pharmacokinetic and pharmacodynamic effects of insulin-calcium phosphate-

polyethylene glycol (Insulin-CAP-PEG) particles in suspension and insulin solution 

administered to rats via intratracheal instillation and spray instillation.  The 

bioavailability of the Insulin-CAP-PEG particles was approximately twice that of the 

insulin solution.  The sustained-release effect resulted in a longer duration of action 

evidenced by the extended hypoglycemic effect [36].  Fu et al. investigated 

microparticulate aerosols composed of poly(sebacic anhydride-co-PEG).  Microparticles 

with increased PEG content had lower densities, lower aerodynamic diameters, and faster 

degradation/dissolution rates.  These polymers may be better than PLGA for pulmonary 

delivery since PLGA tends to degrade over a period of weeks leading to unwanted 

buildup of polymer in the lungs [25].  Corrigan et al. co-spray dried salbutamol sulphate 

with either PEG 4000 or PEG 20,000 and evaluated the powders using a Rotahaler® DPI 

device.  The powders were intended to avoid non-homogeneity when mixing drug and 

carrier particles; however, all of the co-spray dried powders studied (PEG concentrations 

of 5%, 20%, and 40%) resulted in low fine particle fractions (less than 10%) [37]. 

PEG has also been investigated for use in carrier particles for dry powder inhalers.  

PEG 6000 with a mean particle size of 4 µm was blended with coarse lactose to obtain a 

95% lactose/5% PEG 6000 blend.  This formulation was used as carrier powder for 

bovine serum albumin-maltodextrin particles in a Rotahaler® DPI device.  The 

lactose/PEG blend increased the fine particle fraction of bovine serum albumin-

maltodextrin particles from 24% to 34% compared to coarse lactose alone [38].  Gilani et 

al. spray dried α-lactose monohydrate with different grades of PEG and compared the 

aerosolization properties of beclomethasone dipropionate from these carriers and 
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Pharmatose® 325 M, a commercially available inhalation grade of lactose used in dry 

powder inhalers.  The particle size of the spray dried lactose/PEG (40:1) particles was 

dependent on the grade of PEG used in the formulation.  The use of PEG 400 resulted in 

smaller particles (d50% = 6.7 µm) than PEG 3000 (d50% = 9.7 µm) and PEG 6000 (d50% = 

9.4 µm), all of which were smaller than Pharmatose® 325 M (d50% = 53.5 µm).  All of the 

spray dried lactose/PEG particles were spherical while the commercially available 

Pharmatose® 325 M was irregularly shaped.  The use of spray dried lactose/PEG 

particles as carrier particles for beclomethasone dipropionate in the Spinhaler® DPI 

device significantly improved the emitted dose and fine particle fraction compared to 

Pharmatose® 325 M (emitted dose = 69%; FPF = 7%).  Furthermore, carrier particles 

composed of PEG 3000 (emitted dose = 91%; FPF = 26%) or PEG 6000 (emitted dose = 

92%; FPF = 25%) and lactose proved to be better than carrier particles composed of PEG 

400 and lactose (emitted dose = 82%; FPF = 14%).  The size of the carrier particles as 

well as the surface characteristics created good aerosolization from the DPI device and 

improved detachment of drug particles [39]. 

 

1.3.3  Polyvinylpyrrolidone (PVP) and Polyvinyl alcohol (PVA) 

PVP is a 1-ethenyl-2-pyrrolidinone homopolymer and PVA is an ethenol 

homopolymer.  Both are water soluble polymers and available in various grades of 

increasing molecular weight and viscosity [40].  PVP K25 is listed as an inactive 

ingredient for inhalation at concentrations of 0.0001% or less, according to the FDA’s 

Inactive Ingredient Database, and is present in Symbicort® Inhalation Aerosol as a 

suspending agent [32, 33]. 
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Researchers have investigated the use of PVP and PVA as stabilizing excipients 

in pressurized metered dose inhalers (pMDI) containing hydrofluoroalkane (HFA) 

propellants.  Four formulations were spray dried to form drug microparticles:  DNase I 

alone, DNase I with trehalose (1:1), DNase I with trehalose and PVA 80% hydrolyzed 

(1:1:1), and DNase I with trehalose, PVA 80% hydrolyzed, and PVP K15 (1:1:1:1).  Only 

the formulation containing PVP was able to retain 100% biological activity of DNase I 

after the spray drying process.  Additionally, the DNase I-trehalose-PVA-PVP 

formulation also produced the best physical stability in the HFA pMDI over a 24 week 

time period [41].  The authors performed a similar study with beclomethasone 

dipropionate.  Spray dried, polymer-coated drug particles were produced with PVA 40, 

PVA 70, PVA 80, low molecular weight PVA 87-89, medium molecular weight PVA 87-

89, high molecular weight PVA 87-89, PVA 98, PVP K15, and PVP K90.  All of the 

formulations yielded microparticles with a mean particle size of 3 to 5 µm except PVP 

K90 which resulted in particles larger than 5 µm.  The combination of beclomethasone 

dipropionate, PVA 80, and PVP K15 showed the most improvement in physical stability 

of the inhalable microparticles in pMDIs containing HFA propellants.  The stabilizing 

excipients decreased the amount of particle aggregation, and therefore increase the fine 

particle fraction emitted from the device.  The fine particle fractions were 42% and 18% 

for the beclomethasone dipropionate-PVA 80-PVP K15 formulation and beclomethasone 

dipropionate without stabilizing excipients, respectively [42]. 

A study by Buttini et al. demonstrated the capability of vinyl polymers, such as 

PVP and PVA, to modify the adhesion forces between budesonide and smooth lactose 

carrier particles in a dry powder inhaler.  Polymer-coated budesonide microparticles were 

generated by spray drying.  Fine particle fraction was increased from 29% to 53% when 

the budesonide particles were coated with 0.01% PVA 80 or PVP K15 compared to 
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unmodified budesonide particles with a similar particle size [43].  Liu et al. investigated 

the mucoadhesive properties of polymer-coated drug particles.  Scutellarin was spray 

dried with PVP K15 (9:1), PVA 80 (9:1), and PVP K15 and PVA 80 (8:1:1).  The 

particles containing scutellarin/PVP and scutellarin/PVA did not disperse well from a dry 

powder insufflator; however, the scutellarin/PVP/PVA formulation resulted in increased 

bioavailability compared to spray-dried scutellarin without excipients.  Even though the 

particle sizes were similar, the fine particle fraction of the scutellarin/PVP/PVA 

formulation was much higher (61% versus 39%).  In vitro mucociliary transport rates also 

indicated a significant difference between the scutellarin/PVP/PVA formulation (5 

mm/min) and spray dried scutellarin without excipients (16 mm/min).  PVA 80 showed 

greater mucoadhesiveness than PVP K15.  Neither excipient exhibited cytotoxicity up to 

5 mg/mL in Calu-3 and A549 lung cell lines [44]. 

 

1.3.4  Hydroxypropyl methylcellulose (HPMC), Hydroxypropyl methylcellulose 
phthalate (HPMCP), and Hydroxypropyl cellulose (HPC) 

HPMC is a semi-synthetic polymer manufactured from the polymeric backbone of 

cellulose and is generally recognized as safe by the FDA.  There are many commercially 

available grades of HPMC with different solution viscosities.  HPMC is viscoelastic and 

water-soluble with sustained-release and mucoadhesive properties.  HPMCP is a 

cellulose polymer in which some of the hydroxyl groups are replaced with methyl ethers, 

2-hydroxypropyl ethers, or phthalyl esters.  Several grades of HPMCP are commercially 

available; they are insoluble in acidic media but soluble above a certain pH.  HPC is also 

a semi-synthetic polymer made from cellulose that is generally recognized as safe by the 

FDA.  There are many commercially available grades of HPC with different solution 
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viscosities.  HPC is soluble in cold water and it has sustained-release and mucoadhesive 

properties [40]. 

In dry powder inhaler formulations, carrier particles such as lactose are often used 

to improve aerosolization of micronized drug substances from the dry powder inhalation 

device.  Iida et al. investigated the effect of surface-coating these lactose carrier particles 

on aerosolization.  Pharmatose® 200M was coated in a Wurster coater with an aqueous 

solution containing dissolved lactose (13%) and HPMC (2%).  The lactose carrier 

particles were sieved into the range of 40 to 88 µm prior to blending with salbutamol 

sulfate micronized drug substance.  The surface-coating process resulted in more 

spherical particles with lower surface roughness and lower specific surface area.  In vitro 

aerosolization testing using a Jethaler® DPI device showed that surface-coating of 

lactose carrier particles resulted in a slight decrease in the amount of drug emitted from 

the device (94% versus 86%) but the respirable fraction of drug was significantly 

increased (15% versus 32%).  The surface-coated lactose carrier particles had a lower 

adhesion force:  fewer micronized drug particles adhered to the carrier particles during 

blending but those drug particles that did adhere were released more easily during 

aerosolization [45]. 

Westmeier et al. used an antisolvent precipitation process to produce drug 

particles containing both salmeterol xinafoate and fluticasone propionate for pulmonary 

delivery.  A variety of biocompatible, polymeric excipients were tested for their influence 

on stabilization during the precipitation process, particle size, and aerosolization 

properties.  A combination of 0.01% HPMC and 0.01% polysorbate 80 with the 2 active 

ingredients produced the best particles for inhalation.  When blended with carrier lactose, 

the fine particle fraction emitted from the Aerolizer® DPI device was 36%, an 
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improvement over the commercially available DPI product Seretide® (fine particle 

fraction of approximately 20%) [46]. 

Nanospheres comprising hydroxypropyl methylcellulose phthalate (HPMCP-55) 

were prepared by emulsion solvent diffusion method in water and compared to PLGA 

nanospheres prepared by the same method.  HPMCP-55 solubilizes above pH 5.5 while 

PLGA is insoluble in the lungs.  The authors hypothesized that dissolution of the pH-

dependent polymer, HPMCP-55, in the lungs could increase the viscosity of the mucus 

layer in the respiratory tract, decreasing the rate of clearance of the active drug substance 

in the lungs.  Although the drug-loaded HPMCP-55 nanospheres produced a more 

effective therapeutic response in the lungs when administered intratracheally to rats, they 

were more cytotoxic to the A549 lung adenocarcinoma cell line than drug-loaded PLGA 

nanospheres [47]. 

Aerosol administration of microspheres containing various grades of HPC has 

demonstrated enhanced pulmonary adsorption in guinea pigs.  Sakagami et al. studied 

fluorescein microspheres, with a mass median aerodynamic diameter of approximately 2 

µm, containing HPC-H, HPC-SL, HPC-L, or HPC-M at various ratios (1:1, 1:4, and 

1:10).  The 2% solution viscosities were 3-6, 6-10, 150-400, and 1000-4000 cps for the 

SL, L, M and H grades of HPC, respectively.  Fluorescein:HPC-H (1:4) microspheres 

resulted in the best bioavailability (88%) of all formulations tested.  This was attributed 

to rapid dissolution due to amorphous drug substance and enhanced absorption due to 

mucoadhesion of the HPC microspheres.  A drug to HPC ratio of 1:1 was not sufficient 

for mucoadhesion while a drug to HPC ratio of 1:10 did not further increase the 

bioavailability.  The extent of pulmonary absorption was dependent on the polymer 

viscosity (H>M>L>SL) [48]. 
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1.3.5  Chitosan 

Chitosan is a polysaccharide composed of glucosamine and N-acetylglucosamine 

copolymers.  It is formed by deacetylation of chitin, a natural polymer.  Chitosan is 

mucoadhesive due to its cationic charge; it adheres to negatively charged mucosal 

surfaces.  It is also biocompatible and biodegradable [40]. 

Williams et al. investigated the use of chitosan microspheres to deliver therapeutic 

compounds from pMDI delivery systems.  Chitosan microspheres containing fluorescein 

sodium with and without cross-linking excipients were prepared by spray-drying.  Non 

cross-linked chitosan microspheres and glutaraldehyde cross-linked chitosan 

microspheres exhibited a true density most similar to HFA 134a, the liquefied propellant; 

therefore, the authors expected the best suspension stability from these formulations.  

Both pMDI formulations had an acceptable respirable fraction of 18%, however, the non 

cross-linked chitosan microspheres are preferred due to a much higher drug loading 

capacity [49]. 

Asada et al. formed spray-dried chitosan-theophylline particles with a mass mean 

aerodynamic diameter of 5 µm [50].  Corrigan et al. formed spray-dried chitosan-

salbutamol sulfate particles with a respirable fraction of approximately 30% using a 

Rotahaler® DPI device [51].  Learoyd et al. produced spray-dried powders containing 

4% w/w terbutaline, 36% w/w leucine as a dispersibility enhancer, 50% w/w chitosan as 

a sustained-release excipient, and 10% w/w lactose.  A control formulation was used for 

comparison which contained lactose in place of chitosan.  When tested for aerosolization 

properties using a Spinhaler® DPI device, all powders had mass median aerodynamic 

diameters between 1 and 3 µm with emitted doses greater than 90%.  The fine particle 

fraction decreased as the molecular weight (MW) of chitosan used in the formulation 

increased, but even spray-dried powder produced with the high MW chitosan had a fine 
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particle fraction of 56%.  The use of chitosan extended the duration of drug release in 

vitro: high MW > medium MW > low MW > control [52].  All of these solid dispersions 

may be suitable for dry powder inhalers. 

Grenha et al. used spray-drying to produce mannitol microspheres containing 

insulin-loaded chitosan/tripolyphosphate nanoparticles for lung delivery.  Microspheres 

prepared with mannitol/nanoparticle ratios of 80%/20% and 90%/10% resulted in dry 

powders with an aerodynamic diameter of 2 to 3 µm.  In vitro testing showed quick 

dissolution of the mannitol releasing the chitosan/tripolyphosphate nanoparticles [53].  

Confocal imaging of the formulations revealed that mannitol and the nanoparticles are 

homogenously distributed throughout the whole particle.  The surface of the 

microspheres contained more mannitol than nanoparticles, as expected, due to the ratio of 

mannitol to nanoparticles in the formulation [54].  Furthermore, the formulations 

exhibited low cytotoxicity in Calu-3 and A549 cells [55]. 

Chitosan microparticles and chitosan-coated PLGA microparticles of varying 

compositions were tested for nebulization efficiency using a compressor nebulizer 

system.  For plain chitosan microparticles, nebulization efficiency decreased with 

increasing chitosan content due to increasing viscosity; however, nebulization efficiency 

increased with increasing chitosan content for chitosan-coated PLGA microparticles.  

The authors proposed that the chitosan stabilized the PLGA microparticles during 

nebulization.  Chitosan-coated PLGA microparticles also displayed better mucoadhesion 

properties than PLGA microparticles.  As for cytotoxicity to human A549 alveolar cells, 

cell viability was affected by the particles in the following rank order:  free drug > PLGA 

> chitosan-coated PLGA > chitosan [56].  Zaru et al. investigated chitosan-coated 

liposomes for lung delivery via nebulization.  Negatively charged liposomes were coated 

more efficiently with the positively charged chitosan than uncharged liposomes, resulting 
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in better mucoadhesive properties.  All chitosan-coated liposomes displayed increased 

mucoadhesion compared to non-coated liposomes [57].  Yamamoto showed that 

chitosan-surface-modified PLGA nanospheres are eliminated from the lungs more slowly 

compared to unmodified PLGA nanospheres following nebulization to guinea pigs.  The 

chitosan allowed the nanospheres to adhere to the mucus and epithelial cell layer in the 

lungs, prolonging the time for drug absorption [58]. 

Chitosan solution administered via nebulization to rats did not indicate pulmonary 

toxicity following a 70 mg/kg dose.  Inflammatory and tissue stress biomarkers were 

essentially equivalent to those exposed to distilled water or lactose solution.  Chitosan 

may even display a protective effect against oxidative stress, as indicated by the 

mieloperoxidase and glutathione disulfide biomarker levels compared to distilled water 

and lactose solution [59]. 

 

1.3.6  Cyclodextrins 

Cyclodextrins are cyclic oligosaccharides composed of six to eight α-D-

glucopyranose units linked by 1,4 bonds.  The general structure and the names and degree 

of substitution of various cyclodextrins are shown in Table 2.  Cyclodextrins form 

complexes with drug molecules by partially or completely encompassing the drug 

molecules in their hydrophobic core [60]. 

In 1991, Marques et al. were the first to report the use of cyclodextrins for 

pulmonary delivery.  Their first study investigated the absorption and pharmacokinetics 

of β-cyclodextrin, dimethyl-β-cyclodextrin, and 2-hydroxypropyl-β-cyclodextrin 

following intratracheal instillation of 10 mg/kg doses in rabbits.  While all three 

cyclodextrin derivatives resulted in similar bioavailability, 2-hydroxypropyl-β-
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cyclodextrin had a significantly longer mean absorption time (113 minutes versus 20-26 

minutes for β-cyclodextrin and dimethyl-β-cyclodextrin) [61].  Following dosing of 

salbutamol complexed with 2-hydroxypropyl-β-cyclodextrin via intratracheal instillation 

to rabbits, the time to reach Cmax was increased (due to time for dissociation from the 

complex) compared to salbutamol alone; however, sustained release was not achieved.  

Bioavailability of salbutamol from the 2-hydroxypropyl-β-cyclodextrin/salbutamol 

complex was 80% compared to 100% for salbutamol alone [62].  A few years later, 

researchers began to investigate cyclodextrins as absorption enhancers in pulmonary drug 

delivery.  Insulin solutions with and without cyclodextrins were administered via 

intratracheal instillation to rats.  The relative efficacies of intratracheally administered 

insulin compared to an intravenous insulin dose were 8.2, 10.5, 16.9, 23.9, 34.7, and 

57.2% for insulin solution with no cyclodextrin, 5% hydroxypropyl-β-cyclodextrin, 5% 

γ-cyclodextrin, 1% β-cyclodextrin, 5% α-cyclodextrin, and 5% dimethyl-β-cyclodextrin, 

respectively [63].  Hussain et al. also found that dimethyl-β-cyclodextrin enhanced 

pulmonary absorption of insulin following intratracheal administration with a 

MicroSprayer® in rats [64].  Jalalipour et al. investigated dimethyl-β-cyclodextrin as 

both an absorption enhancer and a stabilizing agent for recombinant human growth 

hormone (rhGH) during spray drying.  Particle aggregation was significantly reduced 

during spray drying when using increasing amounts of dimethyl-β-cyclodextrin; 

however, the aerosol characteristics varied greatly.  Excipient-free rhGH exhibited a fine 

particle fraction of 33% while the addition of dimethyl-β-cyclodextrin at a molar ratio of 

10:1 (dimethyl-β-cyclodextrin to rhGH) led to an increase in fine particle fraction to 53%.  

A further increase in dimethyl-β-cyclodextrin (100:1 and 1000:1) led to a decrease in fine 

particle fraction (33% and 23%, respectively).  Interestingly, the formulations showed an 

absolute bioavailability of 29%, 25%, 77%, and 64% following dry powder inhalation of 
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excipient-free rhGH, and powders containing 10:1, 100:1, and 1000:1 molar ratio of 

dimethyl-β-cyclodextrin to rhGH, respectively [65]. 

Fukaya et al. investigated four types of cyclodextrins with cyclosporine for dry 

powder inhalation:  α-cyclodextrin, dimethyl-β-cyclodextrin, glucosyl-α-cyclodextrin, 

and maltosyl-α-cyclodextrin.  Maltosyl-α-cyclodextrin was the most promising 

cyclodextrin for complexation with cyclosporine and dry powder inhalation due to very 

little inhibition of cilia, lower cytotoxicity, and good solubilization potential (80-fold 

increase in cyclosporine solubility).  Aerosolized, micronized maltosyl-α-

cyclodextrin/cyclosporine complex was approximately ten times more effective than 

aerosolized, micronized cyclosporine in a mouse model of allergic asthma [66].  In 

another study, doxycycline/hydroxypropyl-γ-cyclodextrin solution was nebulized to mice 

for the treatment of allergen-induced airway inflammation.  The hydroxypropyl-γ-

cyclodextrin was necessary to improve the solubility and stability of doxycycline in 

aqueous buffer solution.  The authors found that exposure to aerosolized hydroxypropyl-

γ-cyclodextrin had no effect on peribronchial inflammation [67].  Tolman et al. 

investigated the pharmacokinetics of an aerosolized solution containing voriconazole and 

sulfobutyl ether-β-cyclodextrin (Captisol®) in mice.  The solubilization of voriconazole 

by sulfobutyl ether-β-cyclodextrin contributed to rapid absorption of the drug from the 

lungs to the systemic circulation [68]. 

Hydroxypropyl-β-cyclodextrin (HPβCD) has been used as an osmotic agent to 

form large porous particles containing PLGA and insulin.  The use of HPβCD instead of 

salts in these formulations avoids insulin precipitation/aggregation/inactivation.  

Intratracheal delivery of the PLGA/HPβCD/insulin large porous particles via a dry 

powder insufflator confirmed the ability to achieve deep lung delivery.  Fluorescence 

detection showed that insulin released from the particles and diffused into the alveolar 
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tissues where it was absorbed [69, 70].  Dimethyl-β-cyclodextrin has been used to 

increase the solubility of insulin aqueous buffer solution leading to higher drug loading 

and increased stability in PLGA microspheres.  The solubility of the sodium insulin in pH 

7.4 phosphate buffered saline was 48 mg/mL compared to 113 mg/mL for the 1:5 

insulin:dimethyl-β-cyclodextrin complex.  This resulted in PLGA microspheres with 15% 

drug loading compared to only 8% drug loading for uncomplexed insulin.  Furthermore, 

the PLGA microspheres containing insulin:dimethyl-β-cyclodextrin complex had a longer 

and greater effect on plasma glucose levels in rats following intratracheal instillation.  

The sustained profile of insulin in the lungs was achieved due to the PLGA biodegradable 

polymer while the dimethyl-β-cyclodextrin complex probably enhanced the mucosal 

absorption of the insulin, increasing the bioavailability of insulin in the lungs [71, 72]. 

The safety of inhalation of cyclodextrins has been evaluated by various 

researchers.  Lactate dehydrogenase levels in lung lavage fluid did not indicate any 

toxicity caused by pulmonary administration of 5% hydroxypropyl-β-cyclodextrin, 5% γ-

cyclodextrin, 5% α-cyclodextrin, and 5% dimethyl-β-cyclodextrin solutions [63].  The 

effects of 0.25% dimethyl-β-cyclodextrin solution were shown to be reversible following 

pulmonary administration since the respiratory epithelium returned to a normal state 

within 2 hours after exposure [64].  Hence, acute lung exposure to cyclodextrins seems to 

promote drug absorption without long-term damage to lung tissues.  Matilainen et al. 

studied the toxicity of α-cyclodextrin, β-cyclodextrin, γ-cyclodextrin, hydroxypropyl-α-

cyclodextrin, hydroxypropyl-β-cyclodextrin, and randomly methylated-β-cyclodextrin on 

Calu-3 cells in vitro.  β-cyclodextrin and randomly methylated-β-cyclodextrin were the 

most cytotoxic while hydroxypropyl-α-cyclodextrin and hydroxypropyl-β-cyclodextrin 

were the safest toward the pulmonary cell line [73].  Salem et al. compared the in vitro 

toxicity of a new cyclodextrin currently under development, Kleptose® Crysmeβ, to 
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hydroxypropyl-γ-cyclodextrin, hydroxypropyl-β-cyclodextrin, and randomly methylated-

β-cyclodextrin.  The new cyclodextrin was more toxic to lung cells than hydroxypropyl-

γ-cyclodextrin and hydroxypropyl-β-cyclodextrin but less toxic than randomly 

methylated-β-cyclodextrin [74].  Evrard et al. evaluated the effect of nebulized solutions 

of hydroxypropyl-β-cyclodextrin, randomly methylated-β-cyclodextrin, or γ-cyclodextrin 

in mice.  Three groups were exposed to the cyclodextrin aerosols for 30 minutes per day 

for 7 days via a whole body inhalation exposure chamber.  A control group was exposed 

to phosphate buffered saline using the same procedure.  There were no significant 

differences in lung histology, bronchial hyperresponsiveness, kidney histology, and blood 

urea levels for the cyclodextrin groups compared to the control group [75].  Tolman et al. 

evaluated an inhaled solution of Vfend® which contained 100 mg/mL of sulfobutyl 

ether-β-cyclodextrin and 6.25 mg/mL of voriconazole.  Rats were exposed to the 

aerosolized solution of voriconazole and sulfobutyl ether-β-cyclodextrin via a nose-only 

dosing chamber for 20 minutes twice daily for 21 days.  Lung histopathology revealed an 

increased number of alveolar and respiratory duct macrophages, which resulted in an 

increased Respiratory Bronchiole Index (RBI), but no evidence of an increased number 

of neutrophils, eosinophils, or lymphocytes compared to control.  Furthermore, there was 

no evidence of ulceration, interstitial changes, or edema in the lungs and no significant 

changes in the liver, kidneys, or spleen compared to control [76]. 

A few clinical studies have involved the use of cyclodextrins for pulmonary 

delivery.  In one pharmacokinetic study, healthy volunteers inhaled pMDI and DPI 

formulations containing FK224 and β-cyclodextrin [77].  Williamson et al. conducted a 

study in asthma patients which compared the efficacy of Captisol-Enabled® Budesonide 

Inhalation Solution twice daily for 2 weeks versus Pulmicort Respules® twice daily for 2 

weeks.  There were no significant differences in the outcome variables measured; 
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however, a 120 µg dose of budesonide from the Captisol-Enabled® Budesonide 

Inhalation Solution had comparable systemic exposure levels as a 500 µg dose of 

budesonide from the Pulmicort Respules® [78].  The Captisol-Enabled® Budesonide 

Inhalation Solution is currently in Phase II clinical trials according to Cydex 

Pharmaceuticals, Inc.  Cydex is also expanding the regulatory safety data package for 

sulfobutyl ether-β-cyclodextrin (Captisol®) with the FDA to include its use in pulmonary 

delivery [79]. 

 

1.3.7  Hyaluronan and hyaluronan derivatives 

Hyaluronan, also known as hyaluronic acid, is a naturally occurring biopolymer 

found in all tissues and body fluids, including the lungs.  It is a linear polysaccharide 

composed of D-glucuronic acid and D-N-acetylglucosamine.  Hyaluronan is 

mucoadhesive, dissolving slowly in water to form highly viscous solutions [80, 81]. 

Sodium hyaluronate has been shown to be a useful absorption enhancer for 

pulmonary delivery of peptide/protein drugs.  Low viscosity solutions of sodium 

hyaluronate containing insulin were administered to rats via intratracheal instillation.  

The effects of three different concentrations of sodium hyaluronate (0.05%, 0.1% and 

0.2% w/v) were studied and compared to control (insulin in aqueous solution without 

sodium hyaluronate).  At physiological pH, 0.1% w/v sodium hyaluronate solution 

displayed the greatest absorption-enhancing effect of insulin, as measured by plasma 

glucose levels over 6 hours.  Pharmacological availability as a result of administration of 

the 0.05% w/v sodium hyaluronate solution was similar to control, and therefore, the 

level of sodium hyaluronate was not sufficient to significantly improve insulin 

absorption.  Conversely, 0.2% w/v sodium hyaluronate solution was too viscous (14.3 cps 
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compared to 4.6 cps for 0.1% w/w sodium hyaluronate solution) that insulin absorption 

was hindered due to increased time for diffusion of insulin through the formulation [82]. 

Sodium hyaluronate microparticles for pulmonary delivery have resulted in 

sustained release of insulin in dogs.  Formulations were spray-dried to form amorphous, 

spherical microparticles with mass median aerodynamic diameters between 1 and 4 µm 

and administered via dry powder insufflation [81].  Hyaluronan microspheres containing 

ofloxacin (HMO) achieved increased uptake by alveolar macrophages in vitro and high 

lung concentrations in rats.  HMO (50% ofloxacin w/w) were prepared by spray drying 

and compared to spray-dried ofloxacin microspheres without hyaluronan (MO) and an 

ofloxacin solution (OS).  An alveolar macrophage cell line phagocytosed significantly 

more drug from the HMO formulation than the MO and OS formulations due to increased 

mucoadhesiveness of the HMO formulation.  This is beneficial since ofloxacin is used to 

treat pulmonary tuberculosis which harbors in alveolar macrophages.  Additionally, both 

microsphere formulations (HMO and MO) were administered to rats via dry powder 

insufflation while the solution (OS) was administered to rats intravenously and orally.  

Intratracheal administration of HMO resulted in significantly higher concentrations in the 

lungs and an AUClung to AUCplasma ratio of 13.1, which was 1.8-fold, 9.3-fold, and 10.8-

fold greater than intratracheal administration of MO, oral administration of OS, and IV 

administration of OS, respectively.  Greater lung accumulation and reduced systemic 

concentrations of drug indicate that pulmonary delivery of spray-dried hyaluronan 

microspheres containing drug can increase the therapeutic effect of the drug while 

minimizing side effects [83]. 

Aerosolized hyaluronic acid has also been investigated for therapeutic use in 

asthma patients.  It was found to significantly reduce bronchial hyperreactivity when 

administered to asthma patients thirty minutes prior to exercise.  Since hyaluronan is 
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endogenous to the lungs and pulmonary administration of hyaluronan has shown 

therapeutic effects in the lungs, hyaluronan has a low risk of causing pulmonary toxicity 

[84, 85].  Therefore, hyaluronan is a promising polymeric biomaterial for use in 

pulmonary delivery formulations. 

 

1.3.8  Alginate and Carrageenan 

Alginates and carrageenans are naturally occurring biopolymers extracted from 

seaweed.  Alginates are composed of β-D-mannuronic acid and α-L-guluronic acid 

residues [86].  Carrageenans are composed of D-galactose residues linked by α-1,3 and β-

1,4 bonds; they are classified according to substitutions that occur on free hydroxyl 

groups [87]. 

Zahoor et al. produced sodium alginate nanoparticles containing three 

antitubercular drugs:  isoniazid, pyrazinamide, and rifampicin.  The nanoparticles had an 

average size of 235 nm with a drug to polymer ratio of 7.5 to 1.  A compressor nebulizer 

system was used to aerosolize the nanoparticle suspension into droplets with a mass 

median aerodynamic diameter of 1.1 µm to guinea pigs.  Following a single dose 

nebulization of nanoparticles, all of the drugs were detected in the lungs and plasma for at 

least 10 days; whereas, all of the drugs were cleared from the animals within 24 hours 

when free drugs were nebulized.  In a chemotherapeutic model, only three doses (once 

every 15 days) of the nanoparticle suspension were required to achieve an equivalent 

therapeutic effect as daily doses of oral free drugs for 45 days, demonstrating the 

effectiveness of sodium alginate as a sustained-release biopolymer following pulmonary 

delivery [88]. 
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Yamada et al. evaluated the use of sodium alginate and various grades of 

carrageenans as viscosity increasing agents for theophylline and fluticasone propionate 

solutions administered intratracheally in rats.  At a 2% w/v concentration in solution, 

sodium alginate was unable to prolong drug concentration in the lungs.  However, 1% 

w/v iota-carrageenan was able to prolong theophylline concentrations in the lungs and 

serum and 0.5% w/v kappa-carrageenan was able to prolong fluticasone propionate 

concentrations in the lungs and serum resulting in increased bioavailability.  Furthermore, 

1% w/v solutions of iota- and kappa-carrageenans did not cause pulmonary inflammation 

in rats, measured by leukocyte cell levels, protein levels, and LDH enzymatic activity in 

the bronchoalveolar lavage fluid [89]. 

 

1.3.9  Gelatin 

Gelatin is a hydrolyzed form of collagen currently approved for use in oral and 

parenteral pharmaceutical products.  It is not approved for inhalation other than for use as 

a capsule to hold dry powder for inhalation in some DPI devices [40].  The 

biodegradation of gelatin can be controlled by the degree of cross-linking [90]. 

Yamada et al. incorporated 5% w/v gelatin into theophylline solutions for 

intratracheal administration in rats but there was no difference in pharmacokinetics 

compared to a solution without gelatin [89].  The same researchers had previously shown 

that 5% gelatin prolonged the absorption time of 5(6)-carboxyfluorescein solution from 

the lungs to the serum, although bioavailability was not increased (lower AUC) [91]. 

Morimoto et al. investigated negatively and positively charged gelatin 

microspheres for pulmonary delivery of salmon calcitonin in rats.  When administered as 

an intratracheal suspension, both the negatively and positively charged microspheres 
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resulted in an increased pharmacodynamic effect compared to salmon calcitonin solution 

[92].  Tseng et al. delivered gelatin nanoparticles containing cisplatin that were surface 

modified with epidermal growth factor to mice with induced tumors in pulmonary tissue.  

The functional groups present in gelatin (i.e. carboxyl, hydroxyl, and amino groups) 

allow for conjugations and surface modifications to enhance drug targeting.  These 

nanoparticles were delivered via nebulization in a whole body inhalation chamber.  

Significant accumulation of nanoparticles occurred in the lung tumors due to the targeted 

aerosol delivery.  Additionally, the gelatin nanoparticles did not cause any pulmonary 

edema or neutrophil accumulation in the lungs compared to phosphate buffered saline 

[90, 93].  Brzoska et al. also found that gelatin-based nanoparticles were not cytotoxic 

and did not induce an inflammatory response in pulmonary epithelial cells (16HBE14o-).  

The nanoparticle concentrations tested in vitro were 5, 10, 50, and 100 µg/mL [94]. 

 

1.3.10  Polymeric Surfactants:  Poloxamer, Polysorbate, and Polyoxyethylene alkyl 
ethers 

Poloxamers are nonionic polymeric surfactants composed of two polyoxyethylene 

chains and one polyoxypropylene chain.  These copolymers are commonly named with 

the letter "P" (for poloxamer) followed by three digits; the first two digits of which, when 

multiplied by 100, correspond to the approximate average molecular weight of the 

polyoxypropylene portion of the copolymer and the third digit, when multiplied by 10, 

corresponds to the percentage by weight of the polyoxyethylene portion.  Poloxamers are 

also known under the trade name Pluronic® (in the United States) and Lutrol® (in 

Europe).  For the Pluronic® trade name, coding of these copolymers starts with a letter to 

define its physical form at room temperature (L = liquid, P = paste, F = flake) followed 

by two or three digits.  The first digit (or two digits in a three-digit number) in the 
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numerical designation, represents the molecular weight of the polyoxypropylene portion, 

and the last digit indicates the weight percent of the  polyoxyethylene portion [40].  

Reverse poloxamers are composed of one polyoxyethylene chain flanked by two 

polyoxypropylene chains.  They are indicated by an “R” in the nomenclature [95].  

Polysorbates are polyoxyethylene sorbitan fatty acid esters.  The number following the 

polysorbate is related to the type of fatty acid associated with the polyoxyethylene 

sorbitan part of the molecule. Monolaurate is indicated by 20, monopalmitate by 40, 

monostearate by 60, tristearate by 65, monooleate by 80, and trioleate by 85.  

Polysorbates are also known under the trade name Tween®.  Polysorbate 80 is listed as 

an inactive ingredient in oral suspensions for inhalation at concentrations of 0.04% or 

less, according to the FDA’s Inactive Ingredient Database [32].  Polyoxyethylene alkyl 

ether surfactants are polyoxyethylene glycol ethers of n-alcohols.  Some of them are also 

known under the trade name Brij® and are available in various grades as well [40]. 

Polymeric surfactants have been investigated in vivo as absorption enhancers.  

Polyoxyethylene oleyl ether (Brij® 93) at a concentration of 0.5% exhibited excellent 

absorption enhancing effect for salmon calcitonin following intratracheal administration 

in rats.  The area of calcium reduction in vivo was increased from 50% with no 

absorption enhancer to approximately 125% with Brij® 93 [96].  Zancong et al. found 

similar results when using Brij® 35 and Brij® 78 to enhance absorption of insulin 

solution in rats [97].  Polyoxyethylene sorbitan monooleate (Tween® 80) and 

polyoxyethylene sorbitan trioleate (Tween® 85) displayed moderate absorption 

enhancing activity for salmon calcitonin following intratracheal administration in rats 

[96].  Absorption enhancers may have negative effects on the epithelial cell layer in the 

respiratory tract.  Suzuki et al. investigated the toxic effects of intratracheal 

administration of 1% polyoxyethylene 9 lauryl ether.  Lung lesions were observed one 
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day after administration from the bronchi to the alveoli.  In addition, edema, hemorrhage, 

and inflammatory cells were observed.  Wound healing was observed three days and 

seven days following administration [98].  Conversely, Vaughn et al. aerosolized 

itraconazole dispersions composed of itraconazole, polysorbate 80, and poloxamer 407 in 

a 1 to 0.75 to 0.75 ratio, excipient placebo (15 mg/mL polysorbate 80 and 15 mg/mL 

poloxamer 407), and saline control to mice twice daily for 12 days using a whole body 

inhalation chamber.  There was no evidence of damage, inflammation, ulceration, or 

repair in all groups indicating these concentrations of polysorbate 80 and poloxamer 407 

might be safe for inhalation [99]. 

Non-ionic polymeric surfactants may be useful as non-viral vectors in the delivery 

of genes by inhalation [100, 101].  Desigaux at al. showed a significant improvement in 

transgene expression the lung following intratracheal administration of DNA solutions 

with 3% and 5% w/v Lutrol® compared to naked DNA [101]. 

Polymeric surfactants have been tested for suitability in nebulizer and pMDI 

formulations.  McCallion et al. studied the influence of surfactant concentrations on 

aerosol characteristics emitted from various nebulizers.  Tween® 20 and Tween® 80 

solutions ranged in concentration from 0.0001 to 1.0% w/v.  The general trend was an 

increase in MMAD as surfactant concentration increased; however, the total aerosol 

output also increased as surfactant concentration increased.  The surfactant concentration 

influenced the surface tension of the solutions, positively affecting the aerosol generation 

rate but negatively impacting the size of aerosol droplets [102].  Brown et al. and Ridder 

et al. tested various surfactants for solubility in HFA 134a and HFA 227 for use in pMDI 

[95, 103].  Surfactants need to be soluble in pMDI propellants in order to aid in 

dispersing the pharmaceutical powders to form homogenous and stable suspensions.  

Brij® 30 was soluble (>10 mg/mL); however, Brij® 58 was insoluble.  Tween® 20 and 



 31

Tween® 40 were partially soluble [103].  Williams et al. found that Brij® 97, Brij® 98, 

and Tween® 80 were all soluble in HFA 134a and therefore useful in dispersing bovine 

serum albumin in HFA 134a; however, the pMDI suspensions made with Tween® 80 

resulted in the highest dose delivered through valve and respirable fraction [104].  

Pluronic® F77 (poloxamer 217) was also found to influence the aerosol characteristics of 

a pMDI suspension comprising triamcinolone and a 50/50 mixture of HFA 134a and 

HFA 227.  Co-grinding the triamcinolone with Pluronic® F77 in a ratio of 3 to 1 prior to 

filling in the pMDI resulted in an emitted aerosol with lower MMAD and higher 

respirable fraction [105]. 

Polymeric surfactants have also been studied as stabilizing agents for dry powder 

formulations.  Poloxamer 188 was used at a concentration of 2% w/w to stabilize dry 

powders for inhalation composed of thymopentin, mannitol, and leucine.  The authors 

also found that inclusion of poloxamer 188 improved the flowability of the dry powders 

[106].  Other researchers incorporated polysorbate 20, polysorbate 80, and poloxamer 

407 into compositions containing itraconazole produced by evaporative precipitation into 

aqueous solution and spray freezing into liquid.  The resulting amorphous nanoparticulate 

formulations were dispersed in normal saline and nebulized to mice in a whole-body 

inhalation chamber [107, 108].  Similarly, Tam et al. utilized polysorbate 80 to stabilize a 

cyclosporine A formulation prepared by controlled antisolvent precipitation into aqueous 

solution.  The stabilized nanoparticulate dispersion was aerosolized to mice using a nose-

only inhalation chamber resulting in high lung levels of cyclosporine A [109].  In another 

study, the addition of polysorbate 20 to solutions of recombinant human growth hormone 

decreased aggregation during spray drying but negatively affected the fine particle 

fraction of the dry powders [110].  Singh et al. coated fluticasone propionate with 

poloxamer using a spray drying method to form microparticles suitable for pulmonary 
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delivery when blended with carrier lactose.  Following nose-only aerosolization to 

rabbits, the microparticles remained in the lungs for approximately 12 hours [111]. 

Aerosol exposure studies for Pluronic® L64 (poloxamer 184), Pluronic® L31 

(poloxamer 101), and Pluronic® 17R1 were conducted by Ulrich et al.  Rats were 

exposed to 100 mg/m3 aerosol concentrations for 6 hours per day, 5 days per week for 2 

weeks.  There was no signs of toxicity except very slight alveolitis which was resolved 

within 2 weeks after exposure [112]. 

 

1.4  CONCLUDING REMARKS 

Excipients used in pharmaceutical formulations for pulmonary delivery must be 

non-toxic and must not provoke an immune response.  PLGA and HPMCP were the only 

biopolymers mentioned above that exhibited cytotoxicity and immunogenicity.  

Therefore, many polymeric biomaterials may be useful as excipients for pulmonary drug 

delivery.  Scientists have begun to incorporate various polymeric biomaterials into 

pharmaceutical formulations intended for inhalation.  With so much focus on preclinical 

and clinical research of these biopolymers in inhalation drug delivery in recent years, it is 

anticipated that the pharmaceutical industry will soon see more of these biopolymers in 

FDA approved products. 
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1.6  FIGURES 

 

Figure 1.1:  Gross structure of the respiratory system.   

Reprinted with permission from Stocks, J. and A. A. Hislop (2002). Structure and 
Function of the Respiratory System: Developmental Aspects and Their Relevance to 
Aerosol Therapy. Drug Delivery to the Lung. H. Bisgaard, C. O'Callaghan and G. C. 
Smaldone. New York, Marcel Dekker. 162: 47-104. 
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Figure 1.2:  A schematic representation of airway branching in the human lung. 

Reprinted with permission from Adjei, A. L., Y. Qiu, et al. (2007). Bioavailability and 
Pharmacokinetics of Inhaled Drugs. Inhalation Aerosols: Physical and Biological Basis 
for Therapy. A. J. Hickey. New York, Informa Healthcare. 221: 187-218. 
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Figure 1.3:  Fate of PLGA nanoparticles following inhalation of micron-sized 
nanocomposite particle. 

Reprinted from Colloids and Surfaces B: Biointerfaces, Volume 71, Issue 2, Tomoda, K., 
T. Ohkoshi, K. Hirota, G. S. Sonavane, T. Nakajima, H. Terada, M. Komuro, K. Kitazato 
and K. Makino, "Preparation and properties of inhalable nanocomposite particles for 
treatment of lung cancer.", 177-182, Copyright 2009, with permission from Elsevier. 
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Figure 1.4:  Decomposition/dissolution of nanocomposite particle in lung lining fluid into 
PLGA nanoparticles followed by uptake of nanoparticles by epithelial cells 
and alveolar macrophages. 

Reprinted from Colloids and Surfaces B: Biointerfaces, Volume 71, Issue 2, Tomoda, K., 
T. Ohkoshi, K. Hirota, G. S. Sonavane, T. Nakajima, H. Terada, M. Komuro, K. Kitazato 
and K. Makino, "Preparation and properties of inhalable nanocomposite particles for 
treatment of lung cancer.", 177-182, Copyright 2009, with permission from Elsevier. 
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Figure 1.5:  SEM image of low density, large porous polymeric particles. 

(Aerosol Science & Technology: “Inhalation system for pulmonary aerosol drug delivery 
in rodents using large porous particles.” 32(5): 421-433. Copyright 2000. Mount Laurel, 
NJ. Reprinted with permission.) 
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Figure 1.6:  Particle mass (percent of total mass recovered from the respiratory tract) 
deposited in different lobes of rat lungs. 

(Aerosol Science & Technology: “Inhalation system for pulmonary aerosol drug delivery 
in rodents using large porous particles.” 32(5): 421-433. Copyright 2000. Mount Laurel, 
NJ. Reprinted with permission.) 
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Figure 1.7:  Structure of diethylaminopropylamine polyvinyl alcohol-grafted-poly(lactic-
co-glycolic acid). 

Reprinted from International Journal of Pharmaceutics, Volume 367, Issue 1-2, Beck-
Broichsitter, M., J. Gauss, C. B. Packhaeuser, K. Lahnstein, T. Schmehl, W. Seeger, T. 
Kissel and T. Gessler, "Pulmonary drug delivery with aerosolizable nanoparticles in an ex 
vivo lung model.", 169-178, Copyright 2009, with permission from Elsevier. 
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1.7  TABLES 

Table 1.1:  Airway surface epithelial cells. 

Reprinted with permission from Altiere, R. J. and D. C. Thompson (2007). Physiology 
and Pharmacology of the Airways. Inhalation Aerosols: Physical and Biological Basis for 
Therapy. A. J. Hickey. New York, Informa Healthcare. 221: 83-126. 
 
Cell Location Principal function 
Airways   

Ciliated columnar Trachea through respiratory Mucociliary escalator; 
 bronchioles glycoprotein secretion 

Goblet Trachea and bronchi Mucus secretion; pro- 
  genitor for ciliate cells 

Basala Trachea and bronchi Progenitor cells; aid in 
  attachment of columnar 
  cells to basement 
  membrane 
Clara Bronchioles Glycoprotein secretion; 
  progenitor for ciliated 
  and Clara cells; 
  xenobiotic metabolism 
Serousb Sparse Serous fluid secretion 
Brushc Sparse Transitional cell 
Neuroendocrine Bronchi Chemoreceptor, 

(Klutschitsky; APUD)  paracrine functions 
Alveoli   

Type I pneumocyte  Gas exchange surface; 
  fluid transport 
Type II pneumocyte  Surfactant secretion; 
  progenitor for type I 
  cells 
Type III pneumocytec  Remains to be established 

(alveolar brush)   
a Function of basal cells not resolved. 
b Found in fetal lung and several nonhuman mammalian species. 
c Found in nonhuman mammalian species; rarely in human. 

 
  



Table 1.2:  Names and structures of various cyclodextrins. 

General Structure 

 

Name 
R group 

(may have differing degrees of substitution 
on the 2, 3, and 6 positions) 

n 
(# of α-D-glucopyranose units) 

α-cyclodextrin H 6 
glucosyl-α-cyclodextrin C6H11O5 or H 6 
hydroxypropyl-α-cyclodextrin CH2CH(OH)CH3 or H 6 
maltosyl-α-cyclodextrin C12H21O10 or H 6 
β-cyclodextrin H 7 
dimethyl-β-cyclodextrin CH3 or H 7 
hydroxypropyl-β-cyclodextrin CH2CH(OH)CH3 or H 7 
random methyl-β-cyclodextrin CH3 or H 7 
sulfobutylether-β-cyclodextrin (CH2)4SO3Na or H 7 
γ-cyclodextrin H 8 
hydroxypropyl-γ-cyclodextrin CH2CH(OH)CH3 or H 8 
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Chapter Two: Research Objectives 

 

2.1  OVERALL OBJECTIVE 

Invasive fungal infections are progressive, life-threatening infections caused by 

opportunistic fungi such as Aspergillus species.  Primary infection with Aspergillus spp. 

usually occurs in the respiratory tract leading to invasive pulmonary aspergillosis (IPA), a 

leading cause of morbidity and mortality in immunocompromised patients.  Voriconazole 

(VRC) is the recommended therapeutic agent for the treatment of IPA; however, systemic 

administration of VRC via oral or intravenous delivery is limited by a narrow therapeutic 

index with many adverse events and many potential drug interactions. In addition, 

clinical studies have demonstrated high inter- and intra-patient pharmacokinetic 

variability, which may lead to clinical failure.  Therefore, developing novel VRC 

formulations for targeted delivery to the lungs is critical to improving patient outcomes. 

Particle engineering for pulmonary drug delivery has gained interest in recent 

years in response to the need for tailor-made drug particles capable of both more efficient 

delivery to the lungs and improved therapeutic outcomes.  There are several advantages 

for engineered particles in pulmonary drug delivery:  (1) nanoparticles and large porous 

particles have been shown to improve the fine particle fraction emitted from dry powder 

inhalers, thus increasing drug deposition in the lung, (2) particles with diameters less than 

100 nm or more than 10 μm have shown evidence of greatly reduced macrophage 

clearance, enabling the possibility for sustained lung concentrations and increased time 

for dissolution, (3) the higher energy state of amorphous polymorphs and the increased 

surface area of nanoparticles may enhance the rate and extent of drug dissolution in the 

lung lining fluid.  The overall objective of this work was to use particle engineering 
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processes to develop voriconazole formulations suitable for dry powder inhalation with 

improved pharmacokinetic parameters compared to inhaled voriconazole solution and 

systemic administration with commercially available dosage forms. 

 

2.2  SUPPORTING OBJECTIVES 

In the first research study, described in Chapter 3, thin film freezing was used to 

produce both crystalline and amorphous voriconazole formulations suitable for dry 

powder inhalation.  Preformulation studies indicated polyvinylpyrrolidone may be a 

suitable biopolymer to produce amorphous solid dispersions containing voriconazole but 

voriconazole proved to be a difficult molecule to render and stabilize in the amorphous 

state.  The effect of various processing parameters on the morphology and solid state 

characteristics of the resulting formulations were studied.  Process parameters were 

varied in order to optimize the powder for aerodynamic performance. 

Based on the results from the previous chapter, two voriconazole formulations, 

one crystalline and one amorphous, were selected for preclinical pharmacokinetic studies 

in mice.  Dissolution profiles of microstructured crystalline voriconazole and 

nanostructured amorphous voriconazole were compared using an in vitro dissolution 

method designed for inhaled formulations.  The formulations were aerosolized via dry 

powder insufflation directly into the trachea of each mouse.  Pharmacokinetic parameters 

were calculated to determine the effect of morphology on the drug deposition and 

distribution in vivo following inhalation of these powders. 

In Chapter 5, attempts were made to formulate voriconazole into crystalline 

nanoparticles.  Two different particle engineering processes utilizing template 

nanoemulsions were explored.  Advanced evaporative precipitation into aqueous solution 
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is where a template nanoemulsion is atomized using a PEEK nozzle into heated aqueous 

solution.  The nano-sized organic solvent droplets rapidly evaporate leading to large 

supersaturation of the drug and rapid nucleation of crystalline nanoparticles.  Various 

polymeric biomaterials were investigated as stabilizers to inhibit particle growth in the 

resulting aqueous dispersions.  Theoretically, stabilized nanodispersions containing 

crystalline voriconazole could then be aerosolized using a nebulizer or frozen and 

lyophilized to obtain discrete nanoparticles for dry powder inhalation.  Alternatively, thin 

film freezing of template nanoemulsions was expected to produce dry powders composed 

of discrete nanoparticles of voriconazole with stabilizer adsorbed to the surface of the 

crystalline nanoparticles following lyophilization.
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Chapter Three: Effect of Process Variables on Morphology and 
Aerodynamic Properties of Voriconazole Formulations Produced by 

Thin Film Freezing 

 

3.1  ABSTRACT 

The particle engineering process, thin film freezing (TFF), was used to produce 

particulate voriconazole (VRC) formulations with enhanced properties.  The effect of 

various processing parameters on the solid state properties and aerodynamic performance 

of the TFF-processed powders was investigated in order to evaluate the suitability of 

these formulations for dry powder inhalation and to optimize the aerodynamic properties.  

Thin film freezing of VRC solution without stabilizing excipients resulted in 

microstructured, crystalline low density aggregate particles with specific surface areas of 

approximately 10 m2/g.  Thin film freezing of VRC-PVP solutions produced 

nanostructured, amorphous low density aggregate particles with specific surface areas 

ranging from 15 to 180 m2/g, depending on the solvent system composition, polymer 

grade, and drug to polymer ratio utilized.  VRC formulations manufactured with 1,4-

dioxane, with and without PVP K12, resulted in the lowest specific surface areas but 

displayed the best aerodynamic properties.  Using a Handihaler® dry powder inhaler 

(DPI), microstructured crystalline TFF-VRC and nanostructured amorphous TFF-VRC-

PVP K12 (1:2) displayed emitted fractions of 80.6% and 96.5%, fine particle fractions of 

43.1% and 42.4%, and mass median aerodynamic diameters of 3.5 and 4.5 µm, 

respectively. 
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3.2  INTRODUCTION 

A significant number of the new chemical entities developed using high 

throughput screening techniques exhibit increased molecular weight and lipophilicity but 

poor aqueous solubility [1].  Numerous strategies and processes have been reported to 

create pharmaceutical formulations with enhanced properties to facilitate dissolution of 

these poorly water soluble drugs, including particle size reduction by milling, 

homogenization, antisolvent precipitation, and formation of amorphous solid dispersions 

by spray drying, hot melt extrusion, supercritical fluid technologies, and cryogenic 

methods [2, 3].  In addition, particle engineering for pulmonary drug delivery has gained 

interest in recent years in response to the need for tailor-made drug particles with 

enhanced properties capable of more efficient delivery to the lungs [3, 4].  There are 

several advantages for engineered particles in pulmonary drug delivery:  (1) nanoparticles 

and large porous particles have been shown to improve the fine particle fraction emitted 

from dry powder inhalers compared to micronized particles thus increasing the amount of 

drug that deposits in the lung [5, 6], (2) particles with diameters less than 100 nm or more 

than 10 µm have shown evidence of greatly reduced macrophage clearance, enabling the 

possibility for sustained lung concentrations and increased time for dissolution [3, 7], (3) 

the higher energy state of amorphous polymorphs and the increased surface area of 

nanoparticles may enhance rate and extent of drug dissolution in the lung lining fluid [8].  

The particle engineering process, thin film freezing (TFF), has been shown to produce 

low density pharmaceutical powders composed of porous nanostructured aggregate 

particles.  When stabilizing excipients with high glass transitions temperatures, such as 

PVP or HPMC, are included in the formulation, the pharmaceutical powders can be 

rendered amorphous [9].  These low density TFF-processed powders have also been 
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reported to be highly respirable when aerosolized with a commercially marketed dry 

powder inhaler (DPI) [10]. 

Attention has begun to focus on the pulmonary delivery of antifungal agents as 

inhalation of the fungal spores is often the first step in the pathogenesis of invasive fungal 

infections in the lungs [11, 12].  Voriconazole (VRC) is a second generation triazole 

antifungal agent.  Compared to fluconazole, a first generation triazole, VRC has 

increased potency and a broader spectrum of activity but lower aqueous solubility [13].  

VRC is considered a BCS Class II molecule, with high permeability and low solubility in 

vivo, although the solubility is just below the boundary for BCS I classification (high 

permeability, high solubility) [14].  The water solubility is approximately 0.7 mg/mL, but 

increases to more than 3 mg/mL in acidic conditions [13, 15].  Nonetheless, complexation 

with sulfobutyl ether-β-cyclodextrin is required to solubilize VRC for intravenous 

administration [16]. 

Previously, our research group has investigated and modeled the freezing rate and 

thin film geometry of tert-butanol and acetonitrile during the thin film freezing process.  

Despite possessing considerably different solvent properties, and consequently, resulting 

in very different freezing rates and thin film thickness and diameters upon impingement, 

these solvents did not significantly affect the physicochemical properties of amorphous 

solid dispersions containing danazol and PVP produced by TFF [17].  However, an in-

depth investigation of the freezing rate and thin film geometry has not been conducted 

with 1,4-dioxane and 1,4-dioxane:water cosolvent systems.  Furthermore, few studies 

have reported generation of amorphous solid dispersions containing voriconazole or 

particulate voriconazole formulations for inhalation [18, 19]. 

The objectives of this study are to use thin film freezing to produce particulate 

VRC formulations with enhanced properties that are suitable for dry powder inhalation 
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and to investigate how process parameters, including the effect of stabilizing excipients, 

drug to excipient ratio, solvent system composition, and percentage of dissolved solids in 

the liquid feed solution, affect the morphology and aerodynamic properties of the 

resulting formulations.  We hypothesize that: (1) thin film freezing of organic or aqueous-

organic cosolvent solutions containing VRC will result in low density, brittle matrix 

particles, which can be sheared in situ during aerosolization from a passive inhalation dry 

powder inhaler to produce highly respirable particles, (2) formulation of VRC with high 

glass transition temperature excipients using TFF will produce amorphous solid 

dispersions with high surface areas, (3) solvent properties will affect droplet spreading 

during the TFF process which will affect the physicochemical properties of the resulting 

VRC formulations, (4) solid state properties will influence aerodynamic performance of 

TFF-processed powders containing VRC.   

 

3.3  MATERIALS AND METHODS 

3.3.1  Materials 

The following materials were purchased:  voriconazole (Tecoland Corporation, 

Edison, NJ); ACS grade 1,4-dioxane, HPLC grade methanol, and lactose monohydrate 

(Fisher Scientific, Pittsburgh, PA); polyvinylpyrrolidone K30 (Povidone K-30, USP) and 

polysorbate 80 (Spectrum, Gardena, CA); and ethanol (Decon Labs, King of Prussia, 

PA). The following materials were generously donated:  polyvinylpyrrolidone K12 

(Plasdone® K-12, ISP Technologies, Wayne, NJ) and hydroxypropyl methylcellulose 

(HPMC) K3 (Methocel™ K3, Dow Chemical Company, Midland, MI). 
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3.3.2  Solubility of VRC in 1,4-dioxane 

An excess of VRC was weighed into a scintillation vial containing 1,4-dioxane 

and the vial was mixed by vortexing.  The suspension was allowed to settle before the 

supernatant was withdrawn and passed through a 0.2 µm PTFE filter.  The solution was 

diluted with mobile phase and injected into the HPLC for quantitative analysis. 

 

3.3.3  Formulation preparation 

Thin film freezing technology, as described previously [17], was used to produce 

voriconazole powders that may be suitable for dry powder inhalation.  TFF process 

parameters, including the effect of stabilizing excipient, drug to excipient ratio, solvent 

system composition, and the percentage of dissolved solids in the liquid feed solution, 

were varied.  Briefly, VRC and excipients were dissolved in 1,4-dioxane or deionized 

water, depending on solute solubility.  The organic and aqueous phases were combined 

slowly with continuous mixing to form cosolvent systems.  The solutions were frozen 

drop-wise onto a rotating cryogenic, steel surface (precooled with liquid nitrogen to 

approximately -40°C) to produce thin films, removed from the steel surface by a scraper 

and maintained in the frozen state in liquid nitrogen.  Solvents were sublimated by 

lyophilization using a Virtis Advantage tray lyophilizer to obtain dry powders.  

Lyophilization was performed over 48 hours at pressures less than 200 mTorr while the 

shelf temperature was gradually ramped from -40°C to 25°C.  The dried powders were 

removed from the lyophilizer after nitrogen gas was bled into the lyophilization chamber 

to equilibrate to atmospheric pressure, then stored in transparent vacuum desiccators at 

room temperature.  Table 3.1 summarizes the TFF formulations produced in this study.  

Most of the formulations were prepared at least 3 times on different days to confirm 

reproducibility of the physicochemical properties. 
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3.3.4  Scanning electron microscopy (SEM) 

SEM was used to examine the surface morphology and to qualitatively estimate 

the primary particle size of the TFF powder aggregates.  Samples were loaded onto 

double sided carbon tape and sputter coated with a 60/40 Pd/Au target for 2 minutes.  

SEM images were captured using a Leo 1530 scanning electron microscope or an FEI 

Quanta 650 scanning electron microscope under high vacuum mode with an operating 

voltage of 3-10 kV. 

 

3.3.5  Differential Scanning Calorimetry (DSC) 

Thermal analysis of VRC and physical mixtures containing VRC was conducted 

using a TA Instruments Model 2920 DSC coupled with TA Universal Analysis 2000 

Software (New Castle, DE).  Prior to testing, physical mixtures of VRC and excipient 

were prepared in a mortar and pestle by accurately dispensing each component and 

mixing for approximately 2 minutes.  Samples were weighed to 10-15 mg in an 

aluminum pan and crimped with an aluminum lid (PerkinElmer, Waltham, MA), then 

heated at a ramp rate of 10°C/minute under nitrogen purge at a flow rate of 40 

mL/minute.   

Amorphous pure VRC was prepared by quench cooling in liquid nitrogen.  

Accurately weighed crystalline VRC (as received from the supplier) was heated in a 

sealed aluminum pan to 200°C to ensure complete melting.  The sample was then quench 

cooled externally from the DSC instrument by placing the pan in liquid nitrogen.  

Modulated DSC was conducted by placing the pan back into a precooled sample chamber 

and the thermogram was recorded using a ramp rate of 10°C/minute with a modulation 

temperature amplitude of 1°C and a modulation period of 60 seconds under nitrogen 

purge at a flow rate of 40 mL/minute.  Modulated DSC was also used to measure the 
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glass transition temperatures of the polymers, as well as, the glass transition temperatures 

and the presence or absence of the VRC melting endotherm in TFF-processed powders.  

The melting point for VRC is reported to be 128 to 134°C [20]. 

 

3.3.6  Powder X-ray diffraction (XRD) 

A Philips 1710 X-ray diffractometer (Cu Kα1 radiation, λ = 1.54059Å, 40 kV, 40 

mA) was used to assess crystallinity in VRC formulations.  The pharmaceutical powders 

were loaded into channeled stages and the diffraction profile was measured from 5° to 

40° using a 2Θ step size of 0.05° and a dwell time of 2 seconds. 

 

3.3.7  Brunauer-Emmett-Teller (BET) specific surface area (SSA) analysis and 
powder density 

Monosorb MS-21 rapid surface area analyzer was used to measure SSA of the 

pharmaceutical powders by single point measurement at P/P0 = 0.294.  Samples were 

degassed for at least 2 hours under nitrogen purge at 20 psi and 30°C.  The Monosorb 

utilizes a modified BET equation for extremely rapid, single-point determinations of 

surface area.  30% Nitrogen in Helium was used as the adsorbate gas. 

Powders were gently poured from a beaker into a 50 mL graduated cylinder.  The 

mass and volume were recorded to calculate the bulk density of the material. 

 

3.3.8  Aerodynamic particle size analysis 

A Next Generation Pharmaceutical Impactor (NGI) (MSP Corp., Shoreview, MN) 

was used to determine aerodynamic properties of the dried TFF-processed powders.  

Since coarse lactose particles are not included in the TFF-processed powders for dry 
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powder inhalation, the pre-separator was not used.  The powders were filled into size 3 

HPMC capsules and aerosolized using a Handihaler® DPI.  The DPI was attached to the 

induction port of the NGI by a molded silicone adapter and actuated over 4 seconds at a 

flow rate of 60 L/minute.  NGI collection surfaces were coated with 1% v/v polysorbate 

80 in ethanol to prevent particle bounce, fracture, and reentrainment, which would result 

in a biased skew toward smaller aerodynamic diameter [21, 22].  After aerosolization, all 

collection surfaces were rinsed with known volumes of mobile phase.  The solutions were 

passed through a 0.2 µm PTFE filter and analyzed by HPLC for VRC content. 

Emitted fraction (EF) was calculated as the percentage of drug emitted from the 

DPI with respect to the total assayed dose recovered from the DPI, silicone adapter, 

induction port, and NGI collection plates.  Mass median aerodynamic diameter (MMAD) 

and geometric standard deviation (GSD) were calculated based on the dose deposited on 

stages 1 through 7 and the micro-orifice collector (MOC), as defined in the USP 32-NF 

27 General Chapter 601: Aerosols, Nasal sprays, Metered-dose inhalers, and Dry powder 

inhalers.  Fine particle fraction (FPF) was determined from the amount of VRC collected 

from stages 2 through MOC, which represents the percentage of emitted particles with an 

MMAD of 4.5 µm or less.  Respirable fraction (RF) was the ratio of the mass of VRC 

deposited on stages 2 through MOC over the total assayed dose and is a measure of the 

fraction of particles expected to deposit deep within the lungs. 

 

3.3.9  Chromatographic analysis 

VRC content was quantified using a Dionex high performance liquid 

chromatography (HPLC) system equipped with a reversed-phase Jupiter® C18 column 

(150 mm x 4.6 mm, 5 µm, 300Å) with a Universal security guard (Widepore C18) 
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column (Phenomenex, Torrance, CA).  The mobile phase was 50/50 (v/v) 

methanol/water.  VRC eluted at approximately 8 minutes at 35°C with a flow rate of 1 

mL/minute and a detection wavelength of 254 nm. 

 

3.3.10  Statistical Analysis 

One-way ANOVA, with Tukey-Kramer post-hoc test where necessary, using 

JMP® 8 (SAS Institute, Inc., Cary, NC) was used to statistically compare formulations.  

Results with p-values less than 0.05 were considered statistically significant. 

 

3.4  RESULTS 

3.4.1  Preformulation studies 

1,4-dioxane was found to be an ideal solvent for VRC and the TFF process.  It is 

miscible with water, has a melting point of 12°C, density of 1.03 g/mL, and viscosity of 

1.54 cP at 20°C [23].  The solubility of VRC in 1,4-dioxane was found to be about 240 

mg/mL.  One drawback is that 1,4-dioxane is a Class 2 solvent, with inherent toxicities, 

and is therefore limited to a residual solvent concentration of 380 ppm [24].   

Modulated differential scanning calorimetry was employed to determine the glass 

transition temperature of pure VRC.  Figure 3.1a shows the modulated DSC heat flow 

thermogram which indicates a recrystallization event of VRC at about 45°C and the 

melting endotherm at 129°C.  The recrystallization event confirms the production of 

amorphous VRC by the quench cooling process; and therefore, the modulated DSC 

reversed heat flow thermogram (Figure 3.1b) shows that the glass transition of VRC is 

approximately 1°C.  The glass transition temperatures of PVP K12 and PVP K30 were 

found to be approximately 127°C and 164°C, respectively. 
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Physical mixtures tested using DSC were examined for the presence of melting 

and drug dissolution events associated with VRC (Figure 3.2).  Crystalline VRC has a 

melting endotherm observed at 131°C, with a heat of fusion of 121 J/g.  The physical 

mixtures comprising VRC and PVP K12 contain 33%, 50% and 75% VRC.  The 

expected heats of fusion for VRC in the physical mixtures are calculated based on weight 

fraction, i.e. the expected heat of fusion of VRC in a 1 to 1 mixture would be 

approximately 60.5 J/g.  Noting that the heats of fusion for VRC in the physical mixtures 

are 16.5, 35.8, and 78.8 J/g, respectively, these values correspond to approximately 41%, 

59%, and 87% recovery (ratio of actual heat of fusion to expected heat of fusion) of 

crystalline VRC from the tests, indicating some dissolution of VRC into PVP upon 

heating [25, 26].  Additionally, a slight melting point depression of VRC is observed in 

the presence of PVP.  The physical mixtures comprising VRC and HPMC K3 contain 

25%, 50% and 75% VRC.  Noting that the heats of fusion of the physical mixtures are 

25.1, 51.8, and 84.4 J/g, respectively, these values correspond to approximately 83%, 

86%, and 93% recovery of crystalline VRC from the tests, indicating very little 

dissolution of VRC into HPMC upon heating.  Furthermore, there is no melting point 

depression of VRC in the presence of HPMC. 

 

3.4.2  Physicochemical properties of TFF formulations 

SEM images indicate that thin film freezing of VRC solution without stabilizing 

excipients results in large aggregate particles with microstructured primary particles 

(Figure 3.3) and thin film freezing of VRC-PVP solutions result in large aggregate 

particles with nanostructured primary particles with a size of approximately 100 nm 

(Figure 3.4).  The powder X-ray diffraction patterns and the modulated DSC 
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thermograms of the TFF-processed powders are shown in Figure 3.5 and Figure 3.6, 

respectively.  All TFF-VRC formulations exhibited in crystalline morphology.  Polymeric 

stabilization was required to produce amorphous solid dispersions containing VRC by the 

TFF particle engineering process.  Lactose monohydrate (alone or in combination with 

PVP) was not a sufficient stabilizing excipient for amorphous voriconazole at the desired 

drug loading, despite a relatively high glass transition temperature of about 100°C [27].  

HPMC K3 was able to stabilize VRC in the amorphous state by using a 1 to 3 drug to 

polymer ratio, as indicated by XRD, but the powder was too sticky to be suitable for dry 

powder inhalation.  The SSA and bulk densities of the TFF formulations are reported in 

Table 3.2.   

The solvent system composition and the dissolved solids content in the liquid feed 

solution had a considerable effect of the macroscopic appearance of the TFF-processed 

powders.  As seen in Figure 3.7, TFF-processed powders (both crystalline and 

amorphous) manufactured using 1% w/v dissolved solids in 100% 1,4-dioxane resulted in 

powder with significant agglomeration; whereas, TFF-processed powders made from 

0.1% w/v or 1% w/v dissolved solids in 50:50 (v/v) 1,4-dioxane:water yielded a fine, 

fluffy powder with no agglomeration.  Furthermore, TFF formulations prepared from 1% 

w/v dissolved solids in 20:80 (v/v) 1,4-dioxane:water resulted in material with a flake-

like appearance.  Similarly, when the dissolved solids content was increased to 10% w/v, 

the material was also composed of thin flakes; however, these flakes were not as brittle as 

the other TFF-processed powders prepared using lower dissolved solids content. 
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3.4.3  In vitro aerosol performance of TFF formulations containing VRC with and 
without PVP 

Aerodynamic particle size distribution of the TFF-processed powders was 

assessed by using a Handihaler® DPI device and an NGI apparatus.  The Handihaler®, a 

single dose capsule-based DPI, was chosen for aerosolization of the low density 

aggregate particles because it was anticipated that this device would provide the shearing 

force necessary to break up the large aggregates into respirable particles in situ as the 

powder is aerosolized by inhalation out from the punctured capsule.  The aerodynamic 

properties are shown in Table 3.3.  In some of the test runs, more than 50% of the 

particles deposited on stage 1; consequently, MMAD and GSD could not be accurately 

calculated in these cases.  Comparing all of microstructured crystalline formulations, 

TFF-VRC prepared from 1% w/v in 100% 1,4-dioxane displayed the best aerodynamic 

properties from the Handihaler® DPI.  Likewise, TFF-VRC-PVP K12 (1:2) prepared 

from 1% w/v 100% dioxane exhibited the lowest SSA but had the most favorable 

aerodynamic properties from the Handihaler® DPI compared to all other nanostructured 

amorphous solid dispersions produced by TFF in this study. 

  

3.5  DISCUSSION 

3.5.1  Thin film freezing of VRC without excipients 

Thin film freezing is an ultra rapid freezing process where a solution droplet 

freezes into thin films on a cryogenic surface within 50 to 1000 milliseconds, depending 

on the properties of the solvent [17].  The degree of supercooling of dilute solutions is so 

high that nucleation and growth of crystals may be minimized or prevented, leading to 

formation of amorphous material with nanostructure [9].  However, without the inclusion 

of an adequate amount of high glass transition temperature stabilizing excipient, 



 68

recrystallization of VRC will occur during the lyophilization process since the glass 

transition temperature of pure amorphous VRC was found to be about 1°C.  As predicted, 

thin film freezing of voriconazole solution without stabilizing excipients exhibited 

crystalline morphology (Figures 3.5a and 3.6f).  Interestingly, nanostructure was not 

maintained during lyophilization of TFF-VRC as the size of the primary particles grew 

during recrystallization. 

 

3.5.2  Preformulation studies and evidence of formation of amorphous solid 
dispersion with PVP 

PVP and HPMC are polymers with high glass transition temperatures, often used 

as crystallization inhibitors in the production of amorphous solid dispersions by the 

solvent method [2].  In order to take advantage of the higher energy state and increased 

solubility of amorphous solids, the drug must remain in the amorphous state over 

pharmaceutically relevant time scales, typically at least two years.  Two of the properties 

that are of particular importance with respect to physical stability of amorphous solid 

dispersions (or amorphous solid solutions) are the drug-polymer miscibility and the 

solubility of the crystalline drug in the polymer.  Without drug-polymer miscibility, the 

solid dispersion may exist as two phases and the properties of the pure amorphous drug 

will primarily dominate the crystallization behavior of the pharmaceutical system.  

Thermal analysis of physical mixtures using DSC can be used to estimate drug-polymer 

miscibility by melting point depression [28].  A slight melting point depression indicates 

PVP may be a suitable biopolymer to inhibit crystallization of VRC from the amorphous 

state.  Furthermore, the decrease in percent recovery of crystalline VRC as the amount of 

drug in the physical mixtures is decreased may be a sign that VRC partially dissolves into 

PVP upon heating [25].  On the other hand, preformulation studies revealed that HPMC 
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would probably not be as suitable to form a stable amorphous solid dispersion with VRC 

as compared to PVP. 

Drug-polymer miscibility and formation of a single phase amorphous solid 

solution, where drug and polymer are mixed at a molecular level, can also be assessed by 

modulated DSC.  Observation of a single glass transition temperature at an intermediate 

temperature between the glass transitions of the individual components is evidence of a 

miscible system; whereas, observation of two glass transition temperatures is evidence of 

a two-phase system [29].  The Gordon-Taylor equation [30], presented in Equation 1, 

coupled with the Simha-Boyer rule [31], presented as Equation 2, may be used to predict 

Tg12, the glass transition temperature of the drug-polymer blend.  w1, w2, Tg1, and Tg2 are 

the weight fractions and glass transition temperatures (in Kelvin) of the drug and 

polymer, respe e  are the true densities of the drug and polymer. ctiv ly, and ρ1 and ρ2

Eq. 1:   T g1  w 1T g1 K w 2T g2

w1 K w 22  

Eq. 2:   K    ρ 1T g1

ρ 2T g2
 

The observed glass transition temperature of TFF-VRC-PVP K30 (1:2) is shown in 

Figure 3.6c.  A single glass transition temperature, similar to the predicted value using 

the Gordon-Taylor equation coupled with the Simha-Boyer rule, indicates that the 

amorphous pharmaceutical system exists as a single phase. 

As demonstrated in the preformulation study, VRC may partially solubilize in 

PVP upon heating.  Thus, powder XRD was conducted to assess the degree of 

crystallinity of the VRC-PVP solid dispersions produced by TFF since modulated DSC 

would not be able to detect the presence of low levels of crystalline material. 
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3.5.3  Effect of PVP grade on morphology and aerodynamic properties of TFF 
formulations 

The TFF-VRC-PVP (1:2) formulations prepared from 1% w/v dissolved solids 

content in the various solvent systems were used to compare the effect of PVP grade on 

the SSA, bulk density, and aerodynamic performance of the amorphous solid dispersions 

produced by TFF.  Specific surface area was significantly higher when PVP K30, a 

higher molecular weight grade of PVP, was used in the composition (p = 0.0225).  

Higher molecular weight polymers have increased strength and viscoelasticity.  These 

properties will help PVP K30 more effectively stabilize the nanostructured matrix.  On 

the other hand, the strength of the bridges between primary particles will negatively 

affect aerodynamic properties.  Higher grades of PVP will create stronger bridges, which 

are more difficult to break resulting in less respirable particles and significantly lower 

fine particle fractions (p = 0.05).  PVP grade did not significantly impact bulk density. 

 

3.5.4  Effect of solvent composition on morphology and aerodynamic properties of 
TFF formulations 

The solvent system composition, specifically the aqueous content, affected the 

SSA of the TFF-VRC-PVP (1:2) formulations produced.  The formulations manufactured 

with 100% 1,4-dioxane exhibit significantly lower SSA compared to their miscible 

aqueous-organic cosolvent counterparts (p = 0.0007 for PVP K12 group; p = 0.0025 for 

PVP K30 group).  The increase in SSA of the formulations prepared from miscible 

aqueous-organic cosolvent systems can be explained by the difference in solvent 

properties and droplet spreading of the solution upon impingement with the cryogenic 

surface.  Even though the thin film geometry was not physically measured, it was visually 

apparent that the diameter the thin films comprising 100% 1,4-dioxane were much 
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smaller (approximately 1 cm) than the diameter of the thin films composed of 1,4-

dioxane:water cosolvent mixtures (approximately 1.6 cm).  A lower degree of spreading 

in the radial direction can be attributed to the higher viscosity of 1,4-dioxane compared to 

water [32].  Furthermore, the solutions were dropped from the same height above the 

cryogenic surface with the same dispensing burette in all experiments, but due to higher 

surface tension of the water compared to 1,4-dioxane [33], droplet volumes were 

different for each solvent system.  Droplet volumes were determined by dropping 100 

droplets into a graduated cylinder and measuring the total volume.  The estimated droplet 

volumes for 1,4-dioxane, 50:50 (v/v) 1,4-dioxane:water, and 20:80 (v/v) 1,4-

dioxane:water were 0.25, 0.33 and 0.40 mL, respectively.  Using the volume (V) of one 

drop and the estimated diameter of the thin film, the thickness (h) of the films can be 

calculated and the surface area to volume ratio of the thin film can be approximated.  For 

instance, for 1,4-dioxane drops, h = V/(π·r2) = 0.0318 cm.  Therefore, surface area of the 

thin film is SA = 2π·r2 + 2π∙r·h = 1.67 cm2 and the surface area to volume ratio is 67.  

Likewise, the thickness of a thin film made from 50:50 (v/v) 1,4-dioxane:water is 0.0164 

cm and the surface area to volume ratio is 124; and the thickness of a thin film made from 

20:80 (v/v) 1,4-dioxane:water is 0.0199 cm and the surface area to volume ratio is 103.  

Since the concentrations of the liquid feed solutions were the same (1% w/v), smaller 

surface area to volume ratios will result in aggregate particles with lower specific surface 

area.  Additionally, the film thickness, h, can be used to explain why the 20:80 (v/v) 1,4-

dioxane:water films remained intact as thin flakes during lyophilization compared to 

50:50 (v/v) 1,4-dioxane:water films.  There was more particle bridging in the h-direction 

which made the flakes slightly more rigid, preventing breakage into fine, fluffy powders. 

The degree of crystallinity of TFF-VRC-PVP (1:2) solid dispersions was observed 

to be directly proportional to the aqueous content used in the liquid feed solution (Figure 
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3.5b-g).  An explanation by two phenomena is proposed.  First, water has a lower vapor 

pressure than 1,4-dioxane; and therefore, is more difficult to remove during 

lyophilization, especially the amount of bound water during secondary drying.  Since 

water acts as a plasticizer in solid dispersions and will decrease the Tg and physical 

stability of the amorphous composition [34], it is likely the formulations manufactured 

using aqueous-organic cosolvent systems had higher residual water content leading to 

some recrystallization of the amorphous VRC.  Second, VRC, PVP, and amorphous 

materials are hygroscopic.  With the increased surface area available for moisture uptake 

[35], there is a greater potential for recrystallization in amorphous solid dispersions with 

very high surface areas. 

For the TFF-VRC formulations which resulted in crystal growth during 

lyophilization, the solvent system composition did not affect the SSA since the 

nanostructure could not be maintained without a polymeric stabilizer.  However, the same 

observations were made during the TFF process: better droplet spreading with the 

aqueous-organic cosolvent system.  Still, the solvent system composition exhibited the 

same effect on the macroscopic powder appearance for both crystalline and amorphous 

formulations.  The cause for significant agglomeration of the TFF-processed powders 

produced with 100% 1,4-dioxane is not apparent. 

When comparing the effect of solvent system composition on the aerodynamic 

performance of the TFF-processed powders, there is a trend that the macroscopic/bulk 

properties influence the FPF, with formulations prepared from 100% 1,4-dioxane 

performing the best, but the differences were not significant for either the crystalline 

group or the amorphous group.  Therefore, the data indicates that SSA has the greatest 

influence on the fine particle fraction delivered to the lungs from low density, aggregate 

particles sheared in situ from the Handihaler® DPI. 
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3.5.5  Effect of dissolved solids content in liquid feed solution on morphology and 
aerodynamic properties of TFF formulations 

For the crystalline TFF-VRC formulations, the dissolved solids content within the 

voriconazole solution was found to affect the primary particle structure of the aggregate 

particles.  Brownian motion of particles can be used to explain interactions between drug 

molecules in solution [36].  At very dilute concentrations, the distance between molecules 

in the thin frozen films is so large that adequate bridging of particles could not occur 

during lyophilization, resulting in irregular crystal growth and non-homogeneity of the 

primary particle size (Figure 3.3c).  In concentrated solutions, particle collisions in 

solution are much more likely and the molecules are closer together.  Therefore, when 

frozen, there are many more bridges occurring between molecules, and consequently, the 

void space appears to be reduced once the solvent is removed (Figure 3.3d).  At 1% w/v 

dissolved solids content, the primary particles are more homogeneous (Figure 3.3e,f).  It 

also looked like the dissolved solids content influenced the aerodynamic properties of the 

crystalline formulations.  Higher dissolved solids content (10% w/v) in the TFF feed 

solution led to a greater number of particle bridges within the low density, aggregate 

particles, which during aerosolization, were more difficult to shear resulting in a slightly 

lower emitted fraction (73.3% versus 80.6%) and FPF (30.7% versus 43.1%) and a 

slightly higher MMAD (4.5 µm versus 3.5 µm). 

The formulations manufactured with VRC-PVP K30 (1:2) using 50:50 (v/v) 1,4-

dioxane:water were used to compare the effect of dissolved solids content in the liquid 

feed solution on the surface area of the solid dispersion formulations.  Surprisingly, the 

lowest dissolved solids content (0.1% w/v) resulted in the lowest SSA and the highest 

dissolved solids content (10% w/v) resulted in the highest SSA.  All pairs were 

significantly different (2.8 m2/g versus 107.8 m2/g versus 156.6 m2/g, p = 0.0036).  In this 



 74

case, VRC and PVP can interact more intimately within more concentrated solutions, due 

to Brownian motion of molecules, creating better stabilization of the amorphous VRC 

and the nanostructure during lyophilization.  In very dilute solutions (0.1% w/v), there 

was insufficient interaction between VRC and PVP leading to considerable 

recrystallization of VRC (Figure 3.5h) and collapse of the nanostructure.  On the other 

hand, 10% w/v dissolved solids content was found to significantly decrease the emitted 

fraction (p = 0.0008) from the Handihaler® DPI compared to 1% w/v dissolved solids 

content.  It appeared that there was an increased number of particle bridges adding 

strength and elasticity that decreased the brittleness and prevented adequate shearing of 

the aggregate particles. 

 

3.5.6  Effect of VRC to PVP ratio in amorphous solid dispersions 

TFF-VRC-PVP K30 (1:2) and TFF-VRC-PVP K30 (1:3) produced from 1% w/v 

dissolved solids in 50:50 (v/v) 1,4-dioxane:water were used to compare the effect of drug 

to excipient ratio on morphology of the resulting formulations.  The higher polymer level 

in the formulation composition was more effective at stabilizing VRC in the amorphous 

state, as indicated by XRD.  From the Gordon-Taylor equation [30], a higher fraction of 

polymer in the solid dispersion will result in a higher glass transition.  It is well known 

that a higher glass transition temperature will increase physical stability of the 

formulation [37].  In fact, using a 1 to 3 drug to polymer ratio eliminated the adverse 

effect seen from the inclusion of water in the solvent system.  Even with plasticization of 

the solid dispersion by water [34], 1 to 3 VRC to PVP ratio was able to form a physically 

stable solid dispersion at room temperature.  Furthermore, SSA was significantly higher 

with lower drug loading (167.3 versus 107.8 m2/g, p = 0.0016).  Increased polymer 
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content will not only stabilize amorphous VRC more effectively, it will also increase the 

strength of the drug polymer matrix.  Therefore, the nanostructure of the aggregate 

particles is preserved more effectively during lyophilization. 

 

3.6  CONCLUSIONS 

Engineered particles with enhanced powder properties containing voriconazole 

were successfully produced by the TFF process.  Thin film freezing of voriconazole 

without stabilizing excipients exhibited crystalline morphology and the TFF process 

parameters, including solvent system composition and percentage of dissolved solids in 

the liquid feed solution, did not significantly influence the solid states properties and 

aerodynamic performance of the microstructured, crystalline aggregate particles.  On the 

contrary, polymeric stabilization at a drug to excipient ratio of at least 1 to 2 was required 

to produce nanostructured, amorphous solid dispersions by the TFF process.  All of the 

process parameters investigated, type/grade of stabilizing excipient, drug to excipient 

ratio, solvent system composition, and percentage of dissolved solids content in the liquid 

feed solution, significantly influenced the morphology and physicochemical properties of 

the resulting formulations.  In summary, formulation of voriconazole by TFF with or 

without PVP resulted in low density, brittle matrix particles that could be sheared in situ 

into respirable particles from a passive inhalation dry powder inhaler.  The solvent 

system composition in the TFF liquid feed solution affected droplet spreading upon 

impingement with the cryogenic surface; and therefore, determined the specific surface 

area and macroscopic powder appearance of the TFF-processed powders.  It was these 

two solid state properties that were the most important factors influencing the 

aerodynamic properties of TFF-processed powders containing voriconazole. 
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3.9  FIGURES 
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Figure 3.1:  (a) modulated DSC heat flow thermogram of quench cooled VRC and (b) 
modulated DSC reversed heat flow thermogram of quench cooled VRC. 



 

 

Figure 3.2:  Excipient screening by DSC. 

(a) 1 to 2 physical mixture of VRC to PVP K12; (b) 1 to 1 physical mixture of VRC to 
PVP K12; (c) 3 to 1 physical mixture of VRC to PVP K12; (d) crystalline VRC (as 
received from supplier); (e) 1 to 3 physical mixture of VRC to HPMC K3; (f) 1 to 1 
physical mixture of VRC to HPMC K3; (g) 3 to 1 physical mixture of VRC to HPMC 
K3. 
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Figure 3.3:  SEM images of crystalline VRC (as received from supplier) and 
microstructured crystalline TFF-VRC. 

(a) crystalline VRC (as received from supplier); (b) TFF-VRC aggregate particle at 500X 
magnification; primary particle structure of TFF-VRC powders made with various 
processing parameters: (c) TFF-VRC prepared by 0.1% w/v in 50:50 1,4-dioxane:water 
at 10,000X magnification; (d) TFF-VRC prepared by 10% w/v in 1,4-dioxane at 5,000X 
magnification; (e) TFF-VRC prepared by 1% w/v in 50:50 1,4-dioxane:water at 5,000X 
magnification; (f) TFF-VRC prepared by 1% w/v in 1,4-dioxane at 10,000X 
magnification.  
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Figure 3.4:  SEM images of nanostructured solid dispersions produced by TFF. 

(a) TFF-VRC-PVP aggregate particle; primary particle structure of TFF-VRC-PVP 
powders made with various processing parameters: (b) TFF-VRC-PVP K12 (1:2) 
prepared by 1% w/v in 1,4-dioxane; (c) TFF-VRC-PVP K30 (1:2) prepared by 1% w/v in 
1,4-dioxane; (d) TFF-VRC-PVP K12 (1:2) prepared by 1% w/v in 50:50 1,4-dioxane: 
water; (e) TFF-VRC-PVP K30 (1:2) prepared by 1% w/v in 50:50 1,4-dioxane:water; (f) 
TFF-VRC-PVP K12 (1:2) prepared by 1% w/v in 20:80 1,4-dioxane:water; (g) TFF-
VRC-PVP K30 (1:2) prepared by 1% w/v in 20:80 1,4-dioxane:water. 
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Figure 3.5:  Powder X-ray diffraction patterns. 

(a) TFF-VRC; (b) TFF-VRC-PVP K12 (1:2) prepared by 1% w/v in 1,4-dioxane; (c) 
TFF-VRC-PVP K12 (1:2) prepared by 1% w/v in 50:50 1,4-dioxane:water; (d) TFF-
VRC-PVP K12 (1:2) prepared by 1% w/v in 20:80 1,4-dioxane:water; (e) TFF-VRC-PVP 
K30 (1:2) prepared by 1% w/v in 1,4-dioxane; (f) TFF-VRC-PVP K30 (1:2) prepared by 
1% w/v in 50:50 1,4-dioxane:water; (g) TFF-VRC-PVP K30 (1:2) prepared by 1% w/v in 
20:80 1,4-dioxane:water; (h) TFF-VRC-PVP K30 (1:2) prepared by 0.1% w/v in 50:50 
1,4-dioxane:water; (i) TFF-VRC-PVP K30 (1:2) prepared by 10% w/v in 50:50 1,4-
dioxane:water; (j) TFF-VRC-PVP K30 (1:3); (k) TFF-VRC-LAC (1:2); (l) TFF-VRC-
LAC-PVP K30 (1:1:1); (m) 1 to 2 physical mixture of VRC to PVP; (n) TFF-VRC-
HPMC K3 (1:3). 
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Figure 3.6:  Modulated DSC curves. 

(a) PVP K30; (b) PVP K12; (c) TFF-VRC-PVP K30 (1:2); (d) TFF-VRC-LAC-PVP K30 
(1:1:1); (e) TFF-VRC-LAC (1:2); (f) TFF-VRC; (g) crystalline VRC (as received from 
supplier). 
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Figure 3.7:  Photos of the macroscopic appearance of TFF-processed powders containing 
VRC. 

(a) TFF formulations prepared by using 1% w/v in 1,4-dioxane; (b) TFF formulations 
prepared by using 0.1% w/v or 1% w/v in 50:50 1,4-dioxane:water; (c) TFF formulations 
prepared by using 1% w/v in 20:80 1,4-dioxane:water; (d) TFF formulations prepared by 
using 10% w/v in 1,4-dioxane or 50:50 1,4-dioxane:water. 
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3.10  TABLES 

Table 3.1:  Summary of VRC formulations produced by TFF. 

Sample composition  Drug:Excipient ratio Dissolved solids Solvent compositions 

TFF-VRC No excipient 

0.1% w/v 50:50 (v/v) 1,4-dioxane:water 

1% w/v 1,4-dioxane 
50:50 (v/v) 1,4-dioxane:water 

10% w/v 1,4-dioxane 

TFF-VRC-PVP K12  1:2 1% w/v 
1,4-dioxane 

50:50 (v/v) 1,4-dioxane:water 
20:80 (v/v) 1,4-dioxane:water 

TFF-VRC-PVP K30 
1:2 

0.1% w/v 50:50 (v/v) 1,4-dioxane:water 

1% w/v 
1,4-dioxane 

50:50 (v/v) 1,4-dioxane:water 
20:80 (v/v) 1,4-dioxane:water 

10% w/v 50:50 (v/v) 1,4-dioxane:water 

1:3 1% w/v 50:50 (v/v) 1,4-dioxane:water 

TFF-VRC-LAC 1:2 1% w/v 50:50 (v/v) 1,4-dioxane:water 

TFF-VRC-LAC-PVP K30  1:1:1 1% w/v 50:50 (v/v) 1,4-dioxane:water 

TFF-VRC-HPMC K3 1:3 1% w/v 50:50 (v/v) 1,4-dioxane:water 
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Table 3.2:  BET surface area measurements and bulk densities of TFF formulations 
containing VRC. 

Sample composition  Dissolved 
solids Solvent composition SSA (m2/g) 

Mean ± Std. Dev. 

Average  
bulk density 

(g/cm3) 

TFF-VRC 

0.1% w/v 50:50 (v/v) 
1,4-dioxane:water 9.4 - 

1% w/v 

50:50 (v/v) 
1,4-dioxane:water 9.4 ± 3.2 0.058 

1,4-dioxane 10.4 0.034 

10% w/v 1,4-dioxane 5.3 0.075 

TFF-VRC-PVP K12 (1:2) 1% w/v 

1,4-dioxane 23.4 ± 9.6 0.015 

50:50 (v/v) 
1,4-dioxane:water 83.7 ± 21.0 0.021 

20:80 (v/v) 
1,4-dioxane:water 73.5 ± 3.4 0.014 

TFF-VRC-PVP K30 (1:2) 

0.1% w/v 50:50 (v/v) 
1,4-dioxane:water 2.8 ± 1.7 - 

1% w/v 

1,4-dioxane 69.3 ± 5.3 0.018 

50:50 (v/v) 
1,4-dioxane:water 107.8 ± 12.4 0.021 

20:80 (v/v) 
1,4-dioxane:water 81.3 ± 22.3 0.014 

10% w/v 50:50 (v/v) 
1,4-dioxane:water 156.6 ± 13.7 0.070 

TFF-VRC-PVP K30 (1:3) 1% w/v 50:50 (v/v) 
1,4-dioxane:water 167.3 ± 17.5 0.021 
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Table 3.3:  Aerodynamic properties of TFF formulations containing VRC. 

Sample composition Dissolved 
solids 

Solvent 
composition 

Aerodynamic properties 

EF 
(%) 

FPF 
(%) 

RF 
(%) 

MMAD 
(µm) 

GSD 
(µm) 

TFF-VRC 

0.1% w/v 50:50 (v/v) 
1,4-dioxane:water 89.4 28.6 25.6 5.1 2.5 

1% w/v 

50:50 (v/v) 
1,4-dioxane:water 81.2 37.8 30.5 4.2 2.4 

1,4-dioxane 80.6 43.1 34.7 3.5 2.2 

10% w/v 1,4-dioxane 73.3 30.7 22.5 4.5 2.6 

TFF-VRC-PVP K12 (1:2) 1% w/v 

1,4-dioxane 96.5 42.4 40.9 4.5 3.3 

50:50 (v/v) 
1,4-dioxane:water 83.3 20.0 16.5 > 6 - 

20:80 (v/v) 
1,4-dioxane:water 91.4 26.8 25.0 > 6 - 

TFF-VRC-PVP K30 (1:2) 
1% w/v 

1,4-dioxane 96.9 21.1 20.4 > 6 - 

50:50 (v/v) 
1,4-dioxane:water 96.5 20.2 19.5 > 6 - 

20:80 (v/v) 
1,4-dioxane:water 95.9 22.7 21.7 > 6 - 

10% w/v 50:50 (v/v) 
1,4-dioxane:water 47.8 4.8 2.3 > 6 - 

TFF-VRC-PVP K30 (1:3) 1% w/v 50:50 (v/v) 
1,4-dioxane:water 96.6 28.4 27.4 > 6 - 
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Chapter Four: Dry Powder Insufflation of Crystalline and Amorphous 
Voriconazole Formulations Produced by Thin Film Freezing to Mice 

 

4.1  ABSTRACT 

Attention has begun to focus on the pulmonary delivery of antifungal agents for 

invasive fungal infections as inhalation of the fungal spores is often the initial step in the 

pathogenesis of many of these infections, including invasive pulmonary aspergillosis 

(IPA).  IPA in immunocompromised patients has high mortality rates despite current 

systemic (oral or intravenous) therapies.  In this study, particulate voriconazole (VRC) 

formulations were designed with suitable properties for inhalation using thin film 

freezing (TFF), a particle engineering process capable of producing low density porous 

aggregate particles.  Nanostructured amorphous morphology of VRC was less favorable 

in vitro and in vivo than microstructured crystalline morphology, despite being a poorly 

water soluble compound.  Using a Handihaler® dry powder inhaler (DPI), 

microstructured crystalline TFF-VRC and nanostructured amorphous TFF-VRC-PVP 

K25 (1:3) had fine particle fractions of 37.8% and 32.4% and mass median aerodynamic 

diameters of 4.2 and 5.2 µm, respectively.  Single dose 24-hour pharmacokinetic studies 

were conducted in ICR mice.  Maximum concentrations in the lung tissue and plasma 

were 1074.6 µg/g wet lung weight and 6.7 µg/mL, respectively, following a 10 mg/kg 

insufflated dose of TFF-VRC with an AUCplasma to AUClung ratio of 0.093 to 1, while 

maximum concentrations in the lung tissue and plasma were 608.4 µg/g wet lung weight 

and 6.9 µg/mL, respectively, following a 10mg/kg insufflated dose of TFF-VRC-PVP 

K25 (1:3) with an AUCplasma to AUClung ratio of 0.122 to 1.  High concentrations of VRC 

in lung tissue coupled with clinically relevant plasma concentrations suggest that 
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pulmonary delivery of microstructured crystalline VRC could potentially be a beneficial 

strategy for administration of VRC to patients with invasive pulmonary fungal infections. 

 

4.2  INTRODUCTION 

Invasive fungal infections are progressive, life-threatening infections caused by 

opportunistic fungi such as Aspergillus species.  Primary infection with Aspergillus spp. 

usually occurs in the respiratory tract leading to invasive pulmonary aspergillosis (IPA), a 

leading cause of morbidity and mortality in immunocompromised patients [1].  With 

tremendous advances in medicine, the number of critically ill patients surviving major 

medical procedures has improved resulting in a growing number of immunocompromised 

patients susceptible to these infections.  Typically, the patients most susceptible to 

invasive fungal infections include those with neutropenia due to chemotherapy, 

hematologic malignancies, stem cell transplantation, or solid organ transplantation.  In 

recent years, there has been increased incidence in critically ill patients not traditionally 

considered high risk, such as those with chronic obstructive pulmonary disease and 

chronic treatment with corticosteroids [2-4]. 

Voriconazole (VRC) is a second generation triazole antifungal agent with a 

molecular weight of 349.3 g/mol.  Compared to fluconazole, a first generation triazole, 

VRC has increased potency and a broader spectrum of antifungal activity [5].  VRC is 

considered a BCS Class II molecule, with high permeability and low solubility, although 

the solubility is just below the boundary for BCS I classification (high permeability, high 

solubility) [6].  The solubility of VRC in water is approximately 0.7 mg/mL, but 

increases to more than 3 mg/mL at pH 1.2 [5, 7].  VRC is moderately lipophilic (log D7.4 

= 1.8), enabling distribution into tissues, including the lungs, following systemic 
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administration [5, 8, 9].  Following a single intravenous dose of 6 mg/kg or 10 mg/kg 

VRC in rats, VRC concentrations in the lungs reached approximately 2.5 µg/mL [8] and 

5.8 µg·Eq/g [10], respectively.  Postmortem analysis of 8 patients who had been treated 

with VRC revealed a median concentration in the lungs of 6.26 µg/g with an interquartile 

range of 7.87 µg/g.  The patients had been treated with a median dose of 3.52 mg/kg for a 

median of 7 days [9]. 

VRC is the recommended therapeutic agent for the treatment of IPA and its use 

has improved outcomes in immunocompromised patients with IPA [11-14].  In a 

randomized study, initial therapy with voriconazole led to successful outcomes in 52.8% 

of the patients compared to successful outcomes in only 31.6% of patients receiving the 

standard approach, initial therapy with amphotericin B deoxycholate [13].  However, 

systemic administration of VRC by oral or intravenous delivery is limited by high inter- 

and intra-patient pharmacokinetic variability, numerous potential drug interactions, and a 

narrow therapeutic range (1 to 5.5 µg/mL) with many adverse events including 

neurological toxicity and hepatotoxicity.  Any of these factors may lead to clinical 

failures [15-17].   

Inhalation is a common technique of drug administration to patients with a variety 

of lung diseases. The advantage of inhalation therapy for treatment of lung disease is that 

the drug is administered directly to the site of action, and as a result, the lag time before 

onset of action is shorter and systemic side effects may be reduced.  Therefore, drug 

delivery of VRC directly to the lungs could potentially lead to a reduction of the dose 

required for therapy, which could further reduce systemic concentrations and decrease the 

incidence of adverse events and drug interactions.  Recently, our research group reported 

pulmonary delivery of nebulized aqueous voriconazole solution to mice.  Although, this 

therapy was successful at limiting the extent of invasive disease and improving survival 
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compared to control and amphotericin B, twice daily dosing was required due to 

unfavorable pharmacokinetics [18, 19].  Therefore, development of novel VRC 

formulations for targeted delivery to the lungs is critical to improving therapeutic 

outcomes in patients with IPA. 

Particle engineering for pulmonary drug delivery has gained interest in recent 

years in response to the need for tailor-made drug particles capable of more efficient 

delivery to the lungs [20, 21].  There are several advantages for engineered particles in 

pulmonary drug delivery:  (1) nanoparticles and large porous particles have been shown 

to improve the fine particle fraction emitted from dry powder inhalers compared to 

micronized particles thus increasing the amount of drug that deposits in the lung [22, 23], 

(2) particles with diameters less than 100 nm or more than 10 μm have shown evidence 

of greatly reduced macrophage clearance, enabling the possibility for sustained lung 

concentrations and increased time for dissolution [24], (3) the higher energy state of 

amorphous polymorphs and the increased surface area of nanoparticles may enhance the 

rate and extent of drug dissolution in the lung lining fluid [25].  The particle engineering 

process, thin film freezing (TFF), has been shown to produce low density pharmaceutical 

powders with a porous, matrix structure.  When stabilizing excipients with high glass 

transition temperatures, such as PVP or HPMC, are included in the formulation, the 

pharmaceutical powders can be rendered amorphous [26].  These low density TFF-

processed powders have also been shown to be highly respirable when aerosolized with a 

marketed dry powder inhaler (DPI) [27]. Therefore, TFF was chosen in this study to 

manufacture low density powders containing VRC that would be suitable for dry powder 

inhalation. 

We hypothesize that pulmonary delivery of a particulate formulation of VRC will 

achieve high and prolonged concentrations in the lungs with low systemic bioavailability.  
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In the present study, TFF was used to produce particulate VRC formulations with and 

without stabilizing excipients in order to achieve both amorphous and crystalline 

morphologies.  To our knowledge, the pharmacokinetic profile of VRC following 

pulmonary delivery of microstructured crystalline particles or nanostructured amorphous 

particles has not been previously reported.  We evaluate the physicochemical and 

aerodynamic properties of these formulations in vitro to determine how these properties 

affect the pharmacokinetic profile and systemic bioavailability after dry powder 

insufflation in mice. 

 

4.3  MATERIALS AND METHODS 

4.3.1  Materials 

The following materials were purchased:  voriconazole (Tecoland Corporation, 

Edison, NJ); ACS grade 1,4-dioxane, HPLC grade acetonitrile, HPLC grade methanol, 

and HPLC grade ethyl acetate (Fisher Scientific, Pittsburgh, PA); polysorbate 80 

(Spectrum, Gardena, CA); ethanol (Decon Labs, King of Prussia, PA); sodium tetraborate 

decahydrate, boric acid, and sodium acetate trihydrate (Sigma Aldrich, St. Louis, MO); 

0.9% sodium chloride for injection, Ketaject® 100 mg/mL ketamine, Anased® 20 

mg/mL xylazine, heparin sodium 10000 units/mL, and isoflurane (TW Medical, Lago 

Vista, TX); and sterile water for injection (Hospira, Lake Forest, IL).  InhaLac® 70 and 

polyvinylpyrrolidone K25 (Kollidon® 25) were generously donated by Meggle 

(Wasserburg, Germany) and BASF (Florham Park, NJ), respectively. 
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4.3.2  Formulation preparation 

Thin film freezing technology, as described previously [28], was used to produce 

voriconazole powders for dry powder inhalation.  For the crystalline formulation, VRC 

was dissolved in a mixture of 1,4-dioxane and deionized water (50/50 v/v).  For the 

amorphous formulation, VRC and polyvinylpyrrolidone (PVP) K25 were dissolved in 

1,4-dioxane.  The solids content in both solutions was 1% w/v.  The solutions were 

frozen drop-wise onto a rotating cryogenic, steel surface (precooled with liquid nitrogen 

to approximately -40°C) to produce thin films, removed from the steel surface by a 

scraper and maintained in the frozen state in liquid nitrogen.  Solvents were sublimated 

by lyophilization using a Virtis Advantage tray lyophilizer to obtain dry powders.  

Lyophilization was performed over 48 hours at pressures less than 200 mTorr while the 

shelf temperature was gradually ramped from -40°C to 25°C.  The dried powders were 

removed from the lyophilizer after nitrogen gas was bled into the lyophilization chamber 

to equilibrate to atmospheric pressure, then stored in transparent vacuum desiccators at 

room temperature.  The formulations were prepared at least 3 times on different days to 

confirm reproducibility of the physicochemical properties. 

Micronized VRC was prepared by using a jet mill with a feed pressure of 80 psi 

and a grinding pressure of 65 psi.  Micronized VRC was blended with InhaLac® 70 (2% 

w/w) using geometric dilution in a mortar and pestle. 

 

4.3.3  Scanning electron microscopy (SEM) 

SEM was used to examine the surface morphology and to qualitatively estimate 

the primary particle size of the TFF powder aggregates.  Samples were loaded onto 

double sided carbon tape and sputter coated with a 60/40 Pd/Au target for 2 minutes.  

SEM images were captured using a Leo 1530 scanning electron microscope or an FEI 
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Quanta 650 scanning electron microscope under high vacuum mode with an operating 

voltage of 3-10 kV. 

 

4.3.4  Powder X-ray diffraction (XRD) 

A Philips 1710 X-ray diffractometer (Cu Kα1 radiation, λ = 1.54059Å, 40 kV, 40 

mA) was used to assess crystallinity in VRC formulations.  The pharmaceutical powders 

were loaded into channeled stages and the diffraction profile was measured from 5° to 

40° using a 2Θ step size of 0.05° and a dwell time of 2 seconds. 

 

4.3.5  Brunauer-Emmett-Teller (BET) specific surface area (SSA) analysis and 
powder density 

Monosorb MS-21 rapid surface area analyzer was used to measure SSA of the 

pharmaceutical powders by single point measurement at P/P0 = 0.294.  Samples were 

degassed for at least 2 hours under nitrogen purge at 20 psi and 30°C.  The Monosorb 

utilizes a modified BET equation for extremely rapid, single-point determinations of 

surface area.  30% Nitrogen in Helium was used as the adsorbate gas. 

Crystalline VRC (as received from the supplier) and TFF-processed powders were 

gently poured from a beaker into a 50 mL graduated cylinder.  The mass and volume 

were recorded to calculate the bulk density of the material. 

 

4.3.6  Aerodynamic particle size analysis 

A Next Generation Pharmaceutical Impactor (NGI) (MSP Corp., Shoreview, MN) 

was used to determine aerodynamic properties of the dried TFF-processed powders.  

Since coarse lactose particles are not included in the TFF-processed powders for dry 
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powder inhalation, the pre-separator was not used.  For comparison, micronized VRC 

blended with InhaLac® 70 (2% w/w) was analyzed using the NGI with the pre-separator.  

The powders were filled into size 3 HPMC capsules and aerosolized using a Handihaler® 

DPI.  The DPI was attached to the induction port of the NGI by a molded silicone adapter 

and actuated over 4 seconds at a flow rate of 60 L/minute.  NGI collection surfaces were 

coated with 1% v/v polysorbate 80 in ethanol and allowed to dry for one hour to prevent 

particle bounce, fracture, and reentrainment [29, 30].  After aerosolization, all collection 

surfaces were rinsed with known volumes of mobile phase.  The solutions were passed 

through a 0.2 µm PTFE filter and analyzed by HPLC for VRC content. 

Emitted fraction (EF) was calculated as the percentage of drug emitted from the 

DPI with respect to the total assayed dose recovered from the DPI, silicone adapter, 

induction port, and NGI collection plates.  Mass median aerodynamic diameter (MMAD) 

and geometric standard deviation (GSD) were calculated based on the dose deposited on 

stages 1 through 7 and the micro-orifice collector (MOC), as defined in the USP 32-NF 

27 General Chapter 601: Aerosols, Nasal sprays, Metered-dose inhalers, and Dry powder 

inhalers.  Fine particle fraction (FPF) was determined from the amount of VRC collected 

from stages 2 through MOC, which represents the percentage of emitted particles with an 

MMAD of 4.5 µm or less.  Respirable fraction (RF) was the ratio of the mass of VRC 

deposited on stages 2 through MOC over the total assayed dose and is a measure of the 

fraction of particles expected to deposit deep within the lungs.   

 

4.3.7  Dissolution 

An in vitro test method designed for inhaled formulations was used for dissolution 

of the TFF-processed powders [31].  Briefly, the powders were filled into size 3 HPMC 
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capsules, placed into the Handihaler® DPI device, and actuated into the NGI equipped 

with a dissolution cup with impaction insert at stage 4 (aerodynamic D50 = 1.66 μm).  The 

flow rate through the NGI apparatus was 60 L/minute over 4 seconds.  The impaction 

insert containing the air-classified particles was removed from the dissolution cup and a 

pre-wetted polycarbonate filter membrane (0.1 µm) was placed on top of the impaction 

insert and sealed with a fitted sealing ring.  The sealed membrane holders were placed 

into each Apparatus 2 dissolution vessel containing 300 mL of pH 7.4 phosphate buffer.  

Dissolution testing (n = 3) was conducted at sink conditions with 75 rpm and 37°C ± 2°C.  

1 mL of dissolution media was withdrawn at timed intervals of 5, 10, 15, 30, 45 and 60 

minutes.  Fresh dissolution media was replaced after each sampling to maintain a 

constant dissolution volume.  Methanol (1 mL) was added to each of the collected 

samples, the solutions were passed through a 0.2 µm PTFE filter, and analyzed by HPLC 

for VRC content.  The area under the dissolution curve (AUDC0-60min) was calculated by 

the linear trapezoidal rule.  Difference (f1) and similarity (f2) factors were calculated to 

compare dissolution profiles [32, 33]. 

 

4.3.8  Chromatographic analysis 

VRC content was quantified using a Dionex high performance liquid 

chromatography (HPLC) system equipped with a reversed-phase Jupiter® C18 column 

(150 mm x 4.6 mm, 5 µm, 300Å) with a Universal security guard (Widepore C18) 

column (Phenomenex, Torrance, CA).  The mobile phase for in vitro samples was 50/50 

(v/v) methanol/water.  The mobile phase for in vivo samples was 50/50 (v/v) 

methanol/sodium acetate buffer (0.01M, pH 5.0).  VRC eluted at approximately 8 

minutes at 35°C with a flow rate of 1 mL/minute and a detection wavelength of 254 nm. 
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4.3.9  Single dose dry powder insufflation in mice 

Male outbred ICR mice (Harlan Laboratories, Indianapolis, IN) weighing 20 to 34 

grams (average weight = 27 grams) were used for the in vivo intubation and dry powder 

insufflation procedure.  The mice were housed in a 12-hour light/dark cycle with food 

and water available ad libitum.  This study was approved by the Institutional Animal 

Care and Use Committee at the University of Texas at Austin, and all animals were 

handled in accordance with the American Association for Accreditation of Laboratory 

Animal Care. 

DP-4M Dry powder insufflator™, AP-1 air pump, and LS-2 small animal 

laryngoscope were purchased from Penn-Century, Inc. (Wyndmoor, PA).  TFF-processed 

powders were passed through a No. 230 sieve (63 µm aperture) to break up large 

aggregates prior to the dry powder insufflation procedure. The chamber of the insufflator 

device was loaded with sieved TFF powder and weighed on a microbalance (target VRC 

dose = 10 mg/kg).  Each mouse was given an i.p. injection of ketamine/xylazine 

anesthesia (80 mg/kg ketamine, 6 mg/kg xylazine).  The anesthesia was prepared by 

combining 0.8 mL of 100 mg/mL ketamine, 0.3 mL of 20 mg/mL xylazine with 8.9 mL 

of 0.9% sodium chloride for injection to yield a total volume of 10 mL.  Once the mouse 

was anesthetized, it was placed on its back at a 45° angle and the incisors were secured 

with a small rubber band.  The laryngoscope was used to visualize the trachea, the 

insufflator device was inserted into the trachea, and the air pump was attached to the 

insufflator device.  The sieved TFF powder was actuated into the lungs using 5-8 pumps 

(200 µL of air per pump).  A rise and fall of the chest provided visual confirmation that 

the insufflator was inserted properly.  The insufflator was removed and the mouse was 
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allowed to recover on a heating pad until waking from anesthesia.  This protocol is very 

similar to the procedure used by Morello et al. [34]. 

The actuated dose of powder was estimated by mass balance and HPLC assay.  

The insufflator was weighed before and after powder filling, and after administration, to 

estimate the actual dose insufflated by mass.  Then the insufflator was rinsed with a 

known volume of methanol.  Each methanol rinse was diluted 1 to 10 with mobile phase 

and injected into the HPLC system for quantitative analysis of the residual dose 

remaining in the insufflator. 

Following insufflation, eight mice were euthanized by isoflurane inhalation at 

each of the predetermined time points (10 minutes, 30 minutes, 1, 2, 4, 8, 12, and 24 

hours).  Whole blood was collected by cardiac puncture into heparinized vials and 

centrifuged at 9000 rpm for 15 minutes to obtain plasma.  The lungs were excised 

following cardiac puncture.  Plasma samples and lungs were frozen and stored at -20°C 

until analysis.  Each sample was analyzed individually for VRC content.  Concentration 

values for each time point were then averaged to determine the concentration versus time 

profiles. 

 

4.3.10  Analysis of voriconazole concentrations in plasma and lung tissue 

Calibration standards, plasma, and homogenized lung samples were analyzed for 

VRC content using previously described methods [35, 36].  Acetonitrile (1.6 µL per 1 µL 

of plasma) was added to plasma samples, vortexed for 30 seconds, stored at 4°C for at 

least 10 minutes, then centrifuged at 15,000 rpm for 5 minutes.  The supernatant was 

transferred to an Eppendorf tube and evaporated to dryness under a stream of nitrogen.  

The dry residue was reconstituted with mobile phase and analyzed by HPLC.  The lung 
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tissue was homogenized with 0.5 mL of sterile water, diluted with 0.5 mL of 0.2M borate 

buffer, vortexed, and stored at 4°C for at least 10 minutes followed by three 0.5 mL ethyl 

acetate extractions.  The extracted solvent was evaporated to dryness under a nitrogen 

stream, reconstituted with mobile phase, and injected into the HPLC system for 

quantitative analysis. 

 

4.3.11  Pharmacokinetic and statistical analyses 

Plots of log concentration of VRC in mouse lung tissue and plasma versus time 

were used to compare lung deposition and distribution between the crystalline and 

amorphous formulations.  The area under the concentration versus time curve (AUC0-24hr) 

was calculated by the linear trapezoidal rule.  The hypothetical drug concentration in lung 

tissue at time 0 was obtained by back-extrapolation from the monoexponential declining 

line.  The 95% confidence intervals were determined by first ranking the mice within 

each time point by actual insufflation dose (lowest to highest), determining the AUC0-24hr 

for mouse 1 through mouse 8, then calculating the 95% confidence interval of those eight 

values. 

Compartmental analysis was used to determine key pharmacokinetic parameters 

with assistance from PK Solver 2.0 in Microsoft Excel [37, 38].  A two compartment 

model was used to describe the pharmacokinetic parameters in lung tissue (Equation 1), 

where C(t) is the concentration at time t, B is the intercept of the back-extrapolated 

monoexponential elimination slope β, beta (β) is the overall elimination slope, A is the 

intercept of the distribution slope α, and alpha (α) is the fast distribution/elimination rate 

constant. 

Eq. 1:  · · · ·  
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One compartmental analysis was used to depict the pharmacokinetic parameters in 

plasma (Equation 2), where C(t) is the concentration at time t, A is the intercept of the 

monoexponential elimination slope, k10 is the overall elimination rate constant, and ka is 

the absorption rate constant. 

Eq. 2:  · · ·  ) 

One-way ANOVA using JMP® 8 (SAS Institute, Inc., Cary, NC) was used to 

analyze VRC concentration by formulation for lung tissue and plasma at each time point 

for statistical significance (p < 0.05). 

  

4.4  RESULTS 

4.4.1  Physicochemical properties of TFF formulations 

The TFF particle engineering process was employed to make crystalline and 

amorphous formulations containing VRC suitable for dry powder inhalation.  Thin film 

freezing of 1% w/v VRC solution without stabilizing excipients produced crystalline 

aggregate particles with a primary particle size of approximately 1 µm (Figure 4.1). In 

contrast, thin film freezing of 1% w/v VRC-PVP K25 solution (VRC:PVP K25 ratio = 

1:3) resulted in large aggregate particles with nanostructured primary particles with a size 

of approximately 100 nm (Figure 4.2).  The SEM images show the uniformity of the 

primary particles contained within the aggregates and the sieving process, used to break 

up large aggregates, did not affect the morphology of the primary particles.  The 

crystallinity of VRC, TFF-VRC, TFF-VRC-PVP K25 (1:3), and the physical mixture 

were examined by XRD and the profiles are depicted in Figure 4.3.  The characteristic 

crystalline peaks for VRC were found at 12.6, 13.7, 16.4, 19.7, 26.0 and 28.1 2-theta 

degrees, as seen in VRC (as received from the supplier), TFF-VRC, and physical mixture 
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samples.  TFF-VRC-PVP K25 (1:3) was amorphous as indicated by the absence of the 

characteristic VRC crystalline peaks.  Specific surface area was used to confirm the size 

of the primary particles.  The SSA of crystalline TFF-VRC and amorphous TFF-VRC-

PVP K25 (1:3) was found to be 9.4 and 43.4 m2/g, respectively, which correspond to 

effective spherical particle diameters of about 450 and 50 nm, respectively.  Both TFF-

processed powders exhibit very low bulk densities and are expected to aerosolize readily 

(Table 4.1).  

 

4.4.2  In vitro aerosol performance and dissolution of crystalline and amorphous 
VRC formulations 

Aerodynamic particle size distribution of the TFF-processed powders was 

assessed by using a Handihaler® DPI device and an NGI apparatus.  The Handihaler®, a 

single dose capsule-based DPI, was chosen for aerosolization of the low density 

aggregate particles because it was anticipated that this device would provide the shearing 

force necessary to break up the large aggregates into respirable particles in situ as the 

powder is aerosolized by inhalation out from the punctured capsule.  Standard 30 

L/minute and 60 L/minute flow rates were investigated but the lower flow rate resulted in 

significantly lower emitted fraction (data not shown).  The aerodynamic properties using 

60 L/minute flow rate through the NGI apparatus are reported in Table 4.2.  Although the 

TFF-processed powders had higher aerodynamic diameters, the fine particle fraction 

(FPF) of particles expected to reach the deep lungs was higher than the micronized VRC 

blended with coarse lactose.  

An in vitro test method designed for inhaled formulations was used to compare 

the dissolution rates of the microstructured crystalline TFF-VRC formulation and the 

nanostructured amorphous TFF-VRC-PVP K25 (1:3) formulation (Figure 4.4).  Since the 
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powders were air-classified using the NGI apparatus, the size of the aggregate particles 

collected on the impaction insert for dissolution should be very similar, and therefore, 

any differences in dissolution profile are due to differences in primary particle size, 

surface area, and crystallinity.  Difference (f1 = 38.5) and similarity (f2 = 28.8) factors 

indicate that the nanostructured amorphous formulation containing PVP K25 dissolved 

significantly faster than the microstructured crystalline formulation.  Generally, f1 values 

greater than 15 and f2 values less than 50 indicate the two dissolution profiles are not 

similar [33].  Furthermore, the area under the dissolution curve (AUDC0-60min) of TFF-

VRC-PVP K25 (1:3) was 1.3 times higher than TFF-VRC.   

 

4.4.3  Pharmacokinetics of crystalline and amorphous VRC formulations following 
dry powder insufflation in mice 

Following a single dose of 10 mg/kg VRC by dry powder insufflation into mouse 

lungs, the 24-hour pharmacokinetic profile was determined in lung tissue and plasma for 

both the microstructured crystalline TFF-VRC formulation and the nanostructured 

amorphous TFF-VRC-PVP K25 (1:3) formulation (Figure 4.5).  At the 8-hour time point 

for TFF-VRC-PVP K25 (1:3), the concentrations were lower than expected and did not 

follow the same trend as the surrounding data points.  Even though the 8-hour 

concentration appeared to be an outlier, it did not significantly alter the PK modeling, and 

therefore, it was not excluded.  Key pharmacokinetic parameters are reported in Table 

4.3.  Using the linear trapezoidal rule, AUC0-24hr ± 95% confidence intervals for TFF-

VRC was 414.0 ± 159.5 µg/g for lung tissue and 38.4 ± 14.0 µg/mL for plasma.  In 

comparison, AUC0-24hr for TFF-VRC-PVP K25 (1:3) was 152.7 ± 41.5 µg/g for lung 

tissue and 18.6 ± 4.2 µg/mL for plasma.  One-way ANOVA was used to compare VRC 

concentrations in lung tissue and plasma for TFF-VRC and TFF-VRC-PVP K25 (1:3) at 
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each time point.  For the lung tissue, VRC concentrations were significantly higher at 10-

minute, 30-minute, and 4-hour time points following single dose administration of the 

microstructured crystalline TFF-VRC formulation compared to the nanostructured 

amorphous TFF-VRC-PVP K25 (1:3) formulation.  Similarly, plasma concentrations 

were also significantly higher at 2 hours and 4 hours.  Even though the curves were not 

significantly different at every time point, the overall VRC exposure, as measured by 

AUC0-24hr, was significantly greater for TFF-VRC compared to TFF-VRC-PVP K25 

(1:3). 

 

4.5  DISCUSSION 

4.5.1  Investigation of formulation strategy and physicochemical properties of TFF-
processed powders 

Thin film freezing is an ultra rapid freezing process where a homogenous solution 

freezes into thin films on a cryogenic surface within 50 to 1000 milliseconds, depending 

on the properties of the solvent.  The degree of supercooling is so high that nucleation 

and growth of crystals may be minimized or prevented, leading to formation of 

amorphous material with nanostructure [26, 28].  However, without the inclusion of an 

adequate amount of high glass transition temperature polymer, recrystallization of VRC 

will occur during the lyophilization process since the glass transition temperature of pure 

amorphous VRC was found to be about 1°C [39].  When polymer is included in the liquid 

feed solution, ultra rapid freezing prevents phase separation during freezing, allowing the 

drug and the polymer to be molecularly dispersed within the final formulation.  Due to 

the sensitivity of lung tissue, a limited number of excipients are currently approved for 

inhalation.  The rationale for using PVP K25 as a polymeric stabilizer in this study was 
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(1) povidone K25 is used as a suspending agent in an FDA approved product, 

Symbicort® Inhalation Aerosol marketed by AstraZeneca [40], and listed as an excipient 

for respiratory (inhalation) in the FDA Inactive Ingredient Database [41]; and (2) 

pharmaceutical formulations containing PVP have been tested in preclinical studies with 

no signs of cytotoxicity in cultured human bronchial epithelial cells (Calu-3) or human 

alveolar epithelial cells (A549) [42].  The solvents used in this study were chosen based 

on solute solubilities and ease of lyophilization.  The melting point of 1,4-dioxane is 

approximately 12°C and it is miscible with water, making it an ideal solvent for VRC and 

the TFF process.   

The SEM images of both TFF-VRC and TFF-VRC-PVP K25 (1:3) show the 

homogeneity of the primary particles within the large, porous aggregates (Figures 4.1b 

and 4.2b).  As expected, TFF-VRC exhibited crystalline morphology.  A slight decrease 

in intensity of the XRD pattern was most likely due to decreased particle size compared 

to the crystalline VRC received from the supplier.  Interestingly, a nanostructure was not 

maintained during lyophilization of TFF-VRC as the size of the primary particles grew 

during recrystallization. A VRC to PVP ratio of 1 to 3 was required to achieve physical 

stabilization of nanostructured, amorphous VRC using the TFF process.  Amorphous 

material could be produced by TFF using a slightly lower polymer content (1 to 2), but 

those formulations showed signs of crystallinity over time. 

 

4.5.2  Effect of morphology and solid state properties on in vitro aerosolization and 
dissolution 

Pulmonary delivery of VRC to the alveoli in the lungs is essential for the 

treatment of IPA.  Aspergillus conidia are inhaled from the atmosphere during breathing 

and their small size of 2-3 µm allows them to evade the upper respiratory tract defenses 
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and penetrate down to the distal alveoli where they begin to germinate into angioinvasive 

hyphae producing local tissue damage [1, 43].  Using an NGI apparatus, the fraction of 

TFF-processed powder that will reach the deep lungs from a dry powder inhaler was 

estimated in vitro.  The emitted fraction of the microstructured crystalline TFF-VRC 

powder was lower than the nanostructured amorphous powder (81.2% versus 92.5%).  

This can be attributed mostly to the difference in potency of the powders (100% VRC in 

the TFF-VRC formulation versus 25% VRC in the TFF-VRC-PVP K25 formulation).  A 

thin coating of residual powder remaining in the capsule and DPI will result in a lower 

emitted fraction when the powder composition contains 100% drug.  Although the EF of 

TFF-VRC was lower, the powder that did reach the NGI stages indicated that TFF-VRC 

has better aerodynamic properties:  higher FPF and lower MMAD.  This signifies that 

TFF-VRC should reach the alveoli more effectively with less deposition in the upper 

airways compared to TFF-VRC-PVP K25 (1:3).  There are a few possible explanations 

for the lower FPF and higher MMAD of TFF-VRC-PVP K25 (1:3).  First, the polymer 

PVP K25, a large molecule, adds strength and elasticity to the bridges between primary 

particles.  During aerosolization, the low density aggregate particles are sheared as they 

exit the punctured capsule but the bridges in TFF-VRC-PVP K25 (1:3) are more difficult 

to break resulting in less respirable particles.  Second, more of the TFF-VRC-PVP K25 

(1:3) particles may adhere to the induction port of the NGI due to increased 

hygroscopicity and electrostatics of the amorphous formulation [44].  In addition, it may 

be that extremely low bulk density of TFF-VRC-PVP K25 (1:3) powder (4 times lower 

than the bulk density of TFF-VRC powder) may negatively affect aerosolization.  

Nonetheless, both TFF formulations exhibited higher FPF than the traditional DPI 

formulation, which confirms that the low density aggregates produced in this study are 



 108

more respirable than micronized VRC, which fails to fully detach from the coarse lactose 

particles during aerosolization. 

Sink dissolution conditions were used to differentiate the rate and extent of 

dissolution between microstructured crystalline TFF-VRC and nanostructured amorphous 

TFF-VRC-PVP K25 (1:3).  pH 7.4 phosphate buffer dissolution media and the NGI 

impaction insert containing air-classified particles were used to mimic conditions in the 

lung:  dissolution of the drug (only the fine particle fraction that reaches the alveoli) 

within a thin layer of dissolution media then one-way diffusion of the dissolved drug 

through the membrane.  It was unknown whether crystalline VRC would have trouble 

wetting and dissolving in pH 7.4 but the dissolution profile shows that 80% was 

dissolved within 60 minutes.  The difference in the rate and extent of dissolution between 

microstructured crystalline TFF-VRC and nanostructured amorphous TFF-VRC-PVP 

K25 (1:3) can be explained by th ye tney Equation: e No s-Whi
 

·
 

 

where dM/dt is the rate of dissolution, D is the diffusion coefficient, A is the surface area, 

h is the diffusion boundary layer thickness, Csat is the saturation solubility, and C is the 

concentration in the dissolution media.  It is well known that amorphous solids have 

increased Csat due to higher free energy and lack of long-range order [45].  Therefore, it 

was expected that nanostructured amorphous TFF-VRC-PVP K25 (1:3) would dissolve 

faster than microstructured crystalline TFF-VRC due to increased surface area available 

for dissolution and increased solubility.  However, amorphous VRC does not appear to 

achieve as much of an advantage in dissolution compared to other poorly water soluble 

drugs intended for pulmonary delivery [46, 47].  From these in vitro results, it is expected 
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that the nanostructured amorphous formulation will dissolve more quickly in the lung 

lining fluid in vivo and partition from the lung tissue into the systemic circulation faster 

and to a greater extent than the microstructured crystalline formulation. 

 

4.5.3  Evaluation of pharmacokinetics of crystalline and amorphous VRC 
formulations following dry powder insufflation in mice 

The low density aggregate particles produced by TFF were sheared by passing the 

powders through a sieve to achieve respirable particles suitable for dry powder 

insufflation (Table 4.2).  Sieved TFF-VRC achieved higher deposition in the lungs 

compared to sieved TFF-VRC-PVP K25 (1:3) as indicated by the Cmax in lung tissue, 

presented in Table 4.3.  The higher deposition of TFF-VRC can be attributed to more 

favorable aerodynamic properties, higher FPF and lower MMAD; whereas, a larger 

fraction of TFF-VRC-PVP K25 (1:3) may deposit in the upper airways.  Furthermore, the 

nanostructured amorphous formulation is more hygroscopic and these particles may 

undergo hygroscopic growth as they travel through the humid airways, promoting even 

more deposition in the upper airways [48].  When particles deposit in the 

tracheobronchial region, the mucociliary escalator will clear the particles from the 

respiratory tract [49].  We did not determine the concentration of VRC within the trachea 

in this study. 

Pharmacokinetic modeling was used to assess the distribution following dry 

powder insufflation of a single dose (10 mg/kg VRC) of either microstructured crystalline 

TFF-VRC or nanostructured amorphous TFF-VRC-PVP K25 (1:3).  Equation 1 is used to 

describe the two phases of elimination of VRC from the lung tissue.  The first phase is 

the fast distribution phase where VRC dissolves quickly and distributes to the systemic 

circulation due to a large concentration gradient.  Particulate VRC that has not yet 
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dissolved may be taken up by macrophages where it can then be eliminated by 

degradation or translocation to the mucociliary escalator or lymph tissue [49].  Particle 

elimination by macrophages also contributes to the first phase of elimination from the 

lung tissue.  Alpha (α), the fast distribution/elimination rate constant, can be used to 

calculate the elimination half-life of VRC in this fast distribution/elimination phase.  

Alpha and AUC0-24hr indicate that microstructured crystalline TFF-VRC remains in the 

lung tissue longer, allowing more time for interaction with the fungal pathogens.  The 

second elimination phase from the lung tissue is the terminal or overall elimination phase, 

where there is no longer a large concentration gradient between VRC in the lung tissue 

and VRC in the systemic circulation.  This phase is mostly dependent on the clearance of 

VRC from the blood.  VRC dissolved in the lung lining fluid will remain in the lungs and 

pass slowly into the systemic circulation as VRC continues to be eliminated from the 

body.  Beta (β), the overall elimination rate constant, is very similar between the 

crystalline and amorphous formulations. 

Equation 2, a one compartment model for extravascular administration, is used to 

describe the absorption and elimination of VRC in the plasma.  The absorption rate 

constant, ka, and the time to reach the maximum concentration, tmax, can be used to 

compare how quickly VRC is absorbed from the lungs.  As expected, ka is higher and tmax 

is shorter for the nanostructured amorphous TFF-VRC-PVP K25 (1:3), which is in 

agreement with the in vitro dissolution profile and alpha, the distribution rate constant for 

the lungs.  The overall elimination rate constant for the plasma, k10, can be used to 

calculate the elimination half-life of VRC from the plasma.  Interestingly, VRC is 

eliminated from the plasma more slowly when the TFF-VRC formulation is insufflated.  

This is probably due to the larger reservoir of VRC remaining in the lung tissue with this 

formulation. 
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The final pharmacokinetic comparisons to make are the ratios of Cmax,plasma to 

Cmax,lung and AUCplasma to AUClung, which are indicators of the systemic bioavailability or 

the fraction of dose that reaches systemic circulation following insufflation of the 

crystalline and amorphous TFF-processed powders.  In this study, these ratios indicate 

that nanostructured amorphous VRC is slightly more bioavailable than microstructured 

crystalline VRC.  Since the objective was to produce a particulate formulation of VRC 

suitable for pulmonary delivery that will achieve high and prolonged concentrations in 

the lungs with low systemic bioavailability, the pharmacokinetics of microstructured 

crystalline TFF-VRC is more favorable.  However, both microstructured crystalline VRC 

and nanostructured amorphous VRC have more favorable pharmacokinetics than inhaled 

voriconazole solution (Cmax,plasma to Cmax,lung ratio = 0.65; AUCplasma to AUClung ratio = 

0.64) [18]. 

 

4.6  CONCLUSIONS 

Engineered particles with enhanced properties containing voriconazole were 

successfully produced by the TFF process.  These low density aggregate particles 

exhibited high surface area and were suitable for dry powder inhalation.  The formulation 

composition affected the crystallinity and aerodynamic properties of the TFF-processed 

powders.  Following dry powder insufflation into the lungs, both TFF-processed powders 

achieved high concentrations in the lungs and clinically relevant plasma concentrations.  

The increase in the systemic bioavailability for the amorphous versus crystalline 

formulation of 1.3 was about the same as the increase in area under the dissolution curve 

measured in vitro using a dissolution test designed for inhaled formulations.  Inhalation 

of microstructured crystalline VRC displayed more favorable pharmacokinetics in lung 
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tissue and plasma; and therefore, may be beneficial in the treatment of IPA compared 

inhaled VRC solution and commercially available oral and IV dosage forms. 
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Figure 4.1:  SEM images of TFF-VRC. 

(a) aggregate particle at 200X magnification; (b) primary particle structure at 5000X 
magnification; (c) sieved TFF-VRC particles at 100X magnification; (d) sieved TFF-
VRC particle at 5000X magnification. 
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Figure 4.2:  SEM images of TFF-VRC-PVP K25 (1:3). 

(a) aggregate particle at 500X magnification; (b) primary particle structure at 100,000X 
magnification; (c) sieved TFF-VRC-PVP K25 (1:3) particles at 500X magnification; (d) 
primary particle structure of sieved TFF-VRC-PVP K25 (1:3) at 100,000X magnification. 
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Figure 4.3:  Powder X-ray diffraction patterns (from top to bottom):  VRC-PVP (1:3) 
physical mixture, TFF-VRC-PVP K25 (1:3), TFF-VRC, and VRC (as 
received from supplier). 

  



 

Figure 4.4:  Dissolution profiles of microstructured crystalline TFF-VRC formulation (○) 
and nanostructured amorphous TFF-VRC-PVP K25 (1:3) formulation (▲). 
Errors bars represent one standard deviation (N=3). 

  

 120



 121

 

0.1

1.0

10.0

100.0

1000.0

0 4 8 12 16 20 2

A
ve
ra
ge
 c
on

ce
nt
ra
ti
on

 (µ
g/
g 
w
et
 lu
ng

 w
ei
gh
t)

time (hours)

4

TFF‐VRC

TFF‐VRC‐PVP K25 (1:3)

a

0.1

1.0

10.0

0 4 8 12 16 20

A
ve
ra
ge
 c
on

ce
nt
ra
ti
on

 (µ
g/
m
L)

time (hours)  
24

TFF‐VRC

TFF‐VRC‐PVP K25 (1:3)

b

Figure 4.5:  Pharmacokinetic profile of VRC in a) lung tissue and b) plasma following 
dry powder insufflation (target dose = 10 mg/kg).  Error bars represent 95% 
confidence intervals (N=8).  TFF-VRC formulation (○) and TFF-VRC-PVP 
K25 (1:3) formulation (▲). 

 
  



 122

4.10  TABLES 

Table 4.1:  BET specific surface area measurements, calculated spherical particle size 
based on SSA, and bulk densities of VRC, micronized VRC, TFF-VRC and 
TFF-VRC-PVP K25 (1:3) powders. 

Formulation SSA (m2/g) 
Mean ± Std. Dev. 

Calculated particle size 
(µm) 

Bulk density 
(g/cm3) 

crystalline VRC (as received) 0.53 ± 0.08 7.86 0.55 
micronized VRC 3.46 ± 0.02 1.20 - 
TFF-VRC 9.38 ± 3.25 0.45 0.058 
TFF-VRC-PVP K25 (1:3) 43.35 ± 5.67 0.05 0.013 
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Table 4.2:  Aerodynamic properties of TFF-processed powders containing VRC 
compared to micronized VRC blended with InhaLac® 70. 

Aerodynamic properties EF (%) FPF (%) RF (%) MMAD 
(µm) 

GSD 
(µm) 

Using Handihaler® DPI      
TFF-VRC 81.2 37.8 30.5 4.2 2.4 
TFF-VRC-PVP K25 (1:3) 92.5 32.4 30.3 5.2 2.6 
Micronized VRC with InhaLac® 70 (2% w/w) 96.0 19.6 18.8 2.7 2.0 
*Using DP-4M Dry powder insufflator™      
Sieved TFF-VRC - 46.5 46.5 2.8 2.3 
Sieved TFF-VRC-PVP K25 (1:3) - 29.4 29.4 4.4 3.3 

 *Actuated directly into NGI induction port using AP-1 air pump 
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Table 4.3:  Pharmacokinetic parameters of crystalline and amorphous voriconazole 
formulations following dry powder insufflation in mice 

Pharmacokinetic 
parameters 

TFF-VRC TFF-VRC-PVP K25 (1:3) 
Lung Plasma Lung Plasma 

Cmax 1074.6 µg/g 6.26 µg/mL 608.4 µg/g 6.90 µg/mL 
tmax  (hr) 0 0.065 0 0.050 
A 1052.8 µg/g 6.33 µg/mL 605.5 µg/g 7.12 µg/mL 
B 21.8 µg/g - 2.85 µg/g - 
α  (hr -1) 3.87 - 5.33 - 
β  (hr -1) 0.196 - 0.137 - 
t1/2  (α elimination) (hr) 0.18 - 0.13 - 
t1/2  (β elimination) (hr) 3.5 - 5.0 - 
ka  (hr-1) - 99.3 - 107.1 
k10  (hr-1) - 0.163 - 0.545 
t1/2  (k10 elimination) (hr) - 4.2 - 1.3 
AUC 0-24hr 414.0 µg·hr/g 38.4 µg·hr/mL 152.7 µg·hr/g 18.6 µg·hr/mL 
Cmax,plasma to Cmax,lung ratio 0.006 0.011 
AUCplasma to AUClung ratio 0.093 0.122 
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Chapter Five: Particulate Voriconazole Formulations Produced by 
Advanced Evaporative Precipitation into Aqueous Solution and Thin 

Film Freezing of Template Nanoemulsions 

 

5.1  INTRODUCTION 

The use of antisolvent precipitation for direct controlled crystallization of 

microparticles and nanoparticles for many different active pharmaceutical ingredients 

(API) is reported in the literature [1-11].  A concentrated solution of API is rapidly mixed 

with an antisolvent to produce a high degree of supersaturation, which influences the 

nucleation and particle growth rates.  High nucleation rates offer the potential to produce 

a large number of nanoparticles in the final suspension and growth-retarding stabilizers 

are used during the antisolvent precipitation process to inhibit particle growth by 

condensation and coagulation [6, 9].  Furthermore, template emulsions have been 

investigated to further influence the size of the precipitated particles [12-16].  Compared 

to antisolvent precipitation from solutions, template emulsions can offer more specific 

control of particle size and morphology, e.g. particle shape.  When the organic solvent is 

removed, typically by solvent extraction or evaporation, drug particles are formed in the 

same size range as the emulsion droplets [13, 14].  However, control of particle size in all 

crystallization methods is challenging, because most small molecules, especially those 

with higher solubility, tend to form relatively large crystals [3, 17].  In addition, growth-

retarding stabilizers and their interaction with the drug crystal surfaces tend to be 

compound-specific [17].  In other words, a stabilizer that works for one compound may 

not work for another. 

Advanced evaporative precipitation into aqueous solution (AEPAS) is a new 

process where a template nanoemulsion is atomized using a PEEK nozzle into heated 



 126

aqueous solution [18].  The nano-sized organic solvent droplets rapidly evaporate leading 

to large supersaturation of the drug and rapid nucleation of nanoparticles.  Using a 

template nanoemulsion is a modification of the original EPAS process, which provides 

more control of the size of the organic solvent droplets and eliminates the requirement for 

consistent reproduction of a fine atomizing nozzle custom-made from stainless steel 

tubing.  Thin film freezing (TFF) is a particle engineering process where a solution is 

frozen rapidly onto a cryogenic substrate to produce thin frozen films.  The solvent is 

then removed by lyophilization to produce dry powders.  It is proposed that the use of a 

template nanoemulsion in the TFF process can influence the particle size and shape of the 

resulting dry powder. 

The objective of this study is to produce nanocrystalline formulations containing 

voriconazole.  We hypothesize: (1) AEPAS with the appropriate stabilizers may be able 

to produce a nanoparticulate dispersion with stabilizer adsorbed to the surface of the 

voriconazole nanocrystals, which may then be aerosolized using a nebulizer or frozen and 

lyophilized to obtain discrete nanoparticles for dry powder inhalation; (2) thin film 

freezing of template nanoemulsions will generate discrete nanoparticles of VRC with 

surfactant adsorbed to the surface of the nanoparticles.  If discrete dried nanoparticles are 

produced, they may require blending with carrier particles to be suitable for dry powder 

inhalation.  A limited number of excipients are currently approved for inhalation, and 

therefore, PVP K25, polyethylene glycol (PEG) 1000, polysorbate 80, sorbitan trioleate, 

oleic acid, lecithin, mannitol, and lactose monohydrate were the only excipients tested in 

the formulations.  It was found in the previous chapters that amorphous voriconazole is 

not physically stable at room temperature without sufficient polymeric stabilization.  

Therefore, it is anticipated that AEPAS and TFF of template emulsions will result in 
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crystalline morphology.  Additionally, the use of different stabilizers and surfactants were 

investigated to arrest particle growth. 

 

5.2  MATERIALS AND METHODS 

5.2.1  Materials 

The following materials were purchased:  voriconazole (Tecoland Corporation, 

Edison, NJ); HPLC grade methanol, dichloromethane, diethyl ether, ethyl acetate, 

dimethyl carbonate, anisole, 1,8-cineole, p-xylene, benzyl alcohol, cyclohexane, diethyl 

carbonate, cyclopentanol, chloroform, D-mannitol, and lactose monohydrate (Fisher 

Scientific, Pittsburgh, PA); polysorbate 80 (Tween® 80), oleic acid, polyethylene glycol 

(PEG) 1000, and lecithin (Spectrum, Gardena, CA); ethanol (Decon Labs, King of 

Prussia, PA); and sorbitan trioleate (TCI America, Portland, OR).  Polyvinylpyrrolidone 

(PVP) K25 (Kollidon® 25) was generously donated by BASF (Florham Park, NJ). 

 

5.2.2  Solubility of VRC in various organic solvents 

An excess of VRC was weighed into scintillation vials.  Aliquots of solvent were 

added to the vials and mixed by vortexing after each addition.  Solubility was estimated 

between the last concentration with undissolved solid remaining in the vial and the first 

concentration at which VRC was completely dissolved. 

 

5.2.3  Emulsion stabilizer screening 

O/W emulsions without API were prepared using various combinations of organic 

solvents, surfactant and polymeric stabilizers, and water in order to achieve nano-sized 
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droplets. The additives were dissolved in either the organic phase or the water phase, 

depending on solute solubility.  The organic and water phases were quickly combined 

followed by probe sonication (Branson Sonifier 450, Danbury, CT) at 10% duty cycle 

and output control setting = 8.  Sonication times varied between 1 and 8 minutes, 

depending on the volume of emulsion prepared.  Tables 5.2 through 5.5 summarize the 

emulsion stabilizer screening studies. 

 

5.2.4  Measurement of emulsion droplet size 

The droplet size of the o/w emulsions was measured by dynamic light scattering 

using a Zetasizer Nano S (Malvern Instruments, Worcestershire, UK).  The refractive 

index of the droplets was assumed to be that of the organic solvent:  refractive index of 

dichloromethane, dimethyl carbonate, anisole, and benzyl alcohol is 1.4242, 1.368, 1.514, 

and 1.54, respectively.  Estimation of emulsion droplet size was also performed using a 

light microscope. 

 

5.2.5  Formulation preparation by AEPAS 

VRC and stabilizers were dissolved in dichloromethane and deionized water, 

depending on solute solubility.  The organic and water phases were quickly combined 

followed by probe sonication to form the nanoemulsion.  The antisolvent water bath, 

which may or may not include additional stabilizers, was heated to at least 80°C.  With 

an HPLC pump and a 127 µm PEEK nozzle, the emulsion was sprayed into a beaker 

containing the heated aqueous solution with continuous heating and stirring.  The PEEK 

nozzle was immersed below the liquid surface and a stream of nitrogen gas was used to 

control foaming of the due to evaporation of the organic solvent from the suspension.  
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The suspension was either allowed to cool to room temperature with continuous mixing 

or flash frozen in liquid nitrogen for lyophilization.  Table 5.6 summarizes the 

formulations produced by AEPAS. 

 

5.2.6  Particle size analysis of suspensions produced by AEPAS  

The particle size of the particulate dispersions was measured by static light 

scattering using a Malvern Spraytec equipped with a wet dispersion cell (Malvern 

Instruments, Worcestershire, UK).  The refractive index of VRC is 1.5295 [19]. 

  

5.2.7  Formulation preparation by template emulsion TFF 

VRC and excipients were dissolved in organic solvents or deionized water, 

depending on solute solubility.  Immiscible organic solvents were combined with 

deionized water to form o/w emulsions by probe sonication.  The emulsions were frozen 

drop-wise onto a rotating cryogenic, steel surface (precooled with liquid nitrogen to 

approximately 40°C below the solvent freezing temperature) to produce thin films, 

removed from the steel surface by a scraper and maintained in the frozen state in liquid 

nitrogen.  Solvents were sublimated by lyophilization using a Virtis Advantage tray 

lyophilizer to obtain dry powders.  Lyophilization was performed over 48 hours at 

pressures less than 200 mTorr while the shelf temperature was gradually ramped from     

-50°C to 25°C.  The dried powders were removed from the lyophilizer after nitrogen gas 

was bled into the lyophilization chamber to equilibrate to atmospheric pressure, then 

stored in a vacuum desiccator at room temperature. 
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5.2.8  Scanning electron microscopy (SEM) 

For qualitative examination of surface morphology and particle structure of the 

lyophilized powders, SEM was performed.  Samples were loaded onto double sided 

carbon tape and sputter coated with a 60/40 Pd/Au target for 2 minutes.  SEM images 

were captured using an FEI Quanta 650 scanning electron microscope under high vacuum 

mode with an operating voltage of 10 kV. 

 

5.2.9  Modulated differential scanning calorimetry (mDSC) 

Thermal analysis of lyophilized powders containing VRC was conducted using 

mDSC.  TA Instruments Model 2920 DSC coupled with TA Universal Analysis 2000 

Software (New Castle, DE) was used to measure the presence or absence of the VRC 

melting endotherm (approximately 130°C) in the various samples.  Samples were 

weighed to 10-15 mg in an aluminum pan and crimped with an aluminum lid 

(PerkinElmer, Waltham, MA), then heated at a ramp rate of 10°C/minute with a 

modulation temperature amplitude of 1°C and a modulation period of 60 seconds under 

nitrogen purge at a flow rate of 40 mL/minute. 

 

5.2.10  Brunauer-Emmett-Teller (BET) specific surface area (SSA) analysis 

Monosorb MS-21 rapid surface area analyzer was used to measure SSA of the 

pharmaceutical powders by single point measurement at P/P0 = 0.294.  Samples were 

degassed for at least 2 hours under nitrogen purge at 20 psi and 30°C.  The Monosorb 

utilizes a modified BET equation for extremely rapid, single-point determinations of 

surface area.  30% Nitrogen in Helium was used as the adsorbate gas. 
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5.2.11  Chromatographic analysis 

VRC content was quantified using a Dionex high performance liquid 

chromatography (HPLC) system equipped with a reversed-phase Jupiter® C18 column 

(150 mm x 4.6 mm, 5 µm, 300Å) with a Universal security guard (Widepore C18) 

column (Phenomenex, Torrance, CA).  The mobile phase was 50/50 (v/v) 

methanol/water.  VRC eluted at approximately 8 minutes at 35°C with a flow rate of 1 

mL/minute and a detection wavelength of 254 nm. 

 

5.3  RESULTS AND DISCUSSION 

5.3.1  Preformulation solubility studies 

The solvents used in this study were chosen based on solute solubilities, boiling 

point for AEPAS, and melting point for TFF.  The boiling point of an organic solvent 

intended for AEPAS must be less than the boiling point of water so that it can be rapidly 

evaporated, while the melting point of an organic solvent intended for TFF is ideally 

between -40°C and 20°C for ease of lyophilization.  Solubility studies in various organic 

solvents were performed to find suitable solvents for VRC and the AEPAS and TFF 

processes.  The results are listed in Table 5.1.  Dichloromethane (DCM) has a boiling 

point of 40°C and a water solubility of 0.013 g/mL [20], making it an ideal solvent for 

AEPAS.  With a boiling point of 61°C, chloroform is a suitable solvent for AEPAS, but 

the residual solvent limit is 10-times lower than the residual solvent limit for 

dichloromethane [21].  Dimethyl carbonate (DMC) has a water solubility of 0.085 g/mL, 

melting point of 2-4°C, density of 1.069 g/mL, and viscosity of 0.625 cP [22].  Anisole 

has a water solubility of 0.003 g/mL, melting point of -37°C, density of 0.99 g/mL, and 

viscosity of 1.017 cP [23].  Benzyl alcohol (BA) has a water solubility of 0.047 g/mL, 
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melting point of -15°C, density of 1.044 g/mL, and viscosity of 6.6 cP [24].  Dimethyl 

carbonate, anisole, and benzyl alcohol were all evaluated as potential solvents for TFF 

template emulsions.  Chloroform would also be a good solvent for VRC, but its melting 

point is low (-63°C); and therefore, it would be more difficult to lyophilize chloroform 

due to the potential for solvent meltback.  Based on allowable residual solvent limits, 

benzyl alcohol and anisole are preferred organic solvents since benzyl alcohol is used in 

many FDA approved drug products [25] and anisole is classified as a Class 3 organic 

solvent with low toxic potential [21].  The classification of dimethyl carbonate is 

unknown. 

 

5.3.2  AEPAS Formulations 

Lecithin is an emulsifier commonly used in oil-in-water emulsions [26] and is 

soluble in dichloromethane.  It is derived from natural sources and is composed of 

phospholipids, an essential component of cell membranes.  Therapeutically, lecithin has 

been used as a pulmonary surfactant in the treatment of neonatal respiratory stress 

syndrome [27].  The starting point for the emulsion stabilizer studies with DCM was 

based on a previously developed nanoemulsion containing itraconazole [18]; however, it 

was observed that the emulsion droplets were quite large ranging from 1 to 5 µm (Table 

5.2: DCM emulsion #1).  Since lecithin is typically used in o/w emulsions in 

concentrations of about 1% w/v [26, 28], the lecithin content was increased to 1% w/v in 

future experiments (DCM emulsions #2-4).  PVP K25, a polymeric biomaterial, was used 

in the aqueous phase to increase the viscosity of the continuous phase in order to decrease 

the settling velocity of the organic solvent droplets that occurs during phase separation.  

The use of polysorbate 80 in combination with lecithin in a 1 to 1 ratio has been reported 
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to minimize droplet size and maximize o/w emulsion stability [28].  Therefore, 

polysorbate 80 was added to the DCM/water emulsions, which resulted in nano-sized 

droplets in DCM emulsions #3 and 4.  When comparing these two nanoemulsions, 1% 

w/v PVP K25 in the aqueous phase did not seem to affect the size of the emulsion 

droplets.  For that reason, template emulsions for AEPAS were based on DCM emulsions 

#3 and #4 from the emulsion screening studies.   

It was possible to produce nanoemulsions containing 1-2% w/v VRC, 1% w/v 

lecithin, 1% w/v polysorbate 80, with and without 1% w/v PVP K25.  In the first few 

experiments, the nanoemulsions were sprayed into the aqueous antisolvent without 

additional stabilizing excipients.  In antisolvent precipitation, too little stabilizer will 

result in particle growth by coagulation while too much stabilizer will result in Ostwald 

ripening due to increased drug solubility of very small particles [29].  It is also well 

known that surfactant stabilizers can increase drug dissolution [30].  In Ostwald ripening, 

dissolved drug will redeposit on larger drug particles, which are more thermodynamically 

favored until all the very small particles have essentially disappeared and the suspension 

is micron-sized [29, 31].  However, if the VRC particles are effectively stabilized as 

nanocrystals with a uniform particle size less than 500 nm, the suspensions will exist as 

physically stable colloidal dispersions [29, 32].  Immediately after precipitation, the 

suspensions appeared to be nano-sized since they had a cloudy, colloid-like appearance 

but the VRC particles in suspension grew quickly.  Going forward, numerous strategies 

were employed to stabilize VRC precipitated particles in the nanocrystal form.  First, 

polysorbate 80 was added to the aqueous antisolvent in various amounts to provide 

additional stabilization for the newly formed particle surfaces.  Still, the resulting 

suspensions were micron-sized in each case (Table 5.6: AEPAS #3 and #4).  It can be 

noted that the best particle size distribution was found when 5% w/v polysorbate 80 was 
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used in the aqueous antisolvent.  On the other hand, Merisko-Liversidge et al. commented 

that physically stable nanocrystalline formulations are often obtained when the drug to 

stabilizer ratio is higher, for instance, 20:1 to 2:1 [29].  Therefore, the next attempt was to 

increase the concentration of VRC in the nanoemulsion in order to achieve a higher 

degree of supersaturation in the aqueous antisolvent and a higher drug to stabilizer ratio, 

but again, the particles grew to micron-sized and settled without continuous mixing 

(AEPAS #5 and 6).  One drawback of increasing the drug concentration is that the overall 

solids content in the final suspension will be higher which increases the chance for 

particle-particle collisions in the suspension, resulting in more potential agglomeration 

and particle growth by coagulation.   

Next, since the solubility of VRC is higher at higher temperatures and the 

solubility of VRC in water could be one of the contributing factors to Ostwald ripening, it 

was thought that quickly cooling the suspension immediately following precipitation 

could possibility help solve the problem of particle growth.  However, it was observed 

that particles still grew to micron-sized and settled without continuous mixing.  In a final 

attempt to capture the VRC particles in the nanocrystal state, AEPAS #9 was flash frozen 

in liquid nitrogen immediately after precipitation, while the suspension was still in the 

cloudy, colloid-like state.  The rationale for this formulation was to maximize the potency 

of VRC in the final formulation while minimizing the amount of surfactant in the final 

formulation since excess stabilizer was not going to be required because the particles 

would be frozen before particle growth could commence.  Lactose was included in the 

aqueous antisolvent as a cryoprotectant for the lyophilization process.  However, the 

lyophilized material, shown in Figure 5.1, does not demonstrate the formation of VRC 

nanoparticles. 



 135

The results found in the AEPAS-VRC studies are similar to those reported by 

Dalvi and Dave in 2010.  It was observed that it is easier to precipitate submicron 

particles of a drug with very low aqueous solubility compared drug molecules with 

higher aqueous solubility.  In their study, four poorly water soluble drugs were used:  

itraconazole (0.472 ng/mL solubility), griseofulvin (8.99 µg/mL solubility), ibuprofen (21 

99 µg/mL solubility), and sulfamethoxazole (610 µg/mL solubility).  Using antisolvent 

precipitation with HPMC stabilizer, the particle size distributions achieved were:  

itraconazole (D10 = 200 nm, D50 = 500 nm, D90 = 1900 nm); griseofulvin (D10 = 1.6 µm, 

D50 = 2.0 µm, D90 = 4.2 µm); ibuprofen (D10 = 2.8 µm, D50 = 6.3 µm, D90 = 18.2 µm); 

sulfamethoxazole (D10 = 8.6 µm, D50 = 26.7 µm, D90 = 56.6 µm) [3].  The aqueous 

solubility of VRC is very similar to sulfamethoxazole.  Therefore, it is suspected that the 

aqueous solubility of VRC is too high to stabilize VRC in the nanocrystalline state.  

Furthermore, assay of the AEPAS suspensions revealed that approximately 2 mg/mL 

VRC was dissolved while only 5 mg/mL VRC existed in particulate form, a ratio that 

does not bode well for prevention of Ostwald ripening.  Since the intrinsic aqueous 

solubility is 0.7 mg/mL [33], the presence of surfactants for stabilization of VRC in 

aqueous solution more than doubled the solubility of VRC. 

 

5.3.3  TFF template emulsion formulations 

Benzyl alcohol, anisole and dimethyl carbonate were used to create o/w 

nanoemulsions that would result in discrete nanoparticles following thin film freezing 

and lyophilization.  Oleic acid and sorbitan trioleate are emulsifying agents with organic 

solvent solubility.  Sorbitan trioleate is typically not used as the sole surfactant with o/w 

emulsions but in combination with a hydrophilic surfactant such as polysorbate 80.  
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Polysorbate 80 is typically used in o/w emulsions at a concentration of 1 to 15% [27].  

Thus, the starting point for BA/water, anisole/water, and DMC/water emulsions in the 

emulsion stabilizer screening studies was to use 1% w/v polysorbate 80, alone or in 

combination with, oleic acid, sorbitan trioleate, and lecithin.   

It was apparent in BA #3, that the combination of lecithin and polysorbate 80 was 

the most promising nanoemulsion with a z-average droplet size of 433 nm (Table 5.3).  

Therefore, the strategy for BA #5-8 was to try to improve upon BA #3 by using different 

ratios of lecithin and polysorbate 80.  BA #3, #6, #7, and #8 all had fairly similar sized 

droplets and so the TFF template emulsion formulations were based on these four 

preformulation emulsions.   

In the emulsion stabilizer screening studies with DMC, lecithin would not 

dissolve at concentrations higher than 0.5% w/v but nanoemulsions were still able to be 

produced.  The strategy implemented to further decrease the organic solvent droplet size 

compared to DMC #4 (z-average = 629 nm, polydispersity index = 1.0) and DMC #5 (z-

average = 391 nm, polydispersity index = 0.664) was to add PEG 1000 to the aqueous 

phase to increase the emulsion viscosity, while still employing surfactants within the 

organic phase to decrease the surface tension of the droplets.  The strategy was successful 

when sorbitan trioleate and lecithin were used in the organic phase (DMC #6, z-average = 

390 nm, polydispersity index = 0.472) but unsuccessful when oleic acid and lecithin were 

used in the organic phase (DMC #7, z-average = 1116 nm, polydispersity index = 1.0).  

Therefore, a further increase of PEG 1000 to 10% w/v was employed.  Even though light 

microscopy indicated a decrease in droplet size, the droplet size, as measured by dynamic 

light scattering, was increased.  For that reason, the strategy for DMC #10-12 was to try 

to improve upon DMC #6 by using different ratios of lecithin, sorbitan trioleate, and PEG 

1000.  As a result, DMC #12, with 30% v/v DMC, 0.375% w/v lecithin, 0.75% w/v 
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sorbitan trioleate, and 0.75% w/v PEG 1000, displayed the best droplet size distribution 

with z-average of 298 nm and a polydispersity index of 0.270.  Moving forward, TFF 

template emulsion formulations # 8 and #9 were based on the DMC/water preformulation 

emulsions with the best droplet size distribution detected by light microscopy (DMC # 8) 

and dynamic light scattering (DMC # 12). 

Lecithin alone was able to produce nanoemulsions comprising anisole and water.  

In Table 5.5, the D10, D50, and D90 values for droplet size distribution are reported 

because the z-average value did not agree with the distribution by volume.  Surprisingly, 

the use of polysorbate 80 in the aqueous phase was found to negatively affect droplet size 

in anisole/water emulsions, according to dynamic light scattering.  On the other hand, the 

higher fraction (40% v/v) of organic solvent in the nanoemulsions containing anisole and 

water was beneficial because VRC has the lowest solubility in anisole compared to DMC 

and BA.  From the emulsion screening studies with anisole, TFF template emulsions #13, 

# 14, and #15 were based on Anisole #9 (D50 = 318 nm) and #10 (D50 = 225 nm). 

In the template emulsion for TFF, VRC was dissolved in the organic phase and 

was expected to partition very little to the water phase of the nanoemulsion due to low 

aqueous solubility.  As shown in Table 5.7, it was possible to produce nanoemulsions 

containing VRC, lecithin, polysorbate 80, benzyl alcohol, and water.  However, all of the 

TFF template emulsion formulations containing benzyl alcohol were unsuccessful 

because the vapor pressure of benzyl alcohol was too low for sublimation.  For that 

reason, all of the TFF template emulsion formulations containing benzyl alcohol melted 

during lyophilization.  As stated above, TFF template emulsions #8 and #9 were based on 

DMC #8 and #12 in the emulsion stabilizer screening studies.  Despite the fact that these 

emulsions contained micro-sized droplets, the formulations were also too sticky 

following lyophilization to be useful for dry powder inhalation.  Therefore, in the next 
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three formulations (TFF template emulsions #10, #11, and #12 in Table 5.8) the liquid 

surfactant, sorbitan trioleate, and the waxy polymer, PEG 1000, were removed and 

mannitol was added to the water phase as a cryoprotectant (similar to DMC #13 in Table 

5.4).  TFF template emulsions #13 to #15 were based on anisole #9 and #10 in the 

emulsion stabilizer screening studies.  Again, the formulations were too sticky to be 

useful for dry powder inhalation and the structure had collapsed during lyophilization so 

mannitol was added for TFF template emulsions #16 and #17.  It can be noted that the 

dissolved solids content and ratio of VRC to emulsion stabilizers did not seem to affect 

the droplet size distribution for any of the TFF template emulsions, but the z-average 

values did not agree with the distribution by volume for the TFF template emulsions 

containing DMC and anisole. 

Figure 5.2 shows that thin film freezing of template emulsions containing VRC 

with mannitol as a cryoprotectant resulted in matrix-like aggregate particles similar to 

thin film freezing of VRC dissolved in organic and miscible aqueous-organic cosolvent 

systems, reported in Chapter 3.  In each case, lecithin was the surfactant used for 

stabilization of the emulsion droplets.  Upon freezing and solvent removal, it was 

proposed that lecithin would adsorb to the surface of discrete VRC nanoparticles 

contained within the emulsion.  However, the nanostructure of the template 

nanoemulsion was not maintained during lyophilization, as the size of the primary 

particles grew during recrystallization (specific surface areas ranged from 7 to 10 m2/g).  

VRC probably has too much water solubility, and therefore, partitioned into the water 

phase creating bridges between primary particles.  The modulated DSC curves shown in 

Figure 5.3 confirm the crystallinity of VRC in the TFF template emulsion formulations. 
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5.4  CONCLUSIONS 

Voriconazole is a difficult molecule to stabilize in the nanocrystalline state.  

Despite relatively poor aqueous solubility, the solubility appears to be too high to 

effectively prevent particle growth to the micrometer range following advanced 

evaporative precipitation into aqueous solution.  Furthermore, it is likely that 

voriconazole partitions between both the organic and the aqueous phases within the 

nanoemulsions, despite significantly higher solubility in the organic solvent.  This 

phenomenon prevents the formation of discrete drug nanocrystals stabilized by surfactant 

by the AEPAS and TFF template emulsion processes. 

Despite being unsuccessful for production of nanocrystalline VRC formulations, 

the template emulsion processes have proved to be useful for significantly less soluble 

molecules, such as itraconazole.  Therefore, the nanoemulsion screening experiments 

performed in this study may be useful starting points when using template emulsion 

techniques for other poorly water soluble compounds. 
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5.6  FIGURES 

 

 

Figure 5.1:  SEM image of lyophilized material from AEPAS #9. 
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Figure 5.2:  SEM images of lyophilized TFF template emulsion formulations. 

(a) TFF template emulsion aggregate particle at 500X magnification; primary particle 
structure of TFF template emulsion processed powders at a magnification of 5,000X: (b) 
TFF emulsion template #10; (c) TFF emulsion template #11; (d) TFF emulsion template 
#12; (e) TFF emulsion template #16; (f) TFF emulsion template #17. 



 

Figure 5.3:  Modulated DSC thermograms of TFF template emulsion formulations. 

(a) TFF emulsion template #10; (b) TFF emulsion template #11; (c) TFF emulsion 
template #12; (d) TFF emulsion template #16; (e) TFF emulsion template #17; (f) 
crystalline voriconazole (as received from supplier). 
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5.7  TABLES 

Table 5.1:  Solubility of VRC in various organic solvents. 

Organic solvent Approximate VRC solubility (mg/mL)
Dichloromethane greater than 300 

Diethyl ether less than 50 

Ethyl acetate between 140 and 150 

Dimethyl carbonate greater than 200 

1,8-cineole less than 12.5 

p-xylene less than 25 

Benzyl alcohol between 110 and 170 

Cyclohexane less than 8 

Diethyl carbonate 60 

Cyclopentanol less than 40 

Anisole between 60 and 80 

Chloroform greater than 200 
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Table 5.2:  Emulsion stabilizer screening for AEPAS. 

 DCM 
emulsion #1 

DCM 
emulsion #2 

DCM 
emulsion #3 

DCM 
emulsion #4 

Organic phase     
  Dichloromethane (% v/v) 20 20 20 20 
  Lecithin (% w/v) 0.25 1.0 1.0 1.0 
Water phase (% v/v) 80 80 80 80 
  PVP K25 (% w/v) 1.0 1.0 1.0 - 
  Polysorbate 80 (% w/v) - - 1.0 1.0 

Emulsion droplet size 
(estimated by microscopy) 1 – 5 µm 1 – 5 µm < 1 µm < 1 µm 
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Table 5.3:  Emulsion stabilizer screening with benzyl alcohol for TFF. 

 BA 
#1 

BA 
#2 

BA 
#3 

BA 
#4 

BA 
#5 

BA 
#6 

BA 
#7 

BA 
#8 

Organic phase         

  Benzyl alcohol (% v/v) 30 30 30 30 30 30 30 30 
  Oleic acid (% w/v) - 1.0 - - - - - - 
  Lecithin (% w/v) - - 1.0 - 0.25 1.0 0.5 0.5 
  Sorbitan trioleate (% w/v) - - - 1.0 - - - - 
Water phase (% v/v) 70 70 70 70 70 70 70 70 
  Polysorbate 80 (% w/v) 1.0 1.0 1.0 1.0 1.0 0.5 0.5 - 
Emulsion droplet size 
  Z-average (nm) 
  Polydispersity index 

13200 
0.358 

1250 
0.469 

433 
0.544 

2270 
0.526 

495 
0.506 

396 
0.548 

378 
0.499 

354 
0.384 
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Table 5.4:  Emulsion stabilizer screening with dimethyl carbonate for TFF. 

 DMC 
#1 

DMC 
#2 

DMC 
#3 

DMC 
#4 

DMC 
#5 

DMC 
#6 

DMC 
#7 

DMC 
#8 

DMC 
#9 

DMC 
#10 

DMC 
#11 

DMC 
#12 

DMC 
#13 

Organic phase              

  Dimethyl carbonate (% v/v) 35 35 35 40 40 40 40 40 40 35 30 30 30 
  Oleic acid (% w/v) - 1.0 - - 1.0 - 0.5 - - - - - - 
  Lecithin (% w/v) - - - 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.375 0.375 
  Sorbitan trioleate (% w/v) - - 1.0 1.0 - 1.0 - 1.0 5.0 1.0 1.0 0.75 - 
Water phase (% v/v) 65 65 65 60 60 60 60 60 60 65 70 70 70 
  Polysorbate 80 (% w/v) 1.0 1.0 1.0 1.0 1.0 - - - - - - - - 
  PEG 1000 (% w/v) - - - - - 1.0 1.0 10.0 10.0 1.0 1.0 0.75 - 
Emulsion droplet size 
  Z-average (nm) 
  Polydispersity index 

925 
0.607 

826 
0.518 

993 
0.558 

629 
1.0 

391 
0.664 

390 
0.472 

1116 
1.0 

663 
0.412 

950 
0.574 

371 
0.292 

303 
0.321 

298 
0.270 

350 
0.712 
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Table 5.5:  Emulsion stabilizer screening with anisole for TFF. 

 Anisole 
#1 

Anisole 
#2 

Anisole 
#3 

Anisole 
#4 

Anisole 
#5 

Anisole 
#6 

Anisole 
#7 

Anisole 
#8 

Anisole 
#9 

Anisole 
#10 

Organic phase           
  Anisole (% v/v) 20 30 40 40 40 40 40 40 40 40 
  Lecithin (% w/v) 1.0 1.0 1.0 0.5 2.0 1.0 0.5 0.25 0.25 0.25 
Water phase (% v/v) 80 70 60 60 60 60 60 60 60 60 
  Polysorbate 80 (% w/v) - - - - - 1.0 1.0 1.0 - - 
  PEG 1000 (% w/v) - - - - - - - - - 1.0 
Emulsion droplet size by volume 
  D10 (nm) 
  D50 (nm) 
  D99 (nm) 

110 
406 
640 

100 
348 
536 

117 
375 
592 

73 
353 
501 

115 
468 
2980 

61 
453 
3800 

82 
454 
4630 

72 
515 
4710 

242 
318 
415 

94 
225 
309 

 
 
 
 
 



 

 151

Table 5.6:  Summary of AEPAS formulations. 

AEPAS 
# 

Emulsion 
Solvent system Ingredient Emulsion 

composition 

Heated   
water bath 

composition 

Theoretical 
suspension 

concentration 

Emulsion 
droplet size 

Suspension 
particle size Observations 

1 20% v/v DCM    
80% v/v water 

VRC      
PVP K25    
Lecithin    

Tween 80 

1% w/v       
1% w/v       
1% w/v       
1% w/v 

water 

0.625% w/v     
0.625% w/v     
0.625% w/v     
0.625% w/v 

Z-avg = 312 nm 
polydispersity 
index = 0.235 

not measured settled without 
stirring 

2 20% v/v DCM    
80% v/v water 

VRC       
Lecithin    

Tween 80 

1% w/v       
1% w/v       
1% w/v 

water 
0.625% w/v     
0.625% w/v     
0.625% w/v 

< 1µm by 
microscopy not measured settled without 

stirring 

3 20% v/v DCM    
80% v/v water 

VRC      
PVP K25    
Lecithin    

Tween 80 

1% w/v       
1% w/v       
1% w/v       
1% w/v 

-             
-             
-             

1% w/v 

0.625% w/v     
0.625% w/v     
0.625% w/v     
1.125% w/v 

Z-avg = 312 nm 
polydispersity 
index = 0.235 

d10 = 37 μm     
d50 = 105 μm    
d90 = 275 μm 

settled without 
stirring 

4 20% v/v DCM    
80% v/v water 

VRC      
PVP K25    
Lecithin    

Tween 80 

1% w/v       
1% w/v       
1% w/v       
1% w/v 

-             
-             
-             

5% w/v 

0.625% w/v    
0.625% w/v     
0.625% w/v     
3.125% w/v 

Z-avg = 312 nm 
polydispersity 
index = 0.235 

d10 = 20 μm     
d50 = 67 μm     
d90 = 156 μm 

settled without 
stirring 

5 20% v/v DCM    
80% v/v water 

VRC      
PVP K25    
Lecithin    

Tween 80 

2% w/v       
1% w/v       
1% w/v       
1% w/v 

-             
-             
-             

1% w/v 

0.625% w/v     
0.3125% w/v    
0.3125% w/v    
1.0625% w/v 

Z-avg = 299 nm 
polydispersity 
index = 0.244 

d10 = 44 μm     
d50 = 136 μm    
d90 = 314 μm 

settled without 
stirring 

6 20% v/v DCM    
80% v/v water 

VRC      
PVP K25    
Lecithin    

Tween 80 

2% w/v       
1% w/v       
1% w/v       
1% w/v 

-             
1% w/v       

-             
1% w/v 

0.625% w/v     
1.0625% w/v    
0.3125% w/v    
1.0625% w/v 

Z-avg = 299 nm 
polydispersity 
index = 0.244 

d10 = 37 μm     
d50 = 131 μm    
d90 = 415 μm 

settled without 
stirring 

7 20% v/v DCM    
80% v/v water 

VRC       
Lecithin    

Tween 80 

2% w/v       
1% w/v       
1% w/v 

water 
1.25% w/v      
0.625% w/v     
0.625% w/v 

Z-avg = 219 nm 
polydispersity 
index = 0.264 

not measured 

cooled quickly 
in ice bath; 

settled without 
stirring 

8 20% v/v DCM    
80% v/v water 

VRC       
Lecithin    

Tween 80 

2% w/v       
1% w/v       
1% w/v 

-             
-             

5% w/v 

1.25% w/v      
0.625% w/v     
3.125% w/v 

Z-avg = 219 nm 
polydispersity 
index = 0.264 

not measured 

cooled quickly 
in ice bath; 

settled without 
stirring 

9 20% v/v DCM    
80% v/v water 

VRC       
Lecithin    

Tween 80    
Lactose 

2% w/v       
1% w/v       
1% w/v       

- 

-             
-             
-             

2% w/v 

1.25% w/v      
0.625% w/v     
0.625% w/v     

1.0% w/v 

Z-avg = 219 nm 
polydispersity 
index = 0.264 

not measured 

suspension 
frozen in liquid 
nitrogen before 

cooling 
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Table 5.7:  Summary of TFF template emulsion formulations using benzyl alcohol. 

 

TFF 
template 
emulsion 

#1 

TFF 
template 
emulsion 

#2 

TFF 
template 
emulsion 

#3 

TFF 
template 
emulsion 

#4 

TFF 
template 
emulsion 

#5 

TFF 
template 
emulsion 

#6 

TFF 
template 
emulsion 

#7 

Organic phase        
  Benzyl alcohol (% v/v) 30 30 30 30 30 30 30 
  Voriconazole (% w/w) 3.0 3.0 3.0 1.5 1.5 3.0 1.5 
  Lecithin (% w/w) 1.0 1.0 0.5 0.5 0.5 0.5 0.5 
Water phase (% v/v) 70 70 70 70 70 70 70 
  Polysorbate 80 (% w/w) 1.0 0.5 0.5 0.5 0.25 - - 

Total Dissolved solids 5.0% w/v 4.5% w/v 4.0% w/v 2.5% w/v 2.3% w/v 3.5% w/v 2.0% w/v 

Emulsion droplet size 
  Z-average (nm) 
  Polydispersity index 

509 
0.526 

448 
0.543 

434 
0.522 

489 
0.542 

373 
0.450 

436 
0.516 

407 
0.521 

Theoretical VRC 
potency in dried  
TFF-processed powder 

60.0% 66.7% 75% 60% 66.7% 85.7% 75% 
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Table 5.8:  Summary of TFF template emulsion formulations using dimethyl carbonate. 

 

TFF 
template 
emulsion 

#8 

TFF 
template 
emulsion 

#9 

TFF 
template 
emulsion 

#10 

TFF 
template 
emulsion 

#11 

TFF 
template 
emulsion 

#12 

Organic phase      
  Dimethyl carbonate (% v/v) 40 30 30 30 30 
  Voriconazole (% w/w) 6.67 5.0 3.75 3.75 1.875 
  Sorbitan trioleate (% w/w) 1.0 0.75 - - - 
  Lecithin (% w/w) 0.5 0.375 0.375 0.375 0.1875 
Water phase (% v/v) 60 70 70 70 70 
  PEG 1000 (% w/w) 10.0 0.75 - - - 
  Mannitol (% w/w) - - 3.75 1.875 1.875 

Total Dissolved solids 18.2% w/v 6.9% w/v 7.88% w/v 6.0% w/v 3.94% w/v 

Emulsion droplet size by volume 
  D10 (nm) 
  D50 (nm) 
  D99 (nm) 

1370 
4425 
6105 

384 
2004 
5660 

51 
62 
77 

42 
51 
61 

51 
62 
76 

Theoretical VRC potency in dried  
TFF-processed powder 36.7% 72.7% 47.6% 62.5% 47.6% 
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Table 5.9:  Summary of TFF template emulsion formulations using anisole. 

 

TFF 
template 
emulsion 

#13 

TFF 
template 
emulsion 

#14 

TFF 
template 
emulsion 

#15 

TFF 
template 
emulsion 

#16 

TFF 
template 
emulsion 

#17 

Organic phase      
  Anisole (% v/v) 40 40 40 40 40 
  Voriconazole (% w/w) 2.5 1.25 2.5 2.5 2.5 
  Lecithin (% w/w) 0.25 0.25 0.25 0.25 0.25 
Water phase (% v/v) 60 60 60 60 60 
  PEG 1000 (% w/w) - - 1.0 - - 
  Polysorbate 80 (% w/w) - - - - - 
  Mannitol (% w/w)  - - 2.5 1.25 

Total Dissolved solids 2.7% w/v 1.5% w/v 3.7% w/v 5.25% w/v 4.0% w/v 

Emulsion droplet size 
by volume 
  D10 (nm) 
  D50 (nm) 
  D99 (nm) 

146 
182 
228 

140 
175 
220 

109 
133 
161 

92 
110 
135 

70 
86 

104 
Theoretical VRC 
potency in dried  
TFF-processed powder 

90.9% 83.3% 66.7% 47.6% 62.5% 
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Appendix A: Prior Art and Patent Summary of Voriconazole for 
Inhalation 

 

A.1  PURPOSE 

The purpose of this inquiry was to determine the patent and journal history of the 

active pharmaceutical ingredient, voriconazole (VRC), and its potential use in pulmonary 

delivery. 

 

A.2  METHODS 

Patents and patent applications published by the United States Patent & 

Trademark Office and World Intellectual Property Organization were searched online.  

Journal searches were conducted using the online databases available from the University 

of Texas Libraries. 

 

A.3  RESULTS 

Tables A.1 through A.3 summarize the patent and journal history of voriconazole. 
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Table A.1:  Patents relevant to the development of inhaled voriconazole for invasive fungal infections in the lungs 

Patent No. Issue Date Expiry Date Assignee Title Claims 
US 5,116,844 5/26/1992 8/11/2009 Pfizer Inc. Triazole Antifungal 

Agents 
1. A pharmaceutical composition for treating a fungal infection in a human 
which comprises an antifungal effective amount of a compound of the 
formula [voriconazole] 
2. A method of treating a fungal infection in a human which comprises 
administering to said human an antifungal effective amount  of a 
compound of the formula [voriconazole] 

US 5,364,938 11/15/1994 11/15/2011 Pfizer Inc. Triazole Antifungal 
Agents 

1. A compound of the formula [voriconazole] 

US 5,567,817 10/22/1996 5/24/2016 Pfizer Inc. Triazole Antifungal 
Agents 

1. A compound of the formula [voriconazole] 
5. A pharmaceutical composition for treating a fungal infection in a 
mammal which comprises an effective amount of the compound of claim 1 
and a pharmaceutically acceptable carrier. 
9. A method of treating a fungal infection in a mammal which comprises 
administering to said mammal an effective amount of the compound of 
claim 1. 

US 5,773,443 6/30/1998 1/25/2011 Pfizer Inc. Triazole Antifungal 
Agents 

1. A compound of the formula [voriconazole] 
2. A pharmaceutical composition for treating a fungal infection in a 
mammal which comprises an effective amount of the compound of claim 1 
and a pharmaceutically acceptable carrier. 
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Table A.2:  Patent applications relevant to the development of inhaled voriconazole for invasive fungal infections in the lungs 

Patent App. No. File Date Pub. Date Inventors Title Claims 
US 2003/0072807 10/11/2002 4/17/2003 Wong et al. Solid Particulate 

Antifungal 
Compositions for 
Pharmaceutical Use 

1. A composition comprising an aqueous suspension of submicron- to 
micron-size particles containing an antifungal agent coated with at least 
one surfactant selected from the group consisting of: ionic surfactants, non-
ionic surfactants, biologically derived surfactants, and amino acids and 
their derivatives, wherein the particles have a volume-weighted mean 
particle size of less than 50 µm as measured by laser diffractometry. 
6. The composition of claim 1, wherein the antifungal agent is a triazole 
antifungal agent. 
7. The composition of claim 6, wherein the triazole antifungal agent is 
selected from the group consisting of: itraconazole, ketoconazole, 
miconazole, fluconazole, ravuconazole, voriconazole, saperconazole, 
eberconazole, genaconazole, and posaconazole. 

US 2003/0082107 8/29/2002 5/1/2003 Dugger, III Buccal, polar and 
non-polar spray or 
capsule containing 
drugs for treating an 
infectious disease or 
cancer 

1. A propellant free buccal spray composition for transmucosal 
administration of a pharmacologically active compound comprising: an 
active compound in an amount of between 0.001 and 60 percent by weight 
of the total composition selected from the group consisting of monoclonal 
antibodies, anti-bacterial agents, anti-parasitic agents, agents for treating 
fungal infections, vaccines, antidotes, antimalaria drugs, cytoprotectants, 
hormone inhibitors, immunoglobulins, natural antibodies, natural toxins, 
nucleosides, recombinant human proteins, protein or peptide replacements, 
and mixtures thereof; and a polar solvent in an amount between 30 and 99 
percent by weight of the total composition. 

US 2004/0176391 12/31/2003 9/9/2004 Weers et al. Aerosolizable 
pharmaceutical 
formulation for 
fungal infection 
therapy 

1. A method of treating and/or providing prophylaxis against a pulmonary 
fungal infection, the method comprising: determining the minimum 
inhibitory concentration of an antifungal agent for inhibiting pulmonary 
fungal growth; and administering an aerosolized pharmaceutical 
formulation comprising the antifungal agent to the lungs of a patient; 
wherein a sufficient amount of the pharmaceutical formu1ation is 
administered to maintain for at least one week a target antifungal agent 
lung concentration of at least two times the determined minimum 
inhibitory concentration. 
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Table A.2:  Patent applications relevant to the development of inhaled voriconazole for invasive fungal infections in the lungs 
(continued) 

Patent App. No. File Date Pub. Date Inventors/ 
Assignee Title Claims 

US 2005/0048126 4/29/2004 3/3/2005 Rabinow et 
al. 

Formulation to 
render an 
antimicrobial drug 
potent against 
organisms normally 
considered to be 
resistant to the drug 

1. A composition of an antimicrobial agent that renders the agent potent 
against organisms normally considered to be resistant to the agent, the 
composition comprising an aqueous suspension of submicron- to micron-
size particles containing the agent coated with at least one surfactant 
selected from the group consisting of: ionic surfactants, non-ionic 
surfactants, biologically derived surfactants, and amino acids and their 
derivatives, wherein the particles have a volume-weighted mean particle 
size of less than 5 ,urn as measured by laser diffractometry. 
5. The composition of claim 1, wherein the antimicrobial agent is an 
antifungal agent. 
6. The composition of claim 5, wherein the antimicrobial agent is a triazole 
antifungal agent. 
7. The composition of claim 6, wherein the triazole antifungal agent is 
selected from the group consisting of: itraconazole, ketoconazole, 
miconazole, fluconazole, ravuconazole, voriconazole, saperconazole, 
eberconazole, genaconazole, clotrimazole, econazole, oxiconazole, 
sulconazole, terconazole, tioconazole, and posaconazole. 

US 2005/0112204 11/23/2004 5/26/2005 Humphrey 
et al. 

Pharmaceutical 
formulations 

1. An aqueous micellar poloxamer formulation comprising voriconazole 
and one or more poloxamer. 

WO 2006/108556 4/6/2006 10/19/2006 Keller et al. 
Pari 

Pharmaceutical 
aerosol composition 

1. Sterile composition for administration as an aerosol, comprising a poorly 
water-soluble active agent, a non-ionic surfactant component and a 
phospholipid component, wherein the active agent is not a surfactant. 
19. The composition of claim 1, wherein the poorly water-soluble active 
agent is selected from the group of corticosteroids, betasympathomimetics, 
anticholinergics, immunomodulators, anti-infectives, and cytostatics. 
26. The composition of claim 1, comprising a further active agent. 

 



 

 

159 

Table A.2:  Patent applications relevant to the development of inhaled voriconazole for invasive fungal infections in the lungs 
(continued) 

Patent App. No. File Date Pub. Date Inventors/ 
Assignee Title Claims 

US 2007/0287675 8/26/2005 12/13/2007 Hitt et al. 
Dow Chemical 
Company and 
Board of 
Regents 
University of 
Texas System 

Enhanced 
delivery of drug 
compositions to 
treat life 
threatening 
infections 

1. An inhalable composition comprising one or more respirable 
aggregates, the respirable aggregates comprising one or more poorly 
water soluble active agents, wherein at least one of the active agents 
reaches a maximum lung concentration (Cmax) of at least about 0.25 
µg/gram of lung tissue and remains at such concentration for a period of 
at least one hour after being delivered to the lung. 
7. The composition of claim 1, wherein the active agent comprises an 
antifungal agent. 
 

US 2008/0194820 12/13/2005 8/14/2008 Sundaram et al. Process for 
preparing 
voriconazole 

21. Amorphous voriconazole. 
22. The amorphous voriconazole of claim 21, prepared by a process 
comprising: providing a solution of voriconazole and a carrier in an 
organic solvent; and removing solvent to obtain a solid residue 
comprising amorphous voriconazole. 
23. The amorphous voriconazole of claim 21, wherein a carrier 
comprises a polymer of N-vinylpyrrolidone. 

WO 2009/087410 1/12/2009 7/16/2009 Lulla et al. 
Cipla Limited 

Solid 
pharmaceutical 
dosage form 

1. A pharmaceutical composition comprising a solid unit dosage form 
comprising: one or more of pharmaceutically active ingredients selected 
from paracetamol, olanzapine, valsartan, clopidogrel, atorvastatin, 
simvastatin, amlodipine, ezetimibe, fenofibrate, voriconazole, topotecan, 
artesunate, amodiaquine, guggulosterone, ramipril, telmisartan, tibolone, 
tacrolimus, valacyclovir, valgancyclovir, estradiol, trenbolone, efavirenz, 
metformin, pseudoephedrine, verapamil, felodipine, valproic 
acid/sodium valproate, mesalamine, hydrochlorothiazide, levosulpiride, 
nelfmavir, cefixime and cefpodoxime proxetil in combination with a 
water insoluble polymer and/or a water soluble polymer. 
5. A pharmaceutical composition according to claim 2,3 or 4, which is 
obtainable by hot melt extruding said pharmaceutically active 
ingredient(s) with the polymer(s). 
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Table A.2:  Patent applications relevant to the development of inhaled voriconazole for invasive fungal infections in the lungs 
(continued) 

Patent App. No. File Date Pub. Date Inventors/ 
Assignee Title Claims 

WO 2009/106333 2/26/2009 9/3/2009 Rundfeldt et al. Nanosuspension 
with antifungal 
medication to be 
administered via 
inhalation with 
improved impurity 
profile and safety 

1. A pharmaceutical composition for administration by inhalation, 
comprising as an active agent at least one antifungal azole derivative 
and optionally pharmaceutically acceptable diluents and/or adjuvants, 
characterized in that the pharmaceutical composition has an inorganic 
particulate impurity of < 10000 µg/L and is obtainable by a method 
comprising the steps: a) providing at least one antifungal azole 
derivative and optionally pharmaceutically acceptable diluents and/or 
adjuvants, and b) wet milling the at least one antifungal azole 
derivative and the optionally pharmaceutically acceptable diluents 
and/or adjuvants using a pearl mill and smooth milling beads 
composed of at least one organic material. 

WO 2009/137611 5/6/2009 11/12/2009 Williams, III et al. 
Board of Regents 
The University of 
Texas System and 
Cydex 
Pharmaceuticals, 
Inc. 

Treatment of 
pulmonary fungal 
infection with 
voriconazole via 
inhalation 

1. A method of treating, preventing or reducing the occurrence of a 
disease, disorder or condition having an etiology associated with 
fungal infection or of a disease, disorder or condition that is 
therapeutically responsive to voriconazole therapy, the method 
comprising: administering to a subject in need thereof via pulmonary 
administration a therapeutically effective amount of voriconazole in an 
inhalable aqueous liquid formulation comprising voriconazole, 
sulfoalkyl ether cyclodextrin and an aqueous liquid carrier. 

US 2010/0221343 5/12/2010 9/2/2010 Johnston et al. 
Board of Regents, 
The University of 
Texas System 

Compositions and 
methods of 
making brittle-
matrix particles 
through blister 
pack freezing 

10.A medicinal formulation for use in a dry powder inhaler 
comprising: a non-tightly packed porous flocculated web composition 
comprising one or more brittle-matrix particles of one or more active 
agents, wherein a portion of the one or more brittle-matrix particles is 
templated by a patient and/or device induced shearing energy to form 
a porous particle for deep lung delivery. 
11. The medicinal formulation of claim 10, wherein the one 
or more active agents comprise itraconazole, voriconazole, 
paclitaxel, sirolimus, cyclosporin, an inhalable medicinally 
active drug for treatment of asthma, COPD, or interstitial lung 
disease, mycophenolic acid or a salt thereof, tacrolimus and lactose, or 
tacrolimus. 
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Table A.3:  Journal publications relevant to the development of inhaled voriconazole 

Author Journal Edition Title Teachings 
N/A The IP.com 

Journal 
Vol. 5, Issue 6A (2005) p. 234-
240 

Crystalline 2R,3S-2-(2,4-
difluorophenyl)-3-(5-fluoropyrimidin-
4-yl)-1-(1H-1,2,4-triazol -1-yl)-2-
butanol (VRC) in plate-like form and 
micronized 2R,3S-2-(2,4-
difluorophenyl)-3-(5-fluoropyrimidin-
4-yl)-1-(1H-1,2,4-triazol -1-yl)-2-
butanol obtained therefrom 

Method of obtaining crystalline VRC in a plate-like 
crystal habit;  
Micronizing the plate-like VRC crystals. 

Peng et al. International 
Journal of 
Pharmaceutics 

Vol. 352 (2008) p. 29–35 Voriconazole into PLGA 
nanoparticles: Improving 
agglomeration and 
antifungal efficacy 

Preparation of PLGA nanoparticles loaded with 
voriconazole by emulsion-solvent evaporation process; 
Controlled release of PLGA nanoparticles loaded with 
voriconazole over 7 days in vitro;  
Decreased fungal burden in kidney tissue following 
oral administration of PLGA nanoparticles loaded with 
voriconazole compared to voriconazole and PBS 
control groups. 

Pham et al. Molecular 
Pharmaceutics 

Vol. 7, No. 5 (2010) p. 1667-
1691 

Analysis of Amorphous Solid 
Dispersions Using 2D 
Solid-State NMR and 1H T1 
Relaxation Measurements 

Formation of 15% w/w amorphous dispersion of 
voriconazole in PVP K30 with 5% w/w sodium lauryl 
sulfate by rapid evaporation from a 30 mL ethanol 
solution; 
Analysis of amorphous voriconazole dispersion by 2D 
solid state NMR. 

Sinha and 
Mukherjee 

Drug 
Development 
and Industrial 
Pharmacy 

DOI: 
10.3109/03639045.2011.592532 

Development of an inhalation 
chamber and a dry powder 
inhaler device for administration of 
pulmonary medication in 
animal model 

Design of nose-only inhalation chamber for nebulized 
aerosols and dry powder inhalation device; 
Deposited dose of approximately 50 µg drug per gram 
of lung tissue following nebulization of 2 mg/mL 
voriconazole solution containing 10% hydroxypropyl-
β-cyclodextrin to mice; 
Deposited dose of approximately 100 µg drug per gram 
of lung tissue following dry powder inhalation of 50 
mg micronized voriconazole mixed with micronized 
lactose to mice. 
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Appendix B: Residual Solvent Analysis of TFF-processed Powders by 
Thermogravimetric Analysis 

 

B.1  PURPOSE 

As described in Chapter 3, it was difficult to produce amorphous solid dispersions 

containing voriconazole (VRC).  It was hypothesized that there was a correlation between 

the residual solvent content and the degree of crystallinity in the amorphous formulations.  

In addition, the amorphous TFF-processed powders are very hygroscopic and appeared to 

absorb moisture quickly when exposed to ambient humidity conditions. 

 

B.2  METHODS 

Residual solvent content was determined using a Mettler-Toledo TGA/DSC 1.  

TFF-processed powders were accurately weighed to 10-15 mg into 100 µL aluminum 

pans.  The samples were ramped from 25 to 110°C at 10°C/minute then held at 110°C for 

30 minutes.  The difference between the final sample weight and the initial sample 

weight was used to calculate the percentage of residual solvent lost on drying.  Due to 

limited equipment availability, not all samples could be analyzed. 

   

B.3  RESULTS 

TFF formulations with specific surface areas and percent residual solvent are 

presented in Table B.1.  The data show a few trends.  First, the equilibrium moisture 

content of crystalline VRC is much lower than PVP, as indicated by the moisture content 

in VRC:PVP K30 (1:2) physical mixture.  Second, microstructured crystalline TFF-
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processed powders (Formulation #1-D, 45-A, 46-A, 48-A and 51) displayed significantly 

lower residual solvent than nanostructured amorphous TFF-processed powders 

containing PVP (all other formulations).  Amorphous formulations produced with solvent 

systems containing water appeared to have higher residual solvent content immediately 

after lyophilization (Formulation #32-C versus #24-D versus #23-D; Formulation #26-D 

versus #25-E versus #29-D).  Solvent removal continued following lyophilization when 

the amorphous TFF-processed powders were stored in an open container within a vacuum 

desiccator, which indicated solvent removal was not complete following secondary 

drying in the lyophilizer.  Residual solvent appears to be higher when polymer content is 

increased (i.e. TFF-processed powders with a drug to polymer ratio of 1 to 3).  This is 

likely due to increased surface area and increased hygroscopicity of PVP.  Finally, 

residual solvent appears to be higher when the liquid feed solution for TFF is more dilute 

(Formulation #47-A and #47-B versus #25-E). 
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Table B.1:  Summary of samples analyzed by TGA. 

Formulation 
# Formulation ID Solvent system % solids 

(w/v) 

BET specific 
surface area 

(m2/g) 

TGA 
solvent 
content 

(%) 

Conditions when TGA residual solvent 
analysis was measured 

- crystalline VRC                      
(as received from supplier) - - 0.58 0.09 - 

- VRC:PVP K30 (1:2) 
physical mixture - - 0.87 5.45 - 

1-D TFF-VRC 1,4-dioxane:water   
50:50 1.0% 9.63          

sieved 10.66 
0.13         
0.32 

immediately after lyophilization                          
after sieving 

45-A TFF-VRC 1,4-dioxane 1.0% 10.4 0.35 immediately after lyophilization 

46-A TFF-VRC 1,4-dioxane:water   
50:50 0.1% 9.4 0.35 immediately after lyophilization 

48-A TFF-VRC 1,4-dioxane 10.0% 5.3 0.39 immediately after lyophilization 

51 TFF-VRC-MAN (1:1) 1,4-dioxane:water   
50:50 2.0% 14.8 0.39 immediately after lyophilization 

23-A TFF-VRC-PVP K12 (1:2) 1,4-dioxane 1.0% 24.40 2.44 stored in closed container within desiccator 

23-B TFF-VRC-PVP K12 (1:2) 1,4-dioxane 1.0% 39.31 2.36 stored in closed container within desiccator 

23-D TFF-VRC-PVP K12 (1:2) 1,4-dioxane 1.0% 20.00 4.54         
2.92 

immediately after lyophilization                          
stored in open container in desiccator 

24-A TFF-VRC-PVP K12 (1:2) 1,4-dioxane:water   
50:50 1.0% 63.13 3.38 stored in closed container within desiccator 

24-B TFF-VRC-PVP K12 (1:2) 1,4-dioxane:water   
50:50 1.0% 94.99 1.36 stored in closed container within desiccator 

24-D TFF-VRC-PVP K12 (1:2) 1,4-dioxane:water   
50:50 1.0% 48.27 4.44         

2.95 
immediately after lyophilization                          
stored in open container in desiccator 

32-C TFF-VRC-PVP K12 (1:2) 1,4-dioxane:water   
20:80 1.0% 76.24 5.43         

2.85 
immediately after lyophilization                          
stored in open container in desiccator 
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Table B.1:  Summary of samples analyzed by TGA. (continued) 

Formulation 
# Formulation ID Solvent system % solids 

(w/v) 

BET specific 
surface area 

(m2/g) 

TGA 
solvent 
content 

(%) 

Conditions when TGA residual solvent 
analysis was measured 

43-A TFF-VRC-PVP K25 (1:2) 1,4-dioxane 1.0% 86.76         
sieved 69.22 

2.41         
6.14 

immediately after lyophilization                            
after sieving 

44-A TFF-VRC-PVP K25 (1:3) 1,4-dioxane 1.0% 48.85 2.81         
7.32 

immediately after lyophilization                            
after sieving 

44-B TFF-VRC-PVP K25 (1:3) 1,4-dioxane 1.0% 47.4 7.27 immediately after lyophilization 

44-C TFF-VRC-PVP K25 (1:3) 1,4-dioxane 1.0% 40.0          
sieved 37.13 

7.27         
sieved 6.83 

immediately after lyophilization                            
after sieving 

41-A TFF-VRC-PVP K25 (1:2) 1,4-dioxane:water   
50:50 1.0% 46.17 4.80 stored in open container in desiccator 

42-A TFF-VRC-PVP K25 (1:3) 1,4-dioxane:water   
50:50 1.0% 87.7 7.20 stored in open container in desiccator 

29-D TFF-VRC-PVP K30 (1:2) 1,4-dioxane 1.0% 68.82 4.83        
2.80 

immediately after lyophilization                            
stored in open container in desiccator 

25-E TFF-VRC-PVP K30 (1:2) 1,4-dioxane:water   
50:50 1.0% 96.85 5.49         

3.22  
immediately after lyophilization                            
stored in open container in desiccator 

47-A TFF-VRC-PVP K30 (1:2) 1,4-dioxane:water   
50:50 0.1% 1.62 7.73 immediately after lyophilization 

47-B TFF-VRC-PVP K30 (1:2) 1,4-dioxane:water   
50:50 0.1% 4.01 7.32 immediately after lyophilization 

26-D TFF-VRC-PVP K30 (1:2) 1,4-dioxane:water   
20:80 1.0% 42.42 6.10         

3.75 
immediately after lyophilization                            
stored in open container in desiccator 

40-A TFF-VRC-PVP K30 (1:3) 1,4-dioxane:water   
50:50 1.0% 154.95 7.63 stored in closed container within desiccator 

40-B TFF-VRC-PVP K30 (1:3) 1,4-dioxane:water   
50:50 1.0% 107.73 7.56         

4.55  
immediately after lyophilization                            
stored in open container in desiccator 

40-C TFF-VRC-PVP K30 (1:3) 1,4-dioxane:water   
50:50 1.0% 179.66 8.21 immediately after lyophilization 
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Appendix C: Physical Stability of TFF-processed Powder 

 

C.1  PURPOSE 

The purpose was to assess the physical stability of amorphous voriconazole, TFF-

VRC-PVP K30 (1:3) prepared from 50:50 (v/v) 1,4-dioxane:water, over time. 

 

C.2  METHODS 

The TFF-processed powder, TFF-VRC-PVP K30 (1:3), was stored in a vacuum 

desiccator at room temperature.  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) at time 0, 1 month, 2 months, and 6 months.   

 

C.3  RESULTS 

The crystallinity of the TFF-VRC-PVP K30 (1:3) powder was monitored using 

XRD and the results are depicted in Figure C.1. The characteristic crystalline peaks of 

VRC were not detected by XRD after storage for up to 6 months, indicating the powder 

retained its amorphous morphology when stored at room temperature and protected from 

humidity. 
  



 

 

Figure C.1:  Powder XRD patterns of TFF-VRC-PVP K30 (1:3) over time compared to 
VRC-PVP K30 (1:3) physical mixture. 

(a) initial; (b) after 1 month storage; (c) after 2 months storage; (d) after 6 months 
storage; (e) VRC-PVP K30 (1:3) physical mixture. 
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Appendix D: Investigation of Amorphous Voriconazole Formulations 
by Slow Freezing and Lyophilization 

 

D.1  PURPOSE 

The purpose was to evaluate if amorphous voriconazole could be formed by slow 

freezing and lyophilization using polymeric stabilizers. 

 

D.2  METHODS 

Voriconazole (VRC) with PVP K30, HPMC K3 or HPMC E3 was dissolved in 

1,4-dioxane at high (25% w/v) dissolved solids content or a mixture of 1,4-dioxane and 

water at low (0.7-1.0% w/v) dissolved solids content.  The solutions were frozen in 

beakers in a -20°C freezer and loaded into a Virtis Advantage tray lyophilizer to obtain 

dry powders.  Lyophilization was performed over 48 hours at pressures less than 200 

mTorr while the shelf temperature was gradually ramped from -40°C to 25°C.  The ratio 

of voriconazole to polymer was varied.  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).  Specific surface area was measured using a Nova 2000 version 6.11 

instrument (Quantachrome Instruments, Boynton Beach, FL).  An aliquot of powder was 

added to a 12-mm Quantachrome bulb sample cell and vacuum-degassed overnight prior 

to analysis. The data was then analyzed using NOVA Enhanced Data Reduction Software 

(version 2.13) which utilizes the Brunauer-Emmett-Teller (BET) equation. 
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D.3  RESULTS 

Table D.1 summarizes the formulations prepared by slow freezing and 

lyophilization.  Figure D.1 shows the powder XRD patterns.  Amorphous voriconazole 

was formed by slow freezing and lyophilization using VRC to PVP K30 ratios of 1:10, 

1:2, 1:1, and 2:1 when the dissolved solids content in 1,4-dioxane was high.  When the 

dissolved solids content was low, voriconazole exhibited partial crystallinity when the 

VRC to PVP K30 ratio was 1:2 or higher.  HPMC K3 and HPMC E3 were only used in 

formulations with high dissolved solids content.  Amorphous voriconazole was formed 

by slow freezing and lyophilization using a VRC to HPMC ratio of 1:2, but displayed 

partial crystallinity at ratios of 1:1 and 2:1. 

In dilute solutions, there is more space for molecules to move around more freely 

without colliding or interacting with other molecules; therefore, there will be less 

interaction between drug and polymer molecules.  On the other hand, a polymer must 

interact with the drug physically and/or chemically in order to stabilize the drug in the 

amorphous state and inhibit recrystallization.  It is not surprising that amorphous 

voriconazole solid dispersions with PVP K30 could be obtained at higher drug to 

polymer ratios when the concentration of dissolved solids in the starting solution was 

high.  When comparing the slow freeze formulations made with PVP K30 compared to 

HPMC K3 and E3, the results are in agreement with the findings in the preformulation 

drug-polymer miscibility studies in Chapter 3.  PVP is a more effective polymeric 

stabilizer for voriconazole, and therefore, amorphous solid dispersions with PVP can be 

obtained at higher drug levels compared to amorphous solid dispersions with HPMC.  
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Table D.1:  Slow freeze formulations containing voriconazole. 

Slow Freeze 
Formulation 

# 

Active 
(API) 

Polymer 
(P) 

API:P 
ratio Solvent system 

% 
solids 
(w/v) 

Appearance Crystallinity 
by XRD 

BET 
surface 

area 
(m2/g) 

1 VRC PVP 
K30 1:50 1,4-dioxane:water    

50:50 1 white & fluffy; 
foam-like amorphous - 

2 VRC PVP 
K30 1:10 1,4-dioxane 25 

dense hard 
block of off-
white powder 

amorphous - 

3 VRC PVP 
K30 1:7.5 1,4-dioxane:water    

50:50 0.7 white & fluffy; 
foam-like amorphous - 

4 VRC PVP 
K30 1:2 1,4-dioxane 25 

dense hard 
block of off-
white powder 

amorphous 3.5 

5 VRC PVP 
K30 1:2 1,4-dioxane:water    

50:50 1 white & fluffy; 
foam-like crystalline - 

6 VRC PVP 
K30 1:1 1,4-dioxane 25 

dense hard 
block of off-
white powder 

amorphous - 

7 VRC PVP 
K30 1:1 1,4-dioxane:water    

50:50 1 white & fluffy; 
foam-like crystalline - 

8 VRC PVP 
K30 2:1 1,4-dioxane 25 

dense hard 
block of off-
white powder 

amorphous - 

9 VRC HPMC 
K3 1:2 1,4-dioxane 25 

dense hard 
block of off-
white powder 

amorphous - 

10 VRC HPMC 
K3 1:1 1,4-dioxane 25 

dense hard 
block of off-
white powder 

very slightly 
crystalline - 

11 VRC HPMC 
K3 2:1 1,4-dioxane 25 

dense hard 
block of off-
white powder 

partially 
crystalline - 

12 VRC HPMC 
E3 1:2 1,4-dioxane 25 

dense hard 
block of white 

powder 
amorphous - 

13 VRC HPMC 
E3 1:1 1,4-dioxane 25 

dense hard 
block of white 

powder 

very slightly 
crystalline - 

14 VRC HPMC 
E3 2:1 1,4-dioxane 25 

dense hard 
block of white 

powder 

partially 
crystalline - 
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Figure D.1:  Powder XRD patterns of slow freeze formulations containing VRC. 

(a) Slow freeze #1; (b) Slow freeze #2; (c) Slow freeze #3; (d) Slow freeze #4; (e) Slow 
freeze #5; (f) Slow freeze #6; (g) Slow freeze #7; (h) Slow freeze #8; (i) Slow freeze #9; 
(j) Slow freeze #10; (k) Slow freeze #11; (l) Slow freeze #12; (m) Slow freeze #13; (n) 
Slow freeze #14. 
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Appendix E: Investigation of 30 L/minute NGI Flow Rate for 
Aerodynamic Characterization of TFF-processed Powders  

 

E.1  PURPOSE 

The purpose of this study was to determine if the flow rate used through the Next 

Generation Pharmaceutical Impactor (NGI) affected the aerodynamic properties of low 

density aggregate particles produced by TFF. 

 

E.2  METHODS 

TFF-processed powders were filled into size 3 HPMC capsules and aerosolized 

using a Handihaler® dry powder inhaler (DPI).  The DPI was attached to the induction 

port of the NGI by a molded silicone adapter and actuated over 8 seconds at a flow rate of 

30 L/minute.  NGI collection surfaces were coated with 1% v/v polysorbate 80 in ethanol 

to prevent particle bounce, fracture, and reentrainment.  After aerosolization, all 

collection surfaces were rinsed with known volumes of mobile phase.  The solutions were 

passed through a 0.2 µm PTFE filter and analyzed by HPLC for voriconazole (VRC) 

content. 

Emitted fraction (EF) was calculated as the percentage of drug emitted from the 

DPI with respect to the total assayed dose recovered from the DPI, silicone adapter, 

induction port, and NGI collection plates.  Mass median aerodynamic diameter (MMAD) 

and geometric standard deviation (GSD) were calculated based on the dose deposited on 

stages 1 through 7 and the micro-orifice collector (MOC), as defined in the USP 32-NF 

27 General Chapter 601: Aerosols, Nasal sprays, Metered-dose inhalers, and Dry powder 

inhalers.  Fine particle fraction (FPF) was determined from the amount of VRC collected 
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from stages 3 through the MOC, which represents the percentage of emitted particles 

with an MMAD of 4 µm or less.  Respirable fraction (RF) was the ratio of the mass of 

VRC deposited on stages 3 through MOC over the total assayed dose. 

 

E.3  RESULTS 

The emitted fraction (EF) from the capsule was significantly lower when 30 

L/minute flow rate was used to aerosolize the TFF-processed powders from the 

Handihaler® DPI compared to 60 L/minute.  It seems that there is not as much force to 

shear the brittle aggregate particles in situ into respirable particles as they exit the capsule 

at the lower flow rate.  The amorphous formulation, TFF-VRC-PVP K25 (1:3) had more 

than 50% deposition on stage 1; and therefore, MMAD and GSD could not be accurately 

calculated. 

 

Table E.1:  Aerodynamic properties of TFF-processed powders using 30 L/minute flow 
rate. 

Formulation EF (%) FPF (%) RF (%) MMAD (µm) GSD (µm) 
TFF-VRC 49.2 35.8 17.6 3.6 2.5 
TFF-VRC-PVP K25 (1:3) 60.7 6.6 4.0 > 8 - 
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Appendix F: Raw Data for Lung and Plasma Concentrations following 
Dry Powder Insufflation in Mice 

 

F.1  PURPOSE 

This appendix contains the raw data points for each mouse that received a single 

insufflated dose of either microstructured crystalline TFF-VRC or nanostructured 

amorphous TFF-VRC-PVP K25, as described in Chapter 4. 

 

F.2  METHODS 

Male outbred ICR mice (Harlan Laboratories, Indianapolis, IN) weighing 20 to 34 

grams (average weight = 27 grams) were used for the in vivo intubation and dry powder 

insufflation procedure.  The mice were housed in a 12-hour light/dark cycle with food 

and water available ad libitum.  This study was approved by the Institutional Animal 

Care and Use Committee at the University of Texas at Austin, and all animals were 

handled in accordance with the American Association for Accreditation of Laboratory 

Animal Care. 

DP-4M Dry powder insufflator™, AP-1 air pump, and LS-2 small animal 

laryngoscope were purchased from Penn-Century, Inc. (Wyndmoor, PA).  TFF-processed 

powders were passed through a No. 230 sieve (63 µm aperture) to break up large 

aggregates prior to the dry powder insufflation procedure. The chamber of the insufflator 

device was loaded with sieved TFF powder and weighed on a microbalance (target VRC 

dose = 10 mg/kg).  Each mouse was given an i.p. injection of ketamine/xylazine 

anesthesia (80 mg/kg ketamine, 6 mg/kg xylazine).  The anesthesia was prepared by 

combining 0.8 mL of 100 mg/mL ketamine, 0.3 mL of 20 mg/mL xylazine with 8.9 mL 
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of 0.9% sodium chloride for injection to yield a total volume of 10 mL.  Once the mouse 

was anesthetized, it was placed on its back at a 45° angle and the incisors were secured 

with a small rubber band.  The laryngoscope was used to visualize the trachea, the 

insufflator device was inserted into the trachea, and the air pump was attached to the 

insufflator device.  The sieved TFF powder was actuated into the lungs using 5-8 pumps 

(200 µL of air per pump).  A rise and fall of the chest provided visual confirmation that 

the insufflator was inserted properly.  The insufflator was removed and the mouse was 

allowed to recover on a heating pad until waking from anesthesia. 

The actuated dose of powder was estimated by mass balance and HPLC assay.  

The insufflator was weighed before and after powder filling, and after administration, to 

estimate the actual dose insufflated by mass.  Then the insufflator was rinsed with a 

known volume of methanol.  Each methanol rinse was diluted 1 to 10 with mobile phase 

and injected into the HPLC system for quantitative analysis of the residual dose 

remaining in the insufflator. 

Following insufflation, eight mice were euthanized by isoflurane inhalation at 

each of the predetermined time points (10 minutes, 30 minutes, 1, 2, 4, 8, 12, and 24 

hours).  Whole blood was collected by cardiac puncture into heparinized vials and 

centrifuged at 9000 rpm for 15 minutes to obtain plasma.  The lungs were excised 

following cardiac puncture.  Plasma samples and lungs were frozen and stored at -20°C 

until analysis.  Each sample was analyzed individually for VRC content. 

 

F.3  RESULTS 
 
 



 

Table F.1:  Individual plasma and lung concentrations following dry powder insufflation of TFF-VRC in mice 
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Timepoint (hr) 0.167 0.5 1 2
TFF‐VRC                              
microstructured, 
crystalline

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

mouse 1 4.39 28.85 2.4 4.10 6.63 3.4 3.11 6.23 4.7 2.59 8.66 1.9

mouse 2 2.98 730.44 9.1 3.99 162.29 6.5 4.98 16.69 6.0 5.67 7.77 3.4

mouse 3 13.04 275.81 11.0 4.09 83.89 11.5 3.60 29.74 9.3 3.08 18.25 6.3

mouse 4 7.39 881.28 11.2 7.34 83.79 12.8 2.32 22.99 9.7 2.61 3.94 6.4

mouse 5 6.16 526.58 12.5 8.59 88.34 13.1 5.02 17.16 10.4 3.37 6.60 9.3

mouse 6 7.51 339.35 12.6 4.56 371.25 13.5 6.75 22.34 12.5 5.61 36.87 11.6

mouse 7 1.74 883.77 16.5 3.49 345.55 19.0 8.66 156.42 19.1 8.33 17.61 13.8

mouse 8 7.10 924.20 17.0 6.22 235.00 23.6 9.19 38.00 20.2 8.32 124.50 18.2

Mean 6.29 573.78 11.5 5.30 172.09 12.9 5.45 38.70 11.5 4.95 28.02 8.9

Std Dev 3.47 334.00 4.59 1.86 132.97 6.39 2.54 48.48 5.60 2.41 40.38 5.49

95% CI 2.40 231.45 3.18 1.29 92.15 4.43 1.76 33.60 3.88 1.67 27.98 3.80

 

Timepoint (hr) 4 8 12 24
TFF‐VRC                            
microstructured, 
crystalline

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration  

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

mouse 1 4.15 5.84 4.9 0.04 0.15 5.1 0.01 0.27 6.4 0.00 0.40 5.9

mouse 2 3.62 3.80 5.1 0.11 0.21 6.2 0.00 0.16 7.8 0.25 0.16 8.7

mouse 3 1.49 2.16 5.7 0.45 1.06 7.4 0.19 0.66 8.4 0.22 0.21 10.2

mouse 4 2.39 13.39 7.7 0.19 0.53 7.6 0.15 0.03 8.4 0.10 0.06 11.5

mouse 5 3.73 5.05 9.1 6.37 10.81 8.3 0.73 0.42 10.9 0.56 1.79 12.4

mouse 6 4.20 10.58 10.3 1.49 1.56 9.8 3.66 3.54 11.1 0.00 0.33 12.7

mouse 7 0.55 3.18 13.1 0.29 0.45 10.5 0.58 0.17 12.0 0.05 0.28 13.4

mouse 8 9.04 13.91 14.0 2.10 2.44 16.6 0.27 0.08 12.3 0.21 0.20 13.5

Mean 3.65 7.24 8.7 1.38 2.15 8.9 0.70 0.66 9.6 0.17 0.43 11.0

Std Dev 2.55 4.70 3.52 2.15 3.58 3.55 1.22 1.18 2.18 0.18 0.56 2.63

95% CI 1.77 3.25 2.44 1.49 2.48 2.46 0.85 0.82 1.51 0.13 0.39 1.82



 

 

 

 

177 

Table F.2:  Individual plasma and lung concentrations following dry powder insufflation of TFF-VRC-PVP K25 in mice 

 
Timepoint (hr) 4 8 12 24

TFF‐VRC‐PVP K25          
nanostructured, 
amorphous

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration  

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

mouse 1 0.02 0.46 5.7 0.38 0.08 7.3 0.02 0.13 3.8 0.00 0.19 5.8

mouse 2 2.70 3.12 8.5 0.47 0.17 7.6 0.47 0.15 4.4 0.23 0.92 7.5

mouse 3 1.49 1.45 9.7 0.43 0.22 8.5 0.55 0.32 8.1 0.34 0.11 7.7

mouse 4 1.99 1.55 10.2 0.27 0.15 10.2 0.57 0.18 8.5 0.41 0.20 9.3

mouse 5 0.40 0.93 11.4 0.00 0.12 10.5 0.03 0.13 9.0 0.00 0.18 10.3

mouse 6 1.85 1.52 13.1 0.00 0.20 12.8 0.05 0.17 10.0 0.47 0.11 12.8

mouse 7 1.98 2.83 13.5 0.09 0.47 13.4 0.55 0.29 11.6 0.00 0.23 14.4

mouse 8 0.67 1.51 13.7 0.03 0.17 18.5 0.09 0.32 18.6 0.00 0.18 15.7

Mean 1.39 1.67 10.7 0.21 0.20 11.1 0.29 0.21 9.3 0.18 0.27 10.4

Std Dev 0.93 0.89 2.78 0.20 0.12 3.73 0.26 0.08 4.61 0.20 0.27 3.57

95% CI 0.64 0.62 1.92 0.14 0.08 2.59 0.18 0.06 3.20 0.14 0.19 2.48

Timepoint (hr) 0.167 0.5 1 2

TFF‐VRC‐PVP K25           
nanostructured, 
amorphous

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

Plasma  
Concentration 

(µg/mL)

Lung 
Concentration 

(µg/g)

Insufflation 
dosage  
(mg/kg)

mouse 1 2.38 35.69 6.9 4.30 6.88 10.2 0.50 1.27 6.3 1.42 2.35 8.8

mouse 2 7.77 229.57 8.6 5.86 85.69 10.3 2.23 3.55 7.6 2.29 2.21 9.5

mouse 3 5.66 192.65 10.2 3.94 19.69 10.6 4.72 5.58 8.1 2.51 2.97 9.8

mouse 4 12.68 207.65 11.4 4.83 108.79 11.8 1.75 5.36 8.7 1.99 3.02 9.9

mouse 5 10.36 279.01 11.6 3.52 5.25 12.6 7.44 21.34 13.5 3.45 3.23 10.8

mouse 6 6.91 185.78 11.8 7.43 30.46 12.8 3.54 15.07 13.8 1.81 3.16 11.2

mouse 7 6.51 470.12 12.2 4.55 6.37 14.1 4.21 7.41 14.6 2.98 3.17 11.4

mouse 8 4.07 415.62 13.2 4.15 95.89 15.2 7.71 13.17 18.7 1.90 3.13 12.4

Mean 7.04 252.01 10.8 4.82 44.88 12.2 4.01 9.09 11.4 2.30 2.91 10.5

Std Dev 3.30 137.45 2.08 1.26 44.23 1.81 2.59 6.80 4.36 0.67 0.40 1.21

95% CI 2.29 95.25 1.44 0.87 30.65 1.26 1.79 4.71 3.02 0.46 0.27 0.84
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Appendix G:  Aerodynamic Properties of TFF Template Emulsion 
Formulations 

 

G.1  PURPOSE 

The TFF template emulsion formulations containing mannitol as a cryoprotectant, 

produced in Chapter 5, resulted in low density aggregate particles with crystalline 

morphology and a flake-like macroscopic appearance.  Therefore, these formulations 

were tested for aerodynamic performance using the Handihaler® dry powder inhaler 

(DPI). 

 

G.2  METHODS 

TFF template emulsion powders were filled into size 3 HPMC capsules and 

aerosolized using a Handihaler® dry powder inhaler.  The DPI was attached to the 

induction port of the NGI by a molded silicone adapter and actuated over 4 seconds at a 

flow rate of 60 L/minute.  NGI collection surfaces were coated with 1% v/v polysorbate 

80 in ethanol to prevent particle bounce, fracture, and reentrainment.  After 

aerosolization, all collection surfaces were rinsed with known volumes of mobile phase.  

The solutions were passed through a 0.2 µm PTFE filter and analyzed by HPLC for 

voriconazole (VRC) content. 

Emitted fraction (EF) was calculated as the percentage of drug emitted from the 

DPI with respect to the total assayed dose recovered from the DPI, silicone adapter, 

induction port, and NGI collection plates.  Mass median aerodynamic diameter (MMAD) 

and geometric standard deviation (GSD) were calculated based on the dose deposited on 

stages 1 through 7 and the micro-orifice collector (MOC), as defined in the USP 32-NF 
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inhalers.  Fine particle fraction (FPF) was determined from the amount of VRC collected 

from stages 2 through the MOC, which represents the percentage of emitted particles 

with an MMAD of 4.5 µm or less.  Respirable fraction (RF) was the ratio of the mass of 

VRC deposited on stages 2 through MOC over the total assayed dose. 

 

G.3  RESULTS 

Table G.1:  Specific surface area and aerodynamic properties of crystalline TFF template 
emulsion formulations containing VRC. 

Formulation SSA 
(m2/g) 

Aerodynamic properties 

EF (%) FPF (%) RF (%) MMAD 
(µm) 

GSD 
(µm) 

TFF template emulsion #10 10.0 86.5 59.2 51.0 2.8 2.2 

TFF template emulsion #11 9.0 30.7 59.3 19.2 1.6 2.2 

TFF template emulsion #12 10.5 34.8 44.6 16.4 2.6 2.1 

TFF template emulsion #16 7.0 49.0 36.8 17.6 4.5 2.4 

TFF template emulsion #17 7.8 42.5 27.1 12.5 5.1 2.6 
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