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For 40% of currently discovered drugs which are poorly water soluble, 

engineering amorphous nanoparticles with rapid dissolution and enhanced solubility can 

improve their absorption.  Antisolvent precipitation by mixing organic drug solutions 

with aqueous solutions produced sub-300 nm amorphous nanoparticle dispersions.  

Polymeric stabilizers increased the nucleation rate by lowering the interfacial tension and 

adsorbed to particle surfaces to inhibit growth by condensation and coagulation.  An 

increase in the stabilizer concentration decreased the average particle size until reaching a 

threshold where the particles were < 300 nm for the poorly water soluble drug, 

itraconazole.   

The amorphous itraconazole nanoparticle dispersions dissolved at pH 1.2 to 

produce high supersaturation levels up to 90-times the equilibrium solubility. The 

supersaturation increased with particle curvature, as described qualitatively by the Kelvin 

equation.  A thermodynamic analysis indicated the stabilizer maintained amorphous ITZ 
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in the solid phase with a fugacity 90-times the crystalline value, while it did not influence 

the activity coefficient of ITZ in the aqueous phase.   

Recovery of the amorphous nanoparticles from water was achieved by adding salt 

to desolvate the polymeric stabilizers and flocculate the particles, which could then be 

rapidly filtered.  The flocculation under constant particle volume fraction produced open 

flocs which were redispersible in water to their original ~300 nm size, after filtration and 

drying.  Amorphous particles were preserved, as flocs were formed below the drug’s 

glass transition temperature.   

After flocculation/filtration, medium surface area (2-5 m2/g) particles dissolved 

rapidly in pH 6.8 buffer with 0.17% surfactant to an unusually large supersaturation up to 

17, comparable to that for high surface area (13-36 m2/g) particles.  However, the decay 

in supersaturation was much slower for the medium surface area particles, as the smaller 

excess surface area of undissolved particles produced slower nucleation and growth from 

solution.  In contrast, the maximum supersaturation was far lower for more conventional 

low surface area solid dispersions of drug in polymers, because of crystallization of 

undissolved solid during slow dissolution. The ability to design the particle morphology 

to manipulate the level in supersaturation in pH 6.8 media, offers new opportunities in 

raising bioavailability in gastrointestinal delivery. 
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Chapter 1:  Introduction 

It has been estimated that 40% of currently discovered drugs have poor water 

solubility, which leads to low bioavailability.1, 2  For drugs belonging to 

biopharmaceutical classification system (BCS) type II, permeability through 

biomembranes is rapid and bioavailability is limited by the dissolution rate in aqueous 

gastrointestinal fluids.3  Particles with increased surface area, improved wettability, or in 

an amorphous form with a higher equilibrium solubility may lead to faster dissolution 

rates.4  In an attempt to enhance solubility, drugs have been formulated using co-solvents, 

surfactants, or complexing agents.5-7  However, required excipient levels limit the drug 

loading in the final powder to less than 50% (drug weight / total weight).  Additionally, 

the dissolution rate may be enhanced by an increase in surface area via particle size 

reduction.  Mechanical milling8 and high pressure homogenization4, 9 often require long 

times, risk contamination with impurities, and offer no flexibility with regard to 

morphology of the final drug product. 

Nanoparticle formation of poorly water soluble drugs by precipitation from 

solution offers control of forming amorphous or crystalline drug at high loading.10-16  

Rapid freezing techniques or solvent evaporation of solutions with low drug to excipient 

ratios typically lead to stabilization of amorphous particles in a solid solution.17, 18 19, 20  

Solvent evaporation techniques often form lower surface area microparticles with slow 

wetting times.  Sub-micron particles may be formed by mixing a drug in organic solution 

with an aqueous, antisolvent solution, in the presence of stabilizers.  The stabilizers 

partition themselves to the interface introduced by the newly created drug surface to 

arrest particle growth.  The stabilizers orient themselves so that the hydrophilic tails 
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extend into the aqueous media to increase the wettability of the high surface area drug 

particles in oral delivery10, 21, 22 as well as provide steric stabilization against coagulation. 

The dissolution behavior of poorly water soluble drugs in both the crystalline23-25 

and amorphous14, 26, 27 states is studied to understand how the kinetics and 

thermodynamics may influence drug absorption.  Formation of a metastable amorphous 

drug leads to improved dissolution rates due to a higher equilibrium solubility than its 

crystalline form, since the former has a higher chemical potential.28  These formulations 

of amorphous materials must exhibit stability for storage over several months in order to 

be of marketable interest.  Excipients with high glass transition temperatures may slow 

down diffusion of molecules from amorphous domains to crystalline domains.  Long-

term stability has been estimated by use of accelerated aging conditions using elevated 

temperature and humidity conditions,26 where formulations must show negligible change 

in crystallinity, as measured by X-ray diffraction, and dissolution rate. 

This dissertation reports three areas of investigation relevant to the enhancement 

of bioavailability for poorly water soluble drugs: (1) controlled precipitation of drug 

nanoparticles, (2) recovery of amorphous nanoparticles from aqueous dispersions by salt 

flocculation and filtration, and (3) generation of sustained supersaturation from 

dissolution of amorphous particles in aqueous media.  

1.1 CONTROLLED PRECIPITATION OF POORLY WATER SOLUBLE DRUGS 

In order to stabilize wettable, high surface area particle dispersions in aqueous 

media, particle growth must be controlled during an antisolvent precipitation process. As 

nucleation occurs as a function of the level of supersaturation, polymeric stabilizers may 

adsorb to the newly formed particle surface and reduce or eliminate growth by 

coagulation and condensation.  High levels of supersaturation will lead to faster 

nucleation rates, and therefore, smaller particles, as long as growth is impeded 
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sufficiently.  Supersaturation can be highly sensitive to the rate at which the solvent and 

antisolvent are mixed, compared to the induction time for nucleation to occur.   

Previous studies of antisolvent precipitation of β-carotene using impinging jets 

have shown that the ratio of mixing time to precipitation time (the Damkohler number, 

Da) can be used to elucidate the importance of mixing energies for a given system.22, 29, 30  

As the mixing energy increased, Da and the stabilized particle size decreased until a 

threshold was reached where Da is less than one.  Further increase in mixing showed no 

further decrease in particle size.  With lower mixing energies, stabilizer concentration 

may also be used to reduce Da, as shown in Chapter 2.  An increase in stabilizer 

concentration is shown to increase the time for growth by coagulation and condensation 

and thus reduce Da (mixing time/precipitation time) at a constant mixing time.  A 

threshold is observed where a further increase in stabilizer concentration shows 

negligible reduction of particle size.  Results also show that particle sizes in the sub-300 

nm range can be stabilized utilizing the tradeoff variables of organic flow rate vs. jet 

mixing energy, jet mixing energy vs. stabilizer concentration, and stabilizer feed location 

(i.e., organic phase, aqueous phase) vs. stabilizer concentration.  

1.2 ISOLATION OF AMORPHOUS POORLY WATER SOLUBLE DRUG NANOPARTICLES 
BY SALT FLOCCULATION 

Aqueous dispersions of drug particles may be isolated into a dry powder by a 

variety of methods.  The aqueous dispersions may be formed by precipitation techniques 

or other micronization methods.  Many organic solvents, such as acetone or methanol, 

may be removed by continuous distillation at elevated temperatures and reduced pressure 

followed by spray drying to remove excess water.22  Spray drying has been used to isolate 

ketoconazole, itraconazole and ibuprofen micronized particles.10  Filtration with a 0.8 

μm-size polycarbonate membrane has provided isolation of budesonide particles with a 

size range from 1 to 10 μm.31  A major disadvantage of the spray-drying process is the 
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elevated temperatures (~90°C), which could result in particle agglomeration and 

crystallization in the case of amorphous nanoparticles stabilized by polymers with a low 

glass transition temperature (0-50°C), such as poly(ethylene oxide-b-propylene oxide-b-

ethylene oxide (P407).32   

Salt solutions may be used to flocculate certain types of polymer stabilized drug 

dispersions.  The flocs may be filtered much more efficiently than the original 

dispersions. A critical flocculation temperature corresponding to the cloud point 

temperature may be observed for stabilizing polymers in aqueous solution.33  Previous 

studies have shown for the case of polyoxyethylated nonionic surfactants, sodium sulfate 

shows the greatest reduction of cloud point when compared to other sodium salts such as 

F-, Cl-, Br-, I-, SCN-, NO3
-, OH-, and PO4

-.34, 35  Additional research has illustrated the 

ability of inorganic salts, including sodium sulfate, to modify the cloud point temperature 

of P407,36-38 poly(vinylpyrrolidone) (PVP),39-41 and hydroxypropyl methylcellulose 

(HPMC)42 in aqueous solution.  At a given temperature, increasing the concentration of 

salt in the polymer solution reduces the strength of hydrogen bonding between water and 

the polymer.43  The resulting reduction in the Huggins constant with increasing salinity, 

leads to precipitation of the polymer, which indicates loss of hydrogen bonding.   

When polymers are used to stabilize nanoparticle dispersions, their desolvation 

with salt provides a way to flocculate the particles so that they may be easily filtered.  

Since the concentration of salt can be chosen to precipitate a hydrogen bonded polymer 

from aqueous solution over a relatively wide range of temperatures,36, 39 it becomes 

possible to flocculate some suspensions even at ambient temperature.  Electrolytes 

weaken the hydration of the stabilizers on the nanoparticle surface, resulting in 

interparticle attractive interactions.43  The particles then flocculate together to form a 

much larger particle size (> 1μm) and the suspension can be rapidly filtered in a separate 
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step with high porosity filters.44  Residual water can then be removed over a short period 

of time under reduced temperature and pressure.  Whereas particle volume fraction 

increases in spray drying and rapid freezing during water removal, it remains constant 

during salt flocculation.  The differences in the pathways in particle volume fraction and 

solvent conditions, as a function of temperature and salinity, is shown to have a profound 

effect on the particle size upon redispersion and ultimately, the level of supersaturation as 

the particles dissolve.   

1.3 SUSTAINED SUPERSATURATION OF AMORPHOUS POORLY WATER SOLUBLE 
DRUGS IN AQUEOUS MEDIA 

Amorphous particles may dissolve to form metastable highly supersaturated 

solutions.  Particles may precipitate from these metastable solutions to lower the free 

energy depending upon the rate of nucleation to form particle embryos followed by 

growth via condensation or coagulation.  The growing particles may be crystalline 

relative to the initial amorphous particles.  It is well known that nucleation rates are a 

strong function of supersaturation according to equation 1.45 

                                ⎟
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where γ is the interfacial tension, VM is the molar volume, NA is Avagadro’s number, R is 

the gas law constant, T is temperature, and S0 is the supersaturation.  Growth by 

condensation has a weaker linear dependence on the supersaturation as well as the 

surface area of undissolved particles,45  

                                                        )( satCCkA
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−−=                                                   (2) 

where dm/dt is the particle growth rate, k is a constant, A is the particle surface area, C is 

the drug solubility in the media, and Csat is the equilibrium solubility.  Coagulation of 

particles and newly formed embryos is also dependent on the particle surface area46 as the 



 6

number of particles per volume (Npart) increases with specific surface area (Asp), for a 

given mass of particles, 

                                                       3
3

1
sp

part
part A

d
N ∝∝                                                   (3) 

                                                   embpartr
part NNk

dt
dN

−=                                                 (4) 

where dNpart/dt is the coagulation rate, dpart is the diameter of undissolved particles, kr is a 

coagulation rate constant for a given stability ratio, and Nemb is the number of embryos 

per volume.  Thus, the tendency for nucleation and growth from supersaturated solutions 

can be sensitive to the size of undissolved particles.  The presence of undissolved 

particles in the supersaturated solution enhances the depletion rate by driving growth by 

condensation and coagulation. 

Several water soluble polymers have been identified as crystallization inhibitors47-

53 and have been used to prevent nucleation of particles in supersaturated solutions.  For 

example, increasing the concentration of HPMC has been found to increase the induction 

time for precipitation of hydrocortisone acetate out of solution from minutes up to 80 

hours.50  Previous work by Raghavan et. al. has shown supersaturation up to 7 of 

hydrocortisone acetate for as long as 24 hours.50  The drug was dissolved in propylene 

glycol (PG), then subsequently slowly poured into water with HPMC, PVP or 

polyethylene glycol 400 (PEG400) as a crystallization inhibitor.  In contrast, when the 

same PG drug solution was added to pure water, crystallization occurred immediately and 

no supersaturation was created.  Gao et al. also showed supersaturation of the poorly 

water soluble drug, paclitaxel, by dissolving in ethanol and PEG400 followed by addition 

to pH 2.0 HCl aqueous media.54  Paclitaxel reached supersaturation levels as high as 32 

then quickly precipitated, decreasing drug the supersaturation level to ~6 within 1 hour.  

Solutions of hydrocortisone acetate, with a degree of supersaturation up to 5, have been 
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shown to increase flux across a silicone membrane by a factor of up to ~6 times that of 

saturated solutions.51, 55   

In the previously mentioned studies, nucleation of particles from supersaturated 

solution, without the presence of undissolved particles, was inhibited by polymers.  

However, when solid dosage forms are dissolved to produce the supersaturated solutions, 

growth onto undissolved particles must be inhibited to maintain the high drug 

concentrations.  For example, solid dispersions for oral delivery formulated with a 

crystallization inhibitor, such as PVP or HPMC, have shown supersaturation levels as 

high as 28 times the equilibrium solubility of the crystalline drug.26  Compared to these 

low surface area solid dispersions, high surface area nanoparticles drive faster growth, 

according to eq. 2-4.  To our knowledge, the nucleation and growth inhibition in 

supersaturated solutions produced by rapidly dissolving nanoparticles has not been 

reported.   

Generation of stable supersaturated solutions may be expected to enhance the 

absorption of the drug in the gastrointestinal tract relative to solutions at the crystalline 

solubility.  Because the chemical properties in the stomach are variable and hard to 

predict, for example pH, quantity of food, and residence time, targeting release of drug in 

the intestines offers the potential of greater control of absorption.  For example,  for 

fasted subjects, the residence time in the stomach was 30 ± 26 min. versus only 2.7 ± 0.8 

hr. in the small intestine.56  Also, depending on the fed or fasted state, the residence time 

in the stomach can range from 30 min. to 3 hrs.57  The pH can vary from 1.4-2.1 under 

fasted conditions to 4.3-5.4 in the fed state.57, 58  Thus, it would be desirable to target 

amorphous drugs to the upper intestine to form supersaturated solutions, with greater 

control over the chemical environment, to increase absorption.  In vitro supersaturation 

curves at pH values above about 6 are rarely reported, and relatively little is known about 



 8

how to enhance and sustain supersaturation at these conditions.  Furthermore, most 

previous studies of supersaturation only considered low surface area (< 1 m2/g) 

morphology, and not particles smaller than about 5 μm. 

1.4 OBJECTIVES 

The primary objectives of this dissertation are to investigate: (1) the formation 

and stabilization of sub-micron particles of poorly water soluble drugs by controlled 

antisolvent precipitation (CP), (2) isolation of amorphous CP particles by means of salt 

flocculation and rapid filtration, and (3) high and extended levels of supersaturation in 

both acidic and neutral pH media from dissolution of CP particles.  This thesis initially 

focuses on the formation of particles with a controlled particle size and morphology.  

Isolation of the amorphous CP particles using salt flocculation is investigated and 

compared to traditional isolation techniques such as freeze-drying and spray drying.  

Particles are designed to sustain supersaturated solutions from dissolution of the salt 

flocculated and lyophilized CP particles in simulated stomach and intestinal fluids. 

The first objective of this research is to investigate the controlled precipitation of 

poorly water soluble drugs by antisolvent precipitation.  A poorly water soluble drug is 

precipitated as submicron particles, in many instances with high drug loading.  Effects of 

mixing energy, temperature, and drug loading on the particle stabilization are observed.  

Formulations are developed to ensure long-term stability of amorphous forms, using a 

high glass transition temperature polymer, HPMC.   

The second objective is to investigate an alternative recovery method for CP 

nanoparticles using salt flocculation.  Amorphous drug suspensions stabilized with 

polymers are flocculated by addition of an aqueous salt solution. The rapid increase in 

salinity de-solvates hydrophilic tails of polymeric stabilizers resulting in strong attractive 

forces between the nanoparticles to form open flocs.  The particles are flocculated under 
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constant particle conditions, without removing water.  In contrast, spray drying and rapid 

freezing techniques force particles close together as water is removed by evaporation or 

ice formation.  This concentration of particles is shown to lead to particle growth and/or 

denser flocs which are not easily redispersed.  After salt flocculation, the flocs are filtered 

quickly using high porosity filter paper and vacuum drying to remove residual water.  

The particles are shown to remain amorphous throughout the salt flocculation, filtration, 

and drying steps.  Upon addition to water, the open flocs are able to redisperse to their 

original particle size before flocculation.  Therefore, the salt flocculation method offers a 

much faster and lower energy alternative to traditional spray drying or freeze-drying 

isolation techniques with a smaller tendency to crystallize amorphous drug morphologies 

or allow particle growth during drying.  Salt flocculation has previously been 

demonstrated with a batch type antisolvent precipitation of naproxen.44  This dissertation 

extends the study of salt flocculation to amorphous particles, including effects of particle 

redispersion and generation of supersaturation in aqueous media.   

The final objective is to understand the dissolution behavior of salt flocculated 

and lyophilized CP particles in simulated stomach (acidic aqueous media) and intestinal 

fluids (neutral aqueous surfactant dissolution media).  HPMC is investigated for its 

ability to prevent precipitation of supersaturated solutions formed by the dissolution of 

lyophilized amorphous CP particles.  A thermodynamic scheme is developed to 

determine the effect of stabilizer on the fugacity of ITZ in the solid and solution phases 

using plateau levels in supersaturation.  HPMC is found to raise the solid phase fugacity 

of the drug by stabilizing amorphous drug particles, while it has a negligible effect on the 

activity coefficient of the drug in supersaturated solutions.  In neutral pH media, 

supersaturation is maximized over 4 hours by minimizing growth by condensation and 

coagulation which depletes drug concentration levels.  High surface area lyophilized and 
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medium surface area salt flocculated CP particles, recovered from aqueous dispersions of 

nanoparticle aggregates, both rapidly dissolve to generate high peak supersaturations.  

The medium surface area salt flocculated CP particles, however, provide lower surface 

area of undissolved particles for slower growth by condensation and coagulation.  Thus, 

medium surface area particles achieve higher sustained supersaturation levels than high 

surface area lyophilized nanoparticle aggregates.   

1.5 DISSERTATION OUTLINE 

Chapter 2 presents the antisolvent precipitation of nanoparticles of a poorly water 

soluble drug, itraconazole (ITZ).  Organic ITZ solutions are mixed with aqueous 

solutions to precipitate sub-300 nm particles over a wide range of energy dissipation 

rates, even for drug loadings as high as 86% (ITZ weight / total weight).  The small 

particle sizes are produced with the stabilizer P407, which lowers the interfacial tension, 

increasing the nucleation rate, while inhibiting growth by coagulation and condensation.  

The highest nucleation rates and slowest growth rates are found at temperatures below 

20°C, and increase with surfactant concentration and Reynolds number (Re).  This 

increase in the time scale for growth reduces the Damkohler (Da) number (mixing time / 

precipitation time) to low values even for modest mixing energies.  As the stabilizer 

concentration increases, the average particle size decreases and reaches a threshold where 

the Da may be considered to be unity.  The Da is maintained at a low value by 

compensating for a change in one variable away from optimum conditions (for small 

particles) by manipulating another variable.  This trade-off in compensation variables is 

demonstrated for organic flow rate vs. Re, Re vs. stabilizer concentration, stabilizer feed 

location (organic phase vs. aqueous phase) vs. stabilizer concentration, and stabilizer feed 

location vs. Re. A decrease in the nucleation rate with particle density in the aqueous 

suspension indicates that secondary nucleation is minimal.  A fundamental understanding 
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of particle size control in antisolvent precipitation is beneficial for designing mixing 

systems and surfactant stabilizers for forming nanoparticles of poorly water soluble drugs 

with the potential for high dissolution rates. 

Chapter 3 reports characterization and dissolution in acidic media of amorphous 

ITZ nanoparticles produced by antisolvent precipitation.  Adsorption of the amphiphilic 

stabilizer, HPMC at the particle-aqueous solution interface arrests particle growth, 

producing surface areas from 13 to 51 m2/g, even for unusually high drug loadings (drug 

weight / total weight) up to 94%.  Dissolution of the particles in acidic media yield high 

plateau levels in supersaturation up to 90-times the equilibrium solubility. The 

supersaturation increases with particle curvature, as characterized by the surface area and 

described qualitatively by the Kelvin equation.  A thermodynamic analysis indicates 

HPMC maintains amorphous ITZ in the solid phase with a fugacity 90-times the 

crystalline value, while it does not influence the activity coefficient of ITZ in the 

supersaturated solution.  High surface areas lead to more rapid and higher levels of 

supersaturation than for low surface area solid dispersions, which undergo crystallization 

during slow dissolution.  The rapid generation of high levels of supersaturation with 

amorphous nanoparticles at high drug loading, containing small amounts of stabilizers 

oriented at the particle surface, offers new opportunities for improving bioavailability of 

poorly water soluble drugs.  

Chapter 4 describes the efficient recovery of these amorphous nanoparticles in 

aqueous dispersions, made by antisolvent precipitation, by salt flocculation and shows 

that the particles redisperse and dissolve rapidly to produce highly supersaturated 

solutions.  Nanoparticle dispersions of ITZ stabilized by P407 and HPMC are formed by 

antisolvent precipitation and immediately flocculated with sodium sulfate, filtered and 

dried.  The size after redispersion in water, crystallinity, and morphology are compared 
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with those for particles produced by spray drying and rapid freezing.  Drug loading of the 

particles increases to ~90% after salt flocculation and removal of excess polymer with the 

filtrate.  The formation of the flocs at constant particle volume fraction leads to low 

fractal dimensions (open flocs), which facilitate redispersion in water to the original 

primary particle size of ~ 300 nm.  Amorphous particles, which are preserved throughout 

the flocculation-filtration-drying process, dissolve to levels in supersaturation up to 14 in 

pH 6.8 media with 0.17% surfactant.  In contrast, both spray dried and rapidly frozen 

nanoparticle dispersions crystallize and do not produce submicron particle dispersions 

upon addition to water, nor high supersaturation values in pH 6.8 media.  Salt 

flocculation produces large yields of high surface area amorphous nanoparticle particles 

that de-aggregate and dissolve rapidly upon redispersion in pH 6.8 media, resulting in 

highly supersaturated solutions.  

Chapter 5 reports the dissolution of dry powders obtained from aqueous 

dispersions of nanoparticle aggregates, formed by antisolvent precipitation to form highly 

supersaturated solutions in pH 6.8 media with 0.17% surfactant.  Medium surface area 2-

5 m2/g particles are produced by the salt flocculation/filtration of ITZ/HPMC dispersions, 

whereas high surface area 13-36 m2/g particles are produced by lyophilization.  Both 

types of particles dissolve rapidly to produce supersaturation levels up to 17 in 10 min. 

However, the decay in supersaturation from the maximum value over four hours is much 

slower for medium surface area particles, as the smaller excess surface area of 

undissolved particles leads to slower nucleation and growth from solution.  A similar 

result is achieved by initially dissolving part of the drug at pH 1.2 to reduce the excess 

surface area of undissolved particles, and then shifting the pH to 6.8.  This pH shift 

mimics the transition from the stomach to the intestines.  At pH 6.8, the supersaturation 

for low surface area particles stabilized with ionized Eudragit® polymers is much higher 
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than for nonionic HPMC, illustrating the benefit of greater particle stabilization.  The 

ability to control the particle morphology and supersaturations generated and sustained at 

pH 6.8 offers new opportunities in raising bioavailability in gastrointestinal delivery.  



 14

1.6 REFERENCES 

 
1. Lipinski, C. A. Avoiding investment in doomer drugs, is poor solubility an 

industry wide problem? Current Drug Discovery 2001, 17-19. 

2. Lipinski, C. A. Poor aqueous solubility--an industry wide problem in drug 
discovery Am. Pharm. Rev. 2002, 5, 82-85. 

3. Amidon, G. L.; Lennernas, H.; Sha, V. P.; Crison, J. R. A theoretical basis for a 
biopharmaceutic drug classification: the correlation of in vitro drug product 
dissolution and in vivo bioavailability Pharmaceutical Research 1995, 12, 413-
420. 

4. Muller, R. H.; Bohm, B. H. L. In Nanosuspensions, Colloidal Drug Carriers 
Expert Meeting, Berlin, 1997; Berlin, 1997; 149-174. 

5. Rabinow, B., E. Nanosuspensions in drug delivery Nature Reviews: Drug 
Discovery 2004, 3, 785-796. 

6. Stella, V. J.; Rajewski, R. A. Cyclodextrins: their future in drug formulation and 
delivery Pharmaceutical Research 1997, 14, 556-567. 

7. Loftsson, R.; Brewster, M. E. Pharmaceutical applications of cyclodextrins 
Journal of Pharmaceutical Sciences 1996, 85, 1017-1025. 

8. Liversidge, E. M.; Liversidge, G. G.; Cooper, E. R. Nanosizing: a formulation 
approach for poorly-water-soluble compounds European Journal of 
Pharmaceutical Sciences 2003, 18, 113-120. 

9. Jacobs, C.; Kayser, O.; Muller, R. H. Nanosuspensions as a new approach for the 
formulation for the poorly soluble drug tarazepide Int J Pharm 2000, 196, 161-
164. 

10. Rasenack, N.; Muller, B. W. Dissolution Rate Enhancement by in Situ 
Micronization of Poorly Water-Soluble Drugs Pharmaceutical Research 2002, 
19, (12), 1894-1900. 

11. Horn, D.; Luddecke, E. Preparation and Characterization of Nano-sized 
Carotenoid Hydrosols NATO ASI Series 3: High Technology 1996, 12, 761-775. 

12. Young, T. J.; Mawson, S. M.; Johnston, K. P. Rapid Expansion from Supercritical 
to Aqueous Solution to Produce Submicron Suspensions of Water-Insoluble 
Drugs Biotechnology Progress 2000, 16, (3), 402-407. 



 15

13. Sarkari, M.; Brown, J.; Chen, X.; Swinnea, S.; Williams, R. O.; Johnston, K. P. 
Enhanced Drug Dissolution Using Evaporative Precipitation into Aqueous 
Solution. Int J Pharm 2002, 243, 17-31. 

14. Rogers, T. L.; Gillespie, I. B.; Hitt, J. E.; Fransen, K. L.; Crowl, C. A.; Tucker, C. 
J.; Kupperblatt, G. B.; Becker, J. N.; Wilson, D. L.; Todd, C.; Broomall, C. F.; 
Evans, J. C.; Elder, E. J. Development and Characterization of a Scalable 
Controlled Precipitation Process to Enhance the Dissolution of Poorly Water-
Soluble Drugs Pharmaceutical Research 2004, 21, (11), 2048-2057. 

15. Hu, J.; Johnston, K. P.; Williams, R. O., III. Improvement of dissolution rates of 
poorly water soluble drugs using a new particle engineering technology - spray 
freezing into liquid Polymeric Materials Science & Engineering 2003, 89, 743. 

16. Reverchon, E.; De Marco, I.; Caputo, G.; Della Porta, G. Pilot Scale 
Micronization of Amoxicillin by Supercritical Antisolvent Precipitation Journal 
of Supercritical Fluids 2003, 26, 1-7. 

17. Leuner, C.; Dressman, J. Improving drug solubility for oral delivery using solid 
dispersions European Journal of Pharmaceutics and Biopharmaceutics 2000, 50, 
47-60. 

18. Serajuddin, A. T. M. Solid dispersion of poorly water-soluble drugs: early 
promises, subsequent problems, and recent breakthroughs Journal of 
Pharmaceutical Sciences 1999, 88, 1058-1066. 

19. Taylor, L. S.; Zografi, G. Spectroscopic Characterization of Interactions Between 
PVP and Indomethacin in Amorphous Molecular Dispersions Pharmaceutical 
Research 1997, 14, (12), 1691-1698. 

20. Broman, E.; Khoo, C.; Taylor, L. S. A comparison of alternative polymer 
excipients and processing methods for making solid dispersions of a poorly water 
soluble drug International Journal of Pharmaceutics 2001, 222, 139-151. 

21. Gabman, P.; List, M.; Schweitzer, A.; Sucker, H. Hydrosols-Alternatives for the 
parenteral application of poorly water-soluble drugs Eur. J. Pharm. Biopharm. 
1994, 40, (2), 64-72. 

22. Johnson, B. K.; Prud'homme, R. K. Engineering the direct precipitation of 
stabilized organic and block copolymer nanoparticles as unique composites 
Polymeric Materials: Science & Engineering 2003, 89, 744-745. 

23. Chen, X.; Benhayoune, Z.; Williams, R. O.; Johnston, K. P. Rapid dissolution of 
high potency itraconazole particles produced by evaporative precipitation into 
aqueous solution J. of Drug Delivery Science and Technology 2004, 14, (4), 299-
304. 



 16

24. Merisko-Liversidge, E.; Sarpotdar, P.; Bruno, J.; Hajj, S.; Wei, L.; Peltier, N.; 
Rake, J.; Shaw, J. M.; Pugh, L.; Polin, L.; Jones, J.; Corbett, T.; Cooper, E.; 
Liversidge, G. G. Formulation and antitumor activity evaluation of 
nanocrystalline suspensions of poorly soluble anticancer drugs Pharmaceutical 
Research 1996, 13, 272-278. 

25. Sinswat, P.; Gao, X.; Yacaman, M.-J.; Williams III, R. O.; Johnston, K. P. 
Stabilizer Choice for Rapid Dissolving High Potency Itraconazole Particles 
Formed by Evaporative Precipitation Into Aqueous Solution International Journal 
of Pharmaceutics 2005, 3.2, (1-2), 113-124. 

26. Urbanetz, N. A.; Lippold, B. C. Solid dispersions of nimodipine and polyethylene 
glycol 2000: dissolution properties and physico-chemical characterization 
European Journal of Pharmaceutics and Biopharmaceutics 2005, 59, (1), 107-
118. 

27. Takeuchi, H.; Nagira, S.; Yamamoto, H.; Kawashima, Y. Solid dispersion 
particles of amorphous indomethacin with fine porous silica particles by using 
spray-drying method International Journal of Pharmaceutics 2005, 293, 155-164. 

28. Hancock, B. C.; Zografi, G. Characteristics and significance of the amorphous 
state in pharmaceutical systems Journal of Pharmaceutical Sciences 1997, 86, 1-
12. 

29. Johnson, B. K.; Prud'homme, R. K. Chemical Processing and Micromixing in 
Confined Impinging Jets AIChE Journal 2003, 49, (9), 2264-2282. 

30. Johnson, B. K. Flash Nanoprecipitation of Organic Actives via Confined 
Micromixing and Block Copolymer Stabilization. PhD, Princeton, 2003. 

31. Ruch, F.; Matijevic, E. Preparation of Micrometer Size Budesonide Particles by 
Precipitation Journal of Colloid and Interface Science 2000, 229, 207-211. 

32. Matteucci, M. E.; Paguio, J. C.; Mazuski, M. A.; Williams III, R. O.; Johnston, K. 
P. Flocculated Amorphous Nanoparticles for Highly Supersaturated Solutions in 
preparation. 

33. Pelton, R. H. Polystyrene and polystyrene-butadiene latexes stabilized by poly(N-
isopropylacrylamide) Journal of Polymer Science, Part A:  Polymer Chemistry 
1988, 26, (1), 9-18. 

34. Schott, H. Lyotropic numbers of anions from cloud point changes of nonionic 
surfactants Colloids and Surfaces 1984, 11, 51-54. 

35. Pang, P.; Englezos, P. Phase separation of polyethylene oxide (PEO)-water 
solution and its relationship to the flocculating capability of the PEO Fluid Phase 
Equilbria 2002, 194-197, 1059-1066. 



 17

36. Pandit, N.; Trygstad, T.; Croy, S.; Bohorquez, M.; Koch, C. Effect of Salts on the 
Micellization, Clouding, and Solubilization Behavior of Pluronic F127 Solutions 
Journal of Colloid and Interface Science 2000, 222, (2), 213-220. 

37. Bahadur, P.; Li, P.; Almgren, M.; Brown, W. Effect of potassium fluoride on the 
micellar behavior of Pluronic F-68 in aqueous solution Langmuir 1992, 8, 1903-
1907. 

38. Bahadur, P.; Pandya, K.; Almgren, M.; Li, P.; Stilbs, P. Effect of inorganic salts 
on the micellar behavior of ethylene oxide-propylene oxide block copolymer in 
aqueous solution Colloid and Polymer Science 1993, 271, 657-667. 

39. Salamova, U. U.; Rzaev, Z. M. O. Effect of inorganic salts on the main 
parameters of the dilute aqueous poly(vinylpyrrolidone) solutions Polymer 1996, 
37, (12), 2415-2421. 

40. Sekikawa, H.; Hori, R.; Arita, T.; Ito, K.; Nakano, M. Application of the cloud 
point method to the study of the interaction of polyvinylpyrrolidone with some 
organic compounds in aqueous solution Chem. Pharm. Bull. 1978, 26, (8), 2489-
2496. 

41. Guner, A.; Ataman, M. Effects of inorganic salts on the properties of aqueous 
poly(vinylpyrrolidone) solutions Colloid & Polymer Science 1994, 272, 175-180. 

42. Xu, X. M.; Song, Y. M.; Ping, Q. N.; Wang, Y.; Liu, X. Y. Effect of Ionic 
Strength on the Temperature-Dependent Behavior of Hydroxypropyl 
Methylcellulose Solution and Matrix Tablet Journal of Applied Polymer Science 
2006, 102, 4066-4074. 

43. Napper, D. H., Polymeric Stabilization of Colloidal Dispersions.; Academic Press 
Inc.: New York, 1983. 

44. Chen, X. Nanoparticle Engineering Processes: Evaporative Precipitation into 
Aqueous Solution (EPAS) and Antisolvent Precipitation to Enhance the 
Dissolution Rates of Poorly Water Soluble Drugs. PhD, University of Texas, 
Austin, 2004. 

45. Mullin, J. W., Crystallization. 3rd ed.; Butterworth-Heinemann: 1997. 

46. Heimenz, P. C.; Rajagopalan, R., Principles of Colloid and Surface Chemistry. 
3rd ed.; Marcel Dekker, Inc.: New York, 1997. 

47. Simonelli, A. P.; Mehta, S. C.; Higuchi, W. I. Inhibition of sulfathiazole crystal 
growth by polyvinylpyrrolidone Journal of Pharmaceutical Sciences 1970, 59, 
633-638. 



 18

48. Suzuki, H.; Sunada, H. Comparison of Nicotinamide, Ethylurea and Polyethylene 
Glycol as Carriers for Nifedipine Solid Dispersion Systems Chemical & 
Pharmaceutical Bulletin 1997, 45, (10), 1688-1693. 

49. Suzuki, H.; Sunada, H. Influence of water-soluble polymers on the dissolution of 
nifedipine solid dispersions with combined carriers Chemical & Pharmaceutical 
Bulletin 1998, 46, (3), 482-487. 

50. Raghavan, S. L.; Trividic, A.; Davis, A. F.; Hadgraft, J. Crystallization of 
hydrocortisone acetate: influence of polymers International Journal of 
Pharmaceutics 2001, 212, (2), 213-221. 

51. Raghavan, S. L.; Kiepfer, B.; Davis, A. F.; Kazarian, S. G.; Hadgraft, J. 
Membrane transport of hydrocortisone acetate from supersaturated solutions; the 
role of polymers International Journal of Pharmaceutics 2001, 221, (1-2), 95-
105. 

52. Iervolino, M.; Raghavan, S. L.; Hadgraft, J. Membrane penetration enhancement 
of ibuprofen using supersaturation International Journal of Pharmaceutics 2000, 
198, (2), 229-238. 

53. Hasegawa, A.; Taguchi, M.; Suzuki, R.; Miyata, T.; Nakagawa, H.; Sugimoto, I. 
Supersaturation Mechanism of Drugs from Solid Dispersions with Enteric 
Coating Agents Chemical & Pharmaceutical Bulletin 1988, 36, (12), 4941-4950. 

54. Gao, P.; Rush, B. D.; Pfund, W. P.; Huang, T.; Bauer, J. M.; Morozowich, W.; 
Kuo, M.-s.; Hageman, M. J. Development of a Supersaturable SEDDS (S-
SEDDS) Formulation of Paclitaxel with Improved Oral Bioavailability Journal of 
Pharmaceutical Sciences 2003, 92, (12), 2386-2398. 

55. Raghavan, S. L.; Trividic, A.; Davis, A. F.; Hadgraft, J. Effect of cellulose 
polymers on supersaturation and in vitro membrane transport of hydrocortisone 
acetate International Journal of Pharmaceutics 2000, 193, (2), 231-237. 

56. Honkanen, O.; Marvola, J.; Kanerva, H.; Lindevall, K.; Lipponen, M.; Kekki, T.; 
Ahonen, A.; Marvola, M. Gamma scintigraphic evaluation of the fate of 
hydroxypropyl methylcellulose capsules in the human gastrointestinal tract 
European Journal of Pharmaceutical Sciences 2004, 21, 671-678. 

57. Mojaverian, P. Evaluation of Gastrointestinal pH and Gastric Residence Time via 
the Heidelberg Radiotelemetry Capsule: Pharmaceutical Application Drug 
Development Research 1996, 38, 73-85. 

58. Kararli, T. T. Comparison of the gastrointestinal anatomy, physiology, and 
biochemistry of humans and commonly used laboratory animals 
Biopharmaceutics & Drug Disposition 1995, 16, (5), 351-380. 



 19

Chapter 2:  Drug Nanoparticles by Antisolvent Precipitation: Mixing 
Energy Versus Surfactant Stabilization 

2.1 INTRODUCTION 

It has been estimated that 40% or more of newly developed pharmaceutically 

active substances will be poorly water soluble often resulting in poor and highly variable 

bioavailability.1, 2  In the case of lipophilic drugs with high permeabilities through 

biomembranes, the dissolution rate limits bioavailability.3  Solubility can be enhanced 

with co-solvents, surfactants, or complexing agents4-7 as well as the formation of 

emulsions and solid dispersions.8, 9  However, the need for high levels of excipients in 

these formulations often limit the drug loading in the final product to well below 50% 

(drug wt./tot. wt.).   

The dissolution rate may be enhanced by forming particles with high surface 

areas, where the surfaces are wetted, and/or amorphous particles with high metastable 

solubility.10  Particle size reduction by mechanical milling11 or high pressure 

homogenization10, 12 often requires long times, introduces impurities, and limits flexibility 

in controlling particle morphology.  Relative to mechanical micronization processes, 

precipitation from solution can offer greater flexibility for controlling the amorphous or 

crystalline form of the active pharmaceutical ingredient (API) as well for achieving high 

drug loadings.3, 13-18  The API in organic solution may be mixed with an aqueous 

antisolvent solution in the presence of stabilizing surfactants to form submicron particles.  

Hydrophilic groups in the surfactants lead to rapid wetting of the high surface area 

particles in aqueous media19, for example, in the case of oral delivery.3, 19, 20  During 

mixing, the nucleation rate21 depends upon the degree of supersaturation, S.  The degree 
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of supersaturation, prior to precipitation, varies locally as a function of the mixing 

process until the solution is fully mixed.22  The rate of primary nucleation is given by22 
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where B0 is the nucleation rate, γ is interfacial tension, VM is molar volume, NA is 

Avogadro’s number, R is the gas law constant, and T is temperature.   

Once nucleation occurs, particles grow by condensation (τcond), as molecules 

diffuse to the particle surface and become incorporated into the solid phase, and by 

coagulation (τcoag), as shown in Figure 2.1.23  Condensation decreases supersaturation by 

reducing the mass of solute in the mixture and, therefore, competes with nucleation.  

Coagulation can reduce the rate of condensation by reducing the total number of particles 

and therefore the surface area.23 Supersaturation influences the nucleation and growth 

rates to different extents.  The nucleation rate depends more strongly on S, as shown in 

eq. 1, than does the rate of condensation, which is linear in S.24  High nucleation rates 

offer the potential to produce a large number of submicron particles in the final 

suspension, if the growth can be arrested.   

The influence of mixing on phase separation may be characterized by the 

Damkohler number (Da) or the ratio of mixing time (τmix) to overall precipitation time 

(τprecip), Da = τmix/τ precip.  τ precip is composed of τcond, and τcoag.  Under poor mixing 

conditions (large τmix and Da), generation of supersaturation can be low, and subsequent 

nucleation rates may be slow relative to growth leading to large polydisperse particles 

(see Figure 2.1). As τmix is reduced relative to τprecip the greater supersaturation (more 

rapid nucleation) and longer time for condensation and coagulation may produce a 

reduction in particle size until a threshold value is reached.  At this point, Da is unity and 

the process is insensitive to a further decrease in mixing time.  Johnson25 performed 

antisolvent precipitation of β-carotene with impinging jets to investigate the relationship 
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between τmix, Da, and particle size.  The mixing dynamics of the impinging jets were 

calculated by measuring the kinetics of a series of very rapid acid-base reactions.26  These 

mixing times were used to quantify the time for micellization of an amphiphilic diblock 

copolymer stabilizer20 as well as time scales for nanoparticle precipitation25.  The average 

particle size decreased with increasing jet velocity until a threshold value was reached, 

above which the particle size was constant.  

For processes with less intense mixing and thus greater τmix than in the case of 

impinging jets, τprecip must be increased to maintain Da below unity.  Here, τprecip may be 

increased with stabilizers to slow down growth by condensation and coagulation.  The 

hydrophobic portion of an amphiphilic stabilizer may be adsorbed on the precipitating 

hydrophobic drug surface, while the hydrophilic portion provides steric and/or 

electrostatic stabilization in the aqueous media. To arrest growth, the stabilizer must 

diffuse to and adsorb readily on the drug surface, as illustrated in Figure 2.2.  For 

example, high surface area  itraconazole (ITZ) particles were formed by evaporative 

precipitation into aqueous solution (EPAS), with poloxamer 407 (HO-(C2H4O)~101-

(C3H6O)~56-(C2H4O)~101-H; P407) as a stabilizer.27, 28.   

The objective of the present work was to produce sub-300 nm particles in 

antisolvent precipitation over a wide range of mixing energies (τmix) by slowing down 

condensation and coagulation (increasing τcond, and τcoag to achieve low Da) with 

surfactant stabilizers.  The stabilization was investigated at challenging conditions of very 

high drug loadings reaching 86%.  The mixing energy and τmix were varied over a wide 

range by manipulating the nozzle diameter, jet velocity and flow rate.  We examined the 

possibility of obtaining low Da numbers even in cases with only low to moderate mixing 

energy. The stabilizer concentration and initial placement of the stabilizer (organic and/or 

aqueous phase) were optimized to raise τcond, and τcoag, according to Figure 2.1.  When a 
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variable that influences mixing or precipitation was intentionally moved away from the 

optimum with respect to particle size, a compensating change in a second variable was 

attempted to restore the optimum.  Various sets of compensation variables were 

investigated including organic flow rate vs. Re, stabilizer concentration vs. Re, stabilizer 

concentration vs. stabilizer feed location (organic phase vs. aqueous phase), and stabilizer 

location vs. Re.  Nucleation and growth rates were estimated from the particle size 

distribution to provide insight into the influence of temperature, Re, stabilizer 

concentration, and initial stabilizer location on the particle formation mechanism.  The 

benefits of this approach in understanding these mechanisms were shown in a related 

process, precipitation with a compressed antisolvent, in particular carbon dioxide.29  We 

chose to study itraconazole because of its extremely low solubility in water as indicated 

by a high octanol/water partition coefficient (log P) of 5.66 reported by Janssen 

Pharmaceutica.   

2.2 EXPERIMENTAL 

2.2.1 Materials.   

Itraconazole (ITZ) was purchased from Hawkins, Inc. (Minneapolis, MN) in 

micronized form, and high pressure liquid chromotography (HPLC) grade 

tetrahydrofuran (THF) from Fisher Scientific Co. (Houston, TX).  Poly(ethylene oxide-b-

propylene oxide-b-ethylene oxide) (P407) with a nominal molecular weight of 12,500 

g/mole and a PEO/PPO ratio of 2:1 by weight was used as received from Spectrum 

Chemical Mfg. Corp. (Gardena, CA).     

2.2.2 Batch Antisolvent Precipitation.   

Unless noted otherwise, a 30 mg/mL solution of ITZ with 0-30 mg/mL P407 in 

THF (organic solution) was prepared at room temperature.  An aqueous solution of P407 

from 0-30 mg/mL was pre-cooled in a temperature controlled water bath at 3°C.  To 
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precipitate the drug, approximately 16.7 mL of organic solution at room temperature was 

introduced into the cooled aqueous solution to achieve the desired suspension density of 

approximately 9 mg/mL.  Magnetic stirring at approximately 500 rpm was utilized to 

enhance heat and mass transfer during mixing.  Several methods were used to introduce 

the organic phase into the aqueous solution including: injection through a 72” long 1/16” 

stainless steel tube with a 0.03” inner diameter (ID) using an HPLC pump at 5 or 10 

mL/min;  injection through a very fine elliptical conical stainless steel nozzle as 

described elsewhere 14 at 10 mL/min flow rate to achieve the most intense atomization of 

the organic phase; injection through polyetheretherketone (PEEK) tubing with a 0.0025” 

ID at a flow rate of 10 mL/min; hand-injection using an 18 gauge sterile needle with a 60 

mL disposable syringe; dropwise addition via a separatory funnel; and pouring from a 50 

mL graduated cylinder.  Except in the cases of adding the organic phase dropwise and by 

pouring, the tip of the nozzle was placed just above the outer edge of the stir bar, where 

the mixing energy would be the most intense.30  The elliptical conical stainless steel 

nozzle was made by crimping 0.03” ID stainless steel tubing and filing the cut end until a 

stable atomized flow was achieved.14   

2.2.3 Particle Size.   

Particle size distributions were measured by laser light scattering using a Malvern 

Mastersizer-S (Malvern Instruments Inc., Southborough, MA).  Approximately 5 mL of 

suspension was diluted with 500 mL of pure deionized water to obtain an obscuration 

between 10-20%.  Distributions, based on volume fraction, were calculated with a 

refractive index of 1.610 for ITZ, and reported by listing the D10, D50, and D90, which 

corresponds to the diameter at which the cumulative sample volume was under 10%, 

50%, and 90%, respectively.  The span was defined by 

                                        Span = (D90–D10)/D50                                                (2) 
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and used to describe the polydispersity.  The percentage of particles, based on volume, 

measured at less than 1 micron in diameter was also reported.  Particle growth after 

precipitation was investigated by stirring 50%, 60%, and 25% (wt. ITZ to total solids) 

suspensions at a solids concentration of 8.3 mg/ml at 3°C.  In each case, the average 

initial diameter of 200 nm increased to approximately 10 μm in 10 minutes.  Therefore, 

each measurement was made within 30 sec. of precipitation to avoid significant particle 

growth due to the large amount of organic solvent in the water which enhances Ostwald 

ripening and coagulation.  To verify the accuracy of particle size measurements made by 

laser light scattering, latex standards of 8.9 μm and 220 nm were tested.  Average 

diameters were measured as 8.7 μm and 200 nm, respectively.  

2.2.4 Scanning Electron Microscopy (SEM).   

A Hitachi S-4500 field emission scanning electron microscope was used for 

further particle size analysis.  The suspension was freeze dried to a powder and placed 

onto an aluminum SEM stage.  The sample stage was then gold-palladium sputter coated 

for 35 sec. prior to analysis.  An accelerating voltage of 15kV was used.  As shown in 

Figure 2.3, the particle size was approximately 100-300 nm in diameter, in good 

agreement with the particle size distribution measured by laser light scattering for the 

original suspension (results listed in Figure 2.3).  A formulation including both P407 and 

polyvinylpyrolidone was analyzed because of its enhanced stability over P407 

formulations, allowing time for powder isolation and SEM analysis.  

2.2.5 Nucleation and Growth Rate Determination.   

Nucleation and growth kinetics were characterized with a mixed-suspension, 

mixed-product-removal (MSMPR) crystallization model. 31  The assumptions of this 

model include perfect mixing, indiscriminate product removal, a size-independent growth 

rate, and the lack of particle breakage and agglomeration.  The theory can be used to 
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distinguish between primary and secondary nucleation by observing the dependence of 

nucleation rate on suspension density.29  A confined mixing chamber, for example a 

swirl-jet mixer, is particularly desirable for satisfying the assumptions of perfect mixing 

and a well-defined mixing residence time.29 For our semi-batch crystallizer where the jet 

mixing is less well-defined, the regressed nucleation rates are not as accurate, but are still 

informative, as has been shown previously for semi-batch precipitation of calcium 

oxalate.32  At certain conditions in the present study, particle aggregation introduces 

further uncertainty.  The nucleation rates may be expected to be the most accurate where 

the particles remained small with low polydispersity, particularly at low temperatures, 

high mixing energies and sufficient stabilizer concentrations.   

Values for nucleation and growth rates were estimated according to the 

population balance model developed by Randolph and Larson31, 29.  The particle size 

distribution was transformed to a number distribution using the Malvern software (v. 

2.19).  The population density for spheres (based on Figure 2.3) in size range i, ni, is 

given by31 
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where Di is the average diameter, Δwti% and ΔDi, are the differential weight percent and 

diameter in size range i, respectively, MT is the final suspension density (g/mL), and ρp is 

the particle density (estimated as 1 g/mL, based on bulk ITZ density).  In the MSMPR 

model, n is given by   
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where n0 is the population density of embryo-size nuclei [no. / vol.], and G is the constant 

growth rate, ΔD/Δt ,and τ is the average residence time.  
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2.3 RESULTS AND DISCUSSION 

2.3.1 Data Analysis.   

Representative experimental particle size distributions based on number are given 

in Figure 2.4.  The mass fraction in each size range was calculated as follows 
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where Ni and ri are the number and radii, respectively, of particles in size range i.  In 

Figure 2.5, ln(n) is shown as a function of diameter for the examples in Figure 2.4, 

according to a fit of the data with eq. 4.  For all samples measured, r2 values for linear fits 

were greater than 0.94 and most were greater than 0.98, indicating that the assumptions 

of the model were consistent with the data. 

2.3.2 Effect of Temperature on Particle Size, Nucleation, and Growth Rate.   

While most of the precipitation experiments were conducted at 3°C, the effects of 

temperature on particle size and on nucleation and growth rates were investigated.  In all 

cases the organic solution was fed at room temperature and only the temperature of the 

aqueous solution was changed from 3°C to 50°C.  At an ITZ loading of 37.5% wt. / tot. 

wt., there was sufficient P407 to arrest the growth of particles to less than 300 nm at 3°C 

and 10°C, as shown in Table 2.1.  The average size increased only 15% when the 

temperature increased from 3°C to 10°C; however the span increased 120%.  At 20°C, 

the average particle size increased markedly.  The no values were several orders of 

magnitude higher at temperatures up to 20°C relative to the higher temperatures.  In 

addition, growth rates increased as much as 50 times from 3°C to 30°C.  In a control 

experiment, 50 mL of 30 mg/mL ITZ in THF was added to 50 mL of distillied and 

deionized water at room temperature.  The cloudy suspension which was formed became 
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clear upon heating from 25°C to 60°C, indicating an increase in solubility with 

temperature.  

Temperature influences the precipitation process through several pathways. At 

elevated temperatures, the solubility of ITZ in the water/THF mixture increased33, 

therefore reducing the level of supersaturation upon mixing.  The resulting slower rates of 

nucleation, as is evident in the no values for temperatures above 20°C, would produce 

fewer particles available for growth, and thus the potential for larger particles.  

Additionally, elevated temperatures increase diffusion and growth kinetics at the particle 

boundary layer interface.  Higher solubility also increases the rate of Ostwald ripening.  

Dehydration of ethylene oxide (EO) groups at elevated temperature leads to precipitation 

of nonionic EO based surfactants.34  Experiments were all conducted under the cloud 

point temperature of P407, however, which was reported by BASF Corp. as >100°C.  

The solvation of polyethylene oxide (PEO) tails is reduced at higher temperatures by 

weakened hydrogen bonding with water.  This reduction in solvation could lead to 

stronger interparticle PEO interactions and reduced steric stabilization35, 36 of drug 

particles, therefore greater particle growth.  Such behavior has been observed in 

evaporation precipitation into aqueous solution (EPAS) to form ITZ particles.27  The high 

no values at T <20°C may reflect larger numbers of nuclei caused by higher 

supersaturation (lower solubility) and by prevention of aggregation of small embryos 

resulting from incomplete steric stabilization.  Based on this study, the optimal 

temperature for antisolvent precipitation was determined to be less than 10°C, and all 

further experiments were conducted at 3°C. 

2.3.3 Effect of Nozzle Type and Mixing Energy.   

The mixing energy was varied over a wide range by utilizing several methods for 

addition of organic phase into the aqueous solution, as shown in Table 2.2.  Estimated 
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time scales for different types of mixing, relative to impinging jet mixing, are listed in 

Table 2.3.  In addition, mixing times are given relative to a basis of 1.2 ms for mixing 

with impinging jets.26  Note that for the range of energy dissipation values associated 

with a stirred tank (0.1-33 W/kg), the mixing times approach 1 sec.  Diameters ranged 

from ~50 μm to 0.047” and flow rates from 5 to 340 mL/min., resulting in Reynolds 

numbers from approximately 0 to 6300, as shown in Table 2.2.  The dimensionless 

quantity, Z**, developed by Czerwonatis et. al., characterizes liquid jet breakup into 

another liquid or dense gas37, 38 
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where μ is the viscosity of the jet (subscript j) and surrounding fluid (subscript a), U is 

the velocity of the jet, σ is the interfacial tension, and ρ is the density. A correlation 

based on Z** was developed to describe the breakup of liquid jets sprayed into 

pressurized nitrogen and carbon dioxide, as shown in Figure 2.6.37.   In the current study 

each property on the right hand side of eq. 6 was constant except for U.  As U increases, 

both Re and Z** increase, which favors jet breakup by atomization according to Figure 

2.637, 38.  On the basis of this correlation, we chose to use Re to describe the relative order 

of jet mixing energies for the various nozzles.  For the elliptical conical nozzle with a 

rapid reduction in cross-sectional area, and thus short depressurization zone, the 

atomization of the jet, resulting from the high velocity, was more intense than for all of 

the other mixers in this study.39  As indicated qualitatively in Figure 2.6, all but one of the 

nozzles fall within one of the two regimes, based on Re.  The regime is unclear for the 

very small diameter 0.0025” ID PEEK nozzle, based on visual observation of the jet.  

Magnetic stirring was used in all experiments to enhance heat and mass transfer.  

However, in a control experiment, elimination of the magnetic stirring resulted in a 
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negligible change in the % < 1 μm and D50 values for the 0.047” ID syringe nozzle at 

130 mL/min.   

In Table 2.2, the D50 was highest and the no was lowest for slow addition and low 

Reynolds number at 5 mL/min with the 0.03” ID nozzle.  Only modest improvement in 

these properties was observed upon increasing the flow rate to 10 mL/min, or in the case 

of dropwise addition of the organic.  Very small values of D50, D90, and span, and 

greatest no were measured for the atomizing elliptical conical nozzle and the high flow 

rate injection (130 mL/min) with the 0.047” ID syringe, relative to all of the other 

techniques.  With the higher Re, supersaturation and more rapid nucleation, the D90 was 

more than an order of magnitude smaller, a major advantage.  Under poor mixing 

conditions, or low energy dissipation, smaller degrees of local supersaturation produce 

slower nucleation.  When the organic solution was poured into the crystallizer in 0.05 

min., relative to dropwise addition, which took 2 min., no, D50 and D90 each improved, 

despite the low mixing energy in each case.  In the former technique, the mass transfer 

trajectory reached deeply into the two phase region much more rapidly to produce a 

greater supersaturation and no, than in the case of the incremental dropwise addition 

technique.  When a sample produced by syringe injection was stirred at 3°C for 10 

minutes after precipitation, the particles grew from approximately 250 nm to 10 μm.  The 

dropwise addition process took 2 min., sufficient time for particles formed from the first 

drops to easily grow to approximately 2 μm.  Thus, even at low mixing energy, the time 

pathway of solvent addition has a large effect on the generation of supersaturation and 

exposure of the particles to unwanted growth.   

For a given flow rate of 10 mL/min., mixing energy can be used to lower the Da 

and particle size.  As the mixing energy increased from Re=410 (with 0.03” ID nozzle) to 

Re~6300 for atomization with the elliptical conical nozzle, a clear decrease in D50 as 
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well as polydispersity was observed.  Table 2.3 lists the energy dissipation values for a 

turbulent jet and stirred tank compared to that of impinging jets, as measured in other 

studies.26, 40  Higher energy dissipation values result in shorter mixing times according 

to26 
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As the energy dissipation increases with Re, Da decreases as τmix becomes shorter 

relative to τprecip.   

For the 0.0025” ID PEEK tubing relative to the 0.03” ID stainless steel tube, the 

higher jet velocity, Re and greater mixing energy led to a smaller D50, yet similar values 

of no and Gτ.  Once the nuclei were formed, a higher jet velocity could help disperse the 

nuclei throughout the mixing vessel and reduce the amount of coagulation in the 

environment near the jet.  This explanation would be consistent with the smaller particle 

D50 despite the similar nucleation and growth rates.   

A decrease in τmix will produce a reduction in particle size until a threshold is 

reached where the mixing time is equivalent to the precipitation time scale and Da equals 

1.  For example, for the change from the syringe to the elliptical conical nozzle, the 

particle distribution remained essentially constant indicating and Da < 1.  For these 

mixing devices, the process was not limited by mixing. Syringe injection with a pressure 

drop of ~2 atm produced a straight cylindrical jet. A much larger pressure drop of 300 

atm, for the elliptical conical nozzle, produced fine atomized droplets of organic solution.  

Despite the difference in Re for these two nozzles, the particle size distributions were 

very similar.  The higher flow rate for the syringe, which introduced drug more rapidly to 

the mixing vessel, appeared to compensate for the lower Re.  The total time for 

introduction of drug to the vessel was 13 times faster for the syringe.  These results 

indicated flow rate may be used as a compensation variable for Re, as listed in Table 2.4.  
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For our turbulent jets, with Re > 3000, the mixing times were approximately 10 times 

longer than those of impinging jets, yet were sufficiently fast to achieve sub-300 nm D50 

values.  Thus, jets with only modest energy dissipation may produce short enough values 

of τmix if the stabilizers produce a sufficiently large value of τ precip such that Da 

approaches unity.  

In the absence of interparticle forces, the particle collision rate is described by 

Smoluchowski kinetics  

                                                      rS = kSnp
2                                                          (8) 

where np is the number of particles per volume, and the rate constant, kS, may be 

calculated from temperature and the kinematic viscosity of the medium.41  For an initial 

unprotected suspension of 250 nm particles in water with np = 1011mL-1, where every 

collision adds to aggregation, the number of particles is reduced by half (τ1/2coag) in 1.2 

sec.  The initial size of embryos prior to any collisions is realistically much smaller than 

250 nm, thus τ1/2coag may be expected to be much less than 1 sec.  For example, if the 

initial particle size is 50 nm, the τ1/2coag is reduced to 10 msec.  Based on these 

calculations, it is evident that coagulation rates in the absence of stabilizer are much 

faster than our mixing rates.   

For interacting particles, the ratio of the Smoluchowski rate (non-interacting 

particles) to the actual coagulation rate is defined as the stability ratio (W).  A stability 

ratio of 1 corresponds to the case of no stabilization.  Non-ionic surfactants have been 

used to increase the stability ratio of colloid and emulsion systems by up to 10 orders of 

magnitude or more.42-44  Thus, the presence of stabilizer in the precipitation process may 

lead to a large increase in τcoag.  Passivation of the surface with surfactant may also be 

expected to significantly reduce the rate of condensation by blocking growth sites and 

thus increasing τcond.  Table 2.3 provides estimates for the key characteristic times.  The 
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τ1/2coag for a stability ratio of unity was calculated from eq. 8.  τ1/2coag was determined 

from experimental data for a suspension precipitated using the 0.047” ID syringe nozzle 

at 130 mL/min with 14% (wt./tot. wt.) stabilizer in the aqueous phase only.  The particle 

size was measured at both 10 sec. and 1 min after precipitation; the volume fraction of 

aggregates was approximately 3%.  The size and mass distribution moments24, μ1 and μ3, 

respectively, were used to distinguish between coagulation and condensation growth 

mechanisms and are defined as45 
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where Ni and ri are the same as in eq. 5. 

For the 0.047” ID syringe nozzle at t=10 sec., μ1=1.36 and μ3=0.698 indicative of 

aggregation by coagulation.  After 1 min., μ1=5.93 and μ3=0.96, also suggesting 

coagulation dominated growth.  A coagulation rate was then extrapolated from the 

aggregate volume fraction at 1 min, based on the relation 
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where k is the rate constant of flocculation, No is the particle concentration (number/mL) 

at t=0 (within 10 sec. after precipitation), and N is the particle concentration at a later 

time t.  Eq. 11 was then used to estimate the time for 50% aggregation.  Here, τ1/2coag for 

250 nm initial particles was 1900 sec., and the stability ratio was approximately 1600.  

Thus, with the appropriate stabilizer choice, modest Re, high flow rates, and low 

temperature, the particle size distribution centered about 250 nm is in agreement with 
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estimated values for τmix (4-12 ms, from Table 2.3) and τ1/2coag, which indicated Da<1.  

Despite our longer τmix, compared to those of impinging jets, τcoag was successfully 

increased with stabilizer to reduce Da to less than one.   

2.3.4 Effect of Stabilizer Concentration in the Aqueous Phase.   

In all studies described above, the concentration of stabilizer, P407, was below 

the critical micelle concentration (CMC) of approximately 40 mg/mL at 20°C.46    Below 

the CMC, the adsorption of the stabilizer on the particle surface increases with stabilizer 

concentration. Table 2.5 lists the particle size, nucleation, and growth rates measured for 

suspensions with increasing stabilizer concentration in the aqueous phase for a 0.03” ID 

nozzle with low Re.  At the lowest stabilizer concentration, or highest drug loading, the 

average particle size was around 600 nm with only 43% of particles less than 1 micron.  

The large particle size indicates growth by condensation and coagulation due to 

insufficient surface coverage with stabilizer.  Figure 2.7 and Table 2.5 show the particle 

size decreased with an increase in stabilizer concentration.  Finally, a plateau region was 

reached where the particle size no longer changed with stabilizer concentration, 

indicating Da became less than 1.  At this point a further increase in stabilizer 

concentration appeared to have little influence on condensation and coagulation.  The low 

no values at low stabilizer concentrations are consistent with a reduction in number of 

nuclei due to coagulation.   

A comparison of the particle size for the low Re 0.03” ID nozzle relative to the 

high Re elliptical conical nozzle indicates that stabilizer concentration can compensate 

for Re, listed in Table 2.4.  A stabilizer concentration of 75% wt. / tot. wt. under low Re 

conditions resulted in a similar D50 and polydispersity as for the high Re elliptical 

conical nozzle at a stabilizer concentration of only 14% wt. / tot. wt.  Thus, an increase in 



 34

stabilizer concentration may be utilized to compensate for a decrease in Re to maintain a 

low Da, as listed in Table 2.4. 

2.3.5 Effect of Stabilizer in the Organic Phase.   

In section 3.4, the stabilizer was located only in the aqueous phase and the D50 

was 620 nm for the large 0.03” ID nozzle (low Re) and a high ITZ loading of 86% wt. / 

tot. wt. (Table 2.5).  For the same experimental conditions, placement of the same 

amount of stabilizer in the organic phase resulted in a more desirable average size of only 

290 nm as listed in Table 2.6.  The same trend was apparent also at lower loadings of 

75% and 60%.   

When placed in the organic phase, the polymer chains are more available to 

precipitating drug particles upon mixing since they do not need to diffuse across the 

interface from the bulk aqueous phase to the organic phase.  Furthermore, it was not 

necessary for the stabilizer to diffuse throughout the volume of the aqueous phase, which 

exceeded the organic phase volume.  This reduction in time for diffusion of polymer to 

the drug surface leads to more rapid stabilization against coagulation and condensation.   

The location of the stabilizer was found to compensate for the stabilizer 

concentration (drug loading).  With stabilizer in the organic phase at an ITZ loading of 

50% wt. / tot. wt. the size distribution was similar to the case for an ITZ loading of only 

25% wt. / tot. wt. with stabilizer in the aqueous phase (Table 2.4).  In each case, a D50 

value below 300 nm with a narrow polydispersity was accomplished.  Thus, location of 

the stabilizer in the organic phase (favorable) compensated for a decrease in stabilizer 

concentration.  Nucleation rates (no) increased 80% for a 6 fold increase in organic 

stabilizer content compared to 64% for a 50 fold increase in aqueous stabilizer.  The 

presence of surfactant at the surface of the nuclei may be expected to lower the interfacial 

tension between the solid surface and solvent mixture and raise the nucleation rate.  The 
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smaller effect on no when the surfactant was in the aqueous phase may indicate a 

decrease in proximity of the surfactant to the surface of the nuclei that are created in an 

organic phase-rich environment.    For both cases, the growth rates were similar (0.056 ± 

0.004) over all ranges.   

The Re was found to compensate for the location of the stabilizer, shown in Table 

2.4.  For low Re, (e.g., 0.03” ID tube at 10 mL/min), the placement of stabilizer in the 

organic phase led to a similar particle size distribution as for higher Re, (e.g., 0.047” ID 

syringe at 130 mL/min) with stabilizer in the aqueous phase.  The tradeoff between Re 

and stabilizer location can further be seen when comparing the same low Re case with the 

86% drug loading sample injected with the 0.0025” ID nozzle for stabilizer in the 

aqueous phase only.   

2.3.6 Effect of Suspension Concentration.   

The effect of suspension concentration (MT), which was varied by changing the 

feed drug concentration, on particle size distribution was very small as shown in Table 

2.7 for a given volume of organic solution of 17 mL.  Likewise, the nucleation rates 

decreased only modestly, likely as a result of an increase in coagulation rates.  The 

supersaturation was apparently high enough for the lowest ITZ feed concentration to 

achieve a high nucleation rate, such that higher ITZ feed concentrations did not raise no.  

The growth rates were also relatively constant despite the higher supersaturation, 

indicating the stabilizer arrested growth.  The ability to achieve high particle 

concentrations without compromising the particle size significantly is of great interest for 

scaling up this process.  Furthermore, the utilization of relatively concentrated organic 

solutions to reduce the amount of organic solvent is also beneficial. 

For primary nucleation only, the nucleation rate should be independent of the 

suspension density.  Previous studies of precipitation with a compressed fluid antisolvent 
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showed a linear relationship between suspension density and nucleation rate indicating 

secondary nucleation was the dominant mechanism.29, 47  The decrease in Table 2.7 of no 

with MT suggests that secondary nucleation is not present.  Our values of no (1020) were 

significantly higher than previously reported (1015) for precipitation of poly(L-lactic acid) 

with a compressed-fluid antisolvent (PCA).48  The higher no values are favored by a 

reduction in the interfacial tension resulting from presence of surfactant on the surface of 

the nuclei.  For our higher no values, secondary nucleation may be expected to be less 

important.  Their study used a twin-fluid injector design with a swirl chamber volume of 

approximately 0.07μL in order to achieve unusually high energy dissipation up to 108 

W/kg.  Secondary nucleation is common for such high energy dissipation, particularly 

when particles confined to a small volume collide with the walls of the chamber.29, 48  In 

the current study, energy dissipation rates are expected to be many orders of magnitude 

lower than 108 W/kg, based on values reported for turbulent jets and batch mixers40 

(Table 2.3).  Also, the mixing chamber was large (50 mL) compared to the swirl 

chamber, reducing the number of collisions between particles and with the mixing 

chamber walls.  Without these two conditions, secondary nucleation may be expected to 

be less significant relative to primary nucleation, in agreement with the results of Table 

2.7.   

2.3.7 Comparison of Results with EPAS.   

A recent study of the formation of ITZ particles with the EPAS process also 

utilized stabilizer in the organic phase and produced a high Re with an elliptical conical 

nozzle.27  High drug loadings (47-79% wt. ITZ to total solids) were obtained by 

precipitation in the presence of large amounts of stabilizer followed by centrifugation and 

removal of excess polymer dissolved in the supernatant.  During the EPAS process, the 

atomized organic droplets become more concentrated in ITZ as the organic evaporates.  
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Once nucleation occurs, the precipitated nuclei are forced close together as the organic 

droplet evaporates and the volume decreases.  Contraction of the nuclei results in a large 

amount of coagulation, as observed in the particle size distribution, despite the presence 

of P407 stabilizer in the organic phase.  High surface areas, as measured by BET 

analysis, and rapid dissolution rates indicated that particles on the order of 10 μm were 

flocculates of submicron primary particles.  

In contrast, in antisolvent precipitation, the solvents are fully miscible.  The 

organic solvent diffuses outwards into the aqueous phase spreading the nuclei apart.  This 

expansion provides more time for P407 adsorption to the drug surface to prevent 

coagulation due to particle collisions.  Thus, the diffusion of organic solvent into water 

facilitates stabilization of precipitating nuclei in antisolvent precipitation and less 

flocculated particles.  An advantage of this process vs. EPAS is that high surface areas 

particles with drug loadings as high as 86% wt. / tot. wt. may be produced without the 

need for surfactant removal, as shown in Table 2.2.  In addition, the particles are less 

flocculated than in EPAS, which may be an advantage or disadvantage depending upon 

the desired dosage form.   

An advantage of the EPAS process is that the solvent is removed from water at an 

earlier stage in the process, simplifying downstream separations.  Water immiscible 

solvents such as dichloromethane and ethyl acetate may be utilized in EPAS to dissolve 

certain drugs that are insoluble in more polar water miscible solvents needed for 

antisolvent precipitation.  Thus, the processes are highly complimentary.  

2.4 CONCLUSIONS 

Semi-batch antisolvent precipitation of ITZ produced particles with an average 

diameter below 300 nm, even for high drug loadings, up to 86% wt. / tot. wt.  Low Da 

values were achieved with a non-ionic surfactant stabilizer, poloxamer 407, by increasing 
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the time for coagulation and condensation relative to the characteristic mixing time.  

Increasing stabilizer concentration decreased the average particle size until a threshold 

was reached where the Da may be considered to be unity.  At this point the size became 

limited by the mixing time.  The mixing energy and thus τmix were varied by adjusting the 

organic jet velocity and flow rate.  With an increase in mixing energy to achieve a 

Reynolds number > 3000, the polydispersity decreased significantly.  At a constant drug 

loading, initial placement of the stabilizer in the organic phase gave a smaller average 

particle size and lower polydispersity than when stabilizer was only in the aqueous phase.  

Even with only modest Re, particles below 300 nm were formed and stabilized at 

surfactant levels significantly lower than the critical micelle concentration.  At modest to 

high Re, concentrated suspensions of approximately 9 mg/mL were produced well above 

the thermodynamic solubility of drug in the micelles (~0.7 mg/mL). Because it was not 

necessary to form micelles prior to drug nucleation, the precipitation time was 

independent of surfactant aggregation time.   

A narrow particle size distribution centered about 240 nm may be maintained by 

compensating for a change in one variable away from optimum conditions with a change 

in another variable to achieve Da<1.  This trade-off in compensation variables was 

demonstrated for organic flow rate vs. Re, stabilizer concentration vs. Re, stabilizer 

concentration vs. stabilizer feed location, and stabilizer location vs. Re.   

Nucleation and growth rates were estimated from particle size distributions using 

the MSMPR population balance model.  Nucleation rates were highest for temperatures 

lower than 20°C, higher stabilizer concentrations, high Reynolds numbers, and fast flow 

rates.  Increasing stabilizer concentration resulted in faster nucleation rates, most likely 

due to the decrease in interfacial tension upon surfactant adsorption to the drug surface.  

The growth rates increased markedly as the temperature was increased above 20oC.  
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Primary nucleation was determined to be predominant in our systems as the nucleation 

rate decreased with an increase in the suspension density.  A fundamental understanding 

of particle size control in antisolvent precipitation is beneficial for designing mixing 

systems and surfactant stabilizers for forming nanoparticles of poorly water soluble drugs 

with the potential for high dissolution rates.  
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Figure 2.1.  Mechanism of precipitation. 23 
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Figure 2.2.  Antisolvent precipitation in the presence of amphiphillic molecules. 
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Figure 2.3.  Example SEM of itraconazole made by antisolvent precipitation.  
Formulation is 2:1:1 ITZ/P407/polyvinylpyrolidone.  The average particle 
size of original suspension, according to laser light scattering, was 300 nm. 
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Figure 2.4.  Number distribution of itraconazole suspensions.  (A) from Table 2.1, 20°C 
(B) from Table 2.6, 60% ITZ loading (C) from Table 2.7, 8.9 mg/mL 
suspension density (D) from Table 2.7, 11.7 mg/mL suspension density. 



 44

41

42

43

44

45

46

47

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

ln
(P

op
ul

at
io

n 
D

en
si

ty
, n

) [
N

o.
 μ

m
-1

m
-3

]

Particle Size (μm)

A

B

C

D

 

Figure 2.5.  Population density plot for itraconazole suspensions.  (A) from Table 2.1, 
20°C, r2= 0.988 (B) from Table 2.6, 60% ITZ loading, r2=0.986 (C) from 
Table 2.7, 8.9 mg/mL suspension density, r2=0.983 (D) from Table 2.7, 11.7 
mg/mL suspension density, r2=0.940. 
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Figure 2.6.  Jet breakup regimes correlated with Z** and Re. 
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Figure 2.7.  Mass average particle size vs. stabilizer concentration for (A) stabilizer in 
aqueous phase only (details, Table 2.5), (B) stabilizer in organic phase only 
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Table 2.1.  Effect of Aqueous Phase Temperature on Particle Size Distribution, and 
Nucleation and Growth Rates* 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Organic solution was 30 mg/mL ITZ and 20 mg/mL P407 in THF; aqueous 
solution was 10 mg/mL P407 in deionized water; 16.67 mL organic phase 
injected into 50 mL aqueous at 10 mL/min flow rate using 0.03” ID tubing; 7.6 
mg/mL ITZ suspension density; 37.5% wt./wt. ITZ loading. 

Temp 
(°C) 

Size Distribution    
(μm)                
(D10 / D50 / D90) 

Span Percent   
< 1μm n0 102Gτ 

3 0.10 / 0.26 / 2.0 7.2 88 2.8×1020 5.2 

10 0.11 / 0.30 / 4.8 16 79 2.6×1020 5.3 

20 3.1 / 11 / 56 4.7 5.5 5.2×1020 4.5 

30 4.6 / 22 / 130 5.7 0.02 6.3×1013 250 

40 8.6 / 90 / 170 1.9 0.36 3.8×1015 68 

50 23.5 / 85 / 150 1.5 0.02 4.3×1014 140 
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Table 2.2.  Effect of Organic Input Method on Particle Properties with Surfactant Only in the Aqueous Phase and 86% ITZ 
Loading 

Organic input type 
Nozzle diameter / 
flow rate (D / Q) 

U  
(cm/sec) 

Re = 
ρDU/μ

ΔP 
(atm) 

Size Distribution    
(μm)                         
(D10 / D50 / D90) 

Span Percent 
< 1 μm 10-20 n0 102Gτ 

0.03” ID                    
– 5 mL/min. 

18 210 <11 0.17 / 1.6 / 11 6.9 43 1.0 6.6 

Pouring                     
~ 340 mL/min. 

- - - 0.12 / 0.39 / 8.4 21 67 1.6 6.2 

Dropwise                   
~ 11 mL/min. 

- - - 0.14 / 0.83 / 14 17 52 1.6 6.2 

0.0025” ID PEEK      
- 10 mL/min. 

5300 5000 200 0.13 / 0.27 / 28 100 86 1.8 6.1 

0.03” ID                     
-10 mL/min. 

37 410 <11 0.12 / 0.62 / 8.0 13 57 1.9 5.9 

0.047” ID syringe      
~ 130 mL/min. 

190 3400 ~2 0.10 / 0.24 / 0.56 1.9 97 2.0 6.0 

Elliptical conical        
(~0.002” width)         
- 10 mL/min. 

8500 6300 300 0.09 / 0.23 / 0.52 1.8 96 2.3 5.8 

*Aqueous solution was 1.67 mg/mL P407 in deionized water; 8.9 mg/mL suspension density; all other conditions same 
as Table 2.1.  D is the diameter of the nozzle, U is the velocity of the organic phase (4 x flow rate/πD2), μTHF=0.0060 g / 
(cm·sec) at 3°C, and ρTHF=0.89 g/cm3 at 3°C. 
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Table 2.3.  Energy dissipation values and time scales for different mixers 

Mixing Method 
Energy 
Dissipation 
(W/kg) 

τmix /τmixIJmax 
τmix   
(ms) 

107(τmix / τ1/2coag)    
(W=1600, τ1/2coag=1900 sec.) 

τmix / τ1/2coag          
(W=1, τ1/2coag=1.2 sec.) 

Impinging Jets25  104-105 1-3 1.2-4 6.3-21 0.001-0.003 

Turbulent Jet43 103- 104 3-10 4-12 21-63 0.003-0.01 

Stirred Tank43 10-1-33 55-1000 66-1200 350-6300 0.06-1 
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Table 2.4.  Compensation Variables for Maintaining a Low Damkohler Number 

 

Nozzle 
Type 

Flow rate 
(mL/min.) Re 

Stabilizer 
Conc. 
(%wt./tot.wt.) 

Stabilizer 
Location 

Size Distribution 
(μm)                
(D10 / D50 / D90) 

From 
Table #

Flow rate vs. Re 
0.047” ID 130 3400 14 Aqueous 0.10 / 0.24 / 0.56 2.2 

Elliptical 

Conical 

10 6300 14 Aqueous 0.09 / 0.23 / 0.52 2.2 

Stabilizer concentration vs. Re 
0.0025” ID  10 5000 14 Aqueous 0.13 / 0.27 / 28 2.2 

0.03” ID 10 410 67 Aqueous 0.10 / 0.27 / 2.9 2.5 

0.03” ID 10 410 75 Aqueous 0.09 / 0.23 / 0.69 2.5 

Elliptical 

Conical 

10 6300 14 Aqueous 0.09 / 0.23 / 0.52 2.2 

Stabilizer concentration vs. location
0.03” ID 10 410 75 Aqueous 0.09 / 0.23 / 0.69 2.5 

0.03” ID 10 410 50 Organic 0.10 / 0.24 / 0.59 2.6 

Stabilizer location vs. Re 
0.03” ID 10 410 14 Organic 0.10 / 0.29 / 4.4 2.6 

0.047” ID 130 3400 14 Aqueous 0.10 / 0.24 / 0.56 2.2 

0.0025” ID 10 5000 14 Aqueous 0.13 / 0.27 / 28 2.2
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Table 2.5.  Effect of Stabilizer Concentration in Only the Aqueous Phase on Particle Properties at Low Re with the 0.03” ID 
Nozzle at 10 mL/min* 

ITZ Loading 
(%wt/tot wt) 

P407 Conc. 
(mg/mL) 

Size Distribution 
(μm)                  
(D10 / D50 / D90) 

Span Percent  
< 1μm 10-20 n0 102Gτ 

86 1.67 0.12 / 0.62 / 8.0 13 43 1.9 5.9

75 3.3 0.13 / 0.58 / 7.4 13 58 1.5 6.2

60 10 0.12 / 0.43 / 6.7 15 64 1.6 6.1

33 20 0.10 / 0.27 / 2.9 10 81 2.2 5.8

25 30 0.09 / 0.23 / 0.69 2.6 91 2.5 5.7

*No stabilizer in organic phase, all other conditions as in Table 2.1. 
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Table 2.6.  Effect of Stabilizer Concentration in Only the Organic Phase on Particle Properties at Low Re with the 0.03” ID 
Nozzle at 10 mL/min.* 

ITZ Loading 
(%wt/tot wt) 

P407 Conc. 
(mg/mL) 

Size Distribution 
(μm)                
(D10 / D50 / D90) 

Span Percent  
< 1μm 10-20 n0 102Gτ 

86 5 0.10 / 0.29 / 4.4 15 76 1.2 6.6

75 10 0.10 / 0.28 / 3.1 11 81 2.0 6.0

60 20 0.10 / 0.26 / 0.92 3.2 90 2.0 6.0

50 30 0.10 / 0.24 / 0.59 2.0 94 2.2 5.8

*No stabilizer in aqueous phase, all other conditions as in Table 2.1. 
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Table 2.7.  Effect of Concentration of Solids in the Suspension on Particle Properties at Moderate Re with the 0.047” ID 
Nozzle at ~130 mL/min. and 86% ITZ Loading* 

ITZ Conc. 
(mg/mL) 

P407 Conc. 
(mg/mL) 

Solids 
loading 
(mg/mL) 

Size Distribution 
(μm)                
(D10 / D50 / D90) 

Span Percent  
< 1μm 10-20 n0 102Gτ 

6 1 1.8 0.09 / 0.22 / 0.46 1.7 97 2.6 5.7

15 2.5 4.4 0.10 / 0.22 / 0.37 1.2 100 2.2 5.8

30 5 8.9 0.14 / 0.26 / 0.41 1.0 100 1.0 6.8

* No stabilizer in aqueous phase, all other conditions as in Table 2.1. 
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Chapter 3:  Design of Potent Amorphous Drug Nanoparticles for Rapid 
Generation of Highly Supersaturated Media 

3.1 INTRODUCTION 

For biopharmaceutical classification system (BCS) type II drugs with high 

permeability through biomembranes, bioavailability in oral delivery is limited by the 

dissolution rate.1-4  Particle size reduction of crystalline materials raises the surface area, 

A, while high energy polymorphs including the amorphous state increase the solubility, 

Csat, both leading to faster dissolution rates4-10 as predicted by the Noyes-Whitney 

equation 

                                            )( CC
h

DA
dt
dm

sat −=                                                   (1) 

where D is the diffusion coefficient, h is the diffusional path length and C is the 

concentration in solution.  Precipitation of an organic drug solution with either water or a 

supercritical fluid antisolvent is commonly used to form high surface area particles, both 

crystalline and amorphous.  During precipitation, mixing energy11-13 and stabilization 

with polymers are used to control particle size and morphology.14-19  Therapeutic proteins 

are often formulated in the amorphous state with stabilizing excipients to ensure physical 

and chemical stability.20, 21 Theoretical solubilities of amorphous pharmaceuticals in 

aqueous media have been predicted with thermodynamic models to be about 100 fold and 

up to 1600 fold that of the crystalline form.3, 19, 22  Experimentally measured solubilities, 

however, often reach only a fraction of the theoretical value, for example 4.5 

experimental versus ~100 theoretical for indomethacin.3, 19  High supersaturation for 

amorphous formulations will increase Csat and thus the flux across biomembranes.23, 2, 24 
25-27  In this case, drug molecules are in a metastable state and may precipitate by 

nucleation and growth to lower the free energy.  Particle growth of embryo crystals may 
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be inhibited by coating drug particles with polymeric stabilizers,25, 28-31 particularly 

HPMC.23, 5, 25, 29   

Storage stability of an amorphous solid is a great concern, as the high energy solid 

state may relax to the lower free energy crystalline form.  Properties such as the glass 

transition (Tg), reduced crystallization temperature (Tc-Tg / Tm-Tg), and fragility of the 

amorphous drug can be used to describe the molecular mobility and characterize the 

stability at typical storage temperatures.3, 19, 32-34  Solid dispersions and solid solutions 

with high Tg polymers are often utilized to reduce the mobility of drug molecules, 

thereby preventing crystallization both during particle formation step and storage.5, 35, 36  

Amorphous drug formulations, either solid dispersions or co-ground mixtures 

with polymers such as HPMC,5, 36-41 poly(vinylpyrolidone),42 polyethylene glycol,43 

aminoalkyl methacrylate copolymer (Eudragit E 100),44 methacrylic acid-methacrylic 

acid methyl ester copolymer (Eudragit L),45 carboxymethylethylcellulose,45 and 

microcrystalline cellulose7 have been used to create supersaturated solutions.  Suzuki et. 

al. produced solid dispersions of nifedipine stabilized with HPMC and PVP at drug 

loadings (drug weight/total weight) from 11 to 33%, where supersaturation levels were 

up to 6-times the crystalline nifedipine solubility.38, 40 A supersaturation of 45 in 2 hours 

was achieved in 0.1 N HCl for a solid dispersion of ITZ with HPMC formed by hot melt 

extrusion at a drug loading of 40%.36, 41  Amorphous solid dispersions of tacrolimus 

produced by solvent evaporation with PEG 6000, PVP, and HPMC at 50% drug loading 

were shown to supersaturate 0.1 N HCl up to 25 in 2 hours.5  In all of these studies, 

supersaturation levels were obtained only for drug loadings of 50% or less. 

Previous studies of supersaturation from amorphous drug particles have focused 

primarily on solid dispersions with stabilizers dispersed throughout the entire particle.5, 36-

45  These formulations had relatively low surface areas (< 1m2/g) and required a large 
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amount of stabilizer, typically 50% (wt) or more, to inhibit crystallization of drug 

domains and to achieve sufficient hydrophilicities on the particle surfaces for wetting.  

For high dose drugs, it would be beneficial to produce amorphous particle formulations 

with larger drug loadings to achieve desired dosage sizes and to avoid side effects from 

excipients.  The amount of amphiphilic stabilizer may be reduced by forming the 

particles in the presence of water to orient the stabilizer preferentially at the interface 

between the drug particle and aqueous solution.  This approach has been utilized to form 

crystalline particles in antisolvent processes16, 46, 47 and evaporative precipitation of 

organic48-50 and supercritical fluid51, 52 solutions.  Aqueous suspensions of sub-300 nm 

ITZ particles have been produced by CP with poloxamer 407 at drug loadings up to 

86%,53 however the morphology and dissolution behavior were not investigated.  To date, 

supersaturation of dissolution media from amorphous nanoparticles of poorly water 

soluble drugs has not been reported for particles with high drug loadings.  

The key objective of the present study was to form amorphous ITZ nanoparticles 

with high drug loadings up to 80% to achieve unusually high supersaturation levels in 

acidic media.   During particle formation, orientation of the hydrophilic stabilizer HPMC 

near the surface of the particles may be expected to facilitate high drug loadings while 

still inhibiting particle growth and crystallization.  In contrast, nearly all amorphous 

conventional solid dispersions, for example ITZ and HPMC, are limited to 50% loading 

and surface areas below 2 m2/g.  The rapid dissolution of high surface area nanoparticles 

has the potential to minimize the time window for solvent-mediated crystallization of the 

remaining solid phase and thereby favor higher supersaturation levels than for low 

surface area solid dispersions.  

Itraconazole was chosen as a model poorly water-soluble drug, given its 

extremely high lyophilicity, that is, octanol/water partition coefficient (log P) of 5.66, as 
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reported by Janssen Pharmaceutica.  The particles were characterized by modulated 

differential scanning calorimetry and X-ray diffraction to determine the crystallinity, 

scanning electron microscopy, Z-contrast transmission electron microscopy, X-ray 

photoelectron spectroscopy, BET surface area analysis, and contact angle measurements.   

The supersaturation behavior of aqueous suspensions and dry powders containing ITZ 

was investigated in 0.1 N HCl acidic media.  Contact angles with 0.1 N HCl were 

compared for the CP powders relative to solid dispersions formed by solvent evaporation 

to demonstrate preferential orientation of HPMC on the particle surface for the CP 

powders.  

The ITZ/HPMC suspensions were added to the dissolution media in increments to 

determine the maximum supersaturation level, which will be shown to approach the 

metastable solubility limit.  High supersaturation values are facilitated by trapping ITZ in 

the amorphous state even for high drug loading.   To place these results in perspective, 

the metastable solubility of a pure amorphous ITZ suspension was measured without any 

HPMC.  A thermodynamic scheme was developed to examine the effect of HPMC on the 

fugacity of ITZ in the solid phase relative to the aqueous phase and to determine the ratio 

of amorphous and crystalline ITZ fugacity.  The HPMC concentration influences the 

particle surface area during controlled precipitation and thus the supersaturation as 

predicted by the Kelvin equation.  Mass transfer models were developed to understand 

how the surface area and erosion of slowly dissolving HPMC influenced the dissolution 

rate.  The exceptionally high surface area of the aggregated nanoparticles, with high 

wetted hydrophilic surfaces, will be shown to produce more rapid and higher levels of 

supersaturation than in the case of lower surface area solid dispersions (SD) with less 

hydrophilic surfaces.   
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3.2 EXPERIMENTAL 

3.2.1 Materials 

B.P. grade ITZ was purchased from Hawkins, Inc. (Minneapolis, MN).  HPMC 

E5 (viscosity of 5 cP at 2% aqueous 25°C solution) grade was a gift from The Dow 

Chemical Corporation.  Poly(vinylpyrolidone) K15 (PVPK15) and poloxamer 407 (P407) 

N.F. grade were both obtained from Spectrum Chemical (Gardena, CA).  Stabilized p.a. 

grade 1,3-dioxolane was purchased from Acros Organics (Morris Plains, NJ).  HPLC 

grade acetonitrile (ACN), A.C.S. grade hydrochloric acid (HCl), and diethanolamine 

(DEA) were used as received from Fisher Chemicals (Fairlawn, NJ). 

3.2.2 Controlled Precipitation Into Aqueous Solution 

The method of CP developed by Rogers et. al.16 was used to produce nanoparticle 

suspensions of itraconazole.  Deionized water (120 g) containing an appropriate quantity 

of HPMC was used as the anti-solvent phase into which 30 g of 1,3-dioxolane containing 

3.3% (wt) ITZ was injected to form a fine precipitate.  The organic phase was separated 

from the aqueous suspension via vacuum distillation.  In some cases, the aqueous 

suspension was added dropwise to liquid nitrogen and lyophilized to form a powder using 

a Virtis Advantage Tray Lyophilizer (Virtis Company, Gardiner, NY) with 24 hours of 

primary drying at -35 °C followed by 36 hours of secondary drying at 25 °C.  Dried 

powders were stored in a 13% relative humidity environment. 

3.2.3 Solvent Evaporation to Form a Solid Dispersion (SD) 

Approximately 2 g of ITZ was added to 20 mL of dichloromethane and agitated 

until completely dissolved.  The ITZ solution was placed in a mortar and an appropriate 

amount of HPMC was slowly added while gently stirring with a pestle without any 

precipitation.  The solution was stirred gently until approximately 90% of the 



 63

dichloromethane volume was evaporated, leaving a clear viscous gel.  The remaining 

dichloromethane was removed by heating to 50°C at a reduced pressure of ~500 mtorr for 

2 hours.  The resulting drug/polymer film was removed from the mortar and pestle with a 

straight razor blade and ground to a fine powder for 30 min. using a ceramic ball mill (1 

cm bead size).  The final powder was collected after filtration through a size 16 mesh 

sieve (<1190 μm pore size).   

3.2.4 Solubility Determination 

To determine the solubility of crystalline ITZ at 37.2°C, approximately 1.5 mg of 

bulk ITZ was placed in a glass vials containing 100 mL of 0.1 N HCl (pH 1.2).  Two 

aliquots were removed from each vial after 18 hours, immediately filtered with a 0.2 μm 

syringe filter and diluted by ½ with ACN.  Similarly, solubility was determined for 

solutions containing HPMC.  Approximately 50 mg of ITZ was added to 100 mL of 

HPMC dissolved in 0.1 N HCl at 0.5, 1 and 3.4 mg/mL concentrations.  In all cases, drug 

concentrations were determined by high performance liquid chromatography as described 

below with at least an n=3.   

3.2.5 Supersaturation Dissolution 

Metastable solubility limits and rates of supersaturation were measured in 0.1 N 

HCl (pH 1.2) at 37.2°C.  A USP paddle method was adapted to accommodate smaller 

sample sizes using a VanKel VK6010 Dissolution Tester with a Vanderkamp VK650A 

heater/circulator (VanKel, Cary, NC).  Dissolution media (50 mL) were preheated in 

small 100 mL capacity dissolution vessels (Varian Inc., Cary, NC).  Suspensions were 

added dropwise to the dissolution media at a rate of approximately 10 drops/min. to 

reduce the amount of excess particle dosing after reaching the solubility limit.  The drops 

were no longer added when particles could barely be detected by the naked eye, 

minimizing heterogeneous sites for nucleation of the supersaturated solutions.  In the case 
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of powder dissolution, a sample weight (~17.6 mg drug) equivalent to approximately 80-

times the equilibrium solubility (4.4 μg/mL, from solubility study) of ITZ in 0.1 N HCl 

was added to the media.  Sample aliquots (1.5 mL) were taken at various time points.  

The aliquots were filtered immediately using a 0.2 μm syringe filter and 0.8 mL of the 

filtrate was subsequently diluted with 0.8 mL of ACN.  To investigate the possibility of 

sub-200 nm particles passing through the 0.2 μm filter, the experiment was also 

conducted using a 0.02 μm syringe filter.  In all cases, the filtrate was completely clear 

upon visual inspection and dynamic light scattering of the filtrate gave a count rate of less 

than 20 kcps (too small for particle size analysis).  For all samples, the drug concentration 

was quantified by high performance liquid chromatography as described below. 

3.2.6 High Performance Liquid Chromatography (HPLC) 

ITZ concentrations were quantified using a Shimadzu LC-600 HPLC (Columbia, 

MD).  The mobile phase was ACN:water:DEA 70:30:0.05 and the flow rate was 1 

mL/min.  Using a detection wavelength of 263 nm, the ITZ peak eluted at 5.4 min.  The 

standard curve linearity was verified from 500 to 1 μg/mL with an r2 value of at least 

0.999. 

3.2.7 Scanning Electron Microscopy (SEM) 

Aqueous suspensions were diluted by one-tenth using pure deionized water, then 

flash frozen onto aluminum SEM stages.  After lyophilization to remove all water, the 

remaining particles were gold-palladium sputter coated for 35 sec.  Micrographs were 

taken using a Hitachi S-4500 field emission scanning electron microscope with an 

accelerating voltage of 10 kV. 

3.2.8 X-ray Diffraction (XRD) 

Wide angle X-ray scattering was employed to detect the crystallinity of dried drug 

powders using CuK α1 radiation with a wavelength of 1.54054 Å at 40 kV and 20 mA 
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from a Philips PW 1720 X-ray generator (Philips Analytical Inc., Natick, MA).  A small 

amount of powder was pressed onto a glass slide to form a flat sample surface.  The 

reflected intensity was measured at a 2θ angle between 10 and 30° with a step size of 

0.05° and a dwell time of 9 sec. 

3.2.9 Temperature Modulated Differential Scanning Calorimetry (mDSC) 

Drug crystallinity was detected by a 2920 modulated DSC (TA Instruments, New 

Castle, DE) with a refrigerated cooling system.  The samples were purged with nitrogen 

at a flow rate of 150 mL/min.  Samples were scanned after placement in hermetically 

sealed aluminum pans.  The amplitude used was 1°C, the period 1 min, and the 

underlying heating rate 5°C/min.  Integration of the area under the ITZ melting 

endotherm at 168°C and crystallization peak at approximately 120°C estimated the 

percent crystallinity in the original sample (prior to DSC heating) by 
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where xcryst is the percent crystallinity, Δhmelt is the heat of melting, Δhcryst is the heat of 

crystallization, and ΔhmeltItz is the heat of melting for pure crystalline ITZ.  It was 

assumed that the heat necessary to melt 1 g of crystalline ITZ and to crystallize 1 g of 

amorphous ITZ are equal.  For a purely crystalline material, the melting peak area will be 

equal to that of the bulk material and no crystallization peak will be observed, giving a 

value of 1 for xcryst.  For a completely amorphous material, either no melting or 

crystallization peak will be observed or any crystallization peak area will be equal to the 

melting peak area, both giving a value of xcryst = 0. 

3.2.10 BET Surface Area Measurement 

Powder specific surface areas for approximately 0.05-0.2 g of drug powder were 

measured using a Quantichrome Instruments Nova 2000 series surface area analyzer 
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(Boynton Beach, FL) using nitrogen as the adsorbate gas.  Six points were taken over a 

range of relative pressures from 0.05 to 0.35. In all cases, correlation coefficients were 

greater than 0.99, indicating good linear fit with the Brunauer-Emmett-Teller (BET) 

equation.   

3.2.11 Contact Angle Measurement 

A 50 mg quantity of drug powder was compacted into a tablet using a Model M 

Carver Laboratory Press (Fred S. Carver, Inc., Menomonee Falls, WI) with a 

compression force of 500 kg.  The contact angle between the compressed powder and a 

0.03 mL drop of 0.1 N HCl was measured using a Model 100-00-115 goniometer (Rame-

Hart Inc., Mountain Lakes, NJ). 

3.3 RESULTS AND DISCUSSION 

3.3.1 High Potency Amorphous Nanoparticle Suspensions Made by Controlled 
Precipitation 

Aqueous nanosuspensions of ITZ with a range of drug-to-stabilizer ratios from 

4:1 to 1:2 were formed by CP and characterized by a variety of techniques.  As listed in 

Table 3.1, BET surface areas of powders formed by freeze drying the nanosuspensions 

ranged from ~13 to 51 m2/g.  Spherical particles approximately 200-600 nm in diameter 

were observed in the SEMs shown in Figure 3.1A-D, as well as fibrous morphologies 

with diameters of less than 50 nm.  Primary particle domains on the order of 50-100 nm 

were detected by Z-contrast STEM, shown in Figure 3.1G-H.  As the stabilizer 

concentration increased, the surface area increased, with a corresponding decrease in 

average particle size.  Much larger morphologies and surface areas were observed for the 

SD powders in Figure 3.1E-F.   From XRD, characteristic peaks of crystalline ITZ were 

not detected for any of the samples (Figure 3.2).  For these amorphous sub-micron 

particles, the crystalline content was below the detection limit of XRD.54, 55  From further 
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evaluation by mDSC (Figure 3.3, Table 3.2) at low stabilizer concentrations (4:1 and 2:1 

ITZ/HPMC), both a melting peak and a crystallization peak were observed.  The 

crystallization peak resulted from the transformation of amorphous ITZ to its stable 

crystalline form upon heating.56-58  The endotherm observed at 168°C was caused by 

melting of both drug crystals formed in-situ as well as those which were present in the 

original sample, prior to DSC heating.  At high drug loadings (4:1 and 2:1 ITZ/HPMC), 

the presence of a crystallization and melting peak suggested up to 24% crystallinity 

present in the original sample.  At higher stabilizer concentrations (1:1 and 1:2 

ITZ/HPMC) a crystallization peak was not present and the melting endotherm was small 

or non-existent, indicating highly amorphous material.  SD powders exhibited both a 

crystallization and melting peak of similar areas, therefore were estimated as purely 

amorphous.  Also shown in Table 3.2, the contact angle for the SD powders with 0.1 N 

HCl, 75° ± 2, was comparable to that of the bulk drug with no stabilizer (72° ± 0.75). For 

CP powders, the lower contact angle of 53° ± 2 approached that of bulk HPMC (56° ± 2) 

and indicated a much more hydrophilic surface.   

Surface composition analysis by X-ray photoelectron spectroscopy (XPS) was 

used to approximate the surface nitrogen content of dried powders, from integration of 

the peak at ~400 eV (Table 3.3), as done previously for other drugs.59, 60  Whereas ITZ 

contains 8 N atoms, HPMC does not contain any N.  For pure ITZ, the integrated area 

was 2875, as shown in Table 3.3.  A 4:1 ITZ/HPMC CP powder gave an area of 1353, 

indicating approximately 47% (1353 / 2875) ITZ on the surface.  For the 4:1 ITZ/HPMC 

SD, a peak area of 2814 corresponded to 98% (2814 / 2875) surface ITZ.  For both 

powders, the predicted surface concentration of ITZ was 80% for random mixing in the 

4:1 ITZ/HPMC formulation.  For the CP mixture, the surface excess was 47 – 80 = -33%, 
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and the relative surface excess was -33/80 = -41%, indicating preferential orientation of 

the HPMC on the surface.    

Additionally, contact angle measurements (Table 3.2) may be used to determine 

the surface excess. For random mixing of ITZ and HPMC,61 the predicted value of 

                                        2211 coscoscos θθθ ffc +=                                          (3) 

According to the experimental contact angle and eq. 3, the % relative surface excesses of 

ITZ were -23% for 4:1 ITZ/HPMC CP and 8.7% for 4:1 ITZ/HPMC SD. Although these 

values were each smaller in magnitude than for the relative surface excess from XPS, the 

signs were the same.  In addition, the magnitude was greater for the CP formulation than 

the SD formulation in each method.  The smaller magnitudes (closer to random mixing) 

for the contact angles may indicate that they probe more deeply into the surface of the 

solid.  In addition, the contact angle measurements are influenced by hydrogen bonding 

between water and hydroxyl groups in the HPMC, a factor not present for the XPS data.  

Upon mixing the organic and aqueous solutions in CP, rapid nucleation produces 

a large interfacial area between the hydrophobic ITZ particle surface and the surrounding 

aqueous solution.  For 1 to 100 nm growing drug particles, interfacial areas from 6000 to 

60 m2/g provide a strong driving force for adsorption of the amphiphillic stabilizer, 

HPMC, to lower the interfacial energy.  Given the strong polar and hydrogen bonding 

interactions of HPMC with water, the tendency of HPMC to precipitate within the 

hydrophobic interior of the ITZ particles is relatively small.  Instead, the interfacial 

activity orients the polymer on the surface of the drug particle.  Additional HPMC in the 

aqueous phase will coat the particles upon drying.  In the case of solvent evaporation, the 

precipitating drug and polymer are exposed to a solvent-air interface.  The drug has a 

lower cohesive energy density than HPMC and will have a greater tendency to partition 

to this interface, creating a particle surface which is rich in drug, as observed.    
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The ratio of the mixing time of the solvent and anti-solvent relative to the 

precipitation time is described by the dimensionless Damkohler number, Da.46, 53  As 

shown for ITZ, increasing the stabilizer concentration increases the time for growth by 

coagulation and decreases Da reducing the particle size to 300 nm.53  As the stabilizer 

adsorbs to the growing particle surface, it may impede incorporation of drug molecules 

into a crystalline lattice structure and slow down the crystallization rate.  A high 

concentration is available to arrest growth on the surface, even for high drug loadings.  

The large supersaturation in CP and the rapid removal of the growing particles from the 

mixing zone appear to produce rapid nucleation and slow growth of amorphous ITZ 

particles without crystallization as shown in the mDSC and X-ray diffraction data.  For 

the case of SD powders made by hot melt extrusion, slow precipitation at high drug 

loadings led to significant growth, crystallization,41 and low surface areas.  For up to 3:2 

ITZ/HPMC, a solid solution was formed, but for higher loadings of ITZ, phase separation 

was observed.41  Whereas the method of CP has been used to precipitate sub-micron 

sized crystalline particles of several drugs including naproxen, danazol, and 

ketoconazole,16 this method led to amorphous ITZ in the current study.   

3.3.2 Supersaturation of Aqueous Media With a Stabilizer-free Drug Suspension 

The simplest formulation was studied first, a suspension of pure amorphous ITZ 

with no stabilizer present.  Without stabilizer present to prevent growth, the average 

particle size was approximately 10 μm, according to laser light scattering measurement.  

The suspension was added dropwise to 0.1 N HCl media until no further dissolution was 

observed visually.  As shown in Figure 3.4, the drug concentration reached 277 μg/mL in 

4 hours, 63-times the equilibrium solubility of crystalline ITZ, which was 4.4 μg/mL.   

The supersaturation reached a plateau up to 4 hours without precipitating, therefore it is 
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reasonable to define this condition as a metastable equilibrium state for the amorphous 

drug particles.   

The theoretical mole fraction of dissolved drug, component 2, in a liquid phase is 
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where f2(solid) is the fugacity of the pure solid drug, f2
0L is the standard-state fugacity of the 

pure hypothetical sub-cooled liquid drug, and γ2 is the activity coefficient in the liquid 

phase.62  The well-known fugacity ratio for a pure crystalline material is given by62 
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where Tm is 399 K, T is 310 K, ΔhmeltItz is 84.7 J/g, and MWItz is 705 g/mol.  The 

difference in heat capacity in the solid and liquid phases is small and was assumed to be 

zero.  Based on the crystalline solubility of 4.4 μg/mL (xL
2 = 1.12 x10-7), equation 4 gives 

γ2 = 9350.  For amorphous ITZ with a supersaturation of 63, xL
2 is still only 7 x10-6

 , and 

γ2 changes less than 0.1%, on the basis of a simple two suffix Margules equation.62  Since 

 γ2 is essentially constant, f2(solid) for amorphous ITZ is approximately 63 times greater 

than that of crystalline ITZ.  In essence, the supersaturation directly determines the 

increase in f2(solid) of pure ITZ.   

In a control experiment, pure crystalline ITZ was added to 3.4 mg/mL HPMC 

solution in 0.1 N HCl.  The equilibrium solubility was 5.7 ± 0.06 μg/mL, not far above 

the value without HPMC of 4.4 μg/mL. Thus, the molecular interactions between ITZ 

and HPMC in solution had a modest effect on γ2, despite a concentration of HPMC over 

500 fold that of ITZ.     

When the amorphous ITZ suspension was added to acidic HCl aqueous solution 

also containing 3.4 mg/mL HPMC, the maximum supersaturation of 68 at 4 hours was 

similar to that observed without any HPMC.  All supersaturation values were reported 
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relative to 4.4 μg/mL ITZ to maintain consistency, even when HPMC was present.  

Again, the intermolecular interactions between ITZ and HPMC in solution did not 

influence γ2 as was seen above for crystalline ITZ.  At 4 hours, the supersaturation 

depended upon the amorphous state of the pure solid and was independent of the HPMC 

dissolved in the acidic HCl aqueous solution.  For ITZ/HPMC systems in the current 

study, the primary role of polymer is shown to be stabilization of high surface area 

amorphous particles during the formation of the particles.  Unlike previous 

supersaturation studies with HPMC, we demonstrated that the HPMC in the dissolution 

media does not influence the initial level of supersaturation, for example, over the first 

four hours.  However, in some cases, much larger amounts of stabilizers and/or co-

solvents have been used to enhance solubility when high drug loading is not a 

requirement in the dosage form63 (i.e. Sandimmun Neoral ®). 

3.3.3 Surface Area and Maximum Supersaturation of CP Nanoparticle Suspensions 
for Various Drug Loadings 

Supersaturation in 0.1 N HCl media was studied as a function of drug loading in 

the nanoparticle suspensions.  As shown in Figure 3.4 and Table 3.4 for 94% and 80% 

drug loadings (16:1 and 4:1 ITZ/HPMC), the maximum supersaturation level was 63, 

similar to that of the pure drug suspension without HPMC.  The supersaturated solutions 

were stable against precipitation for up to at least 4 hours in all cases.  As will be 

discussed in the next section, the nucleation and growth of the supersaturated ITZ 

solution was very slow for 4:1 ITZ/HPMC over 24 hours.  Thus, the plateau for the 

supersaturation in Figure 3.4 may be considered to be in metastable equilibrium between 

the slight excess of amorphous particles and the dissolved drug.   

At much lower drug loading of 33% (1:2 ITZ/HPMC) the supersaturation level 

reached ~90, 50% higher than for 4:1 ITZ/HPMC and pure ITZ.  To make sure that 

undissolved particles did not pass through the 0.2 μm filter, the experiment was repeated 
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with the 20 nm filter and the supersaturation levels were unchanged.  If all of the HPMC 

dissolved, the HPMC concentration in solution would be 0.79 mg/mL.  This 

concentration is much less than the case of 3.4 mg/mL in the two control experiments 

above for both pure amorphous and pure crystalline ITZ, where the ITZ solubility and γ2 

changed relatively little with HPMC.  For the current amorphous ITZ/HPMC 

suspensions, the effect of molecular interactions between ITZ and HPMC in the aqueous 

solution on γ2 must be very minor.  Therefore, the fugacity ratio of amorphous ITZ in the 

ITZ/HPMC particles to crystalline ITZ may again be equated to the supersaturation.   

In another control experiment, a large excess amount of the 16:1 ITZ/HPMC 

suspension, 5 g, was added to the dissolution media, as shown in Figure 3.5.  The 

maximum supersaturation level was similar to the case where only 1.5 g suspension was 

added to produce only a slight excess of undissolved particles.  Thus, the excess 

suspended particles did not appear to nucleate the drug from the supersaturated solution 

over 4 hours.  Both cases may be considered to be at about the same metastable 

equilibrium saturation value, again supporting the argument that additional HPMC in 

solution has little effect on γ2.  The 5 g dose of suspension provided an HPMC 

concentration of approximately 55 μg/mL, still far lower than the 3.4 mg/mL HPMC 

added for the control experiments in Table 3.4.  Furthermore, the similarity in the curves 

helps validate the hypothesis of the experimental procedure that the onset of turbidity 

with added suspension indicates the limit of supersaturation.  

The relative solubility of two particles with different radii may be determined 

from the Kelvin equation61 as follows: 
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where x is the solubility of dissolved solid, γ is the interfacial tension between the particle 

and the solvent, Vm is the molar volume of the solute, and r is the particle radius.  Based 
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on the above experiments the activity coefficient of the solute in solution is essentially 

the same in each case.  The increase in surface area from higher stabilizer concentration 

indicates particles with smaller radii of curvature.  This small curvature can come from 

either spherical or fibrous particle morphologies, as both were seen in SEMs.  For 

example, according to the Kelvin equation and assuming γ=50 mN/m (based on saturated 

hydrocarbon chains, for example, dodecane, with water)64, an increase of supersaturation 

from 63 to 90 would correspond to a diameter decrease from ~500 to 100 nm.  This 

change in diameters is consistent with the change in surface areas for these two samples.  

Thus, the higher plateau levels in supersaturation as a function of the radii of curvature, 

for particles and fibers, as characterized by both the SEMs and BET surface area, is in 

qualitative agreement with the Kelvin equation.   

3.3.4 Growth Inhibition by HPMC Adsorption 

The most rapid precipitation from the supersaturated solutions was observed for 

the pure drug suspension without any HPMC.  As shown in Table 3.4, the supersaturation 

decreased from 63 to 28 between 4 and 24 hours.  Precipitation rates were slower for 16:1 

ITZ/HPMC, and negligible for 4:1 ITZ/HPMC.  When additional HPMC was dissolved 

in the dissolution media at a concentration of 3.4 mg/mL, precipitation of both pure drug 

and the 16:1 ITZ/HPMC suspension was completely inhibited, without any depletion in 

supersaturation over 24 hours.  However, the additional HPMC did not change the 

maximum supersaturation levels at shorter times.   

Precipitation from the supersaturated solutions may be examined in terms of 

nucleation and growth rates.  Amphiphilic polymers such as HPMC lower the interfacial 

energy (γ) between a hydrophobic embryo and aqueous media.  The rate of homogeneous 

nucleation is defined 65 
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where C is the frequency factor, NA is Avogadro’s number, and the supersaturation, S= 

xL
2/crystalline solubility.  For S=60, when γ is lowered from 20 to 10 mJ/m2, Bo increases 

by many orders of magnitude, from 10-36 to 1016
, as has been observed for other 

systems.61  For the case of pure drug suspension without HPMC, γ is highest and Bo is the 

slowest.  However, precipitation was the fastest for the pure drug suspension.  Therefore, 

the increase in stability of the supersaturated solutions with HPMC in the particle 

formulations, or added to the media, despite an increase in Bo must be caused by a 

decrease in growth rates.   

The growth takes place by condensation (addition of drug molecules to growing 

particles) and by coagulation of particles.  Growth was most rapid for the pure particles 

without any HPMC.  In the case of 4:1 ITZ/HPMC, there was sufficient HPMC in the 

particle formulation itself to fully inhibit growth for 24 hours, but not for the 16:1 

ITZ/HPMC.  However, for 16:1 ITZ/HPMC the pre-addition of dissolved HPMC to the 

media maintained a supersaturation level of 60 over the entire 24 hour period, indicating 

the dissolved polymer was able to diffuse and adsorb to the drug particle surfaces.  The 

adsorption of a polymer such as HPMC onto the surface of a growing particle may inhibit 

incorporation of drug molecules onto active sites for particle growth.  Furthermore, loops 

and dangling ends of HPMC adsorbed on the surface may provide steric stabilization to 

retard coagulation.66  

3.3.5 Surface Area Effects on Rate of Supersaturation for Freeze-dried CP 
Nanoparticles and Microparticles Produced by Solvent Evaporation 

Figure 3.6 compares the supersaturation profiles of several CP dried powders with 

a range of surface areas (listed in Table 3.5) as well as those of two low surface area SD 

powders produced by solvent evaporation.  As the particle surface area increased, 

supersaturation rates of the dried powders increased and the maximum levels were 

higher.  For example, at a drug loading of 4:1 ITZ/HPMC, the CP powder dissolved to a 
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supersaturation of 40 in 1 hour compared to only 22 in the case of a SD. Similar behavior 

was observed for the highest loading of 16:1, as shown in Figure 3.5.  Even at a lower 

drug loading commonly used to form SD powders (1:1 ITZ/HPMC), supersaturation of 

CP particles was 64 in only 20 minutes compared to only 15 for the SD. As observed for 

the CP aqueous suspensions, the CP powders dissolved in a few minutes whereas the SD 

formulations remained as dispersed granules and dissolved on the order of hours.  Slow 

wetting, consistent with the large contact angles, and low surface areas limited the 

dissolution rate of the SD powders.  The small amount of precipitation observed in the 

case of 1:2 and 1:1 ITZ/HPMC (Figure 3.6) CP particles after 50 minutes was likely 

caused by growth onto the large excess of undissolved drug particles, as the dose was 80.  

A similar result was observed for dissolution of a nitrindepine SD with HPMC at 14% 

drug loading.40   

Table 3.5 lists the predicted initial dissolution rates for pure ITZ and HPMC, as 

calculated from equation 1 and the listed values of total surface areas.  The first limiting 

case for the dissolution rate is diffusion of the drug with no inhibition from the HPMC.  

The second limiting case is dissolution of ITZ governed by the erosion (dissolution) of 

the HPMC. The ITZ diffusion coefficient was calculated by the Wilke-Chang equation65 

and the experimental supersaturation value Csat was taken from the maximum levels in 

Figure 3.4.  For HPMC, a dissolution rate constant (kHPMC) was used from literature67, 68 

defined by 

                                                HPMCAk
dt
dm

=                                                         (8) 

where kHPMC is equivalent to D Csat/h in equation 1 (when Ct≈0).  Experimental initial 

dissolution rates were estimated from the earliest time point.  All of the rates in Table 3.5 

were normalized by the total mass of ITZ or HPMC to convert to a fractional release rate.   

For amorphous ITZ, experimental values of d(m/mtot)/dt were orders of magnitude slower 
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than the calculated values. In contrast, the experimental fractional dissolution rates for 

ITZ were similar of those of HPMC within the uncertainties in kHPMC and in the measured 

initial rates.  Thus, the polymer dissolution (erosion) appears to be the rate limiting factor 

in the overall release of drug for both CP and the lower surface area SD powders. The 

much lower mass transfer coefficient for HPMC,  2.67x10-5 mg/cm2sec vs. 

kITZ=DITZ*Csat/h  = 1.5x10-1 to 2.0x10-3 mg/cm2sec is caused by the slower diffusion 

coefficient and gelation of HPMC with water.  For the CP powders, the HPMC and thus 

the ITZ dissolution rate increased with a decrease in drug loading as a consequence of the 

larger surface area.  Dissolution rates were typically an order of magnitude lower for the 

SD powders, consistent with the much smaller total surface areas.  

Amorphous particles stabilized by HPMC often have slow supersaturation rates in 

acidic media.5, 36-41  For example, for SD microparticles of ITZ with HPMC 67% loading, 

the supersaturation reached only ~35 in 1 hour.36  For a more rapidly dissolving polymer, 

Eudragit E100,69 supersaturation reached ~73 by 10 min at pH 1.2.  However, the drug 

concentration was unstable (precipitation to ~40 was observed after only 2 hours).  In 

both these studies of SD powders, higher loadings were not reported.  Typically at high 

loadings, such as 80%, drugs in SD such as ITZ41 may be expected to crystallize and 

consequently, the supersaturation values would decrease markedly.  However for CP 

particles, where amorphous particles are produced at high loadings such as 80% and even 

higher, supersaturation values were 63, as shown in Table 3.4.  The high surface area 

particles dissolve rapidly to form a supersaturated solution, leaving little time for 

unwanted crystallization of the solid phase in the presence of solvent.  In the case of solid 

dispersions, sluggish dissolution rates for HPMC allow longer times for the remaining 

solid phase to crystallize.  This effect is particularly evident at high drug loadings, where 

there is little polymer in the solid phase to protect against solvent-induced crystallization.  
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For SD particles at high drug loadings, such as 4:1 and 16:1 ITZ/HPMC, relatively low 

supersaturation levels after 4 hours of only 40 and 28, respectively, resulted from solid 

phase crystallization as has been observed in previous studies of amorphous GWX.57 

3.4 CONCLUSIONS 

Controlled precipitation upon mixing of organic solutions and water produced 

high surface area amorphous particles, even at drug loadings up to 94%.  Excellent 

wetting and rapid dissolution of the high surface area amorphous CP particles produced 

up to 90-times the equilibrium solubility, inhibiting solvent-mediated crystallization of 

the remaining solid drug in the presence of dissolution media.  During controlled 

precipitation, HPMC partitioned to the water-particle interface, creating a highly wettable 

polymer-rich surface.  Both contact angle measurements and XPS analysis indicated 

excess hydrophilic HPMC was oriented preferentially on the surface of CP particles.  

Surface stabilization during CP also minimized the amount of polymer necessary to arrest 

growth and quench the drug in the amorphous state. In contrast, for solid dispersions 

made without water, HPMC was depleted on the surface.  ITZ solid dispersions made by 

solvent evaporation were wetted less effectively by the dissolution media and dissolved 

slowly, allowing solvent-mediated crystallization of undissolved drug and limiting 

supersaturation levels to 40 after four hours.  Additionally, ITZ in solid dispersions 

formed by hot melt extrusion with HPMC crystallizes for drug potencies above 40%.   

A thermodynamic analysis indicated that HPMC raised the fugacity of ITZ in the 

solid phase of CP particles by preventing crystallization of ITZ and by increasing the 

curvature of the particles and fibers, as described by the Kelvin equation.  Whereas 

HPMC in solution did not affect the supersaturation in the first four hours, eventually 

after 24 hours, HPMC prevented loss of supersaturation by adsorbing onto embryo 

crystals smaller than about 20 nm to arrest precipitation.  The ability to design and 
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produce wettable amorphous nanoparticles with high drug loading for the rapid 

generation of high levels of supersaturation, with small amounts of hydrophilic stabilizers 

oriented preferentially at the particle surface, is of significant interest for enhancing 

bioavailability of poorly water soluble drugs.  
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Figure 3.1.  SEM (A-F) and Z-Contrast STEM (G-H) images of dried controlled 
precipitation powders (A-D and G-H) and solid dispersions (E –F). (A) 4:1 
ITZ/HPMC, (B) 2:1, (C) 1:1, (D) 1:2 (E) 4:1,(F) 16:1, (G) and (H) 1:2  
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Figure 3.2.  X-ray diffraction (XRD) of CP dry powders and solid dispersions  



 81

 

-20

-10

0

10

20

30

40

25 75 125 175

Temperature (oC)

H
ea

t F
lo

w
 (W

/g
)

1:2 Itz/HPMC CP

1:1 Itz/HPMC CP

2:1 Itz/HPMC CP

4:1 Itz/HPMC CP

Pure Itz

4:1 Itz/HPMC SD

16:1 Itz/HPMC SD

 

Figure 3.3.  Modulated differential scanning calorimetry (mDSC) of CP powders with 
drug loading from 33-80% and pure ITZ 
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Figure 3.4.  Maximum supersaturation levels of CP nanoparticle suspensions after 
dropwise addition to 0.1 N HCl media (all samples were filtered with 0.2 
μm filter unless noted otherwise) Suspensions (~10 mg ITZ/mL) were added 
until undissolved particles were barely detected, indicating the solubility 
limit.  (50 mL 0.1 N HCl, 37.2°C, 50 rpm paddle speed) 
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Figure 3.5.  Supersaturation of 16:1 ITZ/HPMC CP nanoparticle suspension at maximum 
supersaturation-limited dose and excess dose comparison with solid 
dispersion dose of 70-times equilibrium (conditions same as Figure 3.4); see 
text for description of dosing 
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Figure 3.6.  Supersaturation of CP dry powders and solid dispersions with drug loading 
from 33-80% at a constant dose of 80-times the equilibrium concentration 
(conditions same as Figure 3.4) 
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Table 3.1.  Specific surface area of dried powders produced by CP and solvent 
evaporation (SD) 

Formulation BET area (m2/g) 

1:2 ITZ/HPMC 51 

1:1 ITZ/HPMC 23 

2:1 ITZ/HPMC 17 

4:1 ITZ/HPMC 13 

4:1 ITZ/HPMC SD < 2 

1:1 ITZ/HPMC SD < 2 

16:1 ITZ/HPMC SD < 2 
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Table 3.2. Contact angles of dried powders with 0.1 N HCl, heat of melting and 
crystallization measured by mDSC, and estimated percent crystallinity = 
(Δhfus – Δhcryst) / Δhfus ITZ 

Sample 

Predicted 
contact 
angle (θc, 
from eq. 3) 

Contact 
angle (θ) 

Δhcryst/drug 
loading 
(J/g) 

Δhfus/drug 
loading 
(J/g) 

Δhfus – Δhcryst / 
Δhfus ITZ 

4:1 ITZ/HPMC CP 68.9 53.2 ± 2.10 40.3 60.8 0.24 

2:1 ITZ/HPMC CP - - 15.0 26.5 0.14 

1:1 ITZ/HPMC CP 64.2 61.1 ± 1.76 0 6.80 0.08 

1:2 ITZ/HPMC CP - - 0 0 0 

4:1 ITZ/HPMC SD 68.9 74.9 ± 2.20 14.1 16.3 0.03 

1:1 ITZ/HPMC SD 64.2 74.9 ± 2.70 - - - 

16:1 ITZ/HPMC SD - - 34.9 33.3 -0.02 

Pure HPMC - 55.8 ± 1.62 0 0 0 

Pure ITZ - 72.0 ± 0.75 0 84.7 1.0 
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Table 3.3. X-ray photoelectron spectroscopy (XPS) of 4:1 ITZ/HPMC dried powders 
made by CP and solvent evaporation (SD) 

Sample 
Area of 
nitrogen peak 
(at ~400 eV) 

% surface 
of ITZ 

% surface 
excess of 
ITZ 

% relative 
surface excessa 
of ITZ 

% relative 
surface excessa of 
ITZ from contact 
angle 

Pure ITZ 2875 - - - - 

4:1 ITZ/HPMC 
CP 1353 47 -33 -41 -23 

4:1 ITZ/HPMC 
SD 2814 98 18 22 8.7 

a The % relative surface excess of ITZ = 100*(actual  – predicted )/predicted, where the 
predicted value is for random mixing. 
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Table 3.4. Supersaturation at 4 h and 24 h for nanoparticle suspensions with and without 
additional HPMC added to the dissolution media (conditions same as Figure 
3.4) 

Sample S @ 4 hr. CITZ @ 4 hr. 
(μg/mL) 

CHPMC @ 4 
hr. (μg/mL) S @ 24 hr. 

1:0 ITZ/HPMC 63 ± 9.7 280 0 28 ± 16 

16:1 ITZ/HPMC 63 ± 0.8 280 17 50 ± 1.5 

4:1 ITZ/HPMC 63 ± 2.1 280 69 61 ± 1.1 

16:1 ITZ/HPMC + 
HPMC in media 
(3.4mg/mL) 

63 ± 0.8 280 3400 60 ± 0.8 

1:0 ITZ/HPMC + 
HPMC in media 
(3.4mg/mL) 

68 ± 4.1 300 3400 68 ± 4.5 
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Table 3.5.  Predicted and experimental initial dissolution rates of dry powders 
(conditions same as Figure 3.6) 

Sample 
BET 
area 
(m2/g) 

Total 
area   
(A, cm2) 

Predicteda 
102d(m/mItz

t)/dt 
(sec-1) 

Predictedb 
104d(m/mHPMC

t)/dt 
(sec-1) 

Experimentalc 
104d(m/mItz

t)/dt 
(sec-1) 

1:2 ITZ/HPMC 
CP 51 27200 22800 91.2 14.6 

1:1 ITZ/HPMC 
CP 23 8100 2560 30.7 10.6 

4:1 ITZ/HPMC 
CP 13 2860 433 6.94 3.54 

1:1 ITZ/HPMC 
solid dispersion < 2 704 1.06 2.67 1.66 

4:1 ITZ/HPMC 
solid dispersion < 2 440 5.06 1.07 1.25 

a DITZ = 4.39*10-6 cm2/sec from Wilke Chang equation, Reference 65; mItz
t = 17.6 mg; b kHPMC 

= 2.67*10-5 mg/cm2sec, References 67, 68; mHPMC
t is total mass of HPMC in dose; c 

experimental rate based on sample at 10 min.  
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Chapter 4:  Flocculated Amorphous Nanoparticles for Highly 
Supersaturated Solutions 

4.1 INTRODUCTION 

For a large fraction of newly discovered drugs, bioavailability is limited by poor 

solubility in water.1  Amorphous nanoparticles with high surface area may be designed to 

raise dissolution rates as well as to achieve high levels of supersaturation.  An increase in 

the supersaturation in the gastrointestinal tract would lead to greater flux through 

biomembranes2 3 and higher bioavailability.  Solubilities of amorphous drugs may reach 

1600-times that of the crystalline form.4 5 6 7  Typically, amorphous solid solutions or 

dispersions of drugs, stabilized by high glass transition (Tg) polymers, are formulated by 

co-grinding8, solvent evaporation9 10 11 12 13, or hot melt extrusion14 15.  Amorphous 

formulations, however, have a tendency to crystallize during dissolution.16  This 

crystallization may be minimized by designing rapidly dissolving nanoparticles, with 

surface areas on the order of 50 m2/g, particularly for slowly dissolving stabilizers such 

as hydroxypropylmethylcellulose.7  High surface area amorphous micro-17 16 and 

nanoparticles18 19 may be formed by rapid nucleation from solution along with arrested 

growth.  For example, in antisolvent precipitation of organic solutions mixed with 

aqueous media, preferential adsorption of the stabilizer at the particle surface inhibits 

nanoparticle growth and crystallization even with drug loadings of 94% (drug wt./tot. 

wt.).7   

A wide variety of techniques have been developed to form inorganic and 

pharmaceutical nanocrystals in the presence of stabilizers, for example mechanical 

milling20-22 physical changes in solvent properties, for example, antisolvent 

precipitation23 24 25 26 18 27, and by chemical reactions, for example thermal 
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decomposition28.  However, the recovery of the nanoparticles from solution and further 

processing of the nanocrystals in the solid state remains a formidable challenge.  

Common techniques for solvent removal include spray drying, freeze drying and 

ultrafiltration.  Spray drying is energy intensive and yields can be limited.  The elevated 

temperatures of 90°C or higher, and an increase in volume fraction of the particles during 

droplet shrinkage, may cause crystallization or particle growth by the increase in the 

collision rates and/or Ostwald ripening.  In addition, loss in solvent quality at elevated 

temperatures may lead to collapse of polymeric steric stabilizers.29 30 31   Tray 

lyophilization requires extremely long processing times.  During freezing processes, 

particles are concentrated in the unfrozen aqueous phase as ice crystals are removed.  

Again the increase in particle concentration and changes in solvent quality may cause 

particle crystallization and growth.  Ultrafiltration of nanoparticles has also been used to 

purify nanoparticle dispersions32; however, filtrate removal rates were limited to ~0.03 

mL/min*cm2, even for a membrane surface area of 1000 cm2, and the dispersion could 

only be concentrated by a factor of 1/5.  Long filtration times allow for particle growth 

via Ostwald ripening and coagulation.  It would be desirable to develop novel rapid 

techniques for particle recovery and solvent removal to avoid undesired crystallization 

and growth and to increase production rates of dry powders in a useful morphology for 

subsequent processing. 

An alternative approach is to flocculate nanoparticles reversibly to form large 

flocs that may be filtered rapidly.33 25  Flocculation of negatively charged gold 

nanoparticles with positively charged poly(L-lysine) created spherical sub-micron 

aggregates, which formed unique 1-5μm hollow spheres upon subsequent addition of 

SiO2 nanoparticles.34  Flocculation may also be produced by adding electrolytes to 

weaken the hydration of the stabilizers on the nanocrystal surface, resulting in 
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interparticle attractive interactions. Electrolytes decrease the lower critical solution 

temperature (LCST) of poly(ethyleneoxide) (PEO) chains35 36 37 38 39 by inducing 

desolvation of the ether oxygens.  The LCST corresponds to the critical flocculation 

temperature (CFT) of the particle dispersion for micron sized particles stabilized by PEO 

containing copolymers30 40 41.  A recent study has utilized Na2SO4 to flocculate 

crystalline naproxen nanoparticles stabilized by poly(vinylpyrrolidone) or PEO chains.33 
25  Aqueous suspensions (50 ml) of the large flocs were filtered in minutes to obtain a dry 

powder.  The dried powders were redispersible to the, original 300 nm particle size and 

drug yields after filtration were as high as 99% (wt. recovered drug/ wt. input drug).  

Alternatively, addition of Na2SO4 or KCl to sterically stabilized platinum catalyst 

nanoparticles induced instability as evident by turbidimetry.42  However, these 

nanoparticles were not filtered or shown to redisperse to the original size.   

The objectives of the current study were to produce flocs of amorphous polymer-

stabilized nanoparticles, which may be filtered, dried, and redispersed, to achieve (1) the 

original primary particle sizes and (2) rapid generation of supersaturated solutions up to 

14-times the crystalline solubility, despite drug loadings up to 94%.  This study extends 

our previous work33 25 on flocculation of nanoparticle crystalline drugs to include 

amorphous morphologies.  In addition, we compare the mechanisms of particle 

aggregation and redispersion for salt flocculation relative to spray drying and rapid 

freezing as a function of changes in particle volume fraction φ and solvent quality for the 

stabilizers.  Whereas φ increases in spray drying and rapid freezing during water removal, 

it remains constant during salt flocculation.  The differences in the pathways in particle 

volume fraction and solvent conditions, as a function of temperature and salinity, will be 

shown to have a profound effect on the particle size upon redispersion and level of 

supersaturation as the particles dissolve.  The rapid change of interparticle forces from 
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repulsive to attractive, upon addition of salt, produces open flocs with low fractal 

dimensions.  Consequently, the flocs redisperse rapidly to the original primary particle 

size in water.  The size of the redispersed particles will be shown to be much smaller than 

for the more compact flocs produced by freezing/lyophilization.  Additionally, low 

temperatures and rapid removal of solvent during filtration will be utilized to preserve the 

amorphous morphology of the nanoparticles more effectively than in the case of spray 

drying, as demonstrated by modulated differential scanning calorimetry and by high 

supersaturation levels in pH 6.8 media.  The rapid dissolution of nanoparticles recovered 

by salt flocculation will be shown to prevent significant crystallization of the undissolved 

solid phase during dissolution, leading to high supersaturation values, with the potential 

to enhance bioavailability.   

4.2 EXPERIMENTAL 

4.2.1 Materials 

B.P. grade itraconazole (Itz) was purchased from Hawkins, Inc. (Minneapolis, 

MN).  Hydroxypropyl methylcellulose E5 grade (HPMC) (viscosity of 5 cP at 2% 

aqueous 25°C solution) was a gift from The Dow Chemical Corporation.  Poly(ethylene 

oxide-b-propylene oxide-b-ethylene oxide) (P407) with a nominal molecular weight of 

12,500 and a PEO/PPO ratio of 2:1 by weight was purchased from Spectrum Chemical 

Manufacturing Corporation (Gardena, CA).  Stabilized p.a. grade 1,3-dioxolane was 

obtained from Acros Organics (Morris Plains, NJ).  HPLC grade acetonitrile (ACN), 

A.C.S. grade hydrochloric acid (HCl), diethanolamine (DEA), sodium dodecyl sulfate 

(SDS), and sodium sulfate anhydrous (Na2SO4) were used as received from Fisher 

Chemicals (Fairlawn, NJ).  A glass transition temperature (Tg) of 154°C has been 

reported for HPMC E543 and estimated as -21°C for P407.  Type P2 filter paper with an 
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area of 95 cm2 and an estimated pore size of 1-3 μm was purchased from Fisher 

Scientific (Atlanta, GA). 

4.2.2 Precipitation of Itz Nanoparticles Into Aqueous Solution 

Using an antisolvent precipitation method18, nanoparticle dispersions of Itz were 

produced at ~3°C.  Deionized water (50 mL) containing an appropriate quantity of 

HPMC was used as the antisolvent phase into which 15 g of 1,3-dioxolane containing 

3.3% (wt) Itz (and P407 in some cases) was injected using a 19G needle in approximately 

6 s to form a fine precipitate.  A control experiment was performed in which the 

nanocrystals were recovered by rapid freezing and lyophilization.  For this rapidly frozen 

control, the organic phase was first separated from the aqueous dispersion via vacuum 

distillation at 40 torr and 38°C.  The aqueous dispersion was added dropwise to liquid 

nitrogen and lyophilized to form a powder using a Virtis Advantage Tray Lyophilizer 

(Virtis Company, Gardiner, NY) with 24 hr. of primary drying at -35 °C followed by 36 

hr. of secondary drying at 25 °C.  Unless noted otherwise, the particle size distributions 

of the original dispersion and the redispersed flocs were determined by static light 

scattering using a Malvern Mastersizer-S (Malvern Instruments Ltd., U. K.) 

4.2.3 Spray Drying of Itz Nanoparticle Dispersions 

After vacuum distillation the aqueous dispersion was spray dried using a Buchi 

mini-spray dryer Model 190 (Brinkmann Instruments Co., Westbury, New York) 

equipped with a 0.7 mm diameter two-fluid nozzle.  Compressed air at 120 psi was used 

for the atomizing nozzle, with the flow rate controlled to 200 mL/sec.  The dispersion 

was fed at a rate of 5 mL/min.  An inlet temperature of 140°C and outlet temperature of 

90°C were maintained throughout the process.   
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4.2.4 Heating of Itz Nanoparticle Dispersions 

Dispersions were heated after organic solvent removal either rapidly to 98°C, or 

slowly to 92°C.  For rapid heating, the dispersion was injected at 10 mL/min. through ~3’ 

of 0.03” ID stainless steel tubing which was heated by a 98°C water bath.  Upon exiting 

the heat exchanger, the dispersion was immediately quench-cooled into water (3°C).  For 

slow heating, the dispersion was placed in a beaker which was heated at a rate of 

2.5°C/min.  The dispersion was allowed to remain at 92°C for 10 min. before quench 

cooling in an ice bath.  In both cases, particle size measurement was taken immediately 

after quench cooling using dynamic light scattering.   

4.2.5 Flocculation and Rapid Filtration of Itz Nanoparticle Dispersions 

After particle size determination, the nanoparticle dispersions were flocculated by 

addition of a 1.5M solution of Na2SO4 at a volume ratio of 12:5 (salt 

solution/suspension).  This approach produced a SO4
-2 concentration of 1 M in the final 

mixture.  Immediately after salt addition, the flocs took up the entire aqueous volume, as 

seen in Figure 4.1-A.  The flocculated suspension was stored at room temperature for 3 

min. during which larger flocs formed.  The flocs were filtered with 11 cm diameter P2 

filter paper (Fisher Scientific, Fair lawn, NJ) under vacuum.  The filtration was continued 

until no water could be observed on top of the filter cake, typically after <8 min.  A 30 

mL aliquot of HPMC aqueous solution (identical to the antisolvent phase of the sample) 

was chilled in an ice bath and used to rinse the filter cake immediately after filtration.  

The filter cake was then allowed to dry at room temperature and atmospheric pressure 

overnight.  Dried powders were obtained by gently scraping the filter paper. 

4.2.6 High Performance Liquid Chromatography (HPLC) 

Solutions from dissolution studies and dissolved dried powders were analyzed for 

drug concentration using a Shimadzu LC-10 liquid chromatograph (Shimadzu 
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Corporation, Columbia, MD) with an Alltech 5 μm Inertsil ODS-2 C18 reverse-phase 

column (Alltech Aassociates, Inc., Deerfield, IL).  The mobile phase was 

ACN/water/DEA 70:30:0.05 (volume ratio) and the flow rate was 1mL/min.  Using a 

detection wavelength of 263 nm, the Itz peak eluted at 5.4 min.  The standard curve 

linearity was verified from 500 to 1 μg/mL with an r2 value of at least 0.999. 

4.2.7 Salt and Drug Content Determination 

In order to determine the quantity of residual salt in the final filter cake, 

approximately 15 mg of dried powder was dissolved in 100 mL of 50:50 ACN/water.  

Using a YSI 3100 conductivity instrument (YSI Inc., Yellow Springs, OH), the 

conductivity of the solution was determined and compared to a standard curve of Na2SO4 

for concentrations from 0.004 to 0.137 mg/mL.  The standard curve was linear with an r2 

value of 0.9998.  The drug concentration of the solution was determined by HPLC and 

used to calculate the drug loading of the final powder. 

4.2.8 Contact Angle 

Approximately 50 mg of dried powder was compacted with ~500 kg using a 

Model M Carver Laboratory Press (Fred S. Carver, Inc., Menomeonee Falls, WI) to form 

a flat sided pellet. A 10 μL drop of pH 6.8 phosphate buffer without SDS was placed on 

the pellet, and the contact angle was measured within 15 sec. using a Model 100-00-115 

Goniometer (Rame-Hart Inc., Mountain Lakes, NJ).  Measurements were made in 

quadruplicate and the average and standard deviation were reported. 

4.2.9 Scanning Electron Microscopy (SEM) 

Dried powders were redispersed in pure water at a concentration of approximately 

4 mg/mL.  Using a Branson Sonifier 250 (VWR Scientific, West Chester, PA), the 

dispersion was sonicated for 2 min. at 50% duty cycle.  The aqueous dispersions were 
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then flash frozen onto aluminum SEM stages maintained at -200oC with liquid nitrogen.  

After lyophilization to remove the water, the remaining particles were gold-palladium 

sputter coated for 1 min. prior to analysis on a Hitachi S-4500 field emission scanning 

electron microscope at an accelerating voltage of 15 kV. 

4.2.10 Temperature Modulated Differential Scanning Calorimetry (mDSC) 

Drug powders were placed in hermetically sealed aluminum pans and scanned 

using a 2920 modulated DSC (TA Instruments, New Castle, DE) with a refrigerated 

cooling system.  The samples were purged with nitrogen at a flow rate of 150 mL/min.  

The amplitude used was 1°C, the period 1 min., and the underlying heating rate 5°C/min.  

Both forward and reverse heat flow were used to characterize the thermal transitions of 

samples.  

4.2.11 Dissolution Under Supersaturated Conditions 

Solubilities of metastable solutions of amorphous drug and rates of 

supersaturation were measured in pH 6.8 phosphate buffer made by mixing 1 part 0.1N 

HCl with 3 parts 0.2M tribasic sodium phosphate at 37.2°C.  In the media with 0.17% 

(wt./vol) SDS, the equilibrium crystalline solubility was 14 μg/mL, as measured in 

triplicate similarly to the method described in a previous study. 7  A USP paddle method 

was adapted to accommodate the small sample sizes using a VanKel VK6010 Dissolution 

Tester with a Vanderkamp VK650A heater/circulator (VanKel, Cary, NC). 7  Dissolution 

media (50 mL) were preheated in small 100 mL capacity dissolution vessels (Varian Inc., 

Cary, NC).  A sample weight (~17.5 mg drug) equivalent to approximately 25-times the 

equilibrium solubility of Itz in pH 6.8 media containing SDS was added.  Sample aliquots 

(1.5 mL) were taken at various time points.  The aliquots were filtered immediately using 

a 0.2 μm syringe filter and 0.8 mL of the filtrate was subsequently diluted with 0.8 mL of 

ACN.  In all cases, the filtrate was completely clear upon visual inspection and dynamic 
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light scattering of the filtrate gave a count rate of less than 20 kcps (too small for particle 

size analysis).  For all samples, the drug concentration was quantified by HPLC.  The 

supersaturation levels are reported as the drug concentration divided by the crystalline 

solubility.  Supersaturation was plotted versus time and the area under the curve (AUC) 

was calculated using the numerical integration. 

4.3 RESULTS 

4.3.1 Polymer-salt Cloud Points, Particle Properties, and Recovery After 
Flocculation 

The cloud point temperatures of P407 and HPMC over a range of Na2SO4 

solutions have been reported. 35 44 33  On the basis of extrapolation down to 25°C, 

molarities of approximately 0.55 and 0.8 are needed to precipitate a 2% solution of pure 

P407 and HPMC, respectively.  For the present study, concentrations of HPMC ranged 

from 0.25 to 1% (wt./vol.) (formulations A-C, Table 4.1) and P407 concentrations from 

0.03 to 0.87% (formulations D-I, Table 4.2).  As shown in Table 4.1, a minimum 

molarity of 0.25M (after addition of salt solution) was required at 25°C to flocculate 

particles stabilized by HPMC.  In order to ensure complete and rapid flocculation of 

nanoparticles, a molarity of 1M in the final mixture was used for all Itz/P407/HPMC 

samples.  The excess salinity (above the minimum required, 0.25M) ensured strong 

attractive forces between the polymer chains.  In both cases the flocculation was 

essentially instantaneous, in less than 1 second after mixing the salt solutions (Figure 4.1-

B), indicating loss of the steric stabilization by the PEO chains.  Average floc sizes were 

~5-7 μm, according to microscopic observation just after mixing with salt solution, 

shown in Figure 4.2.  Figure 4.1-B shows the large flocculated particles took up the entire 

dispersion volume, and creaming of the flocs reached steady state in 3 min. (Figure 4.1-
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C).  Spontaneous redispersion occurred upon regaining good solvent quality by adding 

the dried powders to pure water with gentle stirring (Figure 4.1-D).   

The sodium sulfate concentration in the filtrate after rinsing with 30 mL of the 

HPMC solution was verified using conductivity and in all cases, the weight of salt in the 

filtrate was more than 90% of the total salt added. The final powders from the filter cake 

contained less than 1% Na2SO4 by weight.  HPLC analysis of the filtrate showed no more 

than 3% (drug wt. in filtrate/tot. wt. drug) of the drug was lost through the filter, 

indicating yields higher than 97%. The residual salt in the final dried powder 

corresponded to less than 2.5 mg per 200 mg dose of Itz (based on 90% drug loading).  

This quantity is well below the 120 mg of Na2SO4 allowed in an oral dosage form, 

according to the inactive ingredient guide published by the FDA.   

Filtration rates of the Itz dispersions, reported in Table 4.1, were similar to those 

of flocculated naproxen nanoparticle suspensions in a previous study.33 25  In all 

formulations, free polymer, which was not bound to drug particles, was removed with the 

filtrate, producing drug loadings typically around 90% (drug wt./tot. wt.), as tabulated in 

Tables 4.1 and 4.2.  Polymer loading was determined by a simple mass balance and 

reported as % polymer wt./tot. wt.  Extremely high filtration selectivities for drug 

particles over polymer, (g drug precipitate/g drug filtrate) / (g polymer precipitate / g 

polymer filtrate) were observed, as reported in Table 4.1, and were similar to values 

reported by the flocculation of naproxen 33 25.   

4.3.2 Particle Morphology After Flocculation and Filtration 

Using light scattering, particle sizes were measured after removal of organic 

solvent from the precipitated dispersions and after redispersion of dried powders into 

water.  Without the use of P407 as a stabilizer, particle sizes of aqueous dispersions just 

after organic solvent removal were large (1-5 μm diameters), despite dried powder 
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surface areas as high as 51 m2/g, measured in a previous study.7  Addition of P407 to the 

formulation mitigated agglomeration of nanoparticles during antisolvent precipitation and 

light scattering measurements, prior to addition of salt, gave sizes in the submicron range.  

Increasing the P407 concentration led to a decrease in average particle size until a 

threshold was reached at approximately 300 nm, shown in Table 4.2.  This trend has been 

observed in previous studies where the ratio of the mixing time and precipitation time, 

the dimensionless Damkohler number, was decreased by either increasing stabilizer 

concentration18 or mixing energy23.  The particle size decreased until a plateau was 

reached where the Damkohler number was <1.   

As listed in Table 4.2, the average sizes of P407/HPMC systems after redispersion 

were typically within 40 nm of the original dispersion before flocculation.  For rapidly 

frozen and lyophilized 8:1:2 Itz/P407/HPMC, the average size after redispersion was 700 

nm, over twice the original value, see Table 4.2.  The spray dried 8:1:2 Itz/P407/HPMC 

average size was quite large, 5 μm, after redispersion.  Contact angles (reported Table 

4.2) of all salt flocculated samples, including the homogenized control, were all 

approximately 20-40° regardless of the formulation.  The rapidly frozen and lyophilized 

control had a much higher angle of 51°.  Pure Itz and HPMC had contact angles of 79° 

and 66°, respectively.   

Modulated DSC of formulations A-C revealed the presence of two glass 

transitions, one for Itz (~58°C 45) and HPMC (~154°C 45) as seen in Figure 4.3. These 

two Tgs indicated two distinct phases in the drug nanoparticles.  Previous work with 

precipitated Itz/HPMC systems established a core-shell arrangement of drug and 

polymer, as evident from surface content analysis via X-ray photoelectron microscopy 

and contact angle measurements.7  As the polymer is water soluble, its adsorption to the 

surface of precipitated hydrophobic surfaces orients the polymer primarily to the surface 
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of the particles, lowering the interfacial energy of the system.  This surface orientation 

facilitates the use of very little polymer to stabilize nanoparticles with high drug loading. 

In addition to hydrophilic polymers, excess salt was detected on the surface of 

dried particles by contact angle measurements with pH 6.8 buffer.  Contact angles of salt 

flocculated powders, including the homogenized sample, were much lower than for both 

pure Itz (79° ± 13) and HPMC (66° ± 3.9) alone.  For the lyophilized control, it was 

lower than that of pure HPMC from the presence of P407 on the surface, but still higher 

than those of the flocculated samples.  The more favorable wetting for the flocculated 

particles has the potential to accelerate dissolution.   

The crystallization of amorphous drug during mDSC heating was evident in an 

exothermic peak ranging from 90-130°, as shown in Figures 4.4 and 4.5.  The 

crystallization temperature increased with HPMC content, Figure 4.4, and decreased with 

P407 content, Figure 4.5.  The change in kinetics of crystallization may be explained by a 

decrease in mobility with an increase in HPMC and an increase with P407.  Melting 

peaks of the in-situ crystallized drug are observed in both Figures 4.4 and 4.5, at ~168°C.  

In Figure 4.3, the melting peak of Itz overlapped with the Tg peak for HPMC.  In Figure 

4.5, the melting peak for P407 can also be seen at ~45°C, which masked the Tg of Itz.  In 

all cases the presence of a glass transition for Itz and/or a crystallization peak verified the 

amorphous character of flocculated, dried powders.  Homogenized, rapidly frozen, and 

spray dried 8:1:2 Itz/P407/HPMC controls, (Table 4.2; formulations H, I, and K, 

respectively), exhibited no evidence of amorphous drug as there was no crystallization 

peak, but a large melting peak at ~168°C. 

4.3.3 Dissolution of Flocculated Nanoparticles Under Supersaturated Conditions  

The supersaturation curves and the calculated areas under the curve (AUC) are 

shown in Figure 4.6 and Table 4.2, respectively.  In the case of dried powders, an amount 
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equal to 25-times the equilibrium solubility was added at time zero.  For the 8:1:2 

Itz/P407/HPMC original nanoparticle dispersion, drops were added slowly to minimize 

excess particles, which would otherwise facilitate heterogeneous nucleation.  It has been 

shown recently that the supersaturation produced by this technique may approach the 

metastable solubility limit in pH 6.8 buffer with 0.17% SDS.7  The maximum in the 

supersaturation level for salt flocculated, dried powders was ~14, even greater than that 

for the original nanoparticle dispersion (shown in Figure 4.6).  Dissolution rates were 

rapid for all supersaturation curves, as expected from high surface areas and a large 

driving force from the high metastable solubility.  For flocculated samples, however, the 

supersaturation decayed more rapidly than for the 8:1:2 Itz/P407/HPMC dispersion.  The 

supersaturation can be reduced by incorporation of the dissolved ITZ into the excess 

particles.  The slower decay in supersaturation, and consequently, larger AUC for the 

original dispersion is likely caused by the lack of excess solid particles.  Similarly, the 

larger (lower surface area/volume) excess particles in the 32:1:8 flocculated sample may 

explain its larger AUC relative to the other three flocculated samples.    

The lyophilized samples crystallized as a  result of high mobility  during water 

sublimation caused by the low Tg P407.  Since crystallization of drug occurred in both the 

rapidly frozen/lyophilized and spray dried 8:1:2 Itz/P407/HPMC controls, as evident by 

mDSC in Figure 4.5, dissolution experiments were not performed.  Thus the lack of 

crystallization in the salt flocculation process is a significant advantage.    

4.4 DISCUSSION 

4.4.1 Flocculation of Sterically Stabilized Dispersions by Salt  

The lowering of the cloud point temperature of PEO or HPMC with electrolytes 

has received significant attention.35 36 44  Structural incompatibility of the hydrophilic 

hydration layer about the ether oxygen atoms of PEO with anion-associated water 
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molecules leads to desolvation of the polymer chains.46 47  As the polymer chains are 

desolvated, the segmental interactions of polymer chains become attractive and the chains 

collapse.30 31  For colloids with adsorbed PEO, the interparticle attractive forces of the 

desolvated polymer layer cause flocculation of the particles.48 49 40 42 33 50 

For rapid diffusion limited Smoluchowski flocculation, in the limit of no 

stabilization, each collision is sticky31 and the rate of change in number of particles is 

given by 
                                                    2

pss nkr =                                                           (1) 

where np is number of particles per volume (mL-1) and ks is calculated from the 

temperature and kinematic viscosity of the medium.31 Under very poor solvent 

conditions, flocculation for PEO stabilized particles51 52 is rapid, and the stability ratio, 

that is, rs/actual rate, is close to 1.  For PEO stabilized colloids,51 50 52 the solvent quality 

has been varied by raising temperature to achieve stability ratios of 2.3.   

The ratio of particle diameter to stabilizing polymer layer, a/δ, may be used to 

delineate the importance of van der Waals core-core versus polymer-polymer 

interactions.  In our study, particles sizes of ~300 nm with an adsorbed PEO layer of ~15 

nm in length have relatively thick polymer layers, where a/δ=20.53  For poor solvent 

conditions, the collapsed polymer layers produce strong attractive forces between the 

particles, whereas the core-core attraction is minor.  Excess salt was added to the 

dispersions, above the minimum critical flocculation concentration to produce strong 

attractive forces and rapid flocculation seen in Figure 4.1.  For a stability ratio 

approaching unity, Equation 1 predicts the number density of particles will be reduced by 

half after only 0.11 sec. for np was ~1.4*1012 mL-1, in good agreement with the 

instantaneous flocculation observed visually.  The flocculation rates could not be 
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measured directly with light scattering; however, since the flocculation was so rapid and 

the dispersions were extremely turbid. 

The floc structure depends on both the interparticle forces and the volume fraction 

of particles, φ, as illustrated by the schematic in Figure 4.7.31 54 29, 55  Immediately after 

the addition of excess salt, φ in pathway A is essentially constant, prior to creaming, as 

the volume of the aqueous dispersion remains constant.  Here, the rapid generation of 

strong interparticle attractive forces forms an interconnected network with a loose, open 

fractal structure (pathway A in Figure 4.7).  As shown in Table 4.2 and the SEMs of 

Figure 4.8, the particles redispersed to their original size in good solvent conditions, 

behavior indicative of loose flocs.  The very small 300 nm primary particles diffuse 

rapidly and bind to a primary particle already on the growing floc.  The strong attraction 

inhibits significant rearrangement of the loose floc to minimize surface area, preserving 

an open floc.31 29, 54 55 

The fractal dimension of a floc, Df, characterizes the floc structure by relating the 

volume fraction of solid in the floc, φk to the primary particle diameter, d, and the floc 

diameter, dk.29 
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For a floc composed of densely packed particles, Df approaches 3.  For more open 

structures, or fractals produced by rapid diffusion-limited aggregation, Df is typically 

~1.7. 29  As shown in Figure 4.1-D, 3 min. after addition of salt solution, the flocs 

creamed to a steady state volume.  Assuming the flocs are at the closest packed density in 

this cream layer, φk can be assumed to be approximately equal to φ in the cream layer.  

The cream layer volume was approximately half the volume of the original dispersion, 

shown in Figure 4.1-A, indicating φ increased from 0.01 to 0.02.  Based on the measured 

values of d=300 nm and dk=7 μm, Df is approximately 1.76 for salt flocculated 
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Itz/P407/HPMC dispersions, representative of an open floc.  With Df<<3, the flocs are 

loose and open in structure29 consistent with the essentially complete redispersion once 

good solvent conditions are reestablished, as shown in Table 4.2. 

Upon returning the thick (a/δ=20) stabilizing polymer to good solvent conditions, 

the weak attractive forces between particle cores is easily overcome by the solvation of 

the polymer chains.  In the flocculated state, hydrogen bonding between PEO chains is 

relatively weak, due to only one terminal hydrogen bond donor group per chain.  With 

the low melting point of PEO, reflecting weak intermolecular forces, the collapsed chains 

are non-crystalline, and are easily solvated upon redispersion in water.  The primary 

particles in the open flocs are highly accessible to the solvent with high surface area.  

Also, the residual salt in the final powder was sufficiently low to allow full solvation of 

stabilizing moieties.  Thus the solvation of the thick polymer layers on the accessible 

particles in the open flocs with low residual salt leads to essentially complete redispersion 

to the original particle size of 300 nm. 

4.4.2 Comparison of Flocculation and Filtration to Other Separation Techniques 

During mixing of salt solution with the nanoparticle dispersion, the overall 

volume of the system increases, decreasing φ from ~0.01 to 0.003, as the flocs take up the 

entire dispersion volume (Figure 4.1-B).  Immediately after mixing, the flocculation takes 

place under very dilute and constant φ conditions, as shown by pathway A in Figure 4.7, 

to form loose open flocs.  Filtration removes water and solvent in a separate step after the 

floc is formed.  In contrast, φ increases continually in freezing processes as the water 

and/or organic solvents are frozen (pathway C, Figure 4.7).  φk must be equal to or greater 

than φ, therefore the removal of water and/or solvent increases the minimum possible floc 

density.  The maximum value of φ is 0.74, assuming close packed spheres.  Based on 

equation 2, with d=280 nm and dk=700 nm (Table 4.2) from rapidly frozen 8:1:2 
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Itz/P407/HPMC, an increase in φk from 0.01 to 0.74 gives an increase in Df from 2.4 to 

2.96 (reported in Table 4.3).  The high fractal dimension suggests a much more densely 

packed floc formed by rapid freezing than salt flocculation, consistent with much larger 

particle sizes upon redispersion of the former. 

Slowly heating the 8:1:2 Itz/P407/HPMC nanoparticle dispersion to 92°C, at 

relatively constant φ with limited evaporation (pathway B, Figure 4.7), resulted in slow, 

irreversible flocculation, as the particles redispersed at ambient temperature to a large 

size of ~5 μm even with sonication (Table 4.2).  Since 92°C is just below the cloud point 

of PEO in water (~100°C36), flocculation was slow from weak attractive forces of only 

partially collapsed polymer layers.53  In contrast, dispersions of 300 nm 8:1:2 

Itz/P407/HPMC particles were heated rapidly just to the cloud point temperature at 98°C, 

under constant φ conditions (pathway A, Figure 4.7).  Rapid heating without evaporation 

formed open flocs which redispersed to their original size upon cooling (Table 4.2). 

Bevan and Prieve also showed reversible flocculation from rapid heating of PEO-

stabilized polystyrene latex spheres.51 50 52  Thus, the rate of change in PEO solvency 

directly impacts the structure of the floc, as indicated by its size upon redispersion in 

water. 

During spray drying, the evaporation of water causes a marked increase in 

φ, simultaneously with an increase in temperature, as shown by pathway D in Figure 4.7.  

Since the dispersion is heated to 140°C, much higher than the cloud point of PEO, the 

polymer becomes desolvated.  Heating of the ~20 μm high surface area droplets occurs in 

msec., as evident by the fact that droplets evaporate before hitting the side walls of the 

spray dryer.  The rapid rate of heating and thus, desolvation of the thick stabilizer shell, 

produces strong attractive forces between the particles.  However, with the simultaneous 

increase in φ, the flocs become densely packed, and may be further compressed by the 
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large capillary forces of the shrinking droplets.  Thus the aggregates do not redisperse to 

the primary particle size, as reported in Table 4.2.  The final particle size can be 

estimated by assuming all particles present in the initial droplet create a single larger 

particle upon water evaporation.56  Under the conditions of spray drying as detailed 

above, droplets are 10-30 μm, based on measurements made by Engstrom.57   With an 

initial particle concentration of 10 mg/mL and a particle density of 1.3 g/cm3 (based on 

the bulk drug density), a single particle of 4.4 μm would be produced from each 20 μm 

drop, assuming closest packed spheres.  This value is very close to the experimental 

particle size of 5 μm upon redispersion.  As reported in Table 4.3, when φ is assumed to 

be 0.74, the closest packed limit, the fractal dimension of the flocs is approximately 2.90, 

indicative of densely packed flocs.  Therefore, the ability to maintain a low nearly 

constant value of φ in the salt flocculation process is highly advantageous for producing 

open flocs which are highly redispersible, unlike the denser flocs produced by the 

freezing and spray drying processes where φ increased markedly. 

4.4.3 Increase in Drug Loading by Flocculation and Filtration 

In addition to forming a redispersible floc, salt flocculation and filtration also 

offers the advantage of removing excess polymer from the final powder, as is evident 

from the increase in drug loadings reported in Tables 4.1 and 4.2.  As the large, 

flocculated particles are trapped on top of the filter, free unadsorbed polymer escapes 

with the filtrate.  Although the free polymer is also desolvated by salt and forms a 

collapsed structure, its effective diameter is on the order of 10 nm, based on measured 

PEO coil lengths under poor solvent conditions.53  Since the concentrations of polymer in 

solution are low, approximately 1.67 mg/mL (P407) and 2.5 mg/mL (HPMC), the 

collapsed free polymers were not likely to flocculate to high enough diameters to be 

trapped by the filter paper with 1-5 μm pores.  Additionally, in a control experiment, pure 
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polymer solutions of 1.67 mg/mL P407 and 2.5 mg/mL HPMC were flocculated with 1M 

Na2SO4 and passed through the filter to produce a cloudy filtrate with minimal polymer 

on the filter paper.  For polymer stabilized dispersions, the high selectivity for particles 

versus free polymer during filtration is evident from the large values (150-6300) reported 

in Table 4.1.  During solution precipitation, as well as milling processes, to form 

nanoparticles a high concentration of polymer in solution is highly beneficial for 

generating a large driving force for adsorption to particle surfaces to inhibit particle 

growth.31  Once the particles are formed and passivated with the stabilizer, our results 

indicate that the unbound polymer is no longer needed and can be removed without 

further particle growth.   

4.4.4 Preservation of Amorphous Drug by Flocculation and Filtration 

Flocculation and filtration were performed at low temperatures to minimize 

particle growth and crystallization of the drug.  As observed in mDSC thermograms, 

temperatures as low as 90°C lead to the crystallization of amorphous Itz.  Spray drying, 

which requires temperatures in this range,57, 58  caused crystallization of the amorphous 

precipitated particles, as shown by the single melting peak of Itz in Figure 4.5.  For salt 

flocculation, the rapid filtration at low temperatures mitigated crystallization as was 

evident in mDSC and supersaturation experiments. Spray drying forces particles close 

together as the water is removed by evaporation or ice formation and the concentration of 

free excipients also increases.  Both of these factors enhance the rate of particle growth 

and crystallization.   

When one or both of the polymers exhibits a low Tg, such as P407, removal of the 

excess polymer with filtration can reduce crystallization tendency of the drug.  As shown 

in the mDSC thermograms in Figure 4.5, the crystallization temperature of amorphous Itz 

decreased with increasing P407 content.  P407 melts around 50°C, where Itz can dissolve 
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in the molten polymer, resulting in solvent-mediated crystallization of drug.  In contrast, 

the higher Tg polymer, HPMC, increased the crystallization temperature, as apparent in 

the mDSC curves in Figure 4.4.  According to the Gordon Taylor equation59 60, the 

fraction of high Tg material may be determined to achieve a reasonable composite Tg.  

Also, removal of excess polymer (including low Tg material) in the final powder by 

filtration is beneficial for the storage stability of amorphous nanoparticles.  At low 

temperatures, rapid removal of solvent and excess low Tg polymer immediately after 

precipitation, flocculation, and filtration, helps maintain an amorphous state, in contrast 

to spray drying where high temperatures and concentration of the particles and free 

excipients caused crystallization.  

4.4.5 Dissolution of Flocculated Particles to Produce Supersaturated Solutions 

The rate of dissolution has been shown to influence the maximum level of 

supersaturation.7  The undissolved solid is susceptible to solvent-mediated crystallization 

during the dissolution process, upon contact with water. In our previous study, 

amorphous pure Itz particles were dissolved in acidic media and the maximum 

supersaturation levels were correlated to the surface area available for dissolution.7  

Rapidly dissolving amorphous nanoparticles have less time to crystallize in the presence 

of dissolution media.  In an ensuing study (Matteucci, in preparation), pre-wet Itz 

particles in suspension created the highest supersaturation levels, which were close to the 

theoretical solubility predicted by a heat capacity corrected Gibbs free energy difference 

between the amorphous and crystalline drug.4 5  Likewise, the rapidly dissolving salt 

flocculated powders produced supersaturation levels approaching the metastable 

solubility limit, as estimated by dropwise addition of the nanoparticle dispersion (without 

salt flocculation) to pH 6.8 media (Figure 4.6).  In contrast, dissolution of low surface 

area amorphous Itz made by solvent evaporation with HPMC only generated 
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supersaturation levels up to 2.5 in pH 6.8 media. (Matteucci, in preparation)  Therefore, 

the high surface area, polymer coated, amorphous particles formed by the salt 

flocculation process produce much higher supersaturation levels than low surface area 

solid dispersions.  

4.5 CONCLUSIONS 

The simple flocculation/filtration process may be used to recover nanoparticles 

from aqueous dispersions rapidly and efficiently, with yields on the order of 90%, while 

maintaining amorphous primary particles that may be dissolved in aqueous media to 

achieve high supersaturation levels.  Addition of salt to polymer-stabilized amorphous 

nanoparticle dispersions collapsed the stabilizer chains to produce large flocs which were 

filtered rapidly.  Large amounts of stabilizers may be used in the particle formation stage 

to minimize particle growth, and then excess stabilizer may be removed in the filtration 

step to achieve high drug loadings up to 90%.  The rapid change in interparticle forces, 

under constant particle volume fraction (φ), produced open flocs (low fractal dimension) 

and excellent redispersion in water to the original particle size of 300 nm.  In contrast, 

drying of nanoparticle dispersions by either spray drying or rapid freezing/lyophilization 

produced densely packed flocs (high fractal dimension), which did not redisperse to form 

submicron particles. 

For the salt flocculation/filtration process, the low temperature and constant dilute 

φ conditions, as well as rapid removal of solvent, inhibited both growth and 

crystallization of the amorphous primary nanoparticles.   High supersaturation levels up 

to 14-times the crystalline solubility in pH 6.8 media were facilitated by rapid dissolution 

of the nanoparticles prior to crystallization in the presence of the media. High 

supersaturation levels would have the potential to improve absorption markedly of poorly 

water soluble drugs in the gastrointestinal tract.  However, for particles produced by 
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spray drying, the increase in φ and high temperature led to crystallization of the 

nanoparticles and with yields well below the values of 90% in the flocculation/filtration 

process.  The ability to recover nanoparticles from aqueous dispersions rapidly by 

forming loose flocs, which are readily redispersible to the original particle size, and 

without the need to evaporate the water, is of general interest for all types of 

nanoparticles including pharmaceuticals.   
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Figure 4.1. Progression of salt flocculation: A-Original dispersion; B-3 sec. after salt 
solution addition; C-3 min. after salt solution addition; D-after dry powder 
redispersion in pure water at ~10 mg/mL. 
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Figure 4.2. Optical microscopy of 8:1:2 Itz/P407/HPMC dispersion just after addition of 
salt solution.   
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Figure 4.3. Reversible heat flow from modulated differential scanning calorimetry: HPMC-stabilized, salt flocculated powders 
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Figure 4.4.  Heat flow from modulated differential scanning calorimetry: HPMC-stabilized, salt flocculated powders 
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Figure 4.5. Heat flow from modulated differential scanning calorimetry: HPMC/P407-stabilized, salt flocculated powders and 
spray dried, homogenized, and rapidly frozen controls  
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Figure 4.6.  Supersaturation versus time of salt flocculated powders in pH 6.8 media with 0.17% SDS, compared with 
lyophilized and original dispersion before flocculation 
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Figure 4.7. Floc structure as a function of polymer solvation and φ.  Polymer solvency 
diminishes with an increase in salinity or temperature. 
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Figure 4.8. SEM of salt flocculated Itz dispersions after rapid freezing onto aluminum 
stage 
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Table 4.1.  Properties of salt flocculation of HPMC-stabilized suspensions 

Sample 
Na2SO4 
Molarity to 
flocculate 

Filtration rate 
(mL/cm2*min) 

Drug lost in 
filtrate 
(drug wt.       
/tot. drug wt.%)

Drug 
loading    
(% drug wt.
/tot. wt) 

Drug yield 
(% drug wt. 
/tot. drug wt.)

Salt 
(% salt wt. 
/tot. wt.) 

Polymer    
(% pol. wt. 
/tot. wt.) 

Selectivity

A - 4:1 
Itz/HPMC 0.25 0.101 1.1 92 ±0.3 95.4 0.63 7.4 200 ±17 

B - 2:1 
Itz/HPMC 0.25 0.089 2.9 90 ±0.1 89.0 0.27 9.7 130 ±23 

C - 1:1 
Itz/HPMC 0.3 0.093 0.30 94 ±0.7 101 0.81 5.2 6300 

±1000 
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Table 4.2.  Drug loading, original particle size, particle size after redispersion, contact angle with pH 6.8 media, and AUC2hr of 
salt flocculated HPMC/P407-stabilized Itz dispersions.  Na2SO4 molarity after mixing salt solution and dispersion 
was 1M in all cases.  Sizes were measured with static light scattering, except formulation M where dynamic light 
scattering was used. 

Itz/P407/HPMC ratio 

Theoretical 
drug loading 
(% drug wt. / 
tot. wt.) 

Drug loading 
after 
flocculation 
(% drug wt. 
/tot. wt.) 

Size before 
flocculation 
(D10/D50/D90) 
μm 

Size after 
redispersion and  
5 min. sonication
(D10/D50/D90) 
μm 

Average  
θ 

Supersat.
AUC2hr 

D - 32:1:8  
salt flocculated 78 87 ± 1.2 0.12 / 1.27 / 3.04 0.16 / 0.79 / 2.72 19 ± 3.7 768 

E - 8:1:2  
salt flocculated 73 94 0.11 / 0.34 / 2.26 0.12 / 0.37 / 1.48 23 ± 6.8 663 

F - 4:1:1 Itz/P407/HPMC 
salt flocculated 67 80 ± 3.6 0.11 / 0.29 / 1.08 0.12 / 0.33 / 1.09 38 ± 2.5 548 

G - 8:3:2 Itz/P407/HPMC 
salt flocculated 61 88 0.11 / 0.29 / 2.28 0.11 / 0.31 / 0.97 33 ± 3.2 404 

H - 8:1:2 Itz/P407/HPMC 
homogenized & salt flocculated 73 90 ± 2.0 0.20 / 0.68 / 1.65 0.21 / 0.81 / 1.81 31 ± 6.8 NA 

I - 8:1:2 Itz/P407/HPMC rapidly 
frozen, not salt flocculated 73 NA 0.11 / 0.28 / 0.80 0.14 / 0.70 / 5.80 51 ± 3.3 NA 

J - 8:1:2 Itz/P407/HPMC 
suspension, no drying 73 NA 0.11 / 0.34 / 2.26 NA NA 1120 

K - 8:1:2 Itz/P407/HPMC  
spray dried 73 NA 0.11 / 0.34 / 2.26 0.27 / 5.18 / 10.8 NA NA 

L – 8:1:2 Itz/P407/HPMC 
dispersion, slowly heated 73 NA 0.11 / 0.34 / 2.26 2.30 / 5.96 / 40.1 NA NA 

M – 8:1:2 Itz/P407/HPMC 
dispersion, rapidly heated 73 NA 0.12 / 0.19 / 0.34 0.17 / 0.23 / 0.31* NA NA 



 129

Table 4.3.  Estimated values of fractal dimension for upper and lower limits of volume 
fraction of solid in the floc according to equation 2. 

 
Salt flocculated Rapidly frozen Spray dried 
dk/d = 7 μm/300 nm dk/d = 700 nm/280 nm dk/d= 5 μm/300 nm 

φk Df φk Df φk Df 

0.003 1.2 0.01 2.4 0.01 1.4 

0.02 1.8 0.67 3.0 0.67 2.9 
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Chapter 5:  Highly Supersaturated Solutions from Dissolution of 
Amorphous Itraconazole Microparticles at pH 6.8 

5.1 INTRODUCTION 

For poorly water soluble drugs, formulation into an amorphous form can improve 

the oral bioavailability by increasing the apparent solubility under physiologically 

relevant conditions. 1-3  Higher levels of supersaturation of the drug in the gastrointestinal 

tract, particularly in the upper intestine, may lead to faster permeation rates through 

biomembranes and thus, enhance absorption.3-8  Solubility of amorphous drugs has been 

predicted to be as high as 100 to 1600-times larger than the crystalline form on the basis 

of free energy calculations along with experimental configurational heat capacities. 2, 9, 10  

However, nucleation and growth of particles from the supersaturated solution may be 

detrimental to absorption.  Additionally, metastable amorphous and other high energy 

polymorphs may undergo transitions to lower energy crystalline states in the solid dosage 

form and/or during dissolution. 3 Consequently supersaturation levels are rarely above 

10.2, 11-14  Efforts are ongoing to generate and sustain higher supersaturation levels with 

novel concepts in particle engineering.15-17 

Crystallization inhibitors, such as poly(vinylpyrolidone) or 

hydroxypropylmethylcellulose (HPMC), have been used extensively to form amorphous 

solid dispersions by solvent evaporation or hot melt extrusion. 1, 15-21  At loadings (drug 

weight / total weight) of 50% or less, the drug may be dispersed molecularly in a polymer 

matrix to prevent the formation of crystalline drug domains.  In most cases, evaporation 

or extrusion is relatively slow and growth leads to particle domains on the order of 100 

μm.  In contrast, particle engineering by rapid precipitation upon mixing organic 

solutions into an antisolvent has been utilized to quench poorly water soluble drugs in an 

amorphous state with surface areas up to 51 m2/g and drug loadings up to 94%. 22, 23  

During precipitation, relatively small amounts of polymeric surfactants orient 
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preferentially to the water/drug particle interface to stabilize particles with surface areas 

on the order of 10-50 m2/g.22  The rapid dissolution rates of the stabilized high surface 

area particles limit the time for the undissolved solid phase to crystallize in the presence 

of the dissolution media resulting in high supersaturations in pH 1.2 media. 22 

Supersaturation levels in pH 1.2 media reached 90 within 20 min., and decay of 

supersaturation was inhibited by arresting the growth of embryos with HPMC.   Similar 

growth inhibition was observed in an amorphous 1:1 tacrolimus/HPMC solid dispersion 

at pH 1.2, where supersaturations of 25 were stable for 24 hours.17  In contrast, for a low 

surface area amorphous solid dispersion of a poorly water soluble drug, GWX 

(proprietary structure), with 60% hydroxypropyl methylcellulose phthalate (HPMCP), 

crystallization of the solid phase was detected within 1 min. during the slow dissolution 

that took place over 60 min 24  Thus, in pH 6.8 media the supersaturation reached only 

~3, even with ample amounts of non-ionic stabilizer present. 

Because the chemical properties in the stomach are variable and hard to predict, 

for example pH, quantity of food and residence time, targeting release of drug in the 

intestines offers the potential of greater control of absorption.  For example, for fasted 

subjects, the residence time in the stomach was 30 ± 26 min. versus only 2.7 ± 0.8 hr. in 

the small intestine.25  Also, depending on the fed or fasted state, the residence time in the 

stomach can range from 30 min. to 3 hrs.26  The pH can vary from 1.4-2.1 under fasted 

conditions to 4.3-5.4 in the fed state.26, 27  Thus, it would be desirable to target amorphous 

drugs to the upper intestine to form supersaturated solutions, with greater control over the 

chemical environment, to increase absorption.   

 Sustained release systems have been formulated for drug delivery throughout the 

entire GI tract to increase the therapeutic window of crystalline and amorphous poorly 

water soluble drugs.28-31  Enteric or sustained drug release can be achieved with pH 

sensitive polymers such as methacrylic acid/methylmethacrylate copolymers, for example 

Eudragits® 32, 33 or HPMCP 24, 34-36 or with pH sensitive hydrogels 37, 38.  However, in vitro 
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supersaturation curves at pH values above about 6 are rarely reported, and relatively little 

is known about how to enhance and sustain supersaturation at these conditions.  

Furthermore, most previous studies of supersaturation only considered low surface area 

(< 1 m2/g) morphologies, and not particles smaller than about 5 μm. 

Recently, we reported that ITZ nanoparticles (300 nm) coated with a nonionic 

polymeric stabilizer may be recovered from an aqueous dispersion by flocculation with a 

divalent salt.39, 40  The micron-sized flocs could then be filtered (1-3 μm pore size) and 

dried to obtain a powder.  The dried powders redispersed in water to their original 

particle size.40  This method provides rapid recovery of nanoparticles with minimal 

residual water to evaporate, and increased drug loading since significant free stabilizer is 

removed during filtration.  Although high supersaturation levels were reported in pH 6.8 

media for these particles, the supersaturation mechanism was not investigated in detail.39   

The objective of this study was design particles ranging in size from 200 nm to 45 

μm to generate high supersaturation levels rapidly in pH 6.8 media and to sustain 

relatively high levels over 4 hours.  To probe supersaturation mechanisms, the behavior is 

compared for particles with high (> 10 m2/g, nanoparticles ) and medium (2-5 m2/g, 

microparticles) surface areas, relative to more commonly studied particles with low (< 2 

m2/g,) surface area.  High surface area particles facilitate rapid dissolution rates of poorly 

water soluble crystalline.41-43 and amorphous1-3 drugs.  However, high surface areas are 

less important for amorphous relative to crystalline drugs given the greater 

thermodynamic driving force for dissolution.  Undissolved high surface area particles 

may cause depletion in the level of supersaturation by accelerating heterogeneous 

nucleation, as well as growth by condensation and coagulation.39  Thus, we propose that 

medium surface areas may be optimal for balancing two competing effects: (1) sufficient 

dissolution rate to avoid solvent-mediated crystallization of the undissolved solid phase 

and (2) minimization of heterogeneous sites for nucleation and growth of particles from 

the supersaturated solution.  Various techniques are presented for the formation of 
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medium surface area amorphous particles, while minimizing the challenging problem of 

crystallization during particle growth.  The particles produced by salt flocculation were 

particularly effective for maintaining high supersaturations for several hours.  The 

experimental dissolution rates are predicted with reasonable accuracy with a simple mass 

transfer model developed for ITZ.44  The effect of undissolved particles on nucleation and 

growth from supersaturated solution is compared for a wide range in particle surface 

areas.  In a control experiment, ITZ particles are added incrementally to minimize surface 

area available for growth.  To investigate the role of stabilizer charge, a non-ionic 

stabilizer, HPMC, is compared with an ionic stabilizer containing polymethacrylic acid 

functionality, Eudragit® L100.  Whereas most experiments were performed exclusively at 

pH 6.8 , in one case the pH started at 1.2 and it was shifted to pH 6.8 to mimic the 

transition from the stomach to upper intestine, in particular, as the solubility of ITZ 

(without surfactant) decreases by 4 orders of magnitude.  

5.2 THEORY OF NUCLEATION AND GROWTH FROM SUPERSATURATED SOLUTION 

Amorphous particles may dissolve to form metastable highly supersaturated 

solutions.  Particles may precipitate from these metastable solutions to lower the free 

energy depending upon the rate of nucleation to form particle embryos followed by 

growth via condensation (Figure 5.1, A) or coagulation (Figure 5.1, B and C).  The 

growing particles may be crystalline relative to the initial amorphous particles.  

Homogeneous nucleation is highly sensitive to the degree of supersaturation S as 

follows.45 
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where C is the frequency factor, γ is the interfacial tension, and NA is Avogadro’s 

number.  The nucleation and growth competes with dissolution of the original amorphous 

particles.  The original undissolved particles may crystallize.  Condensation of dissolved 

molecules onto these crystals will deplete supersaturation.  The rate of growth by 
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condensation is directly proportional to excess surface area, defined as the surface area of 

undissolved particles, according to equation A1 from Figure 5.1.46  Therefore, the 

condensation rate may be much faster for the very small initial particles with high excess 

surface area.  Growth by coagulation (Figure 5.1, B and C) is dependent on Npart
2 where 

Npart is the number of particles, for a given stability ratio.47  For a constant mass of drug, 

Npart is proportional to the particle diameter, dpart
-3

, and specific surface area, Asp
3.   

(Figure 5.1, equation B3).  For example, a 10-fold increase in dpart decreases the specific 

surface area by a factor of 10 and the coagulation rate by a factor of 103  (Figure 5.1, 

equation B2).47   

5.3 EXPERIMENTAL 

5.3.1 Materials 

B.P. grade itraconazole (ITZ) was purchased from Hawkins, Inc. (Minneapolis, 

MN).  HPMC E5 (viscosity of 5 cP at 2% aqueous 25°C solution) grade was a gift from 

The Dow Chemical Corporation.  Methacrylic acid-methylmethacrylate copolymer (1:1 

ratio), Eudragit® L100 (EL100) and methacrylic acid-ethyl acrylate copolymer (1:1 ratio), 

Eudragit® L100-55 (EL10055) were donated by Degussa Röhm America LLC 

(Piscataway, NJ).  Drug and polymer chemical structures are given in Figure 5.2.  

Stabilized p.a. grade 1,3-dioxolane was obtained from Acros Organics (Morris Plains, 

NJ).  HPLC grade acetonitrile (ACN), A.C.S. grade hydrochloric acid (HCl), 

diethanolamine (DEA), sodium dodecyl sulfate (SDS), sodium sulfate anhydrous 

(Na2SO4), and A.C.S. certified tribasic sodium phosphate (Na3PO4) were used as received 

from Fisher Chemicals (Fairlawn, NJ).   

5.3.2 Antisolvent Precipitation (AP) Into Aqueous Solution 

The method of antisolvent precipitation was used to produce nanoparticle 

suspensions of ITZ.48  For HPMC-stabilized particles, deionized water (50 g) containing 

an appropriate quantity of HPMC was used as the anti-solvent phase into which 15 g of 
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1,3-dioxolane containing 3.3% (wt) ITZ was injected using a 19G syringe and a flow rate 

of ~300 mL/min. to form a fine precipitate.  The organic phase was separated from the 

aqueous suspension via vacuum distillation.  The aqueous suspension was then added 

dropwise to liquid nitrogen and lyophilized to form a powder using a Virtis Advantage 

Tray Lyophilizer (Virtis Company, Gardiner, NY) with 24 hours of primary drying at -35 

°C followed by 36 hours of secondary drying at 25 °C.  ITZ/HPMC particles were also 

salt flocculated and rapidly filtered, as described by a previous study.40  Briefly, 120 mL 

of 1.5M Na2SO4 was added to 50 mL of aqueous suspension to form loose flocculates 

which could be rapidly filtered in ~10 minutes.  The filter cake was dried at ~25°C and 

ambient pressure for at least 12 hours.  For EL100-stabilized particles, 3.1 g of 4% 

EL100 in methanol was added to 15 g of 3.3% ITZ solution in 1,3-dioxolane to achieve a 

4:1 ratio of ITZ to EL100.  The ITZ/EL100 organic solution was then injected into 100 

mL of 10-4 N HCl (pH 3.3) to form a co-precipitate.  Alternatively, 6.2 g of 2% EL100 in 

methanol was added dropwise to 100 mL of pure water to form a clear solution.  Into the 

aqueous EL100 solution, 15 g of 3.33% ITZ solution in 1,3-dioxolane was injected to 

form a fine precipitate.  For the 1:1 ITZ/EL10055 formulation, 10 g of 4.8% EL10055 in 

methanol was added dropwise to 15 g of 3.33% ITZ in 1,3-dioxolane.  The resulting clear 

organic solution was rapidly injected into 100 mL pure deionized water using a 19 G 

syringe at a flow rate of ~300 mL/min. to form a fine particle dispersion.  After organic 

solvent removal the suspensions were freeze dried as described above. 

5.3.3 Solvent Evaporation to Form a Solid Dispersion (SD) 

Approximately 2 g of ITZ was added to 20 mL of dichloromethane and agitated 

until completely dissolved.  The ITZ solution was placed in a mortar and 1 g of HPMC 

was slowly added while gently stirring with a pestle without any precipitation.  The 

solution was stirred gently until approximately 90% of the dichloromethane volume was 

evaporated, leaving a clear viscous gel.  The remaining dichloromethane was removed by 

heating to 50°C at a reduced pressure of ~500 mtorr for 2 hours.  The resulting 
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drug/polymer film was removed from the mortar and pestle with a straight razor blade 

and ground to a fine powder for 30 min. using a ceramic ball mill (1 cm bead size).  The 

final powder was collected after filtration through a size 16 mesh sieve (< 1190 μm pore 

size).   

5.3.4 Solubility Determination 

To determine the solubility of crystalline ITZ at 37.2°C, approximately 1.5 mg of 

bulk ITZ was placed in a glass vials containing 100 mL of pH 6.8 media with 0.17% SDS 

wt./vol.  The media was made by adding 0.2 M tribasic sodium phosphate to 0.1 N HCl at 

a volume ratio of 1:3, followed by addition of 0.17% SDS.  When necessary, the pH was 

adjusted to 6.8 by addition of 1 N HCl.  Two aliquots were removed from each vial after 

18 hours, immediately filtered with a 0.2 μm syringe filter and diluted with ACN to 

double the volume.  Drug concentrations were determined by high performance liquid 

chromatography as described below with at least an n=3.   

5.3.5 Dissolution Under Supersaturated Conditions 

Rates of supersaturation were measured in pH 6.8 media (as described above) 

with 0.17% SDS at 37.2°C.  A USP paddle method was adapted to accommodate small 

sample sizes using a VanKel VK6010 Dissolution Tester with a Vanderkamp VK650A 

heater/circulator (VanKel, Cary, NC).  Dissolution media (50 mL) were preheated in 

small 100 mL capacity dissolution vessels (Varian Inc., Cary, NC).  Dry powder (~17.6 

mg drug) equivalent to approximately 25-times the equilibrium solubility (Ceq = 14 

μg/mL, from solubility study) of ITZ in pH 6.8 buffer with SDS was added to the media 

at time zero.  In some other cases, a smaller dose was added (10.5 mg ITZ, dose=15; 3.5 

mg, dose=5).  For pH shift experiments, dry powder (~17.6 mg drug) was added to 60 

mL of 0.1 N HCl and 1.0 mL aliquots were taken at 10, 20, 30, 60, and 120 minutes.  

After 120 min., 20 mL of 0.2 M tribasic sodium phosphate with 0.68% SDS was added to 

shift the pH to 6.8 with a final concentration of 0.17% SDS.  Sample aliquots (1.0 mL) 
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were taken at 10, 20, 30, 60, and 120 min. after the pH shift.  For all dissolution 

experiments, the aliquots were filtered immediately using a 0.2 μm syringe filter and 0.8 

mL of the filtrate was subsequently diluted with 0.8 mL of ACN.  In all cases, the filtrate 

was completely clear upon visual inspection and dynamic light scattering of the filtrate 

gave a count rate of less than 20K cps (too small for particle size analysis).  The drug 

concentration was quantified by high performance liquid chromatography as described 

below. 

5.3.6 High Performance Liquid Chromatography (HPLC) 

ITZ concentrations were quantified using a Shimadzu LC-600 HPLC (Columbia, 

MD).  The mobile phase was ACN:water:DEA 70:30:0.05 and the flow rate was 1 

mL/min.  For a detection wavelength of 263 nm, the ITZ peak elution time was 5.4 min.  

The standard curve linearity was verified from 1 to 500 μg/mL with an r2 value of at least 

0.999. 

5.3.7 Scanning Electron Microscopy (SEM) 

Dry powder samples were placed on adhesive carbon tape and gold-palladium 

sputter coated for 45 sec.  Micrographs were taken using a Hitachi S-4500 field emission 

scanning electron microscope with an accelerating voltage of 15 kV. 

5.3.8 Temperature Modulated Differential Scanning Calorimetry (DSC) 

Drug crystallinity was detected by a 2920 modulated DSC (TA Instruments, New 

Castle, DE) with a refrigerated cooling system.  Samples were placed in hermetically 

sealed aluminum pans and purged with nitrogen at a flow rate of 150 mL/min.  The 

amplitude used was 1°C, the period 1 min., and the underlying heating rate 5°C/min.   

5.3.9 BET Surface Area Measurement 

Powder specific surface areas of drug powder were measured using a 

Quantichrome Instruments Nova 2000 series surface area analyzer (Boynton Beach, FL) 

using nitrogen as the adsorbate gas.  Six points were taken over a range of relative 
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pressures from 0.05 to 0.35. In all cases, correlation coefficients were greater than 0.99, 

indicating good linear fit with the Brunauer-Emmett-Teller (BET) equation.   

5.4 RESULTS AND DISCUSSION 

5.4.1 Particle Engineering to Control Surface Area and Morphology 

As shown in the SEMs of Figure 5.3 and BET results from Table 5.1, a range of 

particle sizes was produced by AP and solvent evaporation.  The flash frozen and 

lyophilized AP 4:1 and 2:1 ITZ/HPMC dispersions were composed of primary particles 

that were approximately 200-500 nm in diameter, according to SEM in Figure 5.3A, B, 

and with high surface area (13-17 m2/g from BET).  Similar results were reported 

previously for the same system.49  According to static light scattering, the primary 

particles of the original 4:1 ITZ/HPMC AP dispersion formed ~3 μm aggregates.  For the 

flash-frozen lyophilized particles, static light scattering measurements also indicated that 

the 500 nm primary particles shown by SEM in Figure 5.3A, B formed aggregates of 2-5 

μm upon redispersion in water.   

The AP nanoparticle aggregates were also recovered by flocculation with salt and 

filtration.  The salt desolvates the polymeric stabilizers, resulting in strong attractive 

forces between particles and rapid flocculation to form microparticles on the order of 50 

μm.  These larger microparticles may be filtered easily.40  After drying, the salt 

flocculated particles were redispersed in water to form 10 μm aggregates as characterized 

by static light scattering.  In this case, the primary domains of the salt flocculated 

aggregates were 2-3 μm in diameter, according to SEM (Figure 5.3).  Therefore, some 

particle growth occurred during the salt flocculation/filtration process, as the primary 

domains increased from ~500 nm to ~3 μm.  BET surface area measurements (Table 5.1) 

were in good agreement with the primary particle size observed by SEM.  The values 

were 13 and 4.4 m2/g for lyophilized and salt flocculated 4:1 ITZ/HPMC, respectively.   
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In a previous study, 300 nm primary particles of ITZ stabilized by HPMC and 

poly(ethylene oxide-b-propylene oxide-b-ethylene oxide) (poloxamer 407) were formed 

by antisolvent precipitation without any aggregation as observed by static light scattering. 

The poloxamer 407 provided additional stabilization, as the particles in the current study 

stabilized by HPMC alone were larger, 500 nm, and were aggregated.39  The previous 

dispersions stabilized by HPMC and poloxamer 407 were flocculated by salt and filtered.  

The primary particle size did not undergo significant growth, according to SEM.  When 

the particles were added to water, static light scattering measurements showed that they 

redispersed back to their original size of 300 nm indicating the flocculation was 

reversible.  The presence of the second stabilizer, poloxamer 407, provided additional 

stabilization relative to the ITZ/HPMC particles in the current study.  Thus, the salt 

flocculation process may be used to tune the particle size and surface area by varying the 

composition of the stabilizers.  

Additionally, high (34.6 m2/g) and low (1.24 m2/g) surface area lyophilized 4:1 

ITZ/EL100 particles were produced by AP with particle diameters of approximately 200 

nm and 15 μm, respectively.  In contrast, very large ~45 μm SD particles were produced 

by solvent evaporation with a surface area < 0.1 m2/g.   

For the antisolvent precipitation process, the solubility of polymeric stabilizer in 

the aqueous phase was varied to attempt to manipulate the particle size.  To form high 

surface area nanoparticles, the stabilizer must adsorb to drug particles and be solvated by 

water to arrest growth.50  This behavior was achieved for HPMC in water or EL100 in a 

water/methanol mixture, as seen in Figure 5.3A, B, and E with primary particles on the 

order of 200-500 nm.  When the aqueous phase was changed to 10-4 N HCL solution (pH 

3.3) without methanol, the acrylic acid groups of EL100 were protonated, rendering the 

polymer insoluble.  With limited diffusion and adsorption of polymer to the drug 

surfaces, and poor stabilizer solvation, particle growth led to surface areas ranging from 

2-4 m2/g.  The control of the particle size with polymer solvation  has received limited 
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attention in antisolvent precipitation with water soluble stabilizers such as HPMC22, 

polyvinylpyrolidone48, 51, and poloxamer 407.40, 48, 50  Therefore, the ability to tune the 

solubility of pH dependent polymers such as EL100 is a key advantage for controlling the 

particle surface area over a wide range.  

The morphology of particles produced by AP and solvent evaporation was 

investigated by DSC, as shown in Figure 5.4, with arrows to indicate crystallization and 

melting events. The melting temperature of bulk pure ITZ was 168°C (curve I).  The 

crystallization of amorphous ITZ was observed upon heating at 115-125 °C.  For 

formulations B-D and F-G, the area of the melting peak was approximately equal to that 

of the crystallization peak.  Thus, these formulations were amorphous.  In the case of 2:1 

ITZ/HPMC AP lyophilized (curve A in Figure 5.4) and high surface area 4:1 ITZ/EL100 

(curve E in Figure 5.4), the crystallization peak was small.  However, the drug was 

significantly amorphous, since the melting peak at 160-168 °C was non existent or very 

small, compared to pure crystalline ITZ.  

Metastable amorphous ITZ may be produced by the rapid AP process as shown in 

curves A, B, E, and F in Figure 5.4, even at drug loadings of 80% (drug wt./tot.wt.).  The 

metastable amorphous state was quenched before drug domains crystallized.  This 

behavior has also been achieved even without any stabilizer present.22  As is evident in 

curves C-D of Figure 5.4, AP nanoparticles remain amorphous throughout the salt 

flocculation process.  The salt flocculation was conducted at ~25°C, well below the glass 

transition temperature of ITZ (58°C15), to minimize mobility of the drug molecules and 

mitigate crystallization.  The amorphous morphology is preserved as nanoparticles are 

flocculated to form medium surface area particles at low temperature.  In contrast, the 

significantly higher temperatures in spray drying often produced crystallization of 

amorphous nanoparticles.39  The salt flocculated particles will be shown to produce 

dissolution rates sufficient to generate high sustainable supersaturation levels within 

minutes.   
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5.4.2 Generation of Supersaturation from High, Medium, and Low Surface Area 
Particle Dissolution 

The dissolution rate was compared for ITZ particles as a function of surface area 

to investigate the rate of generation of supersaturation, particularly at short times.  The 

complete behavior will be explained more fully in the next section, which will also 

consider the loss of supersaturation to nucleation and growth from solution.  In each 

experiment, 17.5 mg of ITZ was added to pH 6.8 media with 0.17% SDS, which 

corresponds to 25 times the equilibrium solubility of 14 μg/mL.  As shown in Figures 5.5 

and 6, both the high and medium surface area particles dissolved rapidly in less than 20 

min. to give supersaturation values ranging from 12 to 17.  The peak supersaturation 

reached 17 for the medium surface area 2:1 ITZ/HPMC salt flocculated AP particles, 

much higher than typical values of 6 (based on Ceq of ~10 μg/mL) for SD particles in pH 

6.8 buffer.24, 34, 35  The total extent of supersaturation was further quantified by 

calculating the areas under the curve (AUC) using numerical integration, as reported in 

Table 5.1.  The highest AUC was observed for the medium surface area salt flocculated 

4:1 ITZ/HPMC AP particles (1869 min.).  Interestingly, the supersaturation values were 

lower for the high surface area 4:1 ITZ/HPMC and 4:1 ITZ/EL100 particles (13-36 m2/g).  

Low surface area 4:1 ITZ/EL100 slowly dissolved to a supersaturation of 6 after 2 hours, 

as shown in Figure 5.6.  Low surface area 4:1 ITZ/HPMC SD particles only reached a 

supersaturation level of 2.5 in 20 min. (Figure 5.5) and had the lowest AUC values of all 

of the samples.   

Rapid dissolution shortens the time for crystallization of undissolved particles, 

offering the potential to increase the maximum supersaturation.  In the case of the rapidly 

dissolving high and medium surface area particles in Figure 5.5, the maximum 

supersaturation was much higher than for the slowly dissolving 4:1 ITZ/HPMC SD 

particles.  As seen in Figure 5.5 and in our previous study,49 the design of more rapidly 
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dissolving amorphous particles has the potential to raise supersaturation values markedly 

relative to more conventional low surface area solid dispersions.  

The dissolution rate of a drug particle into a micellar solution is governed by two 

key steps: micelle uptake of the drug molecules and diffusion of the loaded micelle away 

from the drug particles.44  According to this model, the initial dissolution rate assuming 

dilute conditions (bulk concentration is zero) is.44 

                                               sateff ACk
dt
dm

=                                                       (1) 

where keff is the overall effective rate constant, and A is the surface area.  The value of 

keff, which describes uptake from the particle surface into the micelles and diffusion of 

the drug with the micelles, has been determined to be constant at 0.6 cm/sec for ITZ 

particle sizes from 200 nm to 2 μm.44  According to this model, the increase in surface 

area from 4.4 to 13 m2/g for the salt flocculated and lyophilized 4:1 ITZ/HPMC, 

respectively, should increase the dissolution rate from 0.4 to 1.5 mg/min.  In contrast, 

experimental initial dissolution rates were about the same, 0.84 mg/min. in each case.  

However, the large uncertainty in the experimental rate may reflect the small number of 

initial data points.  For example, a predicted dissolution rate of 0.4 mg/min, for the 

medium surface area (4.4 m2/g) microparticles, would produce a supersaturation of 10 

within a few minutes as observed experimentally.  In contrast, experimental and predicted 

rates were identical, at 0.09 mg/min., for the slowly dissolving 4:1 ITZ/HPMC SD 

particles.   

The predicted dissolution rates for high and low surface area 4:1 ITZ/EL100 were 

3.0 and 0.1 mg/min., respectively.  The experimental values of approximately 0.8 and, 

0.04 mg/min., respectively, were both somewhat slower than expected, but in the same 

range.  These slower than predicted experimental rates may be explained by the presence 

of the negatively charged EL100 deprotonated methacylic acid groups on the particle 

surface at pH 6.8.  These anions will repel the negatively charged sulfate head groups of 

SDS micelles to lower the dissolution rate, as observed.   
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According to equation 1, low surface area 4:1 ITZ/HPMC SD and 4:1 ITZ/EL100 

particles should have had similar dissolution rates, however experimentally this was not 

the case.  The difference in their observed dissolution rates in Figures 5.5 and 5.6 can be 

explained in terms of polymer miscibility.  ITZ is miscible with HPMC up to about 

50%15, thus a large portion of the drug exists in a solid solution within the low surface 

area polymer matrix.  As the ITZ/HPMC SD particles contact the aqueous buffer, HPMC 

swells with water and the molecularly dispersed drug near the surface will diffuse out 

rapidly.52  After this portion of drug dissolves, the supersaturation reaches a maximum as 

the undissolved drug may crystallize in the slowly dissolving HPMC   Dissolution was 

slower in the first 20 min. in the case of ITZ/EL100.  Because ITZ miscibility in 

Eudragits® is only 13% according to mDSC studies 53, relatively large ITZ domains are 

phase separated from the polymer phase.  Over the first 20 min., these large drug domains 

dissolved more slowly than the molecularly dispersed drug in the ITZ/HPMC.   

Despite their slower initial dissolution in Figure 5.6, low surface area EL100-

stabilized particles attained a higher level in supersaturation than ITZ/HPMC SD (Figure 

5.5).  Slow dissolution typically allows time for solvent mediated crystallization, as has 

been observed in previous studies of low surface area SD particles.19, 35 54  Such 

crystallization reduced supersaturation levels.  If the SD contains a large amount of 

stabilizing polymer, as in the case of amorphous 1:1 tacrolimus/HPMC, crystallization of 

the solid phase may be limited as supersaturation levels were 25 in pH 1.2 media.17  For 

higher drug loading, the amount of excipient may become too small to inhibit 

crystallization.  For the low surface area 4:1 particles of this work, the polymer content is 

20% and relatively low levels in supersaturation were observed for ITZ/HPMC compared 

to ITZ/EL100.  The better protection against crystallization for EL100 versus HPMC, 

may indicate stronger binding between the ITZ and EL100 to prevent crystal growth.  

The negatively charged acrylic acid groups will bind with Lewis acid sites on the ITZ.  

Furthermore, the more rapid dissolution of EL100 versus HPMC may leader to a greater 
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concentration of dissolved polymer chains to adsorb on the undissolved drug particles to 

passivate growth of crystalline domains and to provide electrostatic stabilization of 

particle-particle interactions.  Finally, the large amount of undissolved HPMC (relative to 

fast dissolving EL100) may act as nucleation sites for crystallization of the undissolved 

amorphous drug.   

5.4.3 Depletion of Supersaturation via Nucleation and Growth on Undissolved 
Particles 

5.4.3.1 Effect of Dose 

The dose of particles added to the dissolution media was varied to manipulate the 

excess surface area of undissolved particles.  As shown in Figure 5.1 and discussed in the 

theory section, an increase in excess surface area may accelerate the rate of depletion of 

the supersaturation by enhancing nucleation and growth rates.  For high surface area 

lyophilized 2:1 ITZ/HPMC, the dose was varied from 25 to 5 (Figure 5.7 and Table 5.1).  

The excess surface areas corresponding to doses of 25, 15, and 5 were 0.44, 0.27, and 

0.09 m2 respectively (corresponding to the minimum supersaturation in each case).  The 

rate of depletion in supersaturation was estimated by taking the initial slope of the 

depletion phase in supersaturation curves, starting at the maximum in drug concentration.  

At the lowest dose of 5, the supersaturation of only 4 produced a relatively small driving 

force for nucleation (equation 1) and growth (Figure 5.1, equation A1) and thus decay in 

supersaturation.  At a higher dose of 15, the supersaturation reached a much higher level 

of 13, resulting in a much faster depletion rate of ~0.17 min-1.  The higher supersaturation 

of 13 provided a larger driving force for faster nucleation and growth rates. In addition, 

the higher excess surface area of undissolved particles also produced faster growth rates 

by condensation and coagulation.  Finally, the highest supersaturation and depletion rates 

were observed for the largest dose of 25, continuing the trends seen for the increase in 

dose from 5 to 15.   
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In a control experiment, high surface area 2:1 ITZ/HPMC powder was added 

incrementally, in small doses to avoid building up excess surface area.  An initial dose of 

5 mg dissolved completely with a linear slope over 1 hr. (results not shown).  An 

additional dose of 2 mg was added after 1 hour and again after 90 min. (profile shown in 

Figure 5.7) for a total dose of 9 mg in 80 mL.  All of the added particles dissolved, as 

indicated by the supersaturation level of 8 (112 μg/mL), which is identical to the total 

added dose, for an excess surface area of essentially 0.  In a similar control experiment, 

undissolved particles were removed after 10 min. of dissolution to attempt to minimize 

decay in the supersaturation.  Here 20 mg of 1:1 ITZ/EL10055 particles were added to 50 

mL of pH 6.8 media with 0.17% SDS and the entire volume was filtered with a 0.2 μm 

syringe filter after 10 min. to remove all the undissolved particles.  HPLC analysis 

verified that a supersaturation of 12.5 was sustained for 30 min. without any 

precipitation.  In each of these control experiments, supersaturation levels did not decay 

when excess particles were absent.  Homogeneous nucleation rates appeared to be too 

slow to deplete the supersaturation levels of 8-12, in the absence of significant excess 

particle surface area.  Therefore, depletion rates in supersaturation are much slower in 

media where excess surface area from undissolved particles is minimal, as will be 

elaborated upon further in the following discussion. 

5.4.3.2 High Surface Area Particles 

At a constant dose of 25, high surface area lyophilized 4:1 and 2:1 ITZ/HPMC 

rapidly dissolved to a supersaturation of 12-16, followed by depletion to ~3 within 1 

hour, as shown in Figures 5.5 and 5.7.  Likewise, high surface area 4:1 ITZ/EL100 

particles (Figure 5.6) dissolved to a supersaturation of 12 within 10 min. and precipitated 

to 5 after 1 hour.  For these high surface area particles, the excess surface areas were 

0.28, 0.44, and 0.76 m2, based on the initial dose, as reported in Table 5.1.  However, the 

resulting rapid nucleation rates followed by growth from high excess surface areas 

depleted the supersaturation within the first hour of dissolution. Very similar behavior 
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was observed for the high surface area 300 nm particles produced by salt flocculation of 

ITZ stabilized by HPMC and poloxamer 407, when the dose was 25.39  An alternative 

technique was utilized to attempt to prevent the rapid decay of supersaturation. The 

original nanoparticle dispersion was added dropwise to prevent buildup of excess 

particles and stopped when the solution started to become turbid at a dosage of ~60., As a 

result of the small amount of excess surface area of undissolved particles, growth was  

inhibited yielding  supersaturation of 11 and 7.5 at 20 min. and 2 h., respectively.39  

Otherwise, the use of particles with high surface areas was detrimental for long term 

maintenance of supersaturation, despite the benefit of the initial rapid dissolution to 

produce a high maximum supersaturation.   

5.4.3.3 Low Surface Area Particles 

Low surface area 4:1 ITZ/HPMC SD and 4:1 ITZ/EL100 particles produced a 

minimal amount of excess surface area for a dose of 25 (Table 5.1).  In the case of these 

slowly dissolving low surface area particles, the relatively low maximum supersaturation 

levels led to a low AUC, particularly for the HPMC case.  The low excess surface area 

produced slow rates of growth from solution by condensation and coagulation, even for 

the relatively high supersaturation of 6 for 4:1 ITZ/EL100.  The relatively stable and high 

supersaturation level of 6 for 2 hours indicates the advantage of electrostatic stabilizers to 

prevent growth while mitigating crystallization during dissolution.  Furthermore, the 

more rapid dissolution of EL100 versus HPMC may leader to a greater concentration of 

dissolved polymer chains to adsorb on the undissolved drug particles to passivate growth 

of crystalline domains and to provide electrostatic stabilization of particle-particle 

interactions.  Finally, the large amount of undissolved HPMC (relative to fast dissolving 

EL100) may act as nucleation sites for crystallization of the undissolved amorphous drug.   
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5.4.3.4 Medium Surface Area Particles 

Medium surface area particles produced the highest AUC values in this work, 

particularly the salt flocculated particles in Figure 5.5.  Despite the increase in the 

primary particle size of amorphous ITZ from ~500 nm to ~3 μm according to SEMs in 

Figure 5.3A-D, the dissolution was still sufficiently rapid to generate high supersaturation 

levels as discussed above. In addition the excess surface area of undissolved particles was 

sufficiently low to mitigate decay of supersaturation via nucleation and growth by 

condensation (Figure 5.1, equation A1) and coagulation (Figure 5.1, equation B1).  For 

example, for 4:1 ITZ/HPMC, the supersaturation was still 6 after 2 hours versus only ~3 

for the lyophilized sample with a corresponding AUC of 1869 versus 845 min.  The 

decay in supersaturation was much slower than for the high surface area lyophilized 

formulations, despite the identical AP starting material and same composition.  The 

extended level of supersaturation for the 4:1 ITZ/HPMC salt flocculated sample was 

achieved despite the very small amount of HPMC.    

On the basis of the similar peak supersaturations (Figure 5.5) alone, the driving 

force for nucleation and growth would have been similar for both lyophilized and salt 

flocculated particles.  However, the lower surface area of the salt flocculated particles, by 

a factor of 0.34 led to slower growth by condensation and coagulation, by factors of 0.34 

and 0.039, respectively.  Thus, the medium surface area, salt flocculated particles offer an 

optimal balance of a sufficiently rapid dissolution rate, along with only moderate decay 

of supersaturation from excess surface area.  To our knowledge, this concept has not been 

reported previously.  

Recovery of particles by salt flocculation offers other advantages, in addition to 

producing high supersaturation levels in pH 6.8 media.  The particles may be recovered at 

25 oC, relative temperatures > 90 °C in spray drying.  This high temperature crystallized 

amorphous ITZ nanoparticles in aqueous dispersion, whereas they remained amorphous 

during salt flocculation.39  After salt flocculation, the dried particles have been shown to 
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contain less than ~1% residual salt.39  These particles are more hydrophilic and more 

efficiently wetted by aqueous media than lyophilized powders, as is evident from smaller 

contact angles.  Finally the salt flocculation process produces higher yields and reduces 

the energy requirements relative to spray drying.40   

5.4.4 Dissolution in pH 1.2 Media Followed by pH Shift to 6.8 

To mimic the release of drug in the stomach followed by the transition to the 

upper intestine, selected formulations were dissolved in pH 1.2 media for 2 hours, and the 

pH was shifted to 6.8.  The goal was to investigate how the quantity of dissolved drug at 

pH 1.2 affects the supersaturation behavior upon shifting to pH 6.8.  The equilibrium 

solubilities were 4.4 and 14 μg/mL in the acidic and neutral media, respectively.  The 

latter would have been only ~1 ng/mL, in buffer without the addition of 0.17% SDS.  

Lyophilized 4:1 ITZ/HPMC and an enteric-type release 1:1 ITZ/EL10055 formulation 

were compared to the commercial solid ITZ product, Sporanox®, which is a 20% (wt.) 

ITZ formulation including HPMC as a stabilizer.  A constant drug dose of 350 μg/mL 

(based on volume of media before the pH shift) was added to the pH 1.2 media in each 

case.  

As shown in Figure 5.8, high surface area lyophilized 4:1 ITZ/HPMC dissolved in 

pH 1.2 media to yield a supersaturation of ~12.5 (based on 14 μg/mL) and precipitated to 

only 5 even after 2 hours at pH 6.8.  When the same lyophilized 4:1 ITZ dose was added 

directly to pH 6.8 media, as shown in Figure 5.5, the supersaturation decayed more 

rapidly from 12 to 4 after only 20 min.  Several factors contribute to the superior stability 

in supersaturation for the pH shift experiment.  For example, approximately half of the 

mass dissolved at pH 1.2, which reduced the excess surface area available for 

precipitation from condensation and coagulation upon pH shift (see Table 5.1).  Also, the 

HPMC had 2 hours to dissolve in the acidic phase.  Thus the amorphous drug was not 

trapped in a swollen slowly dissolving HPMC gel at pH 6.8, where it is likely to 

crystallize.  Also the dissolved HPMC was then available to stabilize embryos which 
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nucleated upon pH shift to 6.8, and slow down growth.  Therefore, the dissolution of 

particles in pH 1.2 media to moderate supersaturation levels may reduce the depletion 

rate of supersaturation upon pH shift relative to direct dissolution in pH 6.8 media alone.   

For the EL10055 formulation, ITZ dissolution was slowed down at pH 1.2, where 

the protonated nonionic polymer is insoluble, as shown in Figure 5.8.  Upon pH shift to 

6.8, the particles rapidly dissolved to ~230 μg/mL followed by precipitation to ~40 

μg/mL within 2 hours.  The supersaturation profile after the maximum was similar to that 

of high surface area 4:1 ITZ/EL100 dissolved in pH 6.8 media alone.  In both cases, the 

high supersaturation created a large driving force for nucleation and growth in the 

presence of the excess high surface area of undissolved particles.   

The dissolution of ITZ in Sporanox® pellets in pH 1.2 media was rapid and almost 

complete within 2 hours to produce a supersaturation of 22 (based on Ceq=14 μg/mL at 

pH 6.8).  Depletion to 40 μg/mL (supersaturation < 3) occurred within 20 min. after pH 

shift to pH 6.8.  Although the shift in pH caused an increase in drug solubility from 4.4 to 

14 μg/mL, the extremely high supersaturation appeared to produce fast nucleation rates 

and subsequent growth at pH 6.8.  As many nuclei were formed and grew, the dissolved 

HPMC was unable to adsorb to a sufficient level to protect against growth, as was evident 

by the rapid decay of supersaturation.  From the results for the lyophilized 4:1 

ITZ/HPMC particles, it is apparent that dissolution to moderate supersaturation levels 

under acidic conditions eliminates some excess surface area resulting is slower decay of 

supersaturation at pH 6.8.  The maximization of supersaturation levels throughout the 

gastrointestinal tract may be expected to enhance absorption of poorly water soluble 

drugs.  

5.5 CONCLUSIONS 

Both high and medium surface area amorphous particles, recovered from aqueous 

dispersions of nanoparticle aggregates formed by antisolvent precipitation, rapidly 

dissolved in pH 6.8 media to generate supersaturation levels as high as 17 within 10 
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minutes.  Medium surface area (2-5 m2/g) microparticles of amorphous drug were 

recovered from aqueous dispersions of nanoparticle aggregates by flocculation with salt 

and filtration, whereas high surface area (13-36 m2/g) particles were obtained by 

lyophilization.  SEM indicated the primary particles grew to ~3 μm during salt 

flocculation to lower the surface area relative to the identical dispersions dried by 

lyophilization.  Thus, the salt flocculation/filtration process may be used to tune the 

particle size and surface area.  The rapid dissolution, before the undissolved particles 

crystallized, led to much higher maximum levels in supersaturation for the medium 

surface area particles relative to more conventional low surface area solid dispersions. 

The decay in supersaturation was much slower for the medium relative to the high 

surface area particles, as a consequence of the lower excess surface area of undissolved 

particles, which act as sites for growth by condensation and coagulation.  A similar result 

was achieved by initially dissolving part of the drug at pH 1.2 to reduce the excess 

surface area, and then shifting the pH to 6.8.  This pH shift mimics the transition from the 

stomach to the intestines.  Furthermore, the decay in supersaturation essentially vanished 

when the excess surface area of undissolved particles was negligible.  Amorphous 

medium surface area microparticles which dissolve rapidly to produce high 

supersaturation values with slow decay offer the potential for improved gastrointestinal 

absorption and thus enhanced bioavailability. 
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Figure 5.1. Mechanisms for depletion of supersaturation, where  m is mass of drug in 
solution, A is the total particle surface area, C is the drug solution 
concentration, Csat is the drug solubility, Npart is the number of drug particles 
per volume, kr is a rate constant, Nemb is the number of embryos per volume, 
Asp is the specific surface area (area/mass), and rpart is the radius of the 
particle  
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Figure 5.2. Chemical structures of itraconazole (top) and hydroxypropyl methylcellulose 
(bottom).  
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Figure 5.3.  Scanning electron microscopy images of A: 2:1 ITZ/HPMC antisolvent 
precipitation (AP) lyophilized; B: 4:1 ITZ/HPMC AP lyophilized; C: 2:1 
ITZ/HPMC AP salt flocculated; D: 4:1 ITZ/HPMC AP salt flocculated; E: 
4:1 ITZ/EL100 AP high surface area; F: 4:1 ITZ/EL100 AP low surface 
area; G: 2:1 ITZ/HPMC solvent evaporated solid dispersion (SD) 
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Figure 5.4.  Differential scanning calorimetry of A: 2:1 ITZ/HPMC AP lyophilized; B: 
4:1 ITZ/HPMC AP lyophilized; C: 2:1 ITZ/HPMC AP salt flocculated; D: 
4:1 ITZ/HPMC AP salt flocculated; E: 4:1 ITZ/EL100 AP high surface area; 
F: 4:1 ITZ/EL100 AP low surface area; G: 2:1 ITZ/HPMC solvent 
evaporated SD; H: Bulk HPMC; I: Bulk ITZ 
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Figure 5.5.  Supersaturation in pH 6.8 buffer with 0.17% SDS from dissolution of 
ITZ/HPMC particles at a dose of 25 (17.5 mg of ITZ added to 50 mL) 
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Figure 5.6.  Supersaturation in pH 6.8 with 0.17% SDS from dissolution of low and high 
surface area 4:1 ITZ/EL100 AP particles and low surface area 4:1 
ITZ/HPMC SD at a dose of 25 
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Figure 5.7.  Supersaturation in pH 6.8 buffer with 0.17% SDS from dissolution of 2:1 
ITZ/HPMC particles at doses of 5, 15, 25, and incremental addition to 8 
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Figure 5.8.  Supersaturation in pH 1.2 with a pH shift to 6.8 from dissolution of 
Sporanox capsule, 4:1 ITZ/HPMC, and 1:1 ITZ/EL10055 at a dose of 350 
μg/mL (based on pH 1.2 volume);  equilibrium solubility of crystalline ITZ 
in pH 1.2 was 4.4 μg/mL and in pH 6.8 with 0.17% SDS was 14 μg/mL
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Table 5.1.  BET surface areas, AUCs, surface area from excess particles during dissolution and supersaturation depletion rates 
from supersaturation dissolution studies 

Dissolution in pH 
6.8 

Dose 
(μg/mL) / 
(14 μg/mL) 

Surface Area 
(m2/g) 

pH 6.8  
AUC4 hr 
(min.) 

Excess 
surface area 
(m2) 

Max. 
Supersat. 
(in pH 6.8) 

Supersaturation 
depletion rate 
(min.-1) 

4:1 Itz/HPMC Lyo.  25 13 845 0.15 - 0.28 12 0.38 
2:1 Itz/HPMC Lyo. 25 17 765 0.16 – 0.44 16 1.0  
2:1 Itz/HPMC Lyo. Incremental 17 1602 ~0 8 negligible 
2:1 Itz/HPMC Lyo. 15 17 1072 0.036 – 0.27 13 0.17 
2:1 Itz/HPMC Lyo. 5 17 843 0.020 – 0.090 4 negligible 
4:1 Itz/HPMC Salt 25 4.4 1869 0.038 - 0.087 14 0.10 
2:1 Itz/HPMC Salt 25 2.0 1243 0.014 – 0.044 17 0.25 
4:1 Itz/HPMC SD 25 <1* 426  2.5  
4:1 Itz/EL100  
(high surface area) 25 35 1154 0.40 – 0.76 12 0.22 

4:1 Itz/EL100 
(low surface area) 25 1.2 1210 0.017 – 0.027 6.5 negligible 

Dissolution with pH 
shift   pH 6.8  

AUC2 hr  
   

Sporanox 25 nr 403    
4:1 Itz/HPMC Lyo.  25 13 939 0.14 12.5 0.022 
1:1 Itz/EL10055 Lyo. 25 35 679 0.44 - 1.02 16 0.55 

 
* Specific surface area based on lower detection limit of BET surface area analyze 
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Chapter 6:  Conclusions and Recommendations 

6.1 CONCLUSIONS 

This chapter summarizes the advancements made by the research described in this 

dissertation, including a mechanistic understanding of amorphous nanoparticle formation 

and dissolution to produce highly supersaturated solutions in acidic and neutral pH 

media.  Understanding how to enhance the drug concentrations which are produced 

throughout the gastrointestinal tract may lead to the improved absorption and 

bioavailability of poorly water soluble drugs.  Additionally, direction for future research 

is recommended. 

6.1.1 Drug Nanoparticles by Antisolvent Precipitation: Mixing Energy Versus 
Surfactant Stabilization 

Semi-batch antisolvent precipitation of ITZ produced particles with an average 

diameter below 300 nm, even for high drug loadings, up to 86% wt. / tot. wt.  Low Da 

values were achieved with a non-ionic surfactant stabilizer, poloxamer 407, by increasing 

the time for coagulation and condensation relative to the characteristic mixing time.  

Increasing stabilizer concentration decreased the average particle size until a threshold 

was reached where the Da may be considered to be unity.  At this point the size became 

limited by the mixing time.  The mixing energy and thus τmix were varied by adjusting the 

organic jet velocity and flow rate.  With an increase in mixing energy to achieve a 

Reynolds number > 3000, the polydispersity decreased significantly.  At a constant drug 

loading, initial placement of the stabilizer in the organic phase gave a smaller average 

particle size and lower polydispersity than when stabilizer was only in the aqueous phase.  

Even with only modest Re, particles below 300 nm were formed and stabilized at 

surfactant levels significantly lower than the critical micelle concentration.  At modest to 
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high Re, concentrated suspensions of approximately 9 mg/mL were produced well above 

the thermodynamic solubility of drug in the micelles (~0.7 mg/mL). Because it was not 

necessary to form micelles prior to drug nucleation, the precipitation time was 

independent of surfactant aggregation time.   

A narrow particle size distribution centered about 240 nm may be maintained by 

compensating for a change in one variable away from optimum conditions with a change 

in another variable to achieve Da<1.  This trade-off in compensation variables was 

demonstrated for organic flow rate vs. Re, stabilizer concentration vs. Re, stabilizer 

concentration vs. stabilizer feed location, and stabilizer location vs. Re.   

Nucleation and growth rates were estimated from particle size distributions using 

the MSMPR population balance model.  Nucleation rates were highest for temperatures 

lower than 20°C, higher stabilizer concentrations, high Reynolds numbers, and fast flow 

rates.  Increasing stabilizer concentration resulted in faster nucleation rates, most likely 

due to the decrease in interfacial tension upon surfactant adsorption to the drug surface.  

The growth rates increased markedly as the temperature was increased above 20oC.  

Primary nucleation was determined to be predominant in our systems as the nucleation 

rate decreased with an increase in the suspension density.  A fundamental understanding 

of particle size control in antisolvent precipitation is beneficial for designing mixing 

systems and surfactant stabilizers for forming nanoparticles of poorly water soluble drugs 

with the potential for high dissolution rates. 

6.1.2 Design of Potent Amorphous Drug Nanoparticles for Rapid Generation of 
Highly Supersaturated Media 

Controlled precipitation upon mixing of organic solutions and water produced 

high surface area amorphous particles, even at drug loadings up to 94%.  Excellent 

wetting and rapid dissolution of the high surface area amorphous CP particles produced 
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up to 90-times the equilibrium solubility, inhibiting solvent-mediated crystallization of 

the remaining solid drug in the presence of dissolution media.  During controlled 

precipitation, HPMC partitioned to the water-particle interface, creating a highly wettable 

polymer-rich surface.  Both contact angle measurements and XPS analysis indicated 

excess hydrophilic HPMC was oriented preferentially on the surface of CP particles.  

Surface stabilization during CP also minimized the amount of polymer necessary to arrest 

growth and quench the drug in the amorphous state. In contrast, for solid dispersions 

made without water, HPMC was depleted on the surface.  ITZ solid dispersions made by 

solvent evaporation were wetted less effectively by the dissolution media and dissolved 

slowly, allowing solvent-mediated crystallization of undissolved drug and limiting 

supersaturation levels to 40 after four hours.  Additionally, ITZ in solid dispersions 

formed by hot melt extrusion with HPMC crystallizes for drug potencies above 40%.   

A thermodynamic analysis indicated that HPMC raised the fugacity of ITZ in the 

solid phase of CP particles by preventing crystallization of ITZ and by increasing the 

curvature of the particles and fibers, as described by the Kelvin equation.  Whereas 

HPMC in solution did not affect the supersaturation in the first four hours, eventually 

after 24 hours, HPMC prevented loss of supersaturation by adsorbing onto embryo 

crystals smaller than about 20 nm to arrest precipitation.  The ability to design and 

produce wettable amorphous nanoparticles with high drug loading for the rapid 

generation of high levels of supersaturation, with small amounts of hydrophilic stabilizers 

oriented preferentially at the particle surface, is of significant interest for enhancing 

bioavailability of poorly water soluble drugs. 

6.1.3 Flocculated Amorphous Nanoparticles for Highly Supersaturated Solutions 

The simple flocculation/filtration process may be used to recover nanoparticles 

from aqueous dispersions rapidly and efficiently, with yields on the order of 90%, while 
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maintaining amorphous primary particles that may be dissolved in aqueous media to 

achieve high supersaturation levels.  Addition of salt to polymer-stabilized amorphous 

nanoparticle dispersions collapsed the stabilizer chains to produce large flocs which were 

filtered rapidly.  Large amounts of stabilizers may be used in the particle formation stage 

to minimize particle growth, and then excess stabilizer may be removed in the filtration 

step to achieve high drug loadings up to 90%.  The rapid change in interparticle forces, 

under constant particle volume fraction (φ), produced open flocs (low fractal dimension) 

and excellent redispersion in water to the original particle size of 300 nm.  In contrast, 

drying of nanoparticle dispersions by either spray drying or rapid freezing/lyophilization 

produced densely packed flocs (high fractal dimension), which did not redisperse to form 

submicron particles. 

For the salt flocculation/filtration process, the low temperature and constant dilute 

φ conditions, as well as rapid removal of solvent, inhibited both growth and 

crystallization of the amorphous primary nanoparticles.   High supersaturation levels up 

to 14-times the crystalline solubility in pH 6.8 media were facilitated by rapid dissolution 

of the nanoparticles prior to crystallization in the presence of the media. High 

supersaturation levels would have the potential to improve absorption markedly of poorly 

water soluble drugs in the gastrointestinal tract.  However, for particles produced by 

spray drying, the increase in φ and high temperature led to crystallization of the 

nanoparticles and with yields well below the values of 90% in the flocculation/filtration 

process.  The ability to recover nanoparticles from aqueous dispersions rapidly by 

forming loose flocs, which are readily redispersible to the original particle size, and 

without the need to evaporate the water, is of general interest for all types of 

nanoparticles including pharmaceuticals. 
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6.1.4 Highly Supersaturated Solutions From Dissolution of Amorphous Itraconazole 
Microparticles at pH 6.8 

Both high and medium surface area amorphous particles, recovered from aqueous 

dispersions of nanoparticle aggregates formed by antisolvent precipitation, rapidly 

dissolved in pH 6.8 media to generate supersaturation levels as high as 17 within 10 

minutes.  Medium surface area (2-5 m2/g) microparticles of amorphous drug were 

recovered from aqueous dispersions of nanoparticle aggregates by flocculation with salt 

and filtration, whereas high surface area (13-36 m2/g) particles were obtained by 

lyophilization.  SEM indicated the primary particles grew to ~3 μm during salt 

flocculation to lower the surface area relative to the identical dispersions dried by 

lyophilization.  Thus, the salt flocculation/filtration process may be used to tune the 

particle size and surface area.  The rapid dissolution, before the undissolved particles 

crystallized, led to much higher maximum levels in supersaturation for the medium 

surface area particles relative to more conventional low surface area solid dispersions. 

The decay in supersaturation was much slower for the medium relative to the high 

surface area particles, as a consequence of the lower excess surface area of undissolved 

particles, which act as sites for growth by condensation and coagulation.  A similar result 

was achieved by initially dissolving part of the drug at pH 1.2 to reduce the excess 

surface area, and then shifting the pH to 6.8.  This pH shift mimics the transition from the 

stomach to the intestines.  Furthermore, the decay in supersaturation essentially vanished 

when the excess surface area of undissolved particles was negligible.  Amorphous 

medium surface area microparticles which dissolve rapidly to produce high 

supersaturation values with slow decay offer the potential for improved gastrointestinal 

absorption and thus enhanced bioavailability. 
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6.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

Mucoadhesives are generally defined as polymers that are adhesive to the 

mucosal layer lining of the body, including the gastrointestinal (GI) tract.1  Using 

mucoadhesives such as methylcellulose (MC), sodium carboxy methyl cellulose (CMC), 

carbomers (polyacrylic acid), chitosan, sodium alginate, poly(acrylic acid-co-

acrylamides) copolymers, polyvinyl alcohol (PVA), and HPMC, drugs may be kept  in 

close proximity to the absorption surface in the GI tract.2  Very little research to date has 

utilized the combination of mucoadhesives with high surface area, drug nanoparticle 

systems.  Mucoadhesive formulations of low surface area furosimide,3 riboflavin,3, 4 and 

delapril hydrochloride5 have reported enhanced bioavailability via longer retention time 

in the GI tract.6  Previous work done by Chickering et al. investigated the 

mucoadhesives: alginate and poly(fumaric-co-sebacic anhydride) (PFASA).7  Their work 

correlated measurements of polymer deformation at peak loading, fracture strength, and 

work of adhesion of these polymers to GI mucosa with enhanced bioavailability of 

dicumarol dosed orally in rats.  Thanos et al.8 also investigated the bioavailability of 

dicumarol encapsulated with the mucoadhesive PFASA (low surface area).  Serum levels 

in rats for a PFASA encapsulated formulation showed a 32% increase from the 

intravenous administration and the micronized drug delivered orally.  The increase in 

bioavailability was attributed to the ability of the polymer to adhere to GI mucosa, 

allowing the drug to reside longer in the GI tract.  Previous work by Chowdary and Rao9 

showed the controlled release of glipizide (an antidiabetic) using an 

alginate/mucoadhesive polymer composition coat.  Several mucoadhesive polymers, 

including HPMC, carbopol, CMC, and MC were screened for in-vitro drug release and 

mucoadhesion.  Release rates in pH 7.4 media were fastest for HPMC and MC, whereas 

slower release rates were observed for carbopol.  Carbopol showed the largest percentage 
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of microcapsules adhering to tissue during a wash-off test.  After oral administration in 

rabbits, mucoadhesive encapsulated drug showed reduced serum glucose levels over 

longer time periods than pure drug.   

Many crystallization inhibitors such as methylcellulose, HPMC, and sodium 

alginate also serve as mucoadhesives to the biomembranes in the stomach and 

intestines.2, 9  When incorporated into the drug formulations, mucoadhesive polymers will 

offer intimate contact between the drug powder and mucosa lining of the GI tract,10 

providing a shorter pathway for diffusion of dissolved drug molecules as well as 

extending the transit time of drug product before removal from the body.11  

Mucoadhesives could be incorporated into the amorphous formulations to utilize 

extended residence time in the GI tract for improved bioavailability.  Several 

mucoadhesives could be screened for compatibility with the drug dispersion prior to 

drying, including MC, PVA, sodium alginate, hydroxypropylcellulose, and polyacrylic 

acid.  Since many mucoadhesives also serve as a crystallization inhibitor, these polymers 

may be used for both purposes and eliminate the need for multiple excipients in the 

formulation.  Incorporation into the aqueous phase during precipitation should be 

investigated, to insure nanoparticle formation is maintained.  Alternatively, once the 

precipitated dispersion has been stripped of its organic solvent, it can be mixed with an 

aqueous solution of mucoadhesive polymer at a level so as not to reduce drug loading 

significantly.  For sodium alginate, the stripped dispersion could be encapsulated, 

dropwise, by an ionic gelation technique12 and filtered to remove crosslinking solution.  

Encapsulation efficiency could be investigated by measuring drug concentration in the 

filtrate and a mass balance of the isolated solids.  Once the mucoadhesive is incorporated 

into the drug dispersion, the mixture could be frozen rapidly and lyophilized for powder 

isolation.  Dissolution studies would show any changes in the ability of the mucoadhesive 
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formulations to supersaturate aqueous media, compared to the original dispersions.  

Finally, in-vivo studies would be needed to determine the benefit of mucoadhesives for 

absorption of amorphous nanoparticles.   
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