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Thesis findings 

1. A new platform was developed based on controlled precipitation for the formulation of poorly 

water soluble active ingredients. The process was scaled-up from high throughput screening 

to pilot plant scale production. Numerous active ingredients were successfully formulated 

using the technology. 

Related papers: I, V 

Related patents: VIII, X, XI 

2. We identified the physicochemical reasons of the poor bioavailability and significant food 

effect of abiraterone acetate. A nanoformula was developed based on controlled precipitation 

that outperformed both the crystalline active ŀƴŘ ǘƘŜ ƳŀǊƪŜǘŜŘ ŘǊǳƎ ǇǊƻŘǳŎǘ ½ȅǘƛƎŀϯ in 

apparent solubility, apparent permeability and biorelevant dissolution tests. 

Related papers: II, IV 

Related patent: IX 

3. Mathematical simulation of the absorption process showed that that simply increasing the 

dissolution rate of abiraterone acetate is insufficient to increase the bioavailability of the 

formulation. Increase in apparent solubility is required to reach a meaningful increase in 

bioavailability of the active ingredient. 

Related paper: IV 

4. The in vitro results were validated in beagle dog pharmacokinetic studies. The novel formula 

showed one order of magnitude higher bioavailability in the fasted state when compared to 

the marketed drug product ½ȅǘƛƎŀϯ. 

Related paper: IV 

Related patent: IX 

5. The advantageous properties of the novel formulation were translated from in vitro and 

preclinical in vivo tests to a first-in-human Phase I clinical trial. The bioavailability of the novel 

formulation containing 250 mg abiraterone acetate was practically identical to 1000 mg 

Zytigaϯ with no positive food effect. Interestingly, a slight, but statistically significant negative 

food effect was observed. 

Related paper: III 
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1. Introduction 

One of the most important property of a drug candidate molecule is its water solubility. [1] In general, 

the absorption of a poorly water-soluble drug from conventional final dosage forms (e.g. tablets or 

capsules containing the crystalline active ingredient) is inadequate. This may result in the termination 

of the development of an otherwise promising drug candidate. It is estimated that the root cause in 

approximately half of the drug development failures is originated from poor biopharmaceutical 

properties including solubility. [2] Several technologies that address the issues associated with poor 

solubility have been developed or adopted from other industries in the recent decades. [2] Abiraterone 

acetate is a prime example of a poorly water soluble active pharmaceutical ingredient. The drug 

product Zytigaϯ containing abiraterone acetate has very low oral bioavailability and exhibits the 

highest food effect of all marketed drugs. [3] Moreover, the inter-patient variability of the 

pharmacokinetic parameters of Zytigaϯ is very high, making the maintanence of the therapeutic API 

concentrations difficult. This work introduces an amorphous abiraterone acetate nanoformulation 

prepared by controlled precipitation. 

In the literature review the routes available to improve the solubility and dissolution of poorly soluble 

active ingredients are reviewed with a focus on nanoprecipitation. The pharmacokinetic issues 

associated with abiraterone acetate are also compiled in this section with a short summary of the 

formulations available in peer reviewed journals. 

The materials and methods section details the production of the nano-amorphous abiraterone acetate 

formulation by controlled precipitation, the conduction of beagle dog studies and the Phase I clinical 

trial. Numerous analytical methods are described as well, that were used for the characterization of 

the novel formulation. 

In the results and discussion, the viability of the precipitation process is demonstrated. The active 

ingredient abiraterone acetate is characterized in detail and formulation results are introduced. The in 

vitro advantages of the novel abiraterone acetate formulation are shown over the marketed 

micronized drug product and a nanocrystalline abiraterone acetate prepared by nanomilling. The dog 

study results and ultimately, the clinical trial results are also reported in this section. (It is to be noted 

that the preclinical and clinical in vivo studies were conducted by Aurigon Toxicoop Reasearch Center 

and by Quotient Sciences, respectively. All other research and development work was performed at 

NanGenex Inc.) 

As closing remarks, the limitations of the novel formulation, the future perspectives and further 

development paths available are discussed.  
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2. Literature review 

The literature review lays down the origins of poor water solubility and gives basic definitions (e.g. 

solubility and dissolution) that are used in later parts of the thesis. The active ingredient abiraterone 

acetate is introduced and the pharmacokinetic issues associated with the drug product ½ȅǘƛƎŀϯ 

containing the active ingredient are discussed. The methods to formulate poorly water-soluble 

compounds are briefly summarized. In each section a short abstract of abiraterone acetate 

formulations reported in peer reviewed journals and patents using the method is given. 

2.1. Origins of poor water solubility 

In the early 1970s the introduction of carbon-carbon coupling reactions (Suzuki, Heck, Stille) enabled 

the synthesis of progressively more complex and lipophilic compounds. [4] Improvements in 

combinatorial chemistry yielded the development of compound libraries containing hundreds of 

thousands of molecules. From the end of the 1980s high throughput screening (HTS) made possible 

the test of active ingredients on that magnitude. From the initial 800 compound/day screening capacity 

currently the large HTS laboratories are capable of screening 100 000 compounds daily. [5] However, 

as more and more complex and lipophilic molecules were screened, the fraction of poorly water 

soluble actives skyrocketed. [6] Poor (water) solubility is associated with several issues throughout the 

development process. Obviously, aqueous biorelevant media used in in vitro assays are not capable of 

dissolving these actives. The media are to be supplemented with DMSO and that solvent even at 5% 

concentration may disrupt cell lines. Also, the active ingredient may precipitate from the medium 

during tests resulting in false negative data. 

 

Currently 33% of the drugs listed in the US Pharmacopeia are considered to be poorly water soluble. 

At a first glance this is not a huge number. However, if we consider the drugs in development and the 

new chemical entities, these numbers are 75% and 90%, respectively. [7] Most probably the issues 

associated with low solubility in aqueous media will remain persistent. Highly water-soluble 

compounds are less likely to penetrate lipophilic membranes and to dock into hydrophobic binding 

pockets of proteins. Public databases and big pharma molecule directories countain around 100 million 

molecules. Based on estimations it is possible to build 10200 organic molecules below 850 g/mol 

molecular weight. Of these, 1060 pass the Lipinski-criteria and can be considered drug-like, however, 

only a small fraction will be soluble in water. [8][9][10] We can conclude that the need to improve the 

solubility of lipophilic actives is progressively increasing. 
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2.2. The BCS system 

The Biopharmaceutical Classification System (BCS, Table 1) separates the chemical space of drug 

molecules to four domains based on their solubility and permeability. 

Table 1. The Biopharmacetucal Classification System with examples 

BCS Solubility Permeability Examples 

1 Good Good metoprolol, verapamil, diltiazem 

2 Poor Good ketoconazole, glibenclamide, mefenamic acid 

3 Good Poor cimetidine, captopril, aciclovir 

4 Poor Poor paclitaxel, furosemide 

 
A compound is considered to have good solubility when its maximal dose dissolves in 250 ml aqueous 

buffer in the pH range 1-7.5. By definition the criterium of high permeability is the absorption of at 

least 85% of the dose. [11] Due to the simple grouping criteria the BCS may inherently miscategorize 

active ingredients. For example, carboxylic acids are usually insoluble at the acidic pH of the stomach. 

However, at higher pH in the duodenum pH their solubility increases rapidly enabling absorption. 

Extremely poorly soluble compounds are sometimes miscategorized as BCS 4 molecules, just because 

very poor absorption is observed due to the negligible solubility. 

Formulation of BCS 1 active ingredients is relatively easy, conventional dosage forms are usually viable. 

On the other hand, BCS 2 compounds (50-60% of the drugs under development) in most cases require 

solubility enhancing formulation methods, that will be overviewed in further parts of the literature 

review. For BCS 3 APIs usually permeability enhancing excipients are used in the drug product. BCS 4 

actives rarely reach the market, a combination of BCS 2 and 3 formulation methods are needed for a 

successful formulation development. [12][13] The solubility of drug molecules is usually expressed in 

mg/ml concentration. Table 2 lists the descriptive solubility terms found in the pharmacopeias.  

Table 2. Solubility definitions in the pharmacopeias 

Solubility definition 
Solvent needed to dissolve 1 g 

material (ml) 
Solubility (mg/ml) 

Very soluble < 1 > 1000 

Freely soluble 1 ς 10 100 ς 1000 

Soluble 10 ς 30 30 ς 100 

Sparingly soluble 30 ς 100 10 ς 30 

Slightly soluble 100 ς 1000 1 ς 10 

Very slightly soluble 1000 ς 10000 0.1 ς 1 

Practically insoluble > 10000 < 0.1 
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As a rule of thumb, the lowest category contains the drugs that we term Ψpoorly solubleΩ. Again, this 

can be misleading as low solubility may not limit the dissolution and absorption of a compound with 

very low dose or fairly high solubility may hinder the absorption of a high dose compound. 

2.3. Definitions of solubility and dissolution 

2.3.1. Thermodynamic solubility 

The solubility of a compound is the maximum amount that can be dissolved in unit volume of a given 

solvent. If we assume macroscopical single crystals of the thermodynamically stable form and we 

consider the neutral species in case of an acid or base, we can measure the thermodynamic or intrinsic 

or equilibrium solubility. This quantity ς depending on the temperature and pressure ς is a 

thermodynamic constant for a given solvent-solute pair. Thermodynamic solubility is usually measured 

from an agitated suspension of the active after centrifuging and filtration. The length of equilibration 

can be critical as the system has to reach the equilibrium state. In general, 24 hours of equilibration at 

the temperature given can be adequate. However, poorly soluble and/or slowly dissolving materials 

may need up to 72 hours. 

2.3.2. Apparent solubility 

Apparent solubility is a loose term used in the pharmaceutical industry. Running a solubility test 

described above with metastable systems (such as higher energy polymorphs) may yield solubilities 

higher than the intrinsic solubility at the initial measurement points. This increased solubility can be 

called apparent solubility. For acids and bases, solubility measured at a given pH is also called apparent 

solubility. Obviously, if we measure the solubility at the pH at which the neutral species is present, we 

get the thermodynamic solubility. Apparent solubility can be several orders of magnitude higher when 

compared to the intrinsic solubility. 

Kinetic solubility is the apparent solubility measured from a supersaturated solution of a compound. 

This definition is loose and carries inherent differences between kinetic solubilities determined in 

different laboratories. In general water is added gradually to a DMSO stock solution of an active 

ingredient. The precipitation of the active is monitored with turbidimetry. Despite kinetic solubility 

being imprecise, it is still used as data measured in a laboratory given can be compared to each other 

and are suitable for trend analysis. Moreover, the measurement is much faster than that of intrinsic 

solubility and can be transferred to high throughput robots. 
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2.3.3. Effect of particle size on dissolution 

Dissolution is closely related to solubility. By definition, dissolution is the material transfer between 

the bulk phase and the dissolution medium (solvent phase). Dissolution rate is given by the Noyes-

Whitney (or Nernst-Brunner equation): 
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(1) 

, where dm/dt is the dissolution rate, A is the surface of the particles, D is the diffusion coefficient, S0 

is the thermodynamic solubility, ct is the concentration at time point t and h is the thickness of the 

diffusion layer. [14] From Equation 1 we can see, that poorly soluble compounds can only yield very 

small concentration gradient. Therefore, the rate of dissolution will be low. The rate of dissolution is 

also proportional to the surface of the particles, thus, with lower the particle size higher dissolution 

rate is observed. Usually, but not in every case, low solubility is associated with low dissolution speed, 

while highly soluble compounds dissolve rapidly. 

2.3.4. Effect of particle size on solubility 

Besides the dissolution rate, the apparent solubility also increases with decreasing particle size. This 

effect is negligible in systems with particle size above a few microns and is prominent in the lower 

nano range. For submicron particles the Ostwald-Freundlich equation gives the apparent solubility: 
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, where ́  is density, R is the universal gas constant, T is temperature, M is molecular weight, Sr is the 

apparent solubility for particles with r radius, Ὓ is the intrinsic solubilityΣ ˂sl is the interfacial tension. 

[15] Based on Equations (1) and (2) decreasing the particle size of a BCS 2 drug molecule may improve 

both the apparent solubility and dissolution rate, ultimately yielding better pharmacokinetic profile.  

2.4. Abiraterone acetate in the treatment of prostate cancer 

Prostate cancer (PC) is the most common non-skin cancer diagnosed in men in the EU and US with 

approximately 1 in 7 men being diagnosed with the disease in their lifetimes. [16][17] Localized PC has 

extremely good prognosis, 5-year overall survival is above 99% with the standard of care therapy 

consisting of surgical removal of the tumor followed by radiation. However, roughly 3-5% of the PC 

patients is present with metastatic disease at the time of diagnosis. [18][19] Treatment options for 

metastatic prostate cancer (mPC) were ς and still remain ς extremely limited. Consequently, the 

overall survival is poor; less than 30% of the patients are still alive 5 years after diagnosis. [18] 
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Historically androgen deprivation therapy (ADT) with mitoxantrone was used for mPC as palliative 

treatment. [20] It was shown that testosterone promotes PC cell growth resulting in disease 

progression. With ADT circulating testosterone could be decreased to negligible levels, yielding tumor 

regression. [21] Unfortunately, after high initial response rates nearly all subjects progress on 

mitoxantrone or other ADT to castration resistant prostate cancer (CRPC) stage. [20][22] This term 

identifies a heterogeneous group of patients with or without clinical metastases. For patients with 

metastatic disease the cytotoxic agent docetaxel was added to mitoxantrone in 2004, marginally 

increasing the overall survival. However, nearly all people still succumbed to metastatic castration 

resistant prostate cancer (mCRPC). 

Abiraterone is an androgen synthesis inhibitor steroid used for the treatment of mCRPC. [23] The drug 

product Zytigaϯ was launched in 2011 containing the acetate ester prodrug of the active ingredient. 

Abiraterone treatment in combination with the steroid prednisone significantly improved overall 

survival (Kaplan-Meier curve shown on Figure 1), progression free survival and quality of life and 

became the gold standard in this difficult-to-treat patient group. [23][24][25][26] 

 

Figure 1. Kaplan-Meier overall survival curve of abiraterone acetate vs placebo [23] 

Abiraterone in its stable crystalline form is not druggable due to extremely low solubility in aqueous 

media. Abiraterone acetate is an ester prodrug hydrolyzed rapidly in the gastrointestinal lumen, in 

enterocytes and in the liver into the active ingredient abiraterone. The transformation is so fast that 

the circulating abiraterone acetate concentration is negligible in plasma. [27] Stappaerts et al 

observed, that after the rapid ester cleavage abiraterone concentrations exceeded the thermodynamic 

solubility of the compound in intestinal fluids by an order of magnitude. It is hypothesized that this 

increase in apparent solubility drives the absorption of the compound. 
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Abiraterone acetate is repoted to belong to BCS 4 group with low solubility and low permeability. [28] 

The drug product Zytigaϯ contains abiraterone acetate in micronized form in order to increase the 

dissolution rate (see Equation 1 in 2.3.3) and hence the bioavailability of the compound. [27] The 

recommended dose of Zytigaϯ is 1000 mg given as four 250 mg tablets. The tablets are to be taken 

without food to reduce the inter-patient variability. However, the drug product has up to 10-fold 

higher exposure and up to 17-fold maximal plasma concentration (in healthy volunteers, depending 

on the fat content of the food consumed) when taken with meal, the single largest food effect of all 

marketed drugs. [3][29] Most probably in mCRPC patients the food effect is smaller, a small study 

ƻōǎŜǊǾŜŘ άƻƴƭȅέ ŘƻǳōƭŜ ŜȄǇƻǎǳǊŜ ƛƴ ŦŜŘ ŎƻƴŘƛǘƛƻƴǎ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ Ŧasted state. [30][31] 

Nevertheless, it is evident that reducing or eliminating the food effect would significantly improve the 

quality of life of mCRPC patients. Moreover, an increase in bioavailability would reduce the pill burden 

that in turn would improve adherence to therapy and ultimately yield better therapeutic outcomes. 

[32][33] In summary, besides the economic advantages, both better quality of life and therapeutic 

outcome could be achieved by either an abiraterone or an abiraterone acetate formulation with 

increased bioavailability and reduced food effect. 

2.5. Advanced formulations of poorly water-soluble drugs 

We can differentiate three methods to formulate poorly soluble active ingredients. First, we can 

modify the stable crystal structure of the active ingredient that is barely accessible to water molecules. 

This includes different salt formation methods, cocrystal development or simply the application of 

higher energy polymorphs or even the amorphous form. The second option is the reduction of particle 

size. With micronization we can increase the dissolution rate while with nanonization both apparent 

solubility and dissolution rate can be enhanced. The third option is the solubilization of the active 

ingredient. This involves the use of formulations in which the API is dissolved in some polymer matrix 

or lipid or cyclodexrin complexes are formed. It is important to note that formulation methods may 

overlap or sometimes combinations of formulation methods are used. 

In most of the advanced compositions the active ingredient is not in its thermodynamically stable form 

and tends to crystallize. Rapid recrystallization of amorphous and metastable crystalline materials may 

disrupt development and render a product commercially non-viable. 

Although not a formulation aspect, but chemical modification, the produg approach is also widely used 

to improve the bioavailability of active ingredients with low solubility and/or permeability. [34] A 

prodrug is a biologically inactive molecule that is metabolized in vivo to the active species. It is common 

that carboxylic acids are esterified, the prodrug gets absorbed readily and with the enzymatic cleavage 
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of the ester bond the active molecule is generated. [35] An example to this is the candesartan and its 

cilexetil ester. As discussed earlier, abiraterone acetate is also a prodrug with active species being 

abiraterone. In the following paragraphs prodrug synthesis is not detailed; only the physicochemical 

modifications of active ingredients are summarized. 

2.5.1. Crystal form modification 

2.5.1.1. Salt formation 

A drug molecule with ionizable group may form a salt, a neutral species, with a suitable counterion. 

Over 90% of the drug molecules have either an acidic or an alkaline moiety, while in the pH range 2-12 

63% have ionizable groups. [36][37] Other authors have reported similar ratios: based on the analysis 

of 582 drugs, half of the molecules were bases and one quarter of them acids. Among the rest there 

were zwitterions, molecules with multiple acidic or basic groups and ones without an ionizable group. 

[38][39] Roughly half of the marketed drugs are formulated as salts. [40] 

In most cases the pharmaceutical salt has vastly different phyisicochemical properties when compared 

to the free acid or base form. The advantages offered by salts are improved solubility and dissolution 

profile, better heat stress stability, decreased photodegradation, higher melting point and decreased 

bitterness. [40][41] The disadvantages include lower active loading, the issues associated with new 

hydrate- and solvate forms or polymorphs of salts, increased toxicity due to altered PK profile and toxic 

counterions. [42][43] 

Salts are usually preferred as they are thermodynamically stable with several advantages in 

physicochemical and pharmacokinetic profiles. For example, the free acid form of telmisartan is 

practically insoluble in water while the sodium salt is sparingly soluble. On the other hand, counterions 

Ƴŀȅ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƴŎǊŜŀǎŜ ǘƘŜ Ƴŀǎǎ ǘƻ ōŜ ŀŘƳƛƴƛǎǘŜǊŜŘΥ ƭŀǇŀǘƛƴƛō ƛǎ ŎƻƳƳŜǊŎƛŀƭƛȊŜŘ ƛƴ ǘƘŜ ¢ȅƪŜǊōϯ 

tablets as ditosylate salt hydrate form, increasing the weight of the API from 250 mg (free base) to 405 

mg (hydrated salt) in one tablet. [42] 

Selection of a suitable salt is not a trivial task. Overall, 112 different anions and 38 cations are available 

for salt formation, although some are extremely rarely used. 63% of salts of acidic drugs are sodium 

salts while 40% of the salts of bases are hydrochlorid salts. [44] High throughput screenings are applied 

in the search for the optimal salt of a drug candidate. The most important aspects during salt selection 

are the solubility profile, the crystallinity and polymorphism, the hygroscopicity and optimal physical 

and chemical stability. [45] To avoid the issues associated with the high number of salt polymorphs, 

ionic liquid salt forms may be applied in liquid dosage forms as well. [46] 
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Salt formation is the primary approach in dealing with poorly soluble drug candidates. However, some 

molecules do not possess ionizable groups and sometimes promising salts may exhibit several solid 

forms and fail in stability tests. Obviously, alternative formulation methods are needed in case salt 

formation is not a viable option. 

In theory it is possible to form abiraterone or abiraterone acetate salts due to the presence of basic 

nitrogen (pKa = 4.81 and 5.19 for abiraterone and abiraterone acetate, respectively) in the molecules. 

(See structures in Figure 7 and Figure 8.) However, no peer reviewed research papers detail salts of 

the active ingredients. One patent describes benzenesulfonic, p-toluenesulfonic and fumaric acid salts 

of abiraterone acetate. [47] 

2.5.1.2. Polymorphs 

Polymorph forms are different crystalline forms of a pure material, in which the position (packing 

polymorphism) or the conformation (conformational polymorphism) of the molecules, thus the unit 

cell is different. [48] The terminology in literature is chaotic: pharmacopeias categorize solvate and 

hydrate forms as polymorphs, while sometimes these materials are termed as pseudopolymorphs. [49] 

These designations are misleading as solvates and hydrates themselves can exhibit polymorphism. [50] 

Perhaps the clearest term for solvates and hydrates would be solvatomorphs. 

It is estimated that at least 50% of the drug molecules exhibit polymorphism. Hystorically (in the period 

between 1948-1961) 25% of 140 compounds exhibited polymorphism as reported by McCrone, 

although crystallization experiments that time did not focus on finding polymorphs. A more recent 

dataset of 227 molecules from Roche and Lilly yielded 53% and 66%, respectively. In a subset of these 

compounds, for which extensive search for new crystalline forms was conducted, 74% of the molecules 

formed polymorphs. [50] A dataset with 62 APIs from Bayer yielded 80%. [51] Some state that all drug 

molecules show polymorphism, but ς most probably ς this statement does not hold. There are known 

examples (e.g. simple ibuprofen, with thousands of tons being produced since 1969) for which 

polymorphic forms remain elusive. [52] We can conclude that most APIs exhibit polymorphism, one 

just has to put effort in finding the experimental conditions to produce them. The number of 

polymorphs can be very high, for example the lipid lowering agent atorvastatin calcium has at least 60 

different polymorphs (including hydrate and solvate forms). [53] 

Polymorph screening is an essential step in the early stages of drug development. In most cases 

polymorph screening is performed by crystallizing the drug from different solvent, sometimes using 

seed crystals. [54] In general, the objective of polymorph screening is the identification of the 

thermodynamically stable crystal, which possesses the most densely packed unit cell, has the highest 
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melting point and the lowest solubility in aqueous media and organic solvents. (This is only true for 

monotropic polymorphism, for more detailed explanation see references [55][56].) Although higher 

energy polymorphs may exhibit higher solubility, they are metastable and may crystallize to the stable 

form, losing the advantageous properties. For example, paracetamol has at least three distinct 

crystalline forms, but only Form I, the stable one is formulated. Form II has higher solubility but may 

recrystallize during storage or even during the manufacturing of the drug product. Form III exhibits the 

highest solubility and hence the lowest stability: this form may recrystallize to Form I in hours. [57] The 

most prominent examples of stability issues are the polymorphism of the active ingredients ritonavir 

and rotigotine. During development only one ritonavir crystalline form was identified. The active 

ingredƛŜƴǘ ŜƴǘŜǊŜŘ ǘƘŜ ƳŀǊƪŜǘ ƛƴ ǘƘŜ ŘǊǳƎ ǇǊƻŘǳŎǘ bƻǊǾƛǊϯ ŀƴŘ нпл ōŀǘŎƘŜǎ ƻŦ bƻǊǾƛǊϯ ǿŜǊŜ 

successfully produced. In mid-1998 suddenly the batches started to fail in dissolution tests. XRD and 

microscopic investigation revealed the existence of a new polymorph with significantly lower solubility. 

[58] In case of rotigotine the API recrystallized to a formerly unknown, more stable polymorph in the 

bŜǳǇǊƻϯ ǘǊŀƴǎŘŜǊƳŀƭ ǇŀǘŎƘŜǎΦ [59] The API was approved in 2006 and 2007, in Europe and in the US, 

respectively. In 2008 several batches had to be recalled as snowflake-like crystals appeared on some 

patches. The crystals contained purely rotigotine, but the new crystalline form exhibited much lower 

solubility and thus skin penetration. [60] 

Despite of these problems, sometimes higher energy polymorphs are used in pharmaceutical 

formulations. In South Africa oxytetracycline, an essential antibiotic is formulated as either Form A or 

Form B that show 55% and 95% dissolution in pharmacopeial dissolution tests at 30 minutes, 

respectively. Also, Form B has 28-fold higher solubility. This does translate to higher blood plasma API 

concentrations for capsules containing Form B. Despite of the diffences seen in vivo, the manufacturing 

is still poorly regulated and both forms are used. [61][62] 

The most obvious analytical technique to investigate polymorphism is powder XRD. Recent advances 

made possible the utilization of XRD in HT screenings. Also, DSC, IR and Raman spectroscopy can 

complement the XRD measurements. Solid state NMR and single crystal XRD are extremely useful, 

albeit difficult-to-access analytical methods for studying polymorphism. 

A patent reports four polymorphs of abiraterone acetate. [63] Most probably this document 

erroneously introduces four different crystalline forms of the API. This will be investigated in section 

4.2.2 in the Results and discussion. 

 



20 
 
 

2.5.1.3. Pharmaceutical co-crystals 

The naming conventions and definitions of co-crystals (just like in case of polymorphs) is controversial 

in literature. Co-crystals can be defined as crystalline materials composed of at least two neutral 

components held together by secondary interactions. The co-crystal formers have to be solid at room 

temperature. [64] (Therefore, solvates and hydrates can be excluded from this group.) Co-crystals may 

possess improved phyisicochemical properties, extremely rarely form solvates and hydrates and may 

retain long term stability. To complicate things, the belief that co-crystals rarely exhibit polymorphism 

has recently been challenged, several packing and conformational polymorphs of co-crystals have been 

identified. [64][65] 

As polymorphs and salts, co-crystals are screened with high throughput methods due to the large 

number of coformers, solvents and crystallization paramteres. Attempts have been made to calculate 

and simulate the interactions between different functional groups and predict the existence of co-

crystals in silico. However, experimental methods are still preferred. [66] 

Two examples of co-crystals are the itraconazole cocrystals with 1,4-dicarboxylic acids and sildenafil 

co-crystal with acetylsalycilic acid. Dissolution tests showed that the solubility and dissolution of the 

itraconazole co-crystals match that of the amorphous compound with much better physical stability. 

Moreover, the co-crystal outperformed the hydrochloride salt as well. [67] In case of sildenafil the co-

crystal dissolved twice as fast in simulated gastric fluid than the marketed citrate salt. [68] 

Theoretically it is possible to synthetise a co-crystal, in which both components are pharmacologically 

ŀŎǘƛǾŜΦ hƴŜ ƳŀǊƪŜǘŜŘ ŜȄŀƳǇƭŜΣ 9ƴǘǊŜǎǘƻϯ ƛǎ ǘƘŜ co-crystal complex of the sodium salts of sacubitril and 

valsartan, in hydrated form with both components being antihypertensive medications. [69][70] The 

co-crystal approach is a relatively new and very promising formulation pathway for poorly soluble 

active ingredients. 

A dubious patent reports co-crystals of abiraterone acetate with various organic acids, including 

ascorbic acid, citric acid and vanillic acid. [71] Although it is difficult to judge whether true co-crystals 

or simple salts are described in the document. 

2.5.1.4. Amorphous forms 

Amorphous forms are characterized by the absence of long-range three-dimensional order. As no 

crystal lattice exists, amorphous forms cannot be categorized as polymorphs, although some sources 

mistakenly list them as polymorphs. The advantages and disadvantages shown for polymorphs are 

even more prominent for amorphous materials. Amorphous active ingredients may exhibit vastly 
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superior solubility, dissolution rate and bioavailability compared to crystalline forms. Theoretical 

calculations yielded that amorphous forms may have 1600-fold increased apparent solubility 

compared to the thermodynamically favoured crystal. [72] However, amorphous materials may 

recrystallize in very short time scales or cannot be prepared at all for certain compounds. Amorphous 

forms can be characterized with the same analytical methods as polymorphs. 

Distinct amorphous forms may exist with different physicochemical properties. The phenomenon is 

called polyamorphism. [73] For the active ingredient valsartan at least two different amorphous forms 

have been identified. [74] Some other authors argue that one should use the term apparent 

polyamorphism as different amorphous forms may not exist, we only lack the tools to identify tiny 

crystals close to the size of the critical nuclei (see in section 2.6.1.1ύ ƛƴ ǘƘŜ ƳƻǊŜ ƻǊŘŜǊŜŘ άŀƳƻǊǇƘƻǳǎ 

ŦƻǊƳέ. [75] The literature of polyamorphism is incomplete and it is difficult to judge whether 

polyamorphism in drug-like molecules truly exist ς as it is proven for water ς or we can only talk about 

άǾŜǊȅ ǇƻƻǊέ ŎǊȅǎǘŀƭǎΦ [76] 

Stability tests are imperative in case of amorphous drug products. Ideally stability would be predicted 

from physicochemical properties and/or molecular descriptors instead of the lengthy and cumbersome 

stability tests. Although advances have been made in this field, a general and reliable model is ς and 

most probably will be ς elusive. Still, the following parameters are associated with high tendency for 

crystallization: molecular weight under 320 g/mol; less, than 6 rotatable bonds; logP below 2; melting 

Ǉƻƛƴǘ ŀōƻǾŜ нллϲ/Τ ǘƘŜ Ǌŀǘƛƻ ƻŦ ƳŜƭǘƛƴƎ ŀƴŘ Ǝƭŀǎǎ ǘǊŀƴǎƛǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀōƻǾŜ мΦп ŀƴd water 

solubility above 0.01 mg/ml. [77] It was also shown that the enthalpy of fusion of a compund correlates 

negatively with amorphous state stability. [78] 

DSC is an exceptionally useful tool in the analysis of amorphous APIs. The glass transition temperature 

(Tg) can be determined that may predict the stability of the amorphous form. As a rule of thumb, the 

recommended storage temperatures for amorphous materials are Tg ς нлϲ/ ƻǊ лΣуϊ¢g. Sometimes to 

be on the safe side Tg ς рлϲ/ ǎǘƻǊŀƎŜ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ recommended. In a study with 50 structurally 

diverse compounds Tg (together with molecular weight) correctly predicted the long term stability for 

78% of the molecules. [79] Moreover, in another study for an amorphous BCS 2 drug formulation 

stability data could be extrapolated up to 15 months using Tg. [80] 

Kauzmann-temperature (Tk) is the temperature under which the molecular mobility is negligible. 

Obivously, if the storage temperature remains below Tk, recrystallization can theoretically be excluded. 

Tk can be calculated using the equation below, that may yield better stability predictions than the 

empirical recommendations above: 
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Σ ǿƘŜǊŜ ɲIm is the enthalpy of fusion and K is a constant calculated from heat capacity. [81] 

Even if an amorphous formulation is not commercially viable, one such composition can be suitable 

for toxicology studies in early drug development stages. (For toxicology studies extremely high drug 

exposure is desired that may not be achieved by crystalline formulations.) 

Obviously, the methods listed so far can be combined. Clinical trials of atorvastatin were initiated with 

an amorphous calcium salt. The active ingredient crystallized after the completion of Phase I and II 

trials. Phase III trials were initiated with a reformulated, crystalline calcium salt. [82] 

Besides the amorphous nanoparticle formulation described in this work, no other amorphous 

abiraterone acetate formulations are reported in research papers or patents. 

2.5.2. Solubilized systems 

Solubilized systems include cyclodextrin complexes, self emulsifying drug delivery systems, various 

lipid-based formulations and different solid dispersions that are summated in the following sections. 

With regard to abiraterone and the acetate ester prodrug, -̡cyclodextrin complexes were formulated, 

although the purpose of the study was the development of an analytical method and it had nothing to 

do with the druggability of the compounds. [83] Kim et al prepared a lipid based formulation for 

abiraterone, although no in vivo tests were performed. [84] A clinical study conducted with abiraterone 

acetate in an olive oil based formulation yielded 4.5-fold higher bioavailability when compared to the 

standard drug product. [28] For unknown reasons the originator did not pursue the development of 

this formula. No abiraterone or abiraterone acetate amorphous solid dipersions (prepared by either 

spray drying, spray chilling, melt extrusion, electrospinning or other methods) are reported in research 

papers or patents. 

2.5.2.1. Cyclodextrin complexes 

Cyclodextrines are cyclic oligosaccharides. Cyclodextrines that are found in nature and are important 

ŦƻǊ ǘƘŜ ǇƘŀǊƳŀ ƛƴŘǳǎǘǊȅ Ŏƻƴǘŀƛƴ ǎƛȄΣ ǎŜǾŜƴ ƻǊ ŜƛƎƘǘ ʰ-D-ƎƭȅŎƻǇȅǊŀƴƻǎŜ ǳƴƛǘǎΣ ǘƘŀǘ ŀǊŜ ŎŀƭƭŜŘ ʰ-Σ ʲ- and 

-ɹcyclodextrins, respectively. [85] The ring forms a truncated cone that is hydrophylic outwards while 

tƘŜ ǇƻŎƪŜǘ ƛǎ ƘȅŘǊƻǇƘƻōƛŎΦ ¢ƘŜ ʰ- ŀƴŘ ʴ-cyclodextrins are freely soluble in water while the solubility of 

-̡cyclodextrin is only 18 mg/ml. Paradoxically, adding hydrophobic substituents to cyclodextrins 

increases their solubility in water drastically. This can be explained by the lower crystal lattice energy 

of substituted forms. [86] 
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The size of the ring and the hydrophobic character of the pocket enables the complexation of small 

hydrophobic molecules or certain hydrophobic parts of larger molecules. Clearly, the water insoluble 

materials are not covalently bound; the complexed molecules and the ones in solution are in dynamic 

equilibrium. Cyclodextrins offer favourable oral and parenteral toxicity profile, may increase the 

bioavailability of poorly soluble active ingredients, mask the bitter taste of APIs and increase their 

chemical stability. However, only a limited number of substances can form complexes with these cyclic 

sugars: active ingredients with less than 5 heavy atoms in the skeleton of the molecule, with Tm below 

нрлϲ/Σ ǿŀǘŜǊ ǎƻƭǳōƛƭƛǘȅ ōŜƭƻǿ мл ƳƎκƳƭΣ ƭŜǎǎ ǘƘŀƴ р ŎƻƴŘensed rings and a molecular weight between 

100-400 g/mol have higher probability of benefiting from cyclodextrin complexation. [87] There is no 

theoretical limitation of using larger cyclodextrins, however, their complexation capacity and practical 

significance is negligible. Despite of this, rings with 39 sugar units are well characterized and a molecule 

with 150 sugar unit has been reported in literature. [88] Sometimes substituted version of the basic 

cyclodextrins are used. In pharmaceutical application the most important ones are the hydroxypropyl, 

methyl, sulfobutyl ether sodium and maltosyl derivatives. 

Initially prostaglandins and non-steroidal anti-inflammatory drugs were formulated with cyclodextrins. 

Itraconazole is soluble up to 10 mg/ml in aqueous solution containing 40 w/w% hydroxypropyl- -̡

cyclodextrin, which represents six orders of magnitude increase in solubility. [89] Due to the large scale 

commercialization and efficacy of functionalized cyclodextrins as of 2018 more than 30 marketed drug 

products contain this excipient. [90] 

2.5.2.2. Self emulsifying systems 

Self emulsifying drug delivery systems (SEDDS) are the mixtures of a lipids, surfactants and optionally 

co-solvents that can dissolve poorly water-soluble active ingredients. This homogenous solution can 

be filled into a capsule and administered orally. Alternatively, the liquid can be adsorbed onto a carrier 

and solid oral dosage forms can be developed. [91] Upon dissolution in the stomach or intestine, this 

lipid phase may form emulsion or microemulsion, preventing the precipitation of the drug molecule. 

The method is advantageous as the emulsions formed can be thermodynamically stable, the solutions 

are usually transparent and not highly viscous and SEDDS can further improve the bioavailability when 

compared to other formulation methods. [92][93] 

The utility of SEDDS is not limited to BCS 2 molecules. The method is sometimes applied in the 

formulation of actives with poor permeability as the excipients used may improve the membrane 

penetration of drugs. Moreover, the excipients can inhibit P-glycoprotein efflux pumps and 

cytochrome enzymes, that contribute to the transport into the extracellular space and metabolism of 
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actives, respectively. [94] {ƻƳŜ ŘǊǳƎǎΣ ƛƴŎƭǳŘƛƴƎ ŎȅŎƭƻǎǇƻǊƛƴ ! όbŜƻǊŀƭϯύΣ ǊƛǘƻƴŀǾƛǊ όbƻǊǾƛǊϯύΣ 

ŦŜƴƻŦƛōǊŀǘŜ όCŜƴƻƎŀƭϯύΣ ǘƛǇǊŀƴŀǾƛǊ ό!ǇǘƛǾǳǎϯύΣ ŀƳǇǊŜƴŀǾƛǊ ό!ƎŀƴŜǊŀǎŜϯύΣ ƛƴŘƻƳŜǘƘŀŎƛƴ όLƴŦǊŜŜϯύΣ 

ƛōǳǇǊƻŦŜƴ ό{ƻƭǳŦŜƴϯύ ŀƴŘ ƛǎƻǘǊŜǘƛƴƻƛƴ ό!ŎŎǳǘŀƴŜϯύ ŀǊŜ ŦƻǊƳǳƭŀǘŜŘ ŀǎ ǎŜƭŦ ŜƳǳƭǎƛŦȅƛƴƎ ŘǊǳƎ ŘŜƭƛǾŜǊȅ 

systems in either soft or hard gelatin capsules. 

2.5.2.3. Solid dispersions 

Historically, the term solid dispersion was used for drugs dispersed in a solid matrix with the matrix 

being either small molecule or macromolecule. Recently the term is mainly used for multi-component 

systems composed of a polymer (that act as a solvent) and a drug (that is the solute), sometimes 

containing other components, mainly surfactants. Ideally, a single, homogenous and 

thermodynamically stable phase, a solid solution is obtained, the active ingredient is molecularly 

dispersed in the matrix. However, this can only be true if the drug content is below the equilibrium 

solubility in the matrix (or the system is kinetically stable). In real systems high drug loadings are 

preferred and the active ingredient is usually supersaturated. Phase separation may occur even 

immediately after production, leading to drug rich domains (that can be either amorphous or 

crystalline). [95] Schematics of these structures are shown on Figure 2. 

 

Figure 2. Solid dispersion structures: A, solid solution B, crystalline drug rich domains C, amorphous 

drug rich domains (based on [95]) 

Several methods are available to produce solid dispersions that are briefly introduced below. Usually 

ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ƛƴƎǊŜŘƛŜƴǘ όǎƻƭǳōƛƭƛǘȅΣ ǎǘŀōƛƭƛǘȅΣ ƘŜŀǘ ǎŜƴǎƛǘƛǾƛǘȅΣ ŜǘŎΧύ and the polymer used 

determine which formulation method will be applicable. The long-term stability of solid dispersions 

(as amorphous materials) is critical, guidances and some literature references have already been given 

in paragraph 2.5.1.4 for amorphous active ingredients. 

Some amorphous solid dispersions have already been commercialized, examples include tacrolimus 

ǿƛǘƘ Ita/ όtǊƻƎǊŀŦϯΣ ǎǇǊŀȅ ŘǊȅƛƴƎ ƳŜǘƘƻŘύΣ ƭƻǇƛƴŀǾƛǊκǊƛǘƻƴŀǾƛǊ ǿƛǘƘ ŎƻǇƻǾƛŘƻƴŜ όYŀƭŜǘǊŀϯΣ Ƙƻǘ ƳŜƭǘ 

ŜȄǘǊǳǎƛƻƴύΣ ƛǾŀŎŀŦǘƻǊ ǿƛǘƘ Ita/!{ όYŀƭȅŘŜŎƻϯΣ ǎǇǊŀȅ ŘǊȅƛƴƎύΣ ǾŜƳǳǊŀŦŜƴƛō ǿƛǘƘ Ita/!{ ό½ŜƭōƻǊŀŦϯΣ 
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ŎƻǇǊŜŎƛǇƛǘŀǘƛƻƴύΣ ŜǘǊŀǾƛǊƛƴŜ ǿƛǘƘ Ita/ όLƴǘŜƭŜƴŎŜϯΣ ǎǇǊŀȅ ŘǊȅƛƴƎύ ŀƴŘ ǾŜƴŜǘƻŎƭŀȄ ǿƛǘƘ ŎƻǇƻǾƛŘƻƴ 

ό±ŜƴŎƭŜȄǘŀϯΣ Ƙƻǘ ƳŜƭǘ ŜȄǘǊǳǎƛƻƴύΦ 

2.5.2.3.1. Spray drying 

Spray drying is a simple method for the production of amorphous solid dispersions. The active 

ingredient and the excipients (usually polymers and/or surfactants) are dissolved in a(n organic) 

solvent and the solution is dried with a regular spray dryer. Depending on the drying kinetics and 

material properties, one may get dried particles that constitute of a single phase (the active is 

molecularly dispersed) or dried particles that are phase separated (the active ingredient precipitated 

during drying and formed particles). [96] The excipients can hinder the aggregation and crystallization 

of the active ingredient.  

Spray drying method uses a well-known technology applied for decades in pharmaceutical applications 

and a solid product can be obtained in continuous mode that can be suitable for solid oral dosage form 

development. The API has to be soluble in at least one organic solvent with fairly low boiling point. 

Also, the excipients should be soluble in the same solvent, however, spray drying can be applied even 

if no common solvent is found. [97] All components have to withstand the temperatures inside the 

drying chamber, they should not decompose and should not melt or become tacky. [98] 

2.5.2.3.2. Hot melt extrusion 

The pharmaceutical industry borrowed the hot melt extrusion (HME) technology from the plastic, 

rubber and food industries. During the melt extrusion process the blend of an active and a polymer 

and/or surfactant is fed into a heated barrel. The basic extruder for pharma applications has twin-

screw setup, which forward the blend throughout the heated barrel where (at least) the polymer melts 

and the components get homogenized. Melting of the active ingredient is advantageous, but not 

essential as the active can dissolve in the polymer melt as well. [99] The material leaving the barrel 

coƻƭǎ ŀƴŘ ǎƻƭƛŘƛŦƛŜǎ ǊŀǇƛŘƭȅ ŀƴŘ Ŏŀƴ ōŜ ŦǳǊǘƘŜǊ ǇǊƻŎŜǎǎŜŘ όƎǊƛƴŘŜŘΣ ǎƛŜǾŜŘΣ ǎǇƘŜǊƻƴƛȊŜŘΣ ŜǘŎΧύΦ 5ǊǳƎǎ 

can be incorporated into polymer or lipid matrices with this method. [100] Interestingly, HME was 

applied first to disperse water soluble APIs in water insoluble polymers, thus creating sustained release 

products. In the recent years HME became the most important tool in preparing advanced 

formulations of poorly soluble active ingredients. [101] The polymer Soluplus was designed especially 

for melt extrusion applications by BASF, which also shows the growing importance of HME. 

HME offers extremely high productivity in continuous mode without the use of solvents. By varying 

process paramteres (temperature, residence time, screw configuration) and polymers both 
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amorphous or microcrystalline products can be developed. [102] In general, the method is disabled for 

ƘŜŀǘ ǎŜƴǎƛǘƛǾŜ ƳŀǘŜǊƛŀƭǎ ŀǎ ǘƘŜ ǇƻƭȅƳŜǊǎ ŎƻƳƳƻƴƭȅ ǳǎŜŘ ǊŜǉǳƛǊŜ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜǎ όŀōƻǾŜ мллϲ/ύ ǘƻ 

melt. Also, clearing of the instrument and maintenance is cumbersome. 

2.5.2.3.3. Electrospinning 

Electrospinning is a method suitable to prepare submicron sized fibres of polymers from melt or 

solution. The liquid containing the active ingredient is forwarded by a pump to the tip of a needle that 

is connected to a high voltage (10 kV order of magnitude) source. Opposite the needle a grounded 

metal plate is placed. Due to the high voltage the liquid gets charged and when the electrostatic 

repulsive force overcomes the surface tension a filament lashes towards the collector plate. The 

solvent rapidly evaporates from the huge surface and the remaining solid dispersion settles onto the 

plate. The morphology of the fibers depends on the properties of the solvent and polymer, the 

geometry of the needle, the voltage, the feed rate, the temperature and the distance between the 

needle and collector. [103] 

Electrospinning is a fast and continuous method requiring a very simple instrument. In general, the 

process can incorporate APIs in amorphous state into the fibers. [104] Electrospun fibers containing 

spironolactone in the amorphous form outperformed the crystalline material in dissolution tests while 

a flubendazole formulation proved to be superior in in vitro and rat PK studies over the reference 

compound. [105][106] With changing the fiber matrix either burst release or sustained release 

products can be formulated. [107]  Recently advances have been made in the scale-up and 

reproducibility of the process. [108] 

Electrospinning is used within the pharma industry for filtration applications, the production of 

bandages and immediate or sustained release drug formulations. [109][110] As of 2018 no drug 

products produced by electrospinning has been marketed, however, the field advances rapidly as a 

relatively new and promising formulation method. 

2.5.3. Particle size decreasing technologies 

2.5.3.1. Milling technologies 

During milling processes higher surface area is created by investing mechanical energy. The drug 

particles collide with each other and the wall of the instrument and thus crumble. The energy of the 

collisions may disrupt the crystal lattice of the materials. Therefore, besides crystalline materials, 

amorphous or partially amorphous products can be made as well. In general, the milled compounds 

show wide particle size distribution that is disadvantageous for downstream processing and stability. 
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In practice, milling technologies are often combined with sieving or other processes that can separate 

various particle size fractions. This is especially true for inhaled drug delivery systems. [111] 

Micronization is the reduction of the average particle size of powders to the micrometer range. In 

pharma applications micronized poǿŘŜǊǎ ƘŀǾŜ ǇŀǊǘƛŎƭŜ ǎƛȊŜ ǳƴŘŜǊ нл ҡƳ ōȅ ŘŜŦƛƴƛǘƛƻƴΦ [112] For most 

BCS 2 molecules this step is performed after synthesis and all in vitro and in vivo tests are performed 

with the micronized drug. However, the increased rate of dissolution associated with micronization 

might be insufficient for certain APIs. These require increase in apparent solubility as well, thus, 

particle size is to be reduced to the nano range as discussed in paragraph 2.3.4. Micronization is usually 

run in jet mills in which particle size can be reduced to 5-нл ҡƳΦ ¢ƘŜ ǇǊƻŎess is an essential step in drug 

development despite of the fact that the particle size distribution, the morphology and shape of the 

particles is difficult to control. [113] 

Particle size can further be reduced with wet media milling: usually a suspension of the drug and 

certain excipients (polymers and/or surfactants) is pulverized in ball mills. The process is also called 

nanomilling as particle size can be decreased down to 100 nm. The excipients play a key role in 

preventing the aggregation and/or Ostwald ripening (see in section 2.6.1.6) of the nanoparticles. [114] 

Nanomilling has several important process paramteres (milling time, size and material of beads, bead 

ƭƻŀŘƛƴƎΣ ŀƎƛǘŀǘƛƻƴ ǎǇŜŜŘΣ ŜȄŎƛǇƛŜƴǘ ŀƳƻǳƴǘΣ ŜǘŎΧύ ǘƘŀǘ ŀǊŜ ǎƻƳŜǘƛƳŜǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ŎƻƴǘǊƻƭΦ !ƭǘƘƻǳƎƘ ǘƘŜ 

technology is capable of creating nanoformulations of a plethora of drugs with improved bioavailability 

without hazardous dust formation, the process is time- and energy-consuming and costly. [115] Also, 

the material of the instrument or the milling beads (steel, ceramics, glass or PTFE) may appear in the 

product as impurity posing health issues.  

Despite of the general disadvantages of nanomilling a few commercialized drug products contain 

ƴŀƴƻŎǊȅǎǘŀƭƭƛƴŜ ƳŀǘŜǊƛŀƭǎ ǇǊŜǇŀǊŜŘ ōȅ ǿŜǘ ƳƛƭƭƛƴƎΦ {ƛǊƻƭƛƳǳǎ όwŀǇŀƳǳƴŜϯύΣ ŀǇǊŜǇƛǘŀƴǘ ό9ƳŜƴŘϯύΣ 

ŦŜƴƻŦƛōǊŀǘŜ ό¢Ǌƛ/ƻǊϯύΣ ƳŜƎŜǎǘǊƻƭ ŀŎŜǘŀǘŜ όaŜƎŀŎŜϯύ ŀƴŘ ǇŀƭǇŜǊƛŘƻƴŜ ǇŀƭƳƛǘŀǘŜ όLƴǾŜƎŀ {ǳǎǘŜƴƴŀϯύ ŀǊŜ 

well known examples. [116] For aprepitant nanomilling increased the bioavailability of the drug by 5-

fold in beagle dogs in the fasted state and enable administration regardless of food intake. [117] 

As reviewed earlierΣ ½ȅǘƛƎŀϯ Ŏƻƴǘŀƛƴǎ ƳƛŎǊƻƴƛȊŜŘ ŀōƛǊŀǘŜǊƻƴŜ ŀŎŜǘŀǘŜΦ Two clinical trials were 

conducted with an abiraterone acetate composition having further reduced particle size, in which 

Goldwater et al and Hussaini et al found that the new formulation in the fasted state was practically 

identical at 500 mg dose to 1000 ƳƎ ½ȅǘƛƎŀϯΦ [118][119] In summer 2018 the drug product Yonsaϯ was 

ŀǇǇǊƻǾŜŘ ŎƻƴǘŀƛƴƛƴƎ ǘƘƛǎ άǳƭǘǊŀƳƛŎǊƻƴȊƛŜŘέ ŦƻǊƳ ƻǊ άŦƛƴŜ ǇŀǊǘƛŎƭŜǎέ ƻŦ ŀōƛǊŀǘŜǊƻƴŜ ŀŎŜǘŀǘŜΣ ŘƻǳōƭƛƴƎ 

the bioavailability of the active ingredient in the fasted state when compared with Zytigaϯ. [120] Based 
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on the patent submitted by the research group, the d90 value of the particle size distribution of 

abiraterone acetate is below 1000 nm and the active ingredient is crystalline. [121] 

Although this work focuses on the development and evaluation of a nano-amorphous abiraterone 

acetate formulation prepared by controlled precipitation, we have also produced a nanomilled 

formulation that was used for in vitro tests and absorption modelling. 

2.5.3.2. High pressure homogenization 

High pressure homogenization (HPH) is an alternative technology of nanomilling for the preparation 

of drug nanocrystals. During high pressure homogenization a suspension (or emulsion) of the active 

ingredient (again, containing excipients as well) is pumped through a bottleneck at high velocity. 

Cavitation (and to certain extent) collision of the particles break and chip them, shifting the size 

distribution to lower diameters. 

Usually, the equipment is expensive and complicated, the process is performed at very high pressure 

(1000 bar magnitude) and scale up encounters several difficulties as critical parameters and instrument 

dimensions change significantly. [122] To achieve sufficiently small particles and narrow size 

distribution, several homogenization cycles are to be run. For example paclitaxel nanoparticles with 

mean diameter of 250 nm were produced by HPH at 1500 bar with 10-20 homogenisation cycles. [123] 

2.6. Controlled precipitation 

In contrast to the top-down technologies (milling, HPH), controlled precipitation is a simple, bottom-

up method for the preparation of nanoparticles. The technology is also known as flash 

nanoprecipitation, solvent exchange precipitation or simply nanoprecipitation. During controlled 

precipitation the core material (active ingredient) is dissolved in a water miscible organic solvent 

together with (usually block copolymer) excipients and an antisolvent is added rapidly. In case of poorly 

water-soluble APIs the antisolvent is generally water. As the equilibrium solubility of the solute 

decreases in the new medium, it gets supersaturated and precipitates out of solution. The 

supersaturated API and the stabilizers assemble in diffusion limited aggregation. [124] One might think 

of the nanoprecipitation as a common solvent exchange crystallization with extreme process 

parameters (e.g. mixing time, supersaturation). The theoretical background of the appearance of a 

new phase in a supersaturated system is discussed in section 2.6.1. 

Optimally, the excipients (preferably amphiphilic ǇƻƭȅƳŜǊǎΣ ǎǳǊŦŀŎǘŀƴǘǎΣ ŜǘŎΧύ applied prevent the 

growth of macroscopic crystals and a colloidal suspension is produced. The precipitation process is 

fast, nanoparticles are usually formed in the 10-millisecond time scale. Therefore, extremely fast 
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mixing is desired to obtain homogenous supersaturation (and hence narrow particle size distribution) 

throughout the system. [124] Usually nanoprecipitation processes yield particles with sub-200 nm 

average particle size. [124] 

The nanosuspensions formed are not thermodynamically stable in most of the cases and Ostwald 

ripening will occur (see in section 2.6.1.6), therefore, solidification is desired. Regular technologies, 

e.g. lyophilization or spray drying are available to create solid formulations of the precipitated colloids 

enabling the development of solid dosage forms and greatly increasing the stability. [125][126][127] 

Two main parameters ς assuming instantaneous mixing and excluding inherent physicochemical 

properties of the core material and the polymer  ς that influence the particle size for a given API-

stabilizer pair are the ratio of the two components and the total concentration of the solids in the fluid. 

[124] Other parameters influencing the process are the material properties of the active ingredient, 

the solvent and excipients, the temperature, solvent/antisolvent ratio, mixing characteristics or in case 

of flow precipitation the flow rates and the geometry of the mixer. Depending on these factors usually 

spherical, amorphous particles are generated, but nanocrystalline precipitates have also been 

reported. [128][129][130] Recently it was proven that a wide variety of colloid morphologies (e.g. 

multilamellar structured or multi-faced particles) can also be synthetized with different block 

copolymers. [131] 

The technology is advantageous as it does not require an expensive instrument, process scale-up is 

very simple and the precipitation is performed at ambient temperature and pressure. Moreover, it was 

proven that precipitated nanoparticles of cyclosporine A outperformed even the amorphous reference 

material in dissolution tests and rat studies. [126] However, for certain APIs (e.g. with logP < 6) Ostwald 

ripening is prominent and very high polymer:API ratios have to be used. Also, depending on the solid 

content of the suspensions produced, lyophilization or spray drying can be long and energy consuming, 

rendering a promising formulation industrially unviable. 

Interestingly, hydrophilic drugs have also been formulated with controlled precipitation to obtain 

sustain release drug products. [132][133] Moreover, hydrophilic macromolecules can also be 

encapsulated using nanoprecipitation. [134] 

Despite of its simplicity only one commercialized drug product has been formulated with precipitation: 

the active ingredient ǾŜƳǳǊŀŦŜƴƛō ό½ŜƭōƻǊŀŦϯύ ǿŀǎ ŎƻǇǊŜŎƛǇƛǘŀǘŜŘ ǿƛǘƘ ǘƘŜ ǇƻƭȅƳŜǊ Ita/!{Σ 

increasing the exposure in humans five-fold when compared to the crystalline drug. [135] Also, a 

nanoprecipitated aprepitant formulation proved to be equivalent of the marketed nanocrystalline 

drug product 9ƳŜƴŘϯ. [136] 
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As stated earlier, one must keep in mind that the grouping of the advanced technologies shown in the 

previous sections is arbitrary and the boundaries between certain definitions are blurred. One can 

consider a nanomilled or nanoprecipitated formulation in a polymer matrix a solid dispersion. Also, 

multiple formulation methods described above can be combined, for example amorphous salt forms 

with particle size in the nano range can be prepared by e.g. high pressure homogenization. 

2.6.1. Theoretical background of precipitation 

As introduced earlier, controlled precipitation relies on the rapid supersaturation of the active 

ingredient in solution by the addition of an antisolvent. This can be considered as an antisolvent 

άcrystallizationέ process at extreme supersaturation that leads to ς in the majority of cases ς 

amorphous precipitate. In general, crystallization involves three steps that are the supersaturation of 

the system, followed by nucleation and crystal growth. In case of controlled precipitation 

supersaturation is achieved by an antisolvent, but at first approach the principles governing the 

formation of the new phase are identical regardless of the process pushing out the system from 

equilibrium. The process is described by the classical nucleation theory (CNT). To mend its limitations 

and better match the experimental results, different extensions and modifications of CNT were 

published. In the recent years the non-classical nucleation theory was introduced. In the following 

sections these theories are reviewed briefly.  

2.6.1.1. Classical nucleation theory 

According to the classical nucleation theory the formation of the new phase can be divided to two 

(usually overlapping) steps. First tiny nuclei appear that later act as centers for crystallization. This 

stage is called as nucleation phase. Molecules from the bulk phase may attach to the nuclei, initiating 

crystal growth. The nucleation and growth processes compete for the molecules in solution and their 

ratio influence the size distribution of the particles of the new phase.  The processes continue as long 

as the active ingredient remains supersaturated in the liquid phase.  

The thermodynamic background of nucleation was laid down by Gibbs in the 19th century and later ς 

based on his works ς /b¢ ǿŀǎ ŜǎǘŀōƭƛǎƘŜŘ ōȅ .ŜŎƪŜǊΣ ±ƻƭƳŜǊΣ ²ŜōŜǊΣ 5ǀǊƛƴƎ ŀƴŘ ½ŜƭŘƻǾƛŎƘΦ 

[137][138][139] The nuclei of the forming phase can be considered as density fluctuations or small 

ƳƻƭŜŎǳƭŀǊ ŀƎƎǊŜƎŀǘŜǎΦ 5Ŝƴǎƛǘȅ ŦƭǳŎǘǳŀǘƛƻƴǎ ŀǇǇŜŀǊ ƛƴ αǳƴŘŜǊ-saturŀǘŜŘέ ǎƻƭǳǘƛƻƴǎ ŀǎ ǿŜƭƭΣ ƘƻǿŜǾŜǊΣ 

the small aggregates re-dissolve immediately. Even in supersaturated solutions the appearance of 

nuclei is an unlikely process that can take very long times. This can be explained by the initial Gibbs 

free energy increase of growing nuclei associated with the appearance of new surfaces. The Gibbs free 
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energy change can be described for spherical nucleating particles with r radius with the following 

equation: 
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, where ˄  is the volume of the solute molecule, kB is the Boltzmann constant, T is absolute temperature, 

c is molar concentration of the solute, S0 is thermodynamic solubility and sl is the interfacial tension 

at the solid-liquid interface. Deriving Equation 4 and solving it for dG/dr = 0 yields the Kelvin equation: 
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If free energy change (ɲG) is plotted against nucleus size (r), we can observe a maximum on the curve. 

This maximum yields the critical nucleus size (r*) and the free energy barrier that is to be overcome 

for stable nuclei to form. If r < r*, the clusters will probably dissolve even in supersaturated systems as 

the increase in interfacial energy is higher than the energy win associated with the volume of the 

forming new phase. (Equation 4, Figure 3) 

 

Figure 3. Free energy change during nucleation 

Once a nucleus reaches the critical radius, further growth is thermodynamically favorable. Critical 

nucleus size varies significantly from a few molecules to a few thousand molecules in general. 

However, extreme cases may differ from this generalization, e.g. certain barium salt crystallization 

processes have up to a million ions in the critical nucleus. [140] The factors influencing it are the 

material itself, the level of supersaturation and several other factors. The structure of the assembly of 

molecules known as nucleus is approximated as spherical in CNT. In reality due to the scale and 

rapidness of the process it is extremely difficult to observe nucleation experimentally, the exact 

structure of the nucleus is usually unknown. CNT also assumes that nuclei are perfect, albeit tiny 

versions of the crystals. The nucleation rate can be given by the following equation: 
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, where D is the diffusion coefficient. JCNT gives the number of particles formed in unit time in unit 

volume. [141][142] Equation 6 can be simplified to the following form: 
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Equation 7 is plotted on Figure 4 with the assumptions that A, B and S0 = 1. Obviously ς after some 

induction period ς with higher levels of supersaturation the rate of nucleation increases rapidly. It can 

also be concluded that low supersaturations may yield extremely low nucleation rate. We can define 

a concentration range in which no crystallization occurs in a given time despite of the supersaturation 

of the solute. This is called the metastable zone, that varies significantly for different materials. As an 

illustrative example ς based on the calculations of Volmer ς the appearance of ice crystals in 

undercooled water may take up to 1062 years. [138] Equation 6 also shows that the nucleation rate 

depends strongly on the solid-liquid interfacial tension. 

 

Figure 4. Nucleation rate plotted versus supersaturation. The insert shows the nucleation rate at very 

low supersaturations.  (Notes: level of supersaturation > 1; A, B, S0 = 1 in Equation 7) 

In general, nucleation has a huge impact on product quality aspects, e.g. particle size distribution, 

particle shape and polymorphism. Nucleation may occur spontaneously in the bulk phase or can 

happen at certain surfaces, e.g. on vessel walls and foreign particles. We call these phenomena 
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homogenous and heterogenous nucleation, respectively. Heterogenous nucleation is associated with 

lower free energy barrier; therefore, it is a much more probable and faster process.  We have to note, 

that it is not always possible to determine whether a system nucleated homogenously or 

heterogeneously, but larger scale crystallization processes are almost exclusively heterogenous. We 

have to distinguish one more type of nucleation which is secondary nucleation. By definition secondary 

nucleation is a heterogenous nucleation that occurs only when the crystals of the material being 

crystallized are present in the system. These seed crystals enhance the rate of nucleation by stabilizing 

the aggregating clusters with van der Waals forces. [143] The method is widely used in industrial 

crystallization processes. 

When compared to nucleation, crystal growth is a much better described and understood 

phenomenon. Crystal growth means the attachment of molecules from the supersaturated solution 

phase to the nuclei formed previously. The mechanism is identical to dissolution, although in the 

opposite direction. Crystal growth can be limited either by the diffusion of molecules from the solution 

phase to the growing crystal surface or by the attachment of molecules to the crystal. Besides material 

ǇǊƻǇŜǊǘƛŜǎΣ ŜȄǘŜǊƴŀƭ ŦŀŎǘƻǊǎ όǘŜƳǇŜǊŀǘǳǊŜΣ ǎǳǇŜǊǎŀǘǳǊŀǘƛƻƴΣ ǎƻƭǾŜƴǘ ǎȅǎǘŜƳΣ ŜǘŎΧύ ŀƭǎƻ ŀŦŦŜŎǘ ǘƘŜ ǘȅǇŜ 

of interactions at the solid-liquid interface, therefore altering the rate of growth. [144] Surfactants and 

polymer additives that have less profound and only indirect effect on nucleation (with the alteration 

of supersaturation and interfacial tension) can greatly influence ς usually hinder ς crystal growth. [145] 

2.6.1.2. Limitations of classical nucleation theory 

The simplifying assumptions in CNT that may cause discrepancies between experimental and 

calculated data are listed below: 

- The nucleus has identical structure and properties when compared to the bulk crystalline 

phase. Numerous experimental observations contradict this assumption. As seen earlier, at 

high supersaturations the critical nucleus size decreases. Obviously, the properties of a tiny 

molecule cluster or an oligomer of molecules cannot resemble that of the bulk crystalline 

phase. 

- The nucleus is spherical. It was shown in the crystallization of salt that the NaCl nucleus is 

cubic. [140] 

- The interface between the nucleus and the solution is a solid boundary and is planar without 

regard to critical nucleus size. This is known as the capillary approximation and is thought to 

be the crux of CNT. [146] 
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- The species attaching to or dispatching from a cluster is a single molecule and the number of 

cluster-cluster attachment or disintegration is negligible and can be excluded from calculations 

and theoretical considerations. This is called the Szilard assumption. At high supersaturations 

the density of precritical nuclei (nuclei under the critical radius) will be very high and cluster-

cluster interactions have to play an important role. [147] 

Despite of the inherent limitations of CNT and the several modifications and extensions proposed, 

numerous crystallization events fit well into the theory and CNT is still widely accepted and used in the 

21th century. [148][149][150][151] 

2.6.1.3. hǎǘǿŀƭŘΩǎ Ǌǳle of stages 

hǎǘǿŀƭŘΩǎ ǊǳƭŜ ƻŦ ǎǘŀƎŜǎ ƛǎ ƴƻǘ ŀ ǎǘǊƛŎǘ ǘƘŜǊƳƻŘȅƴŀƳƛŎ ƭŀǿΣ ǊŀǘƘŜǊ ŀ ŎƻƴƧŜŎǘǳǊŜΦ Lǘ ǎǘŀǘŜǎ ǘƘŀǘ ǘƘŜ ŦƛǊǎǘ 

phase nucleating will be the least thermodynamically stable one. The conjecture is supported by a 

plethora of experimental results, first observed by Ostwald in the late 19th century. [152][153] The 

phenomenon is the most obvious in highly supersaturated solutions, in which usually amorphous 

precipitates or higher energy polymorphs form first. Later these phases may recrystallize to the 

thermodynamically stable form.  Although no sound thermodynamic background has been established 

and there are several papers disproving the rule of stages, it is still considered valid, especially in 

industrial precipitation processes. [154] From CNT perspective, the nucleation of higher energy 

polymorphs is associated with lower critical free energy barrier, therefore resulting in faster nucleation 

of the polymorph.  

Controlled precipitation is usually performed at extreme supersaturations. Experimental results fit well 

into the rule of stages: in most cases amorphous (the least thermodynamically stable) product is 

obtained. 

2.6.1.4. Non-classical nucleation 

It was shown that CNT carries over-simplified assumptions and inherent limitations. The nucleation 

and growth rate of some crystallization processes deviate from CNT significantly. Up to ten orders of 

magnitude difference was observed between experimental nucleation rate of lysozyme and 

calculations based on CNT. [155] 

Non-classical nucleation theories hypothesize the existence of a cluster rich in solute before the 

formation of a nucleus. This intermediate cluster is usually termed dense liquid cluster, dense liquid 

phase or pre-nucleation cluster. In this dense liquid phase, the molecules assemble to an amorphous 

cluster that in turn aggregates and/or crystallizes if no stabilizing agents are present. [156][157] 
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Investigation of the pre-nucleation clusters is very difficult, only a few analytical techniques, like cryo-

TEM, SAXS and analytical ultracentrifuge are available. Several research groups managed to present 

solid evidence of pre-nucleation clusters with diameters of a few nanometer for calcium carbonate 

and other minerals and some small organic molecules. [158][159][160] It was proven that the 

crystallization of colloidal systems and larger organic molecules can also deviate from CNT and follow 

the pre-nucleation pathway. [155] 

2.6.1.5. Spinodal decomposition 

Spinodal decomposition gives a third possible mechanism for nucleation besides classical and non-

classical theories. Spinodal decomposition is associated with practically zero energy barrier and the 

rate of the process is governed by diffusional growth of concentration fluctuations. With CNT wording, 

the size of the critical nucleus can even be one molecule; each and every collision of the molecules will 

lead to aggregation and nuclei appear spontaneously throughout the system. 

Depending on the level of supersaturation in a system given, both nucleation and spinodal 

decomposition may occur. At lower supersaturations nucleation is preferred while spinodal 

decomposition may occur at extreme supersaturations. [161] However, a system has to pass the 

metastable zone without nucleation (as described by either the classical or non-classical nucleation 

theories). Numerical interpretation of spinodal decomposition may be described by either the Cahn-

Hilliard equation or the Smoluchewski equation that are detailed in the literature. [162][163] Recently 

a research group suggested that the particle size distribution of polymer nanoparticles prepared by 

antisolvent precipitation is determined during the spinodal decomposition stage. [164] The spinodal 

decomposition transitions with decreasing supersaturations to crystal growth and Ostwald ripening. 

Figure 5 summarizes the three nucleation mechanisms described above.  
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Figure 5. Schematics of the initial phase separation steps and the free energy change associated with 

the three nucleation models (based on [165]) 

2.6.1.6. Ostwald ripening 

Ostwald ripening is a phenomenon occurring in liquid and solid phase, that can be described as a shift 

towards larger particle/droplet sizes in time. [166] A system can be far from thermodynamic 

equilibrium even after the end of nucleation and crystal growth phases. Smaller particles have higher 

apparent solubility and dissolve faster that lead to supersaturated solute concentrations again. It is 

thermodynamically favored for the molecules to redeposit onto the surface of larger particles as this 

minimizes the interfacial energy. [167] Simply, large particles grow at the expanse of small particles, 

which process is called Ostwald ripening or coarsening, described by Ostwald in 1901. The 

phenomenon can be considered as a second crystal growth step, although initial crystal growth and 

Ostwald ripening usually overlap. The growth of particles can be controlled by either the diffusion of 

the molecules or the attachement to the particle surface. Ostwald ripening can be described 

numerically with equation 8: 

 Ὠ Ὠ
φτὈὛὠ

ωὙὝ
ὸ (8) 

 

, where d is the average diameter at time point t, S is dimensionless solubility (e.g. mole fraction) and 

the exponent n is 2 or 3, for attachement and diffusion controlled process, respectively. [168] Equation 
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8 is plotted on Figure 6. It can be concluded that temperature has negligible effect in case of aqueous 

solutions, decreased solid-liquid interfacial energies are preferred (e.g. with the application of 

surfactants) while the solubility of the solute molecule in the medium is critical in preventing rapid 

Ostwald ripening. It is important to note that Equation 8 is based on the Lifshitz-Slyozov-Wagner theory 

and recently more general theories and numerical descriptions were given. 

The coarsening process is prominent in particulate systems with wide or polymodal particle size 

distribution. Therefore, it is imperative to produce particulate systems with as narrow size distribution 

as possible, especially in the nano range. Similarly to crystal growth, polymers and other additives can 

greatly slow the coarsening of drug nanoparticles. [169] 
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