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Thesis findings
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water soluble active ingredients. The process was sagpefiom high throughput screening
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Related patentsVIIl X, XI

2. We identified the physicochemical reasons of theor bioavailabilityand significant food
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apparent solubility, apparent permeability and biorelevant dissolution tests.
Rdated papersil, IV
Related patentiX

3. Mathematical simulation of the absorption process showed ttait simply incrasing the
dissolutionrate 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 paperlV

4. Thein vitroresults were validated in beagle dog pharmacokinetic studibs. novel formula
showed one order of magnitude higher bioavailabilitythe fasted sate when compared to
the marketed drug producz@ G A 3 | t
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5. The advantageous properties of the novel formulation were translated fionvitro and
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1. Introduction

One of the most important propeytof a drug candidate moleculeits water solubility [1] In general,

the absorption of a poorlyvater-solubledrug from conventional final dosage forms (e.g. tablets
capsulegontaining the crystalline active ingredientinadequate This may result in the termination

of the development of an otherwise promising drug candiddités estimated that the rootause in
approximately half of the drug development failures is originafeain poor biopharmaceutical
properties including solubility2] Severatechnologies that address the issues associated with poor
solubilityhave been developed or adoptém other industriesn the recent decade$2] Abiraterone
acetae is a prime example of poorly water soluble etive pharmaceutical ingredienfThe drug
product Zytigd containing abiraterone acetatehas very low oral bioavailability and exhibits the
highest food effect of all marketed drug$3] Moreove, the interpatient variability of the
pharmacokinetic parameters of Zytigé very highmaking the maintanence dhe therapeuticAPI
concentratiors difficult. This work introduces an amorphous abiraterone acetate nanoformulation

prepared by controlled precipitation.

In the literature review theoutes available to improve the solubility and dissolution of poorly soluble
active ingredientsare reviewed with a fous onnanoprecipitation The pharmacokinetic issues
associated with abiraterone acetate are alsampiledin this section with a short summary of the

formulations available in peer reviewed journals.

The materials and methods sectidatailsthe production of the nan@morphousabiraterone acetate
formulation by controlled precipitationthe conduction of beagle dog studies attd Phasd clinical
trial. Numerous analytical methods are described as well, that were used for the characteriaéti

the novel formulation.

In the results andliscussion, the viability of the precipitation processiésnonstrated Theactive
ingredientabiraterone acetate is characterized in detail and formulation results are introddbedin

vitro advantages ofthe novel abiraterone acetate formulation are shown oviae marketed
micronized drug product andranocrystallineabiraterone acetate prepared by nanomillinghe dog
study results and ultimately, the clinical trial results are also reported in thigose(lt is to be noted
that the preclinical and clinicah vivostudies were conductetdly Aurigon Toxicoop Reasearch Center
and by Quotient Sciencesrespectively. All other research and development work was performed at

NanGenex Ing.

As closing remarkghe limitations of thenovel formulation, the future perspectives andurther

development pathsvailableare 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 dntivedient abiraterone
acetate is introducedand the pharmacokineticssues associated with the drug produ¢te G A 3 | 1
containing the active ingredientare discussedThe methods to formulate poorlywater-soluble
compounds are briefly summarized. In each sectershort abstract of abaterone acetate

formulationsreported inpeer reviewed journals and patentssing the methods given

2.1. Origins of poor water solubility

In the early 1970she introductionof carboncarbon coupling reactions (Suzuki, Hestille) enabled

the synthesis of progressively more complex and gdiplic 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 scre@irigynade possible

the test ofactive ingredients on that magnitude. From the initial 800 compound/day screening capacity
currently the large HTS laboratories are capable of screenin@d@@ompounds daily5] However,

as more and more complex and lipophimolecules were screened, the fraction of poorly water
soluble actives skyrocketeffi] Poor (water) solubility is associated with several issues throughout the
development process. Obviously, aqueous biorelevant meska inin vitroassaysre not capable of
dissolving these actives. The media are to be supplemented with ivi@@at solvent even at 5%
concentration may disrupt cell lines. Also, the active ingredient may precipitate from the medium

during tests resulting irefse negative data.

Currently33% of the drugdisted in the US Pharmacopeigee considered to be poorly water soluble.

At afirst glance this is not a huge number. Howevkwe consider the drugs in development aiine

new chemical entities, #se numbers are 75% and 90%, respectively] Most probably the issues
associated with low solubility in aqueous media will remain persistéfighly water-soluble
compounds are less likely to penetrate lipophilic membraaed to dock into hydrophobibinding
pockets ofproteins Public databases and big pharma molecule directories countain around 100 million
molecules. Based on estimations it is possible to bLi#f° organic molecules below 850 g/mol
molecular weight. Of these, 0pass the Lipinstdriteria and can be considered drige, however,

only a small fraction will be soluble in watg8][9][10] We can conclude that the need tmprovethe

solubility of lipophilic actives j{gogressivelyncreasing.

11



2.2. The BCS system

The Biopharma&eutical Classification System (BT8&ble 1) separates thechemical spacef drug
moleculegto four domainshased on tkir solubility and permeability.

Tablel. The Biopharmacetucal Classification System with examples

BCS Solubility Permeability Exanples
1 Good Good metoprolol,verapamil, diltiazem
2 Poor Good ketoconazog, gliberclamide, mefenamic acid
3 Good Poor cimetidire, captopril, acclovir
4 Poor Poor paclitaxe) furosemia

A compound is considered to have good solubilihenits maximal dose dissolves in 250 ml aqueous
buffer in the pHrange1-7.5. By definition the criterium of high permeability is the absorption of at
least85% of the dose[11] Due to the simple grouping criteria the BCS may inherently miscategorize
active ingredientskor example, carboxylic acids are usually insoluble at the acidic pH of the stomach.
However,at higher pHin the duodenum pH their solubility increases rapidly enabling absorption.
Extremely poorly soluble compounds are sometimes miscategorized as Bal&cdles, 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§82o of the drugs undealevelopment)in most casesequire

solubility enhancing formulation methods, that will beewiewed in further parts of th literature

review. For BCS 3 APIs usually permeability enhancing excipients are used in the drug product. BCS 4
actives rarely rach the market, a combination of BCS 2 and 3 formulation methods are needed for a
successfutformulation development.[12][13] The solubility of drug molecules is usually expressed in

mg/ml concentration.Table2 lists the descriptive solubility terms found in the pharmacopeias.

Table2. Solubility definitions in the pharmacopeias

Solvent needed to dissolvé g

Solubility definition Solubility (mg/ml)

material (ml)
Very soluble <1 > 1000
Freely soluble 1¢10 100¢ 1000
Soluble 10¢ 30 30¢ 100
Sparingly soluble 30¢ 100 10¢ 30
Slightly soluble 100¢ 1000 1¢10
Very slightly soluble 1000¢ 10000 01¢1
Practically insoluble > 10000 <01

12



As a rule of thumb, the lowest category contains the dringd we term goorly solubl€ Again, this
can be misleading as low solubility may not limit the dissolution and absorption of a compaiind

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

2.3. Definitions of solubilig and dissolution
2.3.1.Thermodynamic solubility

The solubility of a compound is the maximum amount that can be dissolved in unit volungiveha
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¢ depending on the temperature and pressurgis a
thermodynamic constant for a given solvestlute pair.Thermodynamic solubility is usually measured
from an agitated suspension of the active after centrifuging and filtration. The length of equilibration
can be critical athe systemhasto reach the equilibrium state. Igeneral 24 hours of equilibration at

the temperature given can be adequate. Howevawprly soluble and/or slowly dissolving materials

may need up to 72 hours.

2.3.2.Apparent solubility

Apparert 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 solubilitgt the initial measurement gats. 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 gi¢ at which the neutral speciéspresent, we

getthe 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 isdose and carriesnherent differences between kinetic solubilitieletermined in
different laboratories. In general water is added gradually to a DM®Ck solution of an active
ingredient. The precipitation of the active is monitored with turbidimetrgspite kinetic solubility
beingimprecise, it is still used as data measured in a laboragorgncan be compared to each other
and are suitable for trend analysigloreover, tte measurement is much faster thamat of intrinsic

solubilityandcan be trasferred to high throughput robots.

13



2.3.3.Effect of particle size onigbolution

Dissolution is closely related to solubility. By definition, dissolution is the material transfer between
the bulk phase and the dissolution mediysolvent phase)Dissolution rate is given by the Noyes

Whitney (or NernsBrunner equatiorr)

Qa .Y @ @)

w6 ° 0T
, Where dm/dt is the dissolution rate, A is the surface of the particles, D is the diffusion coeffient,
is the thermodynamic solubility, ¢ 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 particlagbus,with lower the particle size higher dissolution
rate is observedJsually, but not in every cadew solubility is associated with low dissolution speed,

while highly soluble compounds dissolve rapidly.

2.3.4.Effect of particle size on solubility

Besideghe dissolution rate the apparent solubility also increases with decreasing particle Elzs.
effect is negligible in systems with particle size above a few microns and is prominent in the lower
nano range. For submicron particles the Ostwlatdundlich equation gives thgparent solubility:

YUYy

1,_ =_ 2
Ok 3 2

, Where " is density Ris theuniversal gagonstant Tis temperature M is molecular weightS is the
apparent solubility for particles with r radil® is the intrinsic solubilit}¥ s isthe interfacial tension
[15] Based on Equitns(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-skim cancer diagnosed in men in the EU and US with
approximately 1 in 7 men being diagnosed with the diseadeiin lifetimes. [16][17] Localized PC has
extremely good prognosis,-year overall survival is above 99% with the standard of care therapy
consisting of surgical removal of the tumorléoted by radiation. However, roughly536 of the PC
patients is present with metastatic disease at the time of diagn¢s&[19] Treatment options for
metastatic prostate cancer (mPC) wegeand still remaing extremely limited. Consequently, the

overall survival is pootess than 30%fdhe patients are still alive 5 years after diagnofis]
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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 prate cancer (CRPC) staf#0][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 (nCRPC).

Abiraterone is an androgen synthesis inhibitor steroid used for the treatment of mCEPThe drug
product Zytigd was launched in 2011 containing the acetate ester prodrug of the active ingredient.
Abiraterone treatment in combination with the steroigrednisone significantly improved overall
survival (KaplaiMeier curve shown orrigurel), progression free survival and quality of life and

became the gold standard in this diffictit-treat patient group23][24][25][26]

Survival %)
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Figurel. KaplanMeier overall survival curve of abiraterone acetate vs pladeBd

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 gastrointelstman, in
enterocytesandin the liver into the active ingredient abiraterone. The transformation is so fast that
the circulating abiraterone acetate concentration is negligible in plasf®d] Stappaerts et al
observed, that attr the rapid ester cleavage abiraterone concentrations exceeded the thermodynamic
solubility of the compound in intestinal fluids by an order of magnitutés 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 perme§sijty.

The drug product Zytigacontains abiraterone acetate in micronized form in order to increase the
dissolutionrate (see Equation 1 in 2.3.and hence the bioavailability of the compourd@7] The
recommended dose of Zytifjas 1000 mg given as fo@50 mg tablets. The tablets are to be taken
without food to reduce the intepatient variability. However, the drug product hap to 10fold

higher exposureand up to 1#old maximalplasmaconcentration(in healthy volunteersdepending

on the fat conént 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
20aSNIER RK2dfdt S SELIRadzNE Ay TSRasBRstaRBAFIRYy a 6KSyYy
Neverthekss, i is evident that reducing or eliminating the food effect would significantly improve the
quality of life of mMCRPC patients. Moreover, an increase in bioavailability would reduce the pill burden
that in turn would improve adherence to therapy andinately 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 abiraterone or anabiraterone acetate formulation with

increased bioavailability and reduced food effect.

2.5. Advancedormulations of poorlywater-solubledrugs

We can differentiate three methods to formulate poorly soluble active ingredidfitst we can
modify the stable crystal structure of the active ingredient that is barely accessible to water molecules.
This inaldes 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 rateewkilh 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 irnpstymeer matrix

or lipid or cyclodexrin complexeare formed.It is important to notethat formulation methods may

overlap or sometimes combinations of formulation methods are used.

In most of the advancecompositiorsthe active ingredient is not in its thermodynamically stable form
and tends to crystalliz&Rapid recrystallization of amorphous and metastable crystalline materials may

disrupt development and render a product commercialbn-viable.

Although not a formulation aspect, but chemical modification, the produg approatbasvidely used
to improve the bioavailability of active ingredients with low solubility and/or permeabilgg] A
prodrug is a biologically inactive molecthat is metabolizedn vivoto the active species. It is common

that carboxylic acids are esterifigtthe prodruggets absorbed readily and with tlemzymatic cleavage
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of the ester bond the active moleculegenerated [35] An example to this is the candesartan and its
cilexetil ester.As discussed earlier, abiraterone acetate is algwaalrug with active species being
abiraterone.In the following paragraphs prodrug synthesis is not detailed; only the physicochemical

modifications of active ingredients asgimmarized

2.5.1.Crystal form modification
2.5.1.1. Salt formation

A drug molecule with ionizdé group may form a salt, a neutral species, with a suitablenterion.
Over 90% of the drug molecglbave eitheranacidic oranalkaline moiety, while in the pH rangel2
63% haeionizable groupd36][37] Otherauthorshave reported similaratios. based on the analysis
of 582 drugs, half of the molecules were bases and quarter of them acids. Amonghe rest there
were zwitterions, molecules with multiple acidic or basic groups and witbsut anionizable group.

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

In most cases the pharmaceuticaltdas 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 paohtdecreased
bitterness.[40][41] The disadvantages include lower active loading, the isagesciatedwvith new
hydrate- andsolvateformsor polymorphs of salts, increased toxicity due to altered PK profile and toxic

counterions [42][43]

Salts areusually 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 solubléh&@ather hand, counterions

YI®d aAIYATAOFydfte AyONBIasS GKS Ylaa G2 08 FRYAY
tablets as ditosylate salt hydrate form, increasing the weight of the API from 250 mg (free base) to 405

mg (hydrated salt) inree tablet.[42]

Selection of a suitable salt is not a trivial task. Overall, 112 different anions and 38 cations are available
for salt faomation, although some are extremely rarely used. 63% of salts of acidic drugs are sodium
salts while 40% of the salts of bases are hydrochlorid $adtHigh 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 gahorphism, the hygroscopicity and optimal physical

and chemical stabilityf45] To avoid the issues associated with the high number of salt polymorphs,

ionic liquid salt forms may be applied in liquid dosage forms as [@8]!.
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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 salexhiby several solid
forms andfail in sability 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 (pK = 4.81 and 5.19 for abiraterone and abiraterone acetate, respectively) in the molecules.
(See structures ifrigure7 and Figure8.) However, no peer reviewed research papers detail salts of
the active ingredients. One patent describes benzenesulforiglugnesulfonic and fumaric acid salts

of abiraerone acetate[47]

2.5.1.2. Polymorphs

Polymorph forms are different crystalline forms of a pure material, in which the pogjpiacking
polymorphism)or the confornation (conformational polymorphismdf the molecules, thus the unit
cell is different[48] The terminology in literature is chaotich@rmacopeiasategorizesolvate and
hydrate forms as polymorpheg/hile sometimes these materials are termasbseudopolymorphg49]
These designations are misleading as solvates and hydrates themselves can exhibit polymfE@hism.

Perhaps theclearestterm for solvates and hydratesould be solvatomorph

It is estimated that at least 50% of tdeug molecules exhibit polymphism.Hystorically (in the period
between 19481961) 25% of 140 compounds exhibited polymorphism as reported by McCrone,
althoughcrystallization experimentthat time did not focus on finding polymorphs. A more recent
dataset of 227 molecules froRoche 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 APls from Bayer yielded 8[4] Some state that all drug
molecules Bow polymorphism, bug most probablyg this statement does not hold. There are known
examples (e.g. simple ibuprofen, with thousands of tons being prodsasck 1969) for which
polymorphic forms remain elusivgs2] 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 examphe tipid lowering agent atorvastatcalciumhas at least 60

different polymorphs (including hydrate and solvate fornfis}]

Polymorph screening is an essential step in the estdges 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 highes
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melting point and the lowest solubility in agueous media and organic savéfttis is only true for
monotropic polymorphismfor more detailed explanatioseereferences[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 examplaracetamol has at least three distinct
crystalline forms, but only Form 1, the stable one is formulated. Form Il has higher solubility but may
recrystallize during storage or evdaringthe manufacturing of the drug product. Form Il exhibits the
higheg solubility and hence the lowest stability: this form may recrystallize to Form | in H6dg.he

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
ingredh Syd SyYyGSNBR GKS YIN]JSG Ay (GKS RNHzZA LINRRdAzOU
successfully produced. In mi®98 suddenly the batches started to faildissolution tests. XRD and
microscopic investigation revealed the existence of a new polymortthsignificantly lower solubility.

[58] In case of rotigotine thé&\PI recrystallized to farmerly unknown, more stable polymorph in the

b SdzLINR t { NI y a[BOFTNevAPEwad dbpilioel i& 2006 and 2007, in Europe and in the US,
respectively. In 208 several batchehad to be recalled as snowflaki&e crystals appeared on some
patches. The crystals contained purely rotigotine, but the new crystalline form exhibited much lower

solubility and thus skin penetratiof60]

Despite of these problemssometimes 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 3@sninut
respectively. Also, Form B hasfa8d higher solubility. This does translate to higher blood plasma API
concentrations for capsules containing Form B. Despite of the diffencesrseien the manufacturing

is still poorly regulated and both forms are usfgil][62]

The most obvious analytical technique to investigate polymorphism is powder XRD. Recent advances
made possible thaitilization of XRD in HT screenings. Also, DSC, IR and Raman spectroscopy can
complement the XRD measurements. Solid state NMR and singlalc{®b are extremely useful,

albeit difficultto-access analytical methods for studying polymorphism.

A patent reports four polymorphs of abiraterone acetaf®3] Most probably this document
erroneously introduces four flerent crystalline forms of the API. This will be investigated in section

4.2.2 in the Results and discussion.
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2.5.1.3. Pharmaceutical carystals

The naming conventiorend definitionsof co-crystals (just like in case of polymorphs) is controversial
in literature. Cocrystals can be defined as crystalline materials coseg of at least two neutral
componentsheld together by secondary interactions. Theargstalformers have to be saliat room
temperature.[64] (Therefore, solvates and hydrates can be excluded from this growziySials may
possessmproved phyisicochemical propertieextremely rarely form solvates and hydrates andyma
retain long term stabilityTo complicate thingshe belief that cecrystals rarely exhibit polymorphism
has recently been challenged, several packing and conformational polymorptisystalshave been
identified. [64][65]

As polymorphs and salts, woystals are screened with high throughput methods duehe 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

crystalsin silico However, experimental methods are still preferrégb]

Two examples of corystals are the itraconazole cocrystals with-didarboxylic acidand sildenafil
co-crystal with acetylsalycilic acid. Dissolution test®wedthat the solubility and dissolution of the
itraconazole cecrystals match that of the amorphous compound with much better physical stability.
Moreover, the cecrystal outperforme the hydrochloride salt as wel67] In case of sildenafil the €o

crystal dissolved twe as fast in simulated gastric fluid than the marketed citrate G#{.

Theoretically it is possible to synthetise aagstal, in which bdt components are pharmacologically

I OGABS® hyS YI N Si S RocE&d comileSdt thedsydium Batis bfzdcubitribandi K S
valsartan, in hydrated fornwith both components being antihypertensive medicatiof@®][70] The
co-crystal approach is a relatiyenew and very promising formulation pathwdgr poorly soluble

active ingredients.

A dubious patent reports cecrystals of abiraterone acetate with various organic acids, including
ascorbic acid, citric acid and vanillic a¢fd.] Although it is difficult to judge whether true erystals

or simple salts are described in the document.

2.5.1.4. Amorphous forms

Amorphous forms are characterized by the absence of-tange three-dimensional order. As no
crystal lattice exists,rmorphous forms cannot be categorized as polymorigough some sources
mistakenly list them as polymorph$he advantages and disadvantages shown for polymorphs are

even more prominent for amorphous materials. Amorphous active ingredients may exhgbliy va
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superior solubility, dissolution rate and bioavailability compared to crystalline forms. Theoretical
calculations yielded that amorphous forms may have 08 increased apparent solubility
compared to the thermodynamically favoured crystfd2] However, amgphous materials may
recrystallize in very short time scales or cannot be prepaitealfor certain compoundsAmorphous

forms can becharacterized with the same analytical methods as polymorphs.

Distinct amorphous formsay existwith different physicochemical properties. The phenomenon is
calledpolyamorphism[73] For the active ingredient valsartan at least two different amorphous forms

have been identified[74] Some otherauthors argue that one should use the e apparent
polyamorphism aglifferent amorphous formsnay not exist, we only lack the tis to identify tiny

crystak close to the size of the critical nudlsee insection 2.6.1.t Ay GKS Y2NB 2NRSNBF
T 2 N)78] The literature of polyamorphism is incomplete and it is difficult to judge whether
polyamorphism in drudike molecules truly exigtas it is proven for wateg or we can only talk about
GO390 NE (QeEradlfao

Stability tests are imperative in case of amorphous drug products. Ideally stalulityl Wwe 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 ntoaiedl is

most probably will be; elusive. Sti, 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
LRAYG 10620S wnnc/ T GKS NIGA2 27F YSt GAdyvaterl yR 3t
solubility above 0.01 mg/m[77] 1t was also shown that the enthalpy of fusion of a congbuoarrelates

negatively with amorphous state stabilify.8]

DSC is anxeeptionally 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 greHrn ¢ /2. [Sdmetines ta

be onthe safe sidegicp nc/ &0 2 NI 3 SreddbrBmehdSoNd- alistiri®vith /5@ structurally
diverse compoundsg[together with molecular weight) correctly predicted the long term stability for
78% of the molecule479] Moreover, in another study for an amorphous BCS 2 drug formulation

stability data could be extrapolated up to 15 months using8D]

Kauzmanremperature (%) is the temperature under which the molecular mobility is negligible.
Obivously, if the storage temperature rains below i, recrystallization can theoretically be excluded.
T« can be calculated using the equation below, that may yield better stability predictions than the

empirical recommendations above:
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Y ¢ K S\hEhe gnthalpy of fusion and K is a constant calculated from heat cap&diy.

Even if an amorphous formulation is not commercially viable, one such composition can be suitable
for toxicology studies in early drug development stadgEsr toxicology studies extremely high drug

exposure is desired that may noé achieved by crystalline formulatiops.

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 Pdragéd

trials. Phasdll trials were initiated with a reformulated, crystalline calcium S&2]

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

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 ad different solid dispegions that are summated in the following sections.

With regard to abiraterone and the acetate ester prodrugiyclodextrin 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 compound$83] Kim et al prepared a lipid based formulation for
abiraterone, although nin vivotests were performed84] A clinical study conducted with abiraterone
acetate in an olive oil based formuia yielded 4.50old higher bioavailability when compared to the
standard drug producf28] For unknown reasons the originator did not pursue the development of
this formula.No abiraterone or abiraterone acetasamorphous solid dipersions (prepared by either
spray drying, spray chilling, melt extrusion, electrospinning orratiethods)are reported in research

papers or patents

2.5.2.1. Cyclodextrin complexes

Cyclodextrines are cyclic oligosaccharidegclodextrines that are found in natuaed are important

FT2NJ 0KS LIKENNI Ay Rdza ( NB3 t B20R0L08ANI yaRAAESS  daySAGABEy>  20NK + SIA
1-cyclodextrins, respectively85] The ringforms atruncated cone that is hydrophylic outwardsile

tKS L1201 S0 Aa «KeyR®ddiizidale Gaely sokide inwater while the solubility of

I -cyclodextrin is only 18 mg/ml. Paradoxically, adding hydrophobic substituentyclodextrins

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 molec@ksarly the water insoluble
materials are not covalently bound; the complexedlatules and the ones in solution are in dynamic
equilibrium. Cyclodextrineffer favourable oral and parenteral toxicity profile, may increase the
bioavailability of poorly soluble active ingredients, mask the bitter taste of APIs and incredse the
chemtal 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,, ilow
Hpncl/ X &1 GSNJ &a2f dzoAf A (& ensef fingssandvamolétdac Weight betwBen d ( K I
100-400 g/mol have higher probability of benefiting from cyclodextrin complexaf®f]. There is no
theoretical limitation of using larger cyclodeixis, 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 literatuf88] 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 mesteroidal antiinflammatory drugs were formulated with cyclodextrins.
Itraconazole is soluble up to 10 mg/ml in aqueous solution containing /A®ahydroxypropyl -
cyclodextrin, which represents six orders of magnitude increase in solul@@fbue to the large scale
commercialization and efficacy of functionalized cyclodextrins as of 2018 mor&@hawarketed drug

products contain this excipienf90]

2.5.2.2. Self emulsifying systems

Self emulsifyinglrug delivery systems (SEDDS) are the mixtures of g, lfpidactants and optionally
co-solvents that can dissolve pooryater-solubleactive 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 develogéd] Upon dissolution intte 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 andnhighly viscous and SEDDS can further improve the bioavailability when

compared to other formulation method$92][93]

The utility of SEDDS is not limited to BCS 2eoubés. 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 inhibigligcoprotein efflux pumps and

cytochrome enzymes, thaontribute to the transport into the extracellular space and metabolism of
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actives, respectively[94] { 2YS RNHZA&X Ay Of dzZRAy3a OeOf2alLR2NAyYy !
FSY2FAONIrGS o6CSy231Fft03X ANILINIFHYIEINGI &S IIE A AdyER 20Y2S
AOdzLINRFSY 6{ 2t dzZFSyt0 YR Aa20NBlGAYy2Ay o! OO0dzit yS

systems in either soft or hard gelatin capsules.

2.5.2.3. Solid dispersions

Historically, the term solid dispersion wasedfor drugsdisper®d in a solid matrixwith the matrix
being either small molecule or macromolecuRecently the term is mainly used for medtmponent
systems omposed of a polymer (that act as a solvent) and a drug (that is the sotdsjetimes
contaning other components, mainly surfactantsldeally, a single, homogenous and
thermodynamically stable phas@ solid solutionis obtained, the active ingredient is molecularly
dispersed in the matrix. However, this can only be true if the drug conterglisabthe equilibrium
solubility in the matrix (or the system is kinetically stablé&) real systems high drug loadings are
preferred and the active ingredient is usually supersaturatéthse separation may occuven
immediately after production, leadingp drug rich domains (that can be either amorphous or

crystalline) [95] Schematics of these structures are shownFogure2.

Figure2. Solid dispersion structure#, solid solutionB, crystalline drug rich domains C, amorphous
drug rich domains (based ¢85])

Several methods are available to produce solid dispersions that are briefly introduced below. Usually
(KS LINPLISNIASAE 2F GKS | OGAGS Ay 3 NBdhedofyier dsac f dzo A ¢
determine which formulation method will bapplicable.The longterm stability of solid dispersions

(as amorphous material§ critical, guidances arsbmeliterature references have already been given

in paragraph A.1.4 for amorphous active ingredients

Someamorphoussolid dispersions have already been commercialized, examples include tacrolimus
GAGK lta/ O6tNRPINIFtIT &LINI & RNEAY3I YSGK2ROX f 2LA
SEGNHzAAZ2Y V0T ADLEOIFTGE2N 6AGK Ital/!K BivafeRSOREEO0 AN
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2.5.2.3.1. Spray drying

Spray drying is a simple method for the production of amorphous solid dispersions. The activ
ingredient and the excipients (usually polymers and/or surfactants) are dissolvegh iargani¢
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 sttute of a single phase (the active is
molecularly dispersed) or dried particles that are phase separated (the aogredientprecipitated
during drying and formed particlegR6] The excipients can hinder the aggregation and crystallization

of the active ingredient.

Spray drying method uses a wktiown technology applied for decades in phaoeatical applications

and a solid productan 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 shoulctsoluble in the same solvent, however, spray drying can be applied even
if no common solvent is found97] All components have to withstand the temperatures inside the

drying chamber, they should not decompose and should not melt or become {a8ky.

2.5.2.3.2. Hot melt extrusion

The pharmaceutical industry borrowed tht melt extrusion (HME)echnology from the plastic,
rubber andfood industries. During the melt extrusigmocess the blend of an active and a polymer
and/or surfactant is fed into a heated barr@lhe basic extruder for pharma applications has twin
screw setup, whicforward the blend throughout thheatedbarrel where (at least) the polymer melts
and the canponentsget homogenized. Melting of the active ingredient is advantageous, but not
essential as the active can dissolve in the polymer melt as [@8]l.The material leaving the barrel
c2fa YR a2t ARATASA NILAREf& FyR OFy 68 TFdzNIKSNJI |
can be incorporated into polymer or lipid matrices with this methfd0] Interestingly, HME was
applied first to disperse water soluble APIs in wéatsoluble polymers, thus creating sustained release
products. In the recent years HME became the most important tool in preparing advanced
formulations of poorly soluble active ingredienf$01] The polymer Soluplus was designed especially

for melt extrusion applications by BASHichalso shows the growing importance of HME.

HME offers extremelyigh productivity in continuous mode without the use of solvefggvarying

process paramteres (temperature, residence time, screw configuration) and polymers both
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amorphous or microcrystalline products can be develop&d?2]In general, the method is disabled for
KSIG aSyaadaradS YFGSNAILIfa a G0KS LRf@YSNAR O2YY2yf

melt. Also, clearing of the instrumeand maintenancés cumbersome.

2.5.2.3.3. Electrospinning

Electrospiming 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) so@peosite the needle a grounded
metal plate is placed. Due to the high voltage the liquid gets charged and when the electrostatic
repulsive force overcomedhé surface tension a filamenashes towards the collector plate. The
solvent rapidly evaporates fro 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 feedaathe temperature and the diance betweea the

needle and collectof103]

Eledrospinning is a fast and continuous method requiring a very simple instrunegeneral, the
process can incorporate APIls in amorphous state into the filpE@4] Electrospun fiers containig
spironolactone in the amorphous form outperformed the crystalline material in dissolution tests while
a flubendazole formulation proved to be superioriimvitro and rat PK studies over the reference
compound. [105][106] With changing the fiber matrix eitleburst release or sustained release
products can be formulated[107] Recently advances have been made in the sopleand

reproducibility of the proces$108]

Electrospinning is used within the pharma industry for filtration applications, the production of
bandages and immediate or sustained release drug formulatifif@2][110] As of 2018 no drug
products produced by electrospinning has been marketed, however, the field advances rapidly as a

relatively new ad promising formulation method.

2.5.3.Particle size decreasing technologies
2.5.3.1. Milling technologies

During millig processes higher surface area is created by investing mechanical energy. The drug
particles collide with each other and the wall of the instrumant thus crumbleThe energy of the
collisionsmay disrupt the crystal lattice of the materials. eFbfore, 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 fevrtkiream processing and stabylit
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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 syjdtehjs.

Micronization is the reduction of the average particle size of powders to the micrometer range. In
pharma applications micronized poR SNE KI @S LI NI A Of S & fi2FordzgsR S NI H n
BCS 2 molecules this stepperformed after synthesis and all vitro andin vivotests are performed

with the micronized drug. However, the increased rate of dissolution associated with micronization
might be insufficient for ertain APIs. These require increase in apparent solubility as well, thus,
particle size is to be reduced to the nano range as discussed in paragraptivEcBonization is usually

run in jet millsn whichparticle size can be reduced te5n kY @ etsiisSin dsBeiid step in drug
development despite of the fact that the particle size distribution, the morphology and shape of the

particles is difficult to contro[113]

Particle size can further be reducetith wet media milling usually a suspension of the drug and

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

nanomilling as particle size can be decreasesvn to 100 nm. The excipients play a key role in
preventing the ggregatiorand/or Ostwald ripeningseein section 2.6.1.%of the nanoparticleg114]

Nanomilling has seval important process paramteres (milling time, size and material of beads, bead
f2FRAY3IS FIAAGFIGAZ2Yy AaLISSRY SEOALASYG |Y2dzyix SGOX
technology is capable of creating nanoformulations of a plethora ofsiwith improved bioavailability

without hazardous dust formation, the process is timad energyconsuming and costly115] Also,

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

product asmpurity posing health issues.

Despite of the general disadvantages of nanomilling a éemmercializeddrug products contain
yIEy20NERaGrttAyYS YFGSNRAFfAa LINBLINBR o0& ¢SS0 YA A
FSY2FAONI GS OCNAR/ 2NX 03X YSISaldNRt OSGFGS o60aS3al OS
well known exampleq116] For aprepitant nanomilling increased the bioavailability of the drug-by

fold in beagle dogs in the fasted staaed enable administration regdless of food intakg117]

As reviewedearlier %@ GA3IFt O2y il Aya YA OMR yiridalStials vaeh NI G SN
conducted with an abiraterone acetate composition havfagher 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 10003 %@ [L18]JA19Irdsummer 2018 the drug product Yohseas

I LILINE SR O2y Gl AyAy3a (GKA& GdzZ NI YAONRYT ASRé F2NXY

the bioavailability of the active ingredient in the fasted state when compared with Zyfiz0] Based
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on the patent submitted by the research group, the #lalue ofthe particle size distribution of

abiraterone acetate is below 1000 nm and the active ingredient is crystglliaE]

Although his work focuses orthe development and evaluation of a naamorphous abiraterone
acetate formulationprepared by controlled precipitation, we have also produced a nanomilled

formulation that was used fan vitrotests and absorption modelling.

2.5.3.2. High pressuréhomogenization

High pressure homogenization (HPHamsalternative technology of nanomilling for the preparation
of drug nanocrystalDuring high pressure homogenization a suspengaremulsion)of the active
ingredient (again, containing excipients agll) is pumped througta bottleneck at high velocity.
Cavitation (and to certain extentjollision 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 significantly122] 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 wer@oducedby HPH at 1500 bar with 2D homogenisation cyclefd.23]

2.6. Controlled precipitation

In contrast to the topdown technologies (milling, HPHpntrolled 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 nanoprecipitatidming controlled
precipitation the core material &ctive ingredient is dissolved in avater miscibleorganic solvent
together with(usually block copolymeexcipients and an antisolvent is added rapidly. In case of poorly
water-soluble APIs the antisolvent igenerallywater. As the equilibrium solubility of the solute
decreases in the new medium, it getsupersaturated and precipitageout of solution. The
supersaturated API and the stabilizers assemble in diffusion limited aggrega#dhOne mighthink

of the nanoprecipitationas a common solvent exchange crystallization with extreme process
parameters (e.g. mixing time, supersaturatiofpe theoretich background othe appearance of a

new phase in a supersaturated syst&iscusseth section2.6.1.

Optimally, the excipientspeferably amphiphilidJ2 f @ YSNE = & dzhdpliedpieventthd = S G O X

growth of macroscopic crystalnd a cdloidal suspension is produce@he precipitation process is
fast, nanoparticles are usually formed in th@-millisecondtime scale. Thereforeextremely fast
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mixing is desiredb obtainhomogenous supersaturatiofand hence narrow particle size distrilomr)
throughout the system[124] Usually nanoprecipitédn processes yield particles with s@b0 nm

average particle siz¢l24]

The nanosuspensions formed are not thermodynamically stabladst of the casesand Ostwald
ripening will occur (se@ section 2.6.1.% therefore, solidification is desired. Regular technologies,
e.g. lyophilization or spray dryingeaavailable to create solid formulations of the precipitated colloids

enabling the development of solid dosage forms and greatly increasing the stabitBy126]127]

Two main parameters, assuming instntaneous mixingand excluding inherent physicochemical
properties of the core material and the polymeg that influence the particle size for a given API
stabilizer pair are the ratio of the two components and tb&l concentration of the solids in thiéuid.

[124] Other mrameters influencing th@rocess ee 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 rate and the geometry of the mixeDepending on these factorsualy
spherical, amorphous particles aregenerated, 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 multfaced particles) caralso be synthetized with different block

copolymers[131]

The echnology is advantageous as it does not require an expensive instrupregess scalap is
very simpleand theprecipitationis performed at ambient temperature and pressukéoreover, it was
proven that precipitated nanoparticles of cyclosporine A aufprmedeventhe amorphougeference
material in dissolution tests and rat studi¢k26] However for certain APIs (e.g. with logP < 6) Ostwald
ripening is prominent and very high polymer:API ratios have to be used.délsending on the solid
content of the suspensions produced, lyophilization or spray dryindpedong and energy consuming

rendering a promising formulation industrially unviable

Interestingly, hydrophilic drugs hawaso been formulated with controlled precipitation to obtain
sustain release drug product$132][133] Moreover, hydrophilic macromolecules can also be

encapsulated using nanoprecipitatidi34]

Despite of its simplicity only one commercialized drug product has been formulated with precipitation:
the active ingredientdS Y dz2NIF FSY Ao 0%St 02N Ft0 gl & O2LINBOALR
increasing the exposure in humans fiedd when compared to the crystalline drug.35] Also, a
nanoprecipitated aprepitant formulation proved to be equivalent of the marketed nanocrystalline
drug productd Y S y/[R36]
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As stated earlierone mustkeep in mindhat the grouping of the advanced technologies shawthe
previous sectiongs arbitrary and the boundaries between certain definitions are blurred. One can
consider a nanomilled or nanoprecipitated formulation in aypeér matrix a solid dispersiodlsg
multiple formulation method described above can bembined, for example amorphous salt forms

with particle size in the nano range can be prepare@ lgyhigh pressure homogenization

2.6.1.Theoretical background of precipitation

As introducedearlier, controlled precipitation relies on the rapid supersaturatioh the active
ingredient in solution by the addition of an antisolvent. This can be considered as an antisolvent
cerystallizatiod process at extreme supersaturation that leads ¢oin the majority of caseg
amorphous precipitateln generalcrystallization involves three steps that are the supersaturation of
the system, followed by nucleation and crystal growth. case of controlled precipitation
supersaturation is achieved by an antisolvent, but at first approach the principles goverming th
formation of the new phase are identical regardless of the process pushing out the system from
equilibrium.The processs described by the classical nucleation theory (CNT). To mend its limitations
and better match the experimental results, differenttemxsions and modifications of CNT were
published. In the recent years the nafassical nucleation theory was introduced. In the following

sectiors these theories are reviewed briefly.

2.6.1.1. Classical nucleation theory

According to the classical nucleation thigdhe 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 niticléng

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 ingrediememainssupersatirated in the liquid phase.

The thermodynamic background of nucleation was laid down by Gibbs in theet@ury and later

based on his workg / b¢ ¢l a SaidlofAaKSR o6& .SOISNE =+2fYS
[137][138][139] The nuclei of the forming phase can be considered as density fluctuations or small
Y2fSOdzf I NJ F 33I3NB3IAFiSad 5Sysawfi d SRE dzZ@2dzdzli A2y & I BILIS
the small aggregates +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 th&ibtital

free energy increasef growing nuclei associated with the appearance of new surfacesGilisree
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energy change can be described for spherical nucleating particles with r radius with the following

equation:

- T 1. . . Q .
Yo -=-“—10Q "YCX:%) T“1 » 4)
o
, WhereAis the volume of the solute molecule;ik the Boltzmann constant, T is absolute temperature,
c is molar concentration of the solute; iS thermodynamic solubility ands is the interfacial tension

at the solidliquid interface.DerivingEquation4 andsolving it for dG/dr = 0 yields the Kelvin equation:

sz Qe
l _—
QYo )
If free energy changeG) is plotted against nucleus size (r), we can observe a maximum on the curve.
This maximum vyields the critical nucleus size (r*) and the dresrgy 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 newphase. (Equation 4&igure3)

volume
energy ~ 1’

Figure3. Free energy change during nucleation

Once a nucleus reaches the critical radius, further growttnermodynamically favorable. Critical
nucleus size varies significantly from a few molecules to a few thousand molecules in general.
However, extreme cases may differ from this generalizatiog, eertain barium salt crystallization
processes have up to a million ions in the critical nuclgl40] The factors influencing it are the
material itself, the level of supersaturation and several other factdis.skructure 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 isswally 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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por 3
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, Where D is thaliffusion coefficient. chrgives the number of particles formed in unit time in unit

volume.[141][142] Equation 6 can be simplified to the following form:

, O, ~0n —
v 5w Q 0
a

-<°f’;¢:\

Equation 7 is plotted ofrigure4 with the assumptios that A, B ands = 1. Obviously, after some
induction periodg with higher levels of supersaturation the rate of nucleation increases rapidly. It can
also be concludedhat 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 sigmiifidar different materials. As an
illustrative example¢ based on the calculations of Volmerthe appearance of ice crystals in
undercooled water may take up to ¥0years.[138] Equation 6 also shows that the nucleation rate

depends strongly on the solidjuid interfacial tension.
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Figure4. Nucleation rate plotted versus supersaturation. The insert shows the nucleation rate at very

low supersaturatios. (Notes: level of supersaturation > 1; A, 85 $in Equation ¥

In general, nucleation has huge impact on product quality aspects, e.g. particle size distribution,
particle shape and polymorphism. Nucleation may occur spontaneously in the bulk phazan

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 ragrobable 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 distinguislone 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 tlod matdeation by stabilizing

the aggregating clusters with van der Waals ford&43] The method is widely used in industrial

crystallization processes.

When compared to nucleation, crystal growth is a much better described and understood
phenomenon. Crystal growtimeans the attachment of molecules from the supersaturasetution

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 moleculestfre solution

phase to the growing crystal surface or by the attachment of molecules to the crystal. Besides material
LINELISNIIASas SEGSNYyFE Tl OG2NB 6GSYLISNI GdzNB3 & dzLIS N
of interactions at the solidiquid interface, therefore altering the rate of growtfi.44] Surfactants and

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

of supersaturation and interfacial tension) can greatly influeqasuallyhinder ¢ crystal growth[145]

2.6.1.2. Limitations of classical nucleatiohgory

The simplifying assumptions in CNT that may cause discrepancies beexpenimental and

calculated data are listed below:

- The nucleus has identical structure and properties when compared to the bulk crystalline
phase. Numerous experimental obsereais 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 nucleuss 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 nucleusize. This is known as the capillary approximation and is thought to
be the crux of CNT146]
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- The species attaching to or dispatching from a cluster is a single molecule and the number of
clustercluster attachment or disintegration is negligible and can be excluded from calculations
and theoretical considerations. This idled the Szilard assumption. At high supersaturations
the density of precritical nuclénuclei under the critical radiusyill be very high and cluster

cluster interactions have to play an important rol&47]

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

2.6.1.3.h &4 G ¢ | fe BfQtagesNHz
hadeglfRQa NMzZA S 2F adF3Sa Aa y2d I adNAROG GKSN¥2F
phase nucleating will be the least thermodynamically stable one. The conjecture is supported by a
plethora of experimental results, firstbserved by Ostwald in the late t@entury.[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 formAlthough 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 processe$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 polymaph.

Controlled precipitation is usually performed at extreme supersaturatiBxgerimental 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 ow@mplified 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 experimentaicleation rate of lysozyme and

calculations based on CNI55]

Non-classical nucleation theories hypothesize the existence of a cluster ricHuite dmefore the
formation of a nucleus. This intermediate cluster is usually termed dense liquid cluster, dense liquid
phase or prenucleation cluster. In this dense liquid phase, the molecules assemble to an amorphous
cluster that in turn aggregassand/or crystallize if no stabilizing agents are presefit56][157]
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Investigation of the prenucleation clusters is very difficult, only a few analytical techniques, like cryo
TEM, SAXS and analytical ultracentrifuge are avail8saleeral research groups managed to present
solid evidence of praucleation clusters with diameters of a few nanometer for calcium carbonate
and other minerals and some small organic molecu[@58]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 practreath 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 aggregatin and nuclei appear spoaeously throughout the system.

Depending on the level of supersaturatioim a system givenpoth nucleation and ginodal
decomposition may occurAt lower supersaturations nucleation is preferred while spinodal
decomposition mayoccur at extreme supersaturationfl61] However, a system has to pass the
metastable zone without nucleation (as described by either the classical oclassical nucleation
theories). Numerical terpretation of spinodal decomposition may be described by either the €ahn
Hilliard equatioror the Smoluchewski equation thate detailed in the literaturd162][163] Recently

a research group suggested that the padisize distribution of polymer nanoparticles prepared by
antisolvent precipitation is determined during the spinodal decomposition stdgel] The spinodal
decomposition transitions with decreasing supersaturations to crystal growth and Ogtiweaitdng.

Figure5 summarizes the three nucleation mechanisms described above.
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Figure5. Schematics of the initial phase separation steps and the free energy change associated with

the three nucleation models (based ¢I65])

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 tim¢l66] A system can be far from thermodynamic
equilibrium even after the endf nucleation and crystal growth phases. Smaller particles have higher
apparent ®lubility and dissolve faster that lead to supersaturated solute concentrations again. It is
thermodynamically favored for the molecul&s redeposit onto the surface dérger particles as this
minimizes the interfacial energj167] Simply, large particlegrow 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 ovleap. The growth of particles can be controlled by either the diffusion of
the molecules or the attachement to the particle surface. Ostwald ripemiag be described

numerically with equation 8:

%b (8)
w

, Where d ighe average diameter at time poinf & is dimensionless solubility (e.g. mole fractam)

the exponent nis 2 or 3, for attachement and diffusion controlled process, respecfiheByEquation
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8 is plotted onFigure6. It can be concluded that temperature has negligible effect in case of aqueous
solutions, decreased soliuid 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 LHShitwowVagner theory

and recently more general theories and numerical descriptisee 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 nastwdistribution
as possible, especially in the nano ran8imilarly to crystal growth, polymers and other additives can

greatly slow the coarsening of drug nanopartic[@69]

A, The effect of solute solubility on Ostwald ripening
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B, The effect of temperature on Ostwald ripening
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