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ABSTRACT
The aim of this study is tevaluaé the specific interactionsoplid-state and solutiorstate
interactions between drug and polymers in amorphous spray dried dispargions
evaluateghe subsequent impact on drug dissolution in4sork media This is intended
to be used as a semng tool for dosagéorm development. Formulations with specific
theoretical and observed interactions between dnaipolymer may exhibit improved
dissolutionrate increased absorption rate, increased capacity for drug loading and
improved physical sbility. Four BCS Il class drugs were evaluated: ibuprofen,
ketoprofen, nifedipine, and itraconazole. Binary and ternary spray dried dispersions were
manufactured with conventional polymers and arabinogalactan. Specific interaction
parameters betweerachdrug and polymer were determined using theoretical group
contribution calculations and DSC data. Seifdte interactions were evaluated using
modulated DSC and FTIR, and solutistate interactions were evaluated usiHgNMR.
The maximum amorphous content for each formulation was calculated from the enthalpy
of melting point peaks using DSC. Flaruggins Specific Interaction Parameters were
calculated and show that a negative specific parameter was associated watbehcre
solid-state interactions and improved capacity to contain drug in the amorphous state.
Correlations between Flofifuggins specific interaction parameter, amorphous drug
loading, and equilibrium solubility were establish&drnary spraydried disper®ns
containing drug, conventional polymer, and arabinogalactan displayed similar hydrogen
bonding as was observed with binapraydried dispersionsSolid and slution-state
interactions observed in binasystems may be incorporated into teynsystens with

arabinogalactan to both maintamorphous dig capacity and improwaissolutionrate



compared to th binary.Supersaturation of amorphous binary and ternary dispersions was
attained as compared to the crystalline dMgchanical properties of patyers as related

to dissolution rate were investigateohd ternary systems containing to rapidly swelling

and dissolving arabinogalactan had more pronounced erosion properties as compared to
binary drug: HPMC dispersionsThe resultant termgt systems aran improvement over

binary drug polymer systems.
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CHAPTER 1:INTRODUCTION

1.1 Classification of poorly soluble drugsd bioavailability

Oral bioavailability of drug substances is an ongoing challenge in drug paeledbpment.
Combinatorial chemistry and high throughput candidate screening dalarer poorly

soluble compound® be formul#ed into drug product (Dressm&10). Many of these
compounds are developed even t hysauglddrugsh ey
(Lipinski, 2001) However theseadrugs ofterrequire enabling technologies and formulation
techniquesPreclinical data is also commonly generated using drug delivery methods that are
different than the desired clinical or commercial pnégtons. For instanc@harmacokinetic

data may be generated usangoral solution, oral suspension,iatravenous presentations

and the desired dosagerfors an oral solid dosé&his predicament demands thorough
characterization of the drug substaaoel a rational approach to drug development and

analysis.

Bioavailability is defined as the systemic availability of #utivedrugmoiety. Multiple

factors contribute to thieioavailability of a drug product, such as disintegratiore, drug
dissoluton rate, drug solubility, permeability, efflux, and recycliAbsolute bioavailability

is the systemic availability of the extravascular dosage form as compared to |V, duasiciy
may be especially relevant due to the source of preclinical Rekativebioavailability isthe
availability of the novel dosage form as compared to a standard, typically commercial drug

product.This comparison is relevant to development of generic pharmaceutical products as



well as use of existing drug substances in devetpirof combination therapies for new or

existing indications.

The Biopharmaceutical Classification SystéCS)has simplified drug substances into four
categories based on aqueous solubility and permeability of human biological memasanes
displayedbelowin Table 1(Amidon, 1995)This allows pharmaceutical scientists to

categorize drug substances utilizing available in vitro tests in order to guide the drug product

development process.

Class Solubility Permeability IVIV Correlation Expectation®

I High High IVIV correlation if dissolution rate is slower that gastric emptying
rate, otherwise limited or no correlation.

11 Low High IVIV correlation expected if in vitro dissolution rate is similar to
in vive dissolution rate, unless dose is very high (see
discussion).

111 High Low Absorption (permeability) is rate determining and limited or no
IVIV correlation with dissolution rate.

v Low Low Limited or no IVIV correlation expected

* A limited correlation means that the dissolution rate while not rate controlling may be similar 1o the absorption rate and the extent of
correlation will depend on the relative rates.

Tablel: BCS Categoriegxcerpted from Amidon, 1995.

The BCS is a univsally accepted system thatuslized for guiding development
approach as well as granting of biowaivers for regulatory purdeg&ss, 2017. The
starting point for the classificati@ystemis F i ¢ kLavg askpplied to a
membrane:

O 0 6 1)

Where J is the positional and temporal drug flux through the intestinés the
membrane permeability, and,& the drug concentration at the surface of the

membraneAlong with many genetaassumptions detailed by Amidon, B assumed



to be both position and time dependastnfluenced by physiology, up and down

modulation of transporters, and changes in luminal contents, among other factors.

Ami donds model &impodanuinpensiodessdernassf t hr e
M, V,
Do = Dose Number = C
_ DC, Awr
Din = Dissolution Number = — - r “ fres
o
3 TP
= Ipey * 3DC P"'q-_; = tees | Episs
~ . Pn:'.ff -1
An = Absorption Mumber = F “Lres = Iops * Tres
tres = wR'L /| O = mean residence time.
r*ar-__ time required for a

'Diss = 3p¢. = particle of the drug to dissolve.

tuhl.'u = kuh.-. =(5/ L’J]P,:E:u' =

oy . .
2 f; = the effective absorption rate constant.

Whereby the Dose NumbeO is representative of the therapeutic dose, volume of
lumen, and solubility of the drug in intestinal fluldiissolution Number ‘O is the

time fora particle with radiusorto dissolve within an approximated volume and

residence time of the small intestine, @imsorption Numbero is the indicator of
absorption through the intestinal membrane in the same aforementioned residence time
through the small intesting@he estinated small intestine transit time of 3.32 hours is
typically used, however may be revised with discretion due to knowsssiefic

absorption (Dressman, 2010hesefactors emphasize the three parameters that are

critical to control drug dissolution aradbsorption.



Due to the regionally specific pgtadientacross the Gl tract, intraandinter-personal
variability, food effect, prevalence of ovire-counter protospump inhibitor
medicationsand other considerations, the lowest solubibifythe drugsubstance
acrosghe physiological range of 1:56.8is selectedor the drug solubility in the BCS
model The physiological range solubility accosifdr the worstcase in vivo

solubility from a pH perspectivéowever it does not account for the maikely

media which the drug will interact, i.e. gastric and intestinal fluids.

BCSClassl drugs, defined as highly soluble and highly permeabieideal for oral
formulation. Within the context of the BCS definition of solubility, these drugs are
soluble in the stomach, intestine, and colon. Once dissolved, thesdbstancevill

readily permeatéom the intestinal lumen across the basolateral memboathe

portal vein It must be noted that although the molecule will permeate across this
biologicd membrane, this does not always translate to full bioavailability due to
mechanisms such as figass metabolisnkormulation of BCSClassl drugs is in
general relatively simple. Immediate and exterd®dase dosage formsrche
formulated withcompendial anihert excipients. The primaigevelopmenactivities

are excipient compatibilitfor a chemically stable prodyaibtaining the desired

release profile for site absorption, and developing a manufacturing process that is
robust and reprodud#. The physicochemical properties of the drug substance are less
of a concern than physical properties that affect ability to manufacture drug product,
such as morphology, powder flow, and particle sTde high solubility of this class of

drug across #entire physiological range allows for more relevant comparison of
4



immediate release dosage forms usingiiro dissolution testing. Regulatory agencies
andpharmaceuticadcientiss alike agree that two formulations with comparable
dissolution profilesvill be biorelevant. Biowaivers for approval of BC3assl| drug
products are granted routindty approve generic drug products with the submission of

in-vitro data(FDA, 20179.

BCS Il drug substances are defined as having ldubgity across the physlogical
range and high permeabilitiiore specifically, for BCElassll drugsAnis high and
Dnis low. The dissolution number is determined from the unformulated drug
substanceallowing for the ability to increase the dissolution rate of the formdilate
drug product by various mearissolutioncan bedescribed byrhe Noyes Whitney
equation:

- — (2)
where— is the rate of dissolutiom, is the surface are® is the diffusion coefficient,
0 is the solubility é the drug in the dissolution mediu,is the concentration of the
drug in the dissolution medium at timeandOis the thickness of the diffusion

boundary layer (Hattori, 2012).

The most straightforwardiay to increase dissolution rate is focused on the A term of
surface area. Milling, micronizatioandnanomilling are effective ways to decrease
the particle size of drug substance, thus irgirgasurface area amssolution rate. In

some cases, this is adequate and effectiveeans of increasing bioavailability.



Several key considerations are dose humkeagglomeratiof particleswhile

processinggtorage, and dispersion of the milled particles in vivo.

A common approach tenhancinglispersion/dissolution of the oronizedparticles is
high shear ganulation with a surfactanthe presence of surfactant nraguce the
surface tension of th@edig thuswettingthe micronizeddrug substance for
dissolution This cortept is illustratedn Figure 1below, for the formulation of
granules that are compressed into tablets and the subsequent disintegration and

dissolution mechanisms when introduced to media

® g0

..: micronization

*
0o . ° RENE
0."'%0"'1{-"%" 6 &

Wetling with Rurfactam Dirug Do hatios

Iersbasmn 1o Mala

Figurel: Granule preparation for micronized drug in avalid dosage forms.

As it is apparent that some BCS Il drugs are dissolution rate depeamiecan be
formulated by the abov@eando decrease particle size of crystalline dnbereas

othersare solubility limited Due to thisadditional classification was propagper the
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Developability Classification System dlifferentiate (Dressma2010. The DCS will

be discussed later.

BCSClasslll drugs are defined as having high solubility and low permeabilgy.

with BCS | drugsthe dissolution rate and solubility of the drug substance is not a
concern with this class, however the excipient selection and dosage form selection will
be guided by the drug permeability. The main variablesniagtimpacipermeability

of drug are inteal transit time, disruption dheintestinal surfaciight junction
modulation, inhibition of efflux, athenhancement of active uptaligdanagan2019.

In order to alter the first variable of intestinal transit time, gastroretentive or
mucoadhesive dmge forms may be investigated in order to prolong the time in which
the drug is dissolving and available to peate through the intestinalembrane.
Inhibition of efflux may be approached with a short lisapprovedexcipients that are
known to increas permeability due to efflux inhibition: PEG 400, Cremophor EL,
Cremophor RH40, TPGS (Flanag&019).The dsruption of tight junctions and
intestinal surfaces to increase permeabddy beachieved with the incorporation of a
surfactant into the formation, with SLS most commonly usaifhen present in a
concentration of greater than 0.1mg/ml, SLS has been shown to disrupt the cell
monolayer and allow for enhanced permeability of several drugs #Pa8).Recent
advances ipharmaceuticstilizing polymeric nanoparticleslendrimersand
liposomescan also be effective technologies to incrgaeseneation of BCElassll|
drugs(Flanagan2019) Utilization of drugloaded polymeric nanoparticles is an

attractive option in that the polymers are fieactive and passive diffusion and the
7



nanoparticles may utilize active cellular transport systems such as endocytosis based
on their size (Dave2016. Liposomes are lipibased vesicles that encapsulate drug
within an amphiphilic lipid material that has both hydrophilic and hydrophobic
moieties such as the phospholipid bilayer in biological systems. Due to this similarity,
permeation of the liposome daming drug across the phospholipid membrane can be
enhanced by various mechanisms including adsorption, endocytosis, fusion, and lipid

transfer (Dave2016).

BCSClasslV drugs are the most challenging to develop for oral administration, as
they are bdt poorly soluble angoorly permeableThe formulation approach for BCS
IV is very much dependent on the physicochemical attributes of the molecule. Lipid
based forralationsof liposomes may be effective for drugs with a leighog

Partition coefficientlog P) or lipid solubility. In that presentation, the drug would be
dissolved in the lipid carrier, and the same lipid carrier nidgia increasng
permeability.Drugs that have limited lipid solubility but organic solvent solubiity
thermal stabilitymay be candidates for amorphous formulations utilizing the spray
drying or hot melt extrusion techniques. An amorphous fiteition may be effective
to increasdinetic solubility, and the addition of a surfactant to an oral formulation
may improve permeality. Other formulation approaches including SMEDDs,
nanocrystals, cocrystal foutation, and more for BCElasslV formulations are

detailed in the flowchart seen below in Fig@reppended from Ghad017.
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Fig. 1. BCS Class [V drugs- the inherent hurdies posed by them in their oral and per oral delivery aloag with the strategies to ovescome them.

Figure2: Overview of formulation techniques for BCS IV Drugs

The Developability Classification System (DCS) proposed by Dressman is both a
revision and extension of the BC&S notablerevisionof this systems the adjustment
of volume and media to that which appimates the small intestine. Instead of using
the previous volume of 250ml (to match a glass of water), the volume has been
increased to 500ml, the estimated volume of the smtektinalfluid. Furthermore,

instead ofeporting the lowest solubilitycross theentirephysiologicalpH range, this
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model uses the solubility of the drug substance in FaSSIF (simulated fasted intestinal
fluid). Solubility in FaSSIF is more relevant as this approximates the media in which
the drug substance will dissolve andait in vivo.Utilizing FaSSIF solubility,

intestinal volume, and estimated solubility, the DCS model uses solubility limited
absorbable dose (SLAD) to differentiate between BCS Il compounds:

YOOOY w 0 (3)

Where"Y is the estimatef the small intestine solubilityy is the intestinal fluid

volume, and) is the permeabilt dependent multiplier, set to for highly

permeable drug3he SLAD factorsplits BCS Il drugs andifferentiatesnto DCS

Classlla and llb compounds ashown below:

Dose/solubility ratio 250 300 1000 5000 10000 100000
using predicted jejunal : ‘
= solubility (e.g. FaSSIF) ! [la
= I 1 | (dissolution 11
10 ! te limite
2 1 | rate limited) |
2 Good solubil.it.y ; Good penpc:.ability,
E and permeability | poor solubility
v
§
g . b
E 1 i
o 1 (solubility
= ! limited)
S | 1
- 1
(7] L
o 1
]
3 ITI i A%
-2 1
B Good solubility, $ —t Poor solubility and
o poor permeability | permeability
0.1 "
1

Figure3: Developability Classification System

First, the increased volume and media may reclassify some drugs (such as ibuprofen)

from BCSClassll to DCSClassl, or similarly fromBCS ClasslV to DCSClasslll.
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Within the BCS Il space, the divisidoetween lla and Ilb is an important distinction as
it pertains to formulation development strategy.

DCSClassllacompoundar e 06 di s s ol inihat the equalibriem | i mi t e d
solubility of the drug substance allows for full dissolution of the target dose in the
volume of intestinafluid in thebody. The key factor is transit time of the dosage form
through the body past the site of absorption. For @B&Sslla drugs,more

conventional formulation approaches may be employgddaducea bioavailable
product.These approachésclude milling, granulabn with a surfactanfper Fig 1)
excipient selection, and salt formatidhen milling to decrease particle size, a
rearrangement of the Dissolution number equation allows one to calculate the upper
limits of particle sizeand dose¢o avoid dissolutiomate limitations. This is most
important for drugs in which dose/solubility is an issue.

i doj0 6j” Y 4)

Where D is the diffusion coefficient, $ the particle size radius,s the drug density
ando is the intestinal solubility (FaSSIF) of the drddne small intestine transit time

is estimated to be 3.32 hours, however thiemmay be decreased if a limited
absorption window is knowm.hebelow table, appended from Dressmilnstrates

the relatimship between intestinal solubility, particle diameter, amsbrbablelose:
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Maximum Sohibility Limited

Drug Intestinal Dy, Particle Ahbsorbable Dose
Solubility (mgmlL) Diameter (pm) Where An=2 (mg)
0.1 77.5 100

0.05 56 a0

0.01 25 10

0.005 17.5 5

0.001 7.756 1

Table2: Relationships between solubility, particle diameter, SLAD

It is clearly demonstrated above that, as expected, higher intestinal solubility allows for
a higher absorbable dose, and also supports a larger partidieasing!l dissolve in

the approximate-Bour absorption window in vivior absorptionThis distinctionis

the basis in which theeparatiorbetweerDCS Classlla and llb is derived. As an

example, the drug with 0.001 mg/mL intestinal solubitias a low absorbable dose of
1mg,and micronization islsorequired to achieve the 1mg doééternate formulaton
approaches would be requirsolubilize the drugo attain absorption of a dose abdve

mg.

Evaluation of the DCS model variables above is appropriate for neutral drugs and
weak acids, as they will likely have higher solubility in basic media than acidic due to
ionization. Weak bases, on the other hand, may have higher solubility in the gastric
media as compared to intestinal medihis disparity in biorelevant media solubility

puts forth a dependence on the gastric phase of the dissolution in vivo. Gastric pH and
residence time may allow for variability in absorption. Furthermore, drug that is

dissolved in the acidic gastric media may precipitate upon distribution to the intestinal

12



media of the small intestirdue to change in pH hecontributingfactors that have

been identified to contribute to precipitation are:

{a) The extent of supersaturation in the small
intestine, which is influenced by the relative
gastric to intestinal solubility and the rate of
gastric emptying.

(b} Physicochemical properties of the drug influen-
cing supersaturation stability.

() The permeability of the drug.

id) The presence/absence of precipitation inhibitors.

(Dressman2010)
It is undestood that extent of supersaturation above equilibrium solubility is

proportional to prapitation as described by the bel@guation:
0 00LQWHA— (5)

(Brouwers 2009)
Whereu is the nucleation raté), is the nunber of molecules in a unit volumejs
the frequency of molecular transport at the nuclensd interface,Q is the
Boltzmann constang is the volume of the solutg, is the interfacial energy per unit
area between the molecule audvent, T is the temperature in degrees Kelvin, and S
is the degree of supersaturation defined as the ratio of kinetic solubility over
equilibrium solubilty:0j 6 . Based on the mechanics of this equation, the nucleation
rate may be decreased with ader extent of supersaturation as well as decrease of the

interfacial energy between drsglvent by a surfactant. Also, increased viscosity by

polymer addition decreases nucleation rate.

13



Variableor full dissolution of drug in gastric media may resnlsignificant

precipitation inintestinal media due to pH dependent solubility of free bases.
Excipients thaincrease local viscosity or prolong supersaturation in intestinal pH may
be required in this scenari@nother approach may involve gasteientve, controlled
release dosage forms that reletmedrug slowly in the stomach with a lesser extent of

supersaturatigrallowing for metered distribution to the @stinal compartment

The DCSClassllb compoundsequiresolubilization; thusdcus for development t®

increagthe NoyeswWhi t ney 0 Cs 6 t e rEssertidly, ipthescrystatine 2 010
form the drugsubstanceat any particle sizeill not dissolve in théiorelevantvolume

of FaSSIF media in any periad time. As the extent of the equilibrium solubility of

the crystalline form is inadequate, either form change, complexation, or lipid

solubilization isrequired tancrease the kinetic solubility of the drug substance and

allow the absorption of the druig vivo.

Major efforts are employed in the pharmaceutical industsptobilize ancenhance
theapparent solubility oDCS Classllb compounds, with techniques including solid
dispersion, cyclodextrin complexation, lipid and cosolvent systems, costysiaklle

systems, and salt or polymorph selection (Dressman, 2010).

This studywill focus on formulation a$olid dispersions of amorphous dsug
polymer via the spray drying tegique. These amorphous systantsease both

surface area arkinetic solubility. Successful amorphous formulations are the ultimate
14



in particle size reduction, in that the drug compound is molecularly dispersed within a
polymer. A balance between degrealnig loading and extent ofigersaturation
when dissolvednust be established as well as chemical and physicdlitgthbtween

drug and polymer.

In summary, much care must be taken to first accurately study, characterize, and
classifya drug substance prior to drug product develept. Classification within

BCS and DCS is a useful tool to guide formulation approaches. As poorly soluble
drugs are more prevalent in the development landscape, approaches tailored to the
physicochemical properties of the compound may include the foltpfor poorly

soluble drugs (appended frdreuner 2000):

Approaches o improve the solubility or to increase the available surface
area for dissolution

I Physical madifications
Particle size
Micronization
Manosuspensions
Modificahons of the crystal haba
Polymorphs
Pseudopolymorphs (including solvates)
Complexation/solubilization
Use of surfactants
Use of cyclodextrines
Drug dispersion in carriers
Eutectic mixtures
Solid dispersions (non-molecular)

Solid solutions
I Chemical modification

Soluble prodrugs
Salis

15



1.2 Solid dispersion

Presenting compounds as moleculalid dispersions add the benefit of solubilizing drug

within an excipientaind decreasing the particle size to the molecular level, dreref
dramaticallyincreasing surface area exposed to dissolution media or intestinal fluid.

Within the past 60 years, extensive effort has been applied to the development and
understanding of solid dispersions for pharmaceutical development. Chiou and

Riegd man first defined solid dispersions as
dispersion of one or more active ingredients in an inert carrier or matrix at solid state
prepared by the melting (fusion), solvent, or meksodvent method (Chigd 9 6 5) . 0
Within the realm of solid dispersion, there are multiple ssiigde conformations that are

defined in the followng sections.

1.2.1Eutectic mixtures

The advent of solid dispersion forms in pharmaceuticals were in the form of eutectic
mixtures. A simple eutectic mixture is formulated by utilizingphase diagram of two
materials: goorly soluble drug, and a hydrophilic and crystalline carrier. Ttvese

materials are completely miscible in the liquid form, but in only one composition in the
solid state (Figh). When components A and B are mixed in composition E and are
rapidly cooled, both crystallize the same instant, forming a fine dispersion of

crystalline drug partickewithin the crystalline hydrophilic materidiieat may be

required to melt some compositions, whereas other eutectics may form without heat due

to the lower melting poinkVhen exposed to dissolution media, the hydiaphbarrier
16



rapidly dissolves and the drug may have rapid dissolution due to the increased surface

areaandresult inthe subsequent increased bioavailability in vivo

LIQUTD SaLuTIoN

SOLID & + LIQUID

SOLID B # LIQUID

TEMPERATURE IMCREASING —

S0LID A AND SDLID B

A (100%) E B (1009%)

Figure4: Phase diagram for eutectic mixture

Notei excerpted from ChiguL971

1.2.2Solid solutions

Solid solutions are analogous to liquid solutions, in that they consist of one phase of two
or more component€btaining a solution od poorly soluble drug in a soluble carrier is
highly desired, as the particle size of the drug is reduced to molecular level. Solid
solutions can be categorized as continuous, miscible in all combinatfons,

discontinuous, where the solubility of each comgrat is concentration limited. Within
discontinuous solid solutions, there are several conformations that exist: substitutional
crystalline solid solutions, interstitial crystalline solid solutions, and amorphous solid
solutions.Substitutional crystallinsolid solutionoccur when the drug solute molecule

is incorporated into the solvate structure via displacement of individual solvate

molecules. Generally, the solute and solvate molecules must be of a similar size for
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substitution to occuinterstitial crystalline solid solutions form when drug solute
molecules position within the crystalline lattice of the larger solvate molecules. The
solute molecules must be of a smaller molecular diameter and the overall volume of the
solute molecules shuld be less than 20% of the solvegner, 200)) but 10% is more

of a practical thresholdAmorphous solid solutions occur when drug solute molecules are
dissolved within an amorphous polymer matkigure 5illustrates the three

aforementioned examgs of solid solutions:

Figure5: lllustration ofsolid solutions

Note- a) substitutional solid solution, b) interstitial solid solution, ¢) amorphous solid solution

1.2.3 Amorphous solid dispersions

Amorphous solid disperans in the context of this study consist of an amorphous drug
substance that is dispersed withmamorphougolymer or excipient matrix. In general,
the intent of the amorphous drug fornirisreased kinetisolubility and thus
bioavailability enhancemenDrugs in amorphous dispersions have no heat of
crystallization. Heat of crystallization can be the most critical factor in low aqueous
solubility. All amorphous forms are metastahledthermodynamically favored to
recrystallize. The polymer or excipiefunctions to physically separate amorphdugy

molecules and inhibit nucleation and eventual recrystallizafibere are many
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physicochemical and theoretical considerations that are relevant in polymer selection for
any given drug, many of which witle discussed in detail later in this study. The polymer
considerationgor compatibility with each drug substanoelude organic solvent

solubility, agueous solubility, pH dependent solubility, acid/base functional groups,
Hansersolubility parametes, Hildebrand solubility parameteffjory-Huggins interaction
parameterdhydrophobic and hydrophilic functional groupsplEnding groups, glass
transition temperatur@andmelting point.The aforementioned polymer physicochemical
properties areariables that influence the maximum amorphous content (drug loading),
miscibility, glasstransition temperature of the dispersion, kinetic solubility of drug,
duration of supersaturation, and sH## of the drug product, among otheliscibility

in thecontext of solid dispersions evaluated in this study is a material that has a single

glass transition temperature.

1.3 Methods to Produce Amorphous Dispersions

1.3.1Melting Methodi preparation in DSC pan

For drug substance and polymer combinatibias are not thermally labile, utilizing the

melt method and subsequent sample analysis using modulated differential calorimetry
(mDSC) is a useful tooA further advantage of this method is the limited amount of drug
substance that is required for eagestfwhich is typically less than 10 mg per experiment.
Samples of the desired ratios of drug and selected polymers are weighed directly into
aluminum DSC pans and hermetically sealed. The amorphous dispersion is first created
using a conventional DSC meithto raise the temperature above the melting point of

both drug and polymer, and then to rapidly cool the sample to quench the amorphous
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drug and polymer. Theample is then analyzed withodulated DSC which identifies the
glass transition temperature(8n example thermogram is displayed beliowigure 6

for this type of heatoolheat sequence:

1

TO0.06°C
0 L“::z::z::z::z:::' - ; ' |
5 1 172.15°
= .
= 0.00
=)
E -0.02
(1
w
2 5] -0.04
44.02°C(1)
-0.06
-0.08
-3
-0.10 T T T T T
10 20 30 40 50 60 70 175.51°C
‘4 T T T T
-10 40 90 140 190
Exo Up Temperature (°C) Universal V4.5A 1

Figure6: Example thermogram for heabokheat DSC sequence

Thevarious forms of the drug substances duringhgmetcoolheat sequence and
manufacturing of amorphous solid dispersions are shown according to Gibbs free energy.
The crystalline form of the drug has a lower Gibbs free entbiayythe amorphous form

and is the favored conformation. Energy in the formarghalpy is required to dissolve

the drug, per the liquitiquid transition energy, after which the drug in solution exists in

a more stable form.
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Figure7: Gibbs Free Energy diagram for crystalline, amorphous, and dissolvgd dru

1.3.2SolventRemovali_Film Casting

Film casting is a simple meansmbducingamorphous material on the small scale. The
drug substance and polymer are dissolved in a convaolatile solvent, and the solution

is cast onto glass plates, metaltp$a or large weigh boats added in a vacuum oven to
remove the solvent. The resultant film is ground and analyzed. Important considerations
are the drying temperature and duration. Higher and extended drying temperatures may
promotere-crystallizationof the amorphous drug. Long drying time, or ambient
evaporation of the drug/polymer solution may allowgbasesepartion of the drug and

polymer as well apotentialre-crystallization.

1.3.3Spray Drying

Utilization of spray drying technology to mdacture amorphous dispersions is a widely

accepted approach which is currently used to manufactureerouscommercial drug
21



products (Friesen, 2008). Spray drying is an efficient solvent evaporation technique to
rapidly produce dried pacles. Spray drie dispersions areormulated by identifying a
comnon volatile solvent system that willissolve all componés, including drug and
polymer, and processing the matexialh an inert gas such as nitrog&pray drying of
suspensions is also podsibhoweve less common in the application of producing
amorphous solid dispersiors picture of a typical lab scale spray dryBuchi B-290)is
displayed inFigure 7(Sen 2016) andhe configuration of a typicapray drying planin

Figure 8

Figure8: Picture of labscale spray dryer and condenser
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Figure9: Diagram of spray drying plant

Note excerpted from Dobry, 2009

Many process variables require consideration and canpaltécle morphology, stability,

and dissolution rate. Some of these key parameters are gas inlet and outlet temperature, gas
flow, solution solids content, feed temperature, feed rate, spray configuration and
dynamics, condenser temperature, and residaist content in the recirculating ga$e

powder collected from the spray dryer cyclone will contain residual solvent from
processing, which must be removed by secondary drying in a vacuum oven or appropriate
drying equipment. Residual solvent acts gdasticizer, decreasing the glass transition

temperature and physical stability of the dispersion, and may also be a safety hazard for

ingestion.
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1.3.4 HotMelt Extrusion

Hot-melt extrusion is a second method that is utilized to create amorphoessitisp,

both at lab and commercial scale. Hot melt extruders typically consist of a&dvaw
design with various configurations and heating zones. Screw designs and heating
zone/temperature can be modified and optimized per the desired product attilthate
concept of this process is to melt and mix the drug substance and polymer and mix within
the extrusion barr@nd subsequently extrude through a dilee extrudate is rapidly cooled

and cut or milled to a desired patrticle size. The advantagesqdrtitess are the absence

of organic solvent and that it is continuopsocessing Hotmelt extrusion is not
appropriate for thermally labile drugs that may degrade at temperatures below the melting
point of the selected polymersn image of a typical lapilot scale hot melt extruder and

cooling conveyois seen below ifrigure 9andschematic in Figure 10rewari 2014):

FigurelQ: Pilot scale HME and cooling conveyor
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1.4 Characterization Technigues

The kinetic solubility improvement of poorly soluble drugs produced via the amorphous
solid dispersion technique, among others, can be shown by usirgjnkodissolution
methods. The solidtate characterizatioof the crystalline drugs, amorphous forms, and
drugpolymer formulations can be performed using various methods. In order to
understand these complex systems, it is important to understand the polymonploc for
verify amorphous state of the materialnclude whether the druygolymer system is
miscible or phase separated, measure the content of amorphous drug in the dispersion, and
investigate intermolecular interactions between drug and polymer. The crystalline state,
amorphous drug loading, and degoéerystallinity can be evaluated usitgghniques such

as Xray powder diffraction (XRPD), modulated and standard differential scanning
calorimetry (mDSC, DSC), and Raman spectroscopy. Molecular interactions between the
drugpolymer in the soliestate canbe evaluated using Fourier Transform Infrared
Spectroscopy (FTIR) and solgtate nuclear magnetic resonanceNB4R). Solutionstate

interactions between the drug and polymer may be investigated G<NMR.
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Microscopy techniques such as scanning edecinicroscopy (SEM) and polarized light
microscopy (PLM) are used to evaluate the crystallinity, potential phase separation, particle

size, and surfae morphology of the materials @ qualitative basis.

1.4.1Fourier transform infrared spectroscopy (RTI

FTIR is a commonly used solid state method to investigate intermoleculapalguger
interactions, and to identify substancéle fingerprint region, typically below <1200 nm
contains many peaks primarily due to single bonds that can identify indigdiostances
(Skoog, 1998). For binary systemsifss of characteristic peaks assigned to specific
functional groups of the individual materialan indicate a potential interaction such as
hydrogen bonding. Hydrogen bonding is a solid state interactigreaf interest in that it
may contribute to the physical stability of amorphous dispersions and supatieat of

the amorphous druguring dissolution.

1.4.2 Standard and modulatedfdrential scanning calorimetrfPSC, mDSQ

Both standard and modulated DSC can be utilized to measure melting point, heat of
enthalpy, and glass transition temperature of pure substances and amorphous solid
dispersions. Standard DSC heats the sample and reference pan at a constant, specified rate
and temperatureéange. Modulated DSC is a more sophisticated technique that employs a
sinusoidal heat modulation to test the sample. This maaula¢ating sequence allows

total heat flow to be separated into reversible andregersible heat floa Non-reversible

events that may oac are evaporation, meltingth kinetically unfavored rerystallization

crystallization, and decomposition. Reversible events that may occur are other melting
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events and gks transition (Ghosh, 201L1Along with the ability ® separate reversible and
nonreversible events, mDSC has the additional advantages of increased sensitivity and
precision, the ability to analyze overlapping transitions that would not be decoupled with
standard DSC, and measurement ot leapacity (Guint, 1999. Specific measurements
applicable to amorphous dispersion are the glass transition temperature, temperature range
of the glass transition terapature (sharp or broad), extemit melting endotherm to
determine maximum amorphous content or absefho®elting endotherm to indicate total

amorphous conversioand melting point depression.

The malulated DSC may also be usasla formulation screening tool to both prepare and
test amorphous drugolymer samples in a heabolheat (HCH) sequence, awdly by
consuming milligram quantities of drug substance. First, the researcher must accurately
weigh the desired ratio of drug and polymer in a DSC pan and crimp the pan. A standard
DSC sequence is then hedabove the méhg point of both materials, llbattemperature,

and rapidly coadto quench the amorphous dispersion that has been created. The same
pan is then analyzed using a modulated sequence in order to investigate miscibility by

evaluationof the glass transition temperature(s).

1.4.3X-ray powder diffractionXRPD)

XRPD is a sophisticated tool that is commonly used to verify the amorphous or crystalline
form of formulated drug produend pure crystalline substanc@snorphous forms of drug

do not exhibit a diffraction pattern due ttee disordered molecular configuration of the

amor phous state. The amorphous diffractogr
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no sharp peaks are present. Crystalline materials have unique fingerprint patterns due to
threedimensional order of thenique crystal habit. XRPD is commonly employed to
identify polymorphs and measure polymorphic change for crystalline forgscal

XRPD instruments have a limit of detection of approximately 5% for crystalline materials,
therefore orthogonal methods suels DSC or imaging such ascanning electron
microscopy $EM) or polarized light microscopyRLM) are recommended to investigate

low levels of crystallinity in amorphous sample.

1.4.4 Scanning electron microscopy (SEM)

SEM is a powerful tool that focus@ narrow beam @lectrons onto preparedconductive
sample and detects the subsequent reflected electrons, excited electronsagsidiart

from the ability to identify materials due to therXys that are emitted, SEMs generate
detailed microgras that can effectively shomorphology and individual particle size.

The enhanced magnification possible with SEM as opposed to optimal microscopy allows
the researcher to identify individual crystalline particles or crystal growth on amorphous
particles.To create a conductive sample, the material is typically coated witlugiolg a

sputter coateprior to testing.

1.4.5 Nuclear magnetic resonance (NMR)

Nuclear magnetic resonance is a technique based on the magnetic behavior of atomic
particles suchsaelectrons and protons in the presence of a strong external magnetic field.
Each atomic particle has a pedlar resonance frequency and shielding attributed to

nearby particles. In the case #1-NMR, the relative difference between the signal
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attributed to eachprotonand an internal reference standard such as TMS is refereed to

the chemical shift. Chemical shifts of protons for the pure drug substance can be compared
to those of drugpolymer systems in solution to evaluate solution state interactions such as
hydrogen bonding*H-NMR was utilized in this study,tber NMR techniqus that are

applicable to this field are solid state NMR-[¢8IR) and'*C-NMR.

1.5 Polymers and Solvents fé&imorphous dispersion

There existsa limited range of polymers and solvents that satisfy the regulatory,
compendial, and safetsequirements fopharmaceuticaldrug product. Due to these
important considerations, the available options of polymers for amorphous dispersion
development are limited. Beyond the regulatory restrictions, there naaay
physicochemical angractical considerationgor eachdrug substance, pairing with the
correct solvent and polymer is required &) form a solution for processinga spray
drying and b) produce an amorphous dispersion with the desired properties and
intermolecular interactions between drug and polyraed c) achieve the desired
dissolution propertiesHot-melt extrusion does not require a common solvent, but the
thermal properties of the drug and polymer must be considered.

The critical product attributes for polymers used edpplicationof amorphouslispersion
include: organic solvent solubility, molecular weightye density, Hansen solubility
parametersthermal propertigsionization of functional groups, viscosity in solvent and
biorelevant liquids, regulatory acceptance/compendia, among otPleysicochemical

properties are detailed in Tat3dor cellulosic polymers, Tabléfor synthetic polymers.
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HPMC K3, E3

HPMCAS

OR CHIOR
—0 9
OR
o R
CH:OR OR
n

CHZOR
H/H O\
>L \on ? oo GOCHCooH
or n <o I
-COCHZCHZCO0H ,J{:){L nw } \17\ \°'JS/4<L\""%
"/ I
Structure
type neutral, swelling ionic ionic
MW (daltons) 20,000 18,000 80,000130,000
0 NX§/mly 1.326 1.27 1.65
Tg (°C) 162 130 133
Tm (°C) 230 n/a 150
MeOH:DCM, MeOH:Ace,
organic solubility MeOH:DCM MeOH, Acet. EtOH:Ace
Compendial monographi USP, PhEur, JP USPNF USP, PhEur, JP
MDE 1488 mg 4480 mg 119 mg

Table3: Physicochemical properties of cellulosic polymers

IMaximum Daily Exposure, FDA 11D
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Povidone K30 Copovidone Methacrylic Acid Soluplus
HO
C O
(o] CHa H N
\Hh“h. /.A‘-z—,,\__\o %o OJJ\CH3 CH7—C:J—CH;—(|: W
C=—=0 c=—=0 . 0 "
CH—EH, " " | ? o
n OH OCpHs
| %
Structure HO
type neutral neutral ionic ionic
MW (daltons) 50,000 45,00070,000 125,000 118,000
0 NJ§/mly 1.180 1.147 0.84 1.082
Tg (°C) 140 106 111 70
Tm (°C) 180 140 n/a n/a
MeOH, EtOH, MeOH, EtOH,
organic solubility MeOH, EtOH Acet. Acet. MeOH,Acet.
Compendial monograph; USP, PhEur, J USPNF, PhEur| USPNF, PhEur none
MDE 240 mg 849.2 mg 430.8 mg n/a

Table4: Physicochemical properties of synthetic polyme

IMaximum Daily Exposure, FDA 11D

Solubility parameters areommonly used tguide formulation development to predict
miscibility andcalculate FloryHugginsinteraction parameters between drug and polymer.
The rationale and detailed explanation of these parameters and calculations will be
explainedn Section 1.7Hansersolubility parameters were calculated via thenYanoto-

MB method withHSPIP softwargcopyright 2008 and tabulated from literature and

referenced in Tablg Solubility parameters for PVAP and arabinogalactan were not found

in literature.
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HSPIiP Literature References
Polymer Ud Up Un Uk u Source
HPMC 16.9 7.6 4.4 19.0 23.1 Jankovic
HPC 17.2 9.8 135 24.0 24.0 Jankovic
PVP/IVA 18.5 7.1 6.7 20.9 20.6 Forster
PVP 18.1 10.0 180 27.4 20.0 Kitak
PVA 17.6 2.2 4.0 18.2 30.3 Forster
PVAP 19.1 6.7 13.3 24.2 n/a n/a
Soluplus 17.5 6.4 3.8 19.0 21.5 Lu
Jankovig
HPMCASM 16.7 12.4 10.3 23.2 23.5 Duarte
Jankovig
HPMC-P 20.4 10.2 11.7 25.6 26.7 Ousset
Methacrylic acid copolymer | 16.6 4.9 6.7 18.6 22.5 Ousset
Amino methacrylate
copolymer 16.3 2.6 4.1 17.0 18.7 Piccinni
Arabinogalactan 16.9 11.3 22.7 30.5 n/a n/a

Table5: Solubility parameters for cellulosic and synthetic conventional polymers

To dissolve drug and polymer for a spray dryapplication, an appropriate solvent system
must be selected. This can be a challenge, and a limitation on solvent evaporation
technologies. For pharmaceutical applications, there are also limitations due to safety and
environmental considerations. Handliofgsolvents may be dangerous due to volatility, the
explosive nature of most organic solvents for this application, and potential exposure to
operators. Removal of organic solvent is also an important consideration to ensure patient
safety. USP <467> caerizes residual solvents based on toxicity and environmental
hazard and specifies permitted daily exposure (PDE) for each solvent, which may be

defined as mg/day or concentration.
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HansenHSPIP USP <467>

Class PDE Conc.

o 9 o o (mg/day) | Limit

Solvent Ud Up Uh Ut (ppm)
Acetone 15.5 10.4 7.0 19.9 3 50 | 5000
Ethanol 15.8 8.8 19.4 26.5 3 50 | 5000
Ethyl acetate 15.8 5.3 7.2 18.2 3 50 | 5000
Isopropanol 15.5 7.2 12.8 21.4 3 50 | 5000
Methanol 14.7 12.3 22.3 29.4 2 30 | 3000
Methyl Ethyl Ketone 16.0 9.0 5.1 19.0 3 50 | 5000
Methylene Chloride 17.0 7.3 7.1 19.8 2 6.0 | 600
Tetrahydrofuran 16.8 5.7 8.0 19.5 2 7.2 720
Water 15.5 16.0 42.3 47.8 n/a na | nla

Table6: Solubility parameters and PDE for organic solvents

A useful guide to for organic solvent solubility of polymers commonly used in spray drying
of amorphous solid dispersions can be found bellowlable 7 (Ashland technical
handbook)

P];-s :;; : Plasrj[o . QY pomeiees SlnlE Aclzgtreo ?uelzlt]:li]:aete Acrylates
SRR povidone (HPMC) Phthalate (HPMC-AS)
Dichloromethane (DCM) s 5 1 1 1 1
Tetrahydrofuran (THF) Ps ! l S s 5
Acetone 5 I P5 5 5 -5
Ethyl Acetate | 1 I 1 s |
Isopropanol 5 5 1 1 | |
Ethanol 5 5 | 1 | PS5
Methanol (MeCQH) s 5 | S 5 S
2:1 DCM:MeOH 5 5 PS S S 5
2:1 Acetone:MeOH 5 S PS S 5 5
2:1 MeOH:THF 5 5 | S 5 5

5=>5aluble (=5 weight %} P5 = Partially Solubla | — 5 weight %} I=Insaluble {21 weight %)

Table7: Organic solvent solubility guide

The conventional polymers chosen for this study were HPMC K3, HPMC E3, and
copovidone.The rationale for the selection of copovidone is its hydrophilic nature, the
presence of a carbonyl group (C=0) which can function as an electron donor for hydrogen

bondng, and the organic solvent solubility in common with each of the four model drugs.
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The rationale for the selection of HPMC K3 and E3 polymers were the aqueous solubility
of each, the presence ohydroxylgroups {OH) which can function as electron aptors

for hydrogen bonding, and the organic solvent solubility in common with each of the four
model drugs. Although HPMC K3 and E3 are classified as the same compendial material,
the two grades have different methoxyl contents, which alters mechanuissaolution.

HPMC E3 contains 280% methoxyl substitution, whereas HPMC K3 contain24%
methoxyl substitution. The result of this difference is that the HPMC E3 polymer swells
rapidly prior to dissolution, whereas HPMC K3 erodes priordissolution. This
mechanism has been illustrated by measuring the expansion rate of the polymer types. It
has been shown that rapid expansion leads to faster disintegration and rank ordering of
HPMC polymer types for expansion is methylcellulose > HPMC 2910 (E gratHRMe

2208 (K grades) (Mitchell, 1993)

Larch arabinogalactan was selected as a novel polymer for introduction into ternary
compositions due to its highly swellable nature and rapid dissolution properties. This
material has been utilized successfully famaaphous dispersion with ibuprofen,
ketoprofen, and itraconazole and enhanced both the kinetic solubility and dissolution rate
of each drug (Thakare, 2013)he main challenge with the arabinogalactan polymer is the
lack of organic solvent solubility. Due this, the arabinogalactan was added to each spray

drying solution in a fine powder form, and spray dried as a suspension.
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1.6 Physicochemical Properties of Selected Model Drugs

Two acidic and two basic drugs were evaluated for this study fobwast data set that
evaluates miscibility, fH interaction parameters, solid state interactions, solution state
interactionsand impact on noerink dissolutiorbetween the drugs and selected polymers.
Each of the four drugs are classified as BCS Il gfoee good candidates for evaluation of
amorphous solid dispersion due to poor aqueous solubilihe structuresand

physicochemical propertied the selected drugs are displayedrigure 11

Ibuprofen Ketoprofen

CHy

0K

Nifedipine Itraconazole

e
0 N "N,
CH0-C._A\_C-0CH ;
_f"\- "”\-E o

CHY W Ch

Figurel2 Chemical structures afiodel drugs
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The properties of thimur drugs are displayed in TalBe

Drug BCS | DCS Commercial| Functional Group| Aqueous | logP Tm | Tg true
(MW) Class | Class | Dose (mg) Solubility (°C) | (°C) | (g/ml)
(mg/ml)

IBU Il I 200 Carbonyl (C=0),| 0.021 4.0 77 | -45 | 1.116
(206.3) acceptor
KTO Il lla 100 Carbonyl (C=0), | 0.021 3.1 9% | -4 1.259
(254.3) acceptor
NIF Il IIb 30 Carbonyl (C=0), | 0.018 2.2 173 | 46 1.371
a0 R

donor
ITRA I IIb 100 Carbonyl (C=0),| 0.004 5.7 170 | 58 1.370
(705.6) acceptor

Table8: Physicochemical properties of model drugs

The Hansen solubility parameters for each model drug studies are below,

calculated with

HSPIP software and manually with tireethods of Fedors, van Krevelen, and Hoy

YMB Fedors| VK Hoy

Drug Ud Up Un Uk Uk Uk Uk
lbuprofen 17.6 2.5 7.6 19.4 | 209 | 194 | 197
Ketoprofen 19.5 6.1 7.4 21.7 245 | 212 | 211
Nifedipine 18.5 5.6 7.4 20.7 226 | 216 | 20.9
ltraconazole 23.0 13.7 6.2 27.5 220 | 239 | 194

Table9: Solubility parameters for model drugs

The YMB model of Hansen solubility parameters contains partial solubility parameters in

order to differentiate betweelispersive, polar, and hydrogen bond forces. It is observed

for these four model drugs that itraconazole has the highest partial pasfoete

dispersive and polar forces, and ibuprofen has the lowest partial parameters for dispersive

and polar forces. The hydrogen bond partial parameter was similar for each of the four

drugs.

The drugs selected for this research have been previousigdstabaracterized and

formulated as amorphous dispersidbsiprofen amorphous solid dispersions have been
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prepared as a urea eutectic (You, 2014), PEG and poloxamer solid dispersion (Uddin
2010), HPMC and poloxamer solid dispersion (Pa@09), and microemulsion with
surfactant (You2014). Ketoprofen amorphous solid dispersions have been formulated
with PEG (Belyatskaya, 2019), povidone, copovidone, PVA (Ck@ts, Di Marting

2004 and Rmondor 2009), and Eudragit L100 (Yang008). Nifedipine amorphous

solid dispersions have been formulated with povidone, PEG, Gelucire20A/R),

HPMC (Cilurzq 2002), Eudragit RL, ethylcellulose (Huar&911), and Eudragit S100,
HPMC (Ueda2018. Itraconazole amorphous solid dispersions have been formulated
with HPMC (Sporanox), povidone, copovidone (Verre2®03), Kollicoat IR, Eudragit
E100 (Jannsen2010), PVAP, CAP, HPMC (INinunzig, 2009) and Soluplus (Zhang
2013). The standard polymers selddtethis study (HPMC, copovidone) have been
successfully utilized for solid dispersions in the above referenced papers. A novel
polymer, arabinogalactan, has not been cited in literature in combination with the selected
drugs in either binary or ternargrinulations. Arabinogalactan is of interest due to its
branched structure, swellable nature, and rapgbtlifonin aqueous media, and may
increase dissolution rate of the solubilized druganmorphous spray dried dispersioAs
second polymer with aYarable FH specific interaction parameter and solid state
interaction with drug is required in order to stabilizetdr@aaryamorphous drug

dispersiorwith arabinogalactan
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1.7 Gibbs Free Energy and Solution Theories

1.7.1 ReqularFlory-Huqggins, and Coupled Solution Theories

One of the main challenges for developing amorphous dispersions include identification of
miscible drug/polymer combinations that enhance bioavailability and are stable over an
acceptable period of time for a drug product. Miscibility and stability caprédicted
using FloryHuggins theory and be empirically confirmed (Panayiotou, 204 8¢levant
advantage of FlonHuggins theory for the application of evaluating dispersions of small
molecule drugs in high(er) molecular weight polymers is the incoiparat the volume
fraction of each component into this calculation, which is absent in regular solution theories
(Kramer and Thodqs1988). Flory-Huggins theoryis a latticebased theory which
describes drugolymer miscibility based on Gibbs free enertparge displayed below:
y'O YYeE iR &0 b 2 &N (6)
whereR andT are the gas constant and temperature, respectivelpdn are the
number of moles and volume fractions of components A and B),amithe Flor
Huggins interaction parameterhe first two terms on the right consider the
combinatorialkentropy of mixing two components, and the third term on the right
considers the enthalpy of mixing, where

W) Y'Y | ()
Whewemol ar vol yimer eo ft hseolsuotleubi | i ty paramet e
R is the gas constanhe emdrdpic tboettemper
negative, whereas the enthalphic contribut

ovelranlegati ve Gibbs fraeaeegatirgy wval siki gt »
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FI eHuyggi ns interaction parametieawaridblde,i ve
indicating miscibilitVyhéeswmphi thedt &ioagoam
eargy of miHumggi mer thleory i s di splayed bel
described as wunfavorable and i mmiscible co

and miscible compositions.

Stable Metastable Limstakble

N m

AG midng

Fraction of Drug

Figurel3: Gibbs Freesnergy diagram

Notei adapted fronBroadbent, 2015

Obvious considerations impacting the prope
volume fraction of drug and temperature. L
|l i kely to be coemppeltegmgr mmacibkXxe amdthncr e

destabilizes these systems by i mparting mo

The interaction parameter between the two
whetahG ri s n e determinati@n ofahis dactor itical to understanding these
systemsA solid understanding of thmethods and limitations of theselubility and

interaction parameters is necessary to understand these syRterfréoryHuggins

lattice theory, as written in Egjand using the drugolymer interaction factor shown in
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Eq 7 relies heavily on solubility parameters calculated primarily from theoretical group
contribution methods, as will be described later. Although commonplace, these
Hildebrand group contribution methods have limitasitima are inherent in the

interaction parameter calculation below:

g ——— (8)
in that onbyi positrem ke ideal free ener g
(Anderson 2018). The | ack of fnaevgoartaibvlee ddervuig

pol yinmetrer acti ons such aisl 9hy@girogeg ondingpi®and i ng (
important interaction that impacts physical stability of these systems, so an alternate

interaction parameter is desired.

A hybrid model was deveiloonp eadnhtuaFddoorrsyb it e omr e
i ncorpor atdatga eimptia itcrmd cal cul ati on as wel |
parameter calculatiTdhns CHwanged melhod has I
solute solubilitymsn(&upemecmethod) icThi ddas
i mpr ovemetntadomo unmpast! yime r dir iige r a eptoil arrs ainmdc | u
speci fpiocl ydmeurg tsyoplev,e nstolsuitzee di sparity per v
of mixXhemgderivation of the coupling of the
by Hwahd be outsiuibmeBquteatddsdusen t o t he 1 mport
the -AHuggyns i ntestactt wikRe gatl adanegsed uti on t he
(Praylsonede)t i nes the activity of solid solut

stat e as
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o — 9)

Where® is the activity of solute in solverifQ and™Qare the fugacity of the solute in the
solid phase and liquid phase, respectivéhle fugacity as it pertains to these calculations
is the coefficient accounting for the differencesativity between real and ideal phase

of matter, in that ideal materiad® not have intermolecularteractions and reahases

of matter do have interolecular interactiongzor nonideal solutionand solidsthe
fugacityterm is synonymous with theectivity coefficient, which describes the effective
concentration of the solvent in thenrideal system(Sinko, 2008. The relationship of

the fugacity ab temperature near the melting point of sb&te can be described in Eq

10 below (Huang2011):
0 &e — - a® (10)
whereY'O is the molar heat dlision, R is the gas cetant, T is the absolute

temperature, andnlis the melting point of the solute.
The FloryHuggins theory, defining a larger molecule as component 1 or solvent, and
defining a small molecule as component 2 or soandthe activty of component 2

(Flory, 1953, Huang2011) is:
T aw p — p I LE P D (11)

wherei andi are the number of segments in each polyiers the FloryHuggins

interaction parameter and is the volume fraton of solute defined as

n _ (12
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If, we assume that L i forlarge polymeric solvent containing many segments and
small molecule solute, then the regular solution Equdiiomay be paired with the
simplified Flory-Huggins equation below:

z — - 1D pn pp 0 (13

and solving the abhe@ equation foR f:

Yy T n n
- . (19

The specific interaction parameter;, introduces a term that may be calculated with
densityand solidstate measurements. True densities may be theoretically estimated using
the compound molecular weight and calculated Hildebrand molar volemascurately
measured with pyametry. Weight fractions of solubilized drage used to calculate

weight and volume fraction of solute and are calculated using DSC for amorphous drug
dispersionsCrystalline content of drug in the dispersion can be estimated using heat of

fusion for the dispersion and pure drug (Ma 2007) per the below equation:
61 @i o & iR —and (15)

GOOQIG@ME BNODE & 0 QRIOHNE Q' AWI'WI 6 dE &@ VNG O
Chapter 2 of the following study focuses on the relationships between theHeiggyns

specific interaction parameter, maximum amorphousesd, solid state interactions, and

solution state interactions attributed to hydrogen bonding betweespdiymer.
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1.7.2:HildebrandSolubility Parameters

Solubility parameters function as both a useful comparator of materials as well as a factor
in Flory-Huggins calculations for estimating the success of crephiggically stable
amorphous dispersions. Multiple methods exist to determine these parameheas s

group contribution in silico calculations, inverse gas chromatograpipyoximation

based on solubility in solvents with known parameters, and measurement of dilute

solution viscosity.

Hildebrand and Scott introduced the solubility parameter gune¢o assign a numerical
value to describe similarity or dissimilar
understanding of solubility. The approach of Hiloeid and Scott solubility parameter is
centered on the enthalpy of mixing of nonidsalutions. For nonideal solutions the

activity coefficientwas i ntroduced to define the O6eff e
solvent, analogous to the fugacity coefficient that accounts for the deviation in pressure

due to intermolecular interactiobstween ideal and nonideal gases (Martin et al). The

activity of solute| is the product of the concentration in mole fractiorand the

activity coefficient :

| or (16)

The activity coefficient was introduced into the lattice tigemfrnonideal solutions by

Hildebrand and Wood (1933):

T 0 0 ¢ — (17)
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Wherew ande are the volume and volume fraction of solvent, respectively. The

term0 is the energy required temovesolute molecules from the bull, is the

energy to move solvent to create a cavity in the solvent for molecules to dissolve. The
term ¢U isthe released solvation energy of the insertion of the given solute molecule
into the solventThe interaction termd was subsequently approximated with the square
root of the product o and0 for the following equation:

T o 8 o & — (18)

The advantagef the above approximation, eliminating the term, is a simplified

approach that allows calculation of the activity coefficient using the properties of the pure
solute and solvent materials. This is a convenient apprbauelever it neglects any

specific interactiom  between solute and solveRtom Equation 18Hildebrand and

Scott defined the solubility parameter given below for the solute:

| o ® (19)

This solubility parameter term is describedtss square roaif cohesive energy density
(Janlovic 2019). These Hildebrand solubility parameters are applied to the enthalpy of
the mixing process for two components such as drug and polymer:

YO o ¢ @] (20)

The solubility parameteerm was henceforth incorporated into the Flory chi term

vy — 1 (22)
Wher¢g is an entropy correctioand V is the molar volume of the drug in mixture with a
pol ymer (RBireaplDAl).eOhcoudse, the..; parameter may be incorporated into

Eq. 6to predict the Gibbs Free energy within the bounds of Rtrggins lattice theory.
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It is also common foresearchers to compare Hildebrand solubility parameters between
two molecules to rankrder probability of a miscible combination. Forster proposed that
when the difference between drug and excipient is < 2.0“f##Paolidsolution is likey

to form, adifference of < 7.0 MP& is a likely indicator of miscibility, and a difference

of > 10.0 MP#?indicates immiscible components (Forsté)2, Greenhalgh.999).

This rule of thumb can be valuable to guide selection of empirical studies but do lack
precision, and do not account for negative deviation to the activity coefficient that are the

result of solutesolvent interaction such as hydrogen bonding.

1.7.3 Hansen Solubility Parametérin silico methods

To account to the varying degree of drug potymer molecules studied, Hansen
developed the more specific concept of pasgidubility parameters (Hansen, 200The
intent was to split the total cohesive energy density used to describe the Hildebrand
solubility parameter into three parts tisatme from separate types of interactiortsis
concept has split the total cohesive energy into the three partial cohesive energies for
dispersive, polar, and hydrogen bonding energies. The dispersive engrgga@ints

for atomic nonpolar forces suchdan der Waals interactions. The polar energy (E
account for energies between permanent intermolecular polar dipoles. The hydrogen
bonding (k&) energy contribution accounts for the specific nature of hydrogen bonding.

The total energy is the sum of thede parts, as is the total cohesive energy density:

— — — —,o0r (22)

T 1 23)
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The most common methods to calculate the Hansen solubility parameters via the group
contribution method are proposed bgyHHoy, 1970), Van Krevelen and Hoftyzer (van
Krevelen 2009), Stefanis and Panayiotou (2012), and Yamamoto (HSPiP softinare).
commonplace for the partial solubility parameters to be calculated with each method and
averaged together for an estimati®@he methods for Van Krevelen and Hoftyzer

calculate partial Hansen solubility parameters as below:

;e (24)
-

(25)

. (26)

Wh e rq,ep, (iaie the dispersive, polar, and hydrogen bonding padiiabity

parameters, V is the molar volume of the moleci@ds molar attraction constant per
dispersive forcesO is molar attraction constant contribution from polar foyeeslO is

the cohesive energy attributed to hydrogen bonding (vandfen 2009. The
advantages of the Hansen solubility method
characteristics can be viewed three dimensionally and compared to polymers and
solvents. HSPIP softwafeopyright2008 can be utilized to view drugolymer, driug-

solvent, and polymesolvent combinations three dimensionally to rationally select
combinations for experimentation. Furthermore, HSPIP calculates the distances between
componentsdescribed athe HSP radius KRin which the smaller radiusdicates higher
likelihood of miscibility:

Y 110 10 10 10 10 10 (27)
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'Y is the distance between the coordinates of the partial Hansen solubility parameters for
drug and solvent. Within the experimental sectléansen solubility parameters and radii

for drug-solventanddrug-polymer, will be displayed for each model drug and selected
polymersTheradiusRr epr esents the Osphere of miscib

has been proposed that this radius shbud O 5 (IitaklVPR15H)

It has been shown that Hansen solubility parametedsreation of Hansen solubility

spheres with associated radius may be a more selective tool than comparison of the total
Hildebrand parameter between two materials in ipesT hreedimensionalisplay of

the three partial parameters is also an effective way to visualize similarities between
drug-polymer, drugsolvent, and polymesolventc o mbi nat i ons. Gener al
empiracy t o sel ect p o a(ForsenGseeniagh} pnovide a Fooddstarking

point for polymer screeningBut, it is common for an iterative experimental approach to
follow, utilizing either with DSC experiments or small experiments to produce

amorphous dispersions for testignoted limitaton of the Hansen partial parameter
approach is that there is not a thermodynamic justification for the separation and

therefore they are to be treated as sempirical (DeBoyace2018. The hydrogen

bondi ng paso doesenot differentiate for proton acceptor or donor interactions
due to acid/base chemistry, and it has been proposed to further expand this parameter into

acidic andbasic components (Karger, 1976
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1.7.4 Hansen Solubility Paraersi Experimenél determinations

1.7.4.1Inverse Gas Chromatography (IGC)

A modified form of gas chromatography, IGC may be used to experimentally determine
the total and partial Hansen solubility parameters of a substance using different solvents
with known charactestics (Kiselev, 1961 In contrast to conventional gas

chromatography, a solid sample is added to the column as the stationary phase. The
mobile phase in this system is the inert gas, such as nitrogen or helium. Vaporized
organic solvents with known chatadstics are then injected into the mobile phase,
washing through the solid sample stationary phase. The extent of interaction between the
solvent vapor and solid sample of interest is quantified as the specific retention volume
which can then be convedénto the Hildebrand interaction parameter using

thermodynamic parameteasd correlated to the total solubility paramét&tak, 2005).

1.7.4.2Solubility parameter determination usikgown solvents

Screening studies based on the visual observatisalubility of a drug or polymer in

solvents with known solubility parameters can be utilized to estimate the Hansen

solubility parameters of the sample. In this approach, approximately 20 solvents with
different dispersive, polar, and hydrogen bondiotubility parameters are selected. The

range of solvents is important, not whether these are applicable for processing such as

spray drying. Visual assessment of the sample may be performed per théasiake

method, in order to determine whethertheeesv a 6 goodd i nteraction

or polymer swelling, versus limited solubility or no sample change in the solvent. HSPiP
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software may be utilized to 6scored the sa
partial solubility parameters of tllample using regression analysis.
There is a certain amount of subjectivity

method, however it may be effective for screening purposes.

1.8 Physical stability of solid dispersion formulations

Amorphous dispersions are by definition metastable, in that drug will eventually revert to
the more stable crystalline form with lower activation energy. Based on this rule, practical
drug loading is important to develop a product with adequate stahititglzelflife while

fitting into a reasonably sized dosage form. Comparison of solubility parameters between
drug and polymer is a simple way to select polymers for screening experiments. Forster et
al. proposed that when the difference between drug asigient is less than 2 MP3aa

glass solution is likely to result from-qocessing. To verify composition, stability studies
must be performed on lead candidates to assess drug product performance over time.
Amorphous solid dispersion prodysttysicalstability is governed by mobility of the drug
within the polymer formulation matrix, which is influenced by the glass transition
temperature (J). Miscible amorphous dispersions of drug and polymer exhibit a single
glass transition temperature between thafshe individual components and proportional

to the volume fractions of the materials p

1 Wy I-wy

Tpf‘oa." _Ts:rl ‘Tpl
gltotal) g g (28)

Wherein Tyuota) refers to the glass transition of the mixture,and Ty are the weight

fraction and glass transiticemperature of the drug, and\{&) and Tg are the weight
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fraction and glass transition temperature of the polymer (Haddadin, 2009). At temperatures
below the glass transition temperature, the dispersion will remain in the glassy state with
limited molecuar mobility. Above the glass transition temperature, a phase change occurs
in which the material becomes rubbery and mobility of the components increases over time.
This mobility results in nucleation of the drug substance and recrystallization. Cdntrol o
residual solvent and water uptake are also important processing and packaging
considerations, as solvents plasticize amorphous dispersions and degreaggeieral

rule is to formulate products with glass transition temperatures 50°C above the storage
condition to limit mobility/recrystallization and maintain a stable drug product (Six, 2001).
Friesen et al. illustrated a design space plot using empirical data which characterizes drug
candidates into several regions, plotting Ty vs logP. This plot my be used as a general

guideline to characterize compounds and estimate drug loading:

Group 3: 10-to 35-wt% SDD drug loading
(Drug propensity to crystallize may limit loading)

16

’ 1 " Group 2: 35- to 50-wt% SDD dfug loading
N ) (Typical SDD range)

15 z |
N |
-
14 bl o 4 : ... -..
x -
:Q %- 5(22...
e 13 e 8 .
E, B3] o 33555 R -
g £
12 [ .n
e
4
[}

p Decreasing Dissolution Rate

L4
Ld
1.0
1 2 3 4 < 5 7 /a 9 10 1

P
Group 1: 250-wt% SDD drug loading Lo Group 4: 10- to 35-wt% SDD drug loading
(High T_ allows increased loading) (Loading can be limited by dissolution rate)

Figure14: Melting point vs. glass transition relationship

Note- appended fronkriesen, 2008
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As the ratio of TWTgdecreases it is likely that higher drug loading is possible. Increasing
logP will yield decreased dissolution rates due to increasing hydrophobicity of the
compound. LogP is an inherent characteristic of the drug substance which cannot be
modified with gdenictechniques in this applicatioBy definition, the amorphous state is
more disordered andave a higher Gibbs Free Energy than the crystalline forrthe
amorphous form, even below the Tg, structural relaxation toward the lower energy state
does ocur, but the timescale is not predictable and can be extremely long (Pikal 2010),
Several factors define the strength or fragility of amorphous materials, such as diffusion
coefficient, activation energy for glass transition, content of residual solvedt, a
intermolecular bonding (Pikal 2013n annealing process, in which secondary drying is
performed below the glass transition temperature may be beneficial to create an
equilibrium glassy state with a less mobility over time upon storage. This anneing
occur incidentally as a result of secondary drying to remove residual solvent after spray

drying, however this topic has not been extensively researched.

Chemical stability is not addressed in this stutywever the compatibility of drug and
excipients is an important consideration in all drug developrpeograns in terms of

patient safety and efficacy.

1.91n-vitro dissolution testing of solid dispersion formulations

The overall goal of utilizing amorphous forms of poorly soluble drugs is ieah
solubility enhancement due to thggherinherent free energgf the amophous form in

comparison to therystalline form. This solubility advantage must be realized kinetically
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within a relatively short period of time and low volume of fluid withie human GI to

result in increased absorption and bioavailability of dBupersaturation ratio, defined

as the ratio of observed solution concentration to crystalline equilibrium solubility
(Alonzo 2011) is desired, however maintenance of the supersatstate is also

required within the absorption window. contrast to the supersaturated state, nucleation
and rate of precipitation to the less soluble crystalline form must be considered and
measuredPolymers incorporated in amorphous solid dispessioay benefit the

dissolution of the drug in two ways: polymer may increase the amount of drug dissolved
resulting in supersaturatipand may on the other hand inhibit precipitation of the drug

due to increased viscosity or intermolecular interactibhese benefits are due to the
colligative property of decreased surface tendiothis study, in vitro dissolution was
studied in small volume and na@ink conditions. Small volume conditions were intended

to approximate the limited volume that the forntiga is exposed to upon ingestion.
Non-sink volumemediado not allow the crystalline drug free solubijitherefore the
supersaturation of the amorphous formulations can be easilparedo the crystalline

drug. The definition of sink per USP is a condition in which the drug saturation solubility
in the dissolution medium is at least three times larger than the drug concentration used in
the dissolution tests, sink is typically used in @uaontrol type dissolution to verify

that the drug product is functioning as expec&udk methods also may obfuscate drug
precipitation upon supersaturation, resulting in a nonpredictive rank order of formulations

(Augustijns, 2011).
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1.10Texture ankysis of solid dispersion formulations

In this study, polymers with different swelling and erosion properties were investigated to
produce amorphous dispersions. Along with potential solid and solution state interactions,
the mechanisms in which eagblymer or combination of polymers dissolves may impact
the release of the drug from the dispersibextural analysis was used in this application

to measure distantxtent of polymer swellingand force applied aa probe movd
through thea hydratedsample over time The area under the curve, as a unit of work (mJ)
may be calculated to characterize the viscosity of a sample. Within the curve generated,
there are several regions identified as a sample hydrates as seen below2@a)ig)

Figurel4:
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Figurel5: Identification of hydration regions of tablets

Each of the polymers investigated in this study are water soluble, however each hydrates

differently and may swell or erode. The areas of particular interest in the tartlysis
curve are O0OA, 06 representing the fully hydr

hydrated region. The intent of any AUC calculation was to interpret the aforementioned

regions of the samples.
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RESEARCH HYPOTHESES
The FloryHuggins specific parameter correlatesnaximum amorphous contesglid

state interactionsand solution state interactioimssolid amorphous drug dispersions

When incorporated into tearysolid amorphous drug dispersions, larch arabinogalactan
increases dissolution rate without disrupting solid state interactions between the drug and

second polymer.

RESEARCH OBJECTIVES
The aim of this study was to evaluate the relationships betweenrHiggyins interaction
parameters, Gibbs Free Energy, solidestateractionssolution state interactions,
maximum amorphous content, and dissolution, i€l supersaturatiaf binary and
ternary spraydried amorphous dispersions. Four BCI&ssll model drugs were selected
and ceprocessed with three conventiopalymers (HPMC E3, HPMC K3, copovidone)
and one novel polymer (larch arabinogalactan) as binary mixtures and characterized.
Ternary SDDs were manufactured to evaluate thatino dissolution advantages of
conventional polymers to maintgimysical stabily andsupersaturatigrpaired with
arabinogalactan to increase dissolution rate of drug in amorphous form. Three

investigative parts are defined to accomplish the objectives of this study:

1. Prepare solid dispersions of drug and polymer(s) using the dpriang techngue
and evaluate thproperties of the materglising Xray powder diffraction

(XRPD), modulated differential scanning calorimetry (mDSC), Fodrarsform
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infrared spectroscopy (FTIR), scanning electron microscopy (S&hdproton
nuclearmagnetic resonancé{-NMR).

. Calculatethe FloryHuggins specific interaction parametésdrug-polymer
interactions in the amorphous dispersions, calculate maximum amorphous content
(drug loading), and correlate these factors to solid state and sditdie

interactions

. Assess the supersaturated concentrations and dissolutisofriaieary and
ternarySDDs in comparison to crystalline drug under+sark conditions.

Investigate the mechanisms involved in dissolytgupersaturation, and

inhibition of precipitation.

56



CHAPTERZ2: SOLID STATE METHODS AND MATERIAL CHARACTERIZATION

2.1 Solid State and Solution State Characterization Methods

The below methods were utilized consistently as written for characterization of pure drug
substances (ibuprofen, ketoprofen, nifedipine, itraconazole), pure polymers, physical

mixtures, and amorphous solid dispersions thereof.

2.1.1FTIR

Solid-state FTR spectra were recorded over a wavenumber range of 400@d00
cnit with a resolution of 0.9 crhusing a Nicolet 380 spectrometer. The spectra were

analyzed using OMNIC Lite softwareersion 1.06

2.1.2DSC

The thermal properties of the spray draispersions, including onset of melting (T),

drug melting point(%) , heat of fusion (@H), ggwered gl ass
measured using a TA Instruments Q2000 differential scanning calorimeter (mDSC).

Glass transition temperatures were eatdd using high volume aluminum pans.

Approximately 40° 60 mg of material was packed into each hermetic tviglame pan.

Samples were heated from 20°C to 200°C with a ramp rate of 5°C/minute and

modulation temperature amplitude of £1.000°C. Reversiblenibgrams were collected

to investigate glass transition temperatures.-Naersible and heat flow thermograms

were evaluated using standard aluminum pans. Approximatély sg of material was
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packed into a standard hermetic aluminum pan. Samples wagssllifeom 0°C to 200°C

with a ramp rate of 10°C/minute. The instrument was calibrated with indium before
completing each sequence of tests. The melting point and heat of fusion of each drug was
measured and used as a reference to calculate crystallieaicantl degree of

crystallinity of each formulation at the onset ofliimg (Huang2011). All samples were

run in duplicate.

N R VI T - )"
61 i O X & ﬁsQ%—eyiand (15)

A OOQAOEE BNODE £ 0 QRIOONR O QAIWI 60 @& & VN o

2.1.3XRPD

The diffractograms of samples were collected using a Rigaku MiniFlex 600 goniometer
with a SG70 detector. A sample size of approxteig 50 mg was prepared in a sample
holder and the samples were run at 40 kV and 15 mA. The samples were scanned from
3.00° to 60.002q at a rate of 10.0 degrees/minute. Data analysis was performed using

MiniFlex+ software.

2.1.4SEM

The morphology oftte samples was evaluated using a JEOL -BORD scanning

electron microscope at an accelerating voltage of 10 kV. The samples were staged on a
pedestal and coated with gold with a Cressington 108 sputtering system for 35 seconds

and 30mA.
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2.1.4Pycnometry

Skeletal density measurements were performédve accurate true density values for

each material in calculationsleasurements were taken with an AccuPyc Il 1340 gas
displacement pycnometer with nitrogen analysis gas at room tempehitadgpine,
itraconazole, HPMC K3, HPMC E3, copovidone, and arabinogalactan were spray dried
to create amorphous powders prior to analysis. Ibuprofen and ketoprofen were ground
with a mortar and pestle, as the neat amorphous forms were not attainable due to the low
glass transition temperatures of the materidlgerage densities were calculated from ten

analyses per sample.

2.1.5'"H NMR

Proton nuclear magnetic resonance spectra were recorded using a Bruker Ultrashield TM
Plus 400 Mz NMR spectrometer. Approximately 5 mg of sample was dissolved into
0.9mL of deuterated chloroform with 1 v/iv% TMS just before the analysis. The solution
was filled into 5 mm NMR tubes and spectra recorded."FRBMR spectra were

analyzed using TOPSPIN 21 software.
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2.2 Material Characterization

2.2.1Materials

Ketoprofen (KTO), nifedipine (NIF), and itraconazole (ITRA) were purchased from TCI
America Portland, OR), and ibuprofen (IBU) was purchased from Fisher Scientific
(Suwanee, GA). The four polymers chosen for this study were
hydroxypropylmethylcellulose (HPMC) K3, hydroxypropylmethylcellulose (HPMC) E3,
vinylpyrrolidonevinyl acetate copolymer (povidone) Kollidon VA64, and larch
arabinogalactan. HPMC E3 and HPMC K3 were generously gifted from ShinEtsu
(Niigata, JPN). Copovidone was purchased from BASF (Florham Park, NJ). Larch
arabinogalactan was purchased from Lonza (Alpharetta, GA). Methahol an
dichloromethane (ACS grade) were purchased from Fisher Scientific (Suwanee, GA).

Chloroformd with 1 v/v % TMS was purchased from Acros Organics (Geel, Belgium).

2.2.2Characterization of Drug Substances and Excipients

2.2.2.1DSC

The four drug substees were tested with a heatolheat methodSC methodn order

to evaluate melting point and glass transition temperature. The rationale is to melt the
drug, quench rapidly to freeze the amorphous form, and heat in a second cycle to measure
the glass #@nsition temperature. Each of the thermograreglisplayed below in Figures

15-18:
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Theglass transition temperatuf®g), melting point(Tm), and molar heat of fusion

(YO for each of the for pure drug substancage displayed below in Tablé:

Drug substance T4(°C) Tm (°C) A | E ®/g)
Ibuprofen -45.0 78.4 132.7
Ketoprofen -3.9 97.5 112.8
Nifedipine 44.0 175.5 115.0
Itraconazole 57.9 169.7 91.4

Table10: Thermal properties of model drugs

2.2.2.2FTIR
FTIR spectra were measured for each drug substance and excipient. The representative
scans are displayed beldar drug substances Figures 9-22, and polymers in Figures

23-26.
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Figure27: FTIR spectra of arabinogalactan

The FTIR spectra for the pure drug substances will be used to calculate wavenumber shift
for formulated compositions and are consistent with data reported in litefBberaeat
crystalline ibuprofen displayed a characteristic shift at wavenumber 1788assigned

to the carbonyl stretching of seifsociated ibuprofen dimeaad a band at 22%m?

associated witlhOH stretchingGhorab, 2014). The neat crystalline ketoprofen

displayed shifts at 1654 and 1692 toharacteristic of the C=0 stretchinfjtbe

carbonyl group and a triplet in the fingerprint region of 704 arhich is indicative of

the crystalline form, as opposed to a dimer in the 704 ramge for the amorphous form
(Chan, 201k The neat crystalline nifedipine displayed two bands dwatbonyl groups

at 1646 and 1677 ctrand an amide band at 3319 tHuang 200Y. The neat
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crydalline itraconazole displaysharacteristic peaks reported in literature as well as the

peak at 1697 crhthat is attributed to the C=0 group of the drugd®ean 2010).

Both HPMC polymers hailOH stretching bands at 3418 énC-H stretching bands at

2961 cmt, and C=0 stretching bands at 1726'diMakayama2009) Copovidone

showed a broahl-H band at 3439 ¢ inthe C=0 stretching at 178 of the vinyl

acetategroup C=0 stretching of f{YaedCiciendsst f uncti o
14501 4 8 0 (@hamsai2017). Arabinogalactan polymetisplayed a broaitlOH

stretching band at 3291 ¢ima broad CH stretching band at 2887 ¢pa sharp

carboxylate band at 1589 cimand a sharp {©-H stretching band at 1371 cniBorisoy,

2004).
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2.2.2.3SEM
SEM images with 200x magnification are displayeéigures 27 and 2&r the model

drugs and polymers investigated.
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Figure28: SEM micrographs fomodel drugs

Note- a) nifedipine b) ibuprofen c) ketoprofen d) itraconazole
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Note- a) HPMC E3 b) HPMC K3 c) copovidone d) arabinogalactan

2.2.2.4Pycnometry Skeletal Density

The skeletal density of each pure drug substance and neat polymer was measured. The
densities of each material are displayed intéfbebelow and were utitied in subsequent
calculations to calculate volume fractions of formulated solid disperdtaatimaterial

was spray dried, if feasibleg measure the density of the amorphous form for more
accuracy. Each form is stated in Table 11 for referdleasurements were taken with

an AccuPydl 1340 gas displacement pycnometer with nitrogen analysis gas at room

temperature. Average densities were calealdtom ten analyses per sample
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Material Physical form of sample | G ( §)/
Ibuprofen crystalline 1.1162
Ketoprofen crystalline 1.2589
Nifedipine amorphous 1.3710
Itraconazole amorphous 1.3701
HPMC K3 amorphous 1.3463
HPMC E3 amorphous 1.3192
Copovidone amorphous 1.0403
Arabinogalactan| amorphous 1.0486

Table11l: Skeletal densities of pure drugs anatipients

2.2.2.5'H-NMR

Proton nuclear magnetie@sonance spectra were obtained for each pure drug substance
and excipientlissolved in chloroforab per the method described in 2.1.6. The spectra
were utilized as a reference to evaluate chemical stoftssolutionstate interactiosiof
binary mixtures to be described in a subsequent section. The proton NMR spectra are

displayed below in Figure29-36.

i
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Figure30: *H-NMR spectra for pure ibuprofen
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Figure33: 'H-NMR spectra for pure itraconazole
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Figure35: *H-NMR spectra for HPMC E3
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Figure37: *H-NMR spectra for arabinogalactan

The neat ibuprofen displayed the characteristic chemical shiftoadoublet peaks in

the aromatic region of 7.2 ppm, a quartet inrdgionmethoxylregion of 3.8 ppm, a

broad shift for the COOH proton in the 11.5 region, and other arrangements similar to
those reported in literature (Ghor&®01, Abioye 2014). The neat ketoprofen displayed
the characteristic chemical shifts of aromatic hydrogen atoms in the aromatic range of
7.2-7.8 ppm,a shift in the methoxyl region of 3.8 ppand 1.8 ppm for protons
associated with thaliphaticgroup(MaciazekJurczk, 2012). No shift was observed for
the COOH proton in the region of 11.5 ppm, suggesting dimerization of the ketoprofen
molecule(Marconi, 2010) Pure nifedipinalisplayed the characteristic shifts in the
aromatic region of 7-XZ.7 ppm, an NH hydrogen 85.8 ppm, one-H at 5.6 ppm, two
methoxyl groups at 3.6 ppm and methyl groups at 2.3 ppm (SaB9®.Itraconazole

displayed characteristic shifts as described in literature, including shifts in the aromatic
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region of 7.17.7 ppm and aliphatic regiaf 1.8 ppm (Inkmannl998, Deshpande

2018).

The HPMC K3 and E3 samples displayeshift in the aliphatic region of 1.8 ppm, 3.6
and 3.8 ppm for the hydroxgroups Kumar, 2007). The copovidone polymer spectra
displayed chemical shiffer aliphatic préons at 1.8 ppnCH2 protons at 2.0 ppm, and a
broad shift at 3.2 ppm farC< protons(Skoog, 1998 The arabinogalactan polymer
displayed shifts consistent to those reported previdoslihe HXH6 protongPonder,

1997).

2.2.2.6XPRD

X-ray powder diffraction is a primary tool for evaluating the absence of crystallinity
(amorphous content) of the spray dried dispersion preparations. The preparation of drug
and polymer solution in organic solvent, followed by the rapid drying and collection of
spray dried powder may retain the amorphous nature of the drug substance, with
inhibition of recrystallization by the dispersed polymer. Amorphous materials are
metastable, therefore confirmation and maintenance of the formulation in an amorphous
state iscritical. As a reference, neat crystalline drug substances and each excipient were

tested along with the spray dried dispersions.

Each of the crystalline drug substances was characterized using XRPD, and the

diffractograms of these materials are displayed below in Fig1-4§.
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Figure38: XRPD diffractogram for pure ibuprofen
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Figure39: XRPD diffractogram for pure ketoprofen
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Figure41: XRPD diffractogram for pure itraconazole

Crystalline ibuprofen diffractograms were consistgith referenced materials, with
characteristic peaks at 17.06, 20.43 and 22-6iteta (deg]Chen, 2012)Crystalline
ketoprofen diffractograms were consistent with referenced materials, with characteristic
peaks at 6.49, 18.48 and 22.8¢h2ta (deg]Di Martino, 2004) Crystalline nifedipine

diffractograms were consistent with referenced materials, with characteristic peaks at
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8.21, 12.07, 16.39 and 24.72teta (deg)Cilurzo, 2002) Crystalline itraconazole
diffractograms were consistent with referedanaterials, with characteristic peaks at

14.76, 17.75, 20.65 and 23.74Hta (deg)Grobelny, 2014)

2.2.2.7Solubility Parameter Calculations

The solubility parameters for each material utilized in this study were calculated using
various in silico goup contribution methods. The total Hildebrand solubility parameter
was manually calculated per the method of Fedor, and Hansen partial and total solubility
parameters were calculated using the nedhafHofytzervan KrevelenVK) and Hoy
HSPiPsoftware was utilized to calculate Hansen partial and total solubiliymters

per the Yammamotbreaking grougYMB) contribution methoddSPiP software was

further utilized to plot the partiddansen solubility parameten$ each drug substance in

relation to the polymer set that has been selected.

2.2.2.7.1Groupcontributionmethod

Solubility parameters for the selected drug substances and polymers are displayed below.

SP type Hansen Hildebrand
Method YMB Van Krevelen Hoy Fedors
Parameter Ud Up Uk Ut Ug | Up | Un | Ut | Gk Ut
Ibuprofen 17.6 2.5 19.7 | 19.4 | 17.9| 22 | 7.2 | 19.4|19.7 20.9
Ketoprofen 195 | 6.1 211 | 217 | 201 3.0 | 63 ]21.2]|211 24.5
Nifedipine 18.5 5.6 209 | 20.7 | 19.0| 48 | 9.2 | 21.6|20.9 22.6

ltraconazole 23.0 | 137 194 | 275 | 215| 46 | 95 (239|194 22.0

HPMC 2910 16.9 7.6 228 | 19.0 | 17.0| 86 | 9.0 | 21.0| 22.8 28.0

Copovidone 185 | 7.1 202 | 209 | 191 | 82 | 9.7 229|202 22.8

Arabinogalactan | 16.9 | 11.3 | 320 | 305 | 332| 44 |16.2|37.2| 320 32.7

Table12: Calculated solubility parameters with various methods
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An example calculation per the group contribution method of HoRuaerKrevelen

(VK) is displayedn Table 13for the ibuprofen molecule

CHy
Gy ek
0
Ibuprofen
+kOY
Group # Fui 1 & P 1 & Eni 1R molar V | mol?
CH3 3 420 1260 0 0 0 0 33.5 100.5
CH2 1 270 270 0 0 0 0 16.1 16.1
>CH 2 80 160 0 0 0 0 -1 -2
COOH 1 530 530 420 176400 | 10000 | 10000 28.5 28.5
phenylene 1 1270 1270 110 12100 0 0 52.4 52.4
1 3490 188500 10000 195.5
B
| =i—=— PRV
B W h
1 = =222
8
B h o _
1 e 7.15
1 ) ) 7 =19.36

Table13: Ibuprofen solubility parameter calculation

It is apparent that each type of group contribution method typically gives a similar, yet

different result. It is commonplace for researshte use the average total solubility

parameter value obtained from multiple methods for calculatAtieough these inikco

solubility parameters are useful as a guide, there lacks specificity to differentiate between
polymer selection in the formulation proceGsnsidemgt he o6r ul e of t humbd
independently by Forster and Greenhalgh that two materials wiithin 7.0 MP&2 are

likely miscible, then these data provide limited predictive guidance for polymer selection.
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Furthermore, thigeneral guidancdoes not consider specific interactions between-drug
polymer such as hydrogen bonding, nor the vast difee®enf molecular weight between
small molecule drugs and larger polymers.

The values from each group contribution method and averag#isistrated in Figure
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Figure42: Solubility parameters from various methods

Note- methods seen lefight YMB (dark blue), VK (red), Fedors (green), Hoy (purple) methods, and
average (light blue)

Figure 4 illustrates variability between various group contribution methods, as well as
similar average values between each drug dPll@and copovidone polymers

indicating miscibility. Arabinogalactan is the sole component that is > 7.0'¥&ad

would be theorized to be immiscible with each of the other materials.

An alternate method to visualize similarity between gratymer is tocompare the

partial Hansen solubility parameters to compare dispersive, polar, and hydrogen bonding

similarities between compounasa threedimensional plot per HSPIP softwafgagures
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42-45 are threedimensional plots of drug and polymelrsdividual here radii of 4.0

MPa2 and 2.0 MPH2 were selected for drug and polymer, respectively.

Figure43: Hansen partial solubility parameters for ibuprofen and excipients

Note- a)ibuprofen, bxopovidone c) HPMC dAG

Figure44: Hansen partial solubility parameters for ketoprofen and excipients

Note- a) ketoprofen, bropovidone c) HPMC d) AG
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Figure45: Hansen partial parameters for nifedipine and excipients
Note- a) nifedipine b) copovidone c) HPMC d) AG
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Figure46: Hansen partial parameters for itraconazole and excipeints

Note- a)itraconazoleb) copovidone c) HPMC d) AG
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The graphical representations of partial Hansen solubility paegamet di spl ay o1 i k
ibuprofen, ketoprofen, and nifgdne to copovidone and HPMC polymers.

Arabinogalactan remains most distant from the other molecules, primarily due to the very

highl Hansen hydrogen bonding partial paramekais high value supports the

very high aqueous solubility of arabinogalactan due to hydrogen bonding.

2.2.2.7.2Gibbs Free Energy Diagrams

Flory-Huggins interaction parameters calculated uswveragdotal solubility parameters
displayed in Tabld2 and skeletal densities displayed in Tahlevere utilized to plot
Gibbs free energgf mixing diagramgo predict miscibility ofeach drugpolymer

combination per application of the equatamd displayedh Figure 46

Y g | g 0 3 (29)
Where, in this calcul ati on;spedfici s the FH in
— 1 | (30)
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Figure47: GFE plots for selected drugs and polymers

Note- a)ibuprofen b)ketoprofen itlaconazole d)nifedipine and three selected polymers

The Gibbs Free Energy diagrams predict each of the four model drugs to be miscible with

HPMC and copovidone in all ratios. Arabinogalactan is predicted to be immiscible with

ibuprofen, ketoprofen, and nifedipine in all ratios and miscible with itraconbetde a

volume fraction of approximately 20% drug. It must be noted that the-Hoggins

interaction parameter

bonding or drugpolymer interactiorfAnderson, 2018)Chapter 3 of this study fases

G

empl oyed

n

t hese

on understanding the drymplymer specific interaction parameter which more accurately

account for these intermolecular forces.
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CHAPTER 3: MANUFACTURE AND CHARACTERIZATION OF BINARY AND
TERNARY AMORPHOUS SOLID DISPERSIONS

3.2 Introduction

Variouscompositions of binary and ternadispersion®f drugpolymer were prepared

via the spray drying technique for each drug. Bireargl ternarydispersionsvere

prepared by dissolving the drug and polymer in a common solvent and spray drying with
a labscak Buchi B290 spray dryeiVarious increasing drug loadings were attempted for
each drugpolymer combination. The Gibbs Free Energy diagrams genenaigd o
theoretical basis (Figure %#8uggest drugolymer miscibility for four drugs with two
polymers at hvolume fractions of drug, and formulations with high drug loading were
intended to challenge this model. Each compositiontested for thermal and solatiate
interactionsModulated DSC was used to measure glass transition temperature, onset
meltingtemperature and heat of fusion (if any), and any additional thermal events. Onset
melting temperature and heat of fusion were usedltulate amorphous content (Eq) 15
andthe FloHuggi ns speci fi c 2i(Egfdp Bolidstate on par amet €
characerization of each composition included SEM, XRPD, FTIR, “h®MR for

selected samples.

3.2Formulation Matrices for Spray Dried Amorphous Dispersions

3.2.1 Spray Drying

Amorphous elid dispersions were prepared with various levels of drug loading with the
spray drying method. For binary mixtures, drug and polymer were dissollet wv
DCM:MeOH solvent until completely dissolved and spray dried. For ternary mixtures,
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drug and potmer were dissolved in solvent, and then arabinogalactan polymer was
dispersed and homogenized using a Silverson nigest Longmeadow, MAJhe
solutions and suspensions were spray dried using a Bt280Bpray dryer (Newark,
DE), using the parametedetailed in Tabld 4. All spray dried dispersioprototypes
were dried in a vacuum oven for 24 hours at 40°C to remove residual saladrgtored

under refrigerated conditioms amber glass vialwith desiccant until analysis.

Each of the solutions drsuspensions were processed using the below paraneeters

process and collect the spray dried solid dispersions:

Parameter Value

Solids content (% w/w) 10.0
Process gas flowng/hr) 38
Aspirator (%) 100
Atomization pressure (psi) 30

Inlet gas temperatur€’C) 45-55

Outlet gas temperatu(eC) 30-35
Spray rate (g/min.) 9-12

Table14: Spray drying process parameters

3.2.2Thermal Characterization

3.2.2.1DSC Measurement of EnthalgWelting Point DepressigriPercent Amorphous
Content

Differential scanning calorimetry was utilized to characterize the thermal properties of
each spray dried solid dispersidine following parameterssted in Table 15vere

utilized:
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Parameter Value
Modulation Temp. Amplitude| +1.000°C
Modulation 60 sec
Ramp Rate 5°C/min.
Start Temp. 0°C
Final Temp. 250°C
Sample size 50-70 mg
Pan type High volume

Table1l5: mDSC parameters

The%w/w composition, glass transition temperatureggiet of melting temperature,

melting point, molar heat of fusion, apdrcentof solubilized amorphous drug

(maximum amorphous content) are repoitedables16-19 below. The absence of

melting enthalpy with corresponding molar heat of fusion indicates a sample with one

phase of amorphous material.

Theoreticag | ass transi

ti

on

temper at ur gg28wer e

The percent of amorphous drug wascadtedusing the molar heat of vaporization for

the pure drug substance and solid dispersion sample p&bkEq (

Crystallinity was evaluated with XRPD for each sample. Samples without any distinct

peaks were categorized as amorphous. Samples with ssakfigo slight intensity were

characterized as slightly crystalline, and samples with diffractograms resembling those of

the pure crystalline drug substance were characterized as crystalline
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3.2.2.2Ibuprofen Solid Dispersions

IBU AG HPMC | HPMC Cop. Tg Tg Tm Tm pHmM % XPRD
E3 K3 predict observed onset Amorphous

% wiw °C °C °C °C J/ig % category
100 - n/a -45.0 775 78.4 132.7 n/a crystalline
20 80 95.2 96.9 ND ND ND 20.0 amorphous
40 60 46.1 ND 59.8 62.3 20.8 24.4 amorphous
50 50 26.2 ND 54.6 69.6 43.6 17.1 amorphous
70 30 -7.0 ND 69.9 73.7 65.0 21.0 crystalline
20 40 40 69.1 78.1 62.3 72.9 2.2 18.3 amorphous
20 80 95.2 85.0 ND ND ND 20.0 amorphous
40 60 46.1 ND 65.8 68.7 20.9 24.3 amorphous
50 50 26.2 ND 62.8 725 325 255 slight cryst.
70 30 -7.0 ND 70.8 74.8 61.1 23.9 crystalline
20 40 40 69.1 75.7 69.3 75.2 0.4 19.7 amorphous
20 80 59.2 50.1 ND ND ND 20.0 amorphous
40 60 25.1 ND 60.2 75.4 50.8 21.7 amorphous
20 40 40 52.7 ND ND ND ND 20.0 amorphous
20 80 46.4 55.1 ND ND ND 20.0 amorphous

ND: notdetected

Table16: Thermal analysis of ibuprofen SDDs

Ibuprofen solid dispersions were successfully manufactured betwe#df2@rug

loading for HPMC polymer&3 and K3 20-40% for copovidone polymer, and with 20%
drug loading for & polymer via the spray drying technique. Higher drug loading
concentrations for copovidone and AG polymers were attentptiedere not successful
due to the physical properties of these powders that led to molten material inside the
collection cyclone othe spray dryer. The observed molten material is due to the low
glass transition temperature and melting poinboprofen Solid dispersions with 20%
drug loading with each polymer all exhibited a single glass transition temperature and
absence of meltmnendotherm indicating amorphous material witharuig

recrystalization The absence of crystalline material for the 20% drug loaded solid
dispersions was confirmed using SEM imagiAl ternary mixtures exhibited a single
glass transitionemperature indicating a single phase of material, with an amorphous

state that was not disrupted by addition of arabinogalactan.
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Formulations with cug loading compositionabove 20%displayedmelting endotherms

with melting point depression rasttderedwith melting points closest to tee of the

pure drug substance the highest drug load concentrati@msl decreasing with higher
polymer contentfOnset of melting temperatures and percent amorphous drug were
utilized in subsequent calculations to cédte specific interaction parameteféie
ibuprofen:HPMC K3,E3 dispersions with 70% drug load were crystaland the
ibuprofen:HPMC E3lispersion with 50% drug load was slightly crystalline. This is an
expected result, as the low glass transition teatpeg and melting point of ibuprofen
present challenges to maintain amorphous state at higher drug loading. The samples were
tested promptly after secondary drying, and the XRPD result confirms that these
materials either recrystallized during the sprayirdy or secondary drying processes.
Crystalline ibuprofen diffractograms were consistent with referenced materials, with
characteristic peaks at 17.06, 20.43 and 22-8teth (deg). Crystalline ketoprofen
diffractograms were consistent with referencedemals(Yazdi, 2016, with

characteristic peaks at 6.49, 18.48 and 22-8%f (deg).

The XRPD diffractograms displayed in Figure 50 for Ibuprofen:HPMC K3 formulations
show completely amorphous material for the binary dispersion of 20% ibuprofen:HPMC
K3 and the ternary dispersion with 20% ibuprofen:HPMC K3:arabinogalactan. The
binary ibuprofen:HPMC K3 dispersions with 40% and 50% of drug loading have some

crystallinity corresponding to the peaks present in the pure drug substance.
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Figure49: DSC thermograms for IBU and IBU:HPMC E3 SDDs
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Figure51: XRPD spectra for IBU and IBU SDDs with 20% drug load
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3.2.2.3Ketoprofen Solid Dispersions

KETO | AG | HPMC E3 | HPMC K3 |Copovidone Tg predict| Tg observed | Tmonset m @HmM |% Amorphous| XPRD

% wiw °C °C °C °C J/g % category
100 n/a -3.9 93.6 97.5 112.8 n/a crystalline
10 90 136.7 130.9 ND ND ND 10.0 amorphou
50 50 59.4 ND ND ND ND 50.0 amorphou
60 40 445 ND 82.1 82.3 0.7 59.4 amorphou
70 30 30.8 ND 85.6 86.2 17.6 54.4 crystalline
10 45 45 - 112.2 105.8 ND ND ND 10.0 amorphou
10 90 136.7 137.3 ND ND ND 10.0 amorphou
50 50 59.4 64.8 ND ND ND 50.0 amorphou
60 40 44.5 46.8 82.5 90.2 4.6 55.9 amorphou
70 30 30.8 33.3 84.1 91.5 34.7 39.3 crystalline
10 45 45 - 112.2 111.4 ND ND ND 10.0 amorphou
10 90 87.8 82.6 ND ND ND 10.0 amorphou
20 80 74.6 84.6 ND ND ND 20.0 amorphou
30 70 62.4 81.3 ND ND ND 30.0 amorphou
40 60 50.9 66.8 ND ND ND 40.0 amorphou
10 45 45 82.0 86.7 ND ND ND 10.0 amorphou
10 90 71.0 72.0 ND ND ND 10.0 amorphou
20 80 60.7 65.7 80.5 86.8 8.4 12.5 amorphou

ND: not detected

Tablel7: Thermal analysis of ketoprofen SDDs

Ketoprofensolid dispersions were successfully manufactured betd@&0% drug

loading for HPMC polymerg3 and K3, 0-40% for copovidone polymer, and witld-

20% drug loading for AG polymer via the spray drying technique. Higher drug loading

concentrations for cayidone and AG polymers were attempbed were not successful

due to the physical properties of these powders that led to molten material inside the

collection cyclone of the spray dryérhis wassimilar to ibuprofen formulation$olid

dispersions witlup to 50% drug loading for HPMC E3 and KIBexhibited a single

glass transition temperature and absence of melting endotherm indicating amorphous

material without phase separati@ulid dispersions up to 40% drug loading for

copovidone formulations exhited a single glass transition temperature without melting

endotherm indicating miscibilityAll ternary mixtures exhibited a single glass transition

temperature indicating a single phase of material, with an amorphous state that was not

disrupted by adtibn of arabinogalactan.
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Crystalline ketoprofen diffractograms were consistent with refecemagerialgDi

Martino, 2004)with characteristic peaks at 6.49, 18.48 and 22-8tfh (deg)The

XRPD diffractograms displayed in Figure 54 for ketoprofen:HPKB8formulations

show completely amorphous material for the binary dispersions of 20%
ketoprofen:HPMC K3, 50% ketoprofen:HPMC K3 and the ternary dispersion with 20%
ketoprofen:HPMC K3:arabinogalactan. The binary ketoprofen:HPMC K3 dispersion with
70% of dug loading has some crystallinity corresponding to the peaks present in the pure

drug substance.

Formulations that displayadelting endotherms with melting point depression frank
ordered with melting points closest to sieoof the pure drug substancehe highest drug
load concentrationand decreasing with higher polymer conteiitee amset of melting
temperatures anthe percent amorphous drug were utilized in subsequent calculations to

calculate specific interaction parameters.
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Figure54: DSC thermograms for KTO and KTO:AG SDDs
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Figure55: DSC thermograms for KTO ariTO:copovidone SDDs
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3.2.2.4Nifedipine Solid Dispersions

NF | AG [HPMCE3[HPMC K3 [Copovidond Tg predict] Tg observed | Tmonset| Tm @HmM [% Amorphous| XPRD
% wiw °C °C °C °C J/g % category
100 n/a 44.0 169.4 178.0 115.0 n/a crystalline
20 80 1325 122.8 ND ND ND 20.0 amorphoud
40 60 106.8 90.3 153.3 164.4 17.5 24.8 amorphoud
60 40 84.1 92.3 159.9 168.2 21.6 41.3 amorphoud
80 20 64.0 60.6 165.0 174.8 35.5 49.1 slight cryst,
20 40 40 108.5 107.9 ND ND ND 20.0 amorphous
20 80 1325 124.6 ND ND ND 20.0 amorphoud
40 60 106.8 87.0 155.6 165.5 19.3 23.2 amorphoud
60 40 84.1 88.5 164.2 172.8 26.8 36.7 amorphous
80 20 64.0 61.2 167.4 175.9 334 51.0 amorphous
20 40 40 108.5 55,85,164 153.2 158.7 0.3 19.7 amorphous
20 80 89.3 78.8 ND ND ND 20.0 amorphoug
40 60 77.4 79.9 ND ND ND 40.0 amorphoud
60 40 66.3 68.7 153.2 160.2 4.2 56.4 amorphous
80 20 55.8 51.8 158.6 169.5 47.6 38.6 slight cryst,
20 40 40 83.5 85.9 ND ND ND 20.0 amorphoud
20 80 74.2 ND 153.7 163.6 16.6 5.5 amorphoud
80 20 52.6 ND 168.3 176.4 61.6 26.5 slight cryst

ND: not detected

Table18: Thermal analysis of ketoprofen SDDs
Nifedipinesolid dispersions were successfully manufactured bet2@80% drug
loading foreach of the four polymers investigatad the spray drying techniqugolid
dispersions with up t80% drug loading for HPMC E3, HPMK3, and copovidonall
exhibited a single glass transition temgiare Although all compositions displayed a
single glass transition temperature for the binary mixtures, melting endotherms were
observed with drugpading of 40% and highdor each polymer indicating a maximum
amorphous content that may be calculated for each binary combination of amorphous
drug/polymer in a single phasehe ternary mixture of NIF:HPMC K3:A@xhibited
three distinct glass transitidemperatures, indicating thramorphougphases of

material.
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Crystalline nifedipine diffractograms were consistent with referenced maigtizsg,

2011)with characteristic peaks at 8.21, 12.07, 16.39 and 24tfieta (deg).
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Figure60: DSC thermograms for NIF and NIF:AG SDDs
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Figure61 DSC thermograms for NIF and NIF:copovidone SDDs
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Figure63: XRPD spectra for NIF SDDs with 20% drug load
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Figure65: SEM images for NIF SDDs
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3.2.2.5ltraconazole Solid Dispersions

ITRA | AG | HPMC E3 | HPMC K3 |Copovidone Tg predict| Tg observed | Tmonset ™ pHmM |% Amorphous| XPRD

% ww °C °C °C °C J/g % category
100 - n/a 57.9 57.9 165.2 167.3 91.4 crystalline
20 80 - 136.3 1375 ND ND ND 20.0 amorphoug
40 60 - 1134 112.2 152.9 159.9 34 36.3 amorphoug
60 40 - 93.0 86.5 154.5 162.9 8.1 51.2 amorphoug
80 20 - 74.6 56, 91, 162 157.7 166.4 22.8 55.1 slight cryst
20 40 40 - 104.3 82.0 ND ND ND 20.0 amorphoug
20 80 - 136.3 149.2 ND ND ND 20.0 amorphou
40 60 - 113.4 119.7 154.1 160.2 24 374 amorphou
60 40 - 93.0 78.4 154.6 162.9 11.8 47.1 amorphou
80 20 - 74.6 |61,86,119, 166 152.1 165.5 26.6 50.9 amorphou
20 40 40 - 104.3 120.9 ND ND ND 20.0 amorphou
20 80 92.3 82.0 ND ND ND 20.0 amorphoug
40 60 83.1 88.5 145.1 154.4 0.9 39.0 amorphoug
60 40 74.3 86.5 148.0 159.3 184 39.8 amorphoug
80 20 66.0 56, 89.7,108| 156.5 165.6 31.1 46.0 amorphoug
20 40 40 84.4 84.9 142.5 151.9 1.578 18.3 amorphoug
20 80 - 76.9 72.3 151 160.5 13.7 5.0 amorphou
40 60 - 720 |61.1,75.6, 86) 150.6 159.8 27.0 10.5 amorphou
60 40 - 67.2 59.2,74.2,84.1 150.8 160.3 37.8 18.6 amorphou
80 20 - 62.5 56.6, 71.1 155.5 166.4 47.8 27.7 slight cryst

ND: not detected

Table19: Thermal analysis of itraconazole SDDs

Itraconazolesolid dispersions were successfully manufeed betwee20-80% drug

loading foreach of the four polymers investigatgd the spray drying technigugolid
dispersions with up to 60% drug loading for HPMC E3, HPMC K3, and copovalbne
exhibited a single glass transition temgiare Although allcompositions displayed a
single glass transition temperature for the binary mixtures, melting endotherms were
observed with drug loading of 20% and higher for each polymer indicating a maximum
amorphous content that may be calculated for each binary catidn of amorphous
drug/polymer in a single phase for compositions above 20%. Each sample with a drug
load of 80% for samples containing HPMC and copovidone displayed multiple glass
transition temperatures indicating multiple phases of amorphous anallergstnaterial.

Binary mixtures of itraconazole and arabinogalactan exhibited multiple glass transition

101



temperatures with drug loading above 20%. All ternary mixtures exhibited a single glass
transition temperature indicating a single phase of materithl,am amorphous state that

was not disrupted by addition of arabinogalactan.

Crystalline itraconazole diffractograms were consistent with referenced materials, with

characteristic peaks at 14.76, 17.75, 20.65 and 23tfidta (Bhardwaj, 2014).
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Figure66: DSC thermograms for ITRA:AG SDDs
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Figure67: DSC thermograms for ITRA and ITRA:copovidone SDDs
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Figure68: DSC thermograms for ITRA and ITRA:HPMC E3 SDD
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Figure69: DSC thermograms for ITRA and ITRA:HPMC K3 SDDs
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Figure70: XRPD spectra for ITRA SDDs with 20% drug load
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Figure71: XRPD spectra for ITRA:HPMC E3 SDDs

Figure72 SEM images for ITRA SDDs
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