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Abstract

Purpose: Ternary amorphous solid dispersion (TASD) containing an additional
componenttompared to conventional binaASD further enhances the effectiveness of
this strategy Recently, polyphenolic compounds such as curcumin (CUR) and resveratrol
(RES) are shown to have synergistic antioxidant, chpragentive, chondroprotective,
and anticancer activity. However, their poor agueous solubility limitsahaiapplication

The purpose of this study is to design, characterized, and evaluateble sold stable

TASD containing CUR and RES with a hydrophilic polymer.

Methods: Choosing an optimum polymer can be considered as one of the most crucial
activities duringTASD developmentWe carried out commonly used polymer screening
studiesi.e. misciblity, crystallization tendency, Floflluggins interaction parameter,
solubility parameter,as well asadvanced studiegi.e., crystallization kinetics and
molecular interaction Upon selection of the optimum polym@&ASDswereprepared by
rotary evaporabn. Puredrugs their physical mixtures (PM), bingrgnd ternary ASDs
were characterized by XRD, DSC, TGEATIR, and RamaspectroscopyA 2-stepin-vitro
dissolution was carried out, under msink condition using a USPR apparatus.
Centrifugedsamples weranalyzed by a UWis method Finally, the long-term stability

of TASDs wasevaluated at room temperature.

Results: The screening studies focused on the miscibility, crystallization inhib#iod
interaction capability of polymeEromthree different polymers (i.,&ePO,HPMCAS, and
S100) themiscibility study indicatedhebest miscibility ofCUR and RESvith EPO.From

the crystallization kinetics study, we inferred that EPCdietter cystallization inhibition



effect than HPMCAS and S100. Finally, interaction studies confirmed that all three
polymers have the potential for hydrogen bondiBgsides EPO showedacid-base
interaction with both CUR and RES. Th&PO was selected to formtgaa stable TASD

with enhanced solubilitgnd stability A high drugloaded (50% w/w) TASD was prepared
and characterized to be in amorphous form with a singleS&ong interaction was
confirmed with botH-TIR and Raman spectroscopy. From iitro dissolution study,

it was observed thahe % dissolvedcon@ntrationOf CUR and RES from 50% drug
loaded TASD was respectively197times and 4 times higher than the PM after 1 hour

These TASD formulations evestable at room temperature for 12 months.
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Chapter 1. Introduction

1.1 Poorly soluble compounds

The oral dosage form is considered to be the easiest way of administering tféalnug

et al., 2006) And among these oral dosage forms, the solid dosage form has more
acceptance assuallythey do not require sterility during productighyus a coseffective

and simple process of manufacturisgll, thereis one problem that has been there for a
long time, the poor solubility of drugBazzo et al., 2020Y his low solubility can account

for slow drug dissolutiomnd poor intestinahbsorption(Boyd et al., 2019)This makes
thesedrugs a challenging candidate for oral delivery, which is a leading dosage form in
phamaceuttal formulationslt has been reported in the literature @yaproximately 40%

of marketed drug products V& poor aqueoussolubility and about 90% of drugs in
developmenalso have poor aqueous solubilifgrmain et al., 2018F his might be due to

the advancemef HTS (high throughput screeningid its widespread ugal-Kassas et

al., 2017) According toF D A ®8ispharmaceutie Classification SystemBCS), drug
substances are classified into 4 classes bast#wrsolubility and intestinal permeity
(Figure 1.1) (Amidon et al., 1995)Class lland ClassV are comprised of these low
agueous solubility drugsnd there are sever@rmulationtechniqueghatare being used

to enhance their solubility, such asmorphous solid dispersiongid-based emulsions,
seltfemulsifying (nano or micro) drug delivery systefimosomesco-amorphous systems,
micro and nanoparticles, salt formation, nanocrystals, cocrystal¢Baizo et al., 2020;

Pandi et al., 2020)



100

E 10 .  High solubility Il. Low solubility

< High Permeability High Permeability
=

§ L lll. High solubility IV. Low solubility

% Low Permeability Low Permeability
o

0.1
1 10 100 1250 T1000  hoooo 7100000

Volume required (ml) to dissolve the highest dose withinthe pH range of 1 - 6.8 at 37 + 1°C
Figure 1.1: Biophamaceutis Classification Systerof drug substances

1.2 Amorphous solid dispersion

Amorphoussolid dispersionASD)is one of the most successful strategies to improve the
bioavailability of poorlywatersoluble drugsresearchers are considering this approach for
the development of solid dosage forms of thes& chemical entitg(Vasconcelos et al.,

2007) A solid disgersion is defined as a molecular mixture of one or more poorly water
soluble drugs dispersed in at least one hydrophilic carrier, resulting in increased surface
area and enhanced drug solubility and dissolution(ifatn et al., 2019; Vasconcelos et

al.,, 2007) And in the case of definingdwB8D, it
dissolved in an amorphous carrigiigure 1.2) (Gala et al., 2020)The most common
concern in the preparation of ASD is the lack of thermodynamic stability, which can be
overcome by using pharmaceutically acceptable polyniéeka et al., 2014) The
interactions (hydrogen bonding, ionic interaction, or difgbf@le interactions) of drug and
polymer are one of the important factors in the formation of aphmus molecular

dispersion. Improved physical stability can be achieved by the reduction of molecular



mobility of thedrugmolecules and/or by inhibition of nucleation and crystal growth, which
is mostly seen in miscible ASDs where there is a preferedrigpolymer interaction

(Ivanisevic, 201Q)

Polymer Drug Amorphous solid dispersion

Figure 1.2: Schematic diagram showing the formatiorA&Ds

1.3 Ternary amorphous solid dispersion

The basic conceptf ASDis to convert crystalline drugs into an amorphous form by mgixin
them with an amorphous polymeiThis technique comes with sonohallengeslike
physical stability, precipitation in dissolution mediaadequate solubility enhancement,
etc. For tackling these problems many researchers are implementing thederogslious
solid dispersior(TASD) technique According to Borde et al.,TASD is defined as the
amorphous solid dispersion of an active ingredient in two different componenssld
state(Figure 1.3) With this advancement, al most mo:

overcomg(Figure 1.4)(Borde et al., 2021)

3" Component Polymer Drug Ternary solid dispersion



Figure 1.3: Schematic diagram showing the formation of terrsanprphousolid

dispersions.
Improved
solubility and
dissolution
Fixed dose Better
combination of amorphous
poorly soluble stability than
drugs binary ASD
Why
TASD?
Permeability
enhancement of Increased drug
BCS class IV loading
drugs
Controlled

drug release

Figure 1.4: Advantages oTASDs over conventional ASDs
In this technique, along with the drug and cartieere is another compondhtthelpsto
inhibit the precipitation and stability issudgis third component can be another polymer,
surfactant, any excipient, another compatible drug, carrier, which will result in enhanced
solubility and eventually ineased stability of the formulatioRigure 1.5). In the case of
binary ASDs, when the drug reaches supersaturation, often tlagreeispitation of drugs
which results in recrystallization. When a third component,(®ugfactant) is incorporated
with the binary ASD, it can help in the prolongation of the precipitation induction process
which can be attributed to both the thermodynamic and kinetic inhibition of precipitation.
Again, some of the timevith binary ASDs, there is still room to improve thesdiolution.

Thus, the third componeran offerthe ASD a better supersaturation profiléigure 1.5
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A). In the case of solidtate characterization of bina#ysD, amorphousamorphous phase
separation can be an initiator for recrystallization thus instability of formulation. This might
be due to the greater drdgug interaction than drugolymer interaction. The third
component acting as a bridging component (whiofht act as both Hhond acceptor and
donor to increase the drgplymer interaction) might increase the dipmymer

interaction, thus giving the TASD longer physical stabilkig(re 1.5 B)

Kumar et al. reported that some researchers have found aiutABD is superior to
improve drug solubility in comparison to binasD (Kumar et al., 2019). The addition

of a third polymer based on physicochemical properties can exhibit a reduced particle size
of the drug in formulation hence creating a lower iti@ilynamic barrier to dissolution,
collectively it results in a more sophisticated delivery (Davis et al., 2017). According to
Kumar et al., some previous works have stated that teA@Bs have reporteshowing
improved drug solubility in comparison tonlairy ASD systems (Kumar et al., 2019).
Accordingto Tian et al., the third component can effectively enhance the physical stability
of SDs by interacting with the drug and polymer as a linker (Tian et al., 2620work

by Ueda et aJ.they have reportethat they were successfalsignificantly enhancing the
dissolution of nifedipine thaits binaryASD by using HPMC and Eudra§i§ as carriers
(Ueda et al., 2018). Guan et al. reported improved bioavailability of lacidipine by using the
combination ofr polymer and surfactant (Guan et al., 2019). People have also reported the
synergistic action of 2nd and 3rd composenthich resulted in improved stability (Shi et

al., 2019), better precipitation inhibitipmnd extended supersaturation (Prasad et al.,

2016).
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In the case of marketed ASDs, some products made their way into the market. But due to

the complexity of the process and stability, this technique is yet to unravel the full potential.

As of 2015, 24 marketed products were ASDs, making up approximatély & éhe total

drugs on the market at that tirf@@chittny et al., 2019)Nowadays, hemelt extrusion is

one of the most commonly used preparation methods for ASDs in the industry. But, this
binary ASD ould be of great challenge in case of prgpi@n through hetnelt extrusion.

In the case of HPMCAS which is a widely used carrier for ASD formulation, it requires a
high extrusion temperature (0171 ) which c
This limits its potential as a carrier, but whee surfactant is added in the formulation it was
shown that it can be extruded at 130 . Thu

these ASDgSolanki, Gumaste, et al., 2019; Solanki, Lam, et al., 2019)

1.4 Classification of TASD

Based on theomponents of ASD, Borde et al. havelassifiedtheminto five different
types i.e. 1) Drug-PolymerSurfactant 2) Drug-PolymerPolymer, 3)Drug-Polymer
Excipient, 4) DrugDrug-Polymer, and 5Prug-CarrierExcipient(Figure 1.6). The first
class isDrug-PolymerSurfactant which contains apoorly watersoluble drugthat is
dispersed in the polymer matrix along with a suitable surfacass 2ZTASD contains
two polymerswith a drug. Class 3 hascommonly used excipient, rather than a commonly
used polyner or a surfactant with the drug and polyn@iass 4 contains two drugs with a
polymer which is discussed in the later segment. Finally, 8assesa special carrier
instead of commonly used polyrsgerthis special carrier mainly includes lipids and

adsabents(Borde et al., 2021)
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Figure 1.6: Classification of the TASDs based on the type of the third component.

1.5Drug-Drug-Polymer TASD

This project airs to utilize thisTASD approachfor the formulation of two polyphenolic
drugs Table 11 presents some examples of repomedg-Drug-PolymerTASDs from

the literature In this system, two poorly soluble drugee dispersed in one polymer. In
these ASDs, two drugs are selected that can have synergistic effects or can be co
administered ira fixed-dose combinatiofFDC). Initially, co-amorphous systems of only
two poorly watersoluble drugs (i.e., darunavir anditonavir) were studied, but they
showed no enhancemaeoitstability or dissolution after preparing the amorphous system,
but the addition of a third compound, such as cyclode{@i»), which formed complexes

with thedrugs, enhanced the stability and dality of the combination of drugéNguyen



& Van den Mooter, 201450metimes, two drugs behave better than the ternary dispersions
because they can have chemical interactions witldm,and t hey doymetr need
or other carrier for better dissolution. Researchers have studied the combination of poorly
watersoluble drugs such as naproxémdomethacin(Lobmann et al., 2011Y}itonavir:
indomethacinDengale et al., 2014and simvastatirglipizide (L6bmann et al., 2012)n

these combinations, no intermolecular interactions were observed and they showed
dissolution of one drug over the other, except for the combination of naproxen:
indomethacin, which showed intermolecular interactions and an incireasgsolution

rates of both drugéLébmann et al., 2011)The FDC of ezetimibe and lovastatin was
prepared with the hydrophilic polymeBoluplu§ and tested for enhancemt in
dissolution. It has shown great stability due to the hydrogen bond interaction between the
drugs and the polymer and high dissolution of up to 92% and 83%, respectively, in 5
minutes(Riekes et al., 2016)n some studies, they have compared the FDC of class 2
drugs with marketed preparations. The FDC of weak base pipghie and weak acid
glimepiridine and the other combination of simvastatin and ezetimibe were prepared with
the Soluplu€ and HRbetaCD and proved to have better dissolution than the marketed
preparation. The precipitation inhibitipim this caseis based on the ability of polymers,

like Soluplu€, to adsorb on the drug surfaces and inhibit nucleation and crystal growth
(Taupitz et al., 2013)CD, in contrast, improves the solvation of drug molecules and
increases the activation energy for desobraturing crystal growth. Hence, by decreasing

the degree of supersaturation and decreasing the energy for crystall@atigiu$, and

CD, respectively, stabilize the ternary dispersion sygiesmpitz et al., 2013However

this TASD approachmight as welldepress the amorphosslubility of each component.



Therearetwo sides to this effect that the lowered chemical potentialdofigs in tkese
TASDs can decrease the maximum achievable supersaturation and on the other side

decrease the driving force for recrystallizat{@nasi & Taylor, 2015)

Table 1.1: Drug-Drug-PolymerTASDs: examples, purpose, and method of preparation.

Drug Polymer Drug Purpose  Method of Reference
preparatio S
n
Flutamide Poly Bicalutamide Combinatio Hot plate (Pacult et
(antiandrogen  (methyl (antiandrogen ntherapy  melting  al., 2019)
S) methacrylat S)
e-co-ethyl
acrylate)/
PVP

Ezetimibe HPMC/ Lovastatin  Combinatio  Spray (Riekes et
(hypolipidemi PVP K-30/ (hypolipidemi n therapy drying al., 2016)

C) PVP VA C)
64/
Soluplug/
Ritonavir PVP/ Lopinavir  Combinatio  Rotary (Trasi &
(antkHIV) HPMC AS (antkHIV) ntherapy evaporatio Taylor,

n 2015)

Ritonavir HPMC/PVP  Darunavir Combinatio  Spray (Nguyen
(antkHIV) / 64, (2-HP- (antkHIV) n therapy drying & Van
b-CD) den

Mooter,

2014)

1.6 Preparation process

Different processingconditions may greatly affect the physicochemical properties of the
solid dispersion formulation witlthe same combination of drygolymer components
(Baghel et al., 2016; Serajuddin, 199Bhere ae two major distincpreparatiorprocesses

used to prepare amorphous solid dispersions, namely melting and solvent evaporation

(Vasconcelos et al., 201@esidesother mechanical processes are available, such as ball
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milling or grinding,which can indiwe amorphizationVasconcelos et al., 20Q7Among

these techniques, mechanical technigues such as grinding have a low degree of robustness
and limitedusefulnesgLin et al., 2009)Vasconcelos et al., 2007/or TASDs, there are
severalchallenges. However, solvent evaporation and melting have been shown to be
useful at both the industrial and laboratory leg&lasconcelos et al., 2018h addition to

these techniques, there is one less common technique called the melting solked{ met
which is a combination of both solvent evaporation and the melting method. The melting
method and solvent method are more commonly used than the melting solvent method,

especially in some polymer additif\SDs (Al-Obaidi et al., 2011)

1.6.1Solvent method

In the solvent methodASD is obtained after the evaporation thie solvent from the
solution containing a drug and carri@hiou & Riegelman, 1971 he ®lvent method has
solved the main problems of the melting method related to the decomposition of drugs and
carriers at high temperatures; in the solvent method, the solvent removal can be performed
without heat, such as in the freedging technique. Sommlymers that are rarely used as
carriers in the melting method due to their high melting point can be applied in the solvent
method. An important prerequisite of this method is the sufficient solubility of the drug
and carrier in a solvent or cosolvéheuner & Dressman, 2000inding a sitable non

toxic solvent is sometimes difficult because carriers are hydrophilic, whereas drugs are
hydrophobic(Sahoo et al., 2011)Solvents used in the solvent method may include
methanol, ethanol, ethyl ae¢¢, methylene chloride, acetone, or water and mixtures
thereof(Hoshino et al., 200750me surfactants, such as Tween 80 and SLS, can be utilized

to increase the solubility of drugs and carriers in solvents. However, their incorporation
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must be considered carefully because a large excess may induce a significant change in the
matrix structure. The disadvantages of this method are that the residual solvent remaining
after the evaporation process may cause toxicity and complete solveviatemnearly
impossible. Another challenge is the phase separation during removal of the solvent.
Sometimes moderately higher temperature is preferred for solvent removal to decrease the
available time for phase separation. However, this heating proaesscrease molecular

mobility, causing phase separati@erajuddin, 1999)

1.6.1.1Rotary evaporation

This method is widely used for the simplicity of the technidiige aganic solvent is
evaporated at a moderate temperatuseng a rotary evaporatorhich prevents the
degradation of thermolabile components ofsbkd dispersioiormulation.Adding a third
component to a binary solid dispersion migtitl chienges related tthe solubility of that
component ira common solent. Due to the solubilitychallengeswith organic solvents
some researchers started using solvent mixtures. One research gro@pmuseae of
ethanol and dichloromethane for the preparatiorSid of celecoxib(Xie & Taylor, 2017)
After getting the dried sample, it is grounded, siewdl stored in a vacuum desiccator
for complete removal of residual solvent. Although these processes are quite long, which
can caus@hase separation and recrystallization of the d(Wgset al., 2013)Trasi and
Taylor prepared the ternakkSDs of ritonavir and lopinavir usinghe rotary evapaation

method. They cryomilled the resultant sample to get a fine paWdesi & Taylor, 2015)

1.6.1.2 Spray drying

Spray drying is a widely used technology for solid dispersion manufacturing. This

technique transforms a fluid to dry powder form by atomization in a hot dryinggatly
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air (Sosnik & Seremeta, 2013 this technique, thérug-carrier solution or suspension is
transported from the container to the nozzle entrance via a pump system and rapidly
evaporates the solvent thus cnegia drugcarrier solution to solidirug-carrier particles.

This short residence time assures miali thermal stress to thdrug as well as helpto
preventdrug-carrier phase separation.thre case of binanASD preparationthis process

can be quite handy, whereastlire case ofTASD, the third component may cause some
competing effects like solulity gaps,which may change the solution state interaction
between drugstabilizer and solvent, and change mode and rate of particle formation or
evaporation rate. This might lead to concerns about particulate properties, miscibility,
relative crystallinity the stability of TASD when compared with simple bina®ySD
(Paudel et al., 2013)Spray dryingallows modulatingthe size of the solid dispersion
particles by modulating the droplet size via the nozzle to meettjuerements for further
processing or application§ ASDs can be comprised of two high molecular weight
polymers which can cause higher viscosity of the formulation. This high viscosity of feed
can cause difficulties in the feasibility of the processs tlasulting in low yield values.
According to Cai and Crokejdh solid content in the feed can cause higher viscosity of
feed solution which might cause sticking of the droplets on the inside of the drying chamber
(Cai & Corke, 2000Q) This process haghe potential possibility of continuous
manufacturing, ease of scalability, good uniformity of molecular dispersion, and cost
effectiveness in largscale production with high recoverigxrinarong et al., 20117long

with the limitations of available solvents having favorable solubilityemalighvolatility

under spray drying conditions another limitation is residual solvent. Powders obtained from

the spray drying process contain residual solvents that are always above the admissible
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limits set by the ICH (International Conference on Harmonization). As a result
additional drying step is often needed to decrease the solvent content undet {Milleni

& Gil, 2012). Researchers have utilized spray drying feDEBP TASD preparation, such
asNguyen & Van den Mooter preparebASD of Ritonavir and Darunavir usingspray

drying methodalthough both the drugs from ternary systems showed a lower release rate
than from the binary systenilguyen & Van den Mooter, 2014Riekes et al. also used
spray drying for the production of tiASD of Ezetimibe and Lovastatin combinatithrat

resulted in better dissolution propert{&ekes et al., 2016)

1.6.2 Melting method

The nelting methodwhich is also known ahefusion methodis a simple and commonly
used method for the productiaf solid dispersions. This process simply comprises the
heating of formulated sam@éollowed by cooling.The components are melted together
at a temperature above the eutegiint where the moladar mobility of this eutectic
mixture is high enough to allow the drug particle to successfully occupy the rtinetrix
results in decreased drug particle size and better wettalilityhis processthe cooling
rate is also crucial as it can affect tiipe of incorporation of the drug thematrix (Meng

et al., 2015) This melted homogenous xtirre is then solidified by different techniques,
such as using a freezer, using an ice bath, spreading a thin layer on stainless steel cooled
by air draft, spreading it on plates placed over dry ice, immersing in liquid nitrogen
grinding the materiah liquid nitrogen(cryo-grinding), pouring it into petri dislsglaced

at roomtemperature inside a desiccditasconcelos et al., 201@After this, several over
processes like crushing, pulverizjrand sieving are done to get the final solid dispersion

powder.
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The main advantage of this method is the simplicity and affordability of this process.
Moreover, hi s pr ocess d oganic daventNengtheiegsae auaial
requirement for thisnethod s themiscibility of components iamolten state. The process

has some major limitations as well. As this process requires a higher temperature, hence
degradation or decomposition of drugs or carriers may occur. Another disadvantage is that
this metlod is applicable only when dregnd carriers are compatible and miscible at that
processing temperature. The high viscosity of the polymer at higher tempecatare
incompatibility can cause phase separation and miscibility problems, thus inheoage

solid dispersion formulatiofVo etal., 2013)

1.6.2.1 Hot-melt extrusion

Hot-meltextrusion (HME) is one of the most commonly used megtiodthe preparation

of ASDs It was first introduced ithe plastic industry. In the extrusion procedsigs and
excipients are blended togetheto a physical mixture that is then extruded under
predetermined conditions. Processing parameters such as feed rate, shear force,
temperature, die geometry, barrel design, sartéw speed, play a crucial role in tieaf

quality of the producfMendonsa et al., 2020)ypically this processauld be canducted

below the glass transition temperaturg) (@ the mixture, but for drughatare thermally

stable, a temperature above the melting point of the mixture is selected as the process
temperature to reach the best operating procedures and, in pastibe@ appropriate
rheological propertiesdowever this can be conducted at a temperature below the melting
point of the drug when appropriate shear forcesthagolymer is selecte@Gao et al.,

2017; Liu et al., 203). Hanada et al. selected the processing temperature of,28Bich

is both below the melting point and degradation temperature of the(ldaugada et al.,
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2018) As this process deals with a molten system, the viscosity of the system should be
maintained so that it can flow through the dikis is an easily scalablequesshowever,

this scaling up can modify the shear force that can badly affect the product quality e.g.
physicochemical and thermal stability, drug dosage uniformity, and product uniformity in
terms of particle size, distributipand shap€Censi et al., 2018 All components of the
HME formulation should be thermally stable at processing temperabtinemise,
degradation might occunt has some advantagever other traditional preparation
techniques. This ia solvent and dudiree process which makes it environment friendly.
Again, as is it a continuous process, it involves fewer steps and lower fioodcmsts.
Based on the miscibility of the drug with the excipients, the intense mixitigeiHME
process can result in different types of solid dispersions including eutectic mixtures,
microfine crystalline dispersionsor solid solutions (substitutiohainterstitial or

amorphous)Djuris et al., 2013)

In general, spray drying and hotelt extrusion arenost usedor the preparation ofASDs
due to their high scalability and applicabilikpart from this some studies have used
different approaches likine mechanochemical method (Roll mill), hot plate melting, 24

well plate solvent evaporatigkumar et al., 2019; Pacult et al., 2019; Zhang et al., 2020)

1.7 Characterization of TASDs

TASD has an improved dissolution behavior compared with some binary solid dispersions
and physical mixtures. Factors influencing the propertie3ABD were found to be
dependent on the technique of drug incorporaimalil et al., 2013) the method of
preparation, and the molar ratio of drug to carr@nysical characterization of ternary

dispersions by eutectic phase behavior, suchgasan be determined using diffat&l
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scanning calorimetryShah et al., 2006Powder Xray diffraction (PXRD) gives better
views of the crystal properties of formutats; the crystallinity can be revealed using
PXRD. Another technique, FTIR, is commonly usedxploreintermolecular interactions

and the reaction between drug and car(Miyazaki et al., 2011)especially in the
investigation of the hydrogen bond between drug and carrier, which influences the

solubility significantly.

1.7.1 Differential scanningcalorimetry (DSC)

DSC measures the difference in heat flow between the sample and referera=se gpan
function of temperature as the sample is heated, comldept ata constant temperature

to measure the amount of heat absaror released durirgjfferent thermal eventsThe
exothermic or endothermic peak measured in DSC indicates different thermal(&hatis

et al., 2006)For example, a melting event requires energy from the circumstance, so an
endothermic peak should be observed. @ndther hand, a crystallization event usually
coincides with heat release, so it can be indicated by an exothermic peak. By observing the
difference in heat flow between the sample and reference, different thermal events can be
identified. DSC can also pvide accurate heat capacity value in these procd3Sé€scan

be used as a technique for ternary solid dispersion characterization, providing accurate
information about melting pointTy, and the energy changes associated with phase
transitions, includingcrystallization and fusion processéBungor & Horvai, 1994)

Al t hough ités chal |-polymdar migcibilityp DSE Vs probaldyttree t h e
most commonly used method to Biate this. When the miscibility limit is exceed#dtkere

can be a drugich phase and a polymech phase, and this can lead to amorphous

amorphous phase separation. This is the basis of the characterization -pbigragr
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miscibility. Typically, asingle T4 refers to a miscible drugolymer system whereas more
than oneTy refers toa system having two phaségian et al., 2016)However,there are
some reported exceptions whargngleTy was observed for a phaseparated system and

two Tg4s were observed for a miscible sysfeodge et al., 2006; Qian et al., 2010)

1.7.2 Modulated differential scanning calorimetry (MDSC)

DSC uses a linear heating rate whereas MDSC usesablatiear heating rate and a
sinusoidal or modulated heating rate. Tpgsmits the measurement of both heat flow and
heat capacity through MDSQ@.eonard C. Thomas2009. This periodic temperature
modulation ® MDSC provides the advantagd# analyzing complex and overlapping
thermal event@Brown & Gallagher, 2003MDSC deconvolutes complex and overlapping
thermal processes by separating the results into reversing anckversing signals
(Coleman & Craig, 1996)n a study by S. Janssens et @iley characterized a polymer
blend and ternary formulations using MDSC. From the resthisy suggested the
coexistence ofultiple amorphous phases and a crystalline Itraconazole phase, depending
on the compositiorf ternary ASDs. Nevetheless XRD results confirmed that all the
ternary formulations were amorphoilainssens et al., 200&) another studythe results
from MDSC thermograms confirmed the results from XRD. They found Tthef
paclitaxel at 151 , PVRK30 at 162 , and for SLS they found the characteristic thermal
events(endothermic peaks) of SLS at 89 and 9However,these peaks were absent in

the MDSC thermogram of treanorphousolid dispersion formulatior1oes et al., 2013)
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1.7.3 X-ray diffraction (XRD)

XRD is one of the most common bul&chniqus used for analyzing the crystal structures
of organic, inorganic, and polymeric materigisery crystal is composed afdistinct
arrangement of atoms and repeating units. Tegsalline atomsancause a beam of
incident Xrays to diffract into many specific directionich generate a series of distinct
peaks. This series of distinct pealteused to identify the crystalline compone(ita &
Williams, 2019) The X-ray diffractogram pattern of a crystalline drug shows sharp
crystalline peaks, wheredise amorphous form of the drug shows a halo pattern without
any sharp diffraction peak®an et al., 2019)Earlier studies have shown that XRD in
conjugation with pair distribution function calculations can be used to characterize the
nearesneighbor interactions and the change of local struoiNesvman et al., 2008;
Rumondor et al., 2009¥rom which the drugpolymer miscibility can be qualitatively

inferred(Bates et al., 2006)

1.7.4 Fourier transform infrared spectroscopy (FTIR)

FTIR is a widely used characterization technique to analyze the infrared sp@ftrum
samplesFTIR uses th&ourier Transformto mathematically process the raw infrared data
into theactual spectrumlhis works on the principle that when a sample is irradiated with

a broad spectrum of infrared light that sample only absorbs a fraction of théSligdihu

et al., 2015)The mokcular absorption of infrared light causetansition between the
rotational and vibrational energy levels of the ground electronic energy state. The sample
infrared peaks from the spectrum represent this excitation of vibrational modes of the
molecule n the sample amarerelatedto the various chemical bonds and functional groups

present in the molecu(émail et al., 1997)n thecase of solid dispersion characterization

19



FTIR is mostly used to investigate intermolecular interaction and the compatibility between
drug and carrier. The sample is recorded by passingam of infrared light through the
sample. When the frequency of the dRdthe vibrational frequency of a bomdatches
absorption occursChere must be a net change in dipole moment during vibration for the
molecule or the functional group under stdidlyshowing infrared activityCoates2006)

FTIR can be used for the determination of interaction between drugs and polymers,
molecular motions, polymorph characterization, phase separamonidentification of

amorphous and crystalline phagka & Williams, 2019)

With the ongoing booming interest inPABDs andtheir understanding, researchers have
tried various types of characterization techniques other than the-atent®ned ones. For

the understanding afiemorphology of the ASD particle Ghanavati et al. used scanning
electron microscopy (SEM). They have amag pure drug and the formulations to
investigated the effect éfiespray drying process on celecoxib crystal behg@manavati

et al., 2017)Meeus et al. used the combination of mDSC and surface analysis techniques
for the understanding of drug distribution and phase behavioASDE. Inthe case of
surface analysjghey have used time of flight secondary ion mass spectrometry (ToF
SIMS) and atomic force microscopy. This T<#MS is a surface mass spectroscopy
techniquethat can analyze the top-2nm of a surface. This technique can chemically
identify a compound oasample surface by its secondary ions, including molecular species
or fragnents derived from the compound. Through this, the-SBFS can potentially
reveal the spatial distribution of drug and excipient at the sample surface. Besides, the AFM

gives the spatial characterization of topographic and mechanical propettiesaifple
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surface at a nanoscale resolution, which can @nidea about the phase separation at the
surface(Meeus et al.,, 2015)Researchers have also used othernmibkranalyss like
thermogravimetric analysis (TGA). Hanada et al. used TGA analysis for the determination
of the thermal degradation profile of the drug. They used the thermal degradation onset
point of the drug to get the upper limit of processing tempegraas thg have used a
thermal process for the preparation of theSDs(Hanada et al., 2018Moreover, these
complex TASD systems hee called for more characterization techniques IRk&man
spectroscopy, nucée magnetic resonance (NMRgtc. In a stugd by Prasad et al., they
have usedRaman spectroscopy for the characterization of the polymorphic form of the
drug from the precipitation study. Besides, they have Uamuan spectroscopy and
solution 1H NMR for the assessment of dpaymer interactionPrasad et al., 2014,

2016)

1.8 Curcumin (CUR)

Curcumin isa natual compound that is obtained fro@urcuma longa LThe chemical
structure of CUR is shown irigure 1.7. It exhibits keto-enol tautomerism, where the enol
form is more energetically stabletime solid phase, and according to Kaur et al., the enol
form exists mostly in organic solvents, while keto existdhe aqueous phagdankun et
al., 2016; Kaur et al., 20183s a natural polyphenglt hasbeen extensively stugli inthe
literature andthose studies Iva reported that it has various therapeutic effecich as
antioxidant, antinflammatory, antimicrobial, anticancer, atizheimer activities, and
woundhealing propertiegShin et al., 2016)Besides, it was observed that curcumin
d o e s n Gsignifeamtdoxicity in humasever at doses u several gramerally daily

for months(Yu & Huang, 2012)But, one of the limiting factaerof this hydrophobic (log
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P ~3) compound is ltas extremely low water solubilify0 . 0 1 1 (Psiygdansiti, 014;
Yildiz et al., 2019. According tothe Biopharmaceutics Classification System (BCS),
curcumin is classified as a class Il compog(fd et al., 2015) This low water solubility

as well as extensive metabolism of cumion, might account for the lower oral
bioavailability ofc ur ¢ umi n  ('Qles® than 4%), whith is one of the biggest

hurdlesfor its therapeutic applicatiafburesh & Nangia, 2018)

Figure 1.7: Chemical structure of CUR.

1.9 Resveratrol (RES)

Resveratrol is a natutglobtained neflavonoidpolyphenolic compoungFigure 1.8). This

stilbenic structure polyphend presentm different plants and extractédbmgr ape 6s pee
of the common red grapsvine (Vitis vinifera). Resveratrol can exist in two different
isoforms, the #ns aml the cis-resveatrol (MoyanoMendez et al., 2014; Spogli et al.,

2018a) The transresveratrols believed to be more abundant and biologically active than

the cis form.This BCS class Il compoundasshown a widgange of pharmacological

activities such as antibacteriantiplatekt, antioxidation,antifungal, antrinflammatory,
cardioprotectivand anticancezffects However due to its low water solubilitfabout 30

¢ g / )rmhdmoderatéhydrophobicity [og P~3.1) which is majorly due to its high melting
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point andcrystal lattice energy, itas very low bioavailabilitySpogli et al., 2018b; Wegiel

OH
L

et al., 2013; Zhou «tl., 2016)

HO I
OH

Figure 1.8: Chemical structure of RES.

1.10Synergistictherapeutic effects

Both these polyphenolidrugs have shown great potential asanbination theapy as

there have sevdraherapeutiactivities.It has been reported that these compounds have
synergistic activity againgblorectalcancefAl z h e i me r abdschomdropretectve,
antioxidant antrinflammatory chemepreventiveactivities(Figure 1.9) (AlBasher et al.,
2020; Csaki et al., 2009; Du et al., 2013; Gauvrilas et al., 2019; Majumdar et al., 2009;
Malhotra et al., 2014)Till now, there has been ndSD formulation combining both of

thesedrugs to harness their sngistic therapeutic activities.
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Figure 1.9: Synergistic therapeutic activities of curcumin and resveratrol

1.11 Polymer

The general idea of ASD started with dispersing the amorphous drug in a polymeric matrix.
Thus,these polymers have been playing a pivotal role in the performance of ASDs. They
can help in the inhibition of crystallization as well as solubility enhancement «falorgy
with many more functionalities. In this study, three different were assessind fbASD

development of CUR and RES.

1.11.1Eudragit® EPO (EPO)

EPO is a cationic polymgrcomposed of dimethylaminoethyl methacrylate, butyl
methacrylate, and methyl methacrylate at molar ratios of gFiglire 1.10. This polymer

is soluble inthegastic fluid under pH 5Rowe et al., 2009However, EPO is protonated

at a pH lower than 8 and forms positive charge in the physiological environment, this
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potentially could help in solubility enhancement by ionic interaction of EPO with anionic
drugs (FineShamir & Dahan, 2019)it has a wi@ application inthe pharmaceutical
industry for various purposes such as taste masking, moisture protection, release

modification and excipientLi et al., 2015)

CH, CH, CH,
n
R~
CH, O © o [So
| \) 0
N
He” CH,  CH,

Figure 1.10: Chemical strature of EPO.

1.11.2Hypromellose acetatesuccinate HPMCAS)

HPMCAS is a widely used polymer for ASD developméritere are several marketed
ASD formulations such as, KalydédNoxafil®, Orkamb® etc, which contain HPMCAS.
According to USPB2-NF27, HPMCAS is a mixture of acetic acid and monosuccinic acid
esters of hydroxypropylmethyl cellulogeigure 1.11). This can found irseveral grades,
based on the pH at which the polymer dissolves (low, L; medium, M; and high, H) and its
predominant article size (cohesive fine powder, F; or ffemving granules, G)This
enteric polymer has solubility in aqueous media at a pH abov@déganathan & Praky
2015) This polymer is commonly usexsa controlledrelease agent; solubility enhancing
agent; enteric coating agent; flfarming agent; sustaineelease agerdtc.(Rowe et al.,

2009)
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Figure 1.11: Chemical sructure of HPMCASQIiu et al., 2017)

1.11.3Eudragit® S100(S100)

Eudragit S100 is an anionic copolymer based on methacrylic acid and methyl methacrylate
(Figure 1.12. S100has a free carboxykgup to the ester ratio of approximately 1:2. S100
is soluble in intestinal fluid from pH. This polymer is mostly used in enteric coatings for

pharmaceutical tablets and capsiiRswe et al., 2009)

[ CHsz ] CHs |

H,CO™ Y0 | |[HO™ O

- m L _ n
Figure 1.12: Chemical structure of S100.
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Chapter 2: Significance hypothesis,specific aims

2.1 Significance

Oral drug delivery systems are one of the most widely accepted dosage fotines in
pharmaceutical industry. One crucial consideration for oral delivery systems is the oral
bioavailability of drugs, which plays a pivotal role in drug absorption from the
gastrointestinal tract. This presents a huge challenge in oral drug developmentyof poo
watersoluble drugs, as approximately 4086 drugs with market approval have low
agueous solubility. Whereas, time case othedrug development pipeline, onlyI®% of
potential drug candidates fall under BCS class | (swbbility andhigh permeabity and
60-70% are BCS class Ilaw solubility andhigh permeability. Thus 90% of potential

drug candidates fronie drug discovery pipeline have low solubility (BCS class Il & V)
(Jermain et a 2018; Kalepu & Nekkanti, 2015; Ting et al., 2018he of the commonly

used techniques for improvirnge solubility of drugs is ASD, which could potentially
enhance the dissolution, thus oral bioavailability of the drug. A study by Newman et al.
sumnarized the results from 40 research papers to conclude that ASD was successful in
enhancing bioavailability in 82% of the cases (33 repgkis)jvman et al., 2012Newer
studies have also suggested that TASDs can be potentially superior to improve drug
solubility in comparison to binary ASO&uan et al., 2019; Kumar et al., 2019; Ueda et

al., 2018)

Drugsthathave synergistic therapeutic activity could be combined to form a single dosage
form by fixeddose commiations (FDC). FDCs are getting more attention day by day, as

they are more patietftiendly, can lower the pill burden, and it was also proven by a
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clinical trial that FDCs can remarkably enhance patient adherence in comparison to
conventional therapSmeets et al., 2020)hat brings us to a goal of formulating BDC

of CUR and RES with enhanced solubility, as CUR and RES have several synergistic
therapeutic.However, there is reported literature on binary ASDs of CUR and RES
respectively(Ha et al., 2021; Mag et al., 2015)To the best of our knowledghereis no
reported literature on drudrugpolymer TASD formulation of CUR and RES harness

their synergistic therapeutic activityith enhanced solubility and prolong amorphous

stability.

2.2 Problem statement

To exploit the synergistic therapeutic activityafrcumin and resveratrghhere is a need
to develop a combination formulation of these drugs which can significantly entteanc

solubility.

2.3 Hypothesis

Ternaryamorphous solid dispersion can simultaneously enhance the solubility and

stability of curcumin and resveratrol

2.4 Specific aims

To prove thehypothesiswe have divided the whole project into three specific aims

Specific aim X Assessment of polymer effectiveness for developing-drug-polymer

TASD
Specific aim 2 Preparation and characterization of the TASD

Specific aim 3 In vitro dissolution and stability studies of the TASD
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All three of these specific aimare playing a crucial role in the success of this project.
Thus, attaining these airssof great importance, which requiresobust study plan which

can provide reliable and reproducible démure 2.1illustrates theexperimental model

for thedevelopment and evaluation of ternary amorphous solid dispersion of poorly water

soluble compounds
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Chapter 3: Assessment of polymer effectivenessr developing drug-
drug-polymer TASD

Introduction

Polymer plays aritical role in the development of ASDs. A hydrophilic polymer can
providebetter wettability of the drug and possibly enhance the solubilitlyediffusion

layer surrounding the dissolving particles. Besides, the polymer can inhibit drug
precipitation from supersaturated aqueous solutfPu®ng & Mooter, 2016)Polymes

have a great success rate in stabilizing amorphous systems as they can form molecular
dispersion with the drug thus limiting the molecular mobilitytteé drug which in turn
inhibits crystal growth and nucleatiofLiu et al., 2015) Getting a sacessful ASD
formulation with enhanced solubility and stability could be challenging without a properly
selected polymeiSeveral factorplay a key role inthe amorphous stabilization of a drug

in a polymeric matrix, such as the reduction in chemicami@tl and molecular mobility,
increase in the activation energy for crystallization, incredsgdtrong drugpolymer
interactions or a combinatiorof these factors. Ensuring intimate mixing tbe drug
polymer system in ASD can help attainthese fators (Baghel et al., 2016)This can be
done through robust polymer screening studies befoqgrdparatiorof ASD formulation.
Commonly used polymer screening studies include theoretical paransein as
solubility parameterTy estimation, FloryHuggins theory, etcas well as experimental
methods such as melting point depression, crystallization tendencyspalsuger
interaction, etcin this project, we utilized a systematic approach for screening polymers

which focuses on miscibility, crystallization inhibitioand interaction of drugolymer
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systems to find the optimum polymer to ensure better solubility and stability of each drug

in TASD.

3.1 Materials

Curcumin was purchased from Sigma Aldrich (St. Louis, MO) and resveratrol from TCI
(Tokyo, Japan). Eudra§itEPO and Eudragit S100 was purchasedfrom Degussa
(Parsippany, New Jerse\WPMCAS (AFFINISOLE HPMC-AS 716 G) wagenerously
given by Dr. Abhijit Datefrom University of Hawaii at Hilo. All the solvents used in this
project were laboratorygrade solvents and were bought from Fischer Scientific (Fair

Lawn, New Jersey).

3.2 Methods

3.2.1Miscibility by DSC

Miscibility of thedrug-polymer system was analyzed by DSC. Depression of melting point
of the pure compound whenamixture can be translated to its miscibilitytire polymer.

Pure compound and physical mixtures M) were analyzed using DSC Q2000 (TA
Instrument, New Castle, DE) equipped with a refrigerated cooling system (RCS40). The
instrument was calibratdwith indium before the experiments were carried out. Data were
analyzed using TA Universal analysis softwargnifersal Analysis 2000, TA
instruments) A hermetically sealed empty aluminum pan was used as the reference and
nitrogen gas was purged at &geraf 20ml/min to maintain the inert atmosphere. For all the
DSC experimentsa sample size of-30 mg was used. Drugolymer PMs in different

ratios (i.e, 10-50% EPO)wreanal yzed by a heating rate of

RESfrom 30 to~20 highe than the respective melting paint
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3.2.2Crystallization tendency by DSC

CUR and RES were analyzed both in the presence and absence of polymecymiea 3
heatcoolheat in DSC. An inert atmosphere was maintained by nitrogen flow at 20 ml/min.
Sampleavere first heat at a heating rate of 5 mitill200 (CUR)/ 285 (RES). Itwas
immediately cooled at a cooling rate of 20 mitor80 . Finally, it was reheated at a

heating rate of 5/ mi n

3.2.3Crystallization kinetics by XRD

Samples forrystallization kinetics studies were prepared by dissolving the model drugs

in an organic solvent (acetone) both with (in different w/w ratios) or without polymer. For
thisstudy,6€@ L of each sampl e was t,anHagiffraciogrant he XR
was collected at 0, 5, 10, and 20 min. The experiment was stopped after 20 min as acetone
evaporates within that timkeaving a substantially solid filrXRD pattern osamplesvas

recorded usindrigaku SmartLalDiffractometer(Rigaku CorporationTokyo, Japai in
focusing geometry oper &®kWadd3WwmA withinGd>>Xd) r ad i
range in steps of 0.083A length limiting slit of 10 mm, a divergence slit of 1/2 degree

and a 5° Soller slit were used on the incident beam path and thveadatallected by/2d

scans using a D/tex Ultra 250 1D strip detector with 20 mm receiving slits and a 5° Soller

slit. A Ni foil was used to suppre8s intensity.The XRD results of drugolymer mixture

were compared with the pure dauig assess the eftt of polymer on crystallization.

3.24FTIR

Solid films were created from drug solutionsoirganicsolvent (acetoneh presence of
polymer (in different w/w ratios) Thin films were created by slowly evaporating the

solvent overnight at room temperature. These films were then analyzed by FTIR and
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Raman for confirmation of interactioRrimarily, © determine the molecular interaction
between drugpolymer systems a Bolet iS 50FTIR with a ZnSe ATR crystal was used.
Samples were placed on the crystaid a signal was acquired from an avei@fb scans

at 4 cmt* resolution under dry air purge at ambient temperature. A background scan and
atmospheric compensation @bminate HO and CQ interference in the beam pathgne
considered to account for environmental interference. Data were analyzed using &MNIC

FTIR softwareandthebackground was corrected.

3.2.5Raman spectroscopy

To complement the FTIR studies, wélimed Raman spectroscopy (Bruk8enterra
Dispersive Raman Microspectrometek)small amount of sample was taken aglass

slide and placed on the stage of the microscope. A 20x objective with an aperture of
50x100Ce nwas used to get a clear visual of the sample. A laser beam having a wavelength
of 785nm with a laser power of 58W was subjectetb the sample. A resolution of 6

cmit was used for a spectral range of3D0 cm!. The data was attained with 5s of
integration time, 2 cadditions and triplicate data areaveraged to get the representative

spectra for each sample.

3.3 Results

3.3.1 Solubility parameter

The solubility parameter Bdeen used to predict the miscibility of drug and polymer in
amorphous da dispersions(Greenhalgh et al., 1999Normally, the difference of
individual solubility parametsi(cp iis used to determine the miscibility of drpglymer

mixtures. Althoughthe lubility parameter(li) is commonly used iASD development
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both in research and industtpere are some limitations. This grougmtribution method
works best for simple molecules to give a
into consideration the directional bonds such as hydrogen bonds aaluyg electrostatic

interactiongChakravarty etal., 2017) he t ot al s ol ubgequationy par a me

1 =0 +0 +U (Equationl)

Usgr ef ers to contr i butpreters totantabotiordfiors pokarrfasse on  f o
andreféerstothec ont r i buti on o fg Jaynddcanigeecalculatedmging ng .
the combined group contribution methods of Van Krevdiaityzer and Fedors

(Krevelen & Nijenhuis, 2009 s follows:

1 —_— (Equation?2)
B
1 —_— (Equationd)
1 g (Equationd4)

"O is the group contribution to the dispersion forces, is the group contribution to the
polar forces)O is the group contribution to the hydrogeanding energy, and V is the
group cofribution to the molar volumé&.he molar volume of RES is 186.3 ¥mol (Zhou

et al., 2016jand CUR is 396.tm*/mol (Meng et al., 2015)

The solubility parameters of drugs and polymers are presenfieabla 3.1 Foster et al.
classified miscibility into three differen

( i <2 .Y9 wilMferm a drugpolymer system thas likely to be miscibé and form
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homogeneous ASDs; group 2 (2.0 MPa qpli < 1 0Y2 are pamialy miscible and

might face phase separation while or after the amorphous systems are formed; and finally
group 3 ( P which ar@@most Rkely to form significantly imsgible drug
polymer systems, with a high risk of phase separdfonster et al., 2001Meng et al.

used this classification to furthetaboratethe group clasification. They divided these
dugpol ymer systems into f i ¥eGroapy2s2MPEHs pii Gr ou p
<7 MP&’% Group 3: 7 MP¥< pili < 1'6; Griop 4: 10 MP¥< opli < 1'4 Griop a

5: mu  ¥2(MengMPah, 2021)Based on tis group classificatioin the solubility
parameter of each entity, tipeedicted miscibility of all thesdrug-polymersystems are
presented inTable 3.2 All the drugpolymer systems are predicting good miscibility
except the REEPO, which could be classified @soup 3 ompartially miscibleln case of

CUR systemdowest Us observed for the CUHEPO system, whereas for RESs RES
HPMCAS. Thus, tb predictive miscibility ofpolymer with the drug i€£PO> S100-

HPMCASfor CUR andHPMCAS> S100> EPOfor RES.

Table 3.1: Calculated solubilityparameters oc€UR, RES, EPO, HPMCAS, and S100

Drug/polymer Solubility par amet e#?) i
CUR 19.5
RES 26.7
EPO 19.6(Sarode et al., 2013)
HPMCAS 25.7(Klar & Urbanetz, 2016)
S100 21.2(Kitak et al., 2015)

55



Table 3.2: Group classification of drugolyme based on the difference of solubility
parameterd i values Group 1 indicates the most miscible system and Group 5 is the

least misciblesystem

Drug-Polymer U Classification
CUR-EPO 0.1 Group 1
CUR-HPMCAS 6.2 Group 2
CUR-S100 1.7 Group 1
RESEPO 7.1 Group 3
RESHPMCAS 1 Group 1
RESS100 5.5 Group 2
3.3.2 Miscibility

Miscibility study is widely used in ASDs for the screening of polyrige crystalline drug
shows a sharp endothermic peak representing meltithge DSC thermogram. Alteration

of melting peak towards lower temperature is characterized as depression of melting
endotherm or melting point onset. This depression indicatsstihgilization of crystalline

drugs in the polymer matriXTrivino et al., 2019 FromFigure 3.1, it can be stated that

both theCUR and REShow better miscibility with EPO rather than HPMCAS and S100,

as EPOPMs are showing more depression than other polymers. The effectiveness of
polymer inrespect omelting point depressias EPO>S100>HPMCA%or both CUR and

RES.
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3.33 Flory-Huggins (F-H) interaction parameter

The FH interaction parameter is utilized to understand the mixing behavior of drug
polymer systems. The determined value can be indicative of spontaneous or favorable and
unfavorable mixing ofthe drugpolymer system.The interaction parametdc) was

constructed by utilizing theelting pointdepression values for these mixtu(Egjuation

5). A linear plot was created by plotting z 1 %o 0

— %o VS %o for all the drugpolymer systems. The value ofwas estimated

from the slop of that plot.
_ — T 1 %o P — %o . %o (Equation5)

Where Tix and Toureare the melting points of the PM and the puredrigs pectadsv el vy,
is the heat of fusion of the dru§grg and €poymer are the volume fraction of drug and

polymer respectively anchis the ratio of the volume of the polymer to that of the drug.

A negative interaction parameter indicates exothernmaign or miscible systeniMarsac
et al., 2006; Rumondor et al., 2008he FH interaction parameter value calculateddibr
these drugpolymer systems showed a negative value, which indicates their exothermic
mixing behavior Table 3.3. Thus, a rank order dhe polymer effectiveneseegarding

miscibility is challenging from this data.
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Table 3.3: F-H interaction parameter valuespiiysical mixtures of CUR and RES with
EPO, HPMCASand S100determined by melting poidepression methoe negative

value is indicative of miscible drygolymer system.

Drug-Polymer F-H interaction parameter (G)
CUR-EPO -1.5645
CUR-HPMCAS -2.4784
CUR-S100 -1.6409
RESEPO -1.1337
RESHPMCAS -1.8598
RESS100 -1.1954

3.34 Crystallization tendency

Crystallization tendency stydls an emerging concept in amorphous solid dispersions. This
gives an idea aboule crystallization behavior of a compound or how fast it tends to go
back to its most stable crystakin from non-crystalline formsDrugscan be classified into
three clases based on crystallization tendency, high, modeeatd low (Baird et al.,
2010) From the thermogrami was found that CUR acts asow crystallization tendency
drug and RES acts as moderate crystallization tendendyug (Figure 3.2). While in
presence of polymer bothe drugs showed lowrystallization tendencyCUR is already

a low crystallization tendency compourahdthe polymers are effective in lowering the

crystallization tendency of RES.
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Figure 3.2: Thermograms showingystallization tendency gfure CUR, pure RES,

RES: EP(0:50,RES:HPMCAS50:50, andRES:S10050:50determined by a heat

coolreheat DSC cycldé=rom this figure, CUR is found to show low crystallization

tendency and, RES is moderate crystallization tecylen presence of polymer (i.e.

EPO, HPMCAS, and S100) they actedsw crystallization tendency system.

3.35 Crystallization kinetics

The goal of this study was to find a polynteat has better capability to inhibit the

crystallization of each drughrough a simple qualitative methodnderstandingthe

crystallization kinetics of drugyin ASDs is very important for its longerm stability.

However, the study of crystallization kinetic o r

t

he pol ymer 6s

ef f e

kinetics is not as common as other polymer screening studies that are ugkd for

preformulation of ASD. The reported literature on crystallization kinetics of drugs in ASD

uses different techniques.e., Rautiniemi et al. usedfluorescencdifetime-imaging

microscopyto study thequantitative analysis afrystallization kinetics ofndomethacin
(Rautaniemi et al., 2018pPuong et al. have stietl the crystallizaon kinetics of high

drugloaded indomethacirgolyethylene glycol dispersions by using standard and
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modulated differential scanning calorimetry anday powder diffractionfDuong et al.,

2015) Another research group studied the crystallization kinetics by exploripglyraer
enrichment at thecrystatliquid interface during the crystallization of griseofulvin
containing poly(ethylene oxide)They have utilized a complex experimental design using
confocal Raman microscopy, scanning electron microscope, and alispgysive Xray
spectroscopyZhang et al., 2019)hus, the method used in this project could serve as a
systemic approach to easily explore the area of crystallization kinetics and select the best

polymer that can ensure better inhibitioncofstallization

From the data we found®RES initiated crystallizing after 5 mins, whereas CUR stays
amorphous for the whole 20 mins of observation. This again goes back to their
crystallization tendency, such as RESa moderate crystallization tendency compound
whereas CUR ialow crystallization tendencyAnd this can be seen in this crystallization
kinetics experimenasRES has better tendency to go back to its crystalline form from its
amorphousform. Thus, this study is better to analyze the effect of polymer on
crystallization kinetics of moderate or high crystallization tendetmygs, since low
crystallization tendencgrugs might notshow any crystallization within the experiment
time. We used a lower portion of polymer in the binary mixtures for this study and found
some interesting results. the case of RES: EPO (2:1, w/w), the polymer effectively
suppressed the crystallization @hcompared with the results of driigh in absence of
polymer(Figure 3.3). However, inthecase of RES: S100 (2:1, w/w) and RES: HPMCAS
(2:1, w/w), we have foundfew of the diffraction peaks with lower intensities whi@nc

be attributed to the lowesffect of S100 and HPMCAS on crystallization kinetics than

EPO.Moreover, the CUR: RES (1:2, w/w) sample has shown traces of diffraction peaks
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starting from 5 minuteshich shows that both of these drugs will need a polymer to inhibit
crystallization inthe ternary systemrhusin the case of the ternary mixtures, all the three
CUR: RES: EPO (1:2:2, w/w), CUR: RES: HPMCAS (1:2:2, w/w), and CUR: RES: S100
(1:2:2, wiw) have shown similar halo pattern throughout the experiment, confirming
suppression of crydteation intheternary systemBased orthis study the rank order of

polymer for RESs EPO> HPMCASS100
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Figure 3. 3: XRD diffractograms of different drugolymer binary and ternary mixtures

to analyze the effectiveness of polymer on crystallization kinetics of RES.
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3.36 FTIR

FTIR is widely used in ASD development to study molecular interactions. Specific
functional graips are observed that are crucial for molecular interactiba absence,
reduction or shift of those peaks ithe FTIR spectrum would suggeste existence of
molecular interaction(Tran & Tran, 202Q) For FTIR analysis of these samples
identified the peak assignments fahctional grogps that could participate in hydrogen
bondingandacid-baseinteractiors. All the FTIR spectt are shown irFigure 3.4. From

the FTIR spectrumpure CUR we observetd havethe phenolic hydroxyl peak at 3509
cmt, whereasin the case of pure RES ttsame functional group showed a broad peak at
3194 cm. Finally, for the polymersthe carbonyl (C=0) peakaround 1700cm? was
selected to characterize thgdrogen bondin@f the polymerwith drug (Table 3.4. The
identified carbonyl peaks were consigterth the peak position reported ihe literature

for these polymergAl-Obaidi & Buckton, 2009; Mehta et al., 2018)oreover for EPQ

we also monitored theimethylaminogroupwhich is represented by peaks2a71cm?

and 2821cm, which could participate in ionic interacti¢hin-Vien et al., 1991)

Table 3.4: Peaks position of different functional grougsdougs/polymers in IR spectra.

- -1
Assi gnme Wavenumber (cm

CUR RES EPO HPMCAS S100

Phenol i c 3509 3194 - - -
Carbonyl - - 172¢ 1725 1727
group
Uni oni z - - 2771 - i
di met hyl 2821

( RN(BRH gr «
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Figure 3.4: FTIR spectrum opure CUR, RES, EPO, HPMCAS, and S100, as well as
the binary and ternary films created by slow evaporation. All polymers are showing
hydrogen bonding according to the Infrared spectrum, EPO showbasgdneraction

with both CUR and RES.
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In thecase ofall the CUR:polymer(50:50, w/w) films, we found the sharp hydroxyl peak
of CUR to bedispersedandthe carbonyl peak opolymersis shiftedwith evident shape
change This confirms the formation o& hydrogen bond betwee@UR and polymers
Moreover, the dimethylamino peak of EPOalssentin the CUR: EPO 60:50, w/w)
spectrum which confirms the formation ofacidbase interaction betweenthe
dimethylamino groupof EPO and the phenolic hydroxyl groupof CUR. Similar
observatios also confirmed hydrogen bonding &ES:polymer (50:50, w/w) andCUR:
RES:polymer (25:25:50, w/w) filns. Acid-baseinteractiors werealso observeth RES
EPO 60:50, w/w) andCUR: RES: EP(25:25:50, w/w)sampla. It has been previously
reported inthe literature that the dimethylamino group of cationic EPO can participate in
acid-base interaction with weakly acidic dru@deng et al., 2015a)lhis interaction could
play animportant role in drug solubilization and supersaturation of acidic dGagl et
al., 2017) Finally, the formation of these nenovalent bonds between theuds and
polymer may inhibit the drugrug interactiofCUR-CUR, RESRES) leading to modified
crystallization kineticseventually contributing to the amorphous stabi(ifyan & Tran,

2020)

3.3.7 Raman spectroscopy

Similar to FTIR, in Ramarspectroscopy, molecular interactions can be ifledtiby
changes to peak shapes and positidiee hydrogen bonding of drygplymer can be
inferred from redshift or blueshift of specific vibrational stretches in Raman sjjécra

& Tran, 2020) For CUR the molecular interactionagassessed based on the shifting and
shape change of the peak at 1628 that is due to C=0 stretching/ aromatic C=C

stretching and the peak at 1250 tunue to the irplane bending of aromatic CCH and
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enolic (COH)(Table 3.5) There was a blue shift of=C stretch from 1628n?* to 1634

cmitin presence of EPO and 1635tin presence of HPMCAS. Chargje the shape of

these peaks at 1601 d¢mnand 1628 cm werealso evident in presence of polymer the

case of the i#plane bending of aromatic CCH aedolic (COH),aredshift with decreased

peak intensity was observed for all the samples except CUR:(SQ@D, w/w) although

the CUR: EPQ(50:50, w/w)sample has showmore shifting, which might indicate the

better interaction of CUR and EPO.the cas of the RES samplewe observed shifting

of the aromatic C=C stretching at 16@47’ and 1630cm? to confirm molecular
interactions, however excefpdor RES: EPO(50:50, ww)s ampl e t here wasn

shifting in any other sampl€Bigure 3.5).

Table 3.5: Raman peak assignment of CUR and RES

Assignments Raman Shift (cnt?)
CUR RES
C=0 stretching/aromatic C=C stretching 1628 1630
Aromatic C=C stretching 1601 1604
In-plane bending of aromatic CCH and enolic 1250 -
(COH)

For the ternary mixtuteall these peaks were altered enough to confirm the molecular
interaction of drugpolymer among the ternary system. Howevethapresence of EPO

the shifting ofthe 1250cm™ peak was more prominent thather ternary sample¥hus

the rank order of efficiency of polymer interacting wi@lUR and RESis EPO,

HPMCAS>S100
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Figure 3.5: Raman spectra @UR, RES and their films with different polymers.
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3.4 Discussion

The theoretical solubility parameteudy estimated EPO has shown good miscibility with
CUR, whereas for RES it is HPMCAS. However, the experimental miscibility study infers
better miscibility of both CUR and RES with EPO, as EPO had shown greater melting
point depression than other S100 #ffMCAS. As per the {H interaction parameter, all

the drugpolymer systems showednegativec value, which indicatea miscible system

for all drugpolymer mixtures The crystallization tendency study confirmed all three
polymers can convert the dugnto a low crystallization tendencyrug in the drug
polymer system. Both -H interaction parameter and crystallization tendency study
coul dndét cr edchpolgmendue ta thekquadtatideenature of the study as all
three polymers ereeffectivein a similar manner. The crystallization tendency of drugs
was again reflectedh its nature in crystallization kinetics study. RES was showing
diffraction peaks proving its moderate crystallization tendency behdwi@ontrastthe

low crystallizationtendency drugCUR, di dndét show any sign of
all three RESpolymer samplespnly the RESEPO maintainedan amorphous sticture
throughout, demonstrating that EPO efficiently inhibits crystallization, unlike HPMCAS
and S100Finally, the interaction studies (FTIR and Ranspectroscopy) confirmed that

all three polymers havihe potential for hydrogen bondingndEPO showedcidbase
interaction with both CUR and RES. It has been reportdtiatiterature that EP(has
good interactiorpotential with acidic drugand the dimethylamino group can form ionic
interaction withaweakly acidic drug in presence of aqueous mésial et al., 2017Both

CUR and RESre weakly acidic drugy thus hae the potential to form ionic interaction
with EPO.This kind of ionic interaction can be very benefiéd@ TASD formulations, as

ionic bonds are evidently (10 times) stronger than hydrogen bovidsh are most
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commonlyseen in ASD formulationé.i et al., 2014) Figure 3.6 shows the structure of

CUR, RES and EPCandgives an overview of the potentiateraction ofCUR, RES, and

EPO.

ﬁ lonic Interaction }
x 10 [

strength\[ Hydrogen Bonding ]

Eudragit® EPO

Figure 3.6: Chemical structure of Curcumin, Resveratrol, and Eudt&O as well as

anillustration ofinteraction potential among these compounds.

Most of the commonly used polymers AEDs have a higher glasgg e.g. PVP VA64

(105 ), PVP K30 (160 ), ®PVRP K9OHPWMCAS) (13
HPMCP (147 §L 10w d(rlagKalakyntaet til.¢ 2020; LaFountaine et

al., 2016) This high Ty can account for the better stability of ASDs by kinetically
stabilizing the systerKakran et al., 2013)Physical stability can be also achieved from
thermodynamic stabilization which can be the result of-ghalgmer interaction as well as

kinetic retardation of drug molecular mbtyi by polymer viscosity{Al-Obaidi & Buckton,

2009) Thus, in this study, we wanted to focus on the latter part, thermodynamiitystabi

by interaction. Thus, the selected polymer is Eud?agRO, which has a comparatively
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lower Tg but has showrbetter miscibility, crystallization inhibition, anthteraction

potentialwith both CUR and RES.
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Chapter 4. Preparation and evaluation TASDs
Introduction
Drug-drugpolymer TASDsare a very complex system as there ane different drugs
with different physicochemical properties. Preparation and characterization of these
TASDs could be challenging if the physicochemical properties are not considered properly
Factors influencing the properties of TASD were found to be dependent on the technique
of drug incorporation, the method of preparation, and the molar ratltealrug tothe

carrier(Khalil et al., 2013)

Physical characterization of ternary dispersinsommonly carried out by DSC, XRD,
FTIR, NMR, Ramanspectroscopy etc. An in-depth analysisof the physicochemical

properties is important tonderstand the dissaion behavior of the formulation.

4.1 Methods

4.1.1 Preparation of physical mixtures and ASDs

Physical mixtures of all the binary and ternary ASDs were prepared by normally mixing
CUR, RESand EPO. Weighed amounts of drug and polymer were taken in andeppe
tube and vortexed for 3 minutes until homogenous blending was observed. The PM was

stored at room temperature in the Eppendorf tube until used for characterization.

The ®lvent evaporation method was used for the preparation of both binary and ternary
ASDs at different weight ratios. We preparew binary ASDs, such as CUR: EPO (50:50,
w/w), RES: EPO (50:50, w/w), as well as three ternary ASDs CUR: RES: EPO (10:10:80,
w/w), CUR: RES: EPO (25:25:50, w/w), and CUR: RES: EPO (40:40:20, w/w). Weighed

amounts of CUR, RESand EPO were completely dissolved in acetone. These stock
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solutions were then mixed according to the ratios and vortexed-4omih. Solvent
evaporation wagarried out in a Rot¥apor (Heidolph G5, Dry Ice Condenser Rotary
Evaporator, Germany) at 65 with a rotatio
a dry product remained. The dry sample was scraped and sieved. It was then stored in an
oV en a trovéraight diying. Finally, the formulations were stored in artoéored

vials at room temperature until further ugée have selected the 50% ddogded TASD

as the primary formulation and was characterized extensAklyther ASDs were utilized

to compare/better understand this high dinggded TASD.

4.1.3XRD
XRD patterrs of PM and TASDs were recorded usirigigaku SmartLalDiffractometer

(Rigaku CorporationTokyo, Japapi n f ocusi ng geometry operat
at 0 kV and30 mA within 545°2 d r ange i rf. Asengthpimitingdit of@0 0 5 3
mm, a divergence slit of 1/2 degreand a 5° Soller slit areused on the incident beam

path and the data was collecteddd scans using a D/tex Ultra 250 1D strip detector

with 20 mm reeiving slits and a 5° Soller slit. A Ni foil was used to suppkesmtensity.

4.1.3DSC
CUR, RES PMs of binary and ternary ASDs were thermally analyzed using DSC Q2000

(TA Instrument, New Castle, DE) equipped with a refrigerated cooling system (RCS40
The instrument was calibedwith indium before the experiments were carried out. Data
were analyzed using TA Universal analysis softwddaiersal Analysis 2000, TA
instruments) A hermetically sealed empty aluminum pan was used agfir@nceand

nitrogen gas was purged at a rate ofr20nin to maintain the inert atmosphere. For all the
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DSC experimentsaa sample size of-30 mg was used. For determination of melting point,
anaccurately weighed amount of the sample was taken indduamnum pan, which was

then hermetically sealed. The 80@mpl ki gulasr h ¢
than the respective melting points. For EPQwlas det er mi ned by runn
heating cycl20 f.r ofm r3 0d e t§ edABD fatmulatmpns,twie kaveT
heated the sample 2 /min from 30 t dg 285 \
of pure CUR and pure RES was determined\0SCrunat2 / mi n f r above 3 0 t C

their melting poinwthamo dul ati on of N 0. 32 every 60s

4.1.4TGA

A TGA-50 Shimadzu thermogravimetric analyzer was utilized for the analysis of thermal
degradation. We analyzed CUR, RES, ERD, CUR: EPO (50:50)SD RES: EPO
(50:50),SD CUR: RES: EPO (25:25:5& 10:10:80 for any weight loss due to increased
temperatureAccurately weighed samples-{® mg) weretaken into an aluminum pan. A
continuous purging of nitrogen was maintained at a rate ofl2@in and samples were

heated from room temperature to 300 at a

4.1.5FTIR

To determine the moleculamteraction between drugolymer systemsa Nicolet iS 50

FTIR with a ZnSeATR crystal was used. Powdered samples were placed on the crystal
and a signal was acquired from an averai25 scans at 4 ciresolution under dry air

purge at ambient temperature. A background scan and atmospheric compensation (to

eliminate HO and @ interference in the beam pathere considered to account for
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environmental interference. Data were analyzed using ONMMRTIR software andthe

background was corrected.

4.1.6Raman spectroscopy
To complement the FTIR studies, we utilized Raman speotpy (BrukeiSenterra

Dispersive Raman Microspectrometek) small amount of sample was taken aglass

slide and placed on the stage of the microscope. A 20x objective with an aperture of
50x100e m was used to get a crhbeamhavingawavelehgthof t h
of 785nm with a laser power of 58W was subjectetb the sample. A resolution ofB6

cmit was used for a spectral range of D0 cm!. The data was attained with 5s of
integration time, 2 cadditions and triplicate data &re averaged to get the representative

spectra for each sample.

4.17 UV-visible spectroscopy

The stock solution of CUR and RES were prepared separately in methanol and scanned in
triplicates along with blank to determine tivavelength of maximum UA¥is alsorbance

(®max), in range of 25700 nm (n=3) A standard plot was prepared using thaiby a

UV-Vis spectrophotometer with plate reader arrangemg(8ynergy H1 Hybrid Reader;

BioTek, Winooski, VT) Solutions of CUR and RES in methanol in a concentration range

of 3.1 ¢eg/ ml to 50 eg/ ml by seri al di I uti

triplicates. These plots were used for the quantification of CUR and RES.

4.1.8In-vitro dissolution

Dissoluton of all the ASD formulatioswas studied under nosink conditions using a

USP Il type apparatusHanson Visioff G2 Classie® 6, CA,USA)at 37N 0. 5 and
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rpm. Dissolution was carried out in 160 vesselsvhere75ml of 0.1N HCI was taken as
thedissolution media. After 2 hours 25 of 0.1 M, phosphate buffer solution was added
that was already equilibrated lbyad@ngRNO. 5
HCl or 2 N sodium hydroxide if needed. AS&End PMequivalent to 15 mg of each dyu
weretaken into an empty gelatin caps(dee 1)and dumped in the dissolution media. The
dissolution was conducted for another 4 hpansl 1ml of aliquots were taken at 5, 15, 30,

60, 120, 180, 240, 360 mitesand replaced by fresh media. The digioh methods in
accordance withUSP guidelines for delaye#lease dosage formsvith minor
modifications (USRNF 711). The samplewere centrifuged (13,000xg, 5 min) and

analyzed byhe UV-Vis method. All experiments were conducted in tripliqate3).

4.1.9 Stability studies
A long-term stability study was done on both the ternary formulatiSisGUR: RES:

EPO (25:25:50& 10:10:80) for amorphous nature. The amorphous nature of the
formulation was confirmed by XRD. The formulations were stored Hiigit amber

colored vials at room temperature for 12 months.

4.2 Result anddiscussion

4.2.1XRD

The X-ray diffractograms of pure CUR, pure RES, Rivld ternary ASDs are presented in
Figure 4.1 The XRay diffractogram pattern of a crystalline drug shows sharp crystalline
peaks, whereathe amorphous form of the drug shows a halo pattern without any sharp
diffraction peaksAll the results from XRD diffractograms are summarized able 4.1

Pue QJRshowed sharp characteristic diPfract.i
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14.79, 17.62, 18.46, and 23.794through 29.34 Pure FES showed characteristic peaks

at 2d angl e¢ 16068,19ap p266, 3.9, 28.3.A8for the EPO,tiis an
amorphous polymehatshows a halo pattern without argharacteristic diffraction peaks.

Both the binary dispersions with 50% drug loading 5& CUR: EPO (w/w, 50:50) and

RES: EPO (50:50) were successfully converted iatoamorphous form whichs
confirmed by XRDIn the case 020% drug loadedASDi.e., SDCUR: RES EPO (w/w,
10:10:80) we observed é&halo pattern without any diffraction peaks. This ratio is
amorphous where both the drugs are successfully converted into amorphoushfdrigh

(50%) drugloaded TASD i.e.SD CUR: RES EPO (w/w, 25:25:50alsoshowed a halo
pattern without any diffraction peaks suggesting that the drugs are converted in amorphous
form. However,thePM CUR: RES EPO (w/w, 25:25:50) showed sharp diffractiomlie

which aligns with the diffraction peaks of both the pukdRCand RES, thus suggests that
these drugs are in crystalline form in their physical mixture with EPO. When the polymer
concentration was further decreased,the case of theSD CUR: RES EPO (/w,

40: 40: 20) there were some distinctl9.35 ffr aci
22.52, 23.78, and 28.58 Thesediffraction peaks at 16.8819.36, 22.52, and 28.59can

be attributed to the diffraction peaks of pure RES.
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Intensity (A.U.)

B SD CUR: RES: EPO 25:25:50

Nt

PM CUR: RES: EPO 25:25:50

SD CUR: RES: EPO 10:10:80

5 10

15

20I25I30
20 (deg.)

35

Figure 4.1: X-ray diffractograms o€UR, RES PMs, binary, and ternary ASDs.

Table 4.1: Summary of XRD resultsf binary and ternary ASDs as well as PMs.

Components Ratio (w/w) XRD result
SDCUR: RES EPO 10:10:80 Amorphous
PM CUR: RES: EPO 10:10:80 Crystalline
SD CUR: RES: EPO 25:25:50 Amorphous
PM CUR: RES: EPO 25:25:50 Crystalline
SD CUR: RES: EPO 40:40:20 Crystalline

SD CUR: EPO 50:50 Amorphous

SD RES: EPO 50:50 Amorphous
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4.2.2 DSC
All the DSC thermograms are presentedrigure 4.2 The DSC curve of pure CUR and

RES have a distineheltingpeak at 177.1 and 266.3 , respectively, confirming their
crystalline state. EPO is an amorphous polymer that shdwsit 56.6 . TheTg of both
CUR and RES was determined by -ay&le heattoolheat modulated DSC study, from
which CUR showed &g of 64.9 , and for RES itis 90.6 . The binary ASDs (SD CUR:
EPO50:50and SD RES: EPB0:50 were observed to have a sindlg which falls unde
the Tgs of pure components. Finally, the case of TASDsthe SD CUR: RES: EPO
25:25:50has shown a singl&y at 87.9 , however,with lower drug loading$D CUR:
RES: EPO 10:10:90the T4 decreased remarkably (i.&2 ). It is reported that thég
shoud be at least 50 higher than its storage temperature for better staljfigncock et
al., 1995; Tobyn et al., 2009)hus, thelgof SD CUR: RES: EPO 25:25:5ystem is ideal

for storage at room temperature.

Table 4.2: Melting point andly of compoundsPM, and ASDs determined by DSC

Sample Melting point () Tg( )
CUR 177.1 64.9
RES 266.3 90.6
EPO - 56.6
SD CUR: EPO 50:50 - 57.5
SD RES: EPO 50:50 - 80.7
SD CUR: RES: EPO 10:10:80 - 52
PM CUR: RES: EPO 25:25:50 ~265 -
SD CUR: RES: EPO 25:25:50 - 87.9
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Al |l t he AS D sany deltthgy éndlothesnh athve drugs whichconfirms the
amorphous form of drugs in these ASDs. However, there were some broad exotherms
around 200 followed by an endothermic event after 230n almost all the ASDThis

was mostly observed in systems containing
EPO. This might be due to the moderate crystallization tendency ofaREIl as the
increased molecular mobilitat elevated temperatusehich causes recrystallization of

RES. Again, it was also reported that EB@ degrade at elevated temperature, which
might be causing the inability of EPO to inhibit recrystallization at elevated temperature.
(Lin et al., 1999)The amorphous nature of these TASDs was confirmed by XRD and DSC

was able to detect a singlg ffom these systems.

. 87.9 SD CUR: RES: EPO
25:25:
: i 2
y PM CUR: RES: EPO
~26
. S\I 25:25:50
. 520 ~245
i SD CUR: RES: EPO
:: _ /80_7 - 10:10:80
§ o *W——— SD RES: EPO
3 I - 50:50
= = = || SDCURED
5 | 50:50
@ 266.3
L N RES
56.6 )
> EPO
177.1\RN— o
I . L L . . : ' ;
50 100 150 200 250
Exo up? Temperature (°C)

Figure 4.2: DSC of thermograms of pure drugs, Pahd binary as well as ternary
ASDs.
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4.2.3TGA

Thermogravimetric analysis has ensured that all the pure components and different ASDs
are stabl (@able 4.3. RES26iy aigh melting pointdrugd o e s n 6t s ho\
prominent mass | oss before 2vwghownaSthonamssver ,
lossofar ound 265 . Lin et al. have reported t
forming sixmembered cyclic anhydridesatemperattea b o v e (Llin80al., 1999)

Moreover, Parikh et al. have reported the degradationteapeur e of (BEaRk®D as 25
et al., 2014)In thecase of the binary ASDs; 50 % mass | oss was- obser
270 , whereas f or-242AEdue4.3.iThis mass loss ghighdbe due

to the polymer and its behavior at elevated tempeature

e EPO =S50 CUR: RES 50:50
===S5D CUR: RES: EPO 10:10:80 ====S5D CUR: RES: EPO 25:25:50

=== 5D RES: EPO 50:50

110

100

90

% Mass

80
70

60
20 70 120 170 220 270

Temperature (°C)

Figure 4. 3: Thermal analysis gbure drugsand binary as well as ternaf&sDs.
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Table 4.3: Weight loss opure drugsand binary as well as terna#&y{sDson elevated

temperature determined by TGA.

% CUR RES EPO SD SD SD CUR: SD CUR:
Mass CUR: RES: RES: RES: EPO
loss EPO EPO EPO 25:25:50

50:50 50:50 10:10:80

560 265. 292. 266. 232. 251 234. . 204. 2

10% 28 9. - 284. 254. 270. 252. 7 241. 6
4.2 4FTIR

From the initial screening studies, it was observed that both CUR and RES have good
potential for norcovalent bonding with EPO. The phenolic hydroxyl group of both CUR
and RES and the carbonyl group of EE¥D participatén hydrogen bondingAdditionally,

the dimethylamino groupf EPO canengage in ionic interaction with slightly acidic
phenolic hydroxyls of CUR and RES. And, it has been reported that ionic bonds are 10
times higher in strength in comparison to hydrogen bonding, thus this ionic bomading c
greatly strengthen the stability of ASDSIIR spectra of pure drugs, PMs, and ASDs are

presented ifrigure 4.4. The peak positions are shownTiable 4.4

From the FTIR data of SD CUR: EPO 50:&aGhiftof the phenolic OH peak of CUR and
di met hoy lppei kNREP O waduethimaedbdad t e rbaectt witebeens e
groups. This kind of intha aetriadtnrfras oal €&RE
(Meng et al., 2015) tllease of SBORBE®S;, EBR® phenolic OH
l ess intensifidemuraan,d”mBEhef dethet hphami.no pea
This obsedwé&thiemds et eracti on of phemel i ¢

di methyl amino gao-bh@gse@de@tEiPOn Wé&sd sal so conf i
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i nf rsgpreecd rum of SD CUR: REMa EeaOk 25h 1215t i15mMg ¢

peak of EPO was observed in all/l formul at i

hydrogen bonding of thea hpheireolciaa bloyndyrl o xgyrlo u

SD CUR: EPO 50:50
1723 2824
SD RES: EPO 50:50
1723

= PM CUR: EPO 50:50 __  ,7ox
: 2621 | 3 2821 . .
< | =] 21 pM RES: EPO 50:50
— 2771 4 277
d’ —
3] 2 :
g | 1723 c 1723
- ®
‘6 -E 2771 28‘21
0 =] Lo
@ o B EPO
< <
——— - : . : 3194
3509
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L L 1 L 1 L 1 1 1 L 1 L - I . L A 1 : L . 1
1600 2000 2400 2800 3200 3600 1600 2000 2400 2800 3200 3600
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4724 SD CUR: RES: EPO 25:25:50
\A 1*‘,‘\____.“
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2823
2771 ]

1723
27712821, EPO

Absorbance (A.U.)
/ m |
wn
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Figure 4. 4: FTIR spectra opureCUR, RES, EPOPMs, SD CUR: EPO 50:50, SD

RES:EPO 50:50andS D CUR: RES: EPO 25:25:50
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Table 4.4: FTIR peak positions giureCUR, RES PM, and binary as well as ternary

ASDs

Assign Wavenumb_lér (cm

CU RE EPCPM SD PM SD PM SD
R S CURCURRESRES CUR: CUR:
X : X RES: RES:
EPCEPCEPCEPC EPO EPO
50: 50: 50:50:25:225: 2

0 0 0 0 0 0
Phenol 350 319 - - - - - - -
grourfg 9 4
Carboi - - 1721721721721 72 172 172.
(>C=0
gr oufg
Uni oni - - 277277 282277 - 277 -
di met h , 282 , 282.
no 282 282
( RN(3@H
gr oucg

4.2 .5Raman spectroscopy

Raman spectroscopy growing its application in ASD research nowadays for analyzing
molecular interactiom as wellas theamorphous naturef formulations The hydrogen
bonding of drugpolymer can be inferred from redshift or blueshift of specific vibrational
stretches in Raman specf{ieran & Tran, 202Q)All the peak assignments are given in
Table 4.5 Shifts were observetbr aromatic ring stretchin-plane bending of aromatic
CCH, and enolicCOH peaksof SD CUR: EPO 50:50n comparison to the pure CUR
spectrum. This confirms the presencenaiflecular interactiobetween CUR and EPO.

However, o shifing wasobserved fothearomatic ring stretcbf SD RES: EPO 50:5ih
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comparison to the puRES. Thusno molecular interactiomvas founcbetween RES and

EPO from Raman spectroscopy. Finallythacase oSD CUR: RES: EPO 25:25:5there

was an evident shifting d&€=0 /aromatic C=C stretchinghen compareavith both the

PM andpuredrugs. Morewer, for this TASD formulation, the peaks around 160"

were markedly broader than the PM and pure drugs, which might be attributed to the
amorphous status of the drugs in TASDetermination of physical state is generally
dependent on peak represematin the Raman spectrum. It is believed that crystalline
drugs will show defined peaks in the Raman spectrum because of the phonon region of the
crystalline formwhereas the amorphous drug will form a broad Raman spetnam &

Tran, 2020) According to Ueda et al., the C=0 stretagion (17561550 cm) is
considered as the typical range for the determination of crystal form and hydrogen bonding
formation of an ASO(Ueda et al., 2014)Ve utilized the peak tensities oftwo intense

peaks around 1600 chto bettercomprehendhe amorphous nature of these ASDs. The
peak intensity ratios from both CUR and RES systems are plotteidune 4.6 and the

ratio values are presentedTiable 4.6 We have foundll the ASDs having a higher value

of the ratio closer to 1. Thus, a higher value of this ratio can be used to classify the system

as amorphous. This resalgreeswith our XRD analysis.
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Table 4.5: Raman spectrum @ureCUR, RES, PM, and binary as well as ternary

ASDs

- -1
Assi gnme Wavenumbédr (cm

CUR RES SD SD PM CU SD CU
CUR: RES RES: RES:
EPO EPO EPO EPO
50:t!50: 25:25 25: 25
C=0 1628 1630 163 163 1628 1633
stretching/aromatic
C=C stretching
Aromatic C=C 1601 1604 160 160 1601 1600
stretching
In-plane bending of 1250 - 123 - 1250 1227
aromatic CCH and
enolic (COH)

1600

1600

1250 1250
e

Intensity (A.U.)

1200 1250 1600 1650 1700
Raman Shift (cm™)

Figure 4.5: Raman spectrurshowing specific peak assignmentsSD CUR: RES: EPO
25:25:50(a); PM CUR: RES: EPO 25:25:50); SD CUR: EPO 50:5(x); SD RES:

EPO 50:50d); pure RESH); and pure CUR(].
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Figure 4.6: Bar diagram showing Raman peak raticAofCUR systems and@. RES

systems.

Table 4.6: Raman peak ratio values of pure CUR, REB,CUR: EPO 50:5D RES

EPO 50:50PM CUR: RES: EPO 25:25:5@nd SDCUR: RES: EPO 25:25:50

Sample Resveratrol Peak ~ Curcumin Peak XRD
Ratio (1630/1604) Ratio (1628/1601)
CUR - 0.631+0.010 Crystalline
RES 0.869+ 0.004 - Crystalline
SD CUR: EPO - 0.952+ 0.027 Amorphous
50:50
SD RES: EPO 0.964+ 0.049 - Amorphous
50:50
PM CUR: RES: 0.707+ 0.021 0.664+ 0.036 Crystalline
EPO 25:25:50
SD CUR: RES: 1.268+ 0.015 1.061+ 0.016 Amorphous
EPO 25:25:50
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4.2.6UV-visible spectroscopy

Through the spectral scan of drug stock solution in methanol, &ibitedmaximum
absorbance at 423 nm and RES at 306 Rigu¢e 4.7). An external tandard plot was
createdfromse | uti ons of CUR and RES in methanol
to 50 eg/ ml .godImearity was obtdined farbathahe drdggure 4.9).

CUR showed a LOD 2.2 g / and LOQ 6.5 g / aih RES showed a LOD of 10 g / ml

and LOQ of3.2e g /. ml

1.2
423

0.8

0.6

—— Curcumin
0.4

——Resveratrol

Absorbance

0.2

250 350 450 550 650
Wavelength (nm)

Figure 4.7: UV-Vis spectral scan of CUR and RES.
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4.2 7 In-vitro dissolution

The dissolution profile of TASDs as compared with that of binary ASDs and ternary
physical mixture.The drug release was measured for 2 hours in 0.1N &l then

phosphate buffer was added to adjust the pH to 6.8 to further mimic the in vivo situation.

The release of CUR from PRIUR: RES: EPO 25:25:5Wasexpected to bgery limited

in acidic mediadueto its very low aqueous solubilitis the drug was present with EPO,
the dissolved concentration was ~0.5% throughbatacidic media.Although after3
hours in neutral media, the druglease was 17.5 + 3.2% (w/w) which is better than the
acidic media. This might be due to the weakly acidic nature of theafrwgell as the
preparationprocess of PMVvortex mixing) that might be aiding through reduction of
particle size However, inthe case of RESrelease from PMCUR: RES: EPO 25:25:50
seems to be higher thtrat of CUR. This again goes back to the aqueous solubility of RES
(30¢ g 1) which is almost 2700 times higher thablR (0.011e g 1) (Bpogli et al., 2018;
Yildiz et al., 2019) RES reaches 2320.3% (w/w)after 1 hourfollowed by a plateau of

~35% (w/w) in the neutral media till the end of the study.

In thecase of biary ASD, the release from SD CUR: EPO 50:50 was impressively higher
than the release from the ternary PM. 75.9 £ 23.6% (w/w) of the drug was dissolved after
only 5 min EFigure 49). It reached 94.8 + 3.5% (w/w) after 15 min and maintained a
release ratef ~ 90% (w/w) until phosphate bufferas added. After the addition of the
phosphate buffethe releasevasnotably lower, which reaches 22.8 + 16.2% (w/w) after

6 hours. This might be due to the solubility of EPO under pH 5, which might be causing
the pdymer to precipitate. Precipitation of the polymer may be causing the drug to release

similar to the PM Eigure 49 A).
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Figure 4.9: Drug release from various ASDA; Release of CUR fronED CUR: RES:

EPO 25:25:50X ), SD CUR: RES: EPO 10:10:8& (), SD CUR: EPO 50:5(5), PM
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25:25:50 f1 ).
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On the other hand, Drug releasenfr SD RES: EPO 50:50 was not tpabnouncegdas it
leads to 40.2 + 8.8% (w/w) of dissolved drug in the release medium after 5 min and

maintains a plateau of ~45% (w/w) till 6 houFsgure 4.9 B).

Finally, in thecase of TASDs, we have measured the delepse forwo different TASDs

with 50%drug loading (SCCUR: RES: EPO 25:25:30and 20%drug loading (SCCUR:

RES: EPO10:10:8). The release of CUR from 50% loaded TASD was tremendously
higher than itM CUR: RES: EPO 25:25:50 here wasan 80 + 3.9% (w/w) dissolved

drug in the release media after 5 min. Moreover, this reached ~100% (w/w) after 15 min
and persists until the phdsgte buffer wasadded Nevertheless, release decreased
immensely in the neutral media, which might be due to the ineptness of polymer in higher
pH. Again, he 20% drugloaded TASD followed a similar release pattern to the 50%
loaded TASD. Tk dissolved CURrom 20% loading reached a maxim of 94.8 + 3.5%

(w/w) after 15 min and perseduntil the addition of phosphate buffer. However, declined
release was noticed in neutral media. On the other hand, the release of RES from 50% drug
loaded TASD and 20% drugaded TASD was quite similaFor example, 50% loaded
TASD obtained &ESrelease of 99.3 = 9.1% (w/vgnd 20% loaded TASD attained 94.8

+ 2.2% (w/w) after 2 hours followed by a decline in neutral media which was lower than
binary ASD for both the systes. In some instances, 20% drug loaded TASD showed better
release than the 50% drug loaded TASD, such as there was 90.7 + 6.1% (w/w) dissolved
RES in release media from 20% loaded TASD whereas 72.1 £ 4.1% (w/w) from 50%

loaded TASD after 5 min.

In conclwsion,after 1 houthe 50%drugloaded TASD has shown approximat&/7times

higher drug releasef CUR than thePM CUR: RES: EPO 25:25:5@0Whereasfor 20%
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drugloaded TASDthis is 172 timesand for CUR binary ASDit is 170 timeghan that

of PM CUR: RES: EPO 25:25:50n the case of the release of RES, after 1 hdath
TASD (50% and 20% drug loaded) has shown approximdtéityes highefo dissolved
drugthanthat of PM CUR: RES: EPO 25:25:50°he binary ASD of RES shown a ~2
times higher % dissolved drug than ikl CUR: RES: EPO 25:25:5MHowever all the
TASDs performed poorly irmissolution media after the addition phosphate buffer.
Literature suggests different ideas for this kafdernary dispersions, such as Nguyen et
al. have reported that the rate and eighrelease of drugs from dredyug-polymer
ternary dispersions were less than the release from binarydipedydispersionéNguyen

& Van den Mooter, 2014)n another study, the investigators also repotiedame kind

of conclusion that binary dispersions are showing slightly better releasdrigadrug
polymer ternary persiongRiekes et al., 2016 Moreover in regardto drug loading,
Figueirédo et alhave reported a higher dissolution profile of 10% drug loaded dhugy
polymer dispersion in comparison with the higher drug loadings (i.e. 20%, 30%, 40%, and

50%) (Figueirédo et al., 2018)

The collected precipitate of 50% drl@aded TASD after the dissolution was found to be
in amorphous fornfconfirmed by XRD. This is supportive of the idea that from a high
supersaturated state when thereogamplantschange
the amorphous form of the drug deep binding pockets of the polymer by strong ionic
interactions resulting in amadequacyof the supersaturation state leading to the lower

drug releasen the neutral media
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4.2 8 Stability study

TASD samples were stored in amioelored air-tight vids at room temperature for 12
months. XRD diffractograms were collected after every 3 months and were compared with
the scan of the time zero sample for any signs of crystallinity. Both the 50%odided

and 20% drudoaded TASD have shown excellent sk&b. They were amorphous for 12

months Figure 4.10).

SD CUR: RES: EPO
25:25:50; t=12 months

N SD CUR: RES: EPO
i 10:10:80; t=12 months

SD CUR: RES: EPO
10:10:80; t=0 months

Intensity (A.U.)

SD CUR: RES: EPO
25:25:50; t=0 months

5 10 15 20 25 30 35 40 45
20 (deq.)

Figure 4.10: Stability study of TASDs by XRD.
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Chapter 5: Summary, future studies, andglobal impact
5.1 Summary
The goal of this study was to design a stable TASD formulation containing two poorly
soluble compounds that ensure better solubility for both compouhdsegoorly water
soluble polyphenolic compousdwere selectedbased ontheir great potential for
combination therapy, as they are reported to possess synergistic therapeutic activity against
several diseases. After an elaborate gvalymer screening studgmongthreedifferent
polymers, an optimum polymer was selected. We were successful to prepare a high drug
loaded TASD formulation which was then characterized to understand the nature of the
formulation. Solidstate characterization of these formulasi@onfirmed the presence of
ionic interaction, which is crucial fahe physical stability of amorphous systems. This
high drugloaded TASD sustained its amorphous state for more than 12 months at room

temperature as well as enhanced the dissolution peafaze remarkably.

5.2 Future studies

To unravel the mechanism of solubility enhancement of this TASD system, we need
extensive studies of its physicochemical propertiefitureresearchmore crystallization

kinetics stutes areneeded to better undeash d t he pol ymer 6s ef fect
crystal growth. Raman spectroscopy in association with XRD could be a decisive technique

that can help in both qualitative and quantitative manner. More intricate analysis of
molecular interaction could also add ao t of value to the wunder
function in TASDs Sinceamorphous systems are most sensitive to water as water acts as

an extreme plasticizer due to its lowey Trystal growth kinetics of these stable TASD

under different moisture conains is a study thawould share a lot of insight into the
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polymer selection process. We have explored the crystallization kinetics and interaction of
drug-polymer systems for making the selection of polymer nmegiculaus. However,
more polymer/excipiest should be considered in future studies to introduce more

parameterghatcan open up more avenues for the selection process.

Finally, the dissolution mechanism of these TASDs is another interesting area to explore.
Dissolution under different pH condas and with different simulated fluids is needed to

understand the role of each component of this ternary systesupersaturated state.

5.3 Global impact
Drug-drugpolymer TASD hold great potential for fixedlose combinations (FDC). FDCs

have a higher acceptance in patients due to their higher adherence and lower pill burden.
This is more advantageous for chronic disorders which require tedious and multiple drugs
for treatment. A lot of drugse. antitubercuar, anticancer, antHIV, etc.possess a high
potential to be @ FDC, whereas their solubility becomes the limiting factor. These

dispersions could be the solutifor them

This project focused on two polyphenolic compoymdsch are considered nutradeals.
Nowadays, there is a growing interest in these polyphenolic nutraceuticals as they possess
vital therapeutic effects such as antioxidant, anticancer, antiinflammation, etc. According
to a report byGrand View Research, Inthe polyphenolic markesize is expected to reach

USD 2.8 billion by 2025Global Polyphenols Market Size & Share | Industry Report,
20192029. A lot of these polyphenols have been reported to work synergistically when
combined with other polyphenols or drugsit their poor water solubility is a big hurdle

for their oral bioavailability. Successful enhancement of solubility of two polyphenolic
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compounds in this study should initiate the practice of addressing the solubility hurdle with

TASD formulations.
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marketanalysis
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Appendix 1: Molecular modeling studies of curcumin, esveratrol, and
polymers

Curcumin, Resveratrol, and Eudragit EPO

Method

A molecular modeling study was carried outy H. Andy Zhong, Dept. of Chemistry,
UNO. Curcumin was prepared in five different configurations: two alkendsaims
configuration (EEenol and EEketo to represent the-emdietoform), and one alkene in
transconfiguration and one in cisonfiguration (the keto form, EZ_keto, and enol forms,
one with enol next to the-Zonfiguration and the other with enol neigiting to the E
configuration, EZ_enolAand EZ_enolB configurationgfigure 1). Both EE and EZ
configuratiors of curcumin have been observed inra§y crystal structuse Thus, in
investigate which configuration binds better to polymer, we include alli$e@mers in our

study.

Our previous study has showhat a parallel double strand of dendrimers-i(fiDrepeat)

of Eudragit L100 (L100), Eudragit M100 (M100) bound better with ligands. Thus, we
carried out the docking studies of parallel double straridsl00, M10Q and Eudragit

EPO (EPO) with five isomers of curcumin and resveratrol as ligands. All curcumin isomers
and resveratrol and polymers were built usingMOE program. Docking of curcumin
isomers and resveratrol to pair of polymers was caaugdising the MOE Dock program.

After the first ligand was identified, the best score of docked curcumin configuration or
resveratrol was considered to be the first bound ligand. The second round of docking was
carried on a neighboring binding pocket tdaedmine whether a second ligand would be

favorable for binding or not.
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Results and dscussions

Both (trans,trans) curcumin (EE) or (trans,cis) curcumin (EZ) have been obseragd X
structures of curcumin in Protein DataBankvwv.rcsb.org. Thus we include both EE and

EZ in our calculation. In addition, the erk@dto tautomerization gives enol or keto
configurations. Thughere are five different isomers of curcumin. For the keto tautomer
(no matter it is EZ or EE), vémthe second curcumin was docked to L100, the binding
scores for the second curcumin increased fr@mo -10 kcal/mol. However, adding
resveratrol to curcumibound L100 did not lead ta significant increasen binding
affinity. On the other hand, addjmesveratrol first to L100 and thémeadditionof second
curcumin or second resveratrol did not yialpronounced increasd-igure 2 shows that

the binding of two curcumin led to more interactions and thus led to a better docking score
(Table 1). However, the binding of second resveratrol to curcubonind L100 did not
increase binding because of the smaller size of resveratrol. Similarly, when resveratrol was
first bound to L100, the distance between the first and the second ligand was too far thus

there werenot much synergistic interactions.
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Table 1.Docking scores (kcal/mol) of curcumin and resveratrol to three different

polymers.
EEenol EEKet EZket EZenol EZenol RES
0] 0] A B

L100_2 (single) -7.26 -6.93 -7.05 -7.58 -7.07 -7.54
L100_2 QJROnN -9.99 -10.32 -10.28 -10.27  -8.50 -7.64
(dual)
L100_2 HRESOn -8.25 -7.10 -6.53 -7.52 -7.70 -6.39
(dual)
M100_2 (single) -9.74 -9.23 -8.71  -9.71 -8.95 -7.79
M100_2 QJROnN -11.16 -9.33 -10.82 -10.34 -10.38 -8.69
(dual)
M100_2 RESOn -8.12 -8.14 -8.24  -9.45 -8.38 -7.71
(dual)
EPO_2 (single) -9.14 -9.11 -9.20 -9.22 -9.30 -9.10
EPO_2 @RON -8.05 -8.98 -10.14 -9.72 -9.55 -9.77
(dual)
EPO 2 HESOnN -11.22 -10.49 -10.21 -8.64 -9.35 -7.63
(dual)
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e

Figure 2. L100 parallel twestrand polymer interacting with drug. (top: adding first
curcumin, top, green, then adding second curcumin (orange) or resveratrol (pink).
Bottom: adding first resveratrol (green), and then adding second curcumin (orange) or

resveratro(pink). Polymer is highlighted in cyaRor clarity, all hydrogen atoms were

hidden.
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For M100, similar trends to L100 can be observed, i.e., the binding of second curcumin led
to better binding affinity than the one curcumin alone, or when resveratsdiratsbound
(Figure 3). Figure 3 also shows that the larger curcumin allows more intermolecular

interactions that stabilized the binding.

Figure 3. M100 parallel twestrand polymer interacting with drugs. (top: adding first
curcumin, top, green, then adg second curcumin (orange) or resveratrol (pink).

Bottom: adding first resveratrol (green), and then adding second curcumin (orange) or

resveratrol (pink)Polymer is highlighted in cyaifor clarity, all hydrogen atoms were

hidden.
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For EPO the binding behavior was quite different. Figure 4 shows that the amino groups
and the butyl groups in the EPO polymer gave a polymer structure that is much deeper than
that of M100. The depth of the binding pocket allows two ligaadseaccommodated in

the same binding site in a partial overlgm(re 4A) or a full overlap Figure 4B) manner.

The best binding score was observed in the chsesveratrolbound first and then

curcumin being introduced as a second ligand in the EE configuration.

Figure 4. EPO parallel twestrand polymer interacting with drugs) adding first

curcumin, top, green, then adding second curcumin (orange) oragsVvépink).B)
adding first resveratrol (green), and then adding second curcumin (orange) or resveratrol

(pink). Polymer is highlighted in cyairor clarity, all hydrogen atoms were hidden.

However, in all three types of polymers, introducing two restver molecules did not
increase binding affinity (or docking scorebjaving two resveratrol may not enhance
binding. However, having two curcumin or one curcumin and one resveratrol led to better

activity from the docking point of view.

Overall, for allthree polymers, adding a second ligand yielded a better docking score than
the first ligand, suggesting that have two ligands might enhance the binding affithigy of

polymer. However, the nature of the ligand and the natuteepiblymer, andheorderby
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which compounds are added played a réler EPO, having oneesveratrol and one
curcumin would enhance binding, and k100 and L100 having two curcumin appeared

to offer better polymer binding.

Curcumin, Resveratrol, HPMCAS, and Eudragit S100

Method

Curcumin was prepared in five different configurations: two alkenes int@rfgyuration
(EEenol and EEketdo represent the enobr ketoform), and one alkene in trans
configuration and one in cionfiguration (the keto form, EZ_keto, and enol forms, one
with enol next to the £onfiguration and the other with enol neighboring to the E
configuration, EZ_end{, and EZ_enolB configurations). Both EE and EZ configuration

of curcumin have been observed irra§ crystal structuse Thus, the investigation of all
these possible configurations will help us to understand which one binds better to
polymer. We but all five configurations of curcumin and resveratrol in MOE.

The dimer structures of HPMCAS and Eudragit S100 were prepatiee MOE program.

Due to the 2:1 ratio between methyl methacrylate and methacrylic acid ugkd in
preparation of the Eudrags100 §100, we built two types of Eudragit S100 polymers in

an alternate repeat of 4:3100 42) or 2:1 £100 21) ratio of methyl methacrylate and
methacrylic acid. Studies have shown that the dnging of HPMCAS an&100are pH
dependent due to tlexistence of the carboxylic acid groups. Thus, two types of polymers
were prepared in MOE, one with neutralized carboxylic acid to reflect the state of
carboxylic acid under pH 1.8 (in the stomach), and the other with anionic carboxylate

groups to reflecthe deprotonated state of carboxylic acid under pH 7.@h@rsmall
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intestine). We carried out the docking studies of five configurations of curcumin and
resveratrol to the dimers of HPMCAS a®#l0Q each of which was prepared to reflect the
pH-dependenbinding. Docking of curcumin isomers and resveratrol to various polymers
was carried out using the MOE Dock program. After the first ligand was identified, the
best score of docked curcumin configuration or resveratrol was considered to be the first
boundligand. The second round of docking was carried on a neighboring binding pocket
to determine whether a second ligand would be favorable for binding or not.

Results anddiscussion

Table 1shows that when the first drug was docked to the HPMCAS dimeEZhenol

forms were the most favorable with docking ssoof -13.88 and-13.79 kcal/mol, the
binding of the EZ keto isomer was weaker, so were the EE isomers. However, when the
dimer was occupied with the first drug molecule, the binding of the secondrappée
comparable for all EE or EZ enols and overall, the binding of the second drug appears to
be tighter, i.e.thesynergy effect occurs when the second drug binds to the dimer after the
first drug occupies. This synergy effect appears to be observablPMCAS under pH

1.8 condition. When the polymer was made vettarboxylate group, the binding of the
second drug appear to be independent of the binding of the first drug, i.e., the binding
affinity, predicted by the docking scores, is the same agan weaker than the binding of

the first drug. For polymer under pH 7.0, it appears that EE_enol and EZ_enol B were the
most favorable when the first drug binds to the polymer. The EZ (enol A or enol B) appears
to bind more favorable with the secondaumin than the keto configuration.

For the S100 polymer, dependent upon how the polymer was made, whether it was made

by using every four methyl methacrylate and two methacrylic acid (S100_42 models), or
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every two methyl methacrylate and one methaciticl (S100_ 21 models), the binding
results were slightly different. For the -4&io model, the binding of drugs to polymer
under pH 1.8 appears to be slightly stronger than the binding under pH 7.0. Under either
pH 1.8 or pH 7.0 condition, the binding BZ_Enol_B appears to be the most favorable
for the first drug binding. For the Zatio model, the binding of EZ (enol A or Enol B)
models appeato be the most favorable.

Table 1.Docking scores (kcal/mol) of curcumin and resveratrol to HPMCAS under pH

1.8 or pH 7.0.

HPMCAS pH 1.8 EEenol EEKeto EZketo EZenolA EZenolB RES

First drug -10.94 -9.80 -10.88 -13.88 -13.79 -11.48

Second drug -14.30 -14.09 -13.21 -14.08 -15.40 -12.36

HPMCAS pH 7.0 EEenol EEKeto EZketo EZenolA EZenolB RES

Firstdrug -14.32 -1250 -13.93 -12.65 -14.28 -12.28

Second drug -11.60 -11.42 -13.00 -13.43 -13.42 -10.81
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Table 2. Docking scores (kcal/mol) of curcumin and resveratrol to S100 undérgbrr
pH 7.0 with the composition of 4:2 or 2:1 between methyl methacrylate and methacrylic

acid.

S100 42 L pH 1.8 EEeno EEKet EZket EZenol EZenol RES

[ o) o) A B
First drug -8.66 -9.26 -9.46 -9.26 -9.79 -7.11
Second drug -10.72 -12.87 -9.07 -9.85 -10.39 -7.31

S100 42 L PH7.0 EEeno EEKet EZket EZenol EZenol RES

I o] o] A B
First drug -6.63  -6.63 -7.42  -7.70 -7.52 -7.11
Second drug -7.28  -8.05 -7.73  -7.45 -7.40 -7.69

S100 21 L pH1.8 EEeno EEKet EZket EZenol EZenol RES

I 0 0 A B
First drug -9.07 -8.88 -10.06 -11.16 -9.53 -7.93
Second drug -8.65 -9.20 -9.16  -8.96 -10.20 -7.75

EUD_S100 21 L PH Eeenol EEKet Ezketo EzenolA EzenolB RES
7.0 o]

First drug -8.28  -9.06 -8.06 -9.80 -8.84 -7.81

Second drug -8.84 -9.81 -7.49  -10.20 -12.22 -8.66

113



Appendix 2: Preparation and evaluation of Hot-melt extruded TASD of
curcumin, resveratrol, and Eudragit EPO.

Miscibility

A hot-melt extruded sample was prepared by Nirali Patel ADu Serajuddits lab, St.
Johnds Uni ver si tAp:25:50(Ww).iBeforet eltiding the TASDthe f
miscibility of CUR and RES with EPO was determined by DSC. A mixture cantai
20% of CUR/RES was mixed with EPO and heated to 1%nd cooled to room
temperature followed by reheating to the melting point of FE@NFigure 1, it is evident
that both compounds are miscible WiEROwhen heated to 150, which is much below
their meting temperatures. Thisfavorable for melt extrusiosince the compounds need

not be heated to their melting temperatures to be miscible with the polymer.

0.2
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Figure 1: Miscibility of CUR and RESwith EPO by DSC
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Viscosity

Before doing the actual extrusion, it is very important to determine the melt viscosity of
TASD components. In general, if the complex viscosity is around 10,000 Pa.s and lower,
the mixture is considered to be extrudable in a melt extruder. Figune 2 we can

interpret:

a. Eudragit EPQ Extrudable at a wide range of temperatures above 110

b. Eudragit EPO 75% + 25% curcumirPossibly extrudable above 140

c. Eudragit EPO 75% + 25% resveratrdWlixture with resveratrol is highly
viscous, but theiscosity decreases rapidly with temperature possibly due to the
plasticizing effects of the compound. It may need 160 deg or higher for melt
extrusion.

d. Eudragit EPO 50% + 25% curcumin + 25% resverdthiscosity decreases as

compared to resveratrol @le. Maybe extrudable at or above 150
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Figure 2: Viscosity of TASD components at elevated temperature.

Hot-melt Extrusion

The physical mixture of CUR, RES, and ERQhe ratio 0f25:25:50(w/w) was extruded

by a process 11 emtating twinscrew extrudg Thermo Scientific, Bridgewater, NJ) at a
barrel temperature of 170. The extruded sample wgsoundby a mortaandpestle and
sieved to get uniform particles. These uniform particles were used for further

characterization.
Evaluation of TASD
The HME sanple was analyzed DSC, TGA, FTIR, RanspectroscopyWe carried out

in-vitro dissolution studies on this samplée thermal analysis has confirmed the presence
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of single lyat 67.9 , which is significantly lower than the SCUR: RES: EPO 25:25:50
sample which was processed by rotary evaporgkigure 3). This lower T of this HME
sample could potentially cause stability challenfge this formulation. TGA confirmed
better thermasensitivity of HME sample over SOUR: RES: EPO 25:25:50n the case
of the SDCUR: RES: EPO 25:25:5@e noticeda 5% weight loss at 204 whereas this
HME one shows 5% degradation at 244The gesence of interactionsasconfirmed by
both FTIR and RamafFigure 4 and Figure 5. However, inthe case ofthe Raman
spectrum, the assigned peaks were less intense inGVRE RES: EPO 25:25:50an SD

CUR: RES: EPO 25:25:50

From the release data of hoelt extruded sample ( HMEUR: RES: EPO 25:25:50we
obseved the maximum release of 61 + 0.6% (w/w) after 1 hour, which is much lower than
the binary ASD of CUR as well as the 50% loaded TASIgure 6A). Thus, it is clear

that the release of CUR is much more pronounced in the rotary evaporated sample than in
the HME one The release profile of RES from HMEBEUR: RES: EPO 25:25:56lightly

better than the binary dispersion of RES, it sustained a release of ~60% of dissolved RES
in the acidic media. Same as other dispersion the % release declined in the neli&ral me

(Figure 6B).
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Figure 3: DSC thermogram gfureCUR, RES, EPO, PM UR: RES: EPO 25: 2
SD CUR: EPO 50:50, SD RES: EPO 50:500 CUR: RIECS:: 1 &EP8OC U R :

RES: EPO, 25andGWHME RES: EPO 25:25:50
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