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Abstract

Abstract

The oral route is the mogtreferred route of drug administration. Tablets are the most
prominent oral dosage form as they can provide greater dose precision, higher stability,
simplicity and lower cost of manufacturing and suitability for largeale production.
Compressed tabletsyhich are the most widely used tablets, consist of a blefwhe or more
active pharmaceutical ingredienfAP§) with suitable excipients. The excipients in tablets, in
particular dissolution enhancing excipients, play a vital role in ensuring areeffarial drug
delivery (i.e., high oral bioavailability). These excipients are usually utilized as a part of a
solubilization strategy to enhance the drug solubility, and thus its oral bioavailability.
However, various excipients in tablets are associawgth instability issues, hence, a
comprehensive, costjyand timeconsuming investigation of excipients is essential to develop

stableandefficienttablets ®

SmartFilng technology is an innovative strategy which enhances the drug agueous
solubility via erbedding the drug within a matrix of cellulodased paper in an amorphous
state. Despite its proven effectiveness, smartFilms technology resnaiecognized by the
pharmaceutical industry due to the difficulty of largeale production of paper tabletsoim
paper cut outs with limited flowability. The inadequate flowability might obstruct the
compression process due to the adherence of the paper to the tablet press, which might result
in dose variation of the tablets. In addition, the influence of the dfilm tablets on the

bioactivity of the loaded drug is still ambiguous

In this thesis, smartFilm tablets were investigated as a potential, industrially feasible

approach for an improved solubility and bioactivity of poorly watelubleAPls

The first @rt of the thesis investigated the possibility of transforming unloaded
smartFilms (i.e., paper) into a flowable physical form and the influence of sucrose as a binder
(i.e., amounts and forms) on the behavior of the material under compression as whk as t
properties of the obtained tablets. Cellulobased paper utilized in this work was successfully
transformed into granules via a wet granulation process. The obtained unloaded paper
granules exhibited a slightly elongated shape, demonstrated good flitityednd allowed the
production of tablets in a continuous mode. The results also showed that using sucrose as a
dry powder during the granulation process was the most suitable for obtaining paper granules
that can be compresseid large scalénto tablets with good pharmaceutical properties (i.e.,
in accordance with the Europedharmacopoeip Investigating the mechanical behavior of

paper granules under compression indicated that the compaction behavior of these granules
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was comparable to the behaviorf @lassical binders and compression enhancers. These
findings indicate that the obtained paper granules have good flowability, a suitable
compression behavior and propose paper granules as suitable intermediate products for the

production of tablets maderém paper on a large, industrial scdle

The second and the third part of the thesis studied the impact of smartFilm tablets on
the oral delivery and bioactivity of two poorly watsoluble APIs(i.e., curcumin and
norfloxacin) using an ex vivo porcine intestinal model. Curcdogided smartFilms and
norfloxacinloaded smartFilms were successfully transferred into smartFilm granules and
smartFilm tablets, respectively. Results also showed that darcuminloaded smartFilm
granules and smartFilm tablets preserved the amorphous state of the incorporated drug. The
obtained tablets also fulfilled the criteria according to the Europ@baarmacopoeiaegarding
hardness, friability, content uniformitymass uniformity, and disintegration time. The
incorporation of curcumin or norfloxacin into smartFilm tablets resulted in increasing the
dissolution rate &pprox.two-fold) especially at the beginning of the release. The ex vivo
intestinal permeability o€urcumin from thesmartFilm tabletsvas also studied and compared
to a physical mixture of curcumin and paper and to a classical and an innovative commercial
product, respectively. The innovative product contains curcumin in a micellar form and has
previouwsly demonstrated an exceptional oral bioavailability. The findings showed an enhanced
intestinal permeability of curcumindm the smartFilm tablet as compared to the physical
mixture tablet and the classical marketed product that contains curcuminrasvgowder
(approx two-fold increase). No difference in the total amount of permeated curcumin was
found between thesmartFilm tabletsand the innovative commercial product (i.e., micellar
curcumin). Nevertheless, a trend towards a deeper intestinal patioe of the curcumin
from the smartFilm tabletsvas observed. These outcomes indicate that smartFilm tablets can
be equally efficient as innovative and classical curcumin formulation approaches in improving
the oral bioavailability of curcumin. The exao/ivioactivity of norfloxacin from the smartFilm
tablets was also investigated and showed a similar trend (i.e., gdlgdchigher antibacterial
activity of norfloxacin from thesmartFilm tabletsvhen compared to the physical mixture

tablet).

The findings of this thesis provide evidence that smartFilm tablets are &ffestive,
universal, industrially feasible formulation approach for improved solubility and enhanced

bioactivity of poorly watessolubleAPIsi.e., BCS class Il and IV drugs
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Abstrakt

Die orale Applikation ist der bevorzugteste Weg der Arzneimittelverabreichung.
Tabletten sind die bekannteste orale Dosierungsform, da sie eine groRere
Dosierungsprazision, hohere Stabilitat, Einfachheit und niedrige Herstellungskosten und
Eignundtr die Produktion in grol3em Mal3stab bieten konnen. Direktkomprimierte Tabletten,
die am haufigsten verwendeten Tabletten, bestehen aus einer Mischung von einem oder
mehreren pharmazeutischen Wirkstoffen mit geeigneten Hilfsstoffen. Die Hilfsstoffe in
Taletten, insbesondere Freisetzungsbeschleuniger, spielen eine entscheidende Rolle bei der
Sicherstellung einer effizienten oralen Arzneimittelabgabe (d. h. hohe orale Bioverflgbarkeit).
Diese Hilfsstoffe werden normalerweise als Teil einer Freisetzungsgigaterwendet, um
die Ldslichkeit des Wirkstoffes und damit einhergehend die orale Bioverfugbarkeit zu
verbessern. Allerdings sind Hilfsstoffe in Tabletten mit Instabilitatsproblemen verbunden,
daher ist eine umfassende Untersuchung der Hilfsstoffe uaslitth, um stabile, effiziente

und sichere Tabletten zu entwickdn

Die smartFilm Technologie ist eine innovative Strategie, die die Wasserldslichkeit des
Wirkstoffes verbessert, indem der Wirkstoff in einem amorphen Zustand inRap&rmatrix
auf Zellulosebasis eingebettet wird. Trotz ihrer nachgewiesenen Wirksamkeit blieb die
smartFilm Technologie von der pharmazeutischen Industrie aufgrund von

Umsetzungsschwierigkeiten bislang unerkabnt

In dieser Dissertation wurden smartFilm bletten als potenzieller, industriell
umsetzbarer Ansatz fir eine verbesserte Loslichkeit und Bioaktivitat von schwer

wasserloslichen Wirkstoffen untersucht

Der erste Teil der Dissertation untersuchte die Moglichkeit unbeladene smartFilms (d.
h. Papier)n eine flie3fahige physikalische Form zu tberfihren als auch den Einfluss von
Saccharose als Bindemittel (d. h. Menge und Form) auf das Verhalten des Materials unter
Druck sowie auf die Eigenschaften der erhaltenen Tabletten. Papier auf Zellulosebasis wurd

Uiber die Feuchtgranulierung erfolgreich in Granulate umgewasddelt

Die Ergebnisse belegten auch, dass die Verwendung von Saccharose als trockenes
Pulver wahrend der Granulierung am Besten geeignet war, um Papiergranulate zu erhalten,
die zu Tabletten miguten pharmazeutischen Eigenschaften (d. h. in Ubereinstimmung mit
dem Europaischen Arzneibuch) gepresst werden konnen. Die Untersuchung des

mechanischen Verhaltens von Papiergranulaten unter Kompaktion zeigte, dass das
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Kompaktionsverhalten dieser Granwaimmit dem Verhalten klassischer Bindemittel und
Verdichtungsverstarker vergleichbar war. Diese Befunde indizieren, dass die erhaltenen
Papiergranulate eine gute Fliel3fahigkeit und ein geeignetes Kompaktionsverhalten aufweisen
und empfehlen Papiergranulatals geeignete Zwischenprodukte fir die groftechnische

Herstellung von Tabletten aus Pagter

Der zweite und dritte Teil der Dissertation analysierte den Einfluss von smartFilm
Tabletten auf die orale Verabreichung und Bioaktivitat von zwei schwer wasadmis!
Wirkstoffen (d. h. Curcumin und Norfloxacin) unter Verwendung eines ex vivo
Schweinedarmmodells. Mit Curcumibeladene smartFilms und mit Norfloxadieladene
smartFilms wurden erfolgreich in smartFilm Granulate bzw. smartFilm Tabletten Gberfihrt.
Die Ergebnisse zeigten, dass die mit Curcunbeladenen smartFilm Granulate und
smartFilm Tabletten den amorphen Zustand des eingearbeiteten Wirkstoffes bewahrten. Die
erhaltenen Tabletten erfiliten auch die Kriterien gem&R des Européischen Arzneibuches
hinsichtlich Bruchfestigkeit, Friabilitat, Gleichférmigkeit der Masse, Gleichférmigkeit des
Gehalts und Zerfallszeit. Die Einarbeitung von Curcumin oder Norfloxacin in smartFilm
Tabletten filhrte zu einer Erh6hung der Auflésungsgeschwindligkeit. Die ex vivo
Darmpermeabilitdt von Curcumin aus den smartFilm Tabletten wurde ebenfalls untersucht
und mit einer physikalischen Mischung aus Curcumin und Papier bzw. mit einem klassischen
und einem innovativen kommerziellen Produkt verglichen. Das innovative Prodtliilien
Curcumin in mizellarer Form und hat zuvor eine au3ergewdhnliche orale Bioverflgbarkeit
gezeigt. Die Ergebnisse zeigten eine verbesserte Darmpermeabilitat von Curcumin aus den
smartFilm Tabletten im Vergleich zu den Tabletten mit physikalischer Migchnd dem
klassischen vermarkteten Produkt, das Curcumin als Rohpulver enthalt. Zwischen der
smartFilmTablette und dem innovativen kommerziellen Produkt wurde kein Unterschied in
der Gesamtmenge an eingedrungenem Curcumin festgestellt. Dennoch wurdeegid zu
einer tieferen Darmpermeation des Curcumins aus den smartFilm Tabletten beobachtet.
Diese Ergebnisse zeigen, dass smartfFipletten bei der Verbesserung der oralen
Bioverfugbarkeit von Curcumin ebenso effizient sein kénnen wie innovative ussiddhe
CurcuminFormulierungsansatze. Die ex vivo Bioaktivitat von Norfloxacin aus den smartFilm

Tabletten wurde ebenfalls untersucht und zeigte einen ahnlichen Tiéend

Die Ergebnisse dieser Dissertation belegen, dass smartFilm Tabletten ein
kostenginstigr, universeller, industriell durchfihrbarer Formulierungsansatz fir eine
verbesserte Loslichkeit und verbesserte Bioaktivitat von schwer wasserldslichen Wirkstoffen,

d. h. Wirkstoffe der BCKlassen Il und 1V, sind.
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Chapter 1 Introduction

1.1. Oral drug delivery

The oral route is the most preferred route of drug administration. It can be used for both
systemic drug delivery and for treating local gastrointestiratt (GIT)diseased1,2]. Oral

drug deliveryoffers several advantages, such as minimal risk otiitie and low sterility
limitations, which simplifies the production process and reduces costs. Oral delivery systems
are also associated with a high patient compliance as they are easy to usivasive, and
convenient for seladministration [3,4]. Eficient oral drug delivery (i.e., high oral
bioavailability) can be affected by several factargluding aqueous solubility, stability,
dissolution rate, permeability, firgpbass metabolism, presystemic metabolism, and the
susceptibility to efflux mechasms of the drug moleculds].

Oraldrug delivery can be achieved using sdlidage formsuch agablets, capsules
granules, or liquid dosage forms such asuspensions emulsions, and a varietyf
pharmaceutical solutiond]. Solid dosage forrmhavebeen widely useas they areversatile,
provide flexible dosing relatively stable,associated with less complications during
formulationand packagingIn addition, slid dosage forraprovidethe best protectionof the
drug against light, temperaturehumidity, oxygen microbial contamination (i.e., due to

absence of waterand stress, therefore they can be simgipred, handled, and usel [1,6]

1.2. Tablets an overview

Tables arethe most popular oral dosage foras they represen50% of all oral drug delivery
systemsand 70% of the produced pharmaceutical formulatidiis8]. Tablets can be defined
as a solid unit dosage formahcontains one or moractive pharmaceutical ingredients (APISs)
with suitable excipiets [6]. Theydiffer greatlyin shape size,and weight, depending on the
amount ofthe APland the intendedoute of administration.

Tablets provide severadsantagesover other oral dosage forms such agigater
dose precision antbwer contentvariability, ii) simplicity and low cost of manufacturing, iii)
compaction and light weight, ivgader to swallow v) the possibility of producingistained
release produd via enteric coating vi) more suitable for largescale productionvii) higher
chemical mechanical andhicrobial stability viii)tamper-proofness compared to capsulgg)
the possibility of formulating tablets witkwo or more drug substancegven if they are
physically or chemically incompatibkndthus reducing multiple tablet us®,10].

Orally administrated tabletgan be categorized into ipblets ingested orallye.g.,
compressedablets (i.e., uncoated tablets)mated tablets(i.e., film-coated sugarcoated
gelatincoated andenteric-coated tablety, multiple compressedablets, layeredtablets,

extendedreleasetablet, rapidreleased tabletseffervescent tablety and ii) aiblets used in
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the oral cavity(e.g.,buccaltablets, sublingual ablets, roches andozenges dental cone}
[6,11]. Compressed tabletge the most widely usetype of tabletsand they were intensively

investigated in this work

1.2.1. Compressed tablets

Compressed tablets represent a significkmaiction of tablets that are clinically usgthainly

in an uncoated stateto provide a systemicdelivery of APIs Compressed tablets are
manufactured by compression of powdered, crystalline, or granular materials into the
requiredshapevia applyindiigh pressureandutilizingvarious shapedteel punches and dge
[11].

1.2.2. Manufacturing methods of compressed tablets
1.2.2.1.Directcompression

Direct compressiortan be defined as thprocessin which tablets are compressed directly
from a blendof powdered APIsind suitable excipientwithout modifyingthe physical nature
of these materials. This method is applicable for crystallimeaterialsthat exhibit good
compressible characterisi@and flow propertiesas well asvhen a drug constitutes a major

portion of tablet total weigh{7].

Direct compression offers several advantages such fasvgr manufacturing steps,
less processing timand thus reducing labor cost and validation pro¢@¥ao moisture, heat
or high compaction pressurés required, so it is a suitable method foroisture or
thermolabile APIijii) optimization of tablet dsintegrationas alldrug particlesisreleasedrom
the tablet mass and thusavailable forthe dissolution[6,11]. However, there are several
challenges associated with this process, includinggh veight and dose variation of the
tabletsdue to differences in particle size and bulk densi}yproduction of large sized tablets,
which are difficult to swallow and also costly.e., tablets withHargedrug doses), iii) possible
formation of astatic chargewith a powdered materialvhichmay result in unevedistribution
of the drug, iv) bw mechanical strength of the tablets) critical selection othe utilized
excipientsas theymust demonstrate god homogeneity and segregation tendendyiction

and adhesion propertiedlowability, compression propertieand compactability[7,12].

1.2.2.2.Granulation

Granulation is a process in whicliine or coarse particles are converted into large
agglomerates called granulfk3]. This process is considered when the properties pbwder

blend (i.e., flowability, static chargedust formation ability) are not suitable for direct
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compression tabletig[7]. Granulatiornpresents several advantages such as i) reductidheof
particle size distribution of a powded materia) henceeliminatingthe segregatiorissues and
ensuringsuperior compressibility in the tableting procegpallowinghigher quaities ofthe
API to be usedndenhancenent ofthe uniformity of the API in the fina&blet, iii) increasing
the density of the blend so that it occupies less volume per unit welggnce betterstorage
and shipment,iv) facilitating metering or volumetic dispensing,v) reduction of dust
formation, and thugseducigtoxic exposure and processlated hazardsyi) improvement of
the appearance of th&ablet [7,9,12] The ganulationprocesscanbe mainlycategorized into

two types dry granulation and wet granulatidi4].

1 Dry granulation:it can be defined as the process of forming granules by mechanical
compression (slugs) or compaction (roller compactidfier weighing andlendingthe
API with excipientsthe powderblendis either slugged(i.e.,compressellinto large flat
tabletswith a diameter obneinchor compacted usingowder compactorsin which the
powder density is increasey pressing it between rollers at 1 to 6 tons of pressure.
Following that, he slugsor the compacted materiadre milled and screened to produce
granules, then aubricant isadded,andthe blend is compressed intablets[11,14].Dry
granulationmethodis especially applicabfer materials that degrade in moisture or at
the elevatedtemperaturesrequired forthe dryingof the granuleq11,15]

1 Wetgranulation:it is the process in which a granulation liquig.( binder or solvent) is
added to apowdered materiali.e., APl and excipients) a vessethat isequipped with
any type of agitatiorwhich will produce agglomeration or granulé€]. It is the most
widely usedgranulationmethod despite the fact that it involves multiple proceggsteps
[9,13]. Thesestepsincludeweighingand blendinghe ingredients, preparing a dampened
powder or a damp mass, screening of damp [@ags granules, dryinghe granulesin
drying chambers with a circulating air current and thermostable heat contr@léertray
dryer or fluidized bed dryer, sizing thegranulesby dry screeningadditionof alubricant

to promotethe flow of granulesandforming tablets by compressidi1,14].

1.3. Role of excipientsin tablets

Excipients are defined according to the International Pharmaceutical Excipients Council (IPEC

I YSNAOF YR Lt9/ 9dNRLISO Fa a¢KSasS FNB (GKS &dz:
dosage form, which have been appropriately evaluated for safety anthaleded in a drug

delivery system to i) aid the processing of the drug delivery system during its manufacture, ii)

protect, support, enhance stability, bioavailability or patient acceptability, iii) assist in product

identification, iv) or enhance any loér attributes of the overall safety and effectiveness of
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into formulation aids (e.g., diluents, binders, lubricantiésintegrants pH adjustors) and
functional excipients (e.g., taste masking agents, drug release rate modifiers, mucoadhesives,
solubility and dissolution enhanceid).

Diluents are normally used as fillers to increase the bulk of a formulation to prepare
tablets ofadesired sized.g.,lactose, starchandmannitol)[1,18]. Binders promotglasticity
as well aghe adhesion of the particles of the formulatiday cohesiveand adhesive forces
(i.e., Vander Waals and electrostatic forces, hydrogen bonding, solid bridges, mechanical
interlocking. They are either added as a liquid or a dry form (e.g., stanitrocrystalline
cellulose and acacid. The amount and type of the added binder influences the tablet
properties[1,19] Lubricants and glidants enhance the flow of the powdeagranules into the
tablet diesand aid in the produdion of glossy tablets Theyact by forming a stable layer
around particles/surfaceand they also preversticking, picking and capping issieg., talc,
stearic acidand magnesium stearate]ll]. Disntegrants promote the disintegration or the
breakup of the tablets in GIT (e.g., starch, clapsgcellulose)20]. Upon tablet disintegration,
the pHadjusting excipients dissolve in the medium of the GIT and adjust the pH of the
stagnant boundary layethat surrounds the particles of the API, and thus improving the
dissolution of the API (e.g., sodium carbonate and succinic [A&8H)Taste maskers can hide
the bitter taste of the API and improve patient compliance (e.g., sweeteners, flftprByug
release rate modifiers can be added to ensure optimal plasma concentrations, prolong the
duration of the drug therapeuti@action reduce the frequency adrug administration and
thus enhance patient compliancée.g., chitosan andpolyethyleneglycol (PEG)[21,22].A
mucoadhesive agent/polymer adheres to the mucosal surface and extends the residence time

of formulation within theGIT (e.g., chitosan artd/droxypropyl cellulose (HPQY].

1.3.1. Excipients as solubilization enhancers

The aqueous solubility of the drug isfandamentalproperty that plays a crucial role in
insuring high oral bioavailabilifs]. Solubilitycan be definedis the quantity of solute, which
dissolves in a quantity of solvetat form a homogeneous solutiorf the solute in the solvent.

The term giantity indicatesthe concentration of the solute in a saturated solution at a certain
temperature[23,24] G [ ALIAY a1 AUa NHzZ S 2F pé¢ O2yaARSNA
rejecting inadequate drug candidates at early stages of the drug discovery pri@&gss
However, t is estimated that 40% of approved drugs and nearly 90% of drugs in development
consst of poorly soluble moleculeR6]. Such drugsoften require high doses to reach
therapeutic plasma concentrations after oral administratideading toinadequate and

variable bioavailability and gastrointestinal mucosal toxily
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Biopharmaceutics @ssificationSystem (BC%Jsorecognizes the aqueous solubility
and the permeability of drug molecules as fundamental parameters to control the rate and
extent of oral drug bioavailabilitf-{gurel) [27]. According tahe BCS, thdrug is considered
to be highly soluble whethe highest dose strength can dissolve in a glasgabér (.e., 250
ml) or less of aqueous media over a pH ®0f§2¢7.5[28]. Permeability is often referred to
asthe ability of the drug taiffuse across the apical membrane of enterocytes into¢ltoso|
and it depends on drugharacteristicssuch as polarity, chargend hydrophobicity [29] A
drug isdescrited as highly permeablewhen the percentage of absorption g 90% of the
administered dose. BCS Class | driggg., metoprolol and propranolol) that exhibihigh
solubility andpermeability are good candidates for oral delivgs®]. In contrast other BCS
classes are challenging candidatesdial deliverydueto their low solubility (BCS Classuth
as ketoprofen and rifampicin) [31], low permeability (BCS Class dilch asatenolol and

cimetiding [30], or both (BCS ClaBssuch as curcumin and norfloxag[82,33].

Class IV Class Il

low solubility high solubility
low permeability low permeability

Solubility
low

Figurel. Biopharmaceutics Classification System (BCS) of drugs according to their solubility

Permeability

low

and permeabilityadapted from 24]).

All this indicates thatdubilizationenhan@rsplay a vital rolen improvingoral drug
deliveryof poorly watersoluble drugsSolubility enhancing excipientsan becategorized into
three groups, includingoolymerbased excipientssurfactantbased excipients,and lipid
basedexcipients.These excigints are usually utilized as a part of a solubilization strategy to
enhance tharug solubility andthus its oral bioavailabilit{84]. Drug solubilizationtsategies
can be categorized, according to the naturedaig modification involved, into chemical and

physicalksolubilization strategies [35].
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1.3.1.1. Chemicakolubilization strategies
1 pH modification and salt formation

The pH adjustmenepresents a firsline strategy for the formulation of poorly soluble drugs.
lonizable drugs, nearly 70% of drugs are ionizable, demonstratgepkindent solubility,
where weakly acidic drugs are soluble at pHa fi.e.,ionization constant) and weakhasic
drugs are soluble at pHKa[26,36] Salt formation results in similautcomes where salts
are formed via an ionic interaction betweeveakly acidic or basic drugs and an oppositely
chargedbasic or acidic counteriof37]. Upondissolution of salts in watetheir counter ions
provide favorable pH condition86,38]. Nevertheless, this solubilization approach is not
suitablefor neutral drugmoleculesand usually associated with precipitation tendencies after

oral administration2,39].
1 Prodrug formation

A prodrug is an inert, chemical derivative of a parent drugthat exhibits improved
physicochemicaproperties andis able to convert intothe active parent drughrough an
enzymaticbiotransformation[35]. The prodrugstrategy providesmproved drug solubility,
lipophilicity, transportermediated absorption and the potential to achieve sispecific
delivery [40]. Despite being a powerful and versatile solubilization strategy, the use of
prodrugs is usually associatedth chemical instability and higherriskfor the formation of

degradation byproducts[41].
1.3.1.2. Physicakolubilization strategies
1 Cosolvency

In thisapproach the drug dissolution is enhancely using a mixture of water armwater-
miscible organic solvenlhat isless polar than watemhich results in lowering the polarity of
the bulk solventi(e., the dielectric constantfo a level that resembles the polarity of the
nonpolar solute (i.e.,drug) [36]. Though thecosolvery strategyis one of the oldest and
widely used techniquefor the formulation of poorly solubledrugs it presents some
disadvantageslhese disadvantages dneked tothe i) taste, stability, and the limited number
of cosolvens, ii) concomitant solubilization of othesomponentssuch as preservativeghich
might affect thestability and effectiveness of the drig) alteration of the pharmacokinetic
profile of the drug iv) potential drug precipitationupon dilution with aqueous media or
physiological fluid§26,35,42].
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 Particle size reduction

Reduction of theparticle size of poorly watesoluble drugsesults inan increase in therug
surface area available for solvation and an increase in the dissorati®nf the drug particles,
which results inan improved bioavailability and a reduced toxicifi35]. Micronized and
nanosizeddrug particles can be obtainagsingvariousstrategies which can be categorized
into: & (-RRJF yeehniques where largerdrug particles are fragmented into smaller
LI NI A Of S adzLighvmigqueswhdies@alfirugparticles arebtainedafter controlled
crystallization or precipitation afdrug froma supersaturated solutiof36,43]. Nevertheless,
several challenges are associated withrtigle size reductionincluding the need for
specializeagquipments especially for nanonizatif44,45] as well ashysicochemicatelated

stability issuesuch asggregatioror change in thesolid stateof the drug[2,36].
9 Drug carrier systems

Adrug carrieris a system that has the capability of incorporating a specific amoudtuaf
molecules to enhance their selectivity, bioavailability, and efficieDoyg carier systems are
generally designed at nanometric and micrometric levels, to combine the advantages of a
carrier and particles with reduced si6]. There are several types of drug carrier systems,
including nicellesand polymeric micellespclusion conplexes, Ipid-based formulationge.g.,
lipid solutions, lipid suspensions, emulsions, -setiulsifying drug delivery systems,
liposomes, andsolid lipid nanoparticlds andpolymeric nanocarrier$2]. Drug carrier systems
present several advantages, includingggte masking, iipetter tolerability andreduction of
drug toxicity, iii) protection of the incorporatedrugs from degradation in the Gliv)target
drug deliveryand controlled drug releasev) their nanosized naturevhich allow active and
passive tissue targeting [449], vi)longer drug retentionas they are lessusceptible for
reticuloendothelial scavengin@.g., polymeric micelles) [50], viijtrinsic biocompatibility,
viii) suitabilityfor scalingup and costeffectivenesgi.e., lipidbased formulationsj48,51].
Althoughdrug carriers provide promising strategies for the improvement of the oral
bioavailability,obtaining thedesiredphysicochemical properties, drigncapsulation, drug
release kinetics, and particle size dficult, especially with liposomes and solid lipid
nanoparticleg52]. They are also associated with various challenges suchtasijestability
issues(e.g., lipidbased formulations)53], ii) highcost of materialsand the need for
comprehensive characterizatiof.g., inclusion complexes) [35], iif) vivo instabilityupon
dilution in the GIT (e.g., micelles and inclusion complexe€p[A4 iv) biocompatibility and

toxicityissues (e.g., nehiodegradable polymeric nanocarriers) [58,59].




Chapter 1 Introduction

1 Crystal engineering.e.,polymorphism and cocrystal formation)

Polymorphismis defined as thebility ofa drug to form one or morerystalline solids that
differ only by the moleculaarrangement of drug molecules in the crystal lattice, dhe
different crystallinesolidsof the samedrugare described as polymorpig0,61].Metastable
polymorpls demonstrat a higher dissolution rate and solubility thanethmost stable
polymorphs and thus increasing theral bioavailabilityof poorly watersolubledrugs[62,63].
However different polymorphsare usually associated witlrug instability]35].

Cocrystals can be described m@mxed crystalline solidswhich exist as crystals at
ambient temperatureconsisting ofidrug and a cocrystal form¢coformer)held together by
noncovalentforces [63]. These bondsare able toreduce the strengthof the drugdrug
interactions, decrease the lattice energyd increase the solvent affinity, as compared to the
pure drug crystal structure, hence enhancing the solubility of a {64d It is a simple
strategy, however, mosbf the utilizedcoformersare not safeas theycould causenembrane

irritation and toxicity, particularly at high dosg3b,65].
1 Amorphization and solid dispersions

Amorphous solids are partially disordered solids wherediiugrdrug interactions are weaker
than in the crystals. They abtained either by preventing theofmation of a crystalline
structure or by disrupting an already existing cryst@the amorphous forms of drugs can
theoretically provide solubilities up to 1600 times higher than the crystalline formke
amorphization isusually combined with othesmall drug particle strategies such salid
dispersiong35].

Solid dispersiofiormulationsconsist of dispersingne or more podly water-soluble
drugs in an inert excipient or matrixvhich is usually a hydrophilibjgh molecular weight
polymer [2,66]. Solid dispersios are usually prepared using the melting (fusion), solvent
evaporation, coprecipitatiormeltingextrusion, or spray drying method@he meltingmethod
is commonly used for developitgrgequantitiesof pharmaceutical formulations, butdt y Q (i
be used withthermolabilesubstance$67].

Combining amorphization with the solid dispersion techniquenhance the
dissolution of drugs due to the formation of a highergy amorphouform and the reduction
of the particle size, hencéncreasing thesurface area and wettability of the produced
amorphous solid dispersiof2,35] These amorphousforms are rarely eutecticand thus
remain metastable and thermodynamically active, leadingheir supersaturationin the
gastrointestinalfluid and obtaining agreater concentration gradientwhich increags the

dynamic forceof drug transport across the cellular membrajzg.
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Amorphous solid dispersionsrqvide enhanced solubility and dissolution rate
compared with traditional crystal modification techniques. ti also retard the
agglomeration/crystallization of drug molecules due to ritelecular level dispersion and
steric hindrance interactionsvithin the polymeric matriced2]. However, their use is
associated withmany complexitiesin particularthe intrinsic crystallization tendenayf the
high-energy amorphous drugvhich isdifficult to predictat early stages of production. In
addition, theproductionproces ofamorphoussolid dispersions is complicated, and several
factors should beonsidered. These factors includehigtchoice of excipients that are ustx
formulate solid dispersions, the generation of homogeneous dispersions with a high degree
of miscibilitybetweendrugand polymer matrices, iiiflentificationof systems wh high glass

transition temperaturegelative to storage temperaturel$6,68].

1.3.2. Excipients: a source of instability

Excipients are mainly pharmacologically inert, however thay initiate or participate in
physical or chemicahteractions with the drug molecuseand thus affedng the properties

of the product (i.e.,such aglisintegration, dissolution, and shelf [jfelheycan be affected by
chemical, physical, or microbiological instabilfdy7]. Physical instability invods phase
transformation of the excipientsuch agolymorphic variations, hydration and dehydration,
precipitation, orvariationsin the amorphous or crystalline nature. The phase transformation
can occudue toaggregation, coagulation, melting, solvenediated mechanism®r thermal
stresses during manufacturing procesées.,milling, dry granulation, and compactipf69].
Chemical instability may occdueto thermolytic (i.e., hydrolysis)oxidative(i.e., transition
metalmediated electron transfeior free radicalinitiated chain reactions or photolytic
degradation [70,71]. Microbiological instabilitymay occur due to thefailure of the
preservative in the formulation due to interaction, degradationgdepletionfrom the system
[17]. Several studies reported stability issues of various excipients in tabletsetefore,a
comprehensive investigatioof excipientsduring preformulation and formulation studiess
essential to develop a stablefficient, and safe tablets [7@1]. However, such a thorough
investigation is usuallifme-consumingand can increasehe costsof tablet production, and
thus it is preferred to utilize a system th@quires the usage of less excipients to manufacture

tablets.
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1.4. SmartFilms
1.4.1. Historyand properties of smartFilms

SmartFilms technology was introduced for the first time in 2016 by Lemke and his colleagues
as an innovative approach to improve the solubility ahd dissolution rate of thepoorly
water-soluble drugs [82]. SmartFilms can be defined as sheets of cetldsse paper in
which the APlis loaded in an amorphous formwithin the pores of cellulose matrice$he
production of smartFilms involves dissolving a poargter-soluble dug in an appropriate
solvent,addingthe resulting solution on a cellulodesed paper, and drying the obtained
drugloaded smartFilmg82,83] SmartFilms technology offers several advantages as a
potential technique for enhancing the solubility of poonrater-soluble drugsas depicted in
Figure2. In addition smartFilms were able to attathe amorphous state of various drugs for

at least 18 monthsndicating theiongterm stability [82,83]

$ Incompatibilitiesand / or Inert to most substances
stability reduction

Durability and
" Bioavailability of resistance to

the loaded APIs . ' moisture

SmartFilms

Concurrent delivery of - No plasticizers

multiple APIs

Simple and easy to

produce Allow the addition of optional

excipients (e.g dyes & flavorings) or
tloaded APIs

personalized medicine.

Figure2. Advantages of smartFilms as a solubilization enhancing tech{Bgu8&3]

1.4.2. Applications of smartFilms

The positive impact of smartFilms on the solubility of drugs encouraged further investigations
of smartFilms for improved dermal and oral drug delivery.

1.4.2.1. Applications of smartFilms in dermal drug delivery

Eckertet alinvestigated theability ofsmartFilms to improve the passive diffusionagioorly

water-soluble API into and through the skin after dermal applicatinrthat study, arcumin

loaded smartFilms were produced and characterigt]. The studydemonstratad that the
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cellulose matrix of smartFilms were able to maintain the amorphous stataroftimin which
resulted in an increased dissolution rate amincreased kinetic solubility when compared to
curcumin bulk material[84]. The study also compared théermal and transdermal
penetration of curcumin from smartFilms ¢oircumin bulk material or curcumin nanocrystals
that contain the same amount of curcumin. The authors reported that@rtFilmswere
superior when comparedo curcumin bulk materiali.e., seen-fold higher penetration
efficacy) orwhen comparedto curcuminnanocrystals(i.e., eightfold higher penetration
efficacyand five-fold deeper curcumin penetratign[84]. These results were confirmed by
Kecket alwho describedhe ability ofsmartFilmswith lower curcumin content, to provide an
improved dermal and transdermal penetration of curcumin @hcompared to curcumin
nanocrystal$85]. Both studiegonfirmedthe ability ofsmartFilms a apotentialdrug delivery

system for #ficient dermal and transdermal delivery of poorly wasalubledrugs.

1.4.2.2. Applications of smartFilms ioral drug delivery

Despite being a promising oral drug delivery system, administration of paper (i.e., smartFilms)
is notconvenient for the patient. Therefore, incorporation of smartFilms into appropriate oral
dosage forms can improvbke patient compliance to the novel thoology.Preliminary results
provedthat smartFilmscan be compresseihto tablets withoutthe addition ofany further
excipients[82,83].A scheme of conventional production of drlapded smartFilm tablets is
illustrated inFigure3. Following that, severatudies reported the production of different

drugloaded smartFilntablets,and theproperties of theproduced tabletsvere also studied
[86¢89].

¢

Solution containing dissolved

drug
Drug-loaded ﬁ
smartFilms = Drug-loaded

\ ,A, / smartFilm

——— tablets
Piece of paper \/ P
\/\/ =

required for one

\&/‘*\/
tablet 3 [:>
*/
Paper ‘ \\/Si\,/\/
N \

Cutting into small
pieces and filling
into tablet press

Figure3. Scheme of production of drdgaded smartFilm tabletéadapted from [86]).
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Stumpf and Keck conducted the firsystematic studywhich investigatedthe
possibilityof compresingdifferent types ofunloadedpaper (e.g., disposable handkerchief,
kitchen roll, disposable washing cloth, cosmetic facial tissues, coffee filter) into tablets [86].
The authors used caffeine and rutin as model drugsrtaluce loaded smartFiltabletsand
studied the pharmaceutical properties of the produced tablets (i.e.thickness, mass
uniformity, friability, hardness, disintegration time, content uniformity, and dissolution
profile). The studies also assessed ttrgstallinity and morphology of caffeine and rutin
loaded within the paper matrix [86,87]. The authavere able to produce smooth tablets
usingsix different types of paper without addition of any excipienfl the unloaded and
loaded smartFilm tablets exhibitegood pharmaceutical propertiewhich adhered to the
EuropeanPharmacopoeiaequirements in terms of thickness, mass uniformity, friability,
hardness, disintegration timendcontent uniformity[86,87]. Scanning electron microscopy
(SEM) and Xay diffraction(XRD) analysis results indicated that caffeine and rutin might be
loaded within the paper matrix in an amorphous form. The authors also reported tkiat r
loaded snartFilmtablets showed a Hbld faster drug releaseascompared to the bulk
material indicating that the dissolution rate and consequently the bioavailability of rutin can

be improved with smartFilm tablets

Subrahmanyeswast al prepared paper tablets loaded with efavirenz, which is used
in treatment ofhuman immunodeficiency virus (aftlV drug),andit is considered class I
drug according to the BCS (i.e., low solubility and high permealj@dy) The authors used
the cosolvencyechnique to prepare the smartFilm tablets and utilized various papers such as
kitchen roll, disposable handkerchjand facial tissues. Thiesults of the studyndicatedthat
efavirenzloaded smartFilm tablat that were prepared from kitchen roll met he
requirements of the EuropeaRharmacopoeiand showed an improved release of efavirenz
over 180 min, as compared to other formulatiois.addition, the gbility studies indicated

that efavirenzloadedsmartFilmtablets were stable over a period tfo months[90].

Recently, Ornilet al. investigated the usage of a nalestructive technique to assess
the amorphous state of API loaded within the smartFilms and smartFilm tablets during their
storage[88,89] In these studies, terahertz (THizhe-domainspectroscopy, which is a ne
destructive, sensitive technigughichis able to detect minor changes in the crystalline state
of many molecular crystals, was usédaddition,L-tartaric acid and indomethacin were used
as model drugs and the obtained THguks were comparetb the results obtained from XRD
anddifferential scanning calorimetry)SCineasurementsin case of-tartaric acid the study

showed that theDSC measurements failed to detéiee crystallineform of L-tartaric acidin
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the smartFilmsgue to thepresence omoisturein the paper basisKRD and THapectroscopy
showed similar results arniddicatedthat it was possible to prepare smartFilms loaded with >
23% (/w) amorphoud-tartaric acid88]. In case of indomethacithe study showedhat the
smartFilmgnaintainedthe amorphoudorm of indomethacirfor low loading concentrations
The results also showed that ligherloadingconcentrationsjindomethacinrecrystallizeso

h- crystallineform (another crystalline polymoip of indomethacin)and the amount of
amorphous form of indomethacim the smartFilms reducg89]. The authors reported that
the usage of smartFilm tablets loaded with the recrystallized form of indomethacin
(h - crystalline form) ad the amorphous form oindomethacin is expected to increase the oral
bioavailability of the drug more than the bulk crystalline indomethacin. The authors explained
that this is due to the higher water solubility of these two forms in comparison to the
O2y @Sy A2 yinstdlide fatpd & domethacii89]. The results of both studies
indicated the great potential of THz tirdomain spectroscopy fomon-destructive
crystallinity assessment of smartFilms and smartFilms tablets and can be consideaed
alternative tothe established analytical methods, such as DSC orRi3tudies also suggest
the usage ofTHztime-domain spectroscopyfor longterm monitoring of the API stability
within a smartFilm or amartFilntablet, as itallows for multiple measurements of one sample

at different time points and at different sample positions.

All the abovementioned studies demonstrated the feasibility @dmpressng drug-
loaded smartFilms into tablets without the addition of any excipigtiite ability of smartFilms
to maintain the loaded drug in an amorphous form, and the improvement of dissolution rate
of the drug loaded within smartFilm matrix. etheless,smartFilms technology remained
unrecognized by the pharmaceutical industhye to theirunsuitablity for high-speed tablet
manufacturing and largscale tablet productionThis might be attributed tohe inadequate
flowability of smartFilms irtheir original state(i.e., paper cut outskas they might adheré&
the tablet pressand thusobstrucingthe compression processd resulting irdose variation
of the produced tablets. Furthermore, there is a lack of knowledge ofrtéehanical behavio
of smartFilmaunder compressioand theinfluence ofthe smartFilntablets on the behavior
of the loaded drug under physiological conditioriBherefore the transformation of
smartFilms into a fredlowing physical formalong with poviding data regardig the
bioactivityof drugloadedsmartFilmtabletsare major prerequisitsfor a wice exploitation of

smartFilns as a valid oral dosage form for the delivery of poarster-soluble drugs.

Granulation is a key processing step in the production of many pharmaceutical tablets

and has been widely studied tamprove the poor flowability of solidsgenhancethe
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compressibility of material®r control the release of drugs frosoliddosage form$14,91].
More details about the granulation methods are provided in secfidnl.2 Consequently,
the transformation ofsmartFilms into granules was expected to improve their limited
flowability. Preliminary data, that produced granules framloadedpaper (i.e.,without AP)
using purified water aa binderand without the addition ofurther excipients, could already
prove this assumptiofB7]. Howeverthis study reported that the obtainegranulesbounced
out of the dieduring the production of tabletsn a continuous mode indicating thehigh
elasticity of the granules, which isa nonsuitable property for high-speed tablet
manufacturing In addition, the resulting tablets were extreméiggileand could not fulfil the

requirements of the EuropealRhamacopoeigd87].
1.4.3. Current state and development of smartFilms as an oral dosage form:

Up till now, there is a lack of a systemic study which identifies and describes the parameters
requiredfor a successful production of papbased granuleandtheir mechanical behavior
under compressior{i.e., production of smartFilm tabls). In addition the influence ofthe
smartFilmtablets on thebioactivityof the loaded drugs still ambiguougherefore conducting
studies that provide information about the drdgaded smartFilm tablets from a biological

point of view is an essential prerequisite.

Sucrose is disaccharidesugarwhich compose of glucose and fructose subunits. It
canbe obtairedfrom sugar caneSaccharum officinaruinne (Fam. Gramineae)), sugar beet
(Beta vulgarid.inne (Fam. Chenopodiaceae)), and other souft@k Sucrose is widely used
in oral pharmaceuticalosage formss a diluent, binder, taste masking agent, sweeteand
an agent for controlled drug release (e.g., sugar befly)) Sucrose syrups can be used as
tablet-coating agents at concentrations between 50% and §&#w) and they are widely
used as vehicles in oral liquid dosage forms to enhance palatability or to increase viscosity
[78,93]. In pharmaceutical granulation processes, sucrose is used as a dry birg@&e42
(w/w))where it is granulated with water or hydroaleolic solutions and it can also be utilized
as a liquid binder (i.e., sucrose syrup) containingég®s W/w) sucrosg92,94] Sucrose can
promote the adhesion of thgranulesof the formulation and maintain the integrity of the
final tablet. Therefore, itwas hypothesized thaisingsucroseduring the formation of paper
based granulesnight improve the compressibility of theroducedgranules (i.e., decrease
their elasticity and increase theplastic deformation)However it was reported that ablets
that contain large amounts of sucrose may hardessulting inpoor disintegrationand

inhibition of the drug release [78]. Therefore, a thorough investigation of the optimum

15



Chapter 1 Introduction

amounts and forms of sucrose (i.e., dry or liquid) is essential to obta@tFilm tablets with

good pharmaceutical properties in accordance with the European pharmacopoeia.

There are several poorly watspluble drugs that can serve as ideal candidétes
studying the impact of smartFilm tabktwhich is produceda granulationwith sucrose as a
binder,on their dissolution rate and bioactivityn this work, the selectionriteria depend on
the innate properties of the drug which allowed the use of simple, efficient analysis methods

that can prove the bioactivity of the loaded drug.

Curcumin is a natural compound obtained from the rhizome of the turmeric plant
Curcuma longL. It is a promising molecule for photodynantiierapy,and ithas been widely
used as a preventive therapeutic agent against numerous dis¢g8eJ his can be attributed
to the intrinsic pharmacologicalcharacteristicsof curcumin, incluthg antioxidant, anti
inflammatory, antibacterial, antiviral, antihepatotoxic, antidepressant, and anticancer
activities [96,97] However, he therapeutic use of curcumin is limitegthich is mainly
attributed to its poor aqueous solubitly and loworal bioavailability96,98,99] Qurcumin is
considered a BCS class 1V d@#8j100] andoossesseautofluorescence propertiesyhichis
beneficialto trace its permeatian into the tissueswith the established ex vivo model in
Marburg, Germany85,101,102].

Norfloxacins a broadspectrumantibiotic that belongs to the class of fluoroquinolone
antibiotics.It is effectiveagainstactively dividing as wedisinactiveGrampositive and Gram
negative bacteridoy inhibitingthe bacterial DNA gyragd03]. Norfloxacin isvidely usedfor
urinary and genital tradnfection,andit is alscapprovedfor bacterial diarrhea and gonorrhea
[103,104] According to BSC, norfloxadm classifieda class IV drug with pooaqueous
solubilityand intestinal permeability [32], and thasly 3545% of orally administered drug is
absorbed[103,105] In order to enhance the extent of absorption, it is essential to improve

the solubility of norfloxacin.
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Aim of work

The overall aim of this work was to introducmartFilm tabletsasa promising, industrially
feasible and coseffectiveapproachfor animproved solubility anéinenhanced bioactivity of

poorly soluble drugsThe aim of this thesis was fulfilled in three subsequent steps:

1 The first step was to obtaipaperbased granules that can be used for the production
of smartFilm tables on a large, industrial scale. For that, the most suitable sucrose
amounts and forms, the granulatioparameters,and the granules mechanical
behavior under compression (i.e., phaction of smartFilm tabks)were investigated.

In addition, the pharmaceutical properties of the obtained unloaded smartFilm

tablets were studieddf. Chapter3, section 3.).

1 The second step was to assess the abilitgrofirtFilm tablet¢o improve theoral
delivery ofa poorly watersoluble drug For that, arcumin which isa BS&lass IV
drug with poor solubility andow intestinal permeability was selectedfor the
production of curcumidoaded smartFilm tablets. Thiablets were characterized
regarding their physicehemical and pharmaceutical properties, and the intestinal
permeability of curcumin was determined widn ex vivoporcine intestinal model.
The ex vivointestinal permeability of curcumin from the smaitth tablets was
compared to a physical mixture of curcumin and paper and to a classical and to an

innovative commercial product, respectivébf. Chapter3, section 3.2.

1 The third step was taleterminethe ability of smartFilms to improwvhe bioactivity
of smartFilm tablets loaded with a poorly watgoluble drug. For that, norfloxacin,
which is a BS€lass IV drug with poor solubility and intestinal permeability was used
as model drug for the production of norfloxadwaded smartFilm talets. The
crystalline state of norfloxacin loaded within the matrix of smartFilm tablets as well
as the pharmaceutical properties of the produced tablets were investigated. The
bioactivity of smartFilm tablets was assessed by determining the antimiceattieity
of norfloxacin in vitro and in an infectexx vivoporcine intestinal modelResults were
also compared tghe antimicrobial activityof a physical mixture oforfloxacinand

paper(cf. Chapter3, section 3.3.
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3.1.Tablets Made from Paper An Industrially Feasible Approach
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(adapted fromPharmaceuticals 2022, 15(10), 1188
Abstract

Many orally administrated drugs exhibit poor bioavailability due to their limited solubility. The
smartFilms technologis an innovative approach to improve the drug aqueous solubility,
where the drug is embedded within the matrix of celluldsesed papetin an amorphous

state, hence increasing its solubility. Despite its proven effectiveness, smartFilms, i.e., pieces
of paper, exhibit limited flowability and are not easy to swallow, and thus oral administration

is not convenient. In addition, there is &kaof knowledge of their mechanical behavior under
compression. This study aimed to transform unloaded smartFilms, i.e., paper, into a flowable
physical form and investigated its mechanical behavior when compressed. Granules made of
paper were prepared viavet granulation and were compressed into tablets. The influence of
using different amounts and forms of sucrose, as a binder, on the pharmaceutical properties

of the produced granules and tablets was studied and the most suitable composition was

identifieR 0& dzaAy3 AYy&adNHzYSYiSR RAS SELISNAYSyiGao

modulus were determined for different compaction force levels and the deformation behavior

was estimated with the Heckel mathematical model. All granule batches showed good
flowability with angle of repose values betweeng@5p ¢ ® DNJI ydz S o6 1 OKSa
sucrose content produced tablets that fulfilled the Europédrarmacopoeiaequirements,

and the compaction behavior of the granules was found to be comparable toethavior of

classical binders and compression enhancers. Paper can be transferred into granules. These
granules can be used as suitable intermediate products for the production of tablets made of

paper in large, industrial scabe
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1dintroduction

Oral admirstration is the most common route of drug delivery, with advantages including
high patient compliance, low risk of infection and minimal sterility constraints, which
simplifies the production process and reduces costs [1]. Efficient oral delivery aivadtve
pharmaceutical ingredients (API) is extremely influenced by their physicochemical and/or
biopharmaceutical properties, e.g., solubility, chemical stability, intestinal permeability,

metabolic stability, et®

Recently, smartFilms were introduced a novel oral drug delivery system that can
incorporate APl in an amorphous state within the matrix of cellulogged paper, leading to
the improvement of the dissolution rate and the kinetic solubility of the API [2]. SmartFilms
can be obtained by diskong a poorly soluble API into a suitable solvent and by adding this
solution to a celluloséased matrix, i.e., paper. After drying, the paper, i.e., the resulting
GAYFNICAEfYEZ O2yiGrAya GKS !'tL Ay | Y2NRIK2dza adl ¢
and kinetic solubility of the API [2,3]. Despite being a promising oral drug delivery system, the
administration of paper sheets (i.e., smartFilms) is not convenient for the patient. Due to this,
the transfer of the smartFilms into appropriate oral dosdgrms is important for improving
patient compliance. Several studies already reported the successful compression of drug
loaded smartFilms into tablets without the addition of any excipients and demonstrated that

the produced tablets fulfilled all req@iments of the EuropeaRharmacopoei@bcné

Nevertheless, paper sheets and smartFilms in their original state exhibit inadequate
flowability, rendering them unsuitable candidates for higpeed tablet manufacturing and
large-scale tablet production [4]. llight of this, the transformation of smartFilms into a free
flowing physical form along with understanding their mechanical behavior under compression
is a major prerequisite for a wider exploitation of th@artFilms technologyecause it opens

the pos#bility to produce smartFilm tablets on an industrial, large sbale

Granulation is a key processing step in the production of many pharmaceutical tablets
[7]. In comparison to raw powders, granules exhibit enhanced flowability and compaction
characteristis, and thus can be compressed easily into tablets with a uniform API content [7].
Consequently, the transformation of paper and/or smartFilms into granules was expected to

improve their limited flowabilitgp

Preliminary data, that produced granules from papvithout API (i.e., unloaded

paper granules) without further excipients while using purified water as binder, could already
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prove this assumption but showed that the resulting granules possess a high elasticity. The
high elasticity of the granules provéal be a nonsuitable characteristic for the production of
tablets in continuous mode, because during the production, the granules jumped out of the
die. In addition, the resulting tablets were too soft and could not fulfil the requirements of the
EuropearPharmacopoei8]. Therefore, to decrease the elasticity and to increase the plastic
deformation of the papebased granules, it was hypothesized that the addition of sucrose
might improve the compressibility of the paper granules. The aim of this stadytevprove

or disprove this theory and to identify the most suitable sucrose contents and the most
suitable production process for granules made of paper that can be used for the production

of smartFilm tablés in large, industrial scate

Sucrose can besed as a dry binder, i.e., prior to granulation, it is added as dry powder
to the other ingredients of the tablet. However, it can also be utilized as a liquid binder. In this
case, aqueous sucrose solutions, containingég®s (w/w) sucrose, are used asugulation
liquid for the granulation of the powdered ingredients of the tablet [9]. In order to identify
the most suitable process, granules made of paper were produced with different sucrose
contents and by using sucrose as either dry binder (batcheB@Zable 1) or liquid binder
(batches BZB11, Table 1), respectively. B1 granules were composed of paper without sucrose
and served as benchmark control.d&5 granules were produced while using sucrose as dry
binder and BB11 granules were produced whilging sucrose as liquid binder, i.e., aqueous

solutions of sucrose. The sucrose content was varied from 10% to 50%, respectively (Pable 1)

Table 1.0verview of compositions of the different batches of paper granules prodbced

Batch Code SucroseContent (Dry Form) Granulation Liquid
B1 - distilled water
B2 10% distilled water
B3 20% distilled water
B4 30% distilled water
B5 40% distilled water
B6 50% distilled water
B7 - 10% sucrose solution
B8 - 20% sucrose solution
B9 - 30%sucrose solution
B10 - 40% sucrose solution
B11 - 50% sucrose solution

After the production of the granules, sizhape and the pharmaceutical properties according
to the EuropeanPharmacopoeiai.e., bulk density, tapped density, Hausdatio, Carf2 a

index and angle of repose were determined [10]. In the next step, the paper granules were
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used for the production of tablets from which the pharmaceutical properties according to the

EuropearPharmacopoeiavere determined®

In addition, the mechanical behavior of pagsased granules under compression was

investigated and compared to the properties of conventional binders

Mechanical properties, such as elastic and plastic behaviorsirpfayrtant roles for
G§KS dzy RSNERGFYRAY3I 2F GKS 3IANIydzZ SQa YSOKIYAOLf
mechanical characterization is also pivotal for the simulation modeling of pharmaceutical
materials (e.g., granules) under compression. The use miulaiion modelling in
pharmaceutical industry is becoming not only important to improve the quality of the product
but can also be used to understand the influence of materials and processes on the final
pharmaceutical product properties. In addition, @rcalso help to reduce the productions
costs [11]. Therefore, in the second step of this study, instrumented die compression tests
were performed to characterize the mechanical behavior of the paper granules under

compressiorit 8
2. Materials and Method
2.1. Materials

A commercially available, cellulebased paper (Soft & Sicher, einogerie markt GmbH +

Co. KG, Karlsruhe, Germany) was used to produce the granules and tablets. Sucrose was
purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germaiifi@¢dRuater was freshly
obtained from a PURELAB Flex 2 (ELGA LabWater, Veolia Water Technologies GmbH, Celle,
Germanyyp

2.2.Methods
2.2.1®Production of Paper Granules

Paper granules were prepared via the wet granulation method. Distilled water or sucrose
agueous solutions with various concentrations (10, 20, 30, 40 and 50% w/w) were used as a
granulation liquid. To prepare paper granules, a paper sheet that weighteahd.50 g, was

dry milled for 1 min by using a knife mill (Moulinex DP8108, Groupe SEB Deutschland GmbH,
Frankfurt, Germany). The milled paper was used to prepare 11 granule batches coded as B1
B11 (Table 1). B1 was the control, i.e., paper granules uithacrose. For the batches &b

sucrose (10%, 20%, 30%, 40% and 50%) was used as dry binder and for the baiBhés B7
sucrose (10%, 20%, 30%, 40% and 50%) was used as liquid binder. B1 was prepared by spraying
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small amounts of water onto the milled papt wet the paper and to increase its density.

The wetted mixture was again milled for 1 min, transferred to a plastic sieve, wetted with
distilled water to obtain snowball consistency while shaking at 300 rpm in a universal shaker
SM30 control (Edmund &hler GmbH, Bodelshausen, Germany) for a period;8fr8in. The

wet granules were dried in a drying oven (Heraeus GmbH, Hanau, Germany) at 70 °C
overnight. Afterwards, the granules were sieved (mesh size 2.8 mm, Retsch GmbH, Haan,
Germany) to obtain a siZENJ O A 2y B6 weteyprodtded by .adding fine sucrose
powder to the dry milled paper to obtain dry paper/sucrose mixtures that contained 10%,
20%, 30%, 40% and 50% (w/w) sucrose. The mixtures were further processed as described for
B1l. BtB11 wereproduced by adding sucrose aqueous solutions to the dry milled paper to
obtain mixtures that contain 10%, 20%, 30%, 40% and 50% (w/w) sucrose, respectively.
Afterwards, they were processed as described for B1, while using the respective sucrose

solutionsinstead of purified watefP
2.2.2%€haracterization of Paper Granules

Particle Size and Shape Analysis

¢KS CSNBUQA RAIFYSUGSNI 2F (GKS AN ydz S&a 461 a RSGS
software (National Institutes of Health, Bethesda, MD, USAlescribed previously [34], with

slight modifications. For each batch, 10 representative images that contained approximately

200¢300 granules were taken by using a Canon IXUS 190 digital camera (Canon Europe Ltd.,
Uxbridge, UK). The images were ceddjusted, and threshold analysis was performed to label

0KS 3ANIydzZ S& AYRAGARdAzZ ffted ! FOSNBI NRaz GKS CS
the software (Supplementary Material, Table S1). From the results obtained the number

based median particle gistribution, i.e., d(n) 0.10, d(n) 0.50, d(n) 0.90, d(n) 0.95 and d(n)

0.99, was calculated. In addition, the sphericity of the granules was determined via calculating

the aspect ratio as follows

) <~ Q
I OBPAAO 1
E—— )
GKSNB RYFIE O6CSNBGUO A& GKS YIFEAYdzZy CSNBGIQa RAL
perpendicular to dmax (Fereb)

Determination of Bulk and Tapped Density

A mechanical tapping device, the tap density tester TD200 (Pharma Test Apparatebau AG,

Hainburg, Germany), was used to determine the bulk and tapped density of various batches
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of the granules according to the test method 2.9.34 of the Eurog&aarmacopoei[10]. A

total of 10 g of the granules were placed into a 250 mL measuring cylinder. The starting volume
and the final volume, after carrying out 10, 500 and 1250 taps on the same granules sample,
were recorded and used to calculate the bulk and tappedsig, respectively. In addition,

the flowability of the granules was determined from the tapped and bulk density by

Ot Odzf FGAYI |1 FdAYSNRA NI GA2 FyR WES / F NNDA
0O6 i 81000 —— @)
8 & iIQE QQpnT F———— 3)

where " tapped is the tapped density aridulk is the bulk densitp
Determination of Angle of Repose

The angle of repose of the granules was determined by using the flowability tester (Karg
GmbH, Badeiiurttemberg, Germany) according to the test method 2.9.36 of the European
Pharmacopoeifil0]. A total of 20 g of the granules from various batches wedeslfihto the

funnel of the tester. Then, the granules were stirred carefully to run through the funnel and
accumulate on a fixed base to form a heap. The height of the granules heap was measured
and the angle of reposel("Owas determined using the follang equatiory

Q

A o y
O Al =0 (4)

where h is the height of the heap andid the diameter of the base

2.2.3®roduction of Tablets Made from Paper

Flatfaced bevekdged tablets were produced by applying compression forces of about 30 kN

by using a single punch tablet press (EKO, Korsch GmbH, Berlin, Germany) equipped with a 10
mm flat-faced punch (Ritter PharmBechnik GmbH, Stapelfeld, Germanyhsaguently, the
properties of the produced tablets were assessed by subjecting the tablets to various tests, as

described in the EuropedPharmacopoeifil0]. Details of the methods used are given belot
2.2.4€haracterization of tablets made from paper
Thickness

A total of 10 tablets were selected randomly from each batch and the thickness was

determined using IP67 ABS digimatic caliper (Mitutoyo, Kanagawa, Japan)
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Mass Uniformity

Mass uniformity was evaluated according to the test method 2.9.5. of thedean
Pharmacopoeid10]. A total of 20 tablets were randomly selected from each batch and
weighed. Then, the average mass was calculated and compared to the mass of each individual
tablet to determine the percentage deviation; following this, the resultse compared to

the EuropearPharmacopoeidimits®
Friability

Friability of the tablets was determined according to test method 2.9.7 of the European
Pharmacopoei§l0] by using a friability tester equipped with an abrasion drum (PTF 10ER,
Pharma Test Apparatebau AG, Hainburg, Germany). From each batch, 20 tablets were
randomly selected, weighed, then placed into a drum rotating at 25 rpm for 4 min. Following
that, the tablets were removed, dedusted, reweighed and the percentage weight loss was

calculated using the following equatign
P ¢V B
DXAEG;IEOﬁ)nH(b— (5)

where W1 is the weight of the tablets before test and W2 is the weidlihe tablets after
test®d

Resistance to Crushing

The crushing strength or hardness of a tablet is the force required to break down a tablet
under compression and it was evaluated according to the test method 2.9.8. of the European
Pharmacopoeidl0]. Inthis study, 10 tablets were randomly selected from each batch and
each tablet was placed horizontally between the jaws of a hardness tester PTB 311E (Pharma
Test Apparatebau AG, Hainburg, Germany). The results obtained were expressed in Newton

(N) as meanminimum and maximum values of the forces measifeed
Disintegration

Disintegration of the tablets was evaluated in water according to the test method 2.9.1 of the
EuropeanPharmacopoei§l0]. From each batch, 6 tablets were individually placed into the
cavities of a disintegration tester RBZ(Pharma Test Apparatebau Adjnburg, Germany)

that was operated at 37 °C + 2 °C. The time required for complete tablet disintegration was

recorded and compared to the limits of the Europeétmarmacopoeién £
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Mechanical Behavior of Paper Granules under Compression

The mechanical characterization was performed by using the single punch tableting press
6{0eftQhyS 9@2> aSRSfLKINXzI .Sey2aidX CNIyOS0vL @Al
upper and lower punch were measured using strain gauges and axial displacemeats we

determined by a potentiometric displacement transducer. The global axial elastic deformation

of the machine was considered when evaluating the measurement data of the tests. Radial

stress components on the die wall were measured using strain gaugehettdo the die.

Calibration of the instrumented die was conducted by the compression of a nearly

incompressible elastoméy

Standard Euro B fldaced punches with a diameter of 11.28 mm were used for the tests. The

maximum paossible filling height of theedwas 23.5 mm and 250 mg of paper granules were

manually filled into the die for each compression test. To determine the strain rate effects,
experiments were carried out at low (0.1 mm/s) and high (500 mm/s) displacement velocities.

Die wall friction (up I & OF f Odzf i SR Rdz2NAY 3 GKS AyaidNHzySyidSR

lawY

0
” ” 6
A 0 (6)
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punch stress,a@spectively, and qis the radial die wall stregs 8

DoubleO2 YLI OGA2y (Sada 6SNBE OFNNASR 2dzi G2 ARSYUGAT
different compaction force levels [23]. The granules were-gpmpacted, unloaded and

directly followed bya main compaction (i.e., no ejection of the produced tablets during the

entire process). The preompaction maximum force was set to 90% of the desired main

compaction force. During the loading of the maiompaction, linear elasticity was assumed

when theforces remain lower than the maximum poeempaction force and allows for linear

stresg strain relations. A detailed description of the process and the determination of the

constants is described in Mazel et al., 2012 [12]. The porosity at the differessdevels, at

GKAOK (GKS @l ftdzSa 2F (GKS StlLadao Oz2yadlyida oA®S
determined, was calculated. This allows for the interpolation of the elastic constant values

GAGK LRNRAAGE RdZNAY3I KD waeferdiiBdbafar@tiiedests K S ( NHzS
by a gas pycnometer (AccuPyc Il 1340, Micromeritics, Norcross, GA, USA) and was used to

calculate the porosity of the materials ), where " is the actual densit$
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%o P — (7)

Finally, the Heckel Plot was used to determine the yield pressure, as it is widely used for the

characterization of the compression and deformation behavior of powters

"‘p L B
||%0 Q0 o (8)

where constant k is the slope ofdHinear plastic deformation section and A is the intercept
and is suggested to represent particle rearrangement. The reciprocal of the k is the mean yield
pressured defining the pressure at which the material undergoes plastic deformation. The
Heckel plot is used to describe the volume reduction of the paper granules during
compression, as the porosity is proportional to hydrostatic pressure P (i.e., compression

pressire)d

0 - - - 9

With axial stress axand radial stresSagmeasured during the instrumented die t@st
2.2.5@tatistical Analysis

Experiments were performed in triplicates unless otherwise noted and descriptive statistics

were calculated using Microsoft Excel® and are reported as mean * standard deviation (SD).
Normal distribution (ShapirdVilk test) and variance homogeneity (Levenaest) were
determined for each data set prior to statistical assessment of differences between the
granule batches. The comparison of the means was performed bBAtWoOR S R { deszR Sy (1 Q &
for pairwise comparison or oa@ay analysis of variance and pdgic tests with Tukey

correction using JASP software, version 0.16.2 [36]. Differences between means were

considered statistically significant if tipevalue was <0.05
3. Results and Discussion
3.1 ®reparation and Characterization of Paper Granules

The pagr granules without sucrose possessed a particle size of 3 mm (Table 2). The addition
of sucrose resulted in slightly larger sizes. No significant differepce8.05) were observed
between the batches where sucrose was used as dry or liquid bindee(@glfligure 1 shows

the numeric particle size distributions of the different paper granules. The results indicate
similar d(n) 0.9, d(n) 0.95 and d(n) 0.99 values for all the prepared granules either with or

without sucrose, with a slight trend towardsgler sizes for the granules that were prepared
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with the liquid sucrose binder. An aspect ratio in the range of {13#® was observed for all

the prepared granules either with or without sucrose. According to literature, a value of 1.2 is

considered to presnt spherical particles. With this, data indicate that the paper granules

possess a slightly elongated sh&pe8

Table 2.Physicechemical properties of the different paper granules produced in this sbudy

CSNbu - Bulk Tapped "\ s v/ F NNI Angle of
Batch Code  Diameter Density Density Ratio Index (%) Repose
(mm) (gfem®) (gfom) P
Bl 3.0+£1.2 0.11 £0.003 0.13+0.003 1.12+0.01 114+ 04 43°+ 4
B2 3.4+067 0.12x0.001 0.14+£0.001 1.15+0.00 13.3£0.1 34° £ 4
B3 3.3+0.85 0.14+0.003 0.15+0.002 1.13+0.04 11.7£ 3.6 31°+£0
B4 32+0.79 0.14+£0.01 0.17+£0.01 1.16+x0.02 13.8£ 2.0 31°+£0
B5 34+083 0.17x0.008 0.20+0.006 1.13+0.00 114+ 0.5 25°+5
B6 3.3+0.89 0.21£0.005 0.22£0.007 1.13+0.03 11.9+2.8 25°+5
B7 3.3+090 0.15%x0.015 0.18+0.017 1.14+0.00 13.0£ 0.0 34° £ 4
B8 3.3+0.88 0.16+0.004 0.18+0.004 1.15+0.01 13.1£0.9 31°+£0
B9 3.0+0.86 0.18x0.001 0.20£0.005 1.13+£0.03 11.8+2.3 31°+£0
B10 355+£0.98 0.20£0.017 0.22+0.014 1.13+£0.03 11.7+2.3 25°+5
B1l 341+£6.75 0.17x£0.016 0.20+0.014 1.15+0.02 134+1.8 25°+5
6 7 T —
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Figure 1Numeric particle size distribution of paper granules from different batches based on
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Bulk and tapped density of BB6 ircreased significantlyp(< 0.01) as the amount of
sucrose increased. On the other handgBZ1 exhibited an inconsistent increase in terms of
bulk and tapped density, especially in case of sucrose aqueous solutions of high concentration
(Table 2). This can be attributed to the igiscosity of such solutions which might result in
an inhomogeneous distribution of the granulation liquid among the formed granules, hence
FFFSOGAYT GKSANI LINPLISNIAS&D | FdzAySNRa NI GAZ |
flowability of the NI y'dzf Sa® ¢ 6t S H aK2ga GKFIG | FdzaySNRa
the range from 1.12 to 1.18 and from 11 to 15.0, respectively, which indicates good flowability

and compressibility of the prepared granules according to the Europbamrmacopoeiin 8

Regarding the angle of repose, B1 (no sucrose) exhibited a value in the range of 41
45°, This indicates only passable flowability and that the produced granules might hang up
inside the hopper during tablet manufacturing. Indeed, the adherence efjtlanules to the
hopper was recognized during the production of the tablets and it was attributed to the
electrostatic effects of paper [14]. The addition of sucrose decreased the angle of repose. B3,
B4, B8 and B9 showed values in the range @831, whch suggests good flowability behavior.

B5, B6, B10 and B11 exhibited values in the rangeq¥®5 Table 2), which indicate excellent
flowability according to the EuropeaPharmacopoeidl0]. Interestingly, the electrostatic
adherence of the granules tthe hopper disappeared when sucrose was added to the
granules. The effects can be a superposition of many different effects [15]. In this study the
reduced adherence can be for example due to an increase in size, rigidity and/or density and
more researchs needed to understand the effects in detail. In spite of this, the obtained
results suggest that the die filling process usingcE2L during higkspeed tablet
manufacturing will run efficiently with no major complications (e.g., without variations in

tablet weight due to inconsistent die fillingiy 8
3.2 ®reparation and Characterization of Payisased Tablets Using the Produced Granules

In the next step, papebased tablets were produced from all different paper granule batches.
All sucrose containing-gnules led to smooth, slightly porous, and pale tablets (Figure 2). The
manufactured tablets were then evaluated for their thickness, mass uniformity, friability,

hardness and disintegration time, and the obtained data are summarized in Té&ble 3

Regardig the thickness of the tablets, it was observed that the thickness of the
produced tablets from the B1 batch was significantly higper 0.01) when compared to the
tablets produced from granule batches with the lowest sucrose content (B2 and B7). This

indicates that tablets made from paper are less compact in the absence of a binder. The effect
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was expected, as the B1 batch tablets contained no sucrose and thus they were expected to
possess the highest elasticity. The high elasticity of the material saaisgronger elastic
relaxation of the tablet after the compression and, thus results in a higher thickness of the

tablets. Moreover, it was found that the tablet thickness increaged 0.01) with increasing

sucrose content (Table ®)

Figure 2 Paper ganules with 20% sucrose content (B3) and the produced tablet made from

the B3 paper granuled
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Table 3.Physicechemical properties of the different paper granules produced in this sbudy

Batch  Thickness Mass Uniformity Friability Hardness Disintearation
Code (mm) (%) (%) (N) 9
20.8+7.6 . i
BL  18:001 4928 <0001 min:10,g% XIS disintegratedwithind
max.: 32.€
51.5+12.¢ i L
B2  13:002 18:16 014 min:352 2 tablets disintegrated within
min
max.: 71.5
112.8 +
i N
B3 17 +0.04 18+16 0.23 -l&.3.6 all tablets dlsm'Fegrated within !
min.: 84.2 min
max.: 129.!
1234 +
B4 1.8 + 0.02 31+18 0.03 _22.2 all tablets dlsmt_egrated within 1
min.: 97 min
max.: 142
154.2 £
B5 20+0.04 32429 0.09 ' 15.3 all tablets dlsmt_egrated within &
min.: 127.1 min
max.:173.2
250.3 =
- L
B6 33+0.18 4.0+2.9 0.10 _ 2.4.6 raII tablets dlsmt_egrated within £
min.: 210.z min
max.: 279
71.1+14.¢ . e
B7  14%003 3119 011 min.: 52,521 tablets disintegrated within 2
min
max.: 99.9
166.1 +
BS 1.8 + 0.04 24+21 0.04 _ 29.3 all tablets dlsmtggrated within 2
min.: 116.1 min
max.: 217..
221.7 +
B9 1.9+ 0.06 38+23 0.01 _ 60.4 all tablets dlsmt_egrated within 4
min.: 122.¢ min
max.: 288..
258.6 + 2¢ - L
BIO 20%004  26%21 014 min.: 200 tablets disintegrated within :
. min
max.: 290.
2715+
B11 2.0+ 0.07 46+23 0.01 _ 29.2  all tablets dlsmt_egrated within €
min.: 221.¢ min
max.: 300

The tablet masses increased with increasing amounts of sucrose and were in the range

between 172 and 283 mg. According to the criteria of the Eurofpdarmacopoeiatablets

fulfil the criteria of mass uniformity if not more than 2 of tirdividual masses (out of 20)

deviate from the average mass by (i) more than 7.5% if the tablet mass of the tablets is in the

range between 8GH p n

250 mgtin B
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The weight of the tablets pduced from batches BB5 and B#B10, i.e., tablets
containing @40% sucrose, was <250 mg and all tablets fulfilled the criteria of the European
Pharmacopoeialn contrast, tablets produced from batches B6 and B11, i.e., tablets that
contained 50% sucrosaeighted more than 250 mg and 7 out of 20 tablets exceeded the 5%
limit. Accordingly, the tablets produced from batches B6 and B11, i.e., tablets from paper

granules with very high sucrose content (50%), could not fulfil the criteria (Table 3)

The friahlity of the produced tablets from all batches fulfilled the criteria according
to the EuropearPharmacopoeigas a weight loss of less than 1.0% was observed for all tablets
(Table 3). Such results suggest that all the produced tablets attain a sufficesftanical
strength to withstand handling and shippifiy

Regarding the resistance to crushing, the produced tablets from B1 were extremely
fragile and exhibited very low values for the crushing strength (i.e., 20.81 + 7.57), indicating
low compaction of lhe tablets in the absence of sucrose (Table 3). On the other hand, the
remaining batches, prepared with sucrose as a binder, produced tablets with higher values for
the crushing strength. In addition, the produced tablets from batchesBB2or BZB11
exhilited a significant increase in the crushing strengtk 0.01) with increasing the sucrose
content due greater deformation and better bonding between granules [17]. Such changes in
tablets hardness are extremely important as they might affect disintegmatehavior, the
dissolution profile and bioavailability of the incorporated drug, hence its therapeutic efficacy
W $

The disintegration time of tablets produced from B1 was extremely rapid (i.e., 10 s,
Table 3), which is consistent with previously repdr data that indicated that such
disintegration behavior might hinder the administration process of pdmesed tablets and
decrease patient compliance [4]. In contrast, the remaining batches, prepared with sucrose as
a binder, produced tablets with a sler disintegration time. Moreover, the produced tablets
from batches B@B6 or BZB11 showed a significant increase in the disintegration tipre (
0.01) with increasing the sucrose content. These results are consistent with the crushing
strength data, indiating that harder tablets attain less porosity, and thus experience a slower
disintegration. Furthermore, all the tablets that were prepared from batchesBBIulfilled
the criteria according to the Europedharmacopoeigas all tablets disintegrated thin 15
min. On the other hand, all of the tablets that were prepared from batches B5 and B6 failed
the criteria according to the Europed&harmacopoeidor uncoated tablets, as they did not

disintegrate within 15 min. Tablets produced from batches B5B@ttain higher crushing
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strength values in comparison to batchesgB4, which might be attributed to the presence

of higher amounts of sucrose (i.e., 40% or 50%), which slows down the disintegration. It was
also observed that using sucrose aqueous soiudis a granulation liquid in the manufacturing

of B7-B11 resulted in the production of rigid tablets that failed to disintegrate within 15 min.
Solutions of binders are usually used in tablet production [19]. Disintegration of the tablets
depends on manyactors including the compression force, nature of the binder, method of
tableting and mechanism of tablet disintegration [19]. All of these parameters were kept
constant during the production of all tablets, so it can be assumed that the incorporation
method of the binder (i.e., the solid state or the aqueous solution) was responsible for the

observed increase in disintegration tide

Based on the data, it can be summarized that the addition of sucrose in dry form is
most suitable, as it resulted in graesl that can be compressed into tablets with good
pharmaceutical profile. Paper granules with sucrose contents in the range betwe80%0
(w/w) were identified to result in papebased tablets with optimal pharmaceutical

propertiesp
3.3 #echanical Behavioof Paper Granules under Compression

The evaluation of the mechanical behavior of paper granules under compression was carried
out in the next part of the study by using three selected granule batches. B1 was selected to
understand the mechanical behaviof granules in absence of a binder. B3 was chosen as it
was able to produce papdrased tablets with an excellent pharmaceutical profile (i.e.,
optimum disintegration behavior). B6 was selected as a representative of {oa@ged tablets

prepared using graules with a high sucrose contefit

The instrumented die compression tests were performed in three steps. In the first
step, single compression experiments were performed by applying low and high compression

velocities to the different formulations (Figuga) ®

The results indicated that the compression velocity has only limited effects on the
material behavior, i.e., strain rate effects are assumed to be negligible. Based in these findings,
all other experiments were continued with one constant comprassielocity (0.1 mm/s).

The next step investigated the influence of the sucrose content within the granules on the die
wall friction coefficient (Figure 3b). For all three formulations, i.e., the granules made of paper
without sucrose (B1) and granules withedium (B3) and high sucrose content (B6), the

friction coefficient was low for all of the tests. With this, it can be concluded that the
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compression of paper granules does not cause a remarkable friction between the granules
and the wall of the die. Inddition, as no significant differences were found between the
friction coefficients from the different granules, it can be concluded that the influence of the

sucrose content on the friction coefficient is neglectable

The next step was the assessmentlad tnaterial behavior during compression, i.e.,
the influence of the axial true strain on the axial stress and the radial stress, respectively
(Figure 3c,d). Tests were performed within the press machine limits of 5 to 40 kN with
compression force steps 6fkN. Results show that an increase in sucrose content causes an
increase in the stiffness of the material along with achieving a similar stress level at lower
strains. Hence, it can be assumed that an increase in sucrose causes an increase in plastic
hardening since powder compression is mainly due to plastic deformation. The effect is
considered to occur due to the higher density that is obtained for the paper granules with

higher sucrose contedt

The higher density of the granules with higher sucrosderwas confirmed by the
decrease in the die filling height of the mean curves, which was 18.6 mm for B1, 14.44 mm for
B3 and 11.75 mm for B6, respectively. Consequently, an increase in sucrose content caused
not only a higher density but also decreasdx tporosity. Prior to the compression, the
measured true density was 1.56 kg/m3 for all three batches, which is comparable to the true
density of microcrystalline cellulose [20]. The mean curves resulting porosity of the die filling
before compression waB.914 for the batch without sucrose (B1), 0.889 for the batch with

medium sucrose content (B3) and 0.864 for the batch with high sucrose content (B6
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Figure 3 Experimental results of the instrumented die compression test of granules batches
B1, B3 and B6. Strain rate dependency in logarithmic scale axialtstoeiss true strain (a),
friction coefficient mean punch force (b), typical loadigloading curves ofjyranules
compaction process indicating the influence of the sucrose content on axialstasss true

strain (¢) and radial stressaxial true strain (d) at 0.1 mm/s velocity

Furthermore, the results also indicated that the compaction behavior of paper
granules is comparable to the behavior of industrial powder under compression [20,21]. The
compression of powder into tablets is generally divided into different stages [21,22]. The first
stage is a rearrangement of the paper granules. In this stage, #rearggement contributes
most to the overall stress and hence the axial measured axial true strain is low. In the second
step, an increasing densification of the granules takes place, hence, elastic, and plastic
deformation of the granules becomes more dont, which leads to an exponential increase
in the stress axial true strain curves. During the third stage, the unloading process, a

nonlinear response of the stressaxial true strain can be observed (Figure 3@d)

The next step aimed at identifying thedastic properties of the paper granules. For

this, double compaction tests were carried out f@3® kN compaction levels via 5 kN steps.
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Chapter 3. Results

CNRBY GKS NBadzZ §az (GKS NBaLISOUGAGS t2AaazyQa NI
investigate the influence ofcompression forces on the elastic properties and the

compressibility of the paper granules with different sucrose content (Figure 4

Figure 4t 2 A 442y Qa4 NI} GA2 +FyR L 2dzy3Qa Y2RdzAZ dza 2F 3N
compaction force levels. Poiss@rit NI Eif 12t (G NHzS & ( NI A yaxiabtiue) T 2dzy3Q
AGNIAY 600TLRRRAAEGY Q& OO folofitdt)® Q& Y 2 Rdz dza

5

The maircompaction loading curves are not linear when low forces and forces
greater than the precompaction force level argpplied to the granules. This can be attributed
to the porosity of the material at the beginning of the compression process [23]. Therefore,
to determine the elastic constants, only the linear part of the m@mpaction loading curves
was used forthec@ldzf  GA2Yy 2F GKS StladAo0 YFGSNAIT LINRLISN
modulus. The linear part was determined to be withing80% compared to the pre
O2YLI OlA2y FT2NDS SOStad , 2dzy3Qa Y2RdzA dzd NI LINS 3
higheNJ G KS L 2dzy3Qa Y2RdzZ das GKS KAIKSNI Aa GKS &hGAs
defined to be the deformation of a material in directions perpendicular to the specific
RANBOGAZ2Y 2F t2FRAYID | KAIK tahighipargeyiddlar NI GA2 Ay

deformation, meaning that under axial force 0 KS Y I G SN I € 4Sao0rFLISaé¢ R
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