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Abstract 

The oral route is the most preferred 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 large-scale production. 

Compressed tablets, which are the most widely used tablets, consist of a blend of one or more 

active pharmaceutical ingredients (APIs) with suitable excipients. The excipients in tablets, in 

particular dissolution enhancing excipients, play a vital role in ensuring an efficient oral 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 associated with instability issues, hence, a 

comprehensive, costly, and time-consuming investigation of excipients is essential to develop 

stable and efficient tablets Φ 

SmartFilms technology is an innovative strategy which enhances the drug aqueous 

solubility via embedding the drug within a matrix of cellulose-based paper in an amorphous 

state. Despite its proven effectiveness, smartFilms technology remains unrecognized by the 

pharmaceutical industry due to the difficulty of large-scale production of paper tablets from 

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 smartFilm 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 water-soluble APIs. 

The first part 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 well as the 

properties of the obtained tablets. Cellulose-based 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 flowability and 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 compressed in large scale into tablets with good pharmaceutical properties (i.e., 

in accordance with the European Pharmacopoeia). 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 behavior of classical 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 made from paper on a large, industrial scaleΦ 

The second and the third part of the thesis studied the impact of smartFilm tablets on 

the oral delivery and bioactivity of two poorly water-soluble APIs (i.e., curcumin and 

norfloxacin) using an ex vivo porcine intestinal model. Curcumin-loaded smartFilms and 

norfloxacin-loaded smartFilms were successfully transferred into smartFilm granules and 

smartFilm tablets, respectively. Results also showed that the curcumin-loaded smartFilm 

granules and smartFilm tablets preserved the amorphous state of the incorporated drug. The 

obtained tablets also fulfilled the criteria according to the European Pharmacopoeia regarding 

hardness, friability, content uniformity, mass uniformity, and disintegration time. The 

incorporation of curcumin or norfloxacin into smartFilm tablets resulted in increasing the 

dissolution rate (approx. two-fold) especially at the beginning of the release. The ex vivo 

intestinal permeability of curcumin from the smartFilm tablets was 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 

previously demonstrated an exceptional oral bioavailability. The findings showed an enhanced 

intestinal permeability of curcumin from the smartFilm tablets, as compared to the physical 

mixture tablet and the classical marketed product that contains curcumin as a raw powder 

(approx. two-fold increase). No difference in the total amount of permeated curcumin was 

found between the smartFilm tablets and the innovative commercial product (i.e., micellar 

curcumin). Nevertheless, a trend towards a deeper intestinal permeation of the curcumin 

from the smartFilm tablets was 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 ex vivo bioactivity of norfloxacin from the smartFilm 

tablets was also investigated and showed a similar trend (i.e., a two-fold higher antibacterial 

activity of norfloxacin from the smartFilm tablets when compared to the physical mixture 

tablet).  

The findings of this thesis provide evidence that smartFilm tablets are a cost-effective, 

universal, industrially feasible formulation approach for improved solubility and enhanced 

bioactivity of poorly water-soluble APIs, i.e., BCS class II and IV drugs.



Abstrakt 

 

 
iv 

 

Abstrakt 

Die orale Applikation ist der bevorzugteste Weg der Arzneimittelverabreichung. 

Tabletten sind die bekannteste orale Dosierungsform, da sie eine größere 

Dosierungspräzision, höhere Stabilität, Einfachheit und niedrige Herstellungskosten und 

Eignung für die Produktion in großem Maßstab bieten können. Direktkomprimierte Tabletten, 

die am häufigsten verwendeten Tabletten, bestehen aus einer Mischung von einem oder 

mehreren pharmazeutischen Wirkstoffen mit geeigneten Hilfsstoffen. Die Hilfsstoffe in 

Tabletten, insbesondere Freisetzungsbeschleuniger, spielen eine entscheidende Rolle bei der 

Sicherstellung einer effizienten oralen Arzneimittelabgabe (d. h. hohe orale Bioverfügbarkeit). 

Diese Hilfsstoffe werden normalerweise als Teil einer Freisetzungsstrategie verwendet, um 

die Löslichkeit des Wirkstoffes und damit einhergehend die orale Bioverfügbarkeit zu 

verbessern. Allerdings sind Hilfsstoffe in Tabletten mit Instabilitätsproblemen verbunden, 

daher ist eine umfassende Untersuchung der Hilfsstoffe unerlässlich, um stabile, effiziente 

und sichere Tabletten zu entwickelnΦ 

Die smartFilm Technologie ist eine innovative Strategie, die die Wasserlöslichkeit des 

Wirkstoffes verbessert, indem der Wirkstoff in einem amorphen Zustand in eine Papiermatrix 

auf Zellulosebasis eingebettet wird. Trotz ihrer nachgewiesenen Wirksamkeit blieb die 

smartFilm Technologie von der pharmazeutischen Industrie aufgrund von 

Umsetzungsschwierigkeiten bislang unerkanntΦ 

In dieser Dissertation wurden smartFilm Tabletten als potenzieller, industriell 

umsetzbarer Ansatz für eine verbesserte Löslichkeit und Bioaktivität von schwer 

wasserlöslichen Wirkstoffen untersuchtΦ 

Der erste Teil der Dissertation untersuchte die Möglichkeit unbeladene smartFilms (d. 

h. Papier) in eine fließfähige physikalische Form zu überführen 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 wurde 

über die Feuchtgranulierung erfolgreich in Granulate umgewandeltΦ 

Die Ergebnisse belegten auch, dass die Verwendung von Saccharose als trockenes 

Pulver während der Granulierung am Besten geeignet war, um Papiergranulate zu erhalten, 

die zu Tabletten mit guten pharmazeutischen Eigenschaften (d. h. in Übereinstimmung mit 

dem Europäischen Arzneibuch) gepresst werden können. Die Untersuchung des 

mechanischen Verhaltens von Papiergranulaten unter Kompaktion zeigte, dass das 
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Kompaktionsverhalten dieser Granulate mit dem Verhalten klassischer Bindemittel und 

Verdichtungsverstärker vergleichbar war. Diese Befunde indizieren, dass die erhaltenen 

Papiergranulate eine gute Fließfähigkeit und ein geeignetes Kompaktionsverhalten aufweisen 

und empfehlen Papiergranulate als geeignete Zwischenprodukte für die großtechnische 

Herstellung von Tabletten aus PapierΦ 

Der zweite und dritte Teil der Dissertation analysierte den Einfluss von smartFilm 

Tabletten auf die orale Verabreichung und Bioaktivität von zwei schwer wasserlöslichen 

Wirkstoffen (d. h. Curcumin und Norfloxacin) unter Verwendung eines ex vivo 

Schweinedarmmodells. Mit Curcumin- beladene smartFilms und mit Norfloxacin-beladene 

smartFilms wurden erfolgreich in smartFilm Granulate bzw. smartFilm Tabletten überführt. 

Die Ergebnisse zeigten, dass die mit Curcumin- beladenen smartFilm Granulate und -

smartFilm Tabletten den amorphen Zustand des eingearbeiteten Wirkstoffes bewahrten. Die 

erhaltenen Tabletten erfüllten auch die Kriterien gemäß des Europäischen Arzneibuches 

hinsichtlich Bruchfestigkeit, Friabilität, Gleichförmigkeit der Masse, Gleichförmigkeit des 

Gehalts und Zerfallszeit. Die Einarbeitung von Curcumin oder Norfloxacin in smartFilm 

Tabletten führte zu einer Erhöhung der Auflösungsgeschwindligkeit. Die ex vivo 

Darmpermeabilität 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 Produkt enthält 

Curcumin in mizellarer Form und hat zuvor eine außergewöhnliche orale Bioverfügbarkeit 

gezeigt. Die Ergebnisse zeigten eine verbesserte Darmpermeabilität von Curcumin aus den 

smartFilm Tabletten im Vergleich zu den Tabletten mit physikalischer Mischung und dem 

klassischen vermarkteten Produkt, das Curcumin als Rohpulver enthält. Zwischen der 

smartFilm-Tablette und dem innovativen kommerziellen Produkt wurde kein Unterschied in 

der Gesamtmenge an eingedrungenem Curcumin festgestellt. Dennoch wurde ein Trend zu 

einer tieferen Darmpermeation des Curcumins aus den smartFilm Tabletten beobachtet. 

Diese Ergebnisse zeigen, dass smartFilm-Tabletten bei der Verbesserung der oralen 

Bioverfügbarkeit von Curcumin ebenso effizient sein können wie innovative und klassische 

Curcumin-Formulierungsansätze. Die ex vivo Bioaktivität von Norfloxacin aus den smartFilm 

Tabletten wurde ebenfalls untersucht und zeigte einen ähnlichen Trend Φ 

Die Ergebnisse dieser Dissertation belegen, dass smartFilm Tabletten ein 

kostengünstiger, universeller, industriell durchführbarer Formulierungsansatz für eine 

verbesserte Löslichkeit und verbesserte Bioaktivität von schwer wasserlöslichen Wirkstoffen, 

d. h. Wirkstoffe der BCS-Klassen II und IV, sind. 
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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 gastrointestinal tract (GIT) diseases [1,2]. Oral 

drug delivery offers several advantages, such as minimal risk of infection 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 use, non-invasive, and 

convenient for self-administration [3,4]. Efficient oral drug delivery (i.e., high oral 

bioavailability) can be affected by several factors, including aqueous solubility, stability, 

dissolution rate, permeability, first-pass metabolism, presystemic metabolism, and the 

susceptibility to efflux mechanisms of the drug molecules [5]. 

Oral drug delivery can be achieved using solid dosage forms such as tablets, capsules, 

granules, or liquid dosage forms such as suspensions, emulsions, and a variety of 

pharmaceutical solutions [1]. Solid dosage forms have been widely used as they are versatile, 

provide flexible dosing, relatively stable, associated with less complications during 

formulation and packaging. In addition, solid dosage forms provide the best protection of the 

drug against light, temperature, humidity, oxygen, microbial contamination (i.e., due to 

absence of water) and stress, therefore they can be simply stored, handled, and used [1,6].  

1.2. Tablets: an overview 

Tablets are the most popular oral dosage form as they represent 50% of all oral drug delivery 

systems and 70% of the produced pharmaceutical formulations [7,8]. Tablets can be defined 

as a solid unit dosage form that contains one or more active pharmaceutical ingredients (APIs) 

with suitable excipients [6]. They differ greatly in shape, size, and weight, depending on the 

amount of the API and the intended route of administration.  

Tablets provide several advantages over other oral dosage forms such as i) greater 

dose precision and lower content variability, ii) simplicity and low cost of manufacturing, iii) 

compaction and light weight, iv) easier to swallow, v) the possibility of producing sustained 

release products via enteric coating, vi) more suitable for large-scale production, vii) higher 

chemical, mechanical and microbial stability, viii) tamper-proofness compared to capsules, ix) 

the possibility of formulating tablets with two or more drug substances, even if they are 

physically or chemically incompatible, and thus reducing multiple tablet use [9,10]. 

Orally administrated tablets can be categorized into i) tablets ingested orally (e.g., 

compressed tablets (i.e., uncoated tablets), coated tablets (i.e., film-coated, sugar-coated, 

gelatin-coated and enteric-coated tablets), multiple compressed tablets, layered tablets, 

extended-release tablet, rapid released tablets, effervescent tablets) and ii) tablets used in 
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the oral cavity (e.g., buccal tablets, sublingual tablets, troches and lozenges, dental cones) 

[6,11]. Compressed tablets are the most widely used type of tablets and they were intensively 

investigated in this work. 

1.2.1. Compressed tablets 

Compressed tablets represent a significant fraction of tablets that are clinically used, mainly 

in an uncoated state, to provide a systemic delivery of APIs. Compressed tablets are 

manufactured by compression of powdered, crystalline, or granular materials into the 

required shape via applying high pressures and utilizing various shaped steel punches and dies 

[11].  

1.2.2. Manufacturing methods of compressed tablets 

1.2.2.1. Direct compression 

Direct compression can be defined as the process in which tablets are compressed directly 

from a blend of powdered APIs and suitable excipients without modifying the physical nature 

of these materials. This method is applicable for crystalline materials that exhibit good 

compressible characteristics and flow properties as well as when a drug constitutes a major 

portion of tablet total weight [7].  

Direct compression offers several advantages such as i) fewer manufacturing steps, 

less processing time, and thus reducing labor cost and validation process, ii) no moisture, heat 

or high compaction pressure is required, so it is a suitable method for moisture or 

thermolabile API, iii) optimization of tablet disintegration as all drug particles is released from 

the tablet mass, and thus available for the dissolution [6,11]. However, there are several 

challenges associated with this process, including i) high weight and dose variation of the 

tablets due to differences in particle size and bulk density, ii) production of large sized tablets, 

which are difficult to swallow and also costly (i.e., tablets with large drug doses), iii) possible 

formation of a static charge with a powdered material which may result in uneven distribution 

of the drug, iv) low mechanical strength of the tablets, v) critical selection of the utilized 

excipients as they must demonstrate good homogeneity and segregation tendency, friction 

and adhesion properties, flowability, compression properties and compactability [7,12]. 

1.2.2.2. Granulation 

Granulation is a process in which fine or coarse particles are converted into large 

agglomerates called granules [13]. This process is considered when the properties of a powder 

blend (i.e., flowability, static charge, dust formation ability) are not suitable for direct 
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compression tableting [7]. Granulation presents several advantages such as i) reduction of the 

particle size distribution of a powdered material, hence eliminating the segregation issues and 

ensuring superior compressibility in the tableting process, ii) allowing higher quantities of the 

API to be used and enhancement of the uniformity of the API in the final tablet, iii) increasing 

the density of the blend so that it occupies less volume per unit weight, hence better storage 

and shipment, iv) facilitating metering or volumetric dispensing, v) reduction of dust 

formation, and thus reducing toxic exposure and process-related hazards, vi) improvement of 

the appearance of the tablet [7,9,12]. The granulation process can be mainly categorized into 

two types: dry granulation and wet granulation [14].  

¶ Dry granulation: it can be defined as the process of forming granules by mechanical 

compression (slugs) or compaction (roller compaction). After weighing and blending the 

API with excipients, the powder blend is either slugged (i.e., compressed) into large flat 

tablets with a diameter of one inch or compacted using powder compactors, in which the 

powder density is increased by pressing it between rollers at 1 to 6 tons of pressure. 

Following that, the slugs or the compacted material are milled and screened to produce 

granules, then a lubricant is added, and the blend is compressed into tablets [11,14]. Dry 

granulation method is especially applicable for materials that degrade in moisture or at 

the elevated temperatures required for the drying of the granules [11,15]. 

¶ Wet granulation: it is the process in which a granulation liquid (i.e., binder or solvent) is 

added to a powdered material (i.e., API and excipients) in a vessel that is equipped with 

any type of agitation which will produce agglomeration or granules [6]. It is the most 

widely used granulation method despite the fact that it involves multiple processing steps 

[9,13]. These steps include weighing and blending the ingredients, preparing a dampened 

powder or a damp mass, screening of damp pass into granules, drying the granules in 

drying chambers with a circulating air current and thermostable heat controller (i.e., tray 

dryer or fluidized bed dryer), sizing the granules by dry screening, addition of a lubricant 

to promote the flow of granules, and forming tablets by compression [11,14]. 

1.3. Role of excipients in tablets 

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

!ƳŜǊƛŎŀ ŀƴŘ Lt9/ 9ǳǊƻǇŜύ ŀǎ ά¢ƘŜǎŜ ŀǊŜ ǘƘŜ ǎǳōǎǘŀƴŎŜόǎύ ƻǘƘŜǊ ǘƘŀƴ ǘƘŜ !tL ƛƴ ǘƘŜ ŦƛƴƛǎƘŜŘ 

dosage form, which have been appropriately evaluated for safety and are included 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 other attributes of the overall safety and effectiveness of 
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ǘƘŜ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǎȅǎǘŜƳ ŘǳǊƛƴƎ ǎǘƻǊŀƎŜ ƻǊ ǳǎŜέ [16,17]. Excipients in tablets can be classified 

into formulation aids (e.g., diluents, binders, lubricants, disintegrants, pH adjustors) and 

functional excipients (e.g., taste masking agents, drug release rate modifiers, mucoadhesives, 

solubility and dissolution enhancers) [1].  

Diluents are normally used as fillers to increase the bulk of a formulation to prepare 

tablets of a desired size (e.g., lactose, starch, and mannitol) [1,18]. Binders promote plasticity 

as well as the adhesion of the particles of the formulation by cohesive and 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., starch, microcrystalline 

cellulose, and acacia). The amount and type of the added binder influences the tablet 

properties [1,19]. Lubricants and glidants enhance the flow of the powder or granules into the 

tablet dies and aid in the production of glossy tablets. They act by forming a stable layer 

around particles/surfaces and they also prevent sticking, picking and capping issues (e.g., talc, 

stearic acid, and magnesium stearate) [1]. Disintegrants promote the disintegration or the 

breakup of the tablets in GIT (e.g., starch, clays, and cellulose) [20]. Upon tablet disintegration, 

the pH-adjusting excipients dissolve in the medium of the GIT and adjust the pH of the 

stagnant boundary layer that surrounds the particles of the API, and thus improving the 

dissolution of the API (e.g., sodium carbonate and succinic acid) [18]. Taste maskers can hide 

the bitter taste of the API and improve patient compliance (e.g., sweeteners, flavors) [1]. Drug 

release rate modifiers can be added to ensure optimal plasma concentrations, prolong the 

duration of the drug therapeutic action, reduce the frequency of drug administration, and 

thus enhance patient compliance (e.g., chitosan and polyethylene glycol (PEG)) [21,22]. A 

mucoadhesive agent/polymer adheres to the mucosal surface and extends the residence time 

of formulation within the GIT (e.g., chitosan and hydroxypropyl cellulose (HPC)) [1]. 

1.3.1. Excipients as solubilization enhancers 

The aqueous solubility of the drug is a fundamental property that plays a crucial role in 

insuring high oral bioavailability [5]. Solubility can be defined as the quantity of solute, which 

dissolves in a quantity of solvent to form a homogeneous solution of the solute in the solvent. 

The term quantity indicates the concentration of the solute in a saturated solution at a certain 

temperature [23,24]. ά[ƛǇƛƴǎƪƛϥǎ ǊǳƭŜ ƻŦ рέ ŎƻƴǎƛŘŜǊǎ ǘƘŜ ǎƻƭǳōƛƭƛǘȅ ƻŦ ŘǊǳƎ ƳƻƭŜŎǳƭŜǎ ǿƘŜƴ 

rejecting inadequate drug candidates at early stages of the drug discovery process [25]. 

However, it is estimated that 40% of approved drugs and nearly 90% of drugs in development 

consist of poorly soluble molecules [26]. Such drugs often require high doses to reach 

therapeutic plasma concentrations after oral administration, leading to inadequate and 

variable bioavailability and gastrointestinal mucosal toxicity [5]. 
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Biopharmaceutics Classification System (BCS) also recognizes the aqueous solubility 

and the permeability of drug molecules as fundamental parameters to control the rate and 

extent of oral drug bioavailability (Figure 1) [27]. According to the BCS, the drug is considered 

to be highly soluble when the highest dose strength can dissolve in a glass of water (i.e., 250 

ml) or less of aqueous media over a pH range of 2ς7.5 [28]. Permeability is often referred to 

as the ability of the drug to diffuse across the apical membrane of enterocytes into the cytosol, 

and it depends on drug characteristics such as polarity, charge, and hydrophobicity [29]. A 

drug is described as highly permeable when the percentage of absorption is җ 90% of the 

administered dose. BCS Class I drugs (e.g., metoprolol and propranolol) that exhibit high 

solubility and permeability are good candidates for oral delivery [30]. In contrast, other BCS 

classes are challenging candidates for oral delivery due to their low solubility (BCS Class II such 

as ketoprofen and rifampicin) [31], low permeability (BCS Class III such as atenolol and 

cimetidine) [30], or both (BCS Class IV such as curcumin and norfloxacin) [32,33]. 
 

 

Figure 1. Biopharmaceutics Classification System (BCS) of drugs according to their solubility 

and permeability (adapted from [24]).  

All this indicates that solubilization enhancers play a vital role in improving oral drug 

delivery of poorly water-soluble drugs. Solubility enhancing excipients can be categorized into 

three groups, including polymer-based excipients, surfactant-based excipients, and lipid-

based excipients. These excipients are usually utilized as a part of a solubilization strategy to 

enhance the drug solubility, and thus its oral bioavailability [34]. Drug solubilization strategies 

can be categorized, according to the nature of drug modification involved, into chemical and 

physical solubilization strategies [35].  
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1.3.1.1. Chemical solubilization strategies 

¶ pH modification and salt formation 

The pH adjustment represents a first line strategy for the formulation of poorly soluble drugs. 

Ionizable drugs, nearly 70% of drugs are ionizable, demonstrate pH-dependent solubility, 

where weakly acidic drugs are soluble at pH> pKa ( i.e., ionization constant) and weakly basic 

drugs are soluble at pH< pKa [26,36]. Salt formation results in similar outcomes, where salts 

are formed via an ionic interaction between weakly acidic or basic drugs and an oppositely 

charged basic or acidic counterion [37]. Upon dissolution of salts in water, their counter ions 

provide favorable pH conditions [36,38]. Nevertheless, this solubilization approach is not 

suitable for neutral drug molecules and usually associated with precipitation tendencies after 

oral administration [2,39].  

¶ Prodrug formation 

A prodrug is an inert, chemical derivative of a parent drug that exhibits improved 

physicochemical properties and is able to convert into the active parent drug through an 

enzymatic biotransformation [35]. The prodrug strategy provides improved drug solubility, 

lipophilicity, transporter-mediated absorption, and the potential to achieve site-specific 

delivery [40]. Despite being a powerful and versatile solubilization strategy, the use of 

prodrugs is usually associated with chemical instability and a higher risk for the formation of 

degradation by-products [41]. 

1.3.1.2. Physical solubilization strategies 

¶ Cosolvency  

In this approach, the drug dissolution is enhanced by using a mixture of water and a water-

miscible organic solvent that is less polar than water, which results in lowering the polarity of 

the bulk solvent (i.e., the dielectric constant) to a level that resembles the polarity of the 

nonpolar solute (i.e., drug) [36]. Though the cosolvency strategy is one of the oldest and 

widely used technique for the formulation of poorly soluble drugs, it presents some 

disadvantages. These disadvantages are linked to the i) taste, stability, and the limited number 

of cosolvents, ii) concomitant solubilization of other components such as preservatives which 

might affect the stability and effectiveness of the drug, iii) alteration of the pharmacokinetic 

profile of the drug, iv) potential drug precipitation upon dilution with aqueous media or 

physiological fluids [26,35,42]. 

  



Chapter 1. Introduction 

 

 
8 

¶ Particle size reduction 

Reduction of the particle size of poorly water-soluble drugs results in an increase in the drug 

surface area available for solvation and an increase in the dissolution rate of the drug particles, 

which results in an improved bioavailability and a reduced toxicity [35]. Micronized and 

nanosized drug particles can be obtained using various strategies, which can be categorized 

into: άǘƻǇ-Řƻǿƴέ techniques, where larger drug particles are fragmented into smaller 

ǇŀǊǘƛŎƭŜǎΣ ƻǊ άōƻǘǘƻƳ-ǳǇέ techniques, where small drug particles are obtained after controlled 

crystallization or precipitation of a drug from a supersaturated solution [36,43]. Nevertheless, 

several challenges are associated with particle size reduction, including the need for 

specialized equipments especially for nanonization [44,45] as well as physicochemical-related 

stability issues such as aggregation or change in the solid state of the drug [2,36]. 

¶ Drug carrier systems 

A drug carrier is a system that has the capability of incorporating a specific amount of drug 

molecules to enhance their selectivity, bioavailability, and efficiency. Drug carrier systems are 

generally designed at nanometric and micrometric levels, to combine the advantages of a 

carrier and particles with reduced size [46]. There are several types of drug carrier systems, 

including micelles and polymeric micelles, inclusion complexes, lipid-based formulations (e.g., 

lipid solutions, lipid suspensions, emulsions, self-emulsifying drug delivery systems, 

liposomes, and solid lipid nanoparticles), and polymeric nanocarriers [2]. Drug carrier systems 

present several advantages, including i) taste masking, ii) better tolerability and reduction of 

drug toxicity, iii) protection of the incorporated drugs from degradation in the GIT, iv) target 

drug delivery and controlled drug release, v) their nanosized nature which allow active and 

passive tissue targeting [47ς49], vi) longer drug retention as they are less susceptible for 

reticuloendothelial scavenging (e.g., polymeric micelles) [50], vii) intrinsic biocompatibility, 

viii) suitability for scaling-up and cost-effectiveness (i.e., lipid-based formulations) [48,51]. 

Although drug carriers provide promising strategies for the improvement of the oral 

bioavailability, obtaining the desired physicochemical properties, drug encapsulation, drug-

release kinetics, and particle size is difficult, especially with liposomes and solid lipid 

nanoparticles [52]. They are also associated with various challenges such as i) storage stability 

issues (e.g., lipid-based formulations) [53], ii) high cost of materials and the need for 

comprehensive characterization (e.g., inclusion complexes) [35], iii) in vivo instability upon 

dilution in the GIT (e.g., micelles and inclusion complexes) [54ς57], iv) biocompatibility and 

toxicity issues (e.g., non-biodegradable polymeric nanocarriers) [58,59]. 
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¶ Crystal engineering (i.e., polymorphism and cocrystal formation) 

Polymorphism is defined as the ability of a drug to form one or more crystalline solids that 

differ only by the molecular arrangement of drug molecules in the crystal lattice, and the 

different crystalline solids of the same drug are described as polymorphs [60,61]. Metastable 

polymorphs demonstrate a higher dissolution rate and solubility than the most stable 

polymorphs, and thus increasing the oral bioavailability of poorly water-soluble drugs [62,63]. 

However, different polymorphs are usually associated with drug instability [35].  

Cocrystals can be described as mixed crystalline solids, which exist as crystals at 

ambient temperature, consisting of a drug and a cocrystal former (coformer) held together by 

noncovalent forces [63]. These bonds are able to reduce the strength of the drug-drug 

interactions, decrease the lattice energy, and increase the solvent affinity, as compared to the 

pure drug crystal structure, hence enhancing the solubility of a drug [64]. It is a simple 

strategy, however, most of the utilized coformers are not safe as they could cause membrane 

irritation and toxicity, particularly at high doses [35,65]. 

¶ Amorphization and solid dispersions 

Amorphous solids are partially disordered solids where the drug-drug interactions are weaker 

than in the crystals. They are obtained either by preventing the formation of a crystalline 

structure or by disrupting an already existing crystal. The amorphous forms of drugs can 

theoretically provide solubilities up to 1600 times higher than the crystalline forms. The 

amorphization is usually combined with other small drug particle strategies such as solid 

dispersions [35]. 

Solid dispersion formulations consist of dispersing one or more poorly water-soluble 

drugs in an inert excipient or matrix which is usually a hydrophilic, high molecular weight 

polymer [2,66]. Solid dispersions are usually prepared using the melting (fusion), solvent 

evaporation, coprecipitation, melting extrusion, or spray drying method. The melting method 

is commonly used for developing large quantities of pharmaceutical formulations, but it cŀƴΩǘ 

be used with thermolabile substances [67]. 

Combining amorphization with the solid dispersion technique enhances the 

dissolution of drugs due to the formation of a high-energy amorphous form and the reduction 

of the particle size, hence increasing the surface area and wettability of the produced 

amorphous solid dispersion [2,35]. These amorphous forms are rarely eutectic, and thus 

remain metastable and thermodynamically active, leading to their supersaturation in the 

gastrointestinal fluid and obtaining a greater concentration gradient which increases the 

dynamic force of drug transport across the cellular membrane [2].  
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Amorphous solid dispersions provide enhanced solubility and dissolution rate 

compared with traditional crystal modification techniques. It also retards the 

agglomeration/crystallization of drug molecules due to its molecular level dispersion and 

steric hindrance interactions within the polymeric matrices [2]. However, their use is 

associated with many complexities, in particular the intrinsic crystallization tendency of the 

high-energy amorphous drug which is difficult to predict at early stages of production. In 

addition, the production process of amorphous solid dispersions is complicated, and several 

factors should be considered. These factors include i) the choice of excipients that are used to 

formulate solid dispersions, ii) the generation of homogeneous dispersions with a high degree 

of miscibility between drug and polymer matrices, iii) identification of systems with high glass 

transition temperatures relative to storage temperatures [36,68]. 

1.3.2. Excipients: a source of instability  

Excipients are mainly pharmacologically inert, however they can initiate or participate in 

physical or chemical interactions with the drug molecules, and thus affecting the properties 

of the product (i.e., such as disintegration, dissolution, and shelf life). They can be affected by 

chemical, physical, or microbiological instability [17]. Physical instability involves phase 

transformation of the excipients such as polymorphic variations, hydration and dehydration, 

precipitation, or variations in the amorphous or crystalline nature. The phase transformation 

can occur due to aggregation, coagulation, melting, solvent-mediated mechanisms, or thermal 

stresses during manufacturing processes (e.g., milling, dry granulation, and compaction) [69]. 

Chemical instability may occur due to thermolytic (i.e., hydrolysis), oxidative (i.e., transition 

metal-mediated electron transfer or free radical-initiated chain reactions), or photolytic 

degradation [70,71]. Microbiological instability may occur due to the failure of the 

preservative in the formulation due to interaction, degradation, or depletion from the system 

[17]. Several studies reported instability issues of various excipients in tablets, therefore, a 

comprehensive investigation of excipients during preformulation and formulation studies is 

essential to develop a stable, efficient, and safe tablets [72ς81]. However, such a thorough 

investigation is usually time-consuming and can increase the costs of tablet production, and 

thus it is preferred to utilize a system that requires the usage of less excipients to manufacture 

tablets. 
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1.4. SmartFilms 

1.4.1. History and 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 and the dissolution rate of the poorly 

water-soluble drugs [82]. SmartFilms can be defined as sheets of cellulose-based paper in 

which the API is loaded in an amorphous form within the pores of cellulose matrices. The 

production of smartFilms involves dissolving a poorly water-soluble drug in an appropriate 

solvent, adding the resulting solution on a cellulose-based paper, and drying the obtained 

drug-loaded smartFilms [82,83]. SmartFilms technology offers several advantages as a 

potential technique for enhancing the solubility of poorly water-soluble drugs, as depicted in 

Figure 2. In addition, smartFilms were able to attain the amorphous state of various drugs for 

at least 18 months, indicating their long-term stability [82,83]. 

 

Figure 2. Advantages of smartFilms as a solubilization enhancing technique [82, 83]. 

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 

Eckert et al investigated the ability of smartFilms to improve the passive diffusion of a poorly 

water-soluble API into and through the skin after dermal applicationΦ In that study, curcumin-

loaded smartFilms were produced and characterized [84]. The study demonstrated that the 



Chapter 1. Introduction 

 

 
12 

cellulose matrix of smartFilms were able to maintain the amorphous state of curcumin, which 

resulted in an increased dissolution rate and an increased kinetic solubility when compared to 

curcumin bulk material [84]. The study also compared the dermal and transdermal 

penetration of curcumin from smartFilms to curcumin bulk material or curcumin nanocrystals 

that contain the same amount of curcumin. The authors reported that smartFilms were 

superior when compared to curcumin bulk material (i.e., seven-fold higher penetration 

efficacy) or when compared to curcumin nanocrystals (i.e., eight-fold higher penetration 

efficacy and five-fold deeper curcumin penetration) [84]. These results were confirmed by 

Keck et al who described the ability of smartFilms with lower curcumin content, to provide an 

improved dermal and transdermal penetration of curcumin when compared to curcumin 

nanocrystals [85]. Both studies confirmed the ability of smartFilms as a potential drug delivery 

system for efficient dermal and transdermal delivery of poorly water-soluble drugs. 

1.4.2.2. Applications of smartFilms in oral drug delivery 

Despite being a promising oral drug delivery system, administration of paper (i.e., smartFilms) 

is not convenient for the patient. Therefore, incorporation of smartFilms into appropriate oral 

dosage forms can improve the patient compliance to the novel technology. Preliminary results 

proved that smartFilms can be compressed into tablets without the addition of any further 

excipients [82,83]. A scheme of conventional production of drug-loaded smartFilm tablets is 

illustrated in Figure 3. Following that, several studies reported the production of different 

drug-loaded smartFilm tablets, and the properties of the produced tablets were also studied 

[86ς89].  

 

Figure 3. Scheme of production of drug-loaded smartFilm tablets (adapted from [86]). 
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Stumpf and Keck conducted the first systematic study which investigated the 

possibility of compressing different types of unloaded paper (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 drugs to produce loaded smartFilm tablets and 

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 the crystallinity and morphology of caffeine and rutin 

loaded within the paper matrix [86,87]. The authors were able to produce smooth tablets 

using six different types of paper without addition of any excipients. All the unloaded and 

loaded smartFilm tablets exhibited good pharmaceutical properties which adhered to the 

European Pharmacopoeia requirements in terms of thickness, mass uniformity, friability, 

hardness, disintegration time, and content uniformity [86,87]. Scanning electron microscopy 

(SEM) and X-ray diffraction (XRD) analysis results indicated that caffeine and rutin might be 

loaded within the paper matrix in an amorphous form. The authors also reported that rutin-

loaded smartFilm tablets showed a 10-fold faster drug release, as compared to the bulk 

material, indicating that the dissolution rate and consequently the bioavailability of rutin can 

be improved with smartFilm tablets. 

Subrahmanyeswari et al prepared paper tablets loaded with efavirenz, which is used 

in treatment of-human immunodeficiency virus (anti-HIV drug), and it is considered a class II 

drug according to the BCS (i.e., low solubility and high permeability) [90]. The authors used 

the cosolvency technique to prepare the smartFilm tablets and utilized various papers such as 

kitchen roll, disposable handkerchief, and facial tissues. The results of the study indicated that 

efavirenz-loaded smartFilm tablets that were prepared from kitchen roll met the 

requirements of the European Pharmacopoeia and showed an improved release of efavirenz 

over 180 min, as compared to other formulations. In addition, the stability studies indicated 

that efavirenz-loaded smartFilm tablets were stable over a period of two months [90]. 

Recently, Ornik et al. investigated the usage of a non-destructive technique to assess 

the amorphous state of API loaded within the smartFilms and smartFilm tablets during their 

storage [88,89]. In these studies, terahertz (THz) time-domain spectroscopy, which is a non-

destructive, sensitive technique which is able to detect minor changes in the crystalline state 

of many molecular crystals, was used. In addition, L-tartaric acid and indomethacin were used 

as model drugs and the obtained THz results were compared to the results obtained from XRD 

and differential scanning calorimetry (DSC) measurements. In case of L-tartaric acid, the study 

showed that the DSC measurements failed to detect the crystalline form of L-tartaric acid in 
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the smartFilms, due to the presence of moisture in the paper basis. XRD and THz-spectroscopy 

showed similar results and indicated that it was possible to prepare smartFilms loaded with > 

23% (w/w) amorphous L-tartaric acid [88]. In case of indomethacin, the study showed that the 

smartFilms maintained the amorphous form of indomethacin for low loading concentrations. 

The results also showed that at higher loading concentrations, indomethacin recrystallizes to 

-h crystalline form (another crystalline polymorph of indomethacin) and the amount of 

amorphous form of indomethacin in the smartFilms reduces [89]. The authors reported that 

the usage of smartFilm tablets loaded with the recrystallized form of indomethacin 

( -h crystalline form) and the amorphous form of indomethacin 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 

ŎƻƴǾŜƴǘƛƻƴŀƭƭȅ ǳǎŜŘ ʴ- crystalline form of indomethacin [89]. The results of both studies 

indicated the great potential of THz time-domain spectroscopy for non-destructive 

crystallinity assessment of smartFilms and smartFilms tablets and can be considered as an 

alternative to the established analytical methods, such as DSC or XRD. The studies also suggest 

the usage of THz time-domain spectroscopy for long-term monitoring of the API stability 

within a smartFilm or a smartFilm tablet, as it allows for multiple measurements of one sample 

at different time points and at different sample positions.  

All the above-mentioned studies demonstrated the feasibility of compressing drug-

loaded smartFilms into tablets without the addition of any excipients, the 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. Nevertheless, smartFilms technology remained 

unrecognized by the pharmaceutical industry due to their unsuitability for high-speed tablet 

manufacturing and large-scale tablet production. This might be attributed to the inadequate 

flowability of smartFilms in their original state (i.e., paper cut outs), as they might adhere to 

the tablet press, and thus obstructing the compression process and resulting in dose variation 

of the produced tablets. Furthermore, there is a lack of knowledge of the mechanical behavior 

of smartFilms under compression and the influence of the smartFilm tablets on the behavior 

of the loaded drug under physiological conditions. Therefore, the transformation of 

smartFilms into a free-flowing physical form along with providing data regarding the 

bioactivity of drug-loaded smartFilm tablets are major prerequisites for a wide exploitation of 

smartFilms as a valid oral dosage form for the delivery of poorly water-soluble drugs.  

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

and has been widely studied to improve the poor flowability of solids, enhance the 
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compressibility of materials, or control the release of drugs from solid dosage forms [14,91]. 

More details about the granulation methods are provided in section 2.1.1.2. Consequently, 

the transformation of smartFilms into granules was expected to improve their limited 

flowability. Preliminary data, that produced granules from unloaded paper (i.e., without API) 

using purified water as a binder and without the addition of further excipients, could already 

prove this assumption [87]. However, this study reported that the obtained granules bounced 

out of the die during the production of tablets in a continuous mode, indicating the high 

elasticity of the granules, which is a non-suitable property for high-speed tablet 

manufacturing. In addition, the resulting tablets were extremely fragile and could not fulfil the 

requirements of the European Pharmacopoeia [87].  

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 

required for a successful production of paper-based granules and their mechanical behavior 

under compression (i.e., production of smartFilm tablets). In addition, the influence of the 

smartFilm tablets on the bioactivity of the loaded drug is still ambiguous, therefore conducting 

studies that provide information about the drug-loaded smartFilm tablets from a biological 

point of view is an essential prerequisite.  

Sucrose is a disaccharide sugar which composes of glucose and fructose subunits. It 

can be obtained from sugar cane (Saccharum officinarum Linne (Fam. Gramineae)), sugar beet 

(Beta vulgaris Linne (Fam. Chenopodiaceae)), and other sources [78]. Sucrose is widely used 

in oral pharmaceutical dosage forms as a diluent, binder, taste masking agent, sweetener, and 

an agent for controlled drug release (e.g., sugar beads) [92]. Sucrose syrups can be used as 

tablet-coating agents at concentrations between 50% and 67% (w/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 binder (2ς20% 

(w/w)) where it is granulated with water or hydroalcoholic solutions and it can also be utilized 

as a liquid binder (i.e., sucrose syrup) containing 50ς67% (w/w) sucrose [92,94]. Sucrose can 

promote the adhesion of the granules of the formulation and maintain the integrity of the 

final tablet. Therefore, it was hypothesized that using sucrose during the formation of paper-

based granules might improve the compressibility of the produced granules (i.e., decrease 

their elasticity and increase their plastic deformation). However, it was reported that tablets 

that contain large amounts of sucrose may harden, resulting in poor disintegration and 

inhibition of the drug release [78]. Therefore, a thorough investigation of the optimum 
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amounts and forms of sucrose (i.e., dry or liquid) is essential to obtain smartFilm tablets with 

good pharmaceutical properties in accordance with the European pharmacopoeia.  

There are several poorly water-soluble drugs that can serve as ideal candidates for 

studying the impact of smartFilm tablets, which is produced via granulation with sucrose as a 

binder, on their dissolution rate and bioactivity. In this work, the selection criteria 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 longa L.. It is a promising molecule for photodynamic therapy, and it has been widely 

used as a preventive therapeutic agent against numerous diseases [95]. This can be attributed 

to the intrinsic pharmacological characteristics of curcumin, including antioxidant, anti-

inflammatory, antibacterial, antiviral, antihepatotoxic, antidepressant, and anticancer 

activities [96,97]. However, the therapeutic use of curcumin is limited which is mainly 

attributed to its poor aqueous solubility and low oral bioavailability [96,98,99]. Curcumin is 

considered a BCS class IV drug [33,100] and possesses autofluorescence properties, which is 

beneficial to trace its permeation into the tissues with the established ex vivo model in 

Marburg, Germany [85,101,102]. 

Norfloxacin is a broad-spectrum antibiotic that belongs to the class of fluoroquinolone 

antibiotics. It is effective against actively dividing as well as inactive Gram-positive and Gram-

negative bacteria by inhibiting the bacterial DNA gyrase [103]. Norfloxacin is widely used for 

urinary and genital tract infection, and it is also approved for bacterial diarrhea and gonorrhea 

[103,104]. According to BSC, norfloxacin is classified a class IV drug with poor aqueous 

solubility and intestinal permeability [32], and thus only 35-45% 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 introduce smartFilm tablets as a promising, industrially 

feasible and cost-effective approach for an improved solubility and an enhanced bioactivity of 

poorly soluble drugs. The aim of this thesis was fulfilled in three subsequent steps: 

¶ The first step was to obtain paper-based granules that can be used for the production 

of smartFilm tablets on a large, industrial scale. For that, the most suitable sucrose 

amounts and forms, the granulation parameters, and the granules mechanical 

behavior under compression (i.e., production of smartFilm tablets) were investigated. 

In addition, the pharmaceutical properties of the obtained unloaded smartFilm 

tablets were studied (cf. Chapter 3, section 3.1).  

 

¶ The second step was to assess the ability of smartFilm tablets to improve the oral 

delivery of a poorly water-soluble drug. For that, curcumin, which is a BSC-class IV 

drug with poor solubility and low intestinal permeability, was selected for the 

production of curcumin-loaded smartFilm tablets. The tablets were characterized 

regarding their physico-chemical and pharmaceutical properties, and the intestinal 

permeability of curcumin was determined with an ex vivo porcine intestinal model. 

The ex vivo intestinal permeability of curcumin from the smartFilm tablets was 

compared to a physical mixture of curcumin and paper and to a classical and to an 

innovative commercial product, respectively (cf. Chapter 3, section 3.2). 

 

¶ The third step was to determine the ability of smartFilms to improve the bioactivity 

of smartFilm tablets loaded with a poorly water-soluble drug. For that, norfloxacin, 

which is a BSC-class IV drug with poor solubility and intestinal permeability was used 

as model drug for the production of norfloxacin-loaded smartFilm tablets. 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 antimicrobial activity 

of norfloxacin in vitro and in an infected ex vivo porcine intestinal model. Results were 

also compared to the antimicrobial activity of a physical mixture of norfloxacin and 

paper (cf. Chapter 3, section 3.3).
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Abstract 

Many orally administrated drugs exhibit poor bioavailability due to their limited solubility. The 

smartFilms technology is an innovative approach to improve the drug aqueous solubility, 

where the drug is embedded within the matrix of cellulose-based paper in 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 a lack of 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 via wet 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 

identifieŘ ōȅ ǳǎƛƴƎ ƛƴǎǘǊǳƳŜƴǘŜŘ ŘƛŜ ŜȄǇŜǊƛƳŜƴǘǎΦ CƻǊ ǘƘƛǎΣ ǘƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ¸ƻǳƴƎΩǎ 

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 between 25ςорϲΦ DǊŀƴǳƭŜ ōŀǘŎƘŜǎ ǿƛǘƘ Җол҈ ŘǊȅ 

sucrose content produced tablets that fulfilled the European Pharmacopoeia requirements, 

and the compaction behavior of the granules was found to be comparable to the behavior 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 scaleΦ 
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1Φ Introduction 

Oral administration 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 of various active 

pharmaceutical ingredients (API) is extremely influenced by their physicochemical and/or 

biopharmaceutical properties, e.g., solubility, chemical stability, intestinal permeability, 

metabolic stability, etcΦ 

Recently, smartFilms were introduced as a novel oral drug delivery system that can 

incorporate API in an amorphous state within the matrix of cellulose-based paper, leading to 

the improvement of the dissolution rate and the kinetic solubility of the API [2]. SmartFilms 

can be obtained by dissolving a poorly soluble API into a suitable solvent and by adding this 

solution to a cellulose-based matrix, i.e., paper. After drying, the paper, i.e., the resulting 

άǎƳŀǊǘCƛƭƳέΣ Ŏƻƴǘŀƛƴǎ ǘƘŜ !tL ƛƴ ŀƳƻǊǇƘƻǳǎ ǎǘŀǘŜΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀƴ ŜƴƘŀƴŎŜŘ Řƛǎǎƻƭǳǘƛƻƴ Ǌŀǘe 

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 dosage forms 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 requirements of the European Pharmacopoeia  ϐпςс Φώ  

Nevertheless, paper sheets and smartFilms in their original state exhibit inadequate 

flowability, rendering them unsuitable candidates for high-speed tablet manufacturing and 

large-scale tablet production [4]. In light 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 the smartFilms technology, because it opens 

the possibility to produce smartFilm tablets on an industrial, large scaleΦ 

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 

characteristics, 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 flowabilityΦ 

Preliminary data, that produced granules from paper without 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 proved to be a non-suitable 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 

European Pharmacopoeia [8]. Therefore, to decrease the elasticity and to increase the plastic 

deformation of the paper-based granules, it was hypothesized that the addition of sucrose 

might improve the compressibility of the paper granules. The aim of this study was to prove 

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 tablets in large, industrial scaleΦ 

Sucrose can be used 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, containing 50ς67% (w/w) sucrose, are used as granulation 

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 (batches B2ςB6, Table 1) or liquid binder 

(batches B7ςB11, Table 1), respectively. B1 granules were composed of paper without sucrose 

and served as benchmark control. B2ςB6 granules were produced while using sucrose as dry 

binder and B7-B11 granules were produced while using sucrose as liquid binder, i.e., aqueous 

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

Table 1. Overview of compositions of the different batches of paper granules producedΦ 

Batch Code Sucrose Content (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, size, shape, and the pharmaceutical properties according 

to the European Pharmacopoeia, i.e., bulk density, tapped density, HausnerΩǎ ratio, CarrΩǎ 

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 

European Pharmacopoeia were determined Φ 

In addition, the mechanical behavior of paper-based granules under compression was 

investigated and compared to the properties of conventional binders Φ 

Mechanical properties, such as elastic and plastic behaviors, play important roles for 

ǘƘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ƎǊŀƴǳƭŜΩǎ ƳŜŎƘŀƴƛŎŀƭ ōŜƘŀǾƛƻǊ ǳƴŘŜǊ ŎƻƳǇǊŜǎǎƛƻƴΦ Lƴ ŀŘŘƛǘƛƻƴΣ 

mechanical characterization is also pivotal for the simulation modeling of pharmaceutical 

materials (e.g., granules) under compression. The use of simulation 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, it can also 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 

compression  ϐмн Φώ  

2. Materials and Methods 

2.1. Materials 

A commercially available, cellulose-based paper (Soft & Sicher, dm-drogerie markt GmbH + 

Co. KG, Karlsruhe, Germany) was used to produce the granules and tablets. Sucrose was 

purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Purified water was freshly 

obtained from a PURELAB Flex 2 (ELGA LabWater, Veolia Water Technologies GmbH, Celle, 

Germany)Φ 

2.2. Methods 

2.2.1 ΦProduction of Paper Granules 

Paper granules were prepared via the wet granulation method. Distilled water or sucrose 

aqueous 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 weighted around 2.50 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 B1ς

B11 (Table 1). B1 was the control, i.e., paper granules without sucrose. For the batches B2ςB6 

sucrose (10%, 20%, 30%, 40% and 50%) was used as dry binder and for the batches B7ςB11 

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 paper to 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 

SM-30 control (Edmund Bühler GmbH, Bodelshausen, Germany) for a period of 3ς8 min. 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 size ŦǊŀŎǘƛƻƴ Җ нΦу ƳƳΦ .нςB6 were produced 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 

B1. B7ςB11 were produced 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 

solutions instead of purified water Φ 

2.2.2 ΦCharacterization of Paper Granules 

Particle Size and Shape Analysis  

¢ƘŜ CŜǊŜǘΩǎ ŘƛŀƳŜǘŜǊ ƻŦ ǘƘŜ ƎǊŀƴǳƭŜǎ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ Ǿƛŀ ŘƛƎƛǘŀƭ ƛƳŀƎŜ ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ LƳŀƎŜW 

software (National Institutes of Health, Bethesda, MD, USA) as described previously [34], with 

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

200ς300 granules were taken by using a Canon IXUS 190 digital camera (Canon Europe Ltd., 

Uxbridge, UK). The images were color-adjusted, and threshold analysis was performed to label 

ǘƘŜ ƎǊŀƴǳƭŜǎ ƛƴŘƛǾƛŘǳŀƭƭȅΦ !ŦǘŜǊǿŀǊŘǎΣ ǘƘŜ CŜǊŜǘΩǎ ŘƛŀƳŜǘŜǊ ƻŦ ŜŀŎƘ ƎǊŀƴǳƭŜ ǿŀǎ ŀǎǎŜǎǎŜŘ ōȅ 

the software (Supplementary Material, Table S1). From the results obtained the number 

based median particle size distribution, 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 followsΥ 

!ÓÐÅÃÔ ÒÁÔÉÏ
Ὠ  

Ὠ Ј

  (1) 

ǿƘŜǊŜ ŘƳŀȄ όCŜǊŜǘύ ƛǎ ǘƘŜ ƳŀȄƛƳǳƳ CŜǊŜǘΩǎ ŘƛŀƳŜǘŜǊ ŀƴŘ ŘфлϲόŘƳŀȄύ ƛǎ ǘƘŜ CŜǊŜǘΩǎ ŘƛŀƳŜǘŜǊ 

perpendicular to dmax (Feret)Φ 

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 European Pharmacopoeia [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 tapped density, respectively. In addition, 

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

ŎŀƭŎǳƭŀǘƛƴƎ IŀǳǎƴŜǊΩǎ Ǌŀǘƛƻ ŀƴŘ ǘƘŜ /ŀǊǊΩǎ ƛƴŘŜȄ ǳǎƛƴƎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ Ŝǉǳŀǘƛƻƴǎ ϐор Υώ  

ὌὥόίὲὩὶȭί ὶὥὸὭέ
”

”
 (2) 

ὅὥὶὶȭί ὭὲὨὩὼρππ
”  ”

”
 (3) 

where ́ tapped is the tapped density and ́bulk is the bulk densityΦ 

Determination of Angle of Repose  

The angle of repose of the granules was determined by using the flowability tester (Karg 

GmbH, Baden-Württemberg, Germany) according to the test method 2.9.36 of the European 

Pharmacopoeia [10]. A total of 20 g of the granules from various batches were filled into 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 repose ("hύϦ was determined using the following equationΥ 

ÔÁÎh
Ὤ

πȢυ Ὠ
 (4) 

where h is the height of the heap and db is the diameter of the baseΦ 

2.2.3 ΦProduction of Tablets Made from Paper 

Flat-faced bevel-edged tablets were produced by applying compression forces of about 30 kN 

by using a single punch tablet press (EK0, Korsch GmbH, Berlin, Germany) equipped with a 10 

mm flat-faced punch (Ritter Pharma-Technik GmbH, Stapelfeld, Germany). Subsequently, the 

properties of the produced tablets were assessed by subjecting the tablets to various tests, as 

described in the European Pharmacopoeia [10]. Details of the methods used are given below Φ 

2.2.4 ΦCharacterization 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) Φ 
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Mass Uniformity 

Mass uniformity was evaluated according to the test method 2.9.5. of the European 

Pharmacopoeia [10]. 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 results were compared to 

the European Pharmacopoeia limitsΦ 

Friability  

Friability of the tablets was determined according to test method 2.9.7 of the European 

Pharmacopoeia [10] 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 equationΥ 

Ϸ ×ÅÉÇÈÔ ÌÏÓÓρππ
ὡ ὡ

ὡ
 (5) 

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

testΦ 

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 

Pharmacopoeia [10]. In this 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 mean, minimum and maximum values of the forces measured Φ 

Disintegration 

Disintegration of the tablets was evaluated in water according to the test method 2.9.1 of the 

European Pharmacopoeia [10]. From each batch, 6 tablets were individually placed into the 

cavities of a disintegration tester PTZ-S (Pharma Test Apparatebau AG, Hainburg, 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 European Pharmacopoeia  ϐмл Φώ  
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Mechanical Behavior of Paper Granules under Compression 

The mechanical characterization was performed by using the single punch tableting press 

ό{ǘȅƭΩhƴŜ 9ǾƻΣ aŜŘŜƭǇƘŀǊƳΣ .ŜȅƴƻǎǘΣ CǊŀƴŎŜύ Ǿƛŀ ŘƛǎǇƭŀŎŜƳŜƴǘ ŎƻƴǘǊƻƭΦ !Ȅƛŀƭ ŦƻǊŎŜǎ ƻŦ ǘƘŜ 

upper and lower punch were measured using strain gauges and axial displacements were 

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 gauges attached to the die. 

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

incompressible elastomerΦ 

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

maximum possible filling height of the die was 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 (µ) ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŘǳǊƛƴƎ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘŜŘ ŘƛŜ ǘŜǎǘǎ ǳǎƛƴƎ /ƻǳƭƻƳōΩǎ ŦǊƛŎǘƛƻƴ 

lawΥ 

А
Ὀ„ „

τὬ„
  (6) 

ǿƘŜǊŜ 5 ƛǎ ǘƘŜ ŘƛŀƳŜǘŜǊ ƻŦ ǘƘŜ ŘƛŜΣ Ƙ ƛǎ ǘƘŜ ǘŀōƭŜǘ ƘŜƛƎƘǘΣ ˋup ŀƴŘ ˋlo are the upper and lower 

punch stress, respectively, and ̀rad is the radial die wall stressώолϐ  

Double-ŎƻƳǇŀŎǘƛƻƴ ǘŜǎǘǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǘƻ ƛŘŜƴǘƛŦȅ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀǘ 

different compaction force levels [23]. The granules were pre-compacted, unloaded and 

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

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

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

when the forces remain lower than the maximum pre-compaction force and allows for linear 

stressτstrain 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 different stress levels, at 

ǿƘƛŎƘ ǘƘŜ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ŜƭŀǎǘƛŎ Ŏƻƴǎǘŀƴǘǎ όƛΦŜΦΣ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ŀƴŘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻύ ǿŜǊŜ 

determined, was calculated. This allows for the interpolation of the elastic constant values 

ǿƛǘƘ ǇƻǊƻǎƛǘȅ ŘǳǊƛƴƎ ǘƘŜ ŎƻƳǇǊŜǎǎƛƻƴΦ ¢ƘŜ ǘǊǳŜ ŘŜƴǎƛǘȅ ˊ0 was determined before the tests 

by a gas pycnometer (AccuPyc II 1340, Micromeritics, Norcross, GA, USA) and was used to 

calculate the porosity of the materials (), where ́  is the actual densityΦ 
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‰ ρ  
”

”
 (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 powders Φ 

ÌÎ 
ρ

‰
Ὧὖ ὃ (8) 

where constant k is the slope of the linear plastic deformation section and A is the intercept 

and is suggested to represent particle rearrangement. The reciprocal of the k is the mean yield 

pressure ὖ 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 

pressure)Φ 

ὖ
„ „ „  

σ
 (9) 

With axial stress ̀ax and radial stress ̀rad measured during the instrumented die testΦ 

2.2.5 ΦStatistical 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 (Shapiro-Wilk test) and variance homogeneity (Levene`s test) were 

determined for each data set prior to statistical assessment of differences between the 

granule batches. The comparison of the means was performed by two-ǎƛŘŜŘ {ǘǳŘŜƴǘΩǎ ǘ-test 

for pairwise comparison or one-way analysis of variance and post-hoc tests with Tukey 

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

considered statistically significant if the p value was <0.05Φ 

3. Results and Discussion 

3.1 ΦPreparation and Characterization of Paper Granules 

The paper granules without sucrose possessed a particle size of 3 mm (Table 2). The addition 

of sucrose resulted in slightly larger sizes. No significant differences (p > 0.05) were observed 

between the batches where sucrose was used as dry or liquid binder (Table 2). Figure 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 towards lager sizes for the granules that were prepared 
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with the liquid sucrose binder. An aspect ratio in the range of 1.38ς1.52 was observed for all 

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

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

possess a slightly elongated shape ϐмо Φώ  

Table 2. Physico-chemical properties of the different paper granules produced in this studyΦ 

Batch Code 
CŜǊŜǘΩǎ  

Diameter 
(mm) 

Bulk 
Density 
(g/cm3) 

Tapped  
Density 
(g/cm3) 

IŀǳǎƴŜǊΩǎ  
Ratio 

/ŀǊǊΩǎ 
Index (%) 

Angle of  
Repose 

B1 3.0 ± 1.2 0.11 ± 0.003 0.13 ± 0.003 1.12 ± 0.01 11.4 ± 0.4 43° ± 4 

B2 3.4 ± 0.67 0.12 ± 0.001 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 3.2 ± 0.79 0.14 ± 0.01 0.17 ± 0.01 1.16 ± 0.02 13.8 ± 2.0 31° ± 0 

B5 3.4 ± 0.83 0.17 ± 0.008 0.20 ± 0.006 1.13 ± 0.00 11.4 ± 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 ± 0.90 0.15 ± 0.015 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 0.18 ± 0.001 0.20 ± 0.005 1.13 ± 0.03 11.8 ± 2.3 31° ± 0 

B10 3.55 ± 0.98 0.20 ± 0.017 0.22 ± 0.014 1.13 ± 0.03 11.7 ± 2.3 25° ± 5 

B11 3.41 ± 6.75 0.17 ± 0.016 0.20 ± 0.014 1.15 ± 0.02 13.4 ± 1.8 25° ± 5 

 

 

 

Figure 1. Numeric particle size distribution of paper granules from different batches based on 

ǘƘŜ ǇǊŜŘŜǘŜǊƳƛƴŜŘ CŜǊŜǘΩǎ ŘƛŀƳŜǘŜǊΦ ! Řόƴύ лΦр ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǎƛȊŜ ǿƘŜǊŜ рл҈ ƻŦ ŀƭƭ ƎǊŀƴǳƭŜǎ 

are smaller or equal to the given numberΦ 
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Bulk and tapped density of B2ςB6 increased significantly (p < 0.01) as the amount of 

sucrose increased. On the other hand, B7ςB11 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 high viscosity of such solutions which might result in 

an inhomogeneous distribution of the granulation liquid among the formed granules, hence 

ŀŦŦŜŎǘƛƴƎ ǘƘŜƛǊ ǇǊƻǇŜǊǘƛŜǎΦ IŀǳǎƴŜǊΩǎ Ǌŀǘƛƻ ŀƴŘ /ŀǊǊΩǎ ƛƴŘŜȄ ǿŜǊŜ ǳǎŜŘ ŀǎ ŀƴ ƛƴŘƛŎŀǘƛƻƴ ƻŦ ǘƘŜ 

flowability of the gǊŀƴǳƭŜǎΦ ¢ŀōƭŜ н ǎƘƻǿǎ ǘƘŀǘ IŀǳǎƴŜǊΩǎ Ǌŀǘƛƻ ŀƴŘ /ŀǊǊΩǎ ƛƴŘŜȄ ǾŀƭǳŜǎ ǿŜǊŜ ƛƴ 

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 European Pharmacopoeia   ϐмл Φώ  

Regarding the angle of repose, B1 (no sucrose) exhibited a value in the range of 41ς

45°. This indicates only passable flowability and that the produced granules might hang up 

inside the hopper during tablet manufacturing. Indeed, the adherence of the granules 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 of 31ς35°, which suggests good flowability behavior. 

B5, B6, B10 and B11 exhibited values in the range of 25ς30° (Table 2), which indicate excellent 

flowability according to the European Pharmacopoeia [10]. Interestingly, the electrostatic 

adherence of the granules to the 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 research is needed to understand the effects in detail. In spite of this, the obtained 

results suggest that the die filling process using B2ςB11 during high-speed tablet 

manufacturing will run efficiently with no major complications (e.g., without variations in 

tablet weight due to inconsistent die filling)  ϐмс Φώ  

3.2 ΦPreparation and Characterization of Paper-Based Tablets Using the Produced Granules 

In the next step, paper-based tablets were produced from all different paper granule batches. 

All sucrose containing granules 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 Table 3 Φ 

Regarding the thickness of the tablets, it was observed that the thickness of the 

produced tablets from the B1 batch was significantly higher (p < 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 causes a stronger 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 increased (p < 0.01) with increasing 

sucrose content (Table 3)Φ 

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

the B3 paper granulesΦ 
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Table 3. Physico-chemical properties of the different paper granules produced in this studyΦ 

Batch 
Code 

Thickness 
(mm) 

Mass Uniformity 
(%) 

Friability 
(%) 

Hardness 
(N) 

Disintegration 

B1 1.8 ± 0.01 4.9 ± 2.8 <0.001 
20.8 ± 7.6 
min.: 10.8 
max.: 32.6 

all tablets disintegrated within 10 
s 

B2 1.3 ± 0.02 1.8 ± 1.6 0.14 
51.5 ± 12.9 
min.: 35.2 
max.: 71.5 

all tablets disintegrated within 2 
min 

B3 1.7 ± 0.04 1.8 ± 1.6 0.23 

112.8 ± 
18.6 

min.: 84.2 
max.: 129.5 

all tablets disintegrated within 5 
min 

B4 1.8 ± 0.02 3.1 ± 1.8 0.03 

123.4 ± 
22.2  

min.: 97 
max.: 142 

all tablets disintegrated within 15 
min 

B5 2.0 ± 0.04 3.2 ± 2.9 0.09 

154.2 ± 
15.3  

min.: 127.1 
max.: 173.3 

all tablets disintegrated within 35 
min 

B6 3.3 ± 0.18 4.0 ± 2.9 0.10 

250.3 ± 
24.6  

min.: 210.2 
max.: 279 

all tablets disintegrated within 50 
min 

B7 1.4 ± 0.03 3.1 ± 1.9 0.11 
71.1 ± 14.6 
min.: 52.5 
max.: 99.9 

all tablets disintegrated within 20 
min 

B8 1.8 ± 0.04 2.4 ± 2.1 0.04 

166.1 ± 
29.3 

min.: 116.1 
max.: 217.2 

all tablets disintegrated within 20 
min 

B9 1.9 ± 0.06 3.8 ± 2.3 0.01 

221.7 ± 
60.4  

min.: 122.9 
max.: 288.2 

all tablets disintegrated within 45 
min 

B10 2.0 ± 0.04 2.6 ± 2.1 0.14 
258.6 ± 28  
min.: 200.9 
max.: 290.7 

all tablets disintegrated within 55 
min 

B11 2.0 ± 0.07 4.6 ± 2.3 0.01 

271.5 ± 
29.2  

min.: 221.9 
max.: 300 

all tablets disintegrated within 60 
min 

 

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 European Pharmacopoeia, tablets 

fulfil the criteria of mass uniformity if not more than 2 of the individual 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 80ςнрл ƳƎ ŀƴŘ ōȅ όƛƛύ ƳƻǊŜ ǘƘŀƴ р҈ ƛŦ ǘƘŜ ǘŀōƭŜǘ Ƴŀǎǎ ƻŦ ǘƘŜ ǘŀōƭŜǘǎ ƛǎ җулς

250 mg  ϐмл Φώ  
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The weight of the tablets produced from batches B1-B5 and B7-B10, i.e., tablets 

containing 0ς40% sucrose, was <250 mg and all tablets fulfilled the criteria of the European 

Pharmacopoeia. In contrast, tablets produced from batches B6 and B11, i.e., tablets that 

contained 50% sucrose, weighted 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)Φ 

The friability of the produced tablets from all batches fulfilled the criteria according 

to the European Pharmacopoeia, as 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 sufficient mechanical 

strength to withstand handling and shipping Φ 

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 the 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 batches B2ςB6 or B7ςB11 

exhibited a significant increase in the crushing strength (p < 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 disintegration behavior, the 

dissolution profile and bioavailability of the incorporated drug, hence its therapeutic efficacy  

ϐму Φώ  

The disintegration time of tablets produced from B1 was extremely rapid (i.e., 10 s, 

Table 3), which is consistent with previously reported data that indicated that such 

disintegration behavior might hinder the administration process of paper-based tablets and 

decrease patient compliance [4]. In contrast, the remaining batches, prepared with sucrose as 

a binder, produced tablets with a slower disintegration time. Moreover, the produced tablets 

from batches B2ςB6 or B7ςB11 showed a significant increase in the disintegration time (p < 

0.01) with increasing the sucrose content. These results are consistent with the crushing 

strength data, indicating that harder tablets attain less porosity, and thus experience a slower 

disintegration. Furthermore, all the tablets that were prepared from batches B1ςB4 fulfilled 

the criteria according to the European Pharmacopoeia, as all tablets disintegrated within 15 

min. On the other hand, all of the tablets that were prepared from batches B5 and B6 failed 

the criteria according to the European Pharmacopoeia for uncoated tablets, as they did not 

disintegrate within 15 min. Tablets produced from batches B5 and B6 attain higher crushing 
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strength values in comparison to batches B1ςB4, 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 solution as 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 many factors, 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 timeΦ 

Based on the data, it can be summarized that the addition of sucrose in dry form is 

most suitable, as it resulted in granules that can be compressed into tablets with good 

pharmaceutical profile. Paper granules with sucrose contents in the range between 20ς30% 

(w/w) were identified to result in paper-based tablets with optimal pharmaceutical 

propertiesΦ 

3.3 ΦMechanical Behavior of 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 behavior of granules in absence of a binder. B3 was chosen as it 

was able to produce paper-based tablets with an excellent pharmaceutical profile (i.e., 

optimum disintegration behavior). B6 was selected as a representative of paper-based tablets 

prepared using granules with a high sucrose content Φ 

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 (Figure 3a) Φ 

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 compression velocity (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 with medium (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. In addition, 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 neglectableΦ 

The next step was the assessment of the material 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 of 5 kN. 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 contentΦ 

The higher density of the granules with higher sucrose content was 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 decreased the porosity. 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 was 0.914 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 axial stressτaxial true strain (a), 

friction coefficientτmean punch force (b), typical loading-unloading curves of granules 

compaction process indicating the influence of the sucrose content on axial stressτaxial true 

strain (c) and radial stressτaxial true strain (d) at 0.1 mm/s velocityΦ 

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, the rearrangement 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 dominant, which leads to an exponential increase 

in the stressτaxial true strain curves. During the third stage, the unloading process, a 

nonlinear response of the stressτaxial true strain can be observed (Figure 3c,d) Φ 

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

this, double compaction tests were carried out for 5ς30 kN compaction levels via 5 kN steps. 
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CǊƻƳ ǘƘŜ ǊŜǎǳƭǘǎΣ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ǘƻ 

investigate the influence of compression forces on the elastic properties and the 

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

Figure 4. tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ƎǊŀƴǳƭŜ ōŀǘŎƘŜǎ .мΣ .оΣ .с ŀǘ ŘƛŦŦŜǊŜƴǘ 

compaction force levels. PoissonΩǎ ǊŀǘƛƻτŀȄƛŀƭ ǘǊǳŜ ǎǘǊŀƛƴ όŀύΤ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎτaxial true 

ǎǘǊŀƛƴ όōύΤ tƻƛǎǎƻƴΩǎ ǊŀǘƛƻτǇƻǊƻǎƛǘȅ όŎύΤ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎτporosity (d)Φ 

The main-compaction loading curves are not linear when low forces and forces 

greater than the pre-compaction force level are applied 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 main-compaction loading curves 

was used for the calŎǳƭŀǘƛƻƴ ƻŦ ǘƘŜ ŜƭŀǎǘƛŎ ƳŀǘŜǊƛŀƭ ǇǊƻǇŜǊǘƛŜǎΣ ƛΦŜΦΣ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀƴŘ ¸ƻǳƴƎΩǎ 

modulus. The linear part was determined to be within 30ς80% compared to the pre-

ŎƻƳǇŀŎǘƛƻƴ ŦƻǊŎŜ ƭŜǾŜƭǎΦ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǎǘƛŦŦƴŜǎǎ ƻŦ ŀ ƳŀǘŜǊƛŀƭΦ IŜƴŎŜΣ ǘƘŜ 

higheǊ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎΣ ǘƘŜ ƘƛƎƘŜǊ ƛǎ ǘƘŜ ǎǘƛŦŦƴŜǎǎ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭΦ ¢ƘŜ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƛǎ 

defined to be the deformation of a material in directions perpendicular to the specific 

ŘƛǊŜŎǘƛƻƴ ƻŦ ƭƻŀŘƛƴƎΦ ! ƘƛƎƘ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǘƘŜ ƳŀǘŜǊƛŀƭ Ƙŀǎ a high perpendicular 

deformation, meaning thatτunder axial forceτǘƘŜ ƳŀǘŜǊƛŀƭ άŜǎŎŀǇŜǎέ ŘǳŜ ǘƻ ƭƻǿ 






















































































































































































