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1 Abstract

Objective of this study was to develop a low dose oromucosal sustained release film. From a
physiochemical and clinical perspective clonidine hydrochloride provides a perfectly suitable
active pharmaceutical ingredient (API) for an oromucosal formulation. The developed film,
loaded with 90 pg (F1), is applicable to treat paediatric patients with pre- and postoperative
pain due to its sedative and analgesic effects. The study addressed difficulties in detecting
and quantifying such low API concentrations, studying its solid state, thermal properties and
uniformity of content. Chitosan, chosen as a film forming polymer, was extensively analyzed
using several thermal characterization methods. The glass transition temperature (Tg) of
chitosan (154.95 £ 0.47°C) and melting point (T,) of clonidine hydrochloride (307.6 + 4.8°C)
were measured using dynamic mechanical thermal analysis (DMTA) and differential
scanning calorimetry (DSC), respectively. Despite measuring moderately high shear viscosity
and dealing with low drug load in F1, uniformity of content was achieved according to the
European Pharmacopoeia (Ph. Eur.). Moreover, an analytical platform was established to
detect and verify as well as map the homogeneity of such low dose drug distribution within
the films developed. Therefore novel in vitro methodologies were used: among other things
nano thermal analysis (TTM) and scanning electron microscope-energy-dispersive X-ray
spectroscopy (SEM-EDS). Finally an in vitro drug release test confirmed the desired
sustained release. Result of the study was a developed oromucosal film, which reached
uniformity of content, displayed good mechanical and morphological properties and provided

additional evidence for its applicability as alternative dosage form.



2 Zusammenfassung

Ziel dieser Studie war die Entwicklung eines niedrig dosierten oromukosalen Film mit
verzogerter Wirkstofffreisetzung. Aus physiochemischer und klinischer Sicht bietet Clonidine
Hydrochlorid einen geeigneten Wirkstoff flir eine oromukosale Formulierung. Der entwickelte
Film, dosiert mit 90 pg (F1), ist aufgrund seiner beruhigenden und analgetischen Wirkung fir
padiatrische Patienten mit prd- und postoperativen Schmerzen anwendbar. Die Studie
befasst sich mit der Schwierigkeit der Detektion und Quantifizierung derart niedriger
Wirkstoffkonzentrationen durch die Analyse der Festkdrperchemie, thermischen
Eigenschaften und Einheitlichkeit des Wirkstoffgehaltes. Chitosan, ausgewdahlt als
filmbildendes Polymer, wurde mittels mehrerer thermischer Charakterisierungs-Methoden
umfangreich analysiert. Die Glaslibergangstemperatur (Ty) von Chitosan (154.95 + 0.47°C)
und der Schmelzpunkt (T,,) von Clonidine Hydrochlorid (307.6 + 4.8 °C) wurden mittels der
dynamisch-mechanisch  thermischen Analyse (DMTA) bzw. Differential-Scanning-
Kalorimetrie (DSC) gemessen. Trotz der moderat hohen, gemessenen Scherviskositat und
der niedrigen Arzneistoffkonzentration in F1, konnte die Einheitlichkeit des Wirkstoffgehaltes
gemalR Europaischem Arzneibuch (Ph. Eur.) nachgewiesen werden. Weiters wurde eine
analytische Plattform entwickelt, um eine derart niedrig dosierte Arzneistoffdistribution im
Film zu detektieren und verifizieren sowie deren Homogenitat abzubilden. Hierzu wurden
innovative in vitro Methoden verwendet, u.a. eine nano thermische Analyse (TTM) und
Rasterelektronenmikroskop-Energiedispersive Roéntgenspektroskopie (SEM-EDS).
SchlieBlich bestatigte ein in vitro Wirkstofffreisetzungs-Test die gewinschte, verzdgerte
Freisetzung. Ergebnis der Studie war die Entwicklung eines oromukosalen Films, der die
Einheitlichkeit des Wirkstoffgehaltes erreichte, gute mechanische und morphologische
Eigenschaften aufwies sowie weitere Beweise flr die Anwendbarkeit als alternative

Darreichungsform lieferte.
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3 Introduction

3.1 Oromucosal films and their applicability

Oral thin films (OTFs) describe a fairly new dosage form which has gained a lot of research
interest in the last decade. While early on predominantly common in the United States as
over-the-counter products and breath-fresheners, the European market share has rapidly
increased in the last couple of years [1]. Due to the plethora of publications on oral strip
technology its terminology is somewhat confusing. Oral thin film, oral patch, wafer, strip,
orodispersible film, oral soluble film, dissofilms, buccal film, mucoadhesive film and
transmucosal film are the most common terms that can be found in the literature [2]. While
some of these describe certain type of films, others are more general. OTFs or oromucosal

preparations [3] are the most used general terms.

OTFs can be subdivided into orodispersible or oromucosal films, whether they are
mucoadhesive or not. Given the relatively new research field, the European Pharmacopoeia
has updated their monograph accordingly and added “Oromucosal Preparations” to it, in
which mucoadhesive buccal films (MBFs) and orodispersible films (ODFs) are defined [4].
ODFs are developed to dissolve as fast as possible when placed on a wet surface, typically
the tongue. While buccal administration is the most utilized route, the term MBF is somewhat
misleading as these films are applicable for administration at all sites inside the oral cavity
[3]. Oromucosal films are mostly prepared using hydrophilic polymers as these films are
indented to adhere to the oral mucosa after wetting with saliva [5]. MBFs contain either
dispersible or non-dispersible compounds. The ladder requires manual removal of the film
after drug release. Permanent film formulations, that is non-dispersible, have been termed
oromucosal or oral patch (ORP), although not specified by the European Pharmacopoeia [3].
If shorter residence times are desired the film is slowly eroding at the target site. These films
are differentiated from ODFs due to differences in adhesive properties [3]. Both can be
designated as oromucosal films though [6] and are intended for local or systemic action.
Therefore the drug can be released through and into the oral mucosa or inside the oral cavity
and is subsequently swallowed [3]. Those different administrations and several benefits of
this novel dosage form allow addressing many research questions. One of which is the

delivery to paediatric and geriatric patients.

3.2 Use for paediatric and geriatric patients

One of the main criteria for developing an oromucosal film formulation is drug loading as
being limited to approximately 50% per dose weight or to 30 mg for orodispersible films [7,
8]. This restriction does not apply to drugs effective at lower therapeutic doses such as

potent drugs and paediatric drugs. Additionally the possibility to bypass the Gl tract and
3
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consequently increasing the bioavailability leads to an even lower drug load [9]. Furthermore
high drug load is more prone to recrystallization [10]. Due to these aspects the selection of
an active pharmaceutical ingredients (APIs) is limited. In that regard oromucosal films are
especially suitable for paediatric patients as lower dosages are needed. Moreover known
difficulties of drug administration in paediatric and geriatric patients often require specific
dosage forms such as oromucosal films [11, 12]. In this regard films provide numerous
advantages: circumvention of swallowing, higher dose accuracy than syrups, enhanced
paediatric population compliance (> 6 years), possibility of a local action, no need for water,
better mouth feel, ease of handling and portability, difficult to spit out, minimized risked of
chocking, termination of drug delivery by detachment, precludes hiding dosage form in the
oral cavity, etc [3, 6, 7, 12-14].

The importance and need for adjusted medications for pediatric [15] and geriatric patients
[11, 16] is based on the heterogeneity within both patient populations. Especially for pediatric
patients oromucosal films provide numerous advantages over conventional dosage forms. Its
need for pediatric patients has been covered recently [12]. The United States Government
Accountability Office (GAO) reported in 2007 that two-thirds of drugs prescribed for children
are neither labelled nor studied for pediatric use [17]. Moreover humerous considerations
such as the technical feasibility and the patient’s needs have to be considered - making this
patient population particularly vulnerable [18]. In recent years it has been reported that about
90% of pediatric medicines are targeted for oral administration [19]. More specifically liquids
have been considered as the most appropriate dosage form for children by the European
Medicines Agency (EMA) [20]. It must be said, however, that liquids are more prone to
stability and contamination issues [19] and its administration requires specific devices [12]. In
2008 the World Health Organization (WHO) proposed ‘flexible solid dosage forms’ as the
most suitable dosage form, encouraging a shift of paradigm [21, 22]. Over the last couple of
years different dosage forms such as the administration of powder in sachets,
multiparticulates as well as orodispersible tablets and films have been investigated [18, 21].
In that regards films provide portability and also the advantage declared as ‘ready to go’

medicine.

In addition to paediatric patients oromucosal films might be a suitable dosage form for
geriatric patients since not only young but also elderly patients suffer from difficulties
swallowing dosage forms like tablets, capsules and bigger volumes of liquids [11, 23-25].
The need to focus on alternative dosage forms for elderly is confirmed by the demographic
trend in developed and developing countries [16, 26]. Christensen et al predict that by the
year 2050 30% of people in Germany are going to be 65 years of age or older [27] (Figure 1).

This trend is based on the increase in life expectancy over the last century [27, 28] and the
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so called “baby boomer generation” reaching 65 years of age or older [16]. This requires the

pharmaceutical industry to address specific medication needs of elderly patients [16].
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Figure 1: Demographic trend of Germany’s population by 2050. Data published by the Federal Statistical
Office, Wiesbaden, Germany [28]. Reproduced from Ref [27].

While oromucosal films are a promising dosage form for paediatric as well as geriatric
patients, it appears more suitable for the former. Although applicable to elderly mostly due to
circumvention of swallowing [3], impairment of motoric functions are especially critical when
handling such thin, light and fragile dosage forms. Problems opening pharmaceutical
packaging and handling dosage forms are impacted by cognitive impairment, diseases
(Parkinson disease, stroke dementia, etc) and impaired vision [16, 29-31]. Moreover
polypharmacy is common in elderly which in connection with poor vision increases the
challenge of product identification. Although product identification might be enhanced using
colouring agents, contributing to drug safety [32]. All these limitations have to be carefully
addressed and remain obstacles to overcome for geriatric patients when handling their own
medication. OTFs are more applicable when drug administration is supported by nursing
homes or home care. For both patient populations, safety of excipients, palatability, handling
of packaging, size of dosage form, etc are aspects to consider in regards of oromucosal drug
therapy [11, 21]. Furthermore the EMA published guidelines for excipients, acceptability,
container closure systems and measuring devices [33]. Overall OTFs provide a lot of
advantages for a wide range of patients. For a large population the ease of administration,

portability and the fact that no water is required make OTFs especially appealing.
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3.3 OTFs applicability for other research interests and its disadvantages

While not further addressed in this work, it is worth noting that the delivery of
macromolecules using MBFs has been thoroughly investigated[34]. Macromolecules are
historically administered as parenterals but alternative routes of administration were
investigated mainly due to high production costs and administration inconvenience
associated with poor patient compliance. Alternative routes include pulmonary, nasal,
transdermal, vaginal and transmucosal administration. In the oral cavity buccal administration
seems the most promising route to deliver vaccines, peptides and even proteins [34]. MBFs
are therefore considered a promising dosage form to administer macromolecules [35]. While
overall a promising research field development of macromolecular drug delivery requires
distinct expertise. The biggest problem involves poor permeability due to their size and
hydrophilic as well as hydrophobic appendages. Moreover short biological half life, loss of
tertiary/quatenary structure, immune response, costs, etc highlight the difficulties for

macromolecular drug delivery [36-38].

The increasing market interest in new molecular entities (NMEs) and new biological entities
(NBEs) [39] underlines the importance to administer highly potent APIs. In that regard MBFs
are particularly of interest as highly potent APIs require lower dosages. Poorly water soluble
drugs are another research area applicable for OTFs. Benet [40] highlighted the importance
for new development strategies as 54% of NMEs are declared as Biopharmaceutics
Classification System (BCS) class Il drugs. These drugs are characterized with poor
solubility and good permeability. In that regard the development of OTFs has been recently
used as one of many possibilities to incorporate BCS class Il drugs in a dosage form [41].
Moreover OTFs can be produced via 3D printers, which offer the possibilities of personalized
medicines. This fact contributes to the patent-centricity [6, 42—44]. In conclusion OTFs
address a wide variety of state of the art research questions which highlights its market

potential [1, 7].

The main disadvantages of OTFs are their susceptibility to humidity and consequent
changes in mechanical properties which can results in tackiness (humid conditions) or
brittleness (dry conditions) [45]. To ensure stability and shelf life, adequate packaging is
required. At the moment there are several different packaging variants available [46]. Airtight
packaging like aluminium sachets protect films from environmental moisture and can be
opened directly before administration [45]. Although overall film flexibility is its main
disadvantage, in terms of fragility during transportation it is advantageous in comparison to
oral disintegration tablets (ODTs) [7]. Other disadvantages include inadequate uniformity of
content [47-49] and its novelty which comes with a disagreement of non-standardized

characterization methods (e.g. dissolution test [50]) as they are neither clearly defined by
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authorities nor biorelevant [46]. The young history of OTFs is also reflected in a limited
number of publications covering the galenic development which is especially critical
consideration a vast number of polymers to choose from [2].

3.4 Oromucosal drug delivery

3.4.1 Anatomy and physiology of oral mucosa

The total surface area of the oral mucosa (214 cm? [51]) is relatively small in comparison to
the skin (20,000 cm?) and GIT (350,000 cm?) [52, 53]. Within transmucosal drug delivery the
buccal mucosa provides the biggest surface area with 50.2 + 2.9 cm? [51]. The oral cavity is
an attractive route of administration and includes among others the soft and hard palatal,
sublingual and buccal mucosa. Each mucosa is characterized by a different number of layers
which each include the epithelium, separated from the connective tissue (lamina propria and
submucosa) by the basement membrane (Figure 2). The connective tissue comprises a
thickness of 150 - 500 um [54]. The buccal epithelium is composed of 40 - 50 cell layers with
a thickness of 150 - 250 pum [54]. Cumulated this sums up to a total thickness for the buccal
mucosa of 500 - 600 um [55, 56]. The epithelium consists of four morphological layers, which
are named starting from the basement membrane: basal layer, prickle cell layer, intermediate
layer and superficial layer. The basement membrane consists of three layers, namely lamina
lucida, lamina densa and lamina fibroreticularis (not seen in Figure 2). In the keratinized oral
mucosa such as hard palatal, the epithelium composition differs in the two outermost
morphological layers. The layers starting from the basement membrane are termed: basal
layer (stratum basale), prickle cell layer (stratum spinosum), granular layer (stratum
granulosum) and keratinized layer (stratum corneum). It is noteworthy that the terms basal
lamina and basement membrane are not interchangeable as the basal lamina constitutes a
portion of the basement membrane.

Mucus / saliva

Superficial layer

Intermediate layer

Prickle cell layer

Basal Layer

Basement membrane

<———  Lamina propria

€———— Submucosa

Figure 2: Structure of the buccal mucosa (non-keratinized). Epithelial surfaces are coated by a mucus / saliva
layer. Epithelium consists of four layers: superficial, intermediate, prickle cell and basal layer. Deeper layers
include the basement membrane and connective tissue (lamina propria and submucosa). Reproduced from Ref
[22].
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The epithelial surfaces are coated by a mucus / saliva layer with an estimated thickness of
70 - 100 pm [51]. The mucus is an intercellular ground substance and mainly composed of
glycoproteins called mucins [57]. Those huge molecules occupy a molecular weight of 0.5 -
20 MDa [58] and provide due to its sulfhydryl groups and sialic acid residues a negative
charge at physiological pH. This enables the interaction with the film polymer and is
responsible for the mucoadhesion (e.g. buccal adhesion) providing the advantage of a strong

interaction and consequently long residence time [59].

Additionally to thickness differences in the oral mucosa the epithelia chemical composition
varies as there are keratinized and non-keratinized lining existing within the oral cavity [60].
In the stratum granulosum keratinocytes differentiate into nonvital surface cells or squames
which lead to the formation of stratum corneum. Fully keratinized epithelial cells, that is
stratum corneum, are located upon the mucus layer [55]. Furthermore the lipid composition
varies depending upon the keratinization profile and functions as main permeation barrier
(3.4.3). The oral cavity represents three different types of mucosae, namely the masticatory,
lining and specialized mucosa [61]. The masticatory mucosa comprises the hard palate and
gums whereas the specialized mucosa describes the dorsal surface of the tongue, which is a
keratinized epithelium. The lining mucosa comprises non-keratinized epithelia which is one of
the reasons that sublingual (under the tongue and on the floor of the mouth) and buccal
tissue (located on the inner lining of the cheek) are the most utilized for drug administration
within the oral cavity [34]. Additionally the soft palatal comprises also a non-keratinized
mucosa [55] (Figure 3). In simplified terms, more flexible and soft tissues are typically non-

keratinized epithelia.
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Figure 3: The oral cavity displaying regions occupied by masticatory, lining and specialized mucosa.
Reproduced from Ref [62].

Another important aspect in the oral cavity is saliva itself. First and foremost its main role is
to lubricate the oral cavity. Lubrication assists at swallowing, movement of food and
speaking. Saliva also helps to maintain the integrity of teeth, digest carbohydrates and
maintain the oral pH which is essential for enzymatic activity [58, 63, 64]. The mucus / saliva
layer purpose is also to concentrate secretory immunoglobulins and reduce the attachment
of microorganisms [7]. There are three major salivary glands (parotid, submandibular (also
referred to as submaxillary) and sublingual) and minor salivary or buccal glands secreting
saliva and mucus [63]. Under unstimulated conditions the glands contribute as follows to the
total salivary secretion: 65 - 70% submandibular, 20% parotid, 7 - 8% sublingual and < 10%
minor salivary glands [65]. This contribution changes greatly upon salivary flow stimulation

with parotid glands contributing over 50% [65].

Saliva consists mainly of water (95 - 99% (w/w)) and only 1% of organic and inorganic
materials which includes enzymes (e.g. lysozyme), immunoglobulines, inorganic salts, lipids
and mucus (glycoproteins) [66—68]. Saliva is also rich in electrolytes, namely potassium,
bicarbonate, calcium, phosphorous, chloride, thiocyanate, urea and sodium) [67, 69]. Its
composition is highly influenced by its flow rate which on the other hand depends upon four
factors: the time of day, the type of stimulus (type of food, smell and taste), the duration as
well as the degree of stimulation [57, 64, 65, 70]. Other factors influencing the compaosition
and saliva flow are medications, type of secretion, relative contribution of salivary glands,

physical exercise, systemic diseases, nutritional deficiencies, etc [65]. Under normal
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physiological conditions the flow rate of the total whole saliva varies between 1 and 2 mL/min
[71]. The total daily saliva volume is in the range of 0.5 - 2L with 1.1 mL being constantly
present in the mouth which in comparison to the GIT is a very low volume [70, 72]. This
aspect is particularly important for in vitro drug release studies which at this point are not
clearly defined by the European Pharmacopoeia and are considered a challenge [50, 73, 74].
At a high flow rate sodium and bicarbonate are less absorbed, consequently their
concentrations and saliva pH increase [64]. Moreover saliva functions as a weak buffer in the
pH range of 5.5 - 7.0. At rested state saliva’s pH is slightly acidic (6.6) and increases up to
7.4 [75]. Dispatrities in saliva pH are due to different methodology determining the pH as well
as the flow rate occurring while testing [64, 66].

3.4.2 Mechanism of oromucosal drug transport (e.g. buccal drug delivery)

Permeation through the membrane of the oral mucosa is driven by passive diffusion, carrier-
mediated diffusion, active transport and pinocytosis or endocytosis [66]. Passive diffusion
can be subdivided into paracellular and transcellular transport. The mechanism of transport
is impacted by the drug’s lipophilicity. While some hydrophilic molecules are delivered
through the buccal mucosa by a carrier-mediated transport [76], the main role is associated
with passive diffusion. Paracellular describes the transport between the cells whereas
transcellular refers to an intracellular route in which molecules are crossing the cell
membrane and enter the cells [55, 66] (Figure 4). Consequently hydrophilic compounds are
thought to permeate the buccal mucosa via the paraceullar route since those molecules are
more soluble in aqueous fluids which are located in intercellular spaces [55, 77]. Hydrophilic
molecules have to pass through tight junctions which block intracellular gaps [69]. It is a
general consensus in the literature that both routes coexist but each drug prefers the route

that offers less resistance [79].

PARACELLULAR TRANSCELLULAR

Figure 4: Passive diffusion through the oral mucosa (e.g. buccal mucosa). Paracellular transport describes
the transfer of a molecule between cells. In transcellular transport a molecule travels across cell membranes,
entering cells. Both routes can coexist and are driven by passive diffusion. Reproduced from Ref [34].
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Finally if a molecule manages to permeate through the buccal mucosa and overcomes all
potential barriers (3.4.3) it enters the connective tissue which contains a network of
capillaries and drains directly into the jugular vein [80]. Molecules are subsequently delivered
to the systemic circulation by avoiding the first pass metabolism [54].

3.4.3 Permeation barriers of oromucosal drug delivery (e.g. buccal drug delivery)
Studies on dextran 4,000 and benzylamine across rabbit buccal mucosa and amphetamine
across dog buccal mucosa demonstrated a presence of permeability barriers. The obtained
range however is still considered to be 4 - 4,000 times more permeable than the skin [55, 81]
but less permeable than the intestine [9, 82, 83]. Additional studies compared the oral
mucosa to the skin in terms of its permeability and reached similar conclusions [84, 85].
From a physiological point of view the biggest barriers in the buccal drug delivery are
intercellular lipids and to some extent saliva, mucus and enzymatic degradation [55, 64]. The
lack of stratum corneum (the major barrier of absorption across the skin) in the buccal
mucosa is considered to play a major part in those conclusions. However it is not the
keratinisation level of the epithelia itself that functions as the main permeation barrier [86,
87]. So called membrane-coating granules (MCGs) are thought to be primarily responsible
[55, 62]. MCGs, spherical or oval shaped with a diameter of 100 - 300 nm, are located in the
upper part of the prickle layer (stratum spinosum) [88] of nearly all stratified epithelia [89-91]
(Figure 5).

Superficial
Layer g

Layer

.........

Layer

Figure 5: Keratinized (A) and non-keratinized epithelia (B). Both epithelia contain all four morphological layers
and display membrane-coating granules (MCGs). A: Keratinized epithelium contains the basal layer (stratum
basale), prickle cell layer (stratum spinosum), granular layer (stratum granulosum) and keratinized layer (stratum
corneum). B: Non-keratinized epithelium contains the basal layer, prickle cell layer, intermediate layer and
superficial layer. Reproduced from Ref [92].

During differentiation MCGs move from the prickle layer towards the superficial layer. When
they reach the upper third quarter of the epithelium (superficial layer) their lipid content is
discharged into intercellular spaces, a process driven by exocytosis [60]. MCG membranes

are then fused with cell membranes [62, 93]. It is precisely this discharged intercellular
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material which is considered the primary permeation barrier of oromucosal drug delivery for
various compounds [63, 66, 94]. Permeability studies using topically and subepithelially
applied tracers demonstrated that the presents of MCGs in the superficial membrane is the
determining factor for penetration. When applied topically the tracers did not penetrate
beyond the first 1 to 3 cell layers whereas subepithelially applied tracers reached the prickle
cell layer [62, 87, 95, 96]. MCGs are present in keratinized and non-keratinized epithelia [89,
97, 98] and the same results were observed with both epithelia, which led to the conclusion
that the keratinization level in itself is not believed to be a major penetration barrier [62, 87,
99]. These results are particularly interesting as a study by Tavakoli-Saberi et al confirmed
that only the outermost layer of the epithelium present a barrier for permeation [100]. The
presence of MCGs is not dependent on the keratinization level but their quantity depends on
the body region and also differs within sites of keratinized and non- keratinized epithelia [62,
101].

Moreover MCGs in keratinized and non-keratinized epithelia contain a different lipid
composition which explains the disparity in intercellular lipid properties present in these
epithelia. While keratinized epithelia contain neutral lipids (ceramides and acylceramides),
non-keratinized epithelia contain only small amounts of ceramides and mostly neutral polar
lipids (cholesterol sulphate and glucosyl ceramides) [102-104]. Therefore keratinized
epithelia are known to be less water permeable than non-keratinized epithelia [103].
Additionally these epithelia are also distinguished by their histological properties. Keratinized
epithelia comprise flat superficial cells in their keratinized layer (stratum corneum) which
devoid organelles [55]. Superfical cells in non-kertanized epithelia are less flattened and
retain some cytoplasmic function as well as their nuclei [55]. Furthermore in non-keratinized
epithelia lipids are structured in a more amorphous like state with occasional short stacks of
lipid lamellae [105]. This configuration provides less of a barrier to the diffusion of molecules
[34]. In keratinized mucosa lipids are aligned in a ordered, lemellar state, which hinders the
possibility to diffuse through the membrane [34, 80, 105]. In essence non-keratinized
epithelia have a better permeability due to the absence of organized lipid lamellae in its
intercellular spaces [60]. Additionally the intracellular lamellae is thought to play a relevant

role in the drug permeability through the human buccal mucosa [106].

The enzymatic activity in the oral cavity is described as moderate [63] but has to be taken
into consideration. It is especially important for drug delivery of macromolecules as they
might be converted into their inactive form [107-109]. For small molecules enzymatic
degradation is considered less of a challenge. However, there is a variety of enzymes active
in the oral cavity, namely esterases (mainly carboxylesterases) [110-116], carbohydrases

and phosphatases but it does virtually not contain any proteases [34, 63, 117]. Moreover
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studies could not determine any endopeptidases and carboxypeptidases [79] as well as no
dipeptidyl peptidase IV activity in porcine buccal mucosa [118]. Proteases, namely trypsin,
chymotrypsin and pepsin are responsible for enzymatic degradation of macromolecules via
oral route. Due to the enzymatic composition in the oral cavity ester groups in APIs are a
concern. Esterase activity is positively correlated with the pH and is at its highest after fasting
and decreases postprandial [119]. Saliva also contains a-amylase, lysozyme and lingual
lipase [69]. a-amylase breaks 1-4 glycosidic bonds, lysozyme breaks bacterial cell walls and
functions as a general protective barrier whereas lingual lipase breaks down fats. Saliva
composition is also influenced by diseases and age [67]. Additionally during permeation the
drug is exposed to enzymes located within the cytosol, membrane and intercellular [34, 79,
120]. Aminopeptidases are thought to have the biggest impact in buccal drug delivery [63,
79, 118, 121]. These enzymes are divided into aminopeptidase N and A which are plasma
membrane-bound peptidases and aminopeptidase B which is a cytosolic enzyme [108, 122].
Those enzymes are thought to be able to convert macromolecules into its inactive form
resulting in low bioavailability. Examples are insulin, proinsulin, enkephalin analogues,
thyrotropin realising hormone, calcitonin and substance P [34]. Additional research has to be
conducted in order to determine if degradation occurred due to intracellular or extracellular
action [34]. Some papers suggest peptides and proteins are most likely not affected by
intracellular enzymes if their primary absorption route is paracellularly. Due to the potential
degradation enzyme inhibitors are an important factor to consider during formulation design.
Since enzymes are substrate specific its degradation property on a given API has to be
carried out in in vitro and in vivo experiments which again is particularly important for peptide
and protein delivery [34]. Within the buccal mucosa enzymes are differentially distributed
between the mucus, epithelium and the connective tissue which presents a task for
permeability studies. Particularly intraindividual and interindividual differences between dogs,
rats, guinea-pigs and rabbits in enzyme activities are important aspects in the selection of a

suitable animal model [123].

Finally the APl may bind specifically or non-specifically to the mucus layer which is yet
another permeation barrier. A high molecular weight mucin called MG1 comprises disulfide-
linked subunits which are responsible for its ability to adhere to the surface of the oral

epithelium. This layer itself acts as a physical barrier [124].
3.5 Physiological and pharmaceutical considerations

3.5.1 Selection of site of administration and dosage form
As described above there are a lot of permeability barriers involved in oromucosal drug
delivery which have to be considered carefully to justify the selection of an API, polymer, type

of dosage form and site of administration. Mucosa and drug properties are key aspects in the
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formulation design of oromucosal drug delivery [55, 63]. Key mucosa properties include the
keratinization level, mucosa thickness, mucus turnover time, surface area, residence time,
blood flow, enzymatic activity and its overall permeability. Main drug properties include the
partition coefficient (P), molecular size and its ionization state.

The biggest benefit of conventional routes like buccal and sublingual administration lies in
the potential to bypass the Gl tract which provides several advantages, mainly increasing the
bioavailability. This is a consequence of avoiding the first pass metabolism, presystemic
elimination (enzymatic degradation) and/or the harsh acidic environment in the stomach
(chemical degradation). In general this is relevant to drugs reaching low bioavailability when
administered orally [88]. Due to higher bioavailability lower drug load might be required which
in turn can reduce possible side effects. Finally possible Gl irritation by drugs can be
circumvented. The oral mucosa is highly vascularised and its blood flow rate is considered
substantial and not a rate-limiting factor for the absorption [63]. In particular the buccal
mucosa contains a blood flow of 2.4 mL/min/cm? which is higher than the blood flow of the
sublingual mucosa with 1.0 mL/min/cm? [72]. The buccal mucosa distinguishes itself due to
its higher surface area [51] and thickness [125] in comparison to the other oral mucosae [63].
Moreover it is quite robust and not nearly as mobile as other mucosae which is particularly
important if a systemic effect through the oral mucosa or a local effect is desirable as both
require a longer residence time [55, 79]. Its thickness results in a lower onset of action,
intermediate permeability and makes it less prone to irritations which suits this route of
administration for a controlled / sustained release formulation as well as the potential to
administer macromolecules like peptides and proteins [34]. This is based on the migration of
cell layers from the basal layer to the superficial layer which protects the underlying tissue
against fluid loss and more importantly xenobiotics [34, 60, 80]. Administration to the buccal
mucosa is generally highly accepted by patients due to its ease of accessibility, robustness,
convenient administration and small number of Langerhans cells which potentially lower the
risk of immune responses caused by allergens [41, 53]. Especially for oromucosal films its
large surface area and more importantly its moist environment which allows rapid wetting,
underline the buccal mucosa as a perfect route of administration [7]. It is worth noting that
sublingual and buccal are the most utilized routes of administration of oromucosal drug
delivery. The permeability within the oral cavity is ranked as follows:
sublingual>buccal>palatal [53, 92, 126].

The sublingual mucosa is thinner and therefore more permeable which leads to a fast
absorption and higher bioavailability. Therefore sublingual administration is desirable for
smaller molecular weight APIs which require an immediate onset of action (e.g. glyceryl

trinitrate) [55]. The soft palatal provides a lot of advantages too, and therefore represents
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another attractive route [53]. One disadvantage of soft palatal drug delivery is its location.
Administration of films potentially lead to discomfort for the patient as it is located deep inside
the oral cavity, close to the uvular. Moreover it is difficult to find an area with a mucosal layer
that enables bioadhesion and its permeability which is characterized as poor. Moreover
buccal and sublingual routes are more thoroughly researched than gingival and hard palatal
drug delivery [72]. Other challenges to overcome in oromucosal drug delivery include saliva,
enzymatic acitivity and salivary mucin as they all affect the dosage form [127].

The biggest disadvantage associated with buccal drug delivery is the low flux which might
result in low drug bioavailibility [122]. The cellular turnover in the buccal mucosa is slower (4
- 14 days [128]) than in the GIT but faster than the skin [129]. In theory this allows dosage
forms to adhere at the site of action for a longer time [34] and more importantly makes the
mucosa less susceptible to damage or irritation [41, 79]. However the duration of
bioadhesion is largely affected by the short turnover time of the mucus layer [79] (12 - 24 h in
humans [130], 47 - 270 min in rats [131]). Additionally a change in the pH value in the oral
cavity which causes changes in the chemical composition of the polymer could eventually
lead to a loss of mucoadhesion [66]. As previously mentioned the buccal mucosa is relatively
immobile which is favourable as normal functions such as swallowing, talking, eating and
drinking present already a task in hand for the residence time [66]. Therefore a specific time
span is often recommended [132]. According to the literature buccal patches were reported
to be administered for a maximum of 4 - 6 h [133] or 5 - 6 h [134] for general oromucosal
drug delivery due to patients behaviours like eating, drinking, etc. Possible irritations or other
inconveniences to the patient have to be thouroghly observed. The saturated solution of the
film formulation should have a pH in the range of 5 to 9, so that the final film does not irritate

the skin (Table 1). Film surface pH values < pH 4 or > pH 8 might cause irritations [135-137].

One of the key aspects in order to achieve a systemic effect is the residence time which is
highly affected by the saliva flushing effects. As the name suggests saliva could potentially
displace and/or completely detach the dosage form which could lead to involutary swallowing
[138]. Additionally the saliva can dilute the drug concentration and will essentially reach the
Gl tract which would lead to very complex pharmacokinetic profiles [139]. This process is
often refered to as saliva-wash-out effect [63]. This is yet another reason to favour the buccal
over sublingual epithelium when longer residence times are required as the latter is
constantly washed by a considerable volume of saliva [140]. To avoid this effect altogether
multilayer mucoadhesive films with non dispersible backing layer can be used [3]. These
films offer the advantage of protecting the drug loaded layer from saliva and provide an

unidirectional release into the oral mucosa. To summarize in short, within the oral cavity the
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buccal mucosa is generally the route of choice seeking a local or systemic effect through the

oral mucosa and/or a controlled release.

3.5.2 Selection of drug and polymer

The selection of API is especially critical for numerous reasons which are discussed in this
section. In that regard clonidine hydrochloride (from now on nhamed clonidine) was chosen as
APl and compared to recommended physiochemical drug properties for oromucosal drug
delivery systems (Table 1).

The molecular weight of an APl is a very critical aspect as the rate of absorption is a function
of molecular size [55]. According to the literature the buccal epithelium’s molecular weight
cut-off lies at around 500 - 1000 Da [35]. These aspects highlight the importance of
formulation design and more specifically for permeation enhancers. Harris et al. [55] suggest
that small molecules < 75 - 100 Da are capable of crossing the mucosa rapidly. Due to the
molecular weight cut-off of the buccal mucosa literature recommendations are a molecular
weight < 500 Da. Bioavailability of APIs decreases heavily if molecular weight increases
beyond 700 Da [141-144]. As discussed earlier transport might take place trans- or
paracellular depending upon its lipophilicity or hydrophilicity, respectively. The paracellular
route is thought to be restricted to small molecular weight APIs (< 200 Da) [141-144].
Camenisch et al. [145] estimated this particular molecular weight restriction to be even less
than 100 - 200 Da. This is based on the limited space of 10 and 30 - 50 Angstrém which
hinders large molecules to permeate via the paracellular route [38]. It is a general agreement
that most macromolecules show a more hydrophilic nature [36, 37, 141, 142] which favours
the paracellular route. This permability obstacle highlights one of many difficulties for

formulation scientist dealing with oromucosal drug delivery of macromolecules [36—38].

Secondly the lipophilicity, often expressed as logP or P, impacts the permeability. Due to the
lipophilic nature of the phospholipid bilayer an ideal drug should possess high P values [146].
Furthermore Becket et al. found a positive correlation between P and the buccal absorption
[147] and according to the literature P values in the range of 40 — 2,000 [148] or 10 — 1,000
are desirable.
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Table 1: Recommended physiochemical drug properties for oromucosal drug delivery systems. Modified
from Ref [149]. *Recommendations exclusively for buccal administration.

Formulation Recommended range Clonidine HCI

considerations [35, 64, 70, 148, 150—153] [154-157]

Aqueous solubility > 0.1% wiv 7.7% wiv

Lipophilicity, Partition 10 - 1000 or 40 - 2000* 38.9 (logP: 1.59)

coefficient (P)

Molecular weight < 500 Da or 500 - 1000 Da* 266.6 Da

Melting point < 200°C 305°C

pH of saturated agueous pH5-9o0r 7.0 £1.5* 4.0-5.0

solution (2% wi/v chitosan: pH
4.3)

Required dose deliverable <10 mg/day and < 30 90 pg/film

mg/film
pKa 29.0 8.2

The third major aspect of drug properties is its ionization degree which is dependent upon
the pH as shown below by the Henderson-Hasselbalch equation ((1) and (2)). Handerson-
Hasselbalch equations are used to calculate the ratio of ionized and non-ionized species at

certain pH values [158].

B [A7]

pH = pK, + logy, [HA] (1)
B [B]

pH = pK; + logyo BHY] )

HA and A" describe the non-ionized and ionized species of a weak acidic drug, respectively.
B and BH" are the non-ionized and ionized species of a weak basic drug, respectively. pK is
the negative logarithm of the acid dissociation (or ionization) constant K,. The pK, value
describes the acidic strength of a given molecule in solution. pK, can also be used to

calculate the protonation of weak bases.

The permeability is at its highest if the molecule is in its unionized state. This is based on the
fact that drugs in their non-ionized state exhibit greater lipid solubility which is particularly
important for the transcellular route [159]. It is assumed that molecules which are slightly
more hydrophobic but contain both a hydrophobic and hydrophilic nature (amphiphilic)

permeate the fastest [54]. As previously mentioned, at rested state the pH of saliva is known
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to be in the range of 6.6 and increases up to 7.4. If the pH is two pH units away from a drug’s
pK, the molecule is almost completely ionized or non-ionized [160]. Assuming the pH of
saliva is located at an average of 7.0 a pK, value of < 5.0 for weak acidic drugs or = 9.0 for
weak basic drugs would be desirable as the molecule would appear in an unionized state
[88]. It is worth noting that the pH is also likely to change during permeation. The solubility
limit according to Rathbone et al. [88] is > 1 mg/mL. In conclusion the pH at the absorption
site and, the dosage form and the choice of pK, of a drug are absolutely key considerations

for formulation design.

3.5.2.1 Clonidine as post-operative sedative and pain medication

Pediatric patient are widely regarded as a heterogenic and vulnerable patient population
represented by the lack of approved formulations. In that regard clonidine is particularly
interesting as it was listed in 2012 by the EMA in their ‘Revised Priority List’ [161].

Clonidine hydrochloride (Figure 6) is mainly used to treat hypertension by stimulating a2
adrenergic receptors in the brain. The a2 agonist lowers the blood pressure by decreasing
the cardiac output and peripheral vascular resistance. More specifically it has a high
selectivity towards presynaptic a2 receptors which lower calcium levels and inhibit
catecholamine release (especially noradrenalin) into the adrenal medulla. This negative
feedback loop is responsible for a lower heart rate and blood pressure [162]. It has also been
proposed that clonidine binding the imidazoline receptor |, lowers blood pressure via the

sympathoinhibition of imidazolines [163].

Cl

H x HCI

g

NH

N

Cl

Figure 6: Chemical structure of clonidine hydrochloride.

Clonidine was also reported to cause several side effects including sedation, anxiolysis and
maintaining hemodynamic stability during stress [164]. These effects are based on a,
agonists acting through the central nervous system [165]. Its mild sedative and analgesic

properties are particularly beneficial as pre- and postanesthetic medication, in both paediatric
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patients and adults [166—170]. While all these properties are the basis of an ideal pre- and
postanesthetic medication [164] these indications are restricted to off-label use as there is no
licensed age appropriate oral dosage form for this particular purpose.

Other off-label uses in children include treatment of sleep disturbance, aggression and
attention-deficit hyperactivity disorder (ADHD) in children [171]. These indications are most
likely based on clonidine’s ability to bind to postsynaptic a,, adrenergic receptors [172].
Overall available pharmaceutical products of clonidine are not appropriate for paediatric
patients. The required dosage for regional anaesthesia and post-operative analgesia in
children aged 5 years-old (18 kg) has been proven successfully at a minimum of 18 pug and
maximum of 90 ug per dosage form (1 - 5 pg/kg) [173, 174]. Clonidine is available in
numerous dosage forms such as tablets, extended-release tablets (as base), suspensions
(as base), tansdermal patches and injectables to be administered i.m., i.v., or epidurally
(Table 2). The need for an oromucosal clonidine film for paediatric patients has been
previously addressed in studies on different dosage forms including lollipops, orally-
disintegrating tablets [175] and sublingual tablets [164].

Table 2: Available dosage forms of clonidine in the US, Europe and UK.

Dosage forms Indication US Europe UK
Eye drops Elevated intraocular pressure X X
Tablets tI\]/Iigraine and recurrent vascular X X X
eadache
!njectaples e Treatment hypertensive crises X X X
i.m, epidurally)
Transdermal film Hypertension X
Suspension,
extented release Hypertension X
(base)
Tablets, extented H tensi X
release (base) ypertension
Transdermal film
extented release Hypertension X
(base)
Phase Il clinical
Buccal tablet Mucositis

trial

Above all clonindine’s mechanism of action as agonist of a, adrenergic receptors in the brain

reduces the pro-inflammatory mechanism and releases an anti-inflammatory cytokine [176].
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In particular NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) activation
has been reduced by topically applied clonidine [177]. In a phase Il randomized trial Giralt et
al. administered 50 and 100 pg clonidine lauriad buccal tablets (Validive®) to prevent severe
radiomucositis caused by chemoradiation therapy in head and neck cancer patients [177].
The treatment strongly reduced severe oral mucositis and was tolerated by patients. This
study reinforces the need of an oromucosal film aiming for a local effect as buccal tablets
were administered for a duration of at least 6 hours. Severe mucositis is accompanied by
pain and mouth dryness, preventing patients from drinking and eating which often leads to
treatment breaks and longer hospitalization [176]. Besides evidence suggests that cancer
patients undergoing chemotherapy experience adverse affects on food liking and appetite
changes [178-181]. These inconveniences are often accompanied by dysphagia, nausea
and vomiting. Those symptoms raise the demand of an easy to swallow oral dosage form.
The developed oromucosal film in this study fulfills this requirement as clonidine is known to
treat post-operative pain and vomiting [175]. From a chemical point of view, clonidine is a
well suited API for oromucosal drug delivery [148, 149]. Moreover when administered orally
its bioavailability has been reported in the range of 75 to 88% [164] making it also well suited

for orodispersible films as developed in a previous study [174].

3.5.2.2 Chitosan as film forming polymer

Chitosan (poly [B-(1-4)-2amino-2-deoxy-D-glucopyranose) is undoubtedly one of the most
investigated polymers for the development of oromucosal films. Chitosan (Figure 7) is a
natural product as it is derived from chitin using deacetylation. Its molecular weight (MW)
ranges from 3800 to 2,000,000 with a degree of deacetylation (DD) of 66 to 95%. There are
also different types of salts available including acetate, citrate, glutamate, hydrochloride and
lactate [41, 182, 183]. Chitosan has been used as a film forming polymer due to its high
mucoadhesiveness, low price, suitability for chemical modification, biocompatibility,
biodegradability, low toxicity, antimicrobial activity and most importantly its water insolubility
[184, 185]. Due to its pk, value of ~ 6.3 chitosan is insoluble in aqueous solution [63]. Its high
mucoadhesive force is based on interactions of its primary amino groups and the negative
functional groups of mucus or epithelial cells [189]. Thiolated chitosan, often referred to as
second generation polymer, functions also as a penetration enhancer because it is often
used to enhance the delivery or larger molecules across the buccal mucosa [34]. As
polymers are widely considered not be absorbed into the systemic circulation from the oral
cavity, multifunctional polymers are generally regarded as more popular than distinct
excipients [34]. Overall while being often used in combination with polycarbophil and/or
hydroxypropyl methylcellulose (HPMC) it possess excellent film forming properties on its

own, making it a polymer of choice for oromucosal film preparations [3].
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Figure 7: Chemical structure of partly deacetylated chitosan. R = H or CH3CO.

3.6 Theory of used methods

3.6.1 Solvent casting

Solvent casting is the most utilized technique for OTF preparation in research. Alternatives
are hot melt extrusion and 3D printing [6]. Solvent casting is an easy technique which does
not require specialized equipment. The biggest problems concerning solvent casting are long
processing times and thickness fluctuations due to surface tension and other aspects which

are addressed below in this study.

3.6.2 Rheology

Rheology is the study of flow and deformation of materials exhibiting solid and fluid
characteristics. Flow describes continuous deformation of a material in response to force
[190]. Viscosity is the measure for internal friction of a liquid resisting to flow. In other words
viscosity can be described as a tendency to flow [190]. Viscosity measurements are done
using p rheometers. By plotting shear stress (Pa) as a function of shear rate (1/s) different
types of viscous behaviour can be determined. If a material’s viscosity is independent of
strain rate it can be characterized as a Newtonian fluid. Its viscosity coefficient n is constant
and often denoted with y. The majority of materials though display non-newtonian behaviour
which changes upon strain rate. Non-newtonian fluids are subdivided into pseudoplastic,
dilatants and Bingham plastic materials. An effect called “shear-thinning” obtained by
pseudoplastic fluids describes a decrease in viscosity upon an increase in shear strain.
Dilatant fluids obtain “shear-thickening” which is characterized by an increase in viscosity
upon an increase in shear strain. Both fluids do not show a direct proportional correlation
between viscosity and shear stress. Bingham plastics are interestingly because their
behavior at low stresses is similar to a solid whereas at high stresses it behaves as viscous
fluid. Therefore a certain yield stress has to be exceeded so that flow occurs. The flow
typically follows a Newtonian behavior. Another interesting behavior can be seen in

thixotropic materials in which viscosity decreases over time at constant shear rate [191].
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Viscosity is of high importance in pharmaceutical sciences as it influences the spreading
property of ointments, physical stability of suspensions, sedimentation in suppositories, etc.
In oromucosal film formulation the viscosity of casting solution is a key aspect as it highly
influences the feasibility of developing films [6]. Moreover viscosity influences the uniformity
of content greatly [6].

3.6.3 Scanning electron microscope (SEM)

SEM provides high-resolution images with a wide range of magnifications. A thermionic
cathode is heated up by high electric current. Electrons are accelerated into a high vacuum
due to a strong electric field between cathode and anode. The beam consisting of primary
electrons is focused by an electromagnetic lens and subsequently hits a small spot on the
specimen’s surface. The narrow beam allows for three-dimensional appearance. So called
secondary electrons of the specimen are knocked out and measured by a secondary
electron detector. A high number of secondary electrons lead to a bright image point while a
low number leads to a dark image point. A raster scan generator guides the electron beam.
Essentially upon deflection of the beam in x and y axes, surfaces are scanned in a raster

fashion providing high resolution images [192].

3.6.4 Invitro disintegration and drug release studies (dissolution test)

For oromucosal films a disintegration test can be applied to verify its insolubility although it is
not a prerequisite. Increase in size due to surface wetting can be observed as well.
Authorities have updated their respective guidelines due to the vastly rising interest on OTFs.
However to this day disintegration and dissolution tests are still not clearly defined nor
address some concerns regarding the lack in biorelevance [46, 50]. Disintegration is used to
verify solubility of orodispersible films. Films are visually observed until the beginning of
breakage which is generally defined as time point where the film starts to break as measured
by several studies [49, 193]. According to Ph. Eur. monograph ODTs require disintegration
times < 180 s [194]. FDA define disintegration times < 60 s [195]. Generally disintegration as
fast as possible is desirable [46] but its inverse relationship with mechanical properties have
to be considered [196]. Disintegration times within 5 to 30 s for ODFs have been reported
[197]. Since disintegration time requirements for ODTs have been set at 30 [195] and 180 s
[194], these criteria have been adopted for ODFs to differentiate between fast, intermediate

and slow dissolving films [3].

Firstly there is no clearly defined disintegration or dissolution medium for oromucosal film
preparations. To simulate saliva which has a pH range of 6.6 to 7.4 [75], media with
comparable pH values should be used. Based on saliva’s composition distilled water is the
most used disintegration medium [46]. Fluctuations of water pH due to carbon dioxide have

to be observed though. Another popular medium is simulated saliva solution at an adjusted
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pH of 6.75 [198] containing Na,HPO,, KH,PO, and NaCl. Phosphate buffer pH 6.0 is defined
as dissolution medium for medical chewing gums and has been used for OTFs as well [46].
While the temperature should be set to 37 + 1°C the volume is another critical value. Only
1.1 mL of saliva are constantly present in the mouth. Besides low volumes, saliva contains
enzymes [66—68] which might affect disintegration time as well. Disintegration tests have
been adapted specifically for OTFs known as slide frame and petri dish method [49, 199].
Several other disintegration tests have been reported as well [46]. Moreover contact angle
measurements and thermomechanical analysis of swelling behaviour have been
implemented due to unsatisfying relevance of disintegration tests [46, 200]. Tongue
movements, pressure and humidity are additional aspects which confirm difficulties for
biorelevant in vitro tests. Generally, it can be argued that results obtained from in vitro
disintegration and dissolution tests are more relevant for preformulation studies and quality

control than for biorelevant purposes.

3.6.5 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

Basically in attenuated total reflection (ATR) pressure is applied to the sample using a clamp.
An IR beam is directed through a crystal of high refractive index [201]. This accessory of
FTIR allows direct sample measurements and does not require specific sample preparation.
Generally in Fourier transform spectroscopy a beam containing different frequencies of light
is used. The IR beam is also modified in order to obtain different frequencies. One essential
part of any FTIR is its interferometer, the Michelson interferometer being the most used one
[202]. The IR beam is sent to an interferometer which splits the light into two beams and
leads them to different directions. The two light beams are recombined into one and then
leave the interferometer. An interferometer contains, among other parts, a collimating mirror
and beamsplitter [203]. The collimating mirror causes light in parallel rays. A beamsplitter
transmits and reflects light - transmitted light travels to a fixed mirror while reflected light is
directed to a moving one. The ladder leads to differences in length in comparison to the
stationary mirror. Free movement at a constant velocity of the mirror is critical as the
wavenumber depends on the mirror speed. Once these two light beams are directed back to
the interferometer their amplitudes will add together and form a single wave. In other words
these differences in length lead to a constructive and destructive interference which is
expressed in an interferogram [203]. The recombined IR light will eventually travel to the
sample which absorbs wavelengths characteristic for its properties. After interacting with the
sample light will reach the detector which reports energy variation over time for all
wavelengths. To obtain a spectrum of intensity (absorbance or % transmission) as a function
of frequency (cm™) mathematical functions named Fourier transform are applied. Spectra are
typically obtained in mid-infrared range (4000 to 400 cm™). The obtained spectrum contains

the wavenumber in cm™ on the x axes and either absorbance or transmission on the y axis.
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While both are used for qualitative analysis, absorbance must be used for quantitative
analysis since peaks are linearly proportional to concentration [202]. Overall FTIR provides
several advantages such as its fast and easy feasibility. Moreover it can be applied to nearly
all molecules, is relatively inexpensive, sensitive and the obtained spectra are rich in
information [204]. One disadvantage includes hydrogen bonds affecting peak widths and
therefore might overlap certain areas in the spectrum.

3.6.6 X-Ray powder diffraction (XRPD)

Typically diffractometers can be applied in two different ways. Either to determine spacing d
of various planes or to measure the radiation wavelength. The former is determined by
applying monochromatic X-rays of a given wavelength A and measuring 26. To measure the
wavelength, crystal planes of known spacing d are utilized [205]. Additionally XRPD can be
used to determine crystallize size, residual strain, orientation, twinning, etc. The basic
principles underlying this technique are quintessential differences in solid state properties of
materials and their behaviour to scatter X-rays. Solids can be crystalline, liquid crystalline or
amorphous. Crystallinity is characterized by its long-range order in all 3 dimensions. Liquid
crystallines possess long-range order in 3, 2 or 1 dimension whereas amorphous materials
do not exhibit long-range order at all. In other words atoms are periodically arranged in a 3
dimensional space forming lattice planes in crystals. In 3 dimensional spaces there are
essentially 14 possible crystal lattices (Bravais lattices). Atoms in amorphous materials on
the other hand are randomly distributed in all dimensions. Essentially depending upon these
differences, monochromatic X-rays are scattered in different ways. From a mathematical
point of view monochromatic X-rays are diffracted in specific angles of incidence which are
according to Bragg’s law. Constructive interference of X-rays scattered by atoms on all
planes form diffracted beams in a certain direction [205]. Therefore crystalline materials hit
by X-rays diffract these in distinct directions. This leads to high intensity in signals and gives
diffraction patterns. The latter provides information on the atomic arrangement within the
crystal. To put it another way different arrangements of atoms of chemically identical
materials can be distinguished due to differences in their diffraction pattern. Amorphous
materials do not produce diffraction patterns due to their lack of periodically arranged atoms
and broad scattering peaks are obtained instead. Scattered intensity is typically plotted as
function of 26. In crystalline materials typically almost no intensity is observed except for
certain angles providing sharp distinct peaks indicating diffracted beams. Amorphous

materials show a scattering curve containing usually one or two broad maxima [206].

Essential parts of a diffractometer include a X-ray tube, incident-beam optics, receiving-side
optics, goniometer, sample and its holder as well as the detector. X-rays are produced via

photoelectric effect using tungsten filament striking the target anode placed inside X-ray
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tubes. At this point X-rays consit of several wavelengths determined by the anode material
used. To eliminate unwanted wavelengths monochromators are used. Additionally B-filters
are utilized to reduce the intensity of K-a and K-f radiation. X-rays emitted from a X-ray tube
are conditioned by incident-beam optics. Then these X-rays hit the sample and are again
conditioned by receiving-side optics before counted by the detector. The goniometer is
basically the platform holding and moving several parts including the sample and detector.
The positions of the X-ray source and sample as well as the incident beam and detector are
key aspects in XRPD as the incident angle w and diffraction angle 26 are defined by the
position of these parts, respectively. Bragg-Brentano geometry is one of the most utilized
geometries in XRPD:

Disadvantages in XRPD include variations in particle size and orientation. Too small particle
sizes lead to broadering of peaks and may appear amorphous whereas large particle sizes
may cause non-random orientation. Plate- or needle-shaped particles may cause parallel
aligninment to the specimen axis. This increases the possibility for some planes to reflect X-
rays. To minimize this effect samples can be rotated. As with all analysis to decrease

statistical errors the scanning speed should be set to low speed.

3.6.7 Dynamic vapour sorption (DVS)

Dynamic vapour sorption uses varying vapour concentrations to measure how much solvent
is absorbed over a certain period of time. This is done by measuring changes in mass.
Samples are subjected to different concentrations of relative humidity for certain intervals.
DVS also allows to test desorption behaviour by decreasing relative humidity (RH) [207].
Moreover samples can be dried by applying 0% RH until constant weight is reached. This
has been used to determine initial water content [208]. Amorphous content can also be
determined using DVS [209]. Overall DVS is applied to understand hygroscopic behaviour of
samples which is especially important for stability and microbiological activity. Water content
or moisture is a very critical aspect in pharmaceutical sciences as water sorption is known to
affect crystallinity, storage modulus, melting temperature (Tr), glass transition temperature
(Ty), etc [210]. It is particularly important to analyze certain storage conditions and to
evaluate stability. Water content can be determined using several techniques such as TGA,
loss-on-dry, Karl-Fischer titration or Near-infrared reflectance spectroscopy [211]. The
biggest advantage of DVS over other techniques determining water content is the fact that it
allows evaluating maximum water sorption capacity under extreme RH conditions. This helps

setting and justifying certain specifications for storage conditions and stability studies [210].

3.6.8 Thermogravimetric analysis (TGA)
TGA, Karl-Fischer titration, etc have been used for measuring moisture levels in

pharmaceuticals. In addition, TGA predicts the thermal stability of materials, characterization
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of samples due to decomposition patterns and gives information of reaction kinetics, etc
[212]. In TGA the sample is placed inside a pan and weighed by a high precision balance.
Samples are then exposed to a temperature program and changes in mass are measured as
function of time (constant mass loss and/or constant temperature) or temperature (constant
heating rate) [213]. Temperature programs are controlled by a programmable furnace
equipped with a thermocouple to monitor the temperature. Moreover to obtain a stable
environment a purge gas (usually N,) with an optimized flow is used [212]. Essentially weight
loss is related to decomposition, evaporation, reduction and desorption. Weight gain is based
on oxidation and absorption. So called high resolution TGAs offer the advantage to
distinguish between bound and “free” surface water. A combination of DSC and TGA is
particularly insightful for thermal characterization of samples. A main disadvantage of TGA is
the fact that weight loss is affected by volatile solvents and moisture. Moreover drugs
sensitive to high temperatures are problematic as degradation occurs and does not allow

water content determination.

3.6.9 Modulated temperature differential scanning calorimetry (MTDSC)

DSC measures the heat flow that is required in order to increase the temperature of a
reference and sample. Measurements of both are done independently from one another. A
sample is placed inside a pan while an empty pan functions as reference. Both reference and
sample are placed each on a thermocouple inside a furnace. The temperature difference
between sample and reference is measured directly from the developed voltage of the pair.
The heat flow (dQ/dt) is given by (3).

dQ/dt = AT/R A3)

Q is heat, t stands for time, AT is the temperature difference between the pan and furnace
and R describes the thermal resistance of the heat path between the furnace and the pan
[212].

This equation demonstrates the direct correlation of temperatures differences measured
between sample and reference and their differences in heat flow as the sample is placed
inside the pan. Essentially changes in temperature and energy associated with thermal
events (melting, crystallisation, glass transition and decomposition) can be measured [212].
For instance melting is an endothermic phase transition absorbing heat and therefore
requiring more heat to increase its temperature than the reference. Differences in heat flow
allow for measurements of amounts of heat absorbed during melting. Therefore this
transition can be seen as distinct endothermic peak in DSC. The furnace is purged with an
inert gas (e.g. N,) to remove residual moisture or volatile compounds stemming from the

sample due to heating. This can influence the analysis and even damage the furnace [212].
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To measure heat flow and changes in heat capacity (C,) simultaneously, modulated
temperature differential scanning calorimetry (MTDSC) can be applied (4).

dQ/dt = Cp(dT/dt) + f(t, T) 4

f (t,T) is a function of time and temperature. This demonstrates the response associated with
chemical or physical transformations.

MTDSC describes a versatile extension of conventional DSC in which a sinusoidal
modulation is superimposed over the linear temperature ramp. Additional mathematical
procedures are applied which allow separation of different types of sample behaviour
(deconvolution) [212]. Heat capacity of a sample represents the required energy to increase
the sample temperate by 1 K. MTDSC allows the separation of total heat flow signal into heat
capacity and kinetic. In other words in a single MTDSC run three signals are obtained,
namely heat flow, reverse heat flow (heat capacity) and non-reverse heat flow (kinetic). The
glass transition temperature is obtained from the reversing heat flow [4]. Whereas
crystallization occurs from the non-reversing heat flow as it is a non-reversing process which
liberates heat. In conventional DSC sensitivity can be increased by higher heating rates
which in turn decrease the resolution. Heating rates are limited when using MTDSC to allow
enough modulations, to enable a separation of cycles and their underlying processes.
MTDSC offers high sensitivity due to low heating rates and large modulation amplitudes
without compromising resolution. Basically MTDSC offers a combination of high resolution
and high sensitivity. Therefore it is often used in pharmaceutical sciences to determine T,
[214, 215]. MTDSC has also been used to measure the effect of water content lowering the
T, of amorphous materials [216] It is worth noting that MTDSC requires an additional
calibration of heat capacity. This is usually done by measuring a material with a known heat

capacity (e.g. sapphire).

3.6.10 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic mechanical analysis (DMA) is mostly applied to study viscoelastic behaviour of
polymers as physical changes are usually accompanied by changes in mechanical modulus
[217]. Viscoelastic modulus of materials are measured over time, temperature and/or relative
humidity [217]. DMA has also been applied to quantify the rate of crystallisation in
amorphous materials using orodispersible films [217]. DMA measurements have been
described as study of relaxation of polymer chains [218] or changes in free volume of
polymers [219, 220]. In DMA materials, such as oromucosal films, will exhibit strain y or

deformation when applying stress [220]. The modulus of a material (its stiffness) depending
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on applied stress and temperature is measured. DMA results provide a complex modulus (or
dynamic modulus, E*), storage modulus (or elastic modulus, E’) and loss modulus (E”) [221].
These moduli allow to describes the material’s ability to lose (E”) and to return energy (E’). In
other words E” gives information on the elastic and E’ on the viscous behaviour of polymers

[220]. In simple terms, in DMA a sample’s response to an oscillating force is measured.

An interesting application of DMA, often abbreviated DMTA, allows for measurements of
glass transition temperatures. In DMTA the material’s dimension are measured, when
subjected to temperature and transitions. The basis of these measurements are changes in
the free volume of the polymer [220, 222]. At the T4 more energy is absorbed leading to an
expansion of the free volume of a polymer. This allows for greater chain mobility measured
by thermal expansion. Basically DMTA utilizes the fact that materials exceeding their T4 will
become rubbery due to an increase in viscosity and especially vast decrease in stiffness.
This results in a drastic decrease in E’ whereas E” reaches its maximum. T4 can be
determined in two different ways. Either measuring the signal maximum of tan & (quotient of
E’ and E”) [223] or by assessing the inflection point of E’ decrease [223]. For T,
determination of a sample measurements are done at a constant temperature ramp and its
modulus is measured as function of temperature. Ty is depending on both temperature and
strain rate. Essential parts of a DMA include an analytical train, furnace, heat sink,

thermocouple and clamps holding the sample.

3.6.11 High Performance Liquid Chromatography (HPLC)

Chromatography is one of the most utilized techniques in science. It comprises physical
techniques in which analytes are separated by their distribution between a stationary phase
and mobile phase. As the name high performance liquid chromatography (HPLC) suggests it
falls in the category of liquid chromatography. It can be further subdivided into column
chromatography and more precisely adsorptions chromatography [224]. In HPLC a stationary
phase is packed into a column hence its affiliation to column chromatography. Mobile phases
are pumped under high pressure (typically in the range of 50 to 400 bar) through the column
[224]. All components interact varyingly strong with the stationary phase and are
subsequently retained for different durations leading to variable retention times. Essentially
there are two methods of HPLC: normal phase (NP) and reversed phase (RP)
chromatography. These methods are characterized by different polarities of their columns. In
NP polar column materials are used such as silica, diol, cyanpropyl, etc. In this method
adsorption is based on polar interactions (hydrogen-bonding or dipole-dipole interaction)
between the permanent dipole of the column’s silanol group and dipole of analyte. A higher
polarity of an analyte leads to higher affinity and hence longer retention times. Mobile phases

used in NP are typically nonpolar such as pentan or hexan. If a stronger mobile phase is
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required more polar solvents such as chloroform, dichlormethan, propanol and methanol are
used. This leads to a stronger interaction between solvent and column in comparison to the

analyte and column.

RP is the counterpart to NP and characterized by nonpolar columns. Silica gel modified with
immobilised alkyl rests such as octadecyl (C18), octyl (C8), ethyl (C2), etc serve as
stationary phase. Adsorption is based on relatively weak Van-der-Waals interactions [225].
Separation is therefore strongly influenced by the used mobile phase. Typical polar mobile
phases are water, methanol and acetonitrile. If required stronger mobile phases such as
chloroform or more nonpolar solvents can be used. For both methods mobile phases can be
composed of a single or several components. Chromatographic separation can be
distinguished between isocratic and gradient separation. The ladder consists of a variable
mobile phase meaning its composition changes over time. As a result peaks are more
distinct and overall separation is better. This method is often used to find ideal conditions for
isocratic separation. It requires re-equilibration of the column which takes more time.
Isocratic separation is more efficient and the method of choice if separation is adequate. This
becomes increasingly difficult with a higher number of compounds. Independent of the
method samples are detected using evaporative light scattering detector (ELSD), UV-Vis
(ultraviolet-visible), IR (infrared) or MS (mass spectrometry), which are listed in ascending
order of selectivity. Most HPLC set ups for pharmaceuticals use an UV-Vis detector and

allow controllability of column temperature and sometimes autosampler.

Overall HPLC allows for qualitative and quantitative conclusions of samples. An adequate
separation of an analyte and interfering matrix is a prerequisite, reinforcing the importance of
an efficient separation method. Qualitative information requires a comparison between the
retention time of a known substance (standard) and analyte. Quantitative analysis is based
on a proportional correlation between injection volume and peak area. In other words
unknown sample amounts can be determined by a comparison to known concentrations.
Therefore calibration curves must be carried out primarily to confirm a linear relationship over
a certain concentration range. This relationship is termed “linear dynamic range” and
represents direct proportionality between the signal and concentration of analyte. If
calibration curves are carried over a wide concentration range they also allow determining
non-linear relationships called “analytical or dynamic range”. This range may include non-
linear response of concentration and signal changes especially observed at higher
concentrations [226]. Essentially it is expressed as the ratio of the maximum usable
indication and minimum usable indication (detection limit) [226]. Another interesting interval

is called “working or calibration range” which spans from the LOQ to deviation of sensitivity
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[227]. Overall calibration curves provide informative content, represented in LOQ and LOD
form of precision, accuracy and response function [228].

3.6.12 Scanning electron microscope - Energy-dispersive X-ray spectroscopy (SEM-
EDS)
SEM-EDS, sometimes also abbreviated EDX or XEDS, allows an elemental analysis of a
sample. Essentially electrons of each atom occupy certain electron shells labelled K, L, M, N,
O, P and Q (or 1 to 7) with each possessing discrete energy levels. Energy levels increase
from the innermost (K) to outermost (Q) shell. Electrons are capable of changing their energy
level upon excitation from a so called “ground or unexcited state” to an “excited state”. This
technique exploits this feature by treating samples with X-rays of coherent energy. The
created energy beam usually occupies a diameter of micro- or nanometers and ranges from
5 to 30 keV [192]. As a result, electrons from an inner shell may excite and get ejected
creating a hole in the shell. An electron from an outer shell (higher energy shell) will
essentially fill this hole. The energy difference between these shells will be released in form
of X-rays and detected by an energy-dispersive spectrometer (EDS). Energy differences of
two shells and therefore atom configurations are characteristic and allow for specific
elemental analysis. This technique is based on inelastic scattering of secondary electrons
[192]. EDS detection allows for quick, versatile and cheap analysis. Although quantification of
heavy metals can be measured without a standard, when analysing lighter elements such as
oxygen, standards for calibrations are required. Moreover topography and surface roughness
influence intensities. Therefore flat and polished samples are a prerequisite for high precision
and accuracy. Finally chemical analysis is carried out by sophisticated calculations of the

computer.

3.6.13 Transition temperature microscopy (TTM)

TTM describes an extension of localized thermal analysis (LTA) using a probe as in atomic
force microscopy (AFM) [229]. Its diameter of 13 um and resolution of up to 1 um allow for
site-specific thermal analysis which can be carried out over different sites of interests (SOIs).
This probe is applied to the sample’s surface and can be heated at a controlled rate.
Moreover a scanning voltage profile is applied and simultaneously monitors the probe
deflection. As the probe temperature increases the sample expands which is recorded by the
probe as upward deflection [230]. This continues until the material softens due to melting,
glass transition or degradation and therefore the probe penetrates deeper into the sample.
Once this downward deflection occurs the temperature is recorded, the probe stops, retracts
and moves on to the next measuring point. Once the temperature is cooled down to the start
temperature the next measurement begins. Measurements are taken in a grid pattern. In this

fashion TTM provides a live-map of the measurements taken and assigns colors to certain
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transition temperatures. This provides the possibility to essentially map the distribution of
drug within a dosage form or in a mixture with pharmaceutical additives. In the end all
measurements are displayed as a histogram with the number of measurements (y-axis)
versus the corresponding measured temperatures (x-axis). The mean value obtained can be
assigned as transition. When measuring several compounds TTM detects single and multi
phases. Single phases are indicated by a Gaussian distribution of the measured
temperatures displayed in the histogram. When analyzing mixtures results have to be
observed carefully as different concentrations will influence the results. Moreover TTM wiill
stop after measuring one transition, irrespective of whether or not several transitions occur.
Comparisons to obtained DSC data are difficult as the underlying principles of measuring a

transition temperature are completely different.
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4 Material and Methods

4.1 Preparation of oromucosal films

Oromucosal films were prepared using conventional solvent casting/evaporation method.
Drug loading of F1 was based on calculations for sedation of 5 year old patients with a
desired amount of 90 pg clonidine per film [174](Table 3). F2 contains 1200 pg clonidine per
film which corresponds to a theoretical concentration of 11.3% (w/w) in solid state. This film
was developed to ensure LOD and LOQ of several methodologies in this study are reached.
Drug free films are termed F3. To ensure API solubility calculated amount of clonidine
hydrochloride (Sigma, MO, USA) was stirred in 15 mL 1% (v/v) acetic acid (Fisher Scientific,
UK) for 60 min. 0.3 g chitosan was added to the solution. Chitosan with a molecular weight
(MW) of 100 - 300 kDa and a degree of deacetylation (DD) of = 90% (free amine groups))
was purchased from Acros organics (NJ, USA). The solution was stirred vigorously over
night. Centrifugation (Sigma 3-16KL) at 9500 rpm for 5 min was used in order to separate
chitosan impurities and expedite the removal of entrapped air bubbles. The whole solution
(15 mL) was then transferred into a polystyrene petri dish (diam. H 90 mm x 15 mm, vented)
and left to stand overnight at room temperature to remove entrapped air bubbles [231]. The
resultant solution was measured to have a pH of 4.4. Solvent casting was carried out on a
levelled hot plate (IKA® RH basic 2) at 40°C for 24 h at ambient temperature. All film
characterizations were performed immediately after solvent casting. Additional films were
packed in aluminium foil and stored in a climate chamber at 25°C and 60% RH according to

ICH guidelines for pharmaceuticals.

Table 3: Composition of the developed oromucosal clonidine films. F1 contains the desired drug load of 90
pg clonidine per film. F2, containing 1200 pg clonidine per film, was developed as standard for several methods.
F3 stands for the drug free film (placebo).

Composition of film

Formulation in i/olid state Clonidije (H9)
o (wiw) per film
Clonidine Chitosan
F1 0.9 99.1 90
F2 11.3 88.7 1200
F3 (placebo) - 100.0 -
4.2 Rheology

To measure the solution viscosity an AR 1000-N Rheolyst Rheometer (TA Instruments, UK

Ltd.) equipped with a 60 mm standard steel parallel plate was used. Experiments were
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conducted at a constant temperature of 25°C and 40°C. To avoid over and under filling 0.9
mL of solution was pipetted onto the rheometer plate. Experiments were carried out on at
least triplicates with a shear rate of 1 to 100 s™. Equipment was calibrated before usage.
Shear viscosity was calculated from the intercept obtained by plotting shear stress (Pa) as a
function of shear rate (1/s).

4.3 Preformulation studies

Films were visually examined for impurities, bubbles or any other surface irregularities. In
addition films were folded and compared in terms of their stickiness or brittleness. Thickness
measurements of 10 films were done at two points of each film and performed by using
Mercer Precision Dial Gauges (Type 130/8, 0.01 mm). Weight measurements of 10 films
were performed using an analytical balance (Mettler Toledo XS205). SEM analyses of films
were done using FEI Quanta 200 FEG ESEM. Films were arranged onto a 25 mm stub by
attachment with an adhesive carbon membrane. Films were coated with 25 nm of gold using

a Quorum sputter-coater.

4.4 Disintegration

Disintegration test was carried out using three different disintegration media with a volume of
15 mL, i.e. water (pH: 5.5), deionised water with a pH of 6.8 and a simulated saliva solution
[198]. The simulated saliva solution was made of Na,HPO, (2.38 g), KH,PO, (0.19 g) and
NaCl (8 g) in 1 L deionised water and the pH was adjusted to 6.75 using phosphoric acid
(Sigma-Aldrich, MO, USA). Films were placed centrally onto a glass petri dish with a
diameter of 7 cm and wetted with medium to prevent curling and in order to attach the film to
the petri dish. In all tests petri dishes were constantly shaken (100 times per min) and kept at
a temperature of 37 £ 1°C using a water bath (Fisher Scientific, UK). Films were visually

observed until breakage of film (n = 3).

4.5 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

ATR-FTIR studies were conducted to identify molecular interactions between clonidine and
chitosan using Perkin Elmer Spectrum™ 100 Optica FT-IR Spectrometer. Measurements
were undertaken on individual raw materials as well as each film formulation (F1, F2 and F3).
FTIR spectra were collected at a range of 4000 to 600 cm™ at ambient conditions. Each
sample (and background) was analyzed using: 64 scans with a resolution of 1 cm™. Spectra

were analyzed using Spectrum Express software (application version 1.02.00.0014, 2008).

4.6 X-Ray powder diffraction (XRPD)

XRPD was performed to analyze the physical state of various individual raw materials as well
as each film formulation (F1, F2 and F3). Rigaku MiniFlex 600 (RigaKu, UK) XRPD
instrument was used. Operated with Cu Ka radiation (A = 1.5418 A) at a voltage of 40 kV and
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a current of 15 mA. Data was collected with a step size of 0.01°, speed of 10°/min over a
range of 3 to 40° 28. Samples were placed onto circular sample holder which obtained no
background noise. Data was analyzed using Xpert data viewer software (PANalytical B.V,
Netherland) and Origin® 8.7 software (OriginLab Corporation, USA).

4.7 Dynamic vapor sorption (DVS)

Investigation of water sorption and desorption of F1 using dynamic vapour sorption (DVS,
Q5000 SA TA Instruments) was performed at ambient pressure and at a constant
temperature of 25°C. Films were cut into small pieces (around 13 mg) and dried down to 0%
RH for 120 min to equilibrate. RH was increased up to 90% in 10% steps. Every step was
kept until change in weight was less than 0.01% before increasing to the next step.

4.8 Thermogravimetric analysis (TGA)
TGA (Hi-Res TGA 2950, TA Instruments DE, USA) analyses were used to measure water

content and degradation onset temperatures of raw materials, F1 and F3. Samples (5 to 10
mg) were equilibrated at 30°C and heated at a rate of 2°C/min using a nitrogen gas purge
flow of 20 mL/min. Experiments were carried out in TA Standard pinholed aluminium pans
and repeated at least in triplicates. Water loss was measured in the temperature range from
30 to 125°C. Data collection and analyses were performed using TA Instruments Universal
Analysis 2000 (Version 4.5A). Mass loss in % (w/w) and onset temperature were calculated

and reported as mean + SD.

4.9 Differential scanning calorimetry (DSC)

DSC (Universal Analysis 2000, TA instruments DE, USA) analyses were used to measure T
and T, of raw materials, F1 and F3. Samples were analyzed using conventional DSC and
modulated temperature DSC (MTDSC). Samples (5 to 10 mg) were equilibrated at 0.0°C.
Conventional DSC experiments were carried out using a heating rate of 10°C/min. MTDSC
conditions were set at a heating rate of 2°C/min, amplitude of £0.212°C over a period of 40 s.
A nitrogen gas purge flow of 50 mL/min was used. Experiments were carried out in TA high
sensitive pinholed aluminium pans and repeated at least in triplicates. An empty TA high
sensitive pinholed aluminium pan was used as reference. Temperature calibration was done

using indium, n-octadecane and tin.

4.10 Dynamic mechanical thermal analysis (DMTA)

DMTA measurements were performed using a Q800 TA instruments (TA Instruments) to
determine the T,y of F1, F2 and F3. Films were fixed under constant preload force of 0.01 N
using film tension clamps. Experimental parameters were set at a static force track of 125%
and strain of 0.1% was set as limit. Oscillating frequency was set at 1 Hz. According to a

previous study, experiments were carried out from 30°C to 200°C and 250°C for the
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plasticized form and non-plasticized form of each film, respectively [232]. A heating rate of
2°C/min and a soak time of 5 min were used. Data collection and analyses were performed
using TA Instruments Universal Analysis 2000 (Version 4.5A). Experiments were repeated in
triplicates.

4.11 Chromatographic separation and content uniformity (drug assay)

The casted film was visually examined, peeled off using tweezers and cut into 1 x 2 cm (2
cm?) pieces. To ensure the dimensions of 1 x 2 cm film pieces a reference sized carton was
fixed onto the film using mini magnets. 10 individual casted film pieces (1 x 2 cm) were
weighed as described in section 4.3 to verify possible variations generated by thickness
fluctuations. Thickness measurements were done as described in section 4.3. All films were
placed in 5 mL specimen glass tubes filled with 2 mL 1% (v/v) acetic acid. Films were
sonicated for 60 min to dissolve at a temperature below 30°C. Samples were filtered through
a mixed cellulose esters (MCE) filter with a pore size of 0.45 um before HPLC injection.
Solutions were transferred into 1.5 mL (diam. 6 mm) transparent vials. Chromatographic
separation was performed using Agilent Technologies 1200 series (Germany) set-up with an
UV-diode-array detector. The stationary phase was a Phenomenex SynergyMax C-12
column (250 mm x 4.6 mm x 4 um; Phenomeney SynergyMax, USA). The mobile phase
comprised 0.1% (v/v) trifluoroacetic acid (Sigma-Aldrich, MO, USA) in water (Fisher
Scientific, UK) and acetonitrile (Fischer Scientific, UK) (80:20). Flow rate was set at 1.0
mL/min with an injection volume of 10 yL. Column temperature was set at 40°C. Absorption
was measured at 220 nm. All solvents were at least HPLC grade. According to ICH
Harmonised Tripartite guideline Q2(R1) (Validation of Analytical Procedures: Text and
Methodology) a linear relationship was evaluated across the range of 120 to 0 pg/mL. 1%
(v/v) acetic acid was used as solvent. Water was purified using the Elga Option 4 Water
Purifier system (ELGA LabWater, Marlow, UK). Content uniformity was tested according to
uniformity of dosage forms guidelines of the European Pharmacopoeia (Ph.Eur. 2.9.40).

Content uniformity is determined by calculating the acceptance value (AV)(5):

IM —X| + ks (5)

M is the reference value depending on target drug content. X denotes the mean of the
individual content in percent. k is the acceptability constant whereas s is the sample standard
deviation. The value of k is depending on the number of dosage units (10 or 30) used. The
acceptability constant k is 2.4 or 2.0 for 10 or 30 dosage units, respectively.
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4.12 Scanning electron microscope - energy-dispersive X-ray

spectroscopy (SEM-EDS)

SEM-EDS analyses were performed using a Hitachi S-3400N operated at 20 kV. The
instrument was equipped with an Oxford Instruments INCA energy dispersive X-ray
spectrometer, standardized in the laboratory with pure elements and oxides. Instrumental
drift was corrected by the frequent analyses of metallic cobalt. EDS analyses were performed
at 20 kv, 10.0 mm working distance and 100 s counting time. Experiments were carried out

on at least triplicates.

4.13 Transition temperature microscopy (TTM)

TTM was performed using a VESTA system set up with an AN-200 ThermaLever probe both
from Anasys Instruments (Santa Barbara, CA, USA). A NikonCFI Plan Fluor 10x: N.A. 0.30
objective was used. This technique provides a neat extension of localized thermal analysis
(LTA) used with the same set up in a previous study [230]. The applied voltage of the probe
was calibrated in the temperature range up to 250°C as described by Dai et al. [229]. Three
standard polymeric samples namely, polycaprolactone, polyethylene and polyethylene
terepthalate, with melting temperatures of 55°C, 116°C and 235°C, respectively, were used.
Experiments were performed from 30 to 350°C at a heating rate of 10°C/s (600°C/min).
Engage force was set to 2 V and Max(Peak-Average) was set at 0.2 V. Measurement were
carried out on several sites of interest (SOI) comprising an area of 300 x 300 um each.
Measurements were done with a resolution of 6 um. Samples were glued on stainless steel

magnetic pucks.

4.14 In vitro Drug release (dissolution)

In vitro dissolution tests were carried out in glass petri dishes (diameter: 7 cm). 5 mL
deionised water (pH: 6.8; 37 + 1°C) was used as the dissolution medium. Sample volumes of
2 mL at time intervals of 1, 5, 15, 30, 60, 120, 180, 240, 300 and 360 min were collected.
Volume was replaced with fresh medium (37 + 1°C). Petri dishes were constantly shaken
(100 times per min) and kept at a temperature of 37 + 1°C using a water bath (Fisher
Scientific, UK). Films (n = 3) used for dissolution test weighed 17.17 + 1.72 mg with a
thickness of 71.67 + 4.51 um. Samples were filtered through a MCE filter with a pore size of
0.45 pm before HPLC injection. Solutions were transferred into 1.5 mL (diam. 6 mm)
transparent vials. Chromatographic separation was performed in accordance to the method
used for content uniformity test. According to ICH Harmonised Tripartite guideline Q2(R1)
(Validation of Analytical Procedures: Text and Methodology) a linear relationship was
evaluated across the range of 120 to O pg/mL. Deionised water (pH: 6.8) was used as
solvent. Water was purified using the Elga Option 4 Water Purifier system (ELGA LabWater,
Marlow, UK).
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5 Results and discussion

5.1 Rheology measurements

F1, basically a 2% (w/v) chitosan solution, displayed Newtonian behavior at 25°C. This was
verified by its linear correlation by plotting shear stress (Pa) as a function of shear rate (1/s)
(Figure 8). At 40°C, F1 exhibited non-newtonian behavior as highlighted by its increase in
function by increasing shear rate. This effect is known as “shear thickening”. F1 displayed a
shear viscosity of 123.5 £+ 4.9 mPa s and 141.5 + 7.5 mPa s at 25°C and 40°C, respectively.
1% (w/v) chitosan solutions are known to obtain viscosities over a broad range of 10 to 1,000
mPa s [233]. Chitosan solutions at concentrations of 1 - 2% (w/w) are known to display
Newtonian behaviour while at higher concentration non-Newtonian behaviour has occurred
due to shear thinning [234]. Additionally viscoelastic behaviour has been observed [235,
236]. Its viscosity is affected by numerous factors such as DD, MW, concentration, solvent,
temperature, etc [237, 238]. Krampe et al highlighted the importance of viscosity by stating
too low viscosity might lead to insufficient drug content uniformity whereas too high viscosity
would be unsuitable for film casting due to entrapped air bubbles [6]. Values of 123.5 + 4.9
mPa s and 141.5 £ 7.5 mPa s can be classified as moderately high in comparison to other

measured viscosities used in oromucosal film formulations [6].
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Figure 8: Shear viscosity measurements of F1 solution at 25°C and 40°C. 0.9 mL solution measured with a
shear rate of 1t0 100 s™. n = 3.

5.2 Preformulation studies

Preformulation experiments were carried out using different types of chitosan and glycerol as
plasticizer at a concentration ranging from 0.10% to 10% (w/v). Moreover KollicoatlR® was
used as a film forming polymer in combination with chitosan with and without glycerol. These
concentrations were used in several previous studies using chitosan as film forming polymer
[137, 239, 240]. Films containing glycerol concentrations of 5% (w/v) and more displayed
“gel-like” behavior. Even at glycerol concentrations of 2.5% (w/v) films were not easy to

handle due to their stickiness. The addition of KollicoatiR® did not improve handling

37



Results and discussion

properties in comparison to films made solely of chitosan. These films displayed extremely
good handling properties, transparent appearance as well as suitable morphological
characteristics as seen by SEM (Figure 9). F1 and F2 displayed clear morphological
differences as F1 contained a uniform surface whereas F2 showed convex patterns. F2
appeared to be non-transparent as these patterns were also slightly visible by the naked eye.
Abruzzo et al. reported quite similar convex patterns in chitosan films when loaded with an
excessive amount of gelatine [241]. F1 showed some irregularities which most likely
emerged from peeling the film off the petri dish or due to handling.

Prior to SEM imaging films were gold coated.

Overall great handling properties of obtained films might be based on intrinsic film forming
properties of chitosan and moderate moisture content by improving the mobility of its polymer
chain [242]. Great mechanical properties are particularly important for handling, packaging
and storage [196]. For ODF it is up to the formulation scientist to find a compromise between
a fast dissolving film while remaining good mechanical properties [46]. This is less of an
issue for oromucosal films although room conditions while casting should be carefully
observed. Casting below 50% RH has been recommended for ODFs [42]. Moreover films
were bubble free which was also verified by its uniform thickness of 54.80 + 2.53 pm and
weight of 13.41 + 0.80 mg.
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This confirmed the sufficiency of deaeration steps used. Sometimes additional deaeration
steps such as storage in refrigerator, vacuum equipment, etc are imperative. This is
particularly important for highly viscous formulations [3]. Clear appearances of films were
achieved by separating solution impurities before casting. This is especially critical when
dealing with high viscosity solutions. Therefore chitosan solutions have been filtered through
gauzes instead of conventional filters to separate impurities [137]. To lower the risk of losing

solution and in turn influencing content uniformity, centrifugation was used instead.

Handling is obviously absolutely key for OTFs but arguably even more important for
oromucosal films since patients are required to place the film precisely to the site of
administration. Any damage done to the film could lead to insufficient mucoadhesiveness
and detachment of the film as well as inadequate drug absorption. Casted films were cut into
1 x 2 cm pieces as preferred sizes are known to range from 1 - 3 cm®. Patches up to 10 - 15
cm? have also been judged as acceptable [243]. Thickness for buccal devices is limited to a
few millimetres [244] while ellipsoid-shaped was reported as most acceptable overall [243].
While not tested in this study chitosan films have measured surface pH values of 5 in the
past [245, 246]. A pH of 7 £ 1.5 is generally considered as non-irritant for buccal films [153].
Moreover lower pH values (4.5 - 6.5) did not cause irritations in the past [6, 247]. Granted
patients already suffering from mucositis or any skin irritations are even more susceptible to
any possible pH changes caused by films. In that regard the pH of chitosan films is
particularly important and should be thoroughly tested in vivo.

5.3 Disintegration

Disintegration was performed to verify chitosan’s water insolubility. For ODFs disintegration
time limit is set at 180 s. Disintegration time is not a critical aspect for oromucosal films
designed for sustained release [3]. Due to the low drug concentration film properties are
almost solely based on chitosan therefore disintegration tests confirmed its inability to
dissolve in deionised water (pH: 6.8) and simulated saliva solution. Although it is important to
note that water with pH 5.5 led to disintegration within 30 min. Chitosan’s low water solubility
stems from its amine groups with a pK, value of 6.3 requiring a pH below its pK, for
quaternisation. Chitosan’s water solubility is therefore depending on its DD and the solution
pH. Thus chitosan used in this study (DD = 90%) is only readily soluble in acidic solutions
with a pH below 6.0 [186—188].

5.4 FTIR

Figure 10A demonstrates the FTIR spectra for chitosan, F1 and F3. A peak at 887 cm™
indicates aliphatic aldehydes and in conjunction with 1055 cm™ these peaks are
characteristic for chitosan’s saccharide structure [248, 249]. 1149 cm™ indicates primary or

secondary alcohol. Amide Il peak range comprises 1515 - 1570 cm™. 1593 cm™ and 1301
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cm™ were reported as amide | and Il peaks, respectively [250]. Those peaks are
characteristic of chitin and chitosan. 1371 cm™ and 1420 cm™ are corresponding to CHs
symmetrical deformation mode [251, 252]. 1019 cm™ assigns to C-O stretching vibration in
chitosan. 3450 cm™ indicates N-H symmetrical vibration and can be used in conjunction with
1650 cm™ for quantitative analysis of chitosan’s DD. In this study N-H symmetrical vibration
was observed at 3365 cm™. 2940 - 2840 cm™ are typical C-H stretch vibrations [253].
Broadering in peaks from 3500 to 2800 cm™ seen in chitosan powder, F1 and F3 are due to
presence of residual moisture content [240]. Since F1 and F3 spectra are nearly identical it
can be concluded that clonidine concentration present in F1 is too low for detection using
FTIR. This was already reported by Buanz et al at higher concentrations [174]. Analyses of
spectra were done according to previous studies [253, 254]. F2 and clonidine spectra exhibit
very similar spectra (Figure 10B). Significant reductions in transmittance were found at 540
to 1100, 1300 to 1600 and 2800 to 3600 cm™. Chemical interactions between the drug and
polymer were confirmed by FTIR data. Broadening of peaks are noticeable at 864, 1017 and
1073 cm™. Peaks found in clonidine powder and F2 were in accordance with previous
analyses [174]. Similarities in patterns between F1 and F3 as well as clonidine powder and

F2 are displayed in Figure 10C.
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Figure 10: FTIR analyses of raw materials clonidine, chitosan and films termed F1, F2 and F3. A: similarity
of patterns between chitosan, F1 and F3 can be contributed to the low drug load in F1. B: Similar spectra between
clonidine and F2 verified higher drug load in F2. C: Clonidine, chitosan, F1, F2 and F3 are stacked by y offsets.

5.5 XRPD

Chitosan powder displayed its characteristic peaks at 28 values of 9.8 and 20.4° (Figure 11).
Chitosan in its free amino form (DD = 100%) exhibits characteristic peaks for angles 26 =
10.4°, 19.8° and 22° which were named “tendon” hydrated polymorph [255]. Chitosan in its
hydrochloride form has been reported to obtain spectra with lower intensity and slightly lower
diffraction angles [256]. The latter is in agreement to the peak observed at 26 value of 9.8°
as supposed to 10.4°. XRPD diffraction patterns confirm an amorphous state of drug-loaded
and free films. Interestingly while F2 displayed an overall amorphous pattern a peak at a 26
value of 11° which is not present in clonidine raw material was observed. This can be most
likely contributed to influences of the sample holder or other impurities.
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Figure 11: XRPD patterns of raw materials clonidine, chitosan and films termed F1, F2 and F3. Samples
are stacked by y offsets. Measurements confirmed a crystalline state of clonidine as well as amorphous state of
chitosan, F1, F2 and F3. Data was collected using a step size of 0.01°, speed of 10°/min over a range of 3 to 40°.

F1 displayed a similar pattern to drug free film (F3) and appears amorphous. This was
expected given the low drug load. Again it is worth noting that due to the low drug load in F1
it is likely that possible recrystallinization is not detectable using XRPD. This provides further
evidence of difficulties detecting such low concentrations let alone the physical state of

materials.

5.6 Dynamic vapor sorption (DVS)

Relatively low water uptake was measured at RH values < 30% and a more significant
increase in water sorption was seen as the RH value reached 40% (Figure 12A). This may
be because at the beginning water sorption is predominantly based on surface adsorption
whereas at higher RH values bulk absorption dominates. Figure 12B shows a symmetrical
course of the curve indicating a reversible sorption-desorption process. Hence it is likely that
only surface water was involved in the process. In the range of 40 to 90% RH a linear
correlation between the increase in mass and the RH value can be observed. An increase to
90% RH resulted in an increase in weight change of 20% (w/w). Water uptake at 60% RH
was around 10% (w/w). Initial water content was calculated by measuring weight loss (%
wi/w) after exposing films to 0% RH for 120 min resulting in 6.25 + 0.71%. Overall F1 contains
a large amount of chitosan which is known to absorb water slowly [241], therefore water

sorption is largely dependent on the polymer present in films.
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Figure 12: Time course curve of film F1 exposed to relative humidity (DVS measurements). A: exposed to
RH from 0 to 90% (sorption, n = 3). B: exposed to RH from 0 to 90% and 90 to 0% (desorption, n = 1). The

symmetrical curve in B indicates that changes in mass are most likely associated to surface water rather than bulk
absorption.

5.7 Thermal characterization

Moisture content of F1 and F3 were determined at 9.1 + 1.6% and 8.1 + 1.9% (w/w),
respectively (Table 4) by TGA at a temperature range of 30°C to 125°C. These values are

close to the determined 8.2 + 0.1% (w/w) of chitosan powder. Differences between F1 and

F3 are within the measured standard deviation and not contributed by the API but room

conditions when casting. Degradation onset temperatures of raw materials, F1 and F3
occurred in the range of 250 to 260°C. Films which were stored for 48 h at 25°C and 60% RH

showed significant higher water content.

Table 4: TGA of clonidine, chitosan and films F1 and F3. F1*: stored for 48 h in climate chamber at 60% RH
and 25°C. Water loss respectively moisture content was measured in the temperature range from 30 to 125°C. n

=3
Sample Water loss Degradation gnset
% (w/w) (°C)
Clonidine powder 0.4+0.2 248.8 + 15.0
Chitosan powder 8.2+0.1 257.6+0.2
F1 9.3+1.8 258.7+0.9
F1* 14.6 £0.3 258.0+2.8
F3 8.1+19 256.8+ 0.4
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Determination of water content in films is of high importance for its stability and packaging in
particular. Moreover moisture content is known to potentially cause changes in mechanical

properties such as flexibility and folding endurance [7].

Table 5: (MT)DSC measurements of clonidine and F3. TA high sensitive pinholed aluminium pan with 5 to 10
mg samples. DSC conditions: 10°C/min; MTDSC conditions: 2°C/min, amplitude of £0.212°C over a period of 40
s.n=3

FormUIation Tm onset (oc) Tm peak (oc) AH melting (J/g) Tg (oc) ACp (J/goc)
Clonidine 3059+3.7 307.6+4.8 207.8+42.6 - -
F3 - - - 182.4°C 0.184

Using conventional DSC to determine the melting temperature (T) of clonidine provided
values of a Ty, onset Of 305.9 + 3.7 °C and T, peak 0f 307.6 £ 4.8 °C (Table 5 and Figure 13). An
exothermic peak with an onset temperature of 311.6 + 5.3°C and peak value of 315.7 +
4.4°C was measured and assigned to its degradation temperature. These findings are in
agreement to the literature with its melting point reported at 305.0°C [157] and confirmed that
melting of clonidine is quickly followed by its degradation. One MTDSC measurement of F3
showed a distinct T4 obtained at 182.4°C.
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Figure 13: DSC and MTDSC analyses of clonidine powder and F3, respectively. TA high sensitive pinholed
aluminium pan with 5 to 10 mg samples. DSC conditions: 10°C/min; MTDSC conditions: 2°C/min, amplitude of
+0.212°C over a period of 40 s. n = 3 for clonidine, n = 1 for F3.

There have been a number of studies that focused on detecting chitosan’s T, with apparent

discrepancies and highlighted the importance of water content in these films [184, 232].

Therefore chitosan powder, F1 and F3 were all measured several times to reproduce and

verify the measured Tg4 of 182.4°C. The results between these three samples differed only

slightly as excepted (Figure 14). Measurements were unsuccessful as no distinct Ty was
analyzed. F3 shows an endothermic event between 0 and 135°C (Tpea = 66.1°C, AH = 190.0

J/g) which can be assigned to water loss. Degradation occurred between 237.0 and 300°C
(Tpeak = 254.1°C, AH = 92.5 J/g). Water loss and degradation measured using MTDSC was in

agreement with the data obtained by TGA.
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Figure 14: MTDSC analyses of chitosan powder, F1 and F3. TA high sensitive pinholed aluminium pan with 5
to 10 mg samples. MTDSC conditions: 2°C/min, amplitude of +0.212°C over a period of 40 s. n = 3.

Overall several different sample sizes in the range of 5 to 20 mg were analyzed. Films were
cut into different sizes as well as casted directly in highly sensitive pinholed aluminium pans.
MTDSC measurements with and without heating-cooling cycles were carried out to confirm if
water loss was overlapping with the T4 of chtiosan. Temperature ramps for heating and
cooling were increased to enhance sensitivity. Moreover glycerol was also added to the film
formulation to lower the T4 of chitosan due to its plasticizing effect [257]. Although one
distinct T4 of chitosan was measured (Figure 13), this result was not reproducible highlighting
its complexity (Figure 14).

Dhawade et al. confirmed an increase in crystallinity of chitosan and its oligomers due to an
decrease in water content and increase in depolymerisation [242]. These problems have
been contributed to difficulties in sample preparation and chitosan’s hygroscopicity [232]. The
latter leads to hydrogen bond formation [258] which affects its thermal and mechanical
properties and leads to a depression of the glass transition temperature [259]. This confirms
the plasticizing effect of water content in chitosan [184]. Higher water content correlates with
lower DD [259]. Although contrary findings were reported [232]. As a matter of fact T4 values
of -37°C, -43°C [260], 61°C, 118°C [242], 140 to 150°C [232] and 203°C [261] have been

analyzed. Additonal studies were unable to detect a distinct Ty, despite the presence of

46



Results and discussion

amorphous content [260, 262]. This led to conclusions that T, of chitosan is located at
temperatures beyond its degradation, preventing T4 detection [242].

In this study degradation onset temperatures of F3 of 256.8 £ 2.8°C and 239.4 + 3.8°C were
measured using TGA and DSC, respectively. These results were in accordance with
degradation temperatures of 225, 246 and 255°C found in literature [260]. Dong et al.
emphasized on the intricacy of thermal characterization of chitosan using 4 different
techniques [232]. It has been assumed that MTDSC measurements are not sensitive enough
to detect relaxation temperatures of polysaccharides. This is in agreement with our findings
as a distinct Ty measurement was not reproducible using MTDSC. It is worth noting that
Dong et al. implemented physical aging to increase sensitivity due to enthalpy relaxation
[232]. Moreover higher casting temperatures were used and casted films were rinsed with
diethylether and subsequently dried under reduced pressure to ensure thorough solvent

evaporation.

5.8 Dynamic mechanical thermal analysis (DMTA)

In F3 the T4 was determined as peak of tan & with values of 154.95 + 0.47°C (Figure 15). F1
displayed nearly identical results as F3. The peak observed at around 92°C was assigned to
water induced relaxations based on chitosan’s hygroscopicity. F2 displayed a T4 value of
166.47 = 2.31°C which was assigned to chitosan. This increase of chitosan’s Tg in
comparison to F1 and F3 is most likely attributed to the higher drug concentration in F2. For
non-plasticized analyses a peak maximum for tan & of 265.73 + 1.53°C and 258.98°C were
observed in F1 and F2, respectively (Figure 16). These temperatures were assigned to the
degradation temperature of chitosan. TGA measurements of degragadation onset
temperatures of chitosan in the range of 250 to 260°C confirm these results. As expected no

water induced relaxations were measured.

47



Results and discussion

4000 400 3500 400
F1 F2 164.46°C
1 1 3 88°C 3000+ 350
3500 : 350
0.20
= = 2500 300 .
a w a ©
S 3000 fsoo & 2 <
2 s s g k] =
3 K g 3 3 F]
3 S 3 8 2000 = r250 3
: & s 3 s s
g 2500 Faso 2 & 2
s s = S
2] @ 1500+ I-200
2000 I~200
1000+ I~ 150
144.00°C 142.80°C
1500 T T T T T T T T 150 500 T T T T T T T T 100
2 40 60 80 100 120 140 160 180 200 20 40 60 80 100 120 140 160 180 200
Temperature (°C) Universal V4SA TA Insruments Temperature (°C) Universal V54 TA Instumen:
60 500
|- 450
5000
0.20
= 400
g g
2 4000 g
H g g
& 3000 2
s s
n I~ 300
20004
I 250
1000 T T T T T T T T 200
2 40 60 80 100 120 140 160 180 200
Temperature (°C) Universal V4.5A TA Instrument:
. . . ° . ° . .
Figure 15: DMTA measurements of F1, F2 and F3. Heating rate of 2°C/min from 30 to 200°C. Oscillating
frequency of L Hz. n=3
000 300 4000 300
266.81°C
F1 108.16°C F2
250
4000+ 047250
3000 \
121.62°C(I)
- 200 <
Q) - & 5
g T
= 3000 ¢ 2 03200 &
2 ] s 8 : <
E @ g 3 8 2
3 o dlisp 3 8 20004 a E
3 p 3 g c g
2 5 3 &
© = s o — =
& 2000 2 & 024150 @
S s 8 S
o 100 @
1000
1000 0.1-100
50
0 J T T T r T 0 0 T T T T T 50
50 100 150 200 250 300 50 100 150 200 250 300
Temperature (°C) Universal V454 TA Instruments Temperature (°C) Universal V4.5 TA Instruments

Figure 16: Reheated DMTA measurements of F1 and F2 (non-plasticized). Second heating cycle from 30 to
250°C. Heating rate of 2°C/min, oscillating frequency of 1 Hz. n = 3.

DMTA was confirmed as a promising alternative to MTDSC to measure Tq. This is based on
its sensitivity to detect small changes in a polymeric structures [184, 232]. The T, was
determined by the signal maximum of tan & (quotient of storage and loss moduli). It can also
be calculated by the inflection point of storage modulus decrease [223]. Results obtained in
this study were in agreement with T, measurements verified by several techniques [232].

While DMTA provided great results in this study unsuccessful T4 analyses on chitosan films
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have been reported in the past [263]. In particular problems connected to low heating rates,
subsequent water loss and brittleness of films do not allow T4 analysis [174].

5.9 Chromatographic separation and content uniformity test (CUT)

Quantification of clonidine required separation using HPLC as conventional UV-Vis
spectroscopy would not allow differentiation of clonidine, chitosan and acetic acid which all
absorb at 220 nm. Identification and separation of analytes was carried out according to ICH
guideline Q2(R1) [264]. Discrimination between compounds was achieved and validated by a
comparison between samples containing clonidine and negative samples which did not
contain the analyte. Moreover mixtures of compounds were anaylzed to observe potential
interferences. Overall chromatographic separation of compounds, namely chitosan, acetic

acid and clonidine, was achieved within 10 minutes using an isocratic method (Figure 17).
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Figure 17: Chromatographic separation of chitosan, acetic acid and clonidine hydrochloride.Mobile phase:
0.1% (v/v) trifluoroacetic acid in water and acetonitrile (80:20 v/v). Measurements were done at a flow rate of 1.0
mL/min, 40°C, absorbance of 220 nm and injection volume of 10 pL. C-12 Phenomenex SynergyMax column (250
mm X 4.6 mm x 4 pm).

Besides identification, according to ICH guideline Q2(R1) [264] a linear relationship must be
evaluated. This was confirmed over a range of 0 to 120 pg/mL with a linear response of R? =
0.9995 (Figure 18). LOD (6) and LOQ (7) were expressed according to ICH.

LOD = 330
- S (6)
100
LOQ = _S 7

o is the standard deviation of the response, S is the slope of the calibration curve
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The used range provides the requirement for CUT of using a minimum of 5 concentrations
covering a minimum of 70 to 130% of the test concentration of 90 pg [264]. 1 mg/mL
clonidine was diluted by a series dilution and a limit of detection (LOD) was measured at 1.85
pHg/mL and a limit of quantification (LOQ) was found at 5.60 pg/mL.
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Figure 18: Linear relationship of clonidine hydrochloride dissolved in 1% (v/v) acetic acid. Calibration
curve was carried out using a series dilution resulting in concentrations of 119.7, 70.4, 41.4, 24.4, 14.3, 8.4 and 0
Mg clonidine permL. n =3

Depending upon the dosage form and dose of the drug substance either weight variation or
content uniformity is necessary to be tested. In this study content uniformity was required
and was determined by calculating the acceptance value (AV) according to Ph. Eur. The
requirement of content uniformity was fulfiled with an AV value of 14.4 and standard
deviation of 6.00 (n = 10) (Figure 19). The AV value is dependent on the difference between
the measured mean and reference value (M — X|) and width of the tolerance interval (ks).
Hence, the requirement is influenced by the width of this interval and the obtained standard
deviation (|M — X| + ks) [265].
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Film Content uniformity Film weight | Film thickness 140.00
(%) (mg) (nm)
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Figure 19: Uniformity of content of film F1. Red lines indicate “maximum allowed range for deviation of each
dosage unit tested from the calculated value of M” [266]. SD = standard deviation, RSD = relative standard
deviation, n =10

While low drug load is desirable for films it causes difficulties in detection and even more
quantification. Insufficient uniformity of content is a known problem for OTFs in general [47—
49] which increases with low solution viscosity [3, 6, 236] and decreases with high solution
viscosity [267]. However this is generally a bigger challenge in large scale than small scale
production [6]. In small scale, high viscosity might cause problems when transferring the

solution into casting apparatus due to impeded pouring [268].

Insufficient uniformity of content on laboratory scale is mostly contributed to thickness
fluctuations. Therefore in research content uniformity is often calculated based on either area
or weight but not according to Ph. Eur. Dissolving a known film weight for analysis has been
postulated as erroneous since in research films are cut by area [269]. On production scale it
is preferred cutting films by weight as film stretching is inevitable when cutting by length [6].
On laboratory scale solvent casting is the most utilized technique which is more prone to
thickness and therefore weight fluctuations. These fluctuations most likely occur due to
surface tension, unleveled hot plates, dust, etc. Also drop formation due to condensation on
petri dish walls and subsequent trickle down leads to thicker film edges. Additionally
polystyrene petri dishes are lighter and more flexible than glass and therefore might deform
slightly when using higher temperatures and subsequently lose contact to the hot plates. This
leads to irregular heat transfer and casting occurs under unleveled conditions. This can be
circumvented by weighing petri dishes down. Finally if room conditions such as RH and
temperature are not controlled, batch-to-batch variability is inevitable. This is particularly
important to achieve the desired viscosity of the solution [7] which in turn affects content
uniformity. In that regard it is worth noting that while the obtained AV value was within the

norm all selected films were casted in one petri dish. In other words content uniformity varies
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when casting several petri dishes from one batch. Moreover rectangular film dimensions

made cutting areas close to petri dish edges impossible.

Based on the above mentioned difficulties when using solvent casting and known reported
content uniformity problems for OTFs [47], a lot of effort has been put in sample preparation
and solvent casting itself. Above all, insufficient uniformity of content, weight and thickness of
oromucosal films consisting solely of chitosan are known [241]. Correspondingly, impurities
were thoroughly separated, chitosan solution was stirred over night and entrapped air
bubbles were removed thoroughly. Moreover hot plates were precisely leveled and weighed
down to the hot plate to ensure constant contact and uniform heat transfer. Finally to ensure
desired film dimension, films were cut using a referenced sized carton fixed with mini

magnets.

5.10 Mapping of homogenous drug distribution using SEM-EDS
Figure 20 confirmed homogenous API distribution with low (F1) and high drug load (F2). In

both films at least 3 areas were analyzed with each providing an area over 1 mm? The
number of measurements and the chosen area provide further evidence of homogenous
drug distribution within each film. Therefore these results are in agreement with the
confirmed homogenous drug distribution as analyzed by the CUT according to Ph. Eur.
Moreover areas of 300 x 300 um were zoomed out to confirm homogenous drug distribution

in areas analyzed by TTM (5.11).
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Figure 20: SEM-EDS analyses of films F1 and F2. Map resolution: 256 x 256, EDS analysis operated at 20 kV,
10.0 mm working distance and 100 s counting time. Zoomed areas: 300 x 300 um. n = 3.

In addition F1 and F2 were semi-quantitative analyzed. Concentrations of 0.35 + 0.02%
(w/w) for F1 and 8.73 £ 0.91% (w/w) for F2 were detected. These results have to be
observed carefully as firstly the clonidine concentration of F1 is most likely located close to
the instrument’s LOD for chlorine. Secondly this set-up allowed only a semi-quantitative
analysis of a chemical composition relative to a standard. Thirdly different sample

preparation methods can be used such as carbon coating to improve accuracy.

Clonidine, containing two chlorine groups, made its detection using SEM-EDS possible. In
connection with the flat film surface, SEM-EDS analysis is a promising technigue to map and
analyze quite large areas of oromucosal films semi-quantitatively. Analyses can be done
quickly and the results revealed the feasibility to detect theoretical concentrations below
0.9% (w/w) in F1. Moreover SEM itself provides information on the film morphology. In
conclusion mapping should be especially considered in case content uniformity is not
reached as this technique provides the possibility to detect consistent patterns of

inhomogeneities within the dosage forms (e.g. caused by adsorption).
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5.11 Mapping of homogenous drug distribution using TTM

The machine set up was calibrated up to 250°C. For that purpose, the probe deflection is
monitored over an applied voltage range until the known T, of three polymers is reached and
melting occurs (Figure 21).

Deflection signal (V)
N

[ I N

Applied voltage (V)

Figure 21: Temperature calibration of TTM. Calibration was done using distinct melting temperatures of
polycaprolactone (T = 55°C; —), polyethylene (T, = 116°C; ---) and polyethylene terepthalate (Tm = 235°C; - - -).
n=3

Due to the measured T, (307.6 + 4.8 °C) of clonidine powder by DSC, the probe was heated
up to its maximum of 350°C. While there is no knowledge on a clearly defined LOD the
provided drug load in F1 is most likely too low to detect as numerous trials were
unsuccessful and provided the same histogram as the drug free F3 (Figure 22). In both films
no distinct peaks were obtained that could be assigned to either chitosan or clonidine. Most
measurements were not assigned to a transition at all or to transitions occurring at
temperatures far beyond 250°C. The latter is not within the calibrated range of the set up.
Moreover TGA measurements of chitosan powder, clonidine powder and F1 revealed
degradation temperatures of around 250°C. Therefore it is likely that these measurements
were due to degradation instead of T, or T4. F2 showed a broad peak with a clear Gaussian
distribution with a mean value of 162°C. This temperature is in agreement with T, values of
chitosan reported in the past [232]. Additionally this value lies close to the measured DMTA
value of 166.47 + 2.31°C in this study. However the obtained TTM result is skewed as F1
and F3, containing (almost) solely chitosan, did not reveal a similar pattern at this

temperature range. Additionally the peak broadness might be a sign of inhomogeneity [229].
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Figure 22: TTM maps and corresponding histograms of films F1, F2 and F3. Heating rate of 10°C/s
(600°C/min) at 30 to 350°C. Measurements were done at 300 x 300 um film areas with a resolution of 6 um. n=2

Due to the low drug load in F1 a high number of measurements and consequently high
resolution was inevitable in order to detect the APIl. To obtain a statistically good
representation of drug distribution in relation to the actual film area (2 cm?) an area of 300 x
300 um with a maximum resolution of 6 um was chosen. Under these settings a single TTM
analysis took up to 30 h. SEM-EDS analyses were carried out prior to TTM measurements to
verify the presents of clonidine within the areas measured. SEM-EDS analyses confirmed the
presence of clonidine and more importantly homogenous drug distribution within 300 x 300
pm areas. While in theory films are very suitable for TTM due to their flat and more
importantly smooth surface. Their susceptibility to humidity provided a challenge. Depending
on RH, films are either sticky or brittle and change their mechanical properties drastically.
Moreover water absorption will affect its thermal characteristics. To conclude such long
analysis under unregulated room conditions might affect the results. Therefore addressing
these concerns requires further method optimization of TTM but could potentially provide a

successful technique utilized for pharmaceutical purposes [229, 230].

Based on the known difficulties in measuring the T, of chitosan due to its hygroscopicity [232]
and film susceptibility to RH it is not surprising that only one clear transitions was measured
in F2. Moreover thermal characterization of chitosan might require heating-cooling cycles

which cannot be achieved using TTM.

5.12 In vitro drug release (dissolution test)
As with the CUT, ICH guideline Q2(R1) [264] requires to validate the HPLC method used for

dissolution test. A linear relationship was evaluated across the range of 0 to 120 pg/mL with

a linear response of R? = 0.9999 (Figure 23). This provides the ICH requirement for
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dissolution testing of using a minimum of 5 concentrations covering a minimum of + 20%
over the specified range of the test concentration of 90 pug [264]. A limit of detection (LOD)
was measured at 0.93 pg/mL and a limit of quantification (LOQ) was found at 2.81 pg/mL.
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Figure 23: Linear relationship of clonidine hydrochloride dissolved in deionised water. Deionised water
with a pH of 6.8 was used. Calibration curve was carried out using a series dilution resulting in concentrations of
119.7, 70.4, 41.4, 24.4, 14.3, 8.4 and 0 pg clonidine per mL.n =3

In vitro drug release was tested in deionised water (pH: 6.8). Preformulation studies revealed
a fast release of clonidine. Therefore time intervals of 1, 5, 15, 30, 60, 120, 180, 240, 300
and 360 min were analyzed. Obtained release profile showed a hyperbolic curve with more
than 50% drug released (tsoy) Under 30 min (Figure 24). The release rate declined noticeable
after 60 min (59% drug release) and a linear release rate between 60 and 360 min was

observed. 80% drug release (tgo) Was achieved after 240 min.
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Figure 24: Dissolution profile of film F1. Dissolution medium: 5 mL deionised water (pH: 6.8; 37 + 1°C) in petri
dish, n = 3.
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The sustained clonidine release of a chitosan oromucosal film is based on the polymer’s
hygroscopicity [241, 270]. The overall drug release of 86.36 + 11.31% at the 360 min time
point confirmed the feasibility of an intended oromucosal sustained release film. Contrary a
high swelling degree and rapid water absorption of chitosan have been highlighted as
sustained drug release limitation as this leads to fast drug release [271]. Incorporation of
glycerol to chitosan films is related to higher viscosity and in turn to slower drug release
[245]. Moreover the addition of water-soluble additives such as gelatin and polyvinyl
pyrrolidone (PVP) proved to slow down drug release [241, 245] and provide options for
release adaptations. The overall nonlinear release profile is in accordance to the literature.
This is based on water swelling capabilities and matrix-like structure of films with its release
rates typical following a profile between Fickian diffusion and zero order kinetics [6, 245,
272].

Conventional dissolution tests are not applicable for oromucosal films as low dissolution
volumes are required for biorelevant purposes [49, 50, 73, 74]. In this study the low drug load
of 90 ug per film and the desired slow drug release required low volumes anyway. Such low
volumes are highly incluenced by replacing withdrawn volumes and are more prone to high
standard deviations as observed in this study. Moreover weight fluctuations of the films used
contributed to the high standard deviation measured. Interestingly besides the above
mentioned drug release modification options, chitosan is degraded by lysoyzme [273, 274]
present in human saliva [69, 110, 111]. Its degradation degree decreases with the DD in
chitosan [275]. Furthermore B-1,4-linked D-glucosamine (GIcN) monomer segments are not
accessible by lysoyzme’s active site and chitosan is therefore not fully degraded [274]. This

is often exploited to modify the release of drug loaded chitosan films [276, 277].
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6 Conclusions

The main objective of this study was to optimize the characterization methodology for low
drug loaded oromucosal films at various levels. Very low drug concentrations as used in this
study are accompanied by analytical obstacles. We addressed these issues by detecting and
guantifying such low API concentrations, studying its solid state and thermal properties.
Moreover uniformity of content of a single batch and within single film areas as well as its
drug release was studied. Therefore F2 was developed which served as benchmark as it
surpasses the LOD of all methodologies used in this study. Additionally from a galenic point
of view this drug load provides a feasible formulation. XRPD and FTIR measurements
proved overall amorphous film content and compound interactions, respectively. However,
limitations in detecting such low API concentrations in F1 were confirmed. In that regard,
transition temperatures seemed promising as this allows highly specific identifications of
analytes. Nevertheless, low drug concentrations in connection with a complex polymer such
as chitosan, made thermal characterizations difficult. Conventional DSC measurements on
Tm of clonidine were successful. Measurements of chitosan using MTDSC lacked
reproducibility, requiring alternative methods. Follow-up measurements exploiting DMTA'’s

high sensitivity led successfully to a distinct Ty of chitosan at 154.95 + 0.47°C in F3.

A quick isocratic HPLC method allowed separation of clonidine, chitosan and acetic acid.
Using chitosan as film forming polymer, content uniformity was successfully reached
according to Ph.Eur. Next, SEM-EDS and TTM were utilized to verify homogenous API
distribution. Analytical challenges are firstly based on the limited number of methodologies to
detect, quantify and especially map APIs. Secondly, sampling introduces the biggest error in
analysis, hence verifying the presence of analytes in samples is particularly important when
dealing with such low concentrations. This was done using SEM-EDS and mapping areas of
300 x 300 um that were equivalent to TTM sample areas. CUT essentially gives an insight on
uniformity of content of one batch as a whole whereas SEM-EDS provided knowledge on the
distribution of several film areas obtained by several batches. Due to the fast analysis,
several sites of interest can be analyzed providing a good representation on laboratory scale.
A combination of these methodologies might serve as a powerful tool to ensure quality
control of content uniformity. The obtained TTM result of F2 with a mean value of 162°C was
assigned to chitosan’s Tq value. This is in agreement with the T4 values of chitosan reported
in the past [232] and its value of 166.47 + 2.31°C measured via DMTA in this study. While
this result seems overall promising, F1 and F3 measurements failed to verify the measured
T, of chitosan. Moreover our results of F1 confirmed difficulties in detecting the low clonidine
concentration. While further method optimizing is required to overcome analysis obstacles,
theoretically TTM provides the advantage of mapping the API distribution and simultaneously

obtaining information on its physical state (crystalline or amorphous) [229]. This indicates the
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presence of a single or a multi-phase and makes TTM a novel method for pharmaceutics.
Alternatives to assess API distribution include among others: raman spectroscopy, nuclear
magnetic resonance (NMR) spectroscopy and time-of-flight secondary ion mass
spectrometry (TOF-SIMS).

Moreover a dissolution test confirmed sustained release and provided additional evidence of
its applicability for both cancer patients suffering from oral mucositis as well as postoperative
analgesic and sedative in paediatric patients. To verify adequate drug release follow-up work
such as permeability studies would be required. In that regard, animal studies are typically
carried out using rabbits, pigs, dogs (especially beagle dogs) or monkeys as those animals
contain a non-keratinized buccal mucosa similar to humans. Moreover the thickness of the
buccal mucosa of these animals (rabbit: 600 um [278], dog: 770 pum [87], pig: 770 pum [84],
rhesus monkey: 1000 - 1200 um [279]) is comparable to humans [55]. Porcine’s oral mucosa
seems as the most comparable animal model due to its distinct keratinization profile and lipid

composition [35, 280].

Overall, we addressed general issues involved in solvent casting and uniformity of content
when low drug load is desired. Additionally, extensive thermal analysis on chitosan’s T4 using
DMTA, MTDSC, TTM and TGA contributed additional knowledge on its sophisticated thermal
history. To conclude, this study provides evidence for both clinical need and galenic

feasibility of a low dose clonidine orormucosal film obtaining uniformity of content.
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