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CHAPTER 1

General introduction and scope of the thesis
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INTRODUCTION
Showing great promise as therapeutics for many diseases, biopharmaceuticals 

are becoming increasingly important with numerous protein or peptide based drugs 

already commercialized [1]. Biopharmaceuticals include a wide range of products like 

vaccines, nucleic acids, viral particles, recombinant therapeutic proteins and so on. 

Biopharmaceuticals are currently one of the fastest growing class of drugs in 

pharmaceutical industry market, with $228 billion global sales in 2016 and is expected 

to reach around  $319 billion by 2021 [2,3]. Compared to traditional small molecule 

based therapeutics, biopharmaceuticals have numerous advantages, such as high 

specificity, high efficiency and often with limited side effects [4]. However, there are 

two main challenges that hamper a broad application of biopharmaceuticals, i.e. their 

instability and limitations with respect to the route of administration. Possible solutions 

for these two challenges will be discussed in the next paragraphs. 

Inherently to their production process, biopharmaceuticals are obtained as 

aqueous solutions, in which they are generally unstable. As a consequence, they need 

to be stored and transported at refrigerated temperatures (2–8 °C), the so-called cold 

chain. Maintenance of the cold chain is, however, costly and inconvenient and even 

when the cold chain is applied strictly the shelf life can be limited. Most degradation 

pathways require molecular mobility. Therefore, limiting the molecular mobility of 

biopharmaceuticals by bringing them into dry state might improve their storage stability 

and shelf life.

However, during drying (e.g. spray-drying, freeze-drying or spray freeze-

drying) biopharmaceuticals are subjected to several potential stresses including shear 

and dehydration stresses, which may cause physical or chemical degradation resulting 

in a loss of potency. Incorporation of biopharmaceuticals in a matrix of a sugar-glass 

has been widely used to stabilize them during drying and subsequent storage [5–8]. 

There are two main theories describing the mechanisms of stabilization by sugars. 

According to the vitrification theory, the biopharmaceutical is immobilized in a glassy 

sugar matrix, leading to a strongly reduced molecular mobility and lower degradation 

rate of the biopharmaceuticals [7,9,10]. The other theory, the water replacement theory, 

proposes that sugars can form hydrogen bonds with the biopharmaceutical, thus 

replacing the hydrogen bonds that form between water molecules and the

biopharmaceutical, thereby maintaining the structural characteristics of the protein.
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When water is removed during the drying process, the new-formed hydrogen bonds can 

prevent the alteration of the conformation of the biopharmaceutical by which it is 

thermodynamically stabilized [10,11]. Based on those two mechanisms, the protective 

ability of a sugar dramatically depends on its amorphous state, which means that a sugar 

loses its protective capacity once it crystallizes [12]. Therefore, the amorphous sugar 

should be in the glassy state, thus below the glass transition temperature (Tg). Generally, 

polysaccharides possess a high Tg as compared low molecular weight sugars. Due to 

steric hindrance, however, most polysaccharides cannot accommodate to the irregular 

surface of biopharmaceuticals, hampering the interaction between sugar and protein. 

As a consequence, application of polysaccharides to stabilize biopharmaceuticals does 

not result in efficient vitrification and water replacement. On the other hand, a sufficient 

incorporation of the protein in a sugar matrix can be achieved with low molecular

weight sugars due to their small size [13,14]. However, these sugars have a relatively 

low Tg. Therefore, it was hypothesized that a combination of a low molecular weight 

sugar (e.g. the disaccharides trehalose) and a polysaccharide could form a homogeneous 

blend having a relatively high Tg, which still possesses the ability to form a compact 

coating around the protein [5]. Therefore, the commonly used disaccharide trehalose 

and the polysaccharide pullulan exhibiting an exceptionally high Tg (261 °C) were

selected for the research described in this thesis. 

The delivery of biopharmaceuticals via a convenient route of administration is 

the second challenge to their widespread application. Most biopharmaceuticals are 

administrated via injection. However, there are various drawbacks associated with 

injections, such as the need for a sterile formulation, issues associated with needle-stick 

injuries, and needle phobia. Thus, it is therefore desired to develop solid, needle-free 

and noninvasive alternative administration approaches for the delivery of 

biopharmaceuticals. In this thesis two of these dosage forms will be explored, i.e. 

orodispersible films (ODFs) and dissolving microneedles. Three biopharmaceuticals

were selected, β-galactosidase and lysozyme as a proteinaceous model compounds and 

whole inactivated influenza virus vaccine (WIV) as a particulate biopharmaceutical.
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AIM OF THIS THESIS
The main goal of this thesis is to investigate the applicability of trehalose and

pullulan as stabilizing excipients for biopharmaceuticals in the relatively novel delivery 

systems, ODFs and dissolving microneedles. 

The major aims that investigated were:

1) To investigate the potential of blends of trehalose and pullulan as stabilizers of 

proteins during drying and subsequent storage at high moisture conditions.

2) To develop ODFs containing biopharmaceuticals such as -galactosidase, lysozyme 

and WIV stabilized with blends of trehalose and pullulan.

3) To develop dissolving microneedle patches containing WIV stabilized with a blend 

of trehalose and pullulan with sufficient mechanical properties to pierce the skin.

OUTLINE OF THIS THESIS
In Chapter 2, we discussed in a literature review the patient-centric features of 

oromucosal films. Oromucosal films, which would be suitable for patients with special 

needs, such as children or elderly patients suffering from dysphagia can be designed 

using patient-centric approach. Furthermore, oromucosal films for systemic and local 

therapy are discussed, with emphasis on biopharmaceuticals. Lastly, recently developed 

2D and 3D printing techniques for oromucosal films are reviewed.

In Chapter 3, the disaccharide trehalose, and the polysaccharide pullulan were 

combined to optimize protein stabilization during freeze-drying and subsequent storage 

at a high relative humidities.  In this study, blends of trehalose and pullulan at various 

ratios were freeze-dried to form binary glasses. As pullulan yield a high glass transition 

temperature (Tg) of 261 °C, the presence of pullulan increased the Tg of 

trehalose/pullulan blends and prevented trehalose crystallization when exposed to high 

relative humidities. When the model protein β-galactosidase was formulated with 

trehalose/pullulan blends, it was found that trehalose/pullulan blends at certain ratios 

stabilized β-galactosidase better, at relatively high moisture contents, than formulations 

containing only trehalose or only pullulan. 

In Chapter 4, trehalose/pullulan blends were used as the main material of ODFs 

for protein delivery to the oral cavity. In this study, ODFs were prepared from 

trehalose/pullulan blends at several ratios (together with small amounts of glycerol and 

Tween 80 to enable proper film formation).  The mechanical properties of the different 

1

10 11

Introduction and outline of this thesis

145918 Tian BNW.indd   11145918 Tian BNW.indd   11 22-09-2020   12:1622-09-2020   12:16



12 

films were evaluated. Furthermore, lysozyme and β-galactosidase were incorporated 

into these ODFs and their stability was investigated immediately after production and 

after subsequent storage at various conditions. Lysozyme exhibited both excellent 

process and storage stability when incorporated in ODFs, independent of 

trehalose/pullulan ratios, while the stability of β-galactosidase during processing and 

subsequent storage increased with increasing trehalose/pullulan ratios.

To further extend our research, in Chapter 5, H5N1 WIV was incorporated in 

ODFs using an alternative technique. To avoid the unnecessary waste of vaccine, 

solutions of WIV and with and without trehalose/pullulan, and with and without 

albumin were pipetted onto plain ODFs and subsequently air- or vacuum-dried. Various 

sugar containing formulations and drying method showed negligible influence on 

storage stability of WIV. WIV could be better preserved in ODFs when formulating 

with trehalose/pullulan blends at challenging conditions, comparing with ODFs without 

sugar.  Furthermore, the activity of WIV incorporated in ODFs immediately after 

production and after storage at the same challenging conditions were much better than 

WIV dried without ODFs.  

In Chapter 6, WIV was encapsulated in trehalose/pullulan based dissolving 

microneedles. To the best of our knowledge, this is the first study using blends of 

trehalose/pullulan as matrix material in dissolving microneedles. Trehalose/pullulan 

based dissolving microneedles exhibited excellent penetration efficiency into ex vivo 

skin, and rapid dissolution. Furthermore, WIV incorporated in dissolving microneedles 

exhibited excellent stability during manufacturing and subsequent storage at 4 °C, 

25 °C and 37 °C for 4 weeks.  

In Chapter 7, the results of the research described in this thesis are summarized 

and the perspectives are discussed.
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CHAPTER 2

Oromucosal films: from patient centricity to 

production by printing techniques

Yu Tian, Mine Orlu, Herman J. Woerdenbag, Mariagiovanna

Scarpa, Olga Kiefer, Dina Kottke, Erica Sjöholm, Heidi 

Öblom, Niklas Sandler, Wouter L. J. Hinrichs, Henderik W. 

Frijlink, Jörg Breitkreutz and J. Carolina Visser

Expert Opinion on Drug Delivery (2019) 16:981–993.
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