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Abstract
Kolakovic, R. (2013) Nanofibrillar cellulose in drug delivery
Dissertationes bioscientiarum molecularium Universitatis Helsingiensis in Viikki, 5/2013,
pp. 52
ISBN 978-952-10-8618-2 (Paperback), ISBN 978-952-10-8619-9 (PDF), ISSN 1799-7372

The choice of proper excipients is one of the key factors for successful formulation of
pharmaceutical dosage forms. Increasing number of new therapeutic compounds suffers
from poor solubility and/or bioavailability, creating a challenge from the drug formulation
point of view. Problems have also been encountered in attempts to formulate biological
drugs such as peptides and proteins, considering their sensitivity towards certain
production processes and routes of administration. In both cases the choice of the right
excipient(s) is essential to provide particular processability and development of systems
with desirable drug delivery kinetics.
The aim of this work was to evaluate pharmaceutical applications of nanofibrillar
cellulose (NFC), a renewable, biodegradable and widely available plant based material, as
a potential excipient in the production of pharmaceutical dosage forms.
Initially, tablets with immediate drug release were manufactured by methods of direct
compression and compression after wet granulation using spray dried NFC as a filler
material. Addition of NFC improved the flow properties of commercially available and
widely used microcrystalline cellulose.
The main focus of the thesis was to evaluate NFC material for long-term sustained
drug release purposes. This goal was successfully achieved by two approaches: 1) by
setting up a spray drying method for the production of drug loaded NFC microparticles,
and 2) by developing a simple three-step method for the production of drug loaded NFC
films with matrix structures. Both systems were able to sustain the drug release over long
periods of time ranging from two months for the spray dried microparticles up to over
three months for the films. The drug release kinetics were system and drug dependent,
reaching, in several cases, zero order drug release kinetics.
The final part of the thesis work focused on studying the interactions between small
molecular weight drugs, peptides and proteins with the NFC fibers. The purpose of this
study was to further clarify and fully understand the mechanisms behind the successful
performance of NFC as drug release controlling material. Binding of drugs to NFC due to
the electrostatic interactions was observed. This kind of knowledge is beneficial when
choosing the proper drug/excipient combination for the formulation process.
In conclusion, NFC was shown to be a versatile excipient for the production of
pharmaceutical dosage forms, while the comprehensive evaluation of the full potential of
NFC in pharmaceutical applications warrants further experiments in the future.
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Introduction

1 Introduction
European Pharmacopoeia defines an excipient (auxiliary substance) as any constituent
of a medicinal product that is not an active substance. Pharmaceutical excipients have vital
roles in drug formulations and dosage forms.
Recent trends in drug discovery are leading towards new chemical entities with high
molecular weight and increased lipophilicity [1]. Thus, an increasing number of drug
candidates suffers from low aqueous solubility and, therefore, requires specialized
formulations in order to fulfill their potential. On the other hand biological drugs, such as
peptides, proteins and monoclonal antibodies, often possess poor membrane permeability,
enzymatic instability, large molecular size and hydrophilic properties, which represent
significant challenges for the choice of right excipients for successful formulations.
Besides facing the challenges seen in new drug candidates, pharmaceutical industry strives
to improve manufacturing processes, reduce costs and improve the performance of
existing products by employing proper excipients.
In the area of production of immediate release tablets, direct compression is preferred
manufacturing process, in order to improve the manufacturing costs and productivity [2,
3]. Direct compression requires excipients with certain physical characteristics in terms of
flowability and compressibility. Thus, the ideal excipient would provide excellent
compactibility at low pressures, have a high dilution potential, improve the flowability of
powder blend and, at the same time have low price.
Simultaneously, drug manufacturers are aiming towards excipients to improve the
performance of controlled release formulations, which enable faster development and easy
manufacturing. Here the specific focus exist in the development of long-lasting sustained
release systems, where difficulties rise when they are administered by implantation
considering high requirements in terms of sterility, biocompatibility, physical and
mechanical properties and also desirable drug delivery profile.
All mentioned challenges explain the constant demand in pharmaceutical industry for
development of novel excipients.
Cellulose and its corresponding neutral, acidic and basic derivatives have a long
history as pharmaceutical excipients in various types of formulations [4]. Recently,
microscopic cellulose fibers of plant origin have been disintegrated to the level of
nanoscale fibers and the material has been termed nanofibrillar cellulose (NFC). The
material has found application in various research areas due to its excellent mechanical
properties. When it comes to pharmaceutical application, NFC has been recognized as
material for modification of rheological properties [5], stabilization of nanosuspensions
[6] as well as formation of nanoparticles embedded aerogels [7].
This thesis work focused on evaluation of NFC as a novel versatile excipient for the
formulation of pharmaceutical dosage forms. Our aim was to investigate applicability of
NFC in formulation of different dosage forms ranging from immediate towards controlled
drug release systems.
Initial hypothesis was that spray dried NFC could be used as filler in production of
tablets with imnmediate release. Fillers for tablet production have to fulfill certain criteria
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in terms of powder characteristics. Therefore our aim was to characterize spray dried NFC
in terms of powder properties (e.g. bulk, tapped and true density, flow properties) and
compare it to two grades of commercially available and widely used microcrystalline
cellulose. Furhter we aimed at manufacturing the tablets with immediate drug release by
methods of direct compression and compression after wet granulation using spray dried
NFC as a filler material.
The main goal of the thesis was to test the applicability of NFC as excipient for the
production of controlled drug release systems, which would provide release of a drug over
time period of up to three months or longer. In order to achieve this goal two different
types of drug delivery sytems were to be produced and tested. First, the spray dried
microparticles which would provide prolonged drug release of drugs soluble in aqueous
solvents and second, drug loaded thin films produced by filtration method, which would
be suitable for sustained release of water insoluble compounds. In both cases,
microparticles and films, systems would have matrix structure with NFC fibers being
matrix former. Thus, the concept that NFC can be successfully used as an excipient for
controlled drug delivery systems could be proven.
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2 Review of the literature

2.1 Cellulose
Biopolymers (such as cellulose and its derivatives, starch, chitosan, etc.) are often used
and studied as pharmaceutical excipients due to their availability, low toxicity,
biodegradability and renewable nature. Among all biopolymers used in formulation of
drug delivery systems, cellulose and its derivatives are the most widely used ones. Main
sources for cellulose isolation are plant-based materials such as wood, cotton, and straw.
In plants cellulose is constituent of the cell wall and it has a reinforcing role [8]. Besides
plants, it is also synthesized by some bacterial species (Gluconacetobacter xylinus) [9],
algae (Oocystis apiculata) [10], and tunicates (Microcosmus fulcatus) [11].
Understanding of the cellulose organization within plants is necessary for successful
understanding of the properties and production processes of NFC. The same phenomena
will affect their self-assembly and organization in manufactured products.

2.1.1 Cellulose supermolecular structure
Anselme Payen discovered and isolated cellulose from green plants in 1838 and
suggested that cell walls of almost any plant are constructed of the same substance [12].
However, it was only in the 20th century that the structure of cellulose was resolved [13,
14]. Cellulose is composed of linear chains formed of (1 4) linked D-glucopyranosyl
units. Every second anhydrose glucose unit (AGU) is rotated 180° in the plane to facilitate
preferred angle for creation of acetal bond between two neighboring glucopyranosyl rings.
Thus, the two neighboring residues form the structural unit called cellobiose (Figure 1)
[8].

Figure 1 The structure of cellulose. Two cellulose monomers (anhydroglucose units) build
dimer (cellobiose).
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The length of the cellulose chains (degree of polymerization, DP) varies greatly
depending on the material source and could be in the range of 300-10000 [15], although
already 20-30 AGUs give the material properties of cellulose [16]. Each glucose unit
possesses three hydroxylic groups, two primary groups at the positions C2 and C3, and
one secondary at the position C6. These hydroxylic groups are able to establish intra and
intermolecular hydrogen bonds, thereby forming crystalline structures. Based on the
molecular orientation and hydrogen bonding pattern, four different polymorphs of
cellulose (and their allomorphs) have been identified: I, II, III and IV [17, 18]. Forms I and
II are the most studied ones and the difference in their structure is shown in the Figure 2.
The dominant hydrogen bond for cellulose I is the O6-H---O3, whereas for cellulose II it
is the O6-H---O2. Furthermore, the chains in cellulose I are organized in parallel direction,
whereas cellulose II has an antiparallel packing. Native cellulose from plant sources
occurs in form I with two allomorphs I and I [19], and their ratio depends on the
material source. I is a metastable form and it consists of triclinic unit cells, while I
allomorph (which is predominant in higher plants) exhibits a monoclinic type of unit cells.
Cellulose II is rarely found in the nature, but it can be obtained from cellulose I by
regeneration or mercerization processes. Regeneration includes solubilization of cellulose
I in a solvent, while mercerization involves only swelling of cellulose in sodium
hydroxide. Both processes end by a reprecipitation step, in which the more
thermodynamically stable cellulose II form is obtained. Cellulose forms III and IV are
formed from cellulose I and II via different chemical procedures [20-22].

Figure 2

Major supramolecular difference between cellulose I and cellulose II.

During the process of wood biosynthesis, the cellulose chains are synthetized in a
parallel fashion, which leads to hydrogen bonding between the neighboring chains. In
native cellulose 30-40 glucan chains are assembled and merged into a single microfibril,
denoted as elementary fibril. These microfibrils are not completely crystalline, but they
show less ordered, amorphous regions, creating an irregular pattern of amorphous and
crystalline domains. These elementary fibrils have been shown to be 2.5-4 nm in diameter
and up to a few micrometers in length. The elementary fibrils are then aggregated to form
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bundles with diameters in a range of 10-20 nm and further microscopic cellulose fibers.
The scheme of cellulose hierarchical organization is shown in Figure 3. In the wood
cellulose the microfibrils are surrounded by an amorphous matrix of hemicelluloses and
lignin.

Figure 3 Schematic drawing of cellulose organization in cell walls of plants showing its
hierarchical structure (This picture was provided by Dr. Antti Laukkanen from the UPM
company). The existence of amorphous and crystalline regions is shown in lateral fiber structure.

2.1.2 Hemicelluloses
In the plant cell wall of wood fibers the cellulose microfibrils are surrounded by an
amorphous matrix of lignin and hemicellulose. Lignins are water insoluble amorphous
polymers of phenylpropane units, which are removed during the pulp preparation. The
lignin matrix is crosslinked with the cellulose fibrils by hemicellulose. In contrast to
cellulose, the hemicelluloses are heteropolysaccharides, with their monomeric components
consisting of anhydrohexoses. In hardwood, the major hemicellulose component is Oacetyl-4-O-methylglucurono- -D-xylan (Figure 4), sometimes called glucuronoxylan.
Depending on the hardwood species, the xylan content varies within 15-30% w/w of the
dry wood. The backbone consists of (1 4) linked D-xylopyranose units. About seven of
ten xylose units contain an O-acetyl group at the C2 or C3. In addition, per ten xylose
units there is on average one (1 2) linked 4-Omethyl- -D-glucuronic acid residue.
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Figure 4

Principal structure of glucuronoxlyan

2.2 Nanofibrillar cellulose (NFC)
The structure of native cellulosic fibers results in two families of nanocellulose
materials. Since the cellulose microfibrils consist of both amorphous and crystalline
regions, treatment of them in strongly acidic conditions leads to an extensive hydrolysis of
the amorphous fractions and formation of short rod-like cellulose nanowhiskers with high
crystallinity and low aspect ratio (Figure 5). The diameter of these whiskers is typically
around 2-20 nm, while they have wide length distribution of 100-600 nm. Several terms
are used in the literature to denote the whiskers, nanowhiskers [23-25], nanorods [26, 27],
and rod-like cellulose crystals [28]. When the macroscopic cellulose fibers are
mechanically disintegrated avoiding the strongly acidic conditions, long nanoscale partly
amorphous fibrils are produced (Figure 5). In the literature terms such as cellulose
nanofibers [29-33], cellulose nanofibrils [32, 33], microfibrillated cellulose [34, 35],
nanocellulose fibers/fibrils [36, 37], or nanofibrillated cellulose [38-40] have been used to
describe these fibers. This thesis defines nanofibrillar cellulose as elementary fibrils and
fibril bundles with a very high aspect ratio, which have diameters in nanometer scale and
lengths of up to several micrometers.
In the experimental part of the thesis short- and long-term drug delivery applications of
the NFC were explored. Thus, the contents of the following literature review chapters
focus more on the production, properties and selected application fields of NFC, excluding
the nanofibrillar whiskers.

6

Literature review

Figure 5 Three methods to disintegrate
macroscopic cellulose fibers into micro- or
nanoscale fibers or crystals [5].

2.2.1 Production of NFC
Wood is the most commonly used source for NFC production. As explained above,
cellulose possesses high level of organization within plant based materials, where
nanoscale fibers are grouped and bound by hydrogen bonding to form macroscopic
structures. To isolate NFC from wood, one has to break down its highly organized
hierarchical structure. The first successful attempt to isolate NFC was reported in 1983
[41, 42]. Turbak and coworkers used multiple passing of softwood pulp through a
laboratory homogenizer to produce the material, which they named microfibrillated
cellulose. This method produced fibers with 10-100 nm in diameter [42]. Even though the
authors were aware of the material’s potential at the time, immediate applications were not
found due to the high energy consumption of the production method. NFC started getting
full attention at the beginning of the 21st century when a series of cost-effective methods
for its production from various plant sources was reported [43]. These methods utilize
mechanical fibrillation using various devices, which is often combined with chemical or
enzymathical pretreatment. The most commonly used techniques for mechanical treatment
involve refining and high-pressure homogenization [5, 44-49], cryocrushing [50-53], and
grinding [28, 29, 48, 54]. The main drawback of the mechanical disintegration techniques
is high energy consumption, which can be as high as 70000 kWh/tonne [55]. To decrease
the energy consumption, mechanical disintegration is preceded by certain pre-treatments,
which can be alkaline [52, 53, 56, 57], oxidation (most commonly 2,2,6,6tetramethylpiperidine-1-oxyl radical - mediated oxidation or so called TEMPO oxidation)
[58-62] or enzymatic [5, 63-65] pre-treatment. NFC is nowadays available product from
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various companies and research institutes (UPM, Finland; Rettenmaier & Söhne,
Germany; Daicel, Japan; Innventia, Sweden).
Wood is undoubtedly the biggest source of cellulose for NFC production. However,
non-wood plants such as corn, wheat, rice, sorghum, barley, sugar cane, pineapple,
bananas and potato, and especially their by-products, can be valuable sources of natural
fibers. Non-wood plants generally contain less lignin than wood and, therefore, the
bleaching processes are less demanding [43]. Also cellulose microfibrils are less tightly
bound in the primary cell wall in these plants than in the secondary wall in wood, thus
fibrillation to produce NFC should be less energy demanding [66]. Further by-products of
these plants are normally burned or used for production of low-value animal food. Thus,
their usage as a source for NFC production is desirable from an environmental point of
view. So far the production of NFC from soy hulls and wheat straw [50], sugar beet pulp
[56, 61, 66], potato pulp [49], swede root [67], bagasse [68], sisal [69], cladodes of cacti
[70], pear fruit [71], banana rachis [72], carrot [73], and bamboo [74] has been reported.
Production processes of NFC include steps, which purpose is to remove the
accompanying materials (e.g. lignin). However, the final material contains certain amounts
of hemicellulose residues and their contents can vary highly depending on the material
origin and production method [75]. The presence of hemicelluloses, which carry
carboxylic groups, causes a slight negative charge for the NFC. The negative charge
causes repulsion between fibers preventing in this way their aggregation in wet state [76].
Thus, the presence of hemicellulose promotes dispersion of otherwise non-dispersible
NFC fibers in an aqueous medium.
NFC used in the experimental work of this thesis was produced using bleached birch
pulp as a starting material and a controlled homogenization process using an industrial
fluidizer. A more detailed description of the material production is given later in the
materials section.

2.2.2 Properties of NFC

2.2.2.1 Morphology
Depending on the source of the raw material, the initial cellulose fibers used for NFC
production can have different properties - lengths, microfibril angles, and amounts of
residual lignin and hemicelluloses, or even other characteristics, when they come from the
sources originally denoted as waste. These different qualities followed by different
production methods result in NFC materials with similar morphologies, but different
characteristics in terms of dimensions (diameter and length) and hemicellulose content.
Table 1 lists diameters of the NFC fibers depending on the type of the mechanical
treatment and pre-treatment used for production using the wood as starting material.
However, it is difficult to accurately compare fiber dimensions since the raw materials are
different. In general, it seems that the application of pre-treatment step results in more
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narrow size distribution and can also produce fibers with diameters as low as 3-5 nm [58,
77]. These very low values are also due to the centrifugation step used after the fibrillation
process, which eliminates the larger NFC fibers.
Table 1.
Diameter of the NFC fibers produced from wood sources applying different
mechanical treatments and pre-treatments.

Mechanical
treatment
Homogenizer
Grinder
Blender
Microfluidizer

Pre-treatment

Diameter (nm)

Reference

TEMPO oxidation

20-40
15-50
15-20
3-5
10-30
10-15
20-30

[78, 79]
[28, 29]
[80]
[58, 77]
[81]
[81]
[5]

carboxymethylation
enzymatic

NFC fibers extracted from plant sources other than wood can have higher or lower
dimensions. Thus, diameters in range of 10-80 nm for wheat straw and 20-120 nm for soy
hulls as raw materials have been reported [50]. On the other hand, NFC fibers isolated
from sisal [82, 83], carrots [73], beet pulp [46, 56], and Luffa cylindrical [84] had
diameters of 20-65 nm, 3-36 nm, 30-100 nm, and 40-70 nm, respectively.
Hemicellulose and lignin residues also influence the fiber morphology. The raw
material used for production of NFC normally contains lignin only in low quantities.
However, studies of the effect of lignin content on the fiber dimensions have shown that
the diameter of NFC fibers produced from lignin-containing pulp was larger regardless of
the origin of the used pulp [85, 86]. On the other hand, the hemicellulose content
correlates with smaller nanofiber dimensions, which suggests that hemicellulose limits the
association between the cellulose nanofibers [66, 75, 87, 88].
It is generally very difficult to create a clear picture on the effect of all factors on fiber
dimensions, since each material source is specific and production methods differ from one
study to another.
NFC used in this thesis had a fibril width between 20 and 30 nm. A more detailed
description of the material morphology and the methods used for its determination are
given later in the materials section.

2.2.2.2 Degree of polymerization and tensile strength
Degree of polymerization (DP) for cellulose is reported to correlate strongly with the
aspect ratios of the nanofibers; longer fibrils are associated with higher DP. Further
mechanical treatment during NFC isolation affects the DP by decreasing its value with the
increasing number of treatment cycles. Hence, mechanical isolation may result in about
30–50% decrease in DP [39, 63]. The DP is also correlated to the NFC tensile strength,
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where high DPs lead to high values of tensile strengths [63]. The exact values of tensile
strength have not yet been precisely determined. However, the strength of NFC fibrils
have been estimated to be at least 2 GPa based on the results for kraft pulp, which
contained 70-80% of NFC fibrils distributed in a parallel direction [89]. NFC also
possesses high toughness due to the high values of elastic modulus of the cellulose. Elastic
modulus of a perfect crystal of native cellulose is estimated at 130 GPa to 250 GPa [47,
90].

2.2.2.3 Rheological properties
Aqueous suspensions of NFC form a highly entangled network, which behaves as a
pseudoplastic gel [5, 42] showing a large decrease in viscosity with an increasing shear
rate, a phenomenon which is referred to as shear thinning [42]. With regards to the
influence of fibrillation method, the viscosity of NFC increases with the number of
passages through the homogenization equipment. The rheological properties enable the
use of the NFC as thickener or stabilizer in suspensions or emulsions [34, 38] in many
applications such as foods, paints, cosmetics and pharmaceuticals.

2.2.2.4 NFC in dry state
In this thesis, the production of NFC based drug delivery systems was based on the
property of NFC to aggregate upon water removal creating highly porous, water insoluble
structures. Thus, the facts necessary to fully understand the mechanism behind this
behavior must be understood.
NFC is normally processed and stored as an aqueous suspension. This is done to avoid
the agglomeration of the fibers during drying, caused by a phenomenon called
hornification. The hornification defines irreversible changes in the natural structure of the
fibers upon water removal [91]. It can be explained by an increased degree in crosslinking in the material microstructure due to the formation of a large number of hydrogen
bonds between the hydroxyl groups of neighboring fibers [88, 92]. Since this process is
irreversible once dried, the material cannot be resuspended in water. This property has
been used for the production of different dried forms of NFC. Hence, NFC has been
converted into dry state to form aerogels, films and powders.
When the water is removed from NFC gel by freeze-drying, highly porous (250-389
2
m /g), flexible and deformable aerogels are formed [5, 93]. These kinds of gels have been
studied for numerous applications (e.g. drug delivery, catalysis, filtrations, grafts,
cushioning and liquid storage) [7, 93-96].
Diluted NFC suspensions have been converted to a dried powder form by spray drying
[97, 98]. However, the powder form has still not found any applications. Thus, in this
thesis, not only its usage as an excipient in pharmaceutical formulations, but its
application in general, was tested for the first time.
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The most studied dry forms of NFC are NFC films produced by filtration method [28,
48, 99, 100], molding [101, 102] or spin coating [81]. When water is removed by any of
these methods, films with tight fiber networks of high strength are formed. These films are
sometimes referred to as nanofiber paper or nanopaper [81, 99-101]. Depending on the
diameter of the NFC fibers the films show different degree of transparency which can be
as high as 90% [103, 104]. Their application is based on their high strength and good
barrier properties [99, 100]. However, the high hydrophilicity of NFC limits wide
utilization of films made of pure NFC in some areas (e.g. in packaging). Thus, compositetype films are often prepared by mixing NFC with other polymers [43, 44, 77].

2.2.3 Applications of NFC
The most studied application of NFC is its utilization as a reinforcement material in
nanocomposite materials. Numerous studies have reported superior mechanical properties
of materials after the incorporation of NFC [39, 43, 47, 53, 77, 105]. However, in this
thesis work, the focus was on the utilization of NFC as a pharmaceutical excipient.
Therefore, the following chapter will describe only selected biomedical applications of
NFC.

2.2.3.1 Biomedical applications of NFC
In recent years, NFC of bacterial origin has been the most widely studied form of NFC
in the biomedical applications. However, several studies have also explored possible
applications of plant based NFC for these purposes. These applications are often based on
the mechanical properties of NFC fibers. Mathew et al. [106] used NFC as material for the
development of artificial ligaments and tendons. Partially dissolving NFC films in ionic
liquids, they prepared cylindrical composites with mechanical properties similar or better
than the natural ligaments and tendons. The composites also had excellent
cytocompatibility required for biomedical applications. The same authors have also
reported production of collagen based implantable scaffolds reinforced with the NFC
[107]. They exploited the potential of NFC in providing mechanical reinforcement and
dimensional stability to the newly created material without affecting the biocompatibility
and non-toxicity of collagen. Eyholzer et al. [108] have created biocomposite hydrogels
reinforced with carboxymethylated NFC for the replacement of nucleus pulposus in
intervertebral disks. The hydrogels were prepared by UV polymerization of a mixture
containing N-vinyl-2-pyrrolidone with Tween 20 trimethacrylate as a cross-linking agent
and caroboxymethylated NFC powder. They created hydrogels that mimicked the swelling
and mechanical behavior of human nucleus pulposus. Cherian et al. [109] have produced
polyurethane matrices that were reinforced with NFC for implantable purposes. They
tested the application of the composites in design of prosthetic heart valves as well as
vascular grafts.
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Besides its utilization based on excellent mechanical properties, NFC has found
applications in biomedical sciences due to its high porosity and rheological properties.
Bhattacharya et al. reported utilization of native NFC hydrogel as a scaffold for 3D cell
cultures [110]. They found the rheological properties of NFC gel to be suitable for mixing
with the cells and its fluid-like behavior at high-shear stress facilitated injecting. The
spontaneously formed gel after the injection provided the required mechanical support for
cell growth and differentiation [110]. Further, they showed that NFC material was not
cytotoxic.
Shimotoyodome et al. [111] studied the effect of intake of NFC (native and TEMPOoxidized) on postprandial blood metabolic variables. NFC was orally administered with
glucose and glyceryl trioleate to mice and blood levels of metabolic variables were
followed over time. It was found out that the levels of blood glucose, insulin, glucosedependent insulinotropic polypeptide, and triglycerides were significantly decreased,
especially 10 min after the administration of TEMPO-oxidized NFC.
So far, the only applications of NFC in the field of drug delivery have been reported by
Valo et al. [6, 7]. They showed that NFC can be successfully used for the stabilization of
nanosuspensions [6]. This was achieved by nanoprecipitation of the drug in the presence
of NFC and genetically engineered hydrophobin fusion protein (HFBI-DCBD), where the
hydrophobin (HFBI) was coupled with two cellulose binding domains (CBD). The protein
was utilized in order to assist binding of drug nanoparticles to NFC. The NFC
nanostructure prevented the nanoparticles agglomeration significantly improving storage
stability. Further, the nanoparticles embedded in NFC network preserved their
morphology during the freeze-drying. In addition, the dissolution rate of itraconazole was
significantly increased in vitro and in vivo due to the effect of nanosizing [6]. The concept
of freeze-dried NFC networks as drug carriers was broadened and four different NFC
aerogels with embedded drug nanoparticles were tested using NFC originated from
different sources [7]. Drug release from the aerogels was immediate or sustained,
depending on the structure and interactions formed by the nanoparticles and the cellulose
matrix during freeze-drying. Thus, the NFC aerogel made from red pepper, and
microcrystalline cellulose aerogel released the drug immediately, while bacterial cellulose,
quince seed cellulose and TEMPO-oxidized birch cellulose aerogels showed sustained
drug release. Both studies showed the potential of NFC to be used in many pharmaceutical
nanoparticle applications and in controlled drug delivery.
The publications listed above represent a collection of all reported biomedical
applications of plant NFC so far. Evidently, NFC still has not found wide utilization in this
area, especially not pharmaceutical field. Thus, this thesis aimed at exploring the
applicability of NFC as an excipient in the formulation of pharmaceutical dosage forms.
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2.3 Cellulose derivatives as pharmaceutical excipients
Cellulose and its derivatives are widely used as pharmaceutical excipients.
Microcrystalline cellulose (MCC) is used as tablet binder and diluent in wet granulation or
in direct compression, and as a tablet disintegrant, anti-adherent or capsule diluent.
Powdered cellulose is available in several grades and is used as binder and disintegrant.
Ethylcellulose is hydrophobic, inert, stabile, cellulose derivative, frequently used in
preparing sustained release dosage forms either as a tablet matrix-former material or film
forming material [112-114]. Pure cellulose is not soluble in water due to its crystalline
structure but, by incorporating substituents along the cellulose chains, the crystalline
structure breaks down and cellulose derivatives such as hydroxypropyl (HPC),
hydroxypropylmethyl (HPMC), and carboxymethyl cellulose (CMC) become water
soluble. HPMC has found applications, depending on the molecular weight, in tablet film
coating as well as rate controlling polymers in extended release hydrophilic matrices [115,
116]. Carboxymethylcellulose is a typical acidic cellulose derivative and is used as
emulsifier, gel-former, but also as binding agent or disintegrant in tableting [117, 118].
Among all cellulose derivatives MCC could be recognized as the most commonly used
as excipient in pharmaceutical formulations. It has been widely used as filler for tablet
production and according to the survey conducted within the pharmaceutical industry it is
considered the most useful filler for direct compression [119]. In this thesis, application of
NFC as a filler for tablet production was studied and compared to MCC due to their
physico-chemical similarities. Thus, the following chapter more closely describes the
application of MCC in tablet manufacturing.

2.3.1 Microcrystalline cellulose as filler for tablet production
Microcrystalline cellulose is manufactured by controlled hydrolysis of dilute mineral
acid solution of cellulose, obtained as a pulp from fibrous plant materials. Following
hydrolysis, the hydrocellulose is purified by filtration and the aqueous slurry is spray-dried
to form dry, porous particles of a broad size distribution. Considering this, MCC and NFC
are chemically identical and they also utilize the same method of conversion of an aqueous
slurry to the powder form (spray drying). Thus, it could be expected that spray dried NFC
could be utilized for the same purpose as MCC when formulating tablets as dosage form.
MCC has been employed as a tableting excipient in pharmaceutical manufacturing for
more than 30 years [119].
A material should fulfill certain criteria in terms of powder characteristics in order to
be successfully used as tablet filler. It should: i. possess good flowability to ensure
uniformity of tablet weight, ii. be readily mixed with other ingredients without showing
signs of segregation to ensure homogeneous mixtures and obtain tablets with an
acceptable uniformity, iii. have suitable compression pressure – tablet strength profile to
produce the tablets with high physical strength when applying low compression forces, iv.
possess high dilution potential so that a high amount of another ingredient can be mixed
with it while still obtaining tablets of acceptable quality, v. be physically and chemically
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stable and inert with regard to moisture, air, and heat as well as active ingredients or other
excipients, and vi. possess a known mechanism of consolidation during compression so
that it complements the properties of an active ingredient. This thesis evaluated spray
dried NFC in terms of some of the mentioned properties in order to estimate its potential
as tablet filler and also in order to compare those properties of NFC to MCC. The
popularity of MCC as tablet filler can be ascribed to its fulfillment of the majority of the
above mentioned criteria. MCC is well known to deform in a predominantly plastic
manner during the compaction. In general, early stages of compaction are characterized by
particle rearrangement, break down of the particles agglomerates, and deformation or
breaking of the granules for granulated powders. The density of the die content is
increased and when the particles are close enough interparticlulate bonds are created.
Further increase in the pressure causes the change in particle shape and some type of
deformations including plastic deformation or breakage of particles, consolidation of
particle segments and bond formation between them. When the load is removed in
decompression step, some particles are able to regain their original shape (elastic
deformation), while other ones have experienced permanent deformation (plastic
deformation) (Figure 6 A) [120]. Thus, the plastic deformation has been defined as a
permanent change in the shape of a specimen due to the applied stress. This kind of
deformation aids interparticulate bonding, because it increases the contact area between
particles. In this way, strong tablets are prepared. The force required for initiation of
plastic deformation is denoted as yield stress. On the other hand brittle particles undergo
fragmentation when fracture occurs by the rapid crack propagation throughout the
specimen crushing original particle in smaller units (Figure 6 B) [120, 121].

B

A

Figure 6 Plasticity, elasticity and fragmentation in powder system during compression (A) and
stress strain curve showing the behavior of a material under the stress (B).
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A single particle may undergo several of these deformation stages during the
compression process. Some materials mainly consolidate by plastic deformation
(microcrystalline cellulose, mannitol, starch, sodium chloride) and some mainly by
fragmentation (lactose, calcium hydrogen phosphate, sucrose), but all materials possess
both elastic and plastic behavior depending on the applied force [121]. In the case of
MCC, hydrogen bonding plays an important role in compact hardness [122, 123].
Hydrogen bonding is important because significant plastic deformation during
compression brings an extremely large surface area into close contact and facilitates
hydrogen bond formation between the plastically deformed, adjacent cellulose particles
[124]. Considering that NFC also possesses hydroxylic groups capable of building
hydrogen bonds it could be expected that similar phenomena takes place when NFC is
used as tablet filler. Apart from the chemical similarity of MCC and NFC, certain degree
of difference in terms of particles size and morphology, moisture content as well as
crystallinity could be expected. It has been shown that these factors can influence the
properties of the produced tablets [122, 123, 125-128]. Hence, certain differences in
compression behavior of MCC and NFC were expected.
One of the aims of the thesis was to show if NFC could be used as tablet filler, on the
other hand the main goal was to further explore its potential as pharmaceutical excipient in
creation of controlled drug delivery systems. Thus, the following chapter focuses on
discussion of the most important types of controlled drug delivery systems and
mechanisms of drug release from those systems.

2.4 Controlled drug delivery
Periodic administration of a drug by conventional means, such as taking a tablet every
four to eight hours or injecting a drug intravenously or subcutaneously, results in
constantly changing systemic drug concentrations in the blood stream. This often produces
a sharp initial increase in drug concentration to the level above the therapeutic range and it
is followed by fast decrease in drug concentration below the therapeutic range [129]
(Figure 7). Drug delivery systems (DDS) with controlled release attempt to maintain drug
concentrations in the therapeutic level over a certain period of time. Thus, they offer
several advantages over immediate release systems, including precise control of dose,
decreased number of dosages, reduction in harmful side effects, and improvement in
patient compliance and convenience.
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Figure 7

Simplified blood level profiles illustrating the difference between repeated treatment
with a conventional immediate delivery formulation and a single, controlled release, long-acting
formulation [129]

A number of advancements have been made in the past 30 years in the development of
new techniques for controlled drug delivery. These techniques are capable of regulating
the rate of drug delivery, sustaining the duration of therapeutic action, and/or targeting the
delivery of drug to a specific tissue [130, 131]. Based on the technical complexity, the
DDSs with a controlled drug release that have been marketed so far, or that are under
active development, can be classified as follows [132]:
Rate-preprogrammed drug delivery systems - release of drug molecules from the
delivery systems has been preprogrammed at a specific rate profile. This is
accomplished by system design where the drug release is controlled by several
physical and chemical phenomena and their combinations, e.g., wetting of the
system’s surface with water, water diffusion in the system, drug dissolution, drug
diffusion, polymer swelling, polymer dissolution, and/or polymer degradation,
physical drug-excipient interactions, etc. [133, 134]. If several processes take place
simultaneously, the one which is much slower than all the others is considered as
dominant and needs to be taken into account for the quantitative description of the
overall drug release rate from the device [133]. Thus, depending on the
predominant/limiting process, the rate-preprogrammed DDSs can roughly be classified
as:
Diffusion controlled DDS (reservoir and monolithic systems),
Water penetration controlled DDS (osmotic and swelling systems)
Chemicaly controlled DDS (biodegradable systems and ion exchange
resins).
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Activation-modulated drug delivery systems - release of a drug takes place when
triggered by specific internal or external stimuli, such as changes in pH [135-137] or
temperature [138, 139], exposure to ultrasound [140], enzymes [141, 142] or light
[143], or changes in electric [144, 145] or magnetic fields [146].
Feedback-regulated drug delivery systems - ability to monitor the chemical
environment and rapidly detect and appropriately respond to a biological event by
changing the rate of release of a therapeutic agent [147].
Site-targeting drug delivery systems – ideally have ability to deliver a drug
exclusively to the targeted cells or cellular components thus offering the best
controlled mechanism [148].

2.4.1 Diffusion controlled drug release
Diffusion is the most important mechanism used to control the drug release from
DDSs [149]. Depending on the inner structure, the diffusion controlled DDSs are usually
classified as reservoir type DDSs, which comprise “core-shell structure”, in which the
drug is physically separated from the rate-controlling membrane, and monolithic DDSs,
where the drug is homogeneously distributed within the matrix (Figure 8). Both the
reservoir and monolithic DDSs can be further classified depending on the initial drug
loading compared to the drug’s solubility.

2.4.1.1 Reservoir systems
When talking about reservoir DDSs, it is possible to distinguish between “non-constant
activity source” and “constant activity source” systems (Figure 8) [133, 150]. In nonconstant activity source systems, the concentration of a drug within the system is below its
solubility (e.g. coated pellets or tablets with a low drug loading). Thus, the drug
concentration in the reservoir is decreasing over time. Drug release from these types of
systems follows first order kinetics regardless of the geometry of the device given that the
membrane does not dissolve or swell, the diffusion coefficient remains constant and sink
conditions are provided [134]. In constant activity source systems, the drug concentration
within the device exceeds the drug solubility. This results in the drug dissolution from the
“depots” of amorphous or crystalline solid substance keeping the drug concentration
constant over the time. As long as the excess of drug is present, zero order release kinetics
is achieved regardless the system geometry, given the same conditions as mentioned
above. Once the excess drug is dissolved and the concentration within the reservoir falls
below drug solubility, the system becomes a non-constant activity source [134].
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Figure 8 Classification system for primarily diffusion controlled drug delivery systems. Stars
represent individual drug molecules, black circles drug crystals and/or amorphous aggregates.
Only spherical dosage forms are illustrated, but the classification system is applicable to any type
of geometry [134].

2.4.1.2 Monolithic systems
Similarly to drug delivery reservoirs, the monolithic systems can be classified based on
the initial drug loading/drug solubility ratio. Here we can make distinction between
monolithic solutions and monolithic dispersions (Figure 8) [133].

Monolithic solutions
The system is considered a monolithic solution if the initial drug concentration is
below drug solubility, thus, the drug is moleculary dispersed in the matrix former or if the
drug is rapidly completely dissolved upon water penetration into the system [150]. Drug
release kinetics from monolithic solutions is significantly dependent on the system
geometry. In this thesis work we produced systems which could be described as
monolithic dispersions. Hence, the equations for the calculation of drug release from
monolithic solutions are not presented here but later in the experimental part of the thesis.
Monolithic dispersions
The system can be classified a monolithic dispersion if the drug is homogeneously
distributed within the matrix former in the form of crystalline and/or amorphous particles
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meaning that the initial concentration is above drug solubility (in the wetted state) [133].
When this type of a system is exposed to an aqueous medium, the drug in the outermost
layer starts to dissolve and becomes available for diffusion. Once the drug from that layer
has completely dissolved, the same process starts in the adjacent layer. Thus, the dissolved
and non-dissolved drug fractions co-exist within the matrix. The drug release kinetics
from these systems is also highly dependent on the geometry (Figure 9). Often the exact
mathematical description of drug release can be rather complex. However, in case of thin
films with the release from both faces and negligible edge effects (slabs), a quite simple
equation has been derived 50 years ago by Takeru Higuchi [151, 152]:
(1)

Mt

A DC s (2C ini

C s )t

where Mt is the cumulative absolute amount of drug released at time t; A is total surface
area of the film exposed to the release medium; D is the diffusion coefficient of the drug
within the system; Cs is the solubility of the drug in the wetted matrix (not in the release
medium), and Cini is the initial total concentration of the drug in the system. When
applying the Higuchi equation, one should keep in mind that the equation is valid only in a
case when: i. the drug transport through the matrix is the rate limiting step (while drug
transport in release medium and water penetration into the system are rapid), ii. the
dissolution of the drug particles within the system is rapid compared to the diffusion of the
dissolved fraction, iii. perfect sink conditions are provided, iv. the initial drug
concentration in the system is much higher than the drug solubility in the wetted system,
v. the drug is homogeneously distributed and finely dispersed (the size of the particles is
much smaller than thickness of the film), vi. the diffusion coefficient of the drug within
the system is constant, and vii. the system does not swell or dissolve during the release.

Figure 9

Overview on the mathematical equations, which can be used to quantify drug release
from monolithic dispersions (initial drug concentration > drug solubility). The variables are
explained in the text [150].
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The best solutions to quantify drug release from monolithic dispersions with spherical
and cylindrical shapes so far were offered by Baker and Lonsdale [153]:

(2)
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where Mt and M are the cumulative amounts of drug released at time t and at infinite
time, respectively; D is the diffusion coefficient of the drug within the system; Cs is the
drug solubility in the wetted matrix (not in the release medium); Cini is the initial drug
concentration in the system, and R is the radius of the sphere.
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where R is the radius of the cylinder
This chapter gave an overview on main types of controlled drug delivery systems and
mechanism of drug release from those systems. Considering that in the most cases
different types of polymers are used for formulation of those systems the following
chapter will focus on polymers and their application in formulation of DDSs with longlasting drug delivery.

2.4.2 Materials for long-lasting parenteral drug delivery systems

The main aim of this thesis was to produce systems based on NFC as matrix former
which would sustain release of a drug for long time period, preferably up to three months
or longer. The idea originated from the existence of a continuous demand for new
sustained release drug delivery techniques, which could be utilized for production of
systems such as transdermal patches, intraocular devices or gynaecological devices such
as intravaginal rings, intrauterine devices or implants for subcutaneous delivery. The
duration of drug release from these systems can range from 24 h to 1 week for transdermal
patches, 1 month to 28 months for intravaginal rings or 6 months to 1 year for implants.
The number of currently available polymers which could provide the needed duration
of therapy is limited. It should also be taken into account that polymers whose mechanism
of controlling drug release is based on swelling are not suitable for these purposes. Further
biodegradable polymers (e.g. poly(lactide-co-glycolide)) are known to have disadvantages
such as inter-patient variance, inability of system removal in the case of need for therapy
discontinuation. Besides this, the design of some of the mentioned systems (intravaginal
rings or intrauterine devices) would be rather complicated when biodegradable polymers
are used due to the necessity of the systems to keep their shape and mechanical properties
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during the whole duration of therapy. Thus, only a small number of non-biodegradable,
non-swelling polymers are available for the design of such long-lasting drug delivery
systems. Nowadays, the most popular materials for this purpose are poly(ethylene-covinylacetate) (EVA) and silicone elastomers such as poly(dimethylsiloxane) (PDMS).
Good example of the products present on the market which utilize EVA is the intravaginal
contraceptive ring Nuvaring® (developed by Organon), which provides sustained release
of etonogestrel and ethinylestradiol for a period of three weeks. The same material has
been used for the production of the contraceptive implantable rod Implanon® (developed
by Organon), which delivers progestin etonogestrel for a period of 3 years. PDMS has also
been successfully employed in the products widely available on the market. The
subcutenous implant Jadelle® (developed by the Population Council and manufactured by
Leiras Inc., nowadays Bayer Inc.) is used for the sustained release of levonorgestrel for a
time period of 5 years. Another good example of successful application of PDMS is the
intrauterine device Mirena® (developed by the Population Council in the late 1980s and
later with Schering Inc., nowadays Bayer Inc.) which comprises of a T-shaped backbone
of PDMS with a drug delivery cylinder wrapped around its stem. The cylinder is a
PDMS/levonorgestrel mixture that allows a steady release of levonorgestrel through
regulating surface membrane for period of 5 years.
From the examples above it is clear that intravaginal rings and implants have, to date,
been primarily developed for the systemic delivery of contraceptive steroids and the
localized and systemic delivery of steroids for hormone replacement therapy. However, it
is likely that they will, in the future, be exploited for a much wider range of applications
within women’s health care in general. This brings to discussion the limitations of
materials currently used for the production of the devices. The delivery of the drugs from
the mentioned materials is based on the diffusivity of steroid compounds due to their high
solubility in the hydrophobic material and the relatively low molecular weight/volume.
Therefore, the currently used materials are not suitable for the delivery of hydrophilic
and/or high molecular weight compounds. Furthermore, all the currently used materials
are thermoplastic and the devices are often produced by extrusion or injection molding.
Both the processes require relatively high temperatures which makes them unsuitable for
incorporation of thermosensitive drugs. Furthermore, silicone elastomers require a curing
step to achieve the desirable mechanical properties and the curing process is performed at
an elevated temperature. All the mentioned limitations lead to conclusion that new, more
versatile materials for long lasting drug delivery are needed. Thus, the aim of this thesis
was to test application of NFC for these purposes.
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3 Aims of the study
The aim of this thesis was to evaluate the potential of NFC to be used as an excipient in
the production of pharmaceutical dosage forms, especially 1. as an excipient for
immediate release tablets and compressions, and 2. for providing sustained drug release
profiles from microparticle and film-type controlled release systems.
The specific objectives of this study were:
1. To study the applicability of NFC as a novel excipient for the production of
tablets with immediate drug release properties. The specific goal was to
investigate the use of spray dired NFC as a filler in tablet production in direct
compression and wet granulated formulations (I)
2. To investigate the applicability of NFC in production of spray dried drug
loaded microparticles which will act as long-lasting (several months) drug
release systems (II)
3. To investigate preparation, drug-loading capability and sustained release
properties of drug/NFC film-like matrix systems aiming at the drug loadings in
the range of 20% – 40% and long-lasting drug release (up to three months)
(III)
4. To study physical and chemical interactions between the NFC fibers and model
drugs, peptides and proteins with different molecular properties (structure,
molecular weight/size, charge) (IV)
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4 Experimental
Complete details of the suppliers of the materials, production and analytical methods and
equipment used in this work can be found in the original publications (I-IV).

4.1 Materials

4.1.1 Nanofibrillar cellulose (I-IV)
The nanofibrillar cellulose was produced and kindly donated by UPM-Kymmene
Corporation, Finland. Bleached birch pulp was used as the NFC source. Purified pulp
fibers were diluted with sterilized, ultra high quality water before the fibrillation. Fibers
isolation was conducted via controlled homogenization process using an industrial
fluidizer. The applied process resulted in the production of nanofibrillar cellulose hydrogel
with the fiber content typically 1.7 wt%. Analysis of the NFC product with an electron
microscope revealed that the most common fibril width is between 20 and 30 nm (Figure
10). The exact length scale cannot be estimated due to the entangled and bundled nature of
the material. Detailed description of the fibers size distribution has been presented
elsewhere [154]. The product also contains some soluble hemicelluloses, i.e. 23 wt% of
xylan, due to the birch based raw material.

Figure 10 SEM image of NFC hydrogel (A), the scale bar 100 nm, fibril width distribution
measured manually from FE-SEM image (B) (This picture was provided by Dr. Antti Laukkanen
from the UPM company)
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4.1.2 Model compounds (I-IV)
The list of the model drug compounds used in the studies and their most important
physicochemical properties are given in Table 2.
Table 2.
List of the model drug compounds, their aqueous solubilities, pKa values, and
molecular weights.
API

Solubility in aqueous
media

Paracetamol

pKa/pI

Molecular
weight (g/mol)

Reference

9.5

151.2

[155, 156]

5.2

206.3

[157, 158]

Nadolol

17.39 mg/ml
< 1 mg/ml
6 mg/ml pH=7.4
6.77 mg/ml

9.4

309.4

[159]

Atenolol

26 mg/ml

9.6

266.3

[160, 161]

freely

9.5

684.8

[162, 163]

70 mg/ml

8.9

491.1

[164-167]

4.4

357.8

[168-170]

3.7

705.6

[171]

<1 µg/ml

15.6

521.1

>10 mg/ml

5.9/9.9/12.5

>10 mg/ml

11.1

1322.5
14300.0

Ibuprofen

Metoprolol tartrate
Verapamil
hydrochloride
Indomethacin
Itraconazole
Beclomethason
dipropionate
Nafarelin acetate

6 µg/ml MQ
13 µg/ml pH=5
302 µg/ml pH=7.4
<1 µg/ml

Lysozyme

[172]
[173, 174]

4.2 Production techniques

4.2.1 Tableting (I)
Spray dried NFC powder was compared to two commercially available grades of
microcrystalline cellulose (MCC); Avicel PH 101 and Avicel PH 102. MCC was chosen
for the comparisons due to its similarity to NFC in chemical structure, and Avicel PH 101
and Avicel PH 102 are the two most commonly used grades of MCC. Determination of
the powders’ main physical characteristics was done as well as examination of their
compression behavior. Tablets were compressed from both dry powder mixtures and
granules. For direct compression studies, dry powder mixtures were prepared by mixing
the ingredients using a Turbula blender, (System Schatz, Willy A. Bachofen AG,
Switzerland) for 2 minutes. For compression after granulation, granules were produced
manually (using mortar and pestle) by a wet granulation process. Tablet compression was
performed using an instrumented single punch tableting machine (Korsch EK-0, Erweka
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Apparatebau, Germany) equipped with flat-faced 9 mm punches. The adjustments of the
tablet machine were kept constant in all compressions in order to ensure the same speed
(37 rpm) of the upper punch and the even thickness of the tablets in all cases. The powder
die was filled manually with gradually increasing amounts of powder/granules to provide
desirable increase in compression force.

4.2.2 Spray drying (II)
Suspensions for the spray drying process were prepared by dissolving a drug in a suitable
solvent (MQ water or 50 mM aqueous NH4OH). The solutions were then mixed with NFC
suspension so that the total concentration of the both, dissolved and suspended material,
was 0.5%. The prepared suspensions were sonicated for 15 min using a high intensity
ultrasound processor (Sonics, Newtown, USA) equipped with a 13 mm probe, and then
mixed with a mechanical stirrer for 15 min at a speed of 1800 rpm. The spray drying was
performed using a Mini spray dryer Büchi B-191 (Büchi, Switzerland). The operating
parameters were set as following: inlet temperature 220 °C, outlet temperature in a range
from 120 – 127 °C, spray flow 700 l/h, air pressure 7 bar, aspirator setting 95% and pump
setting 18% (corresponds to approx. 7 ml/min). The spray dried microparticles were
collected from the dryers’ collection vessel and stored in closed vials at room temperature.
The spray dryer was equipped with a two-fluid nozzle and operated in a co-current mode
(the feeding suspension and the drying air flow in the same direction).

4.2.3 Drug-loaded NFC films production (III)
Drug loaded NFC matrices were produced using water insoluble model drug compounds.
The chosen drugs were mixed with a highly viscous NFC suspension and the mixtures
were sonicated for 2 min using a high intensity ultrasound processor (Sonics, USA)
equipped with a 2 mm stepped microprobe adjusted at power of 750 W and 20 kHz
frequency. The prepared mixture was diluted with water at 1:1 ratio to make pipetting of
the highly viscous mixture easier, and to have an even distribution during the filtration
process. The suspension was then filtered through a PVDF membrane filter with 0.2 µm
pore size. During the filtration process, the water insoluble drug particles remained on the
filter and were entrapped within a network of fine cellulose fibers. After the filtration, the
wet matrices were dried in an oven for 4 h at a 65 °C.
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4.3 Characterization techniques

4.3.1 Drug interactions with NFC fibers (IV)
Interactions between the model drug compounds and NFC fibers, as well as xylan,
were studied by following thermodynamic changes during the binding events. This was
done using an isothermal titration calorimetry technique (ITC). Calorimetric experiments
were performed using a Microcal Isothermal Titration Calorimeter (MicroCal, MA). A
sample cell (with a volume of 1.8 ml) was filled with either aqueous NFC suspension or
aqueous xylan solution. The xylan concentrations were chosen to match the concentration
of xylan present in NFC suspension used for titrations. The experiments were performed
at 25 °C by injecting 10 µl of aqueous drug solutions to the sample cell which was stirred
at 300 rpm. The observed released heat included the heat of the drug binding to the NFC
fibers and the heat of dilution of the drugs to the water. To determine the heat of dilution,
blank titrations were made by injecting the drug solutions into the sample cell filled with
MQ water. The differential enthalpy curves of heat of dilution were then subtracted from
the curves of the binding of drugs to the NFC fibers. Data analysis was performed using
Microcal ORIGIN software. Titrations were also performed using a genetically engineered
fusion protein (HFBI-DCBD) as a positive control, since its affinity and capacity of
binding for NFC has already been reported [175].

4.3.2 Characterization of produced drug release systems (I-III)

4.3.2.1 Tablet characterization (I)
Produced tablets were characterized in terms of their thickness, mass and mechanical
properties. The thickness of the tablets was measured 24h after the compression and the
obtained values were used to calculate the tablet porosity. The Heckel plots were then
constructed by plotting the natural logarithm of the inverse of the tablet porosities as a
function of the compression pressures. Regression analysis was performed on the linear
portion of the curve. The slope values obtained were converted to yield pressures (Py)
using the relationship: Py =1/slope.

4.3.2.2 Electron microscopy (I-IV)
Morphology of the starting material for compression (I), spray dried drug-loaded
microparticles (II), drug loaded NFC films (III) and plain NFC films (IV) were studied by
scanning electron microsope (SEM) Zeiss DSM 962 (Carl Zeiss, Germany) and FEI
Quanta™ FEG (FEI, Oregon, USA). For the powder imaging (I-II), the dried powder
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samples were fixed onto a two-sided carbon tape. For the imaging of drug-loaded NFC
film (III) the samples were fractured manually or cut with a scalpel to study the
morphology of films cross-section. For the imaging of plain NFC films (IV), the samples
were cryo-fractured using liquid nitrogen for studying the inner structure. All the samples
were sputtered with platinum for 25 seconds with an Agar sputter device (Agar Scientific
Ltd., UK).

4.3.2.3 Solid state analyses (II-III)
Thermal analyses of the spray dried drug-loaded NFC microparticles (II) and drugloaded NFC films (III) were performed by differential scanning calorimeter (DSC)
Mettler Toledo DSC 823e (Mettler Toledo, Switzerland). The samples were placed in
sealed aluminum pans with pierced lids and held at 25°C for 5 min before heating. The
experiments were conducted at a heating rate of 10 °C/min in the temperature range
between 25°C and 200°C or 250°C depending on the sample. The data was analyzed with
STARe software (Mettler Toledo, Switzerland).
Physical state of the drugs within the drug-loaded NFC films (III) was estimated by Xray powder diffraction (XRPD) using a theta-theta X-ray diffractometer (D8 Advance,
Bruker AXS GmbH, Germany). The measurements were performed in symmetrical
reflection mode with Cu K radiation ( =1.54Å) using a Göbel mirror. The angular range
was 5° to 40°. The measurements were made with the steps of 0.02°, and the measuring
time was 2 s/step.

4.3.2.4 Dissolution studies (I-III)
Dissolution tests for the tablets (I) were performed using a paddle type dissolution
apparatus (Erweka DT-D6, Germany) with a rotation speed of 50 rpm and 900 ml of
purified water at 37±0.5°C as a medium. After each sample (500 µl), the volume was
replaced by the same amount of medium. The samples were filtered through 0.45 µm
filters and analyzed using UV spectrophotometer (Pharmacia LKB Ultrospec III, Sweden).
Dissolution tests for the drug-loaded spray dried particles were performed after the
surface unbound fraction of the drug had been removed. The surface fraction was washed
and quantified by placing 40 mg of the microparticles on a hydrophilic polypropylene
membrane with a pore size of 0.2 µm and washing with 400 ml of the medium using a
vacuum filtration system. After this step the samples were transferred to 50 ml glass
bottles with 10 ml of medium. The bottles were placed into a shaking water bath (Julabo
SW 23, Germany) equipped with a tray for the Erlenmeyer flasks. Shaking frequency was
set at 100 min-1. At various time points the total volume of dissolution medium was
replaced by fresh medium. This was done by filtering the particles from the dissolution
medium and resuspending them in the same volume of fresh medium. The amount of the
released drug was quantified by a suitable HPLC method (Agilent 1100 series, CA, USA).
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Dissolution tests for the drug-loaded NFC films were also performed after the fraction
of the drug located on the film surface was removed. For the determination of surface
fraction, pieces of the films (4.5 mg) were cut and placed into vessels of the standard
dissolution equipment (Sotax, Switzerland, paddle method, Ph. Eur. 7th) that contained
400 ml of a medium. The samples were left in the medium overnight with a paddle
rotation speed of 60 rpm and then transferred to 50 ml glass bottles with 25 ml of medium
and placed into a shaking water bath (Julabo SW 23, Germany) equipped with a tray for
the Erlenmeyer flasks. Shaking frequency was set to 100 min-1. Samples of the medium
were taken at various time points and analyzed by a suitable HPLC method. The total
amount of medium (25 ml) was exchanged with a fresh medium after every sampling.
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5 Results and discussion

5.1 NFC as a tableting excipient (I)

5.1.1 Physical characterization of the spray dried NFC
Spray dried NFC particles were characterized in terms of their main physical
properties relevant for the potential application as a novel filler in tablet production. Its
main characteristics were then compared to those of two commercially available grades of
microcrystalline cellulose (MCC); Avicel PH 101 and Avicel PH 102. The commercially
available MCCs show broad particle size distributions with main diameters of 50 µm for
Avicel PH 101 and 100 µm for Avicel PH 102. Spray dried NFC had more uniform,
smaller particles which were 5 - 10 µm in diameter (Figure 11). A difference in surface
morphology was also apparent with irregularly shaped MCC particles versus more
spherical, porous NFC particles formed by the web of fibrils.

Figure 11 SEM images of Avicel PH 101 with ×1,000 magnification; scale bar 20 µm (a),
spray-dried NFC with magnification ×2,000; scale bar 20 µm (b), and ×10,000; scale bar 2 µm
(c)
The particle size and spherical shape play important roles in powder flow, thus
resulting in better flowability of the NFC than Avicel PH 101 and also improved flow
properties of Avicel PH 102 with the addition of NFC (Figure 12).

Figure 12 Flow properties of Avicel PH102
(closed circle) and mixtures containing Avicel
PH102 and 10% (open square), 20% (closed
triangle), and 30% (open circle) of NFC
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5.1.2 Direct compression studies
For the direct compression studies, tablets were prepared of pure NFC powder as well as
of the mixtures of NFC and MCC. The Heckel plots were constructed and values of yield
pressure calculated (Table 3) in order to gain more knowledge on the material deformation
properties during the compression process. Ductile materials which undergo plastic
deformation during the compression process are characterized by a dominant linear region
in the Heckel plots. The slope of the Heckel plots and, consequently, the values of yield
pressure are a measure of the degree of material plasticity, with steeper curves and lower
values of yield pressure indicating a more pronounced ductile component.
Table 3.
Regression analysis of mechanical properties of Avicel PH 102, spray-dried NFC,
and their mixtures (A2 and C denote Avicel PH 102 and NFC, respectively, and A2C1,
A2C2,and A2C3 mixtures containing Avicel PH 102 and 10%, 20% and 30% of NFC,
respectively).
Formulation
A2
C
A2C1
A2C2
A2C3

Compression pressure
range (MPa)

R2

Slope

Yield pressure
Py (MPa)

25-76
30-97
25-72
25-72
25-72

0.9935
0.9984
0.9905
0.9920
0.9973

0.0133
0.0090
0.0128
0.0131
0.0131

75
111
78
76
76

It has been shown that MCC experiences a plastic deformation during the compression
process [122-124, 176]. Values of the slope of the Heckel plots lead to a conclusion that
NFC has less pronounced ductile characteristics. These findings were further supported by
the values of yield pressure. The values of yield pressure lower than 80 MPa indicates a
plastic behavior of the material, while higher values imply brittle characteristics [177].
Thus, compared to MCC, NFC has more pronounced brittle characteristics and its
deformation is characterized by particle fragmentation.

Figure 13 Effect of compression pressure on
the tensile strength of tablets made of Avicel
PH102 (closed diamond), spray dried NFC (open
circle), and mixtures containing Avicel PH102
and 10% (open diamond), 20% (closed triangle),
and 30% (asterisk) of spray-dried NFC by direct
compression method.
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The mechanical properties of tablets were evaluated and the relationship between
tablet strength and compression pressure analyzed. Linear relation was found for all the
tested batches under the studied conditions. Spray dried NFC formed noticeably weaker
tablets than Avicel PH 102 under the same applied pressure (Figure 13). The same
behavior was noted when a model active compound (paracetamol) was added to the tablet
formulation.

5.1.3 Tableting after the granulation
Tablets were compressed from two batches of granules containing 40% and 60% of
paracetamol as a model active compound. The mechanical properties of the tablets were
evaluated in the same way as after the direct compressions. Plots of compression force
against tensile strength were constructed as well and showed the same trend as in the cases
of direct compression as a tablet production method. The tablets made of the granules
containing NFC were weaker than those containing Avicel PH 101 and Avicel PH 102,
when the same compression pressure was applied (Figure 14). However, this difference in
tablet strength was less pronounced than in the case where the direct compression method
was used. This is explained by the fact that the plasticity of MCC is significantly reduced
after the wet granulation step is applied [122].
A

B

Figure 14 Effect of compression pressure on the tensile strength of tablets made from granules
containing 40% (A) and 60 % (B) of paracetamol and Avicel PH101 (closed squares), Avicel
PH102 (open triangles), spray dried NFC (open diamonds), and mixture of Avicel PH101 and
spray dried NFC (closed circles).
The study showed that spray dried NFC can be successfully employed as an excipient for
tablet production. However, this thesis further aimed at exploring the applicability of NFC
as pharmaceutical excipient, while specifically focusing on its application as material for
sustained drug delivery.

31

Results and discussion

5.2 Spray dried drug loaded NFC microparticles for sustained
drug release (II)

5.2.1 Microparticles production by spray drying
Spray drying has been utilized since the early 1940s [178, 179] as a tool for processing
pharmaceuticals. It offers a possibility of adjusting the product properties (such as particle
size, shape) and production in a continuous mode. We produced matrix structured
microparticles with NFC as a carrier material and drug incorporated within a porous fiber
network (II). The microparticles were produced by spray drying the suspension prepared
by mixing drug solution in a suitable aqueous solvent and dispersion of NFC fibers. Since
NFC creates highly viscous gel-like dispersions in concentrations over 1.5% [5, 42], the
concentration of feeding suspension for the spray drying had to be kept low (total solid
content of 0.5%). This factor combined with a high affinity of NFC to water and short
retention time of drying material in the drying chamber required a high temperature for
successful drying. Thus, drugs with suitable thermal stability and melting point were
chosen as model active pharmaceutical ingredients (APIs). During the spraying process, a
problem of adherence of non-completely dried particles was encountered, which resulted
in low yields of the production process (yields were in a range of 19.2% - 35.2%). Further,
due to the different drying kinetics of the drugs and NFC, a certain portion of drug was
dried separately causing a decrease in the targeted drug loading (final loading in the range
of 4.5% - 15.1%).

5.2.2 Microparticle characterization
As a consequence of agglomeration of the NFC fibers in the drying process, the produced
microparticels had diameters of around 5 µm, roughly spherical shapes and fibrous surface
structures (Figure 15). The particle morphology was similar as in the study (I), which
meant that the incorporation of an API does not affect the particle formation during the
spray drying process.
Spray drying, as many other processing steps, is known to cause changes in the solid
state of the processed drugs [180]. For that reason, a physical state of the drugs within the
spray dried microparticles was evaluated by thermal analysis. It was found that the
particles production process mainly caused a transformation of the crystalline drug form to
an amorphous state, which is in accordance with previous findings that spray drying
results in the production of amorphous materials [180-182]. However, small portion of the
drug crystallized after the spraying. In indomethacin loaded microparticels, the existence
of two polymorphic forms, and , was detected.
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Figure 15 SEM images of the spray dried NFC microparticles: (A) particles containing 20% of
metoprolol imaged with lower magnification (scale bar 5µm) and (B) higher magnification (scale
bar 3 µm), and (C) particles containing 20% of verapamil imaged with lower magnification (scale
bar 10 µm) and (D) higher magnification (scale bar 4 µm).

5.2.3 Drug release studies
The drug release from the microparticles was characterized by a burst phase during the
first 10-14 days, which was followed by slow release up to 60 days (Figure 16). This burst
release is the consequence of the release of the loosely bound drug fraction and the portion
of the drug located close to the particle surface.

Figure 16 Drug release curves of indomethacin, metoprolol tartrate and verapamil
hydrochloride loaded in the NFC microparticles.
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The drug release curves were fitted to a mathematical model describing the drug
releasing kinetics from a spherical matrix (equation (2)) developed by Baker and Lonsdale
[153]. The equation (2) can be modified as following:

(4)

3
1
2

Mt
1
M

2/3

Mt
M

kt

where Mt is the released drug amount at time t and M is the amount of drug released at an
infinitive time, the release constant k corresponds to the slope of the curves obtained when
the left side of the equation is plotted against time. Linear fittings were obtained for all the
analyzed batches indicating diffusion through the matrix system.
Although this study confirmed the fact that NFC can be used as a material to sustain
drug release, a more efficient production method was needed to overcome the yield and
other manufacture problems of spray drying.

5.3 Drug loaded NFC films for controlled drug release (III)

5.3.1 Production of the films
Method for the production of drug loaded NFC films was considered due to the existence
of several drawbacks in the spray drying method used in the previous study (II). The
proposed method is based on the property of NFC fibers to aggregate upon water removal
from the material creating porous structures. This hornification phenomenon was
discussed in the literature part of this thesis. In study (II) water removal was achieved by
spray drying, while in study (III) this step was accomplished by a filtration method.
During the filtration the NFC fibers collapse forming tight networks around the solid,
water insoluble drug particles. Small amount of water that remained in the matrices after
the filtration was removed during the following oven-drying step. In this way drug/NFC
films with matrix structures were formed. The applied production method, besides
simplicity, had an advantage of possible adjustments based on the desired product
properties. Thus, by changing the concentration of drug/NFC mixture before filtration,
matrices with different thicknesses and loadings could be fabricated.

5.3.2 Characterization of the films
The thickness of the produced films was in the range of 150-200 µm, which affected their
mechanical properties. The NFC films produced from pure NFC with a thickness of 60 µm
can be easily folded like conventional paper [99]. A greater thickness and presence of
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incorporated solid materials lead to increased rigidity of the film, but their mechanical
properties still allow an easy bending and cutting with scissors. When it comes to the
morphology of the inner part, SEM imaging of the films cross-section revealed layered
structures of the NFC fibers organized in lamellar phases entrapping and surrounding the
solid drug (Figure 17).
Solid state of the incorporated drugs was evaluated by thermal analysis (DSC), as well
as by XRPD. It was concluded that the production method did not change the solid state of
the drugs, and that their crystalline structure remained intact, which was expected
considering the simplicity of the production method.

Figure 17 Shematic drawing of the matrix structure of the films (middle), appearance of the film
and dissolution profiles of beclomethasone dipropionate loaded films (left), SEM image of
indomethacin loaded film before (up) and after (bottom) the dissolution studies

5.3.2.1 Dissolution studies
The specific target of the NFC films was to achieve sustained drug release profiles for
long time periods, preferably for at least 3 months. The dissolution behavior was expected
to be dependent on the penetration of the medium into the matrix structure and the
diffusion of the drug through the tight fiber network. The long-lasting release was
achieved from all the tested batches with differences in duration and rate of drug
dissolution. The drug release did not affect the morphology of the films and their structure
remained unchanged after the drug had been released (Figure 17). Beclomethasone
dipropionate and itraconazole loaded matrices gave constant drug release profiles over the
entire period of three months, with the release kinetics closest described with zero order
kinetics (R2 > 0.986 for itraconazole and R2 > 0.982 for beclomethasone dipropionate
films). However, the drug release curves for indomethacin had a different shape caused
most likely by a different release mechanism (Figure 18).

35

Results and discussion

Figure 18 Drug release curves of the indomethacin loaded NFC matrices.
The films were flat and had a large aspect ratio. Hence, the release curves could be fitted
to the model derived from the simple Higuchi equation [151]:

(5)

Mt

A

D

Cs Cs t

2

where Mt is the amount of drug released, A is the surface area of the film, D is the
diffusion coefficient of the drug inside the film, is the porosity of the film, is the
tortuosity of the film, is the density of the drug material in the film, Cs is the saturated
solubility of the drug inside the film and t is time. The density of the drug in the above
equation can be assumed to be:

f

(6)

IND

where f is the volume fraction of the drug in the film and IND is the density of solid
indomethacin. Assuming that the drug has a low solubility in water, i.e. >> Cs, the
equation (5) reduces to:
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where V is the volume and h is the half-thickness of the film. When the equation (7) was
used to plot released fraction of drug against the square root of time, good correlation was
obtained (Table 4).
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Table 4.

Fitting parameters for the theoretical release curves

Loading
(%)
17.7
27.7
37.0

Slope
(%/day)
19.688
16.725
14.698

:

R2

)IND20
1.000
1.231
1.165

0.997
0.996
0.995

It is obvious that there is difference in mechanism of drug release from matrices loaded
with indomethacin, beclomethasone dipropionate, and itraconazole. The possible
reasoning for the differences in the releasing mechanisms between the films with different
incorporated drugs was found in the particle sizes of the incorporated drugs, where the
dissolution of small evenly distributed particles causes an increased tortuosity of
itraconazole matrices compared to the indomethacin films. Also pH of the medium used in
the test could possibly cause slight changes in the NFC structure (due to the presence of
xylan). Further reasons could be seen in the possible binding of the drug to the NFC fibers
in a molecular form after it has dissolved from the drug particles. This could lead to
desorption limited kinetics in the case of slow diffusion, which could cause the release to
follow zero-order kinetic. However, at this point it was not possible to create a clear
picture on the presence and influence of the binding. Hence, further investigations of the
drug-NFC interactions were needed (see below).

5.4 Drug interactions with the nanofibrillar cellulose (IV)

5.4.1 Permeation studies
There was an obvious need for the studies which would clarify the influence of factors
affecting the drug release from the matrices. This knowledge could then also be used as a
tool for drug screening when choosing suitable drug candidates for the NFC-containing
drug formulations. Thus, we performed drug permeation tests through plain NFC films as
a quick technique to estimate the rate of drug diffusion through a porous NFC network.
Series of permeation tests at different pH-values were conducted using model compounds
with different sizes. It was shown that the ability of NFC to slow down the drug diffusion
was not changing significantly with small increases in the molecular size of the
permeating compounds (Table 5). It was also concluded that the pH change of the used
medium did not greatly change the membrane structure and, thus, did not influence the
drug diffusion rate.
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Table 5.
Experimental conditions and the values of diffusion coefficients of compound
permeation through the NFC films.

Drug
Beclomethasone
dipropionate

Indomethacin
Itraconazole
Nafarelin acetate
Lysozyme

Medium
1% HPBC
1% HPBC/pH 1.2
1% HPBC/pH 7.4
MQ
Phosphate buffer pH 5
Phosphate buffer pH 7.4
0.03M NaCl/pH 1.2
MQ
MQ

Diffusion coefficient
(cm2/s)
0.602x10-7
0.601x10-7
0.738x10-7
2.128x10-7
1.710x10-7
2.540x10-7
1.548x10-7
1.541x10-7
0.930x10-8

5.4.2 Quantification of drug binding to NFC

5.4.2.1 Incubation studies
The affinity of five different model compounds to the NFC fibers was evaluated by
determination of the binding capacity. The bound amount was quantified by incubation of
fiber suspension with a drug, followed by determination of the unbound fraction. It was
found that the charge of the drugs and NFC (charge originating from the xylan residues in
NFC) at the tested pH values (pH 3, pH 5.5, pH 7) plays an important role in the binding
process. pKa of xylan is 3.7 [183], which means that it is mainly negatively charged at
both pH-values of 5.5 and 7, thus, favoring the binding of positively charged molecules.
The binding capacity is decreased at lower pH values (pH 3). Although the previous
results showed that certain drugs show affinity and binding to the NFC, indicating
electrostatic binding as the main mechanism, these studies did not provide information on
the binding affinities. Hence, an ITC method was introduced to gain more quantitative
information on the binding and the binding mechanisms.

5.4.2.2 ITC studies
The incubation studies above pointed out the electrostatic interactions between the
xylan fraction in NFC and charged drugs as the main mechanism in the binding process.
To evaluate the potential influence of charge to drug/NFC and drug/xylan interactions, and
the corresponding enthalpic responses, the ITC titrations were performed at different pH
values. Figure 19 shows a typical titration data of HFBI-DCBD binding to the NFC.
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Figure 19 Typical titration data of HFBI-DCBD
to NFC. Raw data (upper curve) - each heat flow
peak corresponds to one injection of a HFBIDCBD. Titration isotherm (bottom curve) obtained
by the integration of upper curve and subtraction of
the dilution enthalpy.

The results confirmed that the drugs bind to the NFC material and, again, indicated the
pH dependence of the binding and electrostatic forces as the main mechanism (Table 6).
Table 6. Thermodynamic parameters (enthalpy H, entropy S, binding constant Kb, number of
binding sites N) of the drug binding to NFC and xylan. Titrations for which the pH value is not
noted were performed using aqueous solutions/dispersions without adjusting the pH. The
abbreviations LYS, NAF and XYL state for lysozyme, nafarelin acetate and xylan respectively.
Binding
capacity
(µmol/g)
1.48

Kb(M-1)

H (Jmol-1)

3.99×106

-8.59×104

-162

3.85×103

LYS to NFC pH3

0.46

9.16×106

-4.65×104

-22.6

2.17×104

LYS to XYL

16.91

1.41×107

-4.38×104

-10.1

3.12×102

LYS to XYL pH3

4.82

3.37×107

-6.78×104

-83.1

1.30×103

HFBI-DCBD to NFC

3.48

1.63×106

-1.84×105

-499

2.44×103

HFBI to NFC

2.62

1.92×106

-5.97×104

-79.9

3.03×103

NAF to XYL

69.44

1.10×106

-1.58×105

-413.0

3.57×103

Titration
LYS to NFC

S (Jmol-1deg-1)

a)

N (sites)

a) Number of binding sites calculated as number of glucose or xylose units needed for binding of
one drug molecule

However it is not completely clear, whether electrostatic binding is the only
mechanism involved. It has been well known that aromatic residues play an important role
in the binding of proteins to the crystalline part of cellulose via an interaction of three
tyrosine residues organized in a planar surface and glucopyranose units of cellulose chains
supported by hydrogen bonds [184, 185]. Lysozyme protein molecules are rich in
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aromatic amino acids (3 tyrosine, 6 tryptophan, and 3 phenylalanine residues out of 129
residues in total) [186], and nafarelin acetate also possesses the aromatic rings [187] which
could potentially interact with cellulose. Therefore, the possibility that lysozyme binds not
only to xylan part via electrostatic interactions, but also to cellulose chains via stacking
and hydrogen bonding, should not be excluded.
As a conclusion, the study provided deeper knowledge on the processes and
mechanisms occurring when NFC is used as drug release controlling material.
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6 Conclusions
Nanofibrillar cellulose (NFC) of wood (birch) origin was tested as a novel
pharmaceutical excipient. Standard methods for tablet production were used to evaluate
the applicability of spray dried NFC as filler for tablet manufacturing. The spray dried
NFC powder was characterized in terms of particle size and morphology, density, and
flowability. The addition of NFC to commercially used microcrystalline cellulose (MCC)
improved its flow properties. Tablets made of NFC were successfully prepared either by
direct compression method or compression after wet granulation. Compared to MCC,
NFC was found to deform less plastically and have more pronounced brittle
characteristics. NFC did not affect the drug release from the tablets manufactured with
active model compounds.
Spray drying process was developed to produce drug loaded NFC microparticles for
longer-lasting controlled drug release. NFC fibers formed network structures during the
drying process entrapping the drug within the microparticles. The formed network was
tight enough to sustain the release of the drug for up to two months. The results of this
study indicated the capability of NFC fibers to sustain the relase of a drug. However, the
spray drying process suffered from drawbacks, such as limitation to water soluble
compounds, low loadings due to the different drying kinetics of drug and NFC, thus
warranting the need for better manufacturing process to overcome the mentioned
problems.
An easy three step method for the production of drug loaded NFC films was
introduced for this purpose. The method resulted in highly loaded (20% – 40%) NFC films
with excellent mechanical properties, which provided easy handling and shape and size
adjustment. The films had matrix structures with NFC fibers as a matrix former, and
uniformly dispersed drugs in crystalline form. The systems gave controlled drug release
profiles for a period of over three months, which for some drugs was very close to zero
order drug release kinetics. The systems completely retained their shapes after the drug
had been released. This work clearly confrimed the applicability of NFC as drug delivery
reate controlling material.
More in depth interactions between the NFC fibers and a range of model compounds
were also studied. It was found out that the main mechanism of interaction lies in the
binding of positively charged drugs to the negatively charged xylan fraction of the NFC
material via electrostatic interactions.
As a summary, this thesis represents the very first steps on a way to explore the
potential multiple applications of NFC in the manufacture and formulation of
pharmaceutical dosage forms and further work is needed to advance its utilization in drug
delivery systems.

41

References

References
1.
2.
3.
4.
5.

6.

7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Stegemann, S., Leveiller, F., Franchi, D., de Jong, H., Lindén, H., When poor
solubility becomes an issue: From early stage to proof of concept. European Journal
of Pharmaceutical Sciences, 2007. 31(5): p. 249-261.
Yihong, Q., Yisheng, C., Geoff, G. Z. Z., ed. Developing Solid Oral Dosage Forms:
Pharmaceutical Theory and Practice. 2009, Elsevier Inc.: USA.
Zhang, Y., Law Y., Chakrabarti, S., Physical Properties and Compact Analysis of
Commonly Used Direct Compression Binders. AAPS PharmSciTech, 2003. 4(4): p.
1-11.
Rowe, R.C., Sheskey, P.J., Owen, S.C.,, Handbook of pharmaceutical
excipients2006: Pharmaceutical Press.
Paakko, M., Ankerfors, M., Kosonen, H., Nykanen, A., Ahola, S., Osterberg, M.,
Ruokolainen, J., Laine, J., Larsson, P. T., Ikkala, O., Lindstrom, T., Enzymatic
hydrolysis combined with mechanical shearing and high-pressure homogenization
for nanoscale cellulose fibrils and strong gels. Biomacromolecules, 2007. 8(6): p.
1934-1941.
Valo, H., Kovalainen, M., Laaksonen, P., Hakkinen, M., Auriola, S., Peltonen, L.,
Linder, M., Jarvinen, K., Hirvonen, J., Laaksonen, T., Immobilization of proteincoated drug nanoparticles in nanofibrillar cellulose matrices-enhanced stability and
release. J Control Release, 2011. 156(3): p. 390-7.
Valo, H., Arola, S., Laaksonen, P., Torkkeli, M., Peltonen, L., Linder B.M.,
Serimaa, R., Kuga R., Hirvonen, J., Laaksonen, T., Drug Release from
Nanoparticles Embedded in Four Different Nanofibrillar Cellulose Aerogels.
European Journal of Pharmaceutical Sciences. submitted.
Klemm, D., Heinze, T., Wagenknecht, W., Phillip, B., Heinze, U., Comprehensive
Cellulose Chemistry. Vol. 1. 1998, Weinheim, Germany: Wiley-VCH. 282.
Klemm, D., Schumann, D., Kramer, F., Heßler, N., Hornung, M., Schmauder, H.P.,
Marsch, S. , Nanocelluloses as Innovative Polymers in Research and Application
Polysaccharides II, D. Klemm, Editor 2006, Springer Berlin / Heidelberg. p. 49-96.
Brown, R.M., Montezinos, D., Cellulose microfibrils: Visualization of biosynthetic
and orienting complexes in association with the plasma membrane. Proceedings of
the National Academy of Sciences USA, 1976. 73(1): p. 143-147.
Favier, V., Chanzy, H., Cavaille, J. Y., Polymer Nanocomposites Reinforced by
Cellulose Whiskers. Macromolecules, 1995. 28(18): p. 6365-6367.
Payen, A., Mémoire sur la composition du tissu propre des plantes et du ligneux.
Comptes rendus, 1838. 7: p. 1052-1056.
Dore, W.H., Sponsler, O. L., The structure of ramic cellulose as derived from x-ray
data. Colloid symposium monograph, 1926. 4: p. 174.
Naworth, W.A., Hirst, E. L., Thomas, H. A., The Existence of the Cellobiose
Residue in Cellulose. Nature, 1930. 126(3177): p. 438.
Klemm, D., Heublein, B., Fink, H.P., Bohn, A., Cellulose: Fascinating Biopolymer
and Sustainable Raw Material. Angewandte Chemie International Edition, 2005.
44(22): p. 3358-3393.
Kobayashi, S., Sakamoto, J., Kimura, S., In vitro synthesis of cellulose and related
polysaccharides. Progress in Polymer Science, 2001. 26(9): p. 1525-1560.
Horii, F., Hirai, A., Kitamaru, R., Solid-state high-resolution 13C-NMR studies of
regenerated cellulose samples with different crystallinities. Polymer Bulletin, 1982.
8(2): p. 163-170.

42

References
18.

19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.

Dudley, R.L., Fyfe, C. A., Stephenson, P. J., Deslandes, Y., Hamer, G. K.,
Marchessault, R. H., High-resolution carbon-13 CP/MAS NMR spectra of solid
cellulose oligomers and the structure of cellulose II. Journal of the American
Chemical Society, 1983. 105(8): p. 2469-2472.
VanderHart, D.L., Atalla, R. H., Studies of microstructure in native celluloses using
solid-state carbon-13 NMR. Macromolecules, 1984. 17(8): p. 1465-1472.
O'Sullivan, A., Cellulose: the structure slowly unravels. Cellulose, 1997. 4(3): p.
173-207.
Sarko, A., Southwick, J., Hayashi, J., Packing Analysis of Carbohydrates and
Polysaccharides. 7. Crystal Structure of Cellulose IIII and Its Relationship to Other
Cellulose Polymorphs. Macromolecules, 1976. 9(5): p. 857-863.
Gardiner, E.S., Sarko, A., Packing analysis of carbohydrates and polysaccharides.
16. The crystal structures of celluloses IV, and IV ll. Canadian Journal of Chemistry,
1985. 63: p. 173-180.
Oksman, K., Mathew, A. P., Bondeson, D., Kvien, I., Manufacturing process of
cellulose whiskers/polylactic acid nanocomposites. Composites Science and
Technology, 2006. 66(15): p. 2776-2784.
Petersson, L., I. Kvien, and K. Oksman, Structure and thermal properties of
poly(lactic acid)/cellulose whiskers nanocomposite materials. Composites Science
and Technology, 2007. 67(11–12): p. 2535-2544.
Garcia de Rodriguez, N.L., Thielemans, W., Dufresne, A., Sisal cellulose whiskers
reinforced polyvinyl acetate nanocomposites. Cellulose, 2006. 13(3): p. 261-270.
Dujardin, E., Blaseby, M., Mann, S., Synthesis of mesoporous silica by sol-gel
mineralisation of cellulose nanorod nematic suspensions. Journal of Materials
Chemistry, 2003. 13(4): p. 696-699.
Azizi Samir, M.A.S., Alloin, F., Dufresne, A. , Review of Recent Research into
Cellulosic Whiskers, Their Properties and Their Application in Nanocomposite
Field. Biomacromolecules, 2005. 6(2): p. 612-626.
Iwamoto, S., Nakagaito, A. N., Yano, H., Nano-fibrillation of pulp fibers for the
processing of transparent nanocomposites. Applied Physics A: Materials Science &
Processing, 2007. 89(2): p. 461-466.
Abe, K., Iwamoto, S., Yano, H., Obtaining cellulose nanofibers with a uniform
width of 15 nm from wood. Biomacromolecules, 2007. 8(10): p. 3276-8.
Chen, W., Yu, H., Liu, Y., Chen, P., Zhang, M., Hai, Y., Individualization of
cellulose nanofibers from wood using high-intensity ultrasonication combined with
chemical pretreatments. Carbohydrate Polymers, 2011. 83(4): p. 1804-1811.
Khatri, Z., Mayakrishnan, G., Hirata, Y., Wei, K., Kim, I.S. , Cationic-cellulose
nanofibers: Preparation and dyeability with anionic reactive dyes for apparel
application. Carbohydrate Polymers, 2013. 91(1): p. 434-443.
Ahola, S., Österberg, M., Laine, J., Cellulose nanofibrils—adsorption with
poly(amideamine) epichlorohydrin studied by QCM-D and application as a paper
strength additive. Cellulose, 2008. 15(2): p. 303-314.
Syverud, K., Xhanari, K., Chinga-Carrasco, G., Yu, Y., Stenius, P., Films made of
cellulose nanofibrils: surface modification by adsorption of a cationic surfactant
and characterization by computer-assisted electron microscopy. Journal of
Nanoparticle Research, 2011. 13(2): p. 773-782.
Andresen, M., Stenius, P., Water-in-oil Emulsions Stabilized by Hydrophobized
Microfibrillated Cellulose. Journal of Dispersion Science and Technology, 2007.
28(6): p. 837-844.

43

References
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

Andresen, M., Johansson, L.S., Tanem, B. S., Stenius, P. , Properties and
characterization of hydrophobized microfibrillated cellulose. Cellulose, 2006. 13(6):
p. 665-677.
Pereda, M., Amica, G., Rácz, I., Marcovich, N.E., Structure and properties of
nanocomposite films based on sodium caseinate and nanocellulose fibers. Journal of
Food Engineering, 2011. 103(1): p. 76-83.
Abraham, E., Deepa, B., Pothan, L. A., Jacob, M., Thomas, S., Cvelbar, U.,
Anandjiwala, R., Extraction of nanocellulose fibrils from lignocellulosic fibres: A
novel approach. Carbohydrate Polymers, 2011. 86(4): p. 1468-1475.
Xhanari, K., Syverud, K., Chinga-Carrasco, G., Paso, K., Stenius, P., Structure of
nanofibrillated cellulose layers at the o/w interface. Journal of Colloid and Interface
Science, 2011. 356(1): p. 58-62.
Zimmermann, T., Bordeanu, N., Strub, E., Properties of nanofibrillated cellulose
from different raw materials and its reinforcement potential. Carbohydrate
Polymers, 2010. 79(4): p. 1086-1093.
Borges, A.C., Eyholzer, C., Duc, F., Bourban, P.E., Tingaut, P., Zimmermann, T.,
Pioletti, D.P., Manson, J.A.E., Nanofibrillated cellulose composite hydrogel for the
replacement of the nucleus pulposus. Acta Biomaterialia, 2011. 7(9): p. 3412-3421.
Turbak, A.F., Snyder, F.W., Sandberg, K.R., Microfibrillated cellulose, a new
cellulose product: properties, uses, and commercial potential. 1983. 37: p. 815-827.
Herrick, F.W., Casebier, R.L., Hamilton, J.K., Sandberg, K.R., Microfibrillated
cellulose: morphology and accessibility. J. Appl. Polym. Sci.: Appl. Polym. Symp,
1983. 37: p. 797-813.
Siro, I., Plackett, D., Microfibrillated cellulose and new nanocomposite materials: a
review. Cellulose, 2010. 17(3): p. 459-494.
Nakagaito, A.N., Yano, H., Novel high-strength biocomposites based on
microfibrillated cellulose having nano-order-unit web-like network structure.
Applied Physics A: Materials Science & Processing, 2005. 80(1): p. 155-159.
Stenstad, P., Andresen, M., Tanem, B. S., Stenius, P., Chemical surface
modifications of microfibrillated cellulose. Cellulose, 2008. 15(1): p. 35-45.
Leitner, J., Hinterstoisser, B., Wastyn, M., Keckes, J., Gindl, W., Sugar beet
cellulose nanofibril-reinforced composites. Cellulose, 2007. 14(5): p. 419-425.
Zimmermann, T., Pohler, E., Geiger, T., Cellulose fibrils for polymer reinforcement.
Advanced Engineering Materials, 2004. 6(9): p. 754-761.
Iwamoto, S., Nakagaito, A. N., Yano, H., Nogi, M., Optically transparent
composites reinforced with plant fiber-based nanofibers. Applied Physics aMaterials Science & Processing, 2005. 81(6): p. CP8-1112.
Dufresne, A., Dupeyre, D., Vignon, M., Cellulose microfibrils from potato tuber
cells: Processing and characterization of starch–cellulose microfibril composites.
Journal of Applied Polymer Science, 2000. 76(14).
Alemdar, A., Sain, M., Isolation and characterization of nanofibers from
agricultural residues – Wheat straw and soy hulls. Bioresource Technology, 2008.
99(6): p. 1664-1671.
Chakraborty, A., Sain, M., Kortschot, M., Cellulose microfibrils: A novel method of
preparation using high shear refining and cryocrushing. Holzforschung, 2005.
59(1): p. 102-107.
Wang, B., Sain, M., Isolation of nanofibers from soybean source and their
reinforcing capability on synthetic polymers. Composites Science and Technology,
2007. 67(11–12): p. 2521-2527.

44

References
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.
68.
69.
70.

Bhatnagar, A., Sain, M., Processing of Cellulose Nanofiber-reinforced Composites.
Journal of Reinforced Plastics and Composites, 2005. 24(12): p. 1259-1268.
Taniguchi, T., Okamura, K., New films produced from microfibrillated natural
fibres. Polymer International, 1998. 47(3): p. 291-294.
Eriksen, Ø., Syverud, K., Gregersen, Ø., The use of microfibrillated cellulose
produced from kraft pulp as strength enhancer in TMP paper. Nordic Pulp & Paper
Research Journal, 2008. 23(3): p. 299-304.
Dufresne, A., Cavaillé, J.Y., Vignon, M.R., Mechanical behavior of sheets prepared
from sugar beet cellulose microfibrils. Journal of Applied Polymer Science, 1997.
64(6): p. 1185-1194.
Wang, B., Sain, M., Oksman, K., Study of Structural Morphology of Hemp Fiber
from the Micro to the Nanoscale. Applied Composite Materials, 2007. 14(2): p. 89103.
Saito, T., Nishiyama, Y., Putaux, J. L., Vignon, M., Isogai, A., Homogeneous
suspensions of individualized microfibrils from TEMPO-catalyzed oxidation of
native cellulose. Biomacromolecules, 2006. 7(6): p. 1687-91.
Saito, T., Isogai, A., Ion-exchange behavior of carboxylate groups in fibrous
cellulose oxidized by the TEMPO-mediated system. Carbohydrate Polymers, 2005.
61(2): p. 183-190.
Saito, T., Yanagisawa, M., Isogai, A., TEMPO-mediated Oxidation of Native
Cellulose: SEC–MALLS Analysis of Water-soluble and -Insoluble Fractions in the
Oxidized Products. Cellulose, 2005. 12(3): p. 305-315.
Habibi, Y., Vignon, M., Optimization of cellouronic acid synthesis by TEMPOmediated oxidation of cellulose III from sugar beet pulp. Cellulose, 2008. 15(1): p.
177-185.
Lasseuguette, E., Roux, D., Nishiyama, Y., Rheological properties of microfibrillar
suspension of TEMPO-oxidized pulp. Cellulose, 2008. 15(3): p. 425-433.
Henriksson, M., Henriksson, G., Berglund, L. A., Lindstrom, T., An environmentally
friendly method for enzyme-assisted preparation of microfibrillated cellulose (MFC)
nanofibers. European Polymer Journal, 2007. 43(8): p. 3434-3441.
Svagan, A.J., Samir, M.A.S.A. Berglund, L.A., Biomimetic polysaccharide
nanocomposites of high cellulose content and high toughness. Biomacromolecules,
2007. 8(8): p. 2556-2563.
López-Rubio, A., Lagaron, J. M., Ankerfors, M., Lindström, T., Nordqvist, D.,
Mattozzi, A., Hedenqvist, M. S., Enhanced film forming and film properties of
amylopectin using micro-fibrillated cellulose. Carbohydrate Polymers, 2007. 68(4):
p. 718-727.
Dinand, E., Chanzy, H., Vignon, M., Parenchymal cell cellulose from sugar beet
pulp: preparation and properties. Cellulose, 1996. 3(1): p. 183-188.
Bruce, D.M., Hobson, R. N., Farrent, J. W., Hepworth, D. G., High-performance
composites from low-cost plant primary cell walls. Composites Part A: Applied
Science and Manufacturing, 2005. 36(11): p. 1486-1493.
Bhattacharya, D., Germinario, L.T., Winter, W.T., Isolation, preparation and
characterization of cellulose microfibers obtained from bagasse. Carbohydrate
Polymers, 2008. 73(3): p. 371-377.
Morán, J., Alvarez, V., Cyras, V., Vázquez, A., Extraction of cellulose and
preparation of nanocellulose from sisal fibers. Cellulose, 2008. 15(1): p. 149-159.
Malainine, M.E., Mahrouz, M., Dufresne, A., Thermoplastic nanocomposites based
on cellulose microfibrils from Opuntia ficus-indica parenchyma cell. Composites
Science and Technology, 2005. 65(10): p. 1520-1526.

45

References
71.
72.
73.
74.
75.
76.
77.

78.

79.
80.
81.
82.

83.

84.
85.
86.

Habibi, Y., Mahrouz, M., Vignon, M.R., Microfibrillated cellulose from the peel of
prickly pear fruits. Food Chemistry, 2009. 115(2): p. 423-429.
Zuluaga, R., Putaux, J.L., Restrepo, A., Mondragon, I., Gañán, P., Cellulose
microfibrils from banana farming residues: isolation and characterization.
Cellulose, 2007. 14(6): p. 585-592.
Siqueira, G., Tadokoro, S. K., Mathew, A. P., Oksman, K., Carrot nanofibers and
nanocomposites applications, in 7th international symposium on natural polymers
and composites, 2010: Gramado, Brazil.
Chen, W., H. Yu, and Y. Liu, Preparation of millimeter-long cellulose I nanofibers
with diameters of 30–80nm from bamboo fibers. Carbohydrate Polymers, 2011.
86(2): p. 453-461.
Iwamoto, S., Abe, K., Yano, H., The Effect of Hemicelluloses on Wood Pulp
Nanofibrillation and Nanofiber Network Characteristics. Biomacromolecules, 2008.
9(3): p. 1022-1026.
Fall, A.B., Lindstrom, S.B., Sundman, O., Odberg, L., Wagberg, L., Colloidal
Stability of Aqueous Nanofibrillated Cellulose Dispersions. Langmuir, 2011. 27(18):
p. 11332-11338.
Eichhorn, S., Dufresne, A., Aranguren, M., Marcovich, N., Capadona, J., Rowan, S.,
Weder, C., Thielemans, W., Roman, M., Renneckar, S., Gindl, W., Veigel, S.,
Keckes, J., Yano, H., Abe, K., Nogi, M., Nakagaito, A., Mangalam, A., Simonsen,
J., Benight, A., Bismarck, A., Berglund, L., Peijs, T., Review: current international
research into cellulose nanofibres and nanocomposites. Journal of Materials
Science, 2010. 45(1): p. 1-33.
Nakagaito, A.N., Yano, H., The effect of morphological changes from pulp fiber
towards nano-scale fibrillated cellulose on the mechanical properties of highstrength plant fiber based composites. Applied Physics A: Materials Science &
Processing, 2004. 78(4): p. 547-552.
Lee, S.Y., Chun, S.Jin., Kang, I.A., Park, J.Y., Preparation of cellulose nanofibrils
by high-pressure homogenizer and cellulose-based composite films. Journal of
Industrial and Engineering Chemistry, 2009. 15(1): p. 50-55.
Uetani, K., Yano, H., Nanofibrillation of Wood Pulp Using a High-Speed Blender.
Biomacromolecules, 2010. 12(2): p. 348-353.
Aulin, C., Ahola, S., Josefsson, P., Nishino, T., Hirose, Y., Osterberg, M., Wagberg,
L., Nanoscale cellulose films with different crystallinities and mesostructures--their
surface properties and interaction with water. Langmuir, 2009. 25(13): p. 7675-85.
Siqueira, G., Tapin-Lingua, S., Bras, J., da Silva Perez, D., Dufresne, A.,
Morphological investigation of nanoparticles obtained from combined mechanical
shearing, and enzymatic and acid hydrolysis of sisal fibers. Cellulose, 2010. 17(6):
p. 1147-1158.
Siqueira, G., et al., Mechanical properties of natural rubber nanocomposites
reinforced with cellulosic nanoparticles obtained from combined mechanical
shearing, and enzymatic and acid hydrolysis of sisal fibers. Cellulose, 2011. 18(1):
p. 57-65.
Siqueira, G., Bras, J., Dufresne, A, Luffa cylindrica as a lignocellulosic source of
fiber, microfibrillated cellulose and cellulose nanocrystals. Bioresources, 2010.
5(2): p. 727-740.
Spence, K.L., Venditti, R. A., Habibi, Y., Rojas, O. J., Pawlak, J. J., The effect of
chemical composition on microfibrillar cellulose films from wood pulps: mechanical
processing and physical properties. Bioresour Technol, 2010. 101(15): p. 5961-8.
Spence, K., Venditti, R., Rojas, O., Habibi, Y., Pawlak, J., The effect of chemical
composition on microfibrillar cellulose films from wood pulps: water interactions

46

References

87.
88.
89.
90.
91.
92.
93.

94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.

and physical properties for packaging applications. Cellulose, 2010. 17(4): p. 835848.
Lavoine, N., Desloges, I., Dufresne, A., Bras, J., Microfibrillated cellulose – Its
barrier properties and applications in cellulosic materials: A review. Carbohydrate
Polymers, 2012. 90(2): p. 735-764.
Hult, E.L., Larsson, P. T., Iversen, T., Cellulose fibril aggregation — an inherent
property of kraft pulps. Polymer, 2001. 42(8): p. 3309-3314.
Yano, H., Nakahara, S., Bio-composites produced from plant microfiber bundles
with a nanometer unit web-like network. Journal of Materials Science, 2004. 39(5):
p. 1635-1638.
Sakurada, I., Nukushina, Y., Ito, T., Experimental determination of the elastic
modulus of crystalline regions in oriented polymers. Journal of Polymer Science,
1962. 57(165): p. 651-660.
Fernandes Diniz, J.M.B., Gil, M. H., Castro, J. A. A. M., Hornification—its origin
and interpretation in wood pulps. Wood Science and Technology, 2004. 37(6): p.
489-494.
Young, R.A., Comparison of the properties of chemical cellulose pulps. Cellulose,
1994. 1(2): p. 107-130.
Paakko, M., Vapaavuori, J., Silvennoinen, R., Kosonen, H., Ankerfors, M.,
Lindstrom, T., Berglund, L.A., Ikkala, O., Long and entangled native cellulose I
nanofibers allow flexible aerogels and hierarchically porous templates for
functionalities. Soft Matter, 2008. 4(12): p. 2492-2499.
Aulin, C., Netrval, J., Wagberg, L., Lindstrom, T., Aerogels from nanofibrillated
cellulose with tunable oleophobicity. Soft Matter, 2010. 6(14): p. 3298-3305.
Fischer, F., Rigacci, A., Pirard, R., Berthon-Fabry, S., Achard, P., Cellulose-based
aerogels. Polymer, 2006. 47(22): p. 7636-7645.
Liu, S., Yan, Q., Tao, D., Yu, T., Liu, X., Highly flexible magnetic composite
aerogels prepared by using cellulose nanofibril networks as templates.
Carbohydrate Polymers, 2012. 89(2): p. 551-557.
Peng, Y., D. Gardner, and Y. Han, Drying cellulose nanofibrils: in search of a
suitable method. Cellulose, 2012. 19(1): p. 91-102.
Peng, Y., Yousoo, H., Gardner, J.D., Spray-drying cellulose nanofibrils: effect of
drying process parameters on particle morphology and size distribution. Wood and
Fiber Science, 2012. 44(4): p. 1-14.
Nogi, M., Iwamoto, S., Nakagaito, A.N., Yano, H., Optically Transparent Nanofiber
Paper. Advanced Materials, 2009. 21(16): p. 1595-1598.
Henriksson, M., Berglund, L.A., Isaksson, P., Lindstrom, T., Nishino, T., Cellulose
Nanopaper Structures of High Toughness. Biomacromolecules, 2008. 9(6): p. 15791585.
Syverud, K., Stenius, P., Strength and barrier properties of MFC films. Cellulose,
2009. 16(1): p. 75-85.
Andresen, M., Stenstad, P., Moretro, T., Langsrud, S., Syverud, K., Johansson, L. S.,
Stenius, P., Nonleaching antimicrobial films prepared from surface-modified
microfibrillated cellulose. Biomacromolecules, 2007. 8(7): p. 2149-55.
Nogi, M., Yano, H., Optically transparent nanofiber sheets by deposition of
transparent materials: A concept for a roll-to-roll processing. Applied Physics
Letters, 2009. 94(23).
Fukuzumi, H., Saito, T., Iwata, T., Kumamoto, Y., Isogai, A., Transparent and High
Gas Barrier Films of Cellulose Nanofibers Prepared by TEMPO-Mediated
Oxidation. Biomacromolecules, 2008. 10(1): p. 162-165.

47

References
105. Iwatake, A., Nogi, M., Yano, H., Cellulose nanofiber-reinforced polylactic acid.
Composites Science and Technology, 2008. 68(9): p. 2103-2106.
106. Mathew, A.P., Oksman, K., Pierron, D., Harmand, M.F., Fibrous cellulose
nanocomposite scaffolds prepared by partial dissolution for potential use as
ligament or tendon substitutes. Carbohydrate Polymers, 2012. 87(3): p. 2291-2298.
107. Mathew, A., et al., Crosslinked fibrous composites based on cellulose nanofibers
and collagen with in situ pH induced fibrillation. Cellulose, 2012. 19(1): p. 139-150.
108. Eyholzer, C., Borges de Couraca, A., Duc, F., Bourban, P. E., Tingaut, P.,
Zimmermann, T., Manson, J. A. E., Oksman, K., Biocomposite Hydrogels with
Carboxymethylated, Nanofibrillated Cellulose Powder for Replacement of the
Nucleus Pulposus. Biomacromolecules, 2011. 12(5): p. 1419-1427.
109. Cherian, B.M., Leão, A.L., Ferreira de Souza, S., Costa, L.M.M., Molina de
Olyveira, G., Kottaisamy, M., Nagarajan, E. R., Thomas, S., Cellulose
nanocomposites with nanofibres isolated from pineapple leaf fibers for medical
applications. Carbohydrate Polymers, 2011. 86(4): p. 1790-1798.
110. Bhattacharya, M., Malinen, M.M., Lauren, P., Lou, Y.R., Kuisma, S.W., Kanninen,
L., Lille, M., Corlu, A., GuGuen-Guillouzo, C., Ikkala, O., Laukkanen, A., Urtti, A.,
Yliperttula, M., Nanofibrillar cellulose hydrogel promotes three-dimensional liver
cell culture. Journal of Controlled Release, 2012. 164(3): p. 291-298.
111. Shimotoyodome, A., Suzuki, J., Kumamoto, Y., Hase, T., Isogai, A., Regulation of
postprandial blood metabolic variables by TEMPO-oxidized cellulose nanofibers.
Biomacromolecules, 2011. 12(10): p. 3812-8.
112. Katikaneni, P.R., Upadrashta, S.M., Neau, S.H., Mitra, A.K., Ethylcellulose matrix
controlled release tablets of a water-soluble drug. International Journal of
Pharmaceutics, 1995. 123(1): p. 119-125.
113. Upadrashta, S.M., Katikaneni, P.R., Hileman, G.A., Neau, S.H., Rowlings, C.E.,
Compressibility and compactibility properties of ethylcellulose. International Journal
of Pharmaceutics, 1994. 112(2): p. 173-179.
114. Siepmann, F., Hoffmann, A., Leclercq, B., Carlin, B., Siepmann, J., How to adjust
desired drug release patterns from ethylcellulose-coated dosage forms. Journal of
Controlled Release, 2007. 119(2): p. 182-189.
115. Reynolds, T.D., Gehrke, S.H., Hussain, A.S., Shenouda, L.S., Polymer erosion and
drug release characterization of hydroxypropyl hethylcellulose matrices. Journal of
Pharmaceutical Sciences, 1998. 87(9): p. 1115-1123.
116. Viridén, A., Wittgren, B., Larsson, A., Investigation of critical polymer properties
for polymer release and swelling of HPMC matrix tablets. European Journal of
Pharmaceutical Sciences, 2009. 36(2–3): p. 297-309.
117. Chen, R.N., Ho, H.O., Yu, C.Y., Sheu, M.T., Development of swelling/floating
gastroretentive drug delivery system based on a combination of hydroxyethyl
cellulose and sodium carboxymethyl cellulose for Losartan and its clinical relevance
in healthy volunteers with CYP2C9 polymorphism. European Journal of
Pharmaceutical Sciences, 2010. 39(1–3): p. 82-89.
118. Wan, L.S.C., Prasad, K.P.P., Uptake of water into tablets with low-substituted
carboxymethyl cellulose sodium as disintegrant. International Journal of
Pharmaceutics, 1989. 55(2–3): p. 115-121.
119. Shangraw, R.F., Dermarest, D., A survey of current industrial practices in the
formulation and manufacture of tablets and capsules. Pharm Tech, 1993. 17(1): p.
32-44.
120. Amidon, G.E., Secreast, P.M., Mudie, D., Particle, Powder, and Compact
characterization, in Developing Solid Oral Dosage Forms: Pharmaceutical Theory

48

References

121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.

and Practice, Y.C. Yihong Qiu, Geoff G. Z. Zhang, Editor 2009, Elsevier Inc.:
USA.
Armstrong, N.A., Tablet Manufacture by Direct Compression, in Encyclopedia of
Pharmaceutical Technology , 2006. p. 3673-3683.
Doelker, E., Comparative compaction properties of various Microcrystalline
Cellulose types and Generic Products. Drug Dev Ind Pharm, 1993. 19(17): p. 23992471.
McKenna, A., McCafferty, D. F., Effect on particle size on the compaction
mechanism and tensile strength of tablets. J Pharm Pharmacol, 1982. 34(6): p. 34751.
Reier, G.E., Shangraw, R.F., Microcrystalline cellulose in tableting. Journal of
Pharmaceutical Sciences, 1966. 55(5): p. 510-514.
Whiteman, M., Yarwood, R. J., Variations in the properties of microcrystalline
cellulose from different sources. Powder Technology, 1988. 54(1): p. 71-74.
Levis, S.R., Deasy, P. B., Production and evaluation of size reduced grades of
microcrystalline cellulose. International Journal of Pharmaceutics, 2001. 213(1–2):
p. 13-24.
Sun, C.C., Mechanism of moisture induced variations in true density and
compaction properties of microcrystalline cellulose. International Journal of
Pharmaceutics, 2008. 346(1–2): p. 93-101.
Edge, S., Steele, D. F., Chen, A., Tobyn, M.J., Staniforth, J.N., The mechanical
properties of compacts of microcrystalline cellulose and silicified microcrystalline
cellulose. International Journal of Pharmaceutics, 2000. 200(1): p. 67-72.
Santus, G., Baker, R.W., Pharmaceuticals, Controlled Release of, in Encyclopedia
of Physical Science and Technology (Third Edition), A.M. Editor-in-Chief: Robert,
Editor 2003, Academic Press: New York. p. 791-803.
Rathbone, M.J., Hadgraft, J., Roberts, M.S., ed. Modified-Release Drug Delivery
Technology. Drugs and the Pharmaceutical Sciences, ed. J. Swarbrick. Vol. 126.
2003, Marcel Dekker, Inc. : New York.
Chien, Y.W., ed. Novel Drug Delivery Systems. Drugs and The Pharmaceutical
Sciences. Vol. 20. 1991, Informa Healthcare.
Chien, Y.W., Lin, S., Drug Delivery: Controlled Release, in Encyclopedia of
Pharmaceutical Technology, Third Edition, 2006, Informa Healthcare.
Siepmann, J., Siegel, R.A., Siepmann, F., Diffusion Controlled Drug Delivery
Systems, in Fundamentals and Applications of Controlled Release Drug Delivery,
2012, Springer US. p. 127-152.
Siepmann, J., Siepmann, F., Mathematical modeling of drug delivery. International
Journal of Pharmaceutics, 2008. 364(2): p. 328-343.
Siegel, R.A., Falamarzian, M., Firestone, B.A., Moxley, B.C., pH-Controlled
release from hydrophobic/polyelectrolyte copolymer hydrogels. Journal of
Controlled Release, 1988. 8(2): p. 179-182.
Kim, J.H., Kim, J.Y., Lee, Y.M., Kim, K.Y., Controlled release of riboflavin and
insulin through crosslinked poly(vinyl alcohol)/chitosan blend membrane. Journal of
Applied Polymer Science, 1992. 44(10): p. 1823-1828.
Gutowska, A., Bark, J.S, Kwon, I.C., Bae, Y.H., Cha Y., Kim, S.W., Squeezing
hydrogels for controlled oral drug delivery. Journal of Controlled Release, 1997.
48(2–3): p. 141-148.
Bae, Y.H., Okano, T., Hsu, R., Kim, S.W., Thermo-sensitive polymers as on-off
switches for drug release. Die Makromolekulare Chemie, Rapid Communications,
1987. 8(10): p. 481-485.

49

References
139. Huffman, A.S., Afrassiabi, A., Dong, L.C., Thermally reversible hydrogels: II.
Delivery and selective removal of substances from aqueous solutions. Journal of
Controlled Release, 1986. 4(3): p. 213-222.
140. Kost, J., Leong, K., Langer, R., Ultrasound-enhanced polymer degradation and
release of incorporated substances. Proc Natl Acad Sci U S A, 1989. 86(20): p.
7663-6.
141. Fischel-Ghodsian, F., Brown, L., Mathiowitz, E., Brandenburg, D., Langer, R.,
Enzymatically controlled drug delivery. Proceedings of the National Academy of
Sciences, 1988. 85(7): p. 2403-2406.
142. Goldbart, R., Traitel, T., Lapidot, S.A., Kost, J., Enzymatically controlled responsive
drug delivery systems. Polymers for Advanced Technologies, 2002. 13(10-12): p.
1006-1018.
143. Mathiowitz, E., Cohen, M. D., Polyamide microcapsules for controlled release. V.
Photochemical release. Journal of Membrane Science, 1989. 40(1): p. 67-86.
144. Kwon, I.C., Bae, Y. H., Kim, S. W., Electrically erodible polymer gel for controlled
release of drugs. Nature, 1991. 354(6351): p. 291-3.
145. Wadhwa, R., Lagenaur, C.F., Cui, X.T., Electrochemically controlled release of
dexamethasone from conducting polymer polypyrrole coated electrode. Journal of
Controlled Release, 2006. 110(3): p. 531-541.
146. Edelman, E.R., Kost, J., Bobeck, H., Langer, R., Regulation of drug release from
polymer matrices by oscillating magnetic fields. Journal of Biomedical Materials
Research, 1985. 19(1): p. 67-83.
147. Kryscio, D.R., Peppas, N.A., Mimicking biological delivery through feedbackcontrolled drug release systems based on molecular imprinting. AIChE Journal,
2009. 55(6): p. 1311-1324.
148. Allen, T.M.C., P.R., Drug Delivery Systems: Entering the Mainstream. Science,
2004. 303(5665): p. 1818-1822.
149. Siepmann, J., Lecomte, F., Bodmeier, R., Diffusion-controlled drug delivery
systems: calculation of the required composition to achieve desired release profiles.
Journal of Controlled Release, 1999. 60(2–3): p. 379-389.
150. Siepmann, J., Siepmann, F., Modeling of diffusion controlled drug delivery. Journal
of Controlled Release, 2012. 161(2): p. 351-362.
151. Higuchi, T., Mechanism of sustained-action medication - theoretical analysis of rate
of release of solid drugsdispersed in solid matrices. Journal of Pharmaceutical
Sciences, 1963. 52(12): p. 1145-1149.
152. Higuchi, T., Rate of release of medicaments from ointment bases containing drugs in
suspension. J Pharm Sci, 1961. 50: p. 874-5.
153. Baker, R.W., Lonsdale, H.S., Controlled Release of Biologically Active Agents,
1974, New York: Plenum press.
154. Vartiainen, J., Pöhler, T., Sirola, K., Pylkkänen, L., Alenius, H., Hokkinen, J.,
Tapper, U., Lahtinen, P., Kapanen, A., Putkisto, K., Hiekkataipale, P., Eronen, P.,
Ruokolainen, J., Laukkanen, A., Health and environmental safety aspects of friction
grinding and spray drying of microfibrillated cellulose. Cellulose, 2011. 18(3): p.
775-786.
155. Cairns, D., Essentials of Pharmaceutical Chemistry. 4th ed, 2012, London, UK:
Pharmaceutical Press.
156. Granberg, R.A., Rasmuson, Å.C., Solubility of Paracetamol in Pure Solvents.
Journal of Chemical & Engineering Data, 1999. 44(6): p. 1391-1395.

50

References
157. Levis, K.A., Lane, M. E., Corrigan, O. I., Effect of buffer media composition on the
solubility and effective permeability coefficient of ibuprofen. Int J Pharm, 2003.
253(1-2): p. 49-59.
158. Lerdkanchanaporn, S., Dollimore, D., Evans, S.J., Phase diagram for the mixtures of
ibuprofen and stearic acid. Thermochimica Acta, 2001. 367–368(0): p. 1-8.
159. Ikonen, M., Murtomäki, L., Kontturi, K., An electrochemical method for the
determination of liposome-water partition coefficients of drugs. Vol. 602. 2007,
Kidlington: Elsevier. 6.
160. Thomas, E. and J. Rubino, Solubility, melting point and salting-out relationships in
a group of secondary amine hydrochloride salts. International Journal of
Pharmaceutics, 1996. 130(2): p. 179-185.
161. Martinez, V., Maguregui, M. I., Jimenez, R. M., Alonso, R. M., Determination of
the pKa values of beta-blockers by automated potentiometric titrations. J Pharm
Biomed Anal, 2000. 23(2-3): p. 459-68.
162. Varshosaz, J., Faghihian, H., Rastgoo, K., Preparation and Characterization of
Metoprolol Controlled-Release Solid Dispersions. Drug Delivery, 2006. 13(4): p.
295-302.
163. Glaessl, B., Siepmann, F., Tucker, I., Siepmann, J., Rades, T., Characterisation of
quaternary polymethacrylate films containing tartaric acid, metoprolol free base or
metoprolol tartrate. European Journal of Pharmaceutics and Biopharmaceutics,
2009. 73(3): p. 366-372.
164. Passerini, N., et al., Controlled release of verapamil hydrochloride from waxy
microparticles prepared by spray congealing. Journal of Controlled Release, 2003.
88(2): p. 263-275.
165. Rustichelli, C., et al., Properties of the racemic species of verapamil hydrochloride
and gallopamil hydrochloride. International Journal of Pharmaceutics, 1999. 178(1):
p. 111-120.
166. Hasegawa, J., Fujita, T., Hayashi, Y., Iwamoto, K., Watanabe, J., pKa determination
of verapamil by liquid-liquid partition. Journal of Pharmaceutical Sciences, 1984.
73(4): p. 442-445.
167. Vogelpoel, H., Welink, J., Amidon, G. L., Junginger, H. E., Midha, K. K., Moller,
H., Olling, M., Shah, V. P., Barends, D. M., Biowaiver monographs for immediate
release solid oral dosage forms based on biopharmaceutics classification system
(BCS) literature data: verapamil hydrochloride, propranolol hydrochloride, and
atenolol. J Pharm Sci, 2004. 93(8): p. 1945-56.
168. Jain, A.K., Solubilization of indomethacin using hydrotropes for aqueous injection.
European Journal of Pharmaceutics and Biopharmaceutics, 2008. 68(3): p. 701-714.
169. Borka, L., POLYMORPHISM OF INDOMETHACIN - NEW MODIFICATIONS,
THEIR MELTING BEHAVIOR AND SOLUBILITY. Acta Pharmaceutica Suecica,
1974. 11(3): p. 295-303.
170. Varughese, P., et al., Supercritical antisolvent processing of gamma-Indomethacin:
Effects of solvent, concentration, pressure and temperature on SAS processed
Indomethacin. Powder Technology, 2010. 201(1): p. 64-69.
171. Ghazal, H.S., et al., In vitro evaluation of the dissolution behaviour of itraconazole
in bio-relevant media. International Journal of Pharmaceutics, 2009. 366(1–2): p.
117-123.
172. Inc, P.C., SYNARELTM (nafarelin acetate) - product monograph, P.C. Inc, Editor
2003: Quebec, Canada.
173. Fritz, M., Radmacher, M., Cleveland, J.P., Allersma, M.W., Stewart, R.J.,
Gieselmann, R., Janmey, P.,Schmidt, C.F., Hansma, P.K., Imaging Globular and

51

References

174.
175.
176.
177.
178.
179.
180.
181.
182.

183.
184.
185.
186.
187.

Filamentous Proteins in Physiological Buffer Solutions with Tapping Mode Atomic
Force Microscopy. Langmuir, 1995. 11(9): p. 3529-3535.
Kim, D.T., Blanch, H.W., Radke, C.J., Direct Imaging of Lysozyme Adsorption onto
Mica by Atomic Force Microscopy. Langmuir, 2002. 18(15): p. 5841-5850.
Varjonen, S., et al., Self-assembly of cellulose nanofibrils by genetically engineered
fusion proteins. Soft Matter, 2011. 7(6): p. 2402-2411.
Roberts, R.J., Rowe, R. C., The effect of the relationship between punch velocity and
particle size on the compaction behaviour of materials with varying deformation
mechanisms. J Pharm Pharmacol, 1986. 38(8): p. 567-71.
Podczeck, F., Révész, P., Evaluation of the properties of microcrystalline and
microfine cellulose powders. International Journal of Pharmaceutics, 1993. 91(2–3):
p. 183-193.
Wilkinson, J.F., Bullock, K., Cowen, W., Continuous method of drying plasma and
serum. The Lancet, 1942. 239(6184): p. 281-284.
Broadhead, J., Edmond Rouan, S.K., Rhodes, C.T., The spray drying of
pharmaceuticals. Drug Development and Industrial Pharmacy, 1992. 18(11-12): p.
1169-1206.
Corrigan, O.I., Thermal analysis of spray dried products. Thermochimica Acta,
1995. 248(0): p. 245-258.
Chen, R., Okamoto, H., Danjo, K., Particle design of indomethacin using a fourfluid-nozzle spray-drying technique. Journal of Drug Delivery Science and
Technology, 2007. 17(2): p. 129-135.
Patterson, J.E., James, M.B., Forster, A.H., Lancaster, R.W., Butler, J.M., Rades, T.,
Preparation of glass solutions of three poorly water soluble drugs by spray drying,
melt extrusion and ball milling. International Journal of Pharmaceutics, 2007.
336(1): p. 22-34.
Kjellin, M. and I. Johansson, Surfactants from Renewable Resources. Wiley series in
renewable resources2010, United Kingdom: John Wiley & Sons. 320.
Pettersson, G., et al., Identification of functionally important amino acids in the
cellulose-binding domain of Trichoderma reesei cellobiohydrolase I. Protein
Science, 1995. 4(6): p. 1056-1064.
Boraston, A.B., et al., Carbohydrate-binding modules: fine-tuning polysaccharide
recognition. Biochem J, 2004. 382(Pt 3): p. 769-81.
Canfield, R.E., The Amino Acid Sequence of Egg White Lysozyme. J Biol Chem,
1963. 238: p. 2698-707.
Furman, B.L., Nafarelin, in xPharm: The Comprehensive Pharmacology Reference,
S.J.E. Editors-in-Chief: and B.B. David, Editors. 2007, Elsevier: New York. p. 1-5.

52

