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Abstract

The solid-state form can directly affect the quality of a pharmaceutical
product, and solid-state transformations can lead to reduced or unpredictable
therapeutic effects. Formulation and manufacturing processes can impact
solid-state stability. In the pharmaceutical industry there is a need to detect,
quantify and control the solid-state behaviour of powders during processes
and storage. Reliable and convenient analytical methods are crucial. The
overall aim of this thesis was to evaluate strategies for controlling stability and
analysing solid-state forms in pharmaceutical powders. New excipients for
stabilisation of spray-dried protein formulations, as well as Raman
spectroscopy-based methods for solid-state quantification, new in the
pharmaceutical field, were investigated.

Melibiose and isomalt were evaluated as possible new stabilising excipients
for spray-dried protein formulations. The process behaviour of these two
carbohydrates, and the physical stability of amorphous isomalt and melibiose
powders were evaluated in comparison to sucrose and trehalose. Both could
be spray dried into amorphous powders, but melibiose was more applicable
for spray drying processes and showed better physical stability than isomalt.

In the subsequent study, the protein-stabilising efficacy and process
behaviour of melibiose in spray-dried protein formulations was investigated
in comparison to the current standard protein-stabilising excipient, trehalose.
Protein formulations with melibiose could be spray dried into amorphous
powders that were physically stable, contained lower moisture contents and
protected protein activity at least as well as formulations with trehalose.

Low-frequency Raman spectroscopy for quantitative analysis of solid-state
form mixtures was investigated, in order to evaluate its potential advantage
over the established mid-frequency Raman spectroscopy analysis. Standard
spectral processing and multivariate data analysis methods were used. Low-
frequency Raman spectroscopy was found better than conventional mid-
frequency Raman spectroscopy analysis, because of higher signal intensity and
solid-state sensitivity.

In the final study, time-gated Raman spectroscopy was tested for
quantitative solid-state analysis of fluorescent pharmaceutical powder
mixtures. Fluorescence interference occasionally limits the feasibility of
conventional Raman spectroscopy analysis. Both standard multivariate
analysis methods as well as kernel-based methods were used for data analysis.
It was found that time-gated Raman spectroscopy, particularly when
combined with kernel-based data analysis methods, provided benefits for the
quantitative analysis of materials suffering from fluorescence.

In summary, melibiose was identified as a promising excipient to stabilise
spray-dried protein formulations. Low-frequency and time-gated Raman
spectroscopy were found advantageous for solid-state analysis, also with
fluorescent materials, and they may be useful techniques for various solid-
state monitoring applications.
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1 Introduction
Solid-state properties are critically important in pharmaceutical product
development and manufacturing, because they can directly affect the quality
of a drug product [1, 2]. Common to the diverse types of pharmaceutical solids
is that solid-state transformations can lead to reduced or unpredictable
therapeutic effects. Such changes can affect the active pharmaceutical
ingredient directly (e.g. different physicochemical properties of different
forms) or indirectly (e.g. by influencing the stability of the product). There is a
need to understand, control and monitor solid-state behaviour during
pharmaceutical processes and storage. Formulation and manufacturing
processes affect the solid-state structure, and they must be designed so that
the product has the intended properties that also remain stable during storage.
Reliable analytical methods for solid-state characterisation are crucial.

Therapeutic proteins have become a major drug class in the pharmaceutical
industry. The biological activity of proteins is determined by their molecular
conformation, which is sensitive to various instabilities. Degradation of the
native structure and formation of protein aggregates can result in loss of
activity or harmful immunologic responses. Some degradation pathways can
be inhibited by drying, but the drying process itself, as well as storage in the
dried state, can also be harmful to proteins. Stabilising excipients are generally
needed to preserve the protein structure and activity. Low-molecular-weight
compounds that are efficient in hydrogen bonding with the protein are often
good stabilisers, provided that they form an amorphous singe-phase matrix
structure [3]. Disaccharides, such as trehalose and sucrose, are often used for
this purpose. With amorphous systems, stability becomes a concern, because
they may spontaneously convert to a thermodynamically more stable form (i.e.
crystallise). The likelihood of crystallisation can be affected by choice of
formulation excipients and processing conditions.

Spray-drying  is  an  increasingly  used  drying  technology  in  the
biopharmaceutical industry, with advantages in speed and cost-efficiency of
the process and control over dried particle properties [4]. Spray-drying is
potentially suitable for proteins but the process parameters must be carefully
chosen to ensure preservation of protein activity. Furthermore, process
parameters can affect the solid-state properties of the resulting powder and
the physical stability of the formulation. For stable dry protein formulations,
both the drying process and formulation must be optimized.

Trehalose and sucrose are commonly used stabilising excipients for solid
protein formulations, but problems with crystallisation may arise during
storage [5-7]. Alternative excipients should be evaluated to potentially
broaden the current selection of formulation excipients. Melibiose and isomalt
have shown potential in freeze-dried protein preparations but have not been
tested with spray drying. Information on their spray-drying process
behaviour, protein-stabilising efficacy and physical stability is needed.
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As with large biomolecules, the structure of small molecule drugs (below
500 Daltons) determines the biological activity, but small molecules are
generally more chemically stable. What can become more critical than
degradation of the molecular structure, is the packing arrangement of the
molecules in solids [8, 9]. The degree of order (crystalline or amorphous) as
well as the characteristic lattice structure of different crystal forms (e.g.
alternative polymorphs and solvates) result in different intermolecular
interactions, which determine the physicochemical properties of the solid
affecting e.g. the (apparent) solubility, stability and processability of the drug.
Designing products with the active ingredient in an unstable solid-state form
has become increasingly popular because a growing portion of new molecules
in development have very limited solubility [10, 11]. These forms may have
improved solubility, but they are inherently unstable, thermodynamically
driven to convert into a more stable form. Production of different solid-state
forms and their storage stability is controlled by manufacturing processes and
formulation. Solid-state transformations, which could lead to unacceptable
changes in product properties, can happen and need to be detected.

Given the importance of solid-state forms in different settings, there are
numerous analytical tools for evaluating solid-state behaviour. Commonly
used methods include thermal analysis, diffractometric and spectroscopic
techniques [12]. Despite the availability of current techniques, there is a
demand for advances in the field. Driving factors include the desire for
reduced time and sample consumption of analyses, overcoming specific
limitations of the techniques, as well as better in-line measurements for real-
time process monitoring. Raman spectroscopy has become an established
process monitoring tool in pharmaceutical industry because of its potential for
fast, non-destructive measurements that can be performed from inside
manufacturing vessels or product containers [13]. Limitations of conventional
Raman spectroscopy include low sensitivity or signal deterioration caused by
photoluminescence, such as fluorescence, of some materials.

Developments in instrumentation which allow measurement of a wider
spectral range (access to the low-frequency or terahertz region [14, 15]) and
separation of the Raman and photoluminescence signals (by time-resolved
detection [16]), may result in even more wide-spread applicability of Raman
spectroscopy. Unlike conventional mid-frequency Raman spectroscopy, low-
frequency Raman spectroscopy probes low-energy lattice vibrations that are
directly defined by the crystal structure, and therefore it can be particularly
useful for solid-state analysis. Time-gated Raman spectroscopy may provide
better analyses of fluorescent materials. The potential of these two more
recently available Raman techniques should be further evaluated in the
pharmaceutical setting. Multivariate data analysis methods have improved the
potential for qualitative and quantitative interpretation of spectra [17].
Developments in chemometric methods may allow further advantages [18],
and they should be actively investigated and implemented when appropriate
also in the pharmaceutical research field.
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2 Review of the literature

2.1 Pharmaceutical solids

Orally administered solid dosage forms, including tablets and capsules, are the
most commonly used drug delivery systems [19]. They are convenient,
acceptable and comparatively safe for the patient, can be cost-efficiently
manufactured, are versatile with respect to design, and are relatively
chemically and physically stable compared to e.g. liquid formulations [2]. In
cases where oral administration does not allow adequate bioavailability,
because of insufficient gastrointestinal wall permeation or degradation of the
drug by the first-pass effect, other methods of administration are required. An
example is protein drugs, for which the parenteral route by injection is the
primary choice. The main component in parenteral formulations is usually
water, which increases many degradation route rates. Thus, the preparation of
solid dosage forms via water removal is also often essential with these products
to obtain adequate stability during shipping and storage [20].

Solid dosage forms are thus extremely commonly encountered in the
pharmaceutical industry and the manufacturing of practically all solid dosage
forms  involves  working  with  powders.  Powders  may  be  used  as  the  final
product or they can be intermediates before e.g. compression to tablets.
Pharmaceutical powders are composed of solid particles and air, and they
often contain a mixture of materials: active pharmaceutical ingredient(s)
(API) and excipient(s). Several properties govern the process behaviour of
powders as well as the final product performance. Internal solid-state
structure is one such important property.

2.1.1 Different solid-state forms
Solid  materials  can  exist  in  various  solid-state  forms  (FIG  1); these are
determined by the packing arrangement of the molecules [1, 2, 21]. A first level
classification can be made by separating crystalline and amorphous forms. In
crystalline materials, the molecules are arranged in a defined order with
elements of symmetry and the arrangement forms a repeating pattern in three
dimensions (the crystal lattice). Amorphous solids lack such long-range order,
even if they may exhibit short range order including favoured intermolecular
interactions. Small molecules often exist in crystalline form, with the
amorphous form being thermodynamically unstable [22]. In contrast,
materials composed of large molecules, such as polymers or proteins, are more
often amorphous because the size and flexibility of these molecules makes
alignment into perfect order difficult. Polymeric materials often, however,
show ordered regions, surrounded by disorder, and such a structure is
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described as semicrystalline. In reality all pharmaceutical solids usually have
both crystalline and amorphous content.

Figure 1 Different solid-state forms of pharmaceutical materials. Amorphous hydrates/solvates
have variable quantities of water/solvent, they are not stoichiometric hydrates/solvates like the
ordered crystalline ones. Modified from Healy et al., 2017 [1, 8, 21, 23].

Most organic crystalline compounds exhibit polymorphism [24]. Different
polymorphic forms have the same chemical composition, but the orientational
and positional order of the molecules that define the crystal structure varies.
There is one thermodynamically stable polymorphic form at a given
temperature and pressure, while all other crystal forms are metastable, and
they will eventually convert to the stable form. At ambient pressure when the
same solid state form is the stable form at all temperatures below its melting
point, this is called monotropic polymorphism. In the alternative case of
enantiotropic polymorphism, the stable form depends on temperature [2].

Both crystalline and amorphous solids can be composed of a single or
multiple chemical components. Commonly encountered crystalline
multicomponent solids include solvates and co-crystals. The term ‘hydrate’ is
used when the secondary molecule is water [1]. Amorphous multi-component
systems can be classified depending on e.g. the number of phases in the system
(single-phase glass solutions and double-phase glass suspensions [21]), or the
molecular weight of the co-former (low molecular weight for co-amorphous
mixtures [23]).

An important difference between the solid-state forms (and a way to
classify them) is the variation in the intermolecular interactions within the
structures. The nature of the intermolecular bonds can be ionic or covalent
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With solid protein formulations, it is the solid-state form of excipients that
may be crucial for product stability and performance. Stabilisation of proteins
in the dried state usually requires interactions with stabilising excipients, only
possible when the excipient and protein molecules both are in the same
amorphous phase [27, 28]. Crystallisation of the stabilising excipient may lead
to protein aggregation and loss of therapeutic activity [6, 29].

Where the solid state forms of the drug or excipients are critical to product
stability or efficacy, they must be maintained appropriately through the drug
product processing steps. However, it is not uncommon for solid-state
transformations to occur during pharmaceutical processing or storage, and
they are relevant concerns for the industry [12, 26, 30, 31]. Pharmaceutical
manufacturing may involve several unit operations (e.g. milling, wet
granulation, drying, tablet compression), which involve mechanical and
thermal stresses, as well as exposure to solvents, which may induce various
types of solid state changes (FIG 2).

Figure 2 Process-induced solid-state transformations. Modified from Govindarajan and
Suryanarayanan 2006 [32].

It is more common to obtain mixtures of solid forms rather than full
conversions, with the occurrence of hydrate-anhydrate mixtures being one of
the biggest challenges during routine processes [8, 26, 33, 34]. Furthermore,
an issue concerning excipients in particular, is that the solid state form may
vary between different suppliers [26]. The assessment of solid-state forms and
their stability in solid dosage forms during manufacturing and storage,
including early detection and quantification of transformations, is essential to
ensure the quality of the final product. Process measurements that provide
insight into events occurring during unit operations, as highlighted in the
process analytical technology (PAT) concept [35], are valuable for
understanding, controlling and optimising the processes, which are critical in
ensuring product quality.
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2.1.3 Solid-state characterisation techniques
Several solid-state analysis techniques are used to characterise
pharmaceutical materials and monitor their behaviour in different processes
and formulations. A combination of techniques is generally required, and the
choices depend on the level of understanding needed. The most commonly
used methods for solid state characterisation have been X-ray powder
diffraction (XRPD), differential scanning calorimetry (DSC), mid-infrared
spectroscopy (Fourier-transform infrared, FT-IR) and microscopy, which
cover many physicochemical properties on both the molecular and particle
levels [12]. Other routine techniques in pharmaceutical solid state analysis are
Raman spectroscopy, near-infrared spectroscopy (NIR), solid-state nuclear
magnetic resonance (ss-NMR) and thermogravimetric analysis (TGA) or
dynamic vapour sorption (DVS). Spectroscopic methods are particularly
useful as process monitoring and control (PAT) tools [36]. Analytical
techniques important in pharmaceutical powder technology are listed in
Table 1, categorised based on the properties investigated: molecular level
(properties of individual molecules), particle level (individual particles) and
bulk level (assembly of particles).

Distinguishing between amorphous and crystalline materials is one
important goal. The difference (lack) in long range order of molecular packing
can be observed with various methods, though sensitivity differs. Some
general rules are that amorphous materials do not give peaks in XRPD
diffractograms because of the lack of in-phase reflections from crystal planes.
Crystalline materials have characteristic melting points (depending on the
amount of energy required to break the attractive forces in the crystal lattice),
but amorphous materials do not melt because there is no crystal lattice to
break. Instead, amorphous materials show a glass transition (Tg) at the
temperature where the material transforms from a glassy state (the solid-like
form) to a supercooled liquid state (a viscous liquid-like form) on heating [22].
Amorphous materials can also be identified by other methods, including
vibrational spectroscopy techniques, where the differences in intermolecular
bonding between different solid state forms result e.g. in vibrational band
broadening in the mid-frequency spectral region or in the absence of distinct
features in the terahertz spectral region [37].
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Table 1. Characterisation techniques commonly used for solid-state analysis of
pharmaceuticals. Modified from Chieng et al. 2011 and Heinz et al. 2009 [12, 30].

Technique Information provided Advantage Disadvantage
Molecular level
Spectroscopic techniques
Mid-IR
(FTIR
transmission,
DRIFTS,
ATR)

Intramolecular vibrations, H-
bonding (dipole moment
changes)
Polymorphic forms: unique
bands, peak shifting
Amorphous form: band
broadening

No sample preparation
(ATR)
Fast measurements
Chemical identification
Spatial information with
imaging setups
Complementary structural
information to Raman
spectroscopy

Solid-state transitions
possible with sample
preparation
(transmission or
DRIFTS modes)
Interference from
humidity and
excipients

Raman Intramolecular vibrations
(polarizability changes)
Polymorphic forms: unique
bands, peak shifting
Amorphous form: band
broadening

No sample preparation
Fast measurements
Non-destructive
Ability to penetrate through
containers
Insensitive to water
Relatively insensitive to
particle size
Fibre optic probes available -
PAT
Chemical identification, and
at low frequencies also
lattice vibrations
Spatial information with
imaging setups
Complementary structural
information to IR
spectroscopy

Local heating of
sample
Sample fluorescence
Photodegradation

Near infrared
(NIR)

Overtones and combinations
of molecular vibrations (dipole
moment changes)
Polymorphs and solvates:
band splitting, changes in
molecular symmetry
Solvates: loss of solvent
bands during dehydration
identification of different states
of water
Amorphous forms: band
broadening, lack of low-
frequency bands

No sample preparation
Fast measurements
Non-destructive
Ability to penetrate through
containers
Fibre optic probes available
– PAT
Also particle size and, water
content information
Spatial chemical information
with imaging setups

Low sensitivity and
selectivity (low
intensity)
Subtle differences
between solid state
forms
Affected by water and
particle size

ss-NMR Magnetic resonance
Nuclei and chemical
environment within a molecule
Molecular dynamics
Interactions: drug-drug or
drug-excipient

Non-destructive
Qualitative and quantitative
without calibration

Long measurements
Expensive

Particulate level
Spectroscopy
Terahertz
pulsed
spectroscopy
(TPS)
(transmission
, ATR,
specular
reflectance)

Intramolecular and
intermolecular, lattice
vibrations (phonon modes)
Polymorphic forms and
solvates: unique peaks
Amorphous form: no spectral
features

Information about crystal
structure
Fast measurements
No sample preparation
(ATR)

Affected by water,
particle size
Spectra may be
difficult to interpret
Relatively expensive
May require sample
preparation
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X-ray diffraction

XRPD Structural information
Polymorphic forms: unique
diffraction peaks
Amorphous form: no peaks,
broad halo

Standard method for crystal
form identification
Quantification of the degree
of crystallinity
Non-destructive

Affected by particle
size and orientation
(preferred orientation)
No chemical
information
Probes not common

Single crystal
XRD

Structural information Traditionally used to solve
crystal structures
Non-destructive

Requires a single
crystal of >0.1 mm
size

Thermal and gravimetric analysis

DSC Thermal events: Tg,
crystallisation, melting, heat
capacity
Interactions: drug-drug, drug-
excipient
(heat flow vs temperature)

Sensitive
Qualitative and quantitative
about relative stability

Destructive
May be difficult to
interpret
Impurities can affect

Modulated-
temperature
DSC

As DSC, with separation into
reversible and non-reversible
thermal events

Allows better interpretation
of small (Tg) and overlapping
thermal events

More experimental
variables
Longer measurements
Interpretation may not
be straightforward

TGA/DVS Transitions involving a change
in mass
(mass vs temperature or
relative humidity)

Amount of solvates and
hydrates in a sample
Sensitive

Destructive
Interference with
water-containing
excipients

Isothermal
micro-
calorimetry
(IMC)

Heat change in a reaction: e.g.
enthalpy relaxation of
amorphous materials, heat of
crystallization
(heat flow vs time)

High sensitivity
Qualitative and quantitative
Stability studies

Low specificity
Large sample amounts

Solution
calorimetry
(SC)

Heat change in a reaction: e.g.
heat of solution, heat of
wetting, heat capacity
(heat flow during dissolution)

Qualitative and quantitative Low specificity
Large sample amounts
Destructive
Long measurements

Microscopy
Polarized
light
microscopy
(PLM)

Crystallinity (birefringence)
Morphology, colour, crystal
habit

Little sample preparation
Easy

Not quantitative

With hot /
cryo / freeze
drying stage

Complementary information on
phase transition/physical
changes in frozen state

Temperature variability Careful sample
preparation required

Scanning
electron
microscopy
(SEM)

Topographical properties Higher spatial resolution
than light microscopy

Sample preparation
and condition setup
(vacuum) required

Bulk level/other
Karl Fischer
titration

Water content High sensitivity Sample needs to
dissolve in the medium
Large sample sizes

Brunauer,
Emmett and
Teller (BET)
method

Surface area Simple analysis
Non-destructive

Degassing step
required
Large sample sizes

Density (gas
pycnometer)

True density of the sample
(mass divided by measured
volume)

Simple analysis
Non-destructive

Degassing step
required
Large sample sizes

DRIFTS: diffuse reflectance Fourier transform infrared spectroscopy; ATR: attenuated total
reflection
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2.2 Protein pharmaceuticals

The pharmaceutical industry has shifted from a small molecule-centric focus
to a portfolio with equal shares of small molecules and biologics, and most
major pharmaceutical companies are now involved with development of
biological drugs, particularly protein therapeutics [38]. Compared with small
molecules, proteins are large, complex and unstable. The inherent instability
poses challenges for manufacturing operations, handling and storage, since
protein degradation can result not only into loss of therapeutic activity, but
also increased potential of stimulating adverse immune responses, a unique
safety concern for protein therapeutics [39, 40]. The rate of degradation can
be controlled by choice of proper formulation excipients and conditions [41].
The formulation must maintain the safety and efficacy of the product
throughout the commercial distribution system, with adequate shelf life [42].

2.2.1 Protein structure and stability
Proteins are very versatile biomolecules, composed of different amino acids
joined covalently through peptide bonds to form long polymers with a
molecular weight above 10 000 [43]. Smaller amino acid polymers are referred
to as polypeptides. Proteins present several levels of structure: 1) the amino
acid sequence (primary structure), 2) the regular arrangement of amino acid
residues in a segment of the polypeptide chain (secondary structure), 3) the
complete three-dimensional folding structure, and 4) the arrangement of
subunits in case of multisubunit proteins (quaternary structure). The unique
three-dimensional structure reflects the specific function of each protein.

The folding arrangement or conformation is stabilised by weak
interactions, resulting in the inherent instability of proteins. The polymeric
structure is flexible and different conformations are possible without breaking
covalent bonds. With soluble, globular proteins (representing therapeutic
proteins) the folded structure is typically characterised by hydrophobic amino
acid residues buried in the core of the structure and their exposure to the
solvent minimised, while the surface is dominated by hydrophilic groups. The
major contributors to the thermodynamic stability of this so-called native
structure are the hydrophobic interactions, while hydrogen bonds and ionic
interactions may provide additional stability [43]. This structure has evolved
to function in particular cellular or extracellular environments, and conditions
different from those often result in structural changes. A change in structure
sufficient to cause loss of function is called denaturation. Denaturation can be
reversible, however the exposure and interaction of the hydrophobic patches
often results in irreversible aggregation or precipitation. Aggregation is a
major concern when handling proteins and in the development of stable
protein therapeutics [42, 44].

All proteins are subject to various instabilities that can lead to aggregation
or other structural damage (FIG  3). The degradation mechanisms can be
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generally divided into two categories, physical and chemical instabilities,
however they are usually interrelated [38, 45]. Physical instabilities refer to
changes in structure not requiring covalent modifications, while chemical
degradation involves bond formation or cleavage. The tendency for
degradation depends on the individual sequence of a protein [46]. The
susceptibility of different amino acids to chemical reactions and contribution
to aggregation varies, and their position in the protein structure determines
their availability for degradation processes. Degradation rates are also largely
affected by external factors, such as temperature, pH, exposure to surfaces or
mechanical stresses including agitation and high-shear environments (e.g.
pumping, filtration, mixing, fill-finish processes), freezing and drying [42].
Furthermore, the protein concentration affects aggregation tendency.

Figure 3 Common physical and chemical degradation mechanisms with pharmaceutical
proteins. Modified from Ohtake and Wang 2014 [42].

2.2.2 Formulation strategies
The major aim for protein formulation development is to minimise the rate of
all protein degradation processes and thereby optimise the stability of the
native protein conformation during processing and storage, to meet the overall
requirements for the target product profile [42, 46, 47]. Various excipients
may be included in the formulation to protect the protein (Table 2). Liquids
and freeze-dried solids present the two major product forms for commercial
protein therapeutics. This is because most protein drugs are administered
parenterally, and aqueous solutions are the standard formulation type in this
context [48]. Approximately half of the commercial products are liquids and
the other half are solid dosage forms prepared by lyophilisation [49].
Alternative manufacturing technologies, including spray drying, have been
applied for the development of specific drug delivery options e.g., pulmonary
or nasal delivery and parenteral depots [4, 46, 48].
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