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Abstract
Structural Dynamics of Amorphous Solid-State Macromolecular Materials at
Terahertz Frequencies
Talia Amira Shmool
The aim of this thesis is to investigate the ability of terahertz time-domain spectroscopy
(THz-TDS) to study complex amorphous solid-state systems. THz-TDS is a vibrational
optical spectroscopy technique which can probe the intermolecular librations and vibrations of
materials. Previous work has explored the use of THz-TDS in probing crystalline systems and
amorphous small organic molecules, and uniquely this thesis focuses on studying amorphous
macromolecular systems. In addition to contributing to the literature and increasing the
understanding of the fundamental properties of amorphous macromolecular solid-state
systems, this thesis provides a framework and methodology for assessing the stability of
amorphous biological systems using THz-TDS.
This thesis is organised as follows: Chapter 1 includes an introduction to terahertz
spectroscopy and the theoretical framework relevant for understanding the behaviour of
the biological systems investigated in the following chapters. Chapter 2 first provides a
detailed explanation to THz-TDS data acquisition and analysis. Then, sample preparation
methods for THz-TDS experiments are described and formulation fabrication is outlined.
Finally, the methodologies used for each experiment conducted in this thesis are detailed.
Chapter 3 introduces a qualitative physical interpretation of the dynamic motions of polymers
that contribute to the β - and α-relaxation processes identified by THz-TDS and dynamic
mechanical analysis data. These processes are then related to the combined contributions
of temperature and free volume effects. Chapter 4 investigates the interactions between
peptides and polymers at terahertz frequencies, with an emphasis on the molecular mobility
behaviour leading to the glass transition temperature of lyophilised polymeric microspheres.
Chapter 5 utilises THz-TDS to study the vibrational dynamic properties of lyophilised protein
formulations complemented with Fourier-transform infrared (FTIR), circular dichroism (CD),
and solid-state nuclear magnetic resonance (ssNMR) spectroscopy experiments to further
investigate the structural changes observed for the formulations. Chapter 6 explores the
extent to which THz-TDS can be used to track thermally induced conformational changes of
spray-dried formulations. Extending this work, Chapter 7 examines a series of spray-dried
formulations and connects the THz-TDS results to the trends observed in the storage stability
study conducted for these formulations. Finally, Chapter 8 summarises the findings and
contributions of this thesis and considers future experiments which would be interesting to
perform as an extension of this work.
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Chapter 1
Introduction
1.1

The terahertz gap and the advantages of terahertz spectroscopy

The terahertz (THz) region lies between the microwave and far-infrared regions of the
electromagnetic spectrum, with a frequency range between 0.1 − 10 THz, and low photon
energies in the range of a few millielectron volts (meV) (Fig. 1.1) [1, 2]. However, most
commonly used time-domain spectrometers are limited to probing the region of 0.1 − 5 THz
[2].
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Fig. 1.1 Electromagnetic spectrum including the terahertz region and its associated molecular
modes and activity.
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Until the late 1980s the terahertz region of the electromagnetic spectrum remained
relatively unexplored, since measurements required a compact and efficient terahertz source
and detector [1]. Over the past decade, the development and commercialisation of terahertz
systems has increased, as terahertz time-domain spectroscopy (THz-TDS) has shown to
be a particularly attractive technique for several reasons. First, terahertz radiation can
probe rotational translations, low-frequency bond vibrations, crystalline phonon vibrations,
hydrogen-bond stretches, and torsional vibrations within a material (Fig. 1.1) [3]. In
condensed matter, the dispersive forces of hydrogen-bonded molecular networks and van der
Waals systems are on the order of the photon energies oscillating at terahertz frequencies,
and hence it is possible for terahertz radiation to excite molecules corresponding to photon
energies at meV magnitude [4]. Upon exposure to terahertz radiation, the response of a
material is dependent on its properties. For example, the intermolecular lattice modes of
crystals, which terahertz spectroscopy can detect, allow THz-TDS to be used for identifying
dangerous crystalline materials, for example explosives [5]. Second, THz-TDS applies
significantly longer wavelengths compared to near- and mid-infrared (IR) spectroscopy,
minimising the scattering caused by particles of micrometer size [6]. By combining THz-TDS
data with Raman spectroscopy data, it is possible to resolve a comprehensive image of the
vibrational structure of a molecule. Third, THz-TDS is a time-gated technique, thereby
minimising background noise and maximising the signal-to-noise ratio (SNR) [7]. Fourth,
when compared with Fourier transform infrared (FTIR) spectroscopy, THz-TDS measures
the transient electric field, rather than intensity, yielding a spectrum of higher sensitivity
and dynamic range [8]. Finally, THz-TDS uses room temperature sources and detectors
and utilises coherent detection, allowing for measurements of the amplitude and phase of
the terahertz pulse. Thus, in THz-TDS, the Kramers-Kronig analysis is not required for the
determination of the absorption coefficient and refractive index spectra [9].
In the 1970s, optical rectification in polar crystals was first explored as means of generating a terahertz electric field [10]. With the introduction of femtosecond (fs) lasers in the
1980s, Auston conducted the first reported terahertz spectroscopy experiment, producing
shock waves at terahertz frequencies via optical rectification in LiTaO3 non-linear crystals
[11]. However, the terahertz pulses were confined within the crystal. Subsequently, Fattinger
and Grischkowsky examined freely propagating terahertz radiation, by applying fs optical
pulses and producing transient electric dipoles in a charged coplanar transmission line on
GaAs [12]. The terahertz radiation was emitted by the Hertzian dipoles and propagated
through free space. With the basis of these experiments, terahertz technology has advanced
significantly and the common source of terahertz remains the photoconductive switch.

1.1 The terahertz gap and the advantages of terahertz spectroscopy
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Terahertz radiation can be generated using photoconductive antenna devices with a
semiconductor, such as GaAs, as an emitter (Fig. 1.2) [6]. Across its surface are two planar
metal electrodes capable of supporting a large electric field [13]. The band gap that exists
between the electrodes in the semiconductor substrate is at infrared (IR) wavelengths, and
ultrafast pulses of light (approximately 100 fs) can be focused onto it. A titanium:sapphire
laser with a central wavelength of 800 nm can be used [11]. This photon energy exceeds
the band gap of the GaAs semiconductor, resulting in the excitation of photo-generated
electron-hole pairs. Once an external bias voltage is applied, the current density changes and
the electron-hole pairs accelerate [13]. The changed dipole causes a terahertz transient in
the antenna, and when the biased photoconductive antenna is optically excited the terahertz
pulses are generated and emitted from the antenna [6, 14].
Semiconductor
Substrate

+

+

-

Femtosecond
Optical Pulse

Terahertz Pulse

Metal Electrode
Biased Antenna

Fig. 1.2 Generation of a terahertz pulse using a photoconductive device.
An off-axis elliptical mirror then collimates and focuses the terahertz pulses onto the
sample, and a second off-axis elliptic mirror collects and focuses the transmitted terahertz
pulses onto the surface of an unbiased photoconductive antenna for detection [9]. In the
detection process, the incident terahertz electric field results in the acceleration of the electronhole pairs, and the transient current generated by the unbiased photoconductive antenna
is amplified and measured. Specifically, the detector is optically gated and the terahertz
transient field at the detector is sampled by an optical probe (gate) pulse with a variable delay
relative to the pump pulse. The probe beam is focused onto the detector gap and generates
the transient carriers. Given that the fs laser pulses act as an optical gate, the detector is active
for a short period of time, thereby enhancing the signal-to-noise ratio. When considering the
emitter, in the far field, de >λ THz , where de represents the distance from the emitter and λ THz
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is the wavelength of the emitted terahertz radiation, the rate of change of the photocurrent
(I PC ) is directly proportional to the emitted terahertz electric field (E THz ) [9]:
d
[IPC (t)]
(1.1)
dt
Accordingly, the transient current generated by the detector is directly proportional to
the terahertz electric field strength [5]. Two processes influence the current density and
the generated photocurrent: (1) the illumination of the fs laser which rapidly changes the
carrier density, and (2) the acceleration of the photo-generated carriers upon exposure to an
external electric field [9]. The full time-domain terahertz pulse can be obtained by altering
the optical delay between the pump emission laser pulse and the probe detection laser pulse.
By measuring numerous points and recording the time-varying electric field, the frequencydependant amplitude and phase of the incident terahertz wave can be analysed using a Fourier
transform.
Several factors can affect the emitted terahertz radiation. First, by modifying the design
of the antenna and the carrier dynamics, the pulse shape and the frequency distribution can
be altered [9]. For example, a short carrier lifetime corresponds to a minimal photocurrent
switch-off time and a high bandwidth signal, while an increase in carrier mobility results
in an increase in the electric field strength of the emitted radiation. Second, the power
and the bandwidth of the emitted terahertz radiation are influenced by the design of the
photoconductive antenna and the semiconductor material [15]. GaAs has been shown to be
an effective material for the semiconductor, as it is suitable with the widely available 800 nm
fs laser. Additionally, the carrier lifetime in low temperature grown GaAs is approximately
100 − 300 fs, and with shorter carrier lifetimes a sharper temporal response and larger
terahertz bandwidths can be obtained [15].
ETHz (t) ∝

1.2
1.2.1

Terahertz response of materials
Supercooled liquids and amorphous materials

Prior to the emergence of THz-TDS, interferometric techniques were used to measure
dielectric spectra to hundreds of gigahertz (GHz) [16]. The spectra showed minimum losses
between dielectric relaxation and far-IR resonances for supercooled liquids and glasses.
Liquids are structurally similar to supercooled liquids and glasses. As shown in Fig. 1.3,
when a liquid is cooled, at a particular temperature the liquid will undergo a phase transition
to a crystalline solid [17].
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1.2 Terahertz response of materials

Free energy

Amorphous glass

Crystal

Amorphous
supercooled liquid

Liquid
Tg
Tm
Temperature

Fig. 1.3 Free energy diagram showing the relative energies of the states of a liquid, crystal,
amorphous glass, and amorphous supercooled liquid. Tg is the glass transition temperature
and Tm is the melting temperature.
At temperatures above the melting point, Tm , the molecules are disordered, have high
molecular mobility, and are able to undergo vibrational, rotational and translational motions
[18]. Cooling below Tm of the liquid slows down the molecular motions. Upon cooling the
liquid state can transform to a crystalline form at Tm , as the exothermic crystallisation process
results in a reduction of the specific volume and enthalpy of the system. However, if the liquid
is cooled sufficiently fast the crystallisation event can be avoided (crystallisation can also be
avoided if it is unfavoured due to the molecular shape, size, or orientation of the molecules)
[17, 18]. A supercooled liquid can form, because the rearrangement of the molecules is
considerably slow and it is not possible for the molecules to sample configurations in the
time permitted by the cooling rate. With further cooling of the amorphous supercooled
liquid, below a specific temperature the viscosity of the liquid is significantly increased,
the molecular motions are reduced, and on an experimental time scale the liquid appears
to lose its ability to flow [17]. The system falls out of liquid-state equilibrium where the
characteristic molecular relaxation time of the system is in the order of 100 seconds [18]. The
range of temperatures over which the system falls out of equilibrium is the glass transition
temperature (Tg ) (Fig. 1.3). At Tg the molecular mobility of the system is significantly
reduced, and the supercooled liquid acquires amorphous rigidity by molecular processes
which are not entirely understood. Therefore, with a slow cooling rate, the supercooled liquid
undergoes a glass transition and an amorphous glass is formed, and below Tg the materials
enters the glassy state [17]. In the glassy state the molecular disorder of the system is reduced
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and vibrational motions take place. Since at Tg the molecules are spatially arrested, the
occurrence of diffusion and crystal seed growth is unlikely, yet at temperatures below Tg the
process of nucleation has been observed [17]. Notably, Tg is not the sole indicator of the
propensity of a material to undergo crystallisation, however since the molecular mobility
rapidly changes at Tg it is considered a significant property of amorphous materials and
material stability [19].

1.2.2

Vibrational density of states (VDOS) and the α- and β -relaxations

THz-TDS is highly sensitive to changes in the molecular bonding structure of a material
[4, 5]. In the IR region of the electromagnetic spectrum, the vibrational absorption frequencies
of organic intramolecular chemical bonds can be determined [16]. In the terahertz region low
frequency vibrations dominate, and the absorption frequencies of intermolecular weak forces
can be detected (including hydrogen bonds and van der Waals forces) [6]. This has been
attributed to the coherent delocalised movements of a large number of atoms and molecules.
However, assigning the spectral features of a material to vibrational modes can be complex
at terahertz frequencies, since mixing between the inter- and intramolecular modes occurs in
flexible materials [2, 16].
While several studies have used THz-TDS to characterise inorganic glasses, the behaviour
of hydrogen-bonded glasses at terahertz frequencies is recently attracting focus [16]. Several
studies have shown that THz-TDS can be used to study the relaxation and crystallisation
processes of small organic amorphous molecules [3]. Terahertz dynamics of supercooled
liquids include a contribution from the fast molecular relaxations and from the vibrational
density of states (VDOS) attributed to the vibrations and librations of molecules [16]. For
polyalcohols and sorbitol-water mixtures, the decoupling of the dielectric relaxation processes
from the VDOS was investigated as samples were cooled from a supercooled liquid to a
glass [20]. To date, limited experimental work using THz-TDS has been conducted to study
the relaxation processes of complex amorphous macromolecular systems, such as polymers.
Several of the central findings regarding the molecular absorption mechanisms associated
with the terahertz response of organic amorphous systems are shown in Fig. 1.4, including
the dielectric relaxations, the VDOS, and intra- and intermolecular bonding.
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Fig. 1.4 An overview of the dielectric response of amorphous materials: primary α-relaxation,
secondary β -relaxation, fast secondary relaxation process, vibrational density of states
(VDOS) peak, and intramolecular infrared (IR) modes.
Unlike crystalline materials, amorphous materials and liquids lack long-range order and
thus do not exhibit distinct vibrational modes in the terahertz region [17]. The Debye theory
proposes that specific heat is due to the vibrations of the atoms of a solid lattice, and there is
a continuous range of frequencies that cuts off at a maximum frequency ν D , characteristic
of the specific solid [21]. Debye theory explains that liquids show broad absorption bands
in excess due to the VDOS [16, 21]. The first absorption spectra at terahertz frequencies
was acquired using FTIR spectroscopy. One far-infrared study examined structurally and
electronically distinct inorganic glasses which exhibited a universally temperature independent terahertz absorption behaviour that increased in intensity with frequency following
ν β (β ≲2) [22]. Since the frequency squared dependance of absorption was comparable
to the vibrational density predicted by Debye theory, the terahertz absorption feature was
attributed to disorder-induced coupling of far-IR radiation to a density of low-frequency
Debye modes. Various experiments have shown that for a given amorphous sample, the
VDOS follows a universal frequency dependance which is due to terahertz radiation coupling
to the VDOS and fluctuating atomic charges in the sample [22, 23]. Given that the dynamics
of supercooled liquids and glasses are slower than liquids, the terahertz spectra of supercooled
liquids and glasses are strongly dominated by absorption into the VDOS which originates
from libration-vibration motions of the material [3].
When examining the terahertz spectra of an amorphous material the absorption is frequency dependant, increasing rapidly with frequency in a power law fashion [22, 23]. As
temperature is raised the behaviour of amorphous and crystalline materials differ at terahertz
frequencies. For an ordered crystalline material, with increasing temperature the population
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of excited states increases and distinct narrow spectra peaks are observed in the terahertz
spectra [4]. In contrast, the terahertz spectra of amorphous materials is dominated by the
VDOS and appears relatively featureless. Given that the terahertz spectra probes the low
frequency wing of the VDOS and with heating the VDOS peak shifts to lower frequencies,
the terahertz absorption of amorphous materials increases with temperature. Notably, between 3 − 4 THz, there is a high population of excited states which results in the vibrational
modes broadening and significant spectral changes upon cooling below 300 K in amorphous
materials [16].
When tracking the crystallisation of amorphous solids using terahertz spectroscopy,
upon the crystallisation event the VDOS collapses as the lattice vibrational modes develop
[4]. Thus, by conducting variable temperature measurements using THz-TDS it is possible
to probe the energies of the relaxation processes and vibrational processes of amorphous
materials (as the terahertz spectral region covers these energies). In order to understand
the spectroscopy of the dipole relaxation processes at terahertz frequencies, it is worth first
considering the absorption of polar liquids in the adjoining frequency regions. In 1955
Poley observed a discrepancy between the extrapolated dielectric constant εinf measured
in the microwave region and the square of the refractive index, n2 when extrapolated from
measurements in the visible and IR regions [24]. Poley suggested that this was due to an
additional region of dipolar absorption at terahertz frequencies for liquids. In the case of
THz-TDS, these losses can be attributed to the reorientational motions of polar molecules
excited by terahertz radiation.
Dielectric spectroscopy is a valuable tool for studying the molecular dynamics of amorphous systems over a broad frequency (µMHz-GHz) range, making it possible to probe a
wide range of time scales (days to ps) [25, 26]. At GHz frequencies the high-frequency
wing of the dielectric loss peaks (which cover multiple frequency decades) are observed, and
these can be detected using THz-TDS [4]. The absorption behaviour of amorphous materials
appears in the terahertz spectra as a broad peak of dielectric loss or absorption in the range of
0.1 − 5 THz. As shown in Fig. 1.4, the dielectric losses of an amorphous system include the
primary α- and secondary β -relaxation processes, and the potential fast relaxation processes.
In the microwave region the α- and β -relaxations can be observed, and as the material
is cooled these processes separate in frequency. The α-relaxation is the lowest frequency
peak to dominate the spectrum in the microwave region, and has been associated with the
rotational diffusion of liquid molecules. For liquids, the high frequency loss tails of the α-and
β -relaxation processes contribute to the THz-TDS spectrum. However, since the viscosity
of a supercooled liquid is significantly high at Tg , the primary α-relaxation associated with
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molecular diffusion processes cannot be directly measured on an experimental time-scale
[16].
A number of experimental studies have demonstrated that the dielectric loss peak that is
characteristic of the β -relaxation process spans a wide range of frequencies. In the context of
this work, it is worth highlighting the Johari-Goldstein (JG) β -relaxation which is sometimes
also referred to in the literature as the slow β -relaxation [25, 27]. The JG β -relaxation is
considered a universal feature of all disordered materials, and similar to all higher order
relaxation processes it is observed at higher frequencies than the α-relaxation. The JG
β -relaxation can form a shoulder in the high frequency wing of the primary α-relaxation,
and is different from intramolecular secondary relaxations that are due to motions involving
a segment of molecule. Furthermore, the JG-relaxation strongly suggests that a glass that has
reached Tg,β represents rotational or translational motions of a small number of molecules
within the bulk sample, and not due to cooperative motion throughout the entire bulk of
the sample [28]. Several mechanisms have been used to explain the origin of the secondary
relaxation, such as intramolecular flexibility. For a long time there has been a lively discussion
regarding the exact physical nature of the higher order relaxation processes and whether
such processes are indeed distinctly different from one another. Given this debate, it is not
surprising that the terminology of the secondary relaxation processes mostly depends on the
traditions developed by each respective community. It is sometimes suggested that the JG
β -relaxation process relates to intermolecular degrees of freedom alone, in contrast to the
general β -relaxation process which can be intramolecular in nature [27, 29]. However, it is
unclear how such strict separation can be justified given the strong evidence for significant
mixing between internal and external motions and vibrations as well as the complex nature
of those motions.
Mode coupling theory (MCT) was originally developed to describe liquids. MCT states
that interactions between particles, i.e. molecules in the case of a molecular material, affect
the dynamics of the system and contribute to the motion within a disordered material which
can be used to predict where a sample shows qualitative changes in experiments (i.e. reaching
Tg ) [30]. MCT predicts the occurrence of the α-relaxation and the fast β -relaxation (in the
GHz-THz frequency range) which originates from a rattling movement due to molecules
in a cage and the neighbouring molecules. However, the analysis of MCT fails below a
critical temperature which is significantly higher than Tg . One framework to rationalise
the β -relaxation process was developed using a so-called coupling model, with results
showing a successful representation of the relaxation times of both the JG- and α-relaxations
[31]. Using this model, the concept of caged dynamics was introduced to elucidate the
motions that occur when the secondary glass transition temperature is reached, based upon
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the molecular structures of viscous liquids. The theory asserts that molecules are caged
at lower temperatures by the anharmonic intermolecular potential which dissipates when
sufficient thermal energy is supplied at the β -transition, Tg,β [32]. Both MCT and the
coupling model explain this as caged dynamics: the formation of a cage by surrounding
molecules, enclosing a nearest neighbour molecule [28]. In the literature this fast rattling
process has also been referred to as the fast β -relaxation, yet this term is incorrect as no
distinct relaxation process can be associated with the rattling motion of groups in their cages,
since it spans a broad range of frequencies and exhibits only little frequency dependance
[4, 33]. Nonetheless, the coupling model relates the α- and β -relaxations by predicting
that the JG-relaxation is a local process and is a precursor to the fully cooperative αrelaxation [34]. Since this theory assumes that only intermolecular forces lead to the barrier
in the β -relaxation, it does not account for intramolecular interactions and complex coupled
internal and external motions that can take place more freely with increasing temperatures
as free volume increases. Additionally, the theory fails to consider extended intermolecular
interactions as opposed to simply those acting on the nearest neighbours. This is particularly
significant in proteins and macromolecules, where medium and long range order exists
through folding and intramolecular interactions which are non-negligible factors that highly
contribute to the energetics of the system [35, 36].
In the literature the β -relaxation is characterised further by the type of interactions that
occur within the glass at the time of transition. For example, if the motions of the molecules
are non-cooperative and if the motions within a glass are due to molecular side chains, such
motions are widely characterised as non-JG relaxation related [37]. Notably, in polymer
systems more than one secondary dielectric relaxation can exist and the co-existance of these
processes and the distribution of molecular properties present in a polydisperse polymer result
in a range of broad relaxation times, sometimes referred to as the β -, γ-, and δ -relaxation.
Each of these secondary relaxations are typically argued to relate to motions of individual
functionalities of the polymer, and intra-chain cooperativity is typically considered for each
[38]. Overall, there is a decrease in relaxation time associated with β -, γ-, and δ -transitions
and successively smaller molecular units are thought to be involved. Depending on the
polymer, the β -relaxation process can be attributed to the reorientation of a side group or
the local motions of the polymer chain backbone which is independent of the cooperative
motion of surrounding chains [39, 40].
In order to better understand the dynamics of macromolecular systems at terahertz
frequencies, it is helpful to consider the behaviour of a small molecular system in its liquid
state. As an external electric field is applied to a small organic liquid system, the net
dipole moment of each entire molecule in the system can reorient giving rise to a primary
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dielectric relaxation, also referred to as the α-relaxation. The α-relaxation can occur at
temperatures above Tg or Tg,α , and is linked to intermolecular translational motions in smallmolecule systems. For a supercooled liquid approaching temperatures at Tg , the α-process
relaxation time ranges from 10−12 to 102 seconds, and this process is accompanied by a
steady decrease in the viscosity of the system [41]. As the system is cooled below Tg,α ,
the secondary relaxations can continue to be observed. These secondary relaxations are
faster compared to the fundamental α-relaxations and are referred to as the β -relaxation
processes. In most molecules, the β -relaxation can be attributed to the twisting and bending
of segments of the molecules at Tg,β . The secondary β -relaxation has been detected with
dynamic mechanical analysis (DMA), although it is more evident in studies that utilise
neutron back scattering and THz-TDS experiments [42].

1.2.3

The potential energy landscape

Modelling amorphous solids is one of the greatest challenges in condensed matter physics
[43]. Unlike bulk crystals, amorphous solids do not contain translational symmetries, and
currently there is no theoretical model which can fully map amorphous phases. Recent
experimental and theoretical work clearly highlights that the potential energy surface (PES)
model, proposed by Goldstein almost half a century ago, is one of the most intuitive and
comprehensive models to understand the molecular dynamics in amorphous systems [44].
This potential energy landscape approach inherently accounts for the fact that intra- and
intermolecular processes are always fundamentally coupled by means of the PES [45]. The
framework of the PES, explains that for a system of N atoms, the potential energy, U, is
defined for each point of the 3N-dimensional configuration space:
U = U(c1 , c2 , ...CN )

(1.2)

where c is the particle coordinate of a given particle (i.e. c p represents the coordinate of
particle p).
While U is not a function of temperature, in order to determine the equilibrium probability
of locating a system at a specific point in configurational space the Boltzmann weight of
configuration is used:


U(c1 , c2 , ...cN )
Probability = (Equilibrium, T, c1 , c2 , ...cN ) ∝ exp −
kT
where k is the Boltzmann constant and T is the temperature.

(1.3)
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The continuous hyperspace includes minima and saddle points, at which the gradient of
the forces (the potential energy) is zero [43, 44]. On the PES there exist different minima
separated by energy barriers. The minima correspond to stable and metastable atomic
configurations, and the saddle points correspond to transition states between minima. For
a given system, the local minima represent metastable states of the system. The barriers
which separate the local minima represent the energy required to form and break bonds
and for the system to move from one metastable state to another. At low temperatures and
short times, the system is confined in these local minima and this is associated with the
vibrational properties of the system. The global minimum of the system represents the
thermodynamically stable state at absolute zero [43]. Additionally, the curvature of the PES
is indicative of the VDOS of the system [44].
The pioneering work of Goldstein into this concept focused on specifically understanding
the origins of molecular motions in viscous liquids which form glasses. Using the explanation
of the PES, a liquid can exist in multiple structures, and each different structure of the liquid
is associated with a minimum [45]. The liquid can flow with no change in volume nor energy
as the structure of the liquid moves from one energy minimum to a different energy minimum.
This can be envisioned using Fig 1.5.

Fig. 1.5 Illustration of the potential energy barrier showing the different minima between
which a liquid can move. Movement between adjacent minimums is represented by red
arrows and is associated with the β -relaxation, and larger movement across minima is
associated with the α-relaxation and is represented by an orange arrow on the surface of the
illustration.
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As the liquid is cooled it becomes a rigid glass and its structure is trapped in a deep
minimum, with some molecular mobility existing. The energy landscape theoretical framework explains that the liquid state has eN different energy states, with N representing the
number of atoms or number of rearrangeable elements of the liquid structure. The potential
energy of the system can be plotted as a function of 3N atomic coordinates, in a rugged
dimensional space described by 3N + 1, as shown in the schematic of Fig 1.5. The state
of a given system can be represented by a point moving on the surface with a dimensional
velocity of 3N and with a temperature dependant average value. At high temperatures (above
Tg ) the system can move on the surface and explore the minima. As the temperature is
lowered, the system explores less minima which become deeper, and the configurational
entropy of the supercooled liquid is reduced. Once the system is trapped in a deep minimum,
the glass transition occurs. In the PES, the activation energy is temperature dependant and
is the depth of an average potential minima. Below Tg mobility is largely frozen, and this
is associated with secondary relaxations. Using the energy landscape model, an ensemble
of stable structures are considered, and not solely a static structure [43–45]. Therefore,
the potential energy landscape model can be thought of as a means of projecting in space
the physics of liquids and solids and collective vibrational modes which span a range of
wavelengths and energies from macroscopic to molecular dimensions.

1.2.4

Understanding the stability of proteins

For a drug to be industrially relevant it is required to be stable on a time-scale of years.
Therefore, the majority of currently marketed medicines are formulated using crystalline
drugs [46]. However, crystalline drug molecules can be poorly soluble due to the high lattice
energy that must be overcome prior to dissolution. Thus, a great number of drug candidates
are dropped during development and are not implemented for further applications in the
pharmaceutical field [46, 47]. In order to enhance drug solubility physical strategies have
been employed, such as reducing particle size to expose a greater surface area or increasing
particle porosity; yet these merely improve the rate of solubility and have no effect on the
intrinsic solubility of the drugs [47]. Additionally, various chemical techniques have been
trialed, including the preparation of formulations with different excipients and surfactants;
however, these methods often result in unstable compounds, poor miscibility, and a minimal
improvement in compound solubility [48]. One approach to enhance the solubility of a given
drug is to transform the drug from its crystalline form into its amorphous form.
In contrast to a crystalline drug, an amorphous drug consists of disordered molecules
with a correspondingly low cohesive energy and high intrinsic solubility [49]. The high
kinetic solubility and dissolution rate of amorphous solids can be exploited for increasing the
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bioavailability of poorly soluble drugs administered orally as tablets and capsules [47, 49].
However, a pure amorphous drug displays rapid recrystallisation kinetics [47, 48]. Thus, in
order to exploit the amorphous state as a viable formulation route, the pharmaceutical sector
is in need of a better understanding of amorphous formulations, and a reliable predictive
method to quantify the stability of amorphous drugs against recrystallisation.
The molecular mobility behaviour and hydrogen bonding interactions of a material
ultimately dictate its chemical stability [50]. Whilst this is true in general, it is of particular
interest in solid samples such as biopharmaceutical drug formulations, where long-term
stability is a critical property of the product. In biopharmaceutical formulations an increase in
molecular mobility has been directly linked to aggregation, increased chemical degradation,
and reduced storage stability of materials [50]. Furthermore, understanding the molecular
dynamics of a material at temperatures leading up to Tg is vital for rational design and
improving pharmaceutical formulations. Previous work has shown that an increase in the
hydrogen bonding interactions between a drug and a polymer decreases the molecular
mobility of the drug as well as the overall system, and can increase the physical stability
of the drug against recrystallisation in the solid dispersion. For example, the hydrogen
bonding interactions between amorphous indomethacin and polyvinylpyrrolidone (PVP)
stabilised the drug and inhibited its crystallisation [51, 52]. Additionally, strong interactions
between acetaminophen/aminoacetanilide and PVP/polyacryic acid polymers improved the
physical stability of the materials via the strong hydrogen bonding drug-polymer interactions
that reduce molecular mobility [52, 53]. For systems with multiple components such as
polymer-peptide microspheres, FTIR spectroscopy can be used to identify the individual
components and interactions between the components (observed as peak shifts in the FTIR
spectra) [54]. Notably, FTIR spectroscopy is advantageous for structural analysis as it is a
non-contact technique, a small quantity of sample is needed (∼ 1 mgmL−1 ), and the sample
can be probed in the solid-state [55].
Recombinant therapeutic proteins can be used for treating cancers, autoimmune diseases,
and hormone-related disorder, however, since proteins are prone to chemical and physical
degradation, manufacturing stable therapeutic proteins remains a continuous challenge.
The majority of biopharmaceuticals are liquid formulations, stored between 2 − 8 ◦ C, and
solid formulations are typically stored below 25 ◦ C [56]. Transporting and storing such
formulations at low temperatures is costly and difficult in developing and tropical countries.
Lyophilisation offers a promising route, by drying sugars with stabilising excipients and
reducing the degradation rates of a protein formulation [57]. In the lyophilisation process, an
aqueous solution containing a protein is frozen and subsequently ice is removed from the
frozen solid under vacuum via sublimation [56]. A schematic of the lyophilisation process is
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shown in Fig. 1.6. While the lyophilisation process is reproducible, scalable, and can yield
a stable light-weight solid product with a shelf life of years, if the native structure of the
protein is not maintained during lyophilisation degradation will proceed.
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Fig. 1.6 Schematic of lyophilisation sample preparation. The solution is frozen and water
changes to ice rapidly. In sublimation water evaporates and in secondary drying the product
is heated. Finally the product is sealed and can be pressed into pellets for THz-TDS
measurements.
Protein degradation results in loss of protein function and occurs via physical or chemical
degradation mechanisms [56]. Physical degradation involves protein denaturation of the threedimensional protein structure and noncovalent aggregation. Denaturation can occur in the
solid-state if the protein is exposed to heat, shear stress, and dehydration-induced degradation
during the drying stage of lyophilisation [58, 59]. The native conformation of a protein
includes hydrophobic regions which are folded inwards on its three-dimensional structure,
yet upon denaturation or partial unfolding these groups are exposed. The greater surface
area and exposed hydrophobic regions can result in protein adsorption and non-covalent
aggregation which can be irreversible. Chemical covalent aggregation is the dominating
aggregation mechanism in solid-state systems [56]. It can be caused by excipients interacting
with the protein, storage temperatures, and the presence of residual moisture [60].
Protein powders can be prepared by spray-drying to produce solid particles of relatively
narrow size distribution, high yield, and purity [61, 62]. The process transforms a liquid into
dry particles by atomising the liquid feed in a hot drying gas stream [63]. A diagram of the
spray-drying process is shown in Fig. 1.7. In the spray-drying process the liquid solution is
atomised through small nozzles to produce fine droplets. Then, in the drying chamber hot
dry air is blown over the formulation and the solvent rapidly evaporates from the atomised
droplets. Cyclone recovery can separate the produced dry particles which are collected in a
collecting tube. The inlet temperature, feeding rate, air flow rate, and humidity are parameters
which can be altered to produce particles of specific properties [62]. Since evaporation is
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occurring at the droplet surface, the wet-bulb temperature is maintained and the droplet
surface does not absorb the temperature of the hot drying gas. By the time evaporation at
the droplet/particle surface ceases the drying gas has cooled, limiting the exposure of the
formulation components to the high inlet gas temperatures [61–63].

Fig. 1.7 Schematic of the spray-drying process. The liquid feed solution is atomised and
subsequently exposed to a hot drying gas. The cooled down drying air and dried particles
produced are transported to a cyclone separator. The particles are removed from the gas
stream and placed into the collection vessel. The red arrows represent the drying gas and the
blue arrows represent the cooled down drying gas.
One of the main advantages of spray-drying is that a wide range of materials can be dried,
including heat-sensitive protein formulations. Additionally, the drying time is relatively short
due to the continuously changing environment of the droplets inside the drying chamber.
As the drying air temperature decreases, the relative humidity increases with moisture
uptake, and the spray-dried product equilibrates with its surrounding drying air. In contrast,
in lyophilisation the drying time is dictated by the solid product reaching its equilibrium
moisture content, and since the solid is dried under vacuum at room temperature, the drying
time is longer [57, 62, 63]. Given that in spray-drying the relative humidity of the air inside
the collection vessel dictates the moisture content of the material, spray-dried products
typically have a higher moisture content compared to lyophilised products. Specifically,
lyophilised solid products have a moisture content of 1 − 3 %, while spray-dried products
have moisture contents ranging from 4 − 10 % [62]. Notably, the increased moisture content
and the stresses induced by spray-drying have shown to negatively impact the dynamic
activity of proteins and decrease the chemical stability of protein formulations [62, 64].
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While lyophilisation and spray-drying are well established processes in the pharmaceutical industry for producing small molecules, both pose several challenges for protein
therapeutics, primarily protein stability [62, 64]. During lyophilisation, the protein is exposed to freezing, ice crystal formation, dehydration, increase solute concentrations, and
solid-liquid interfacial stresses [50]. During spray-drying the protein is exposed to heating,
air-liquid interfacial stress, dehydration, and protein shearing during atomisation [62]. The
continuous heating, shear stress, or exposure of certain protein interfaces, during lyophilisation and spray-drying, can cause the three-dimensional structure of a protein to adopt a
conformation different from its native state [65, 66]. For example, with stress applied to the
system, the hydrophobic groups of the protein can become exposed which results in the three
dimensional structure of the protein to assemble into a configuration different from its native
state conformation [35]. Thus, excipients such as sugars, surfactants, and amino acids are
added to formulations to protect the protein from the stresses induced during lyophilisation
and spray-drying.
When examining the role of excipients two theories should be considered: the vitrification
theory and the water replacement theory [56, 67]. In the vitrification theory the protein is
immobilised in a rigid amorphous glassy matrix and reaction kinetics are altered as molecular
mobility is reduced. Notably, the vitrification theory is based on global mobility associated
with the α-relaxation process. While the vitrification process slows down protein degradation
and unfolding, sugar glasses have distinct Tg values. Above Tg the stabilising effects of
the sugars are lost and sugars can crystallise allowing protein degradation to proceed, yet
water can reduce the Tg of sugar glasses. The water replacement theory is based on a
thermodynamic approach. The hydroxyl groups of the sugar hydrogen bond with the protein
during drying, and replace the hydrogen bonds between the water and the protein to maintain
the native protein conformation. Infrared spectroscopy experiments showed that during
drying sugars effectively stabilised enzymes, as indicated by no shift in the amide II band
which is characteristic of protein secondary structure and hydrogen bonding. The basis
of the vitrification theory and water replacement theory is that by reducing the molecular
mobility of the protein, changes to the protein structure can be prevented. When considering
both theories, it can be suggested that the excipients immobilise the protein motions locally
via the water replacement mechanisms and globally by rigidity effects via the vitrification
mechanism [68]. In this framework these theories cannot be used exclusively to explain
the stabilisation of proteins by excipients. More recently, additional theories have been
proposed which focus on local mobility of proteins, molecular flexibility, and protein-sugar
miscibility on the molecular level [69, 70]. Specifically, the β -relaxation which is associated
with the local mobility of protein groups has been correlated with protein stability [71]. It has
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been proposed that the β -relaxations couple to local protein mobilities and to the diffusion
rates of small reactive species in the glass [70]. In the literature there is a continuous
discussion regarding whether global mobility and the α-relaxation process is associated with
physical degradation (due to the involvement of large-scale mobility in this mechanism),
and the β -relaxation is associated with chemical degradation [72]. Nonetheless, if the
mobilities associated with a particular degradation route are understood, protein degradation
mechanisms could be inhibited.
Widely in the literature it has been shown that the stabilisation of proteins is based on
the immobilising abilities of the excipients, specifically the excipients strongly interacting
with the protein molecules and reducing the local and global mobility of the system [56].
Previous work has shown that smaller flexible sugars were able to form more hydrogen
bonds with proteins during lyophilisation, compared to when proteins were lyophilised with
larger rigid sugars [68]. Thus, the more flexible smaller sugars tightly pack with the protein
molecules, and provide greater stability to the system following storage, compared to larger
sugars which introduce greater steric hinderance to the system. Furthermore, protein-sugar
miscibility is critical when considering stability effects. One study showed that miscibility
was found to decrease with increasing sugar size for several protein formulations, and this
was linked with increased protein aggregation [56]. Therefore, if phase-separation occurs
during lyophilisation, the proportion of protein present at the solid-air interface can vary and
cause a loss of interactions inducing aggregation.
In dry protein formulations, thermal effects have been shown to be the predominating
cause for degradation. In the liquid-state, proteins exhibit a characteristic Tm above which
the proteins can unfold and denature. Since the free energy change from folded to unfolded
state is negative, the unfolded state is thermodynamically favourable [56]. For a solid-state
formulation, Tg is defined by an increase in molecular mobility and is a kinetic process [73].
Therefore it is not indicative of immediate protein degradation. Below Tm and Tg degradation
mechanisms can occur, and adding excipients and drying a protein does not ensure protein
stability. The effects of excipients on stabilising proteins is yet to be understood, as there
are numerous degradation routes for different proteins and various stress effects impart
contributions as well. Excipients can protect proteins against dehydration, freezing, and
thermal stress, yet cannot protect proteins from the wide range of factors which can lead
to protein degradation. Notably, specific excipients can reduce the chemical and physical
degradation pathways in the solid-state by reducing the local and global mobilities of a
protein via hydrogen bonding [74]. Recent work has concentrated on understanding hydrogen
bonding, as an increase in interactions can increase stabilisation effects and reduce local
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mobility by using small flexible excipients. Hence, the excipients chosen and manufacturing
methods are imperative in formulation design.
Once the effects causing protein destabilisation and aggregation are understood, strategies
could be developed to better protect proteins. Given that protein aggregation is closely linked
with protein folding and stability, understanding the mechanisms of protein aggregation
and the factors which influence its occurrence are vital to the pharmaceutical sector. While
the majority of techniques used to predict protein aggregation are developed for a solution
environment, 40 % of protein drug products are marketed as solids and there are limited
techniques which can quantify protein aggregation in the solid-state [35]. In this context,
aggregation implies a protein which is misfolded in a conformation different to its native state
configuration. When considering protein systems from an energy landscape perspective, with
heating the protein could mobilise between energy minima from one low-energy conformation
to another and it has been shown that protein aggregation is driven by thermodynamics toward
a low free energy state [50, 35]. Since THz-TDS can non-destructively measure solid-state
systems and the increase in molecular mobility of a protein has been linked with protein
aggregation in the solid-state [75], this begs the question: Can THz-TDS be used to track the
conformational changes of proteins and predict the likelihood of a protein to aggregate?
In this thesis THz-TDS is used to investigate the vibrational dynamics of amorphous solidstate macromolecular systems with the ultimate goal of assessing the stability of complex
formulations. In Chapter 2 the experimental details of the work performed in this thesis are
outlined, and the data analysis procedures are explained. Chapter 3 introduces a qualitative
physical interpretation of the dynamic motions of different copolymers (of varying molecular
weights and compositions) associated with the β - and α-relaxation processes. These processes are identified by THz-TDS and dynamic mechanical analysis (DMA) experiments and
are explained in the context of the effects of temperature and free volume. Chapter 4 investigates the interactions between peptides and polymers at terahertz frequencies and specifically
the dynamics of lyophilised polymeric microspheres which are prepared and characterised in
detail. Chapter 5 utilises THz-TDS to study the vibrational dynamic properties of lyophilised
formulations, containing either bovine serum albumin (BSA) or a monoclonal antibody
(mAb) as the active ingredient. FTIR, CD, and ssNMR spectroscopy experiments are used to
investigate the changes observed for the formulations. Chapter 6 explores the extent to which
THz-TDS can be used to track thermally induced conformational changes of spray-dried
formulations containing BSA. Based on the work of Chapters 3–6, Chapter 7 examines a
series of BSA and mAb containing spray-dried formulations and connects the THz-TDS
results to the trends observed in the 52-week storage stability study conducted in parallel
on the mAb formulations. Finally, Chapter 8 summarises the findings and contributions of
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this thesis and considers future experiments which would be interesting to perform as an
extension of this work.

Chapter 2
Data analysis and experimental methods
2.1

THz-TDS data acquisition and analysis

All THz-TDS experiments presented in this work were performed with a TeraPulse 4000
(TeraView Limited, Cambridge, Cambridgeshire, UK) spectrometer capable of performing
transmission and reflection terahertz measurements. The optical components of this bench
top instrument are enclosed within a single box (Fig. 2.1) to allow for purging with dry
nitrogen gas or evacuation during transmission experiments.
Fibre couple

Fibre couple

Step scanner

Galvanometer scanner
Continious flow
cryostat
Emitter

Detector

Laser

Nitrogen gas purged box

Ellipsoid
mirror
Polyethylene windows

Sample

Vacuum

Fig. 2.1 Schematic of the internal system components of the TeraPulse 4000 used for THzTDS measurements.
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This compact instrument generates terahertz pulsed radiation between 0.06 GHz and
4 THz (2 − 133 cm−1 ) using an ultrashort pulsed fibre laser in combination with an optically
gated photo-conductive semiconductor emitter and detector antenna structure on Si-GaAs.
This instrument has a maximum dynamic range of approximately 70 dB at 1 THz and works
based on the application of the photoconductive antennas described in Chapter 1. A 790 nm
ultrashort pulse fibre laser is used, with a repetition rate of 100 MHz and a pulse duration of
approximately 120 fs with an average power of 60 mW. The system produces a single cycle
time-domain terahertz pulse by exciting a biased low temperature grown GaAs antenna using
a near-IR pulse. The terahertz pulse propagates through the sample space (which includes
the sample holder and system components) and returns to the detector. The detector is also
a Si-GaAs antenna that can be excited by a split taken from the same laser pulse using a
beamsplitter. In order to obtain the time-domain terahertz signal measurement, the generated
voltage across the detector is recorded as the measured signal along with the optical delay.
On the TeraPulse 4000, spectral data is acquired using the transmission acquisition and
Spectra Series scanner type configuration. The terahertz electric field, the time-domain
waveform, is acquired as a function of time. For an average measurement, 1000 separate
30 ps waveforms were acquired and averaged to produce the time-domain waveform. This
gives an acquisition time of approximately 1 minute. By applying a Fourier transform, the
averaged waveform is transformed to a frequency-domain power spectra which includes
amplitude and phase information. A complex transmittance function is obtained by dividing
the power spectrum of the sample by that of an appropriate reference sample. The absorption
coefficient, α, and the refractive index, n, of the sample can be calculated from this complex
transmittance function [76]. A detailed explanation of the data analysis procedure and
experimental setup of the THz-TDS measurements are outlined below.
Extracting optical parameters
In order to calculate the optical constants of a given material, first the acquired terahertz
electric field E(t) is converted from the real time-domain into the complex frequency domain
Ê(ω) using the Fourier transform. The Fourier transform f (t) → fˆ(ω) is defined as:
fˆ(ω) =

Z ∞

f (t) exp2πiϕ(ω) dt

(2.1)

−∞

By converting the acquired terahertz electric field of the sample, ES , and the reference,
Er , respectively using Equation 2.1, the complex transmittance of the sample can be defined
as:
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T̂ (ω) =

ÊS (ω)
= T (ω) expiϕ(ω)
Êr (ω)
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(2.2)

T (ω) represents the amplitude of the complex transmittance and ϕ(ω) represents the
phase of the complex transmission function. Mathematically, the phase is defined as the
arctangent of the ratio of the imaginary to the real part of the complex-valued ratio of the
sample and reference signals [77]. The four-quadrant arctangent function gives angles in the
range between −π and π. Given that below 1 THz there is a decrease in the signal-to-noise
ratio, the frequency of 1 THz is chosen as the starting point for phase unwrapping to give the
linear dependance of the electric field phase on frequency. Once the phase is unwrapped it
is corrected by shifting it to the origin [0, 0]. Notably, while the phase is generally linearly
proportional to frequency and has no absolute offset, since the lowest frequency data has a
low signal-to-noise ratio, the offset is determined by a linear regression of the data in the
frequency range between 0.1 and 1.5 THz. The absorption coefficient and the refractive index
can be calculated from the transmittance function using the methodology outlined below
[76, 78–80].
For an electromagnetic wave the magnetic field, H, and the electric field, E, can be
expressed as a function of the propagation distance, z, and time, t:
H(z,t) = H0 [i(kz − ωt)]

(2.3)

E(z,t) = E0 exp[i(kz − ωt)]

(2.4)



ω n̂
= E0 exp i
z − ωt
c0
 

n + iκ
= E0 exp iω
z−t
c0
 



n
ωκ
= E0 exp iω
z − t exp −
z
c0
c0

(2.5)
(2.6)

(2.7)

ω n̂
, c0 is the speed of light in vacuum, and n̂ is the complex refractive index
c0
of the medium described by:
where k =

n̂(ω) = n + iκ

(2.8)
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The complex refractive index, n̂(ω), contains the real part of the refractive index, n, and
an imaginary part, the extinction coefficient, κ.
When an incident terahertz wave passes through a sample, a portion of the wave is directly
transmitted through the sample and a portion undergoes multiple reflections at the material
interfaces and the surrounding medium before being transmitted. The Fresnel coefficients can
be used to quantify the portion of light that is transmitted relative to that which is reflected as
light passes between two medias (Fig. 2.2).

2

1
L21

3
L23

F12

F23

E0

Et

d
Fig. 2.2 Schematic of the terahertz electric field transmission through a sample with a complex
refractive index of n̂(ω). E 0 and E t represent the incident and transmitted electric fields,
respectively, and d is the sample thickness. L21 , L23 , F12 , and F23 are the complex Fresnel
reflection and transmission coefficients, respectively, at the interfaces.
In order to derive the Fresnel coefficients of transmission and reflection it is useful to
consider an electromagnetic wave interacting with the boundary between two non-absorbing
dielectric media of refractive indices n1 and n2 . For absorbing materials, the refractive index
is generally a complex number and thus the Fresnel coefficients also become complex. The
transmitted, reflected, and incident electric field amplitudes can be expressed by E L , E t , and
E 0 respectively:
EL =

n1 − n2
E0 = L12 E0
n1 + n2

(2.9)

Et =

2n1
E0 = F12 E0
n1 + n2

(2.10)

Therefore, the Fresnel coefficients of reflection, L12 , and transmission, F12 , (from medium
1 to medium 2) can be described by:
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L12 =

n1 − n2
n1 + n2

(2.11)

F12 =

2n1
n1 + n2

(2.12)

Terahertz transmission in layered structure
The layered sample structure consists of two quartz windows and a sample placed in
between the windows sealed with a spacer: air|window|sample|window|air (Fig. 2.3). The
reference structure for this sample consists of two quartz windows.
a)

b)

Air Window Sample Window Air

c)

Air Window Window

Terahertz Pulse

na

nw

nS
dS

nw

Air

Air Window Air

Terahertz Pulse

na

na

nw

nw

Window Air

Terahertz Pulse

na
dS

na

nw

nR
dR

nw

na
dS - dR

Fig. 2.3 Schematic of structures of sample and reference materials. (a) Sample structure:
air|window|sample|window|air, (b) reference structure with no air gap between windows:
air|window|window|air, (c) reference structure with air gap: air|window|air gap|window|air.
n represents the refractive index and d represents thickness of material. a, w, S, and R
subscripts represent air, window, sample, and reference with air gap, respectively.
The expression for the electric field propagating in the z-direction through the sample
structure at a normal angle of incidence can be described by E S (Fig. 2.3 a):
ES = E0 Faw pw FwS pS FSw pw Fwa

(2.13)

The expression for the electric field propagating through the reference can be described
by E r (Fig. 2.3 b):
Er = E0 Faw p2w Fwa pa

(2.14)

where indices a, w and S represent air, window, and sample, respectively. F describes the
Fresnel coefficient of transmission between the specified indices, p represents the propagation
factor, and d represents the thickness of the material:
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iω n̂d
p = exp
c0


(2.15)

Using equations 2.2 and 2.12 - 2.15 the complex transmission function, T̂ (ω), is obtained:





iω(nS − 1)dS
4nw nS
−ωκS dS
exp
T̂ (ω) = T (ω) exp
exp
(nw + nS )2
c0
c0
(2.16)
From this, the refractive index of the sample material, nS (ω), is obtained:
iϕ(ω)

= FwS pS FSw p−1
a =

nS (ω) = 1 +

ϕ(ω)c0
ωdS

(2.17)

and by applying the Beer-Lambert law with Equation 2.16, the absorption coefficient of
the sample, αS (ω), is derived:


2
(nS + nw )2
αS (ω) = − ln
T (ω)
dS
4nS nw

(2.18)

Notably, the reference can include a thin air gap, a few micrometers in thickness, between
the windows which could lead to systematic error in measurement (Fig. 2.3 c). This would
result in an artificial increase in the measured sample absorption, due to losses from the
internal reflection on the air gap. Hence, the air gap is accounted for in the data analysis by
incorporating terms for a non-absorbing reference layer with refractive index nR and thickness
dR between the two quartz windows. The expression for the electric field propagating through
the reference structure with an air gap can be described by:
ER = E0 Faw pw FwR pR FRw pw Fwa pa

(2.19)

The resulting complex transmission function is:
−1 −1 −1 −1
T̂ (ω) = FwS pS FSw FwR
pR FRw pa =

(2.20)





4nw ns (nw + nR )2
ωκS dS
iω(nS dS − nR dR − (dS − dR ))
exp
exp
=
(nw + nS )2 4nw nR
c0
c0

(2.21)





(nw + nR )2 nS
ωκS dS
iω(nS dS − nR dR − (dS − dR ))
exp
exp
(nw + nS )2 nR
c0
c0

(2.22)

The extracted refractive index and absorption coefficient of the sample can be obtained:
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nS (ω) = 1 + (nR − 1)

dR ϕ(ω)c0
+
dS
ωdS

(2.23)



2
(nS + nw )2 nR
αS (ω) = − ln
T (ω)
dS
(nw + nR )2 nS

(2.24)

This methodology was used to extract the absorption coefficient and refractive index
from the complex transmittance for each sample material.
Limits of measurable range
For each measurement a time-domain waveform for a reference and sample are acquired.
A sample pulse delay results from the propagation of the electric field through the sample
which has a refractive index greater than that of the reference. Fig. 2.4 shows that the main
feature of the sample signal appears ≈ 2 picosecond (ps) later than the main feature of
the reference signal. For the reference, two quartz windows were directly pressed to one
another, with no spacer in between, to avoid internal reflections, or etalon effects, in the
time-domain signal. The sample was pressed between two quartz windows in the structure of
air|window|sample|window|air. Placing the sample between two quartz windows is beneficial
in that it maintains the structural rigidity of the sample throughout the THz-TDS experiment.
20

Air

Electric field (a.u.)

15

1 Quartz
window 2 Quartz windows
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Fig. 2.4 Time domain of terahertz pulse at 300 K for: air (solid black line), one quartz
window (solid dark blue line), two quartz windows (solid light blue line), and a sandwich
structure of a protein sample between two quartz windows (solid red line).
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As shown in Fig. 2.4, after the main sample pulse at ≈ 32 ps, additional reflected pulses
are observed starting at ≈ 53 ps in the time-domain. These can be attributed to Fresnel
losses, multiple reflections occurring in the sample and at the interfaces of the layered sample
structure. If the Fourier transform is applied to the entire terahertz electric field waveform
which includes the reflections identified in Fig. 2.4, an incorrect spectrum would be obtained.
Thus, a time-windowing of the time-domain waveform is completed to remove reflections
and weak etalon effects at longer delay times. For the sample shown in Fig. 2.4, the cutoff
time of 40 ps, before the first reflected pulse, was selected prior to performing the Fourier
transform. This eliminated the effects of the reflected pulses and only the data about the
main transmitted pulse was taken for Fourier transform. Fig. 2.5 is an example of the data
obtained in a variable temperature THz-TDS measurement of a sample and a reference.

Fig. 2.5 Variable temperature THz-TDS measurement of a sample of a polymer film between
two quartz windows (with a teflon spacer) and a reference of two quartz windows. a) A
Fourier transform is performed on the time-domain waveform to obtain b) a frequency
domain power spectra of the sample and reference, respectively. The extracted c) absorption
coefficient and d) refractive index of the sample are shown. The dashed black line on the
absorption spectra represents the maximum absorption which can be reliably determined
from the measurement.
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The frequency domain power spectra are characterised by a roll-off until the detected
signal level approaches the noise floor at higher frequencies (Fig. 2.5 b). The noise floor is
independent of frequency and the noise is electronic in nature [81]. The maximum absorption
coefficient (α max ) is obtained for a given dynamic range when the sample signal is attenuated
to a level equal to the noise floor. For each measurement (Fig. 2.5 a) the signal to noise ratio
and the dynamic range were determined (Fig. 2.5 b), as well as the maximum absorption (Fig.
2.5 c). As shown from Fig. 2.5 b, the dynamic range decreases toward higher frequencies
until reaching the cutoff frequency, in this case ≈ 2.2 THz, above which the absorption
coefficient will be zero. If the absorption coefficient is greater than α max the analysis will
give an absorption coefficient equal to α max . Thus, the dynamic range limits the absorption
measurement, and in order to obtain reliable absorption coefficient and refractive index values
these must fall within the dynamic range.
Determining linear regions and transition temperatures
The changes in dynamics of the amorphous materials studied in this thesis were analysed
by investigating the change in the absorption coefficient at a frequency of 1 THz as a
function of temperature. Given that amorphous materials lack distinct spectral features at
terahertz frequencies, the frequency of 1 THz was chosen since the signal-to-noise ratio of
the measurement at this frequency is highest for the spectrometer used, and the absorption
is clearly dominated by the VDOS in this spectral region. Previous work demonstrated
that discontinuities in the temperature dependent absorption data in disordered materials
reflect changes in the molecular dynamics of the system [4]. In many cases, the change
in absorption with temperature is linear. At present, this linear temperature dependence is
merely an empirical observation and it is not fully understood for which systems a linear
relationship is to be expected. Given that the discontinuities between adjacent linear regions
can be rather subtle, a rigorous fitting routine based on statistical analysis was produced
to analyse the data and determine the transition points. Using MATLAB (The MathWorks
Inc, Natick, Massachusetts, USA), a best fit analysis for each data set was developed to
establish the number of regions as well as the corresponding transition points between the
different regimes of molecular dynamics. In order to achieve this, first two and then three
linear regression regions were fit to the data. All of the samples that were examined in this
thesis exhibited three such regions that could be described by a linear relationship between
temperature and terahertz absorption, and characteristic transition points were observed
between regions. The discontinuities between regions are indicative of a change in the
molecular mobility of the material. For each linear fit, the figures of merit for the fit were
calculated and compared. The best linear fit to the data, the number of linear regions, and
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the intersection points between neighbouring regions were empirically identified by seeking
the minimum mean squared error (MSE). The slope of the linear fit in each region and the
transition temperature as defined by the intersection point of two adjacent linear fit lines were
determined.
For each set of D data points {(X1 ,Y1 ), (X2 ,Y2 ) . . . (XD ,YD )}, where X represents the
temperature and Y represents the absorption coefficient, the model for r linear regions r = 3
and r − 1 intersection points between regions can be described as:


m1 X + b1



 m2 X + b2
ŷ(x) =
..

.



 m X +b
r

r

if X1 ≤ X ≤ Xi1
if Xi1 ≤ X ≤ Xi2
..
.

(2.25)

if XiR−1 ≤ X ≤ XD

Where i represents a point of intersection with i1 < i < i2 ... < ir−1 < D, r ∈ N. m and
b are fitting parameters, where m represents the gradient of a region and b represents the y2
intercept. The mean squared error MSE = ∑D
i=1 [(Ŷ (Xi ) −Yi ) /D] was minimised by iterating
i1 , i2 , . . . , iD and performing a linear regression over the data points of each region, r. The
number of linear regions and the range of data points for each region were chosen based on
the combination of parameters that resulted in the lowest total MSE for the iterative fitting
procedure. The values and errors associated with m and b were determined for the linear fits
of the respective regions that exhibited the lowest MSE.

2.2
2.2.1

Materials and formulation preparation
Materials

Throughout this work the polymers are referred to by the monomer ratio used, for
instance, poly lactic-co-glycolic acid (PLGA) 75:25 identifies a copolymer consisting of
75% lactic acid and 25% glycolic acid. Low molecular weight (MW) (7 − 17 kDa) and high
MW (54 − 69 kDa) PLGA 50:50, low MW (4 − 15 kDa, dispersity, Ð = 2.5) and high MW
(76 − 115 kDa) PLGA 75:25, and medium MW (18 − 24 kDa) poly (D, L lactide) (PDLLA)
were purchased from Sigma-Aldrich Company Limited (Gillingham, Dorset, UK). Medium
MW (10 − 25 kDa, Ð = 1.9) PLGA 50:50 and medium MW (20 − 30 kDa, Ð = 1.8) PLGA
75:25 were purchased from Evonik Corporation (Birmingham, Alabama, USA).
Bovine serum albumin (BSA), sucrose, glycine, L-histidine (L-his), L-histidine monohydrate, L-arginine, polysorbate 80 (poly-oxyethylene sorbitan mono-oleate), D(+)-trehalose
dihydrate, glycerol, and polysorbate 20 (PS20) were purchased from Sigma-Aldrich Cor-
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poration (St Louis, Missouri, USA). Glycerol (anhydrous) and L-histidine hydrochloride
monohydrate (L-hisHCl) were purchased from Merck KGaA (Darmstadt, Germany) and
used as received. An exendin-4 peptide (4.2 kDa) was provided by AstraZeneca UK Limited
(Cambridge, Cambridgeshire, UK). Three different monoclonal antibodies were used in this
thesis. Two different recombinant human IgG1 monoclonal antibodies, referred to as mAb1
and mAb2, were obtained from AstraZeneca UK Limited (Cambridge, Cambridgeshire, UK)
and used in the lyophilised formulations. For spray-dried formulations, a humanised IgG4
mAb provided by UCB Pharma SA (Braine-l’Alleud, Belgium) was used.

2.2.2

Microencapsulation preparation

Blank PLGA microspheres were prepared using the water-in-oil-in-water (w/o/w) doubleemulsion technique: first, 500 mL of a 0.5% aqueous solution of polyvinyl alcohol (PVA)
(87–90% hydrolysed, 13–23 kDa) were emulsified in 12.5 mL of a 5% (w/v) PLGA dissolved
in dichloromethane (DCM), by stirring at a rotation speed of 22000 rpm for 15 seconds
using an ultra-turrax (IKA T-25, Cole-Parmer Instrument Company Limited, St Neots,
Cambridgeshire, UK). This primary emulsion was emulsified into 0.5% aqueous PVA under
stirring at 200 rpm on a stirring plate for four hours. For the preparation of the peptideloaded microspheres, exendin-4 was dissolved into a buffer consisting of citrate, citric
acid, (pH = 4.5) and 0.5% PVA. This peptide solution was emulsified into the 5% (w/v)
dispersion of PLGA in DCM, which was stirred at rotation speed 22000 rpm for 15 seconds
using the ultra-turrax. Different peptide loadings in the microspheres were achieved using
exendin-4 concentrations of 1% and 10% (w/v) in the primary emulsion. Conceptually,
the same method was followed to produce the peptide-loaded microspheres as that for the
blank microspheres. The solid microspheres were collected by centrifugation at 4000 g
for 5 minutes, then washed with distilled water three times and centrifuged once more at
4000 g for 5 minutes. Finally, after removal of the aqueous supernatant and dispersion,
the microspheres were freeze-dried using a lyophiliser following Method 1 of section 2.2.3.
Exendin-4 concentration was determined using the bicinchoninic acid (BCA) protein assay
kit (MilliporeSigma/Sigma-Aldrich Corporation, St Louis, Missouri, USA) following the
manufacturer’s instructions, with BSA used as the standard. The exendin-4 concentration was
analysed using a Agilent Cary 60 UV-Vis spectrophotometer (Agilent Technologies Inc, Santa
Clara, California, USA) at 562 nm. The encapsulation efficiency-based BCA assay values
were determined on the liquid samples. Based on these measurements the encapsulation
efficiency was calculated to be: 15.4% and 37.12% for the low and high peptide loading
of PLGA 75:25 microspheres, respectively, and 42.88% and 36.72% for the low and high
peptide loading of PLGA 50:50 microspheres, respectively. This experiment was completed
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one time. The water content for each lyophilised microsphere was determined using Karl
Fischer (Mettler-Toledo Limited, Leicester, Leicestershire, UK) coulometric titration.

2.2.3

Lyophilisation

Prior to lyophilisation, the concentration of representative samples was measured in
triplicate by UV-absorbance at 280 nm (A280) using a Trinean DropSense Multi-Channel
Spectrophotometer (Unchained Labs, Pleasanton, California, USA). Lyophilisation was
performed using a VirTis BenchTop lyophiliser (SP Industries Inc, Warminster, Pennsylvania,
USA) following one of the methods described below. For each lyophilised product the water
content was determined using Karl Fischer coulometric titration, ensuring that the residual
moisture for each vial was less than 2.5%. Vials were stored at 278 K until all further
measurements and analysis.
Method 1
For the polymeric microspheres investigated in Chapter 4, first, prior to lyophilisation,
an annealing step was performed by cooling the shelf to 233 K for 240 minutes, raising the
temperatures to 257 K for 200 minutes, and cooling the shelf again to 233 K for 170 minutes
at a pressure of 160 mbar. Then, lyophilisation was performed using the following steps:
primary drying was completed at 233 K for 30 minutes and then the temperature was raised
to 253 K for 2440 minutes at a pressure of 133 mbar. Secondary drying was subsequently
performed at 313 K for 960 minutes also at 133 mbar. The vials were closed under a pressure
of 266 mbar at 298 K using a rubber stopper, removed from the lyophiliser, and crimped
with aluminum seals.
Method 2
For formulations of BSA and mAb1 discussed in Chapter 5, freezing was performed by
cooling the shelf to 233 K at 160 mbar, and this temperature was maintained for 30 minutes.
Primary drying was performed at 233 K at 133 mbar for 20 minutes, then the temperature
was raised to 253 K at 133 mbar for 2440 minutes. This was followed by a secondary
drying step at 313 K for 960 minutes at 133 mbar. The vials were subsequently closed
under reduced pressure (266 mbar) at 298 K using a rubber stopper and were crimped with
aluminium seals.
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Method 3

For formulations including BSA and mAb2 discussed in Chapter 5, first an annealing
step, included in the cooling profile of the VirTis lyophiliser (SP Industries Inc, Warminster,
Pennsylvania, USA), was completed. For primary drying the pressure was set to 133 mbar
and the temperature was reduced to 248 K for 55 hours. The temperature was then ramped
at 0.1 K per minute to 313 K while maintaining 100 mbar pressure for 6 hours to allow for
secondary drying.

2.2.4

Spray-drying

Method 1
For the spray-dried formulations described in Chapter 6, feed solutions for spray-drying
were prepared by dissolving the formulation components in ultrapure water (Type 1, ρ ≥
18.2 MΩ.cm at 298 K) in a beaker up to approximately 75% of the final volume (25 mL).
Once clear solutions were obtained, the solutions were transferred to 25 mL volumetric
flasks and diluted further to the final volumes. An overview of the feed solutions for spray
drying is shown in Table 2.1.
Formulation

Component

SF1

BSA
Trehalose
BSA
Trehalose
L-arginineHCl
BSA
Trehalose
L-arginineHCl
Polysorbate 20

SF2

SF3

Concentration
[mg mL−1 ]
100
34.2
100
34.2
50.6
100
34.2
50.6
0.490

Table 2.1 Composition of aqueous feed solutions for spray drying.

The feed solutions were subsequently spray-dried using a a ProCepT Micro-Spray (ProCepT nv, Zelzate, Belgium) equipped with the Bi-fluid Micro nozzle with 0.4 mm nozzle tip,
using compressed air for atomisation and a single cylindrical process column connected to
the glass cone with filtered air (high efficiency particulate air) used as drying gas. The inlet
air flow rate was 400 L min−1 , the inlet air temperature was 423 K, the nozzle air flow was
12 L min−1 , and the feed rate was 3 mL min−1 . Following the spray-drying process, samples
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were collected under nitrogen atmosphere and directly transferred from the collection vessel
into Type I, clear, tubular glass injection vials (Schott AG, Mainz, Germany) which were
purged with nitrogen gas before being sealed with FluroTecrubber injection stoppers (West
Pharmaceutical Services Inc, Exton, Pennsylvania, USA) and aluminium crimp seals (Adelphi Healthcare Packaging, Haywards Heath, West Sussex, UK). The final composition of the
resulting powders are summarised in Chapter 6.
Method 2
For the spray-dried formulations discussed in Chapter 7, feed solutions containing
BSA were prepared by dissolving all components in ultrapure water until obtaining clear
solutions (free from visible particles). If needed, the pH was adjusted to pH 5.5 ± 0.1 with
a commercially available 1 M hydrogen chloride stock solution Merck KGaA (Darmstadt,
Germany). The formulations were subsequently filtered using a 0.22 µm PES filter (Merck
KGaA-MilliporeSigma, St Louis, Missouri, USA). The composition of the BSA containing
feed solutions is summarised in Table 2.2. Following preparation feed solutions were stored
at 278 K before spray-drying.

BSAF1
BSAF2
BSAF3
BSAF4

BSA
mg mL−1

Trehalose
mg mL−1

Glycerol
mg mL−1

PS20
mg mL−1

L-his
mg mL−1

L-hisHCl
mg mL−1

50
50
50
50

25
12.5
0
25

0
12.5
25
1.25

0.2
0.2
0.2
0.2

0.525
0.526
0.526
0.526

2.23
2.23
2.23
2.23

Table 2.2 Composition of the BSA feed solutions for spray-drying.

For the mAb formulations, a Vivaflow 200 Laboratory Cross Flow Cassette (Sartorius
AG, Göttingen, Germany) was used in a tangential flow diafiltration process to exchange the
storage buffer of the mAb with the new formulation buffer containing 15 mM L-histidine (Lhis and L-hisHCl), pH 5.5, and either 25 mg mL−1 trehalose or 25 mg mL−1 glycerol prepared
with ultrapure water (Type 1, (ρ ≥ 18.2 MΩ cm at 298 K)). Following diafiltration, solutions
were further concentrated and filtered. The concentrations of the mAb solutions were
measured using UV absorbance at 280 nm with extinction coefficient 1.33 mL mg−1 cm−1
and diluted to 50 ± 0.5 mg mL−1 with ultrapure water. The final composition of the mAb
feed solutions are shown in Table 2.3. Following preparation, feed solutions were stored at
278 K before spray-drying.
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The feed solutions were spray-dried using a Büchi B-290 Mini Spray-dryer equipped
with a 0.7 mm two-fluid nozzle, standard cyclone, standard collection vessel, and the B-296
Dehumidifier (Büchi Labortechnik AG, Flawil, Switzerland). Feed solutions had a protein
concentration of 50 mg mL−1 . The inlet air temperature was set at 393 K (outlet temperature
was monitored and ranged between 343 and 353 K), inlet air flow rate was set at 580 L min−1 ,
nozzle N2 flow rate was set at 10 L min−1 , and the solution feed rate was set at 3 mL min−1 .

mAbF1
mAbF2
mAbF3
mAbF4

mAb
mg mL−1

Trehalose
mg mL−1

Glycerol
mg mL−1

PS20
mg mL−1

L-his
mg mL−1

L-hisHCl
mg mL−1

50
50
50
50

25
12.5
0
25

0
12.5
25
1.25

0.2
0.2
0.2
0.2

0.526
0.526
0.526
0.526

2.23
2.23
2.23
2.23

Table 2.3 Composition of the mAb feed solutions for spray-drying.

Powder fractions were then collected from both the collection vessel and the cyclone.
Both fractions were pooled together and dispensed into 2 mL Type I, clear, tubular glass
injection vials (Schott AG, Mainz, Germany) with FluroTec rubber injection stoppers (West
Pharmaceutical Services Inc, Exton, Pennsylvania, USA). The filled open vials were then
subjected to 2 hours of post-drying at 1 mbar and 298 K in an Epsilon 2-6D freeze-dryer
(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), followed
by the application of a 1 bar nitrogen atmosphere for 10 minutes. Stoppers were pushed
downwards, ensuring a nitrogen atmosphere in each closed vial, and capped with aluminium
crimp seals (Adelphi Healthcare Packaging, Haywards Heath, West Sussex, UK).
BSA formulations were stored at 278 K before analysis and mAb samples were stored
either at 278 K, 298 K, or 313 K for a 52-week stability study (see section 2.3.7). The
residual water content of the spray-dried mAb and BSA formulations was determined using
a 831 KF Coulometer with generator electrode (without diaphragm), coupled to a 774 Oven
Sample Processor (Metrohm AG, Herisau, Switzerland). Samples (20 - 30 mg) were heated
to 393 K in 6 mL clear glass head space vials which were closed using septum seals with
polytetrafluoroethylene (PTFE) inserts (Metrohm AG, Herisau, Switzerland). The final
compositions of the resulting powders are summarised in Chapter 7.
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Experimental setup
Sample preparation for THz-TDS experiment

Method 1
For THz-TDS experiments on the copolymer samples, a sandwich structure consisting
of a layer of polymer embedded between two z-cut quartz windows of 13 mm diameter
and 2 mm thickness each (Crystran Limited, Poole, Dorset, UK), separated by a glass fibre
reinforced teflon spacer, was formed by vacuum compression moulding (VCM), using the
VCM Essentials tool (MeltPrep GmbH, Graz, Austria) (Fig. 2.6). The sample thickness was
adjusted with the spacer and ranged between 300 − 600 µm.

Fig. 2.6 Sample preparation for thin film samples. a) MeltPrep VCM Tool, operating with
a circular die of 13 mm inner diameter, adapted from MeltPrep GmbH (Graz, Austria), b)
polymer sample sandwiched between two quartz windows with a spacer (4.50 mm), c) crosssection diagram of sample produced: thickness of window (2.05 mm), spacer (0.15 mm),
sample (0.39 mm).
Using the VCM Essentials tool, initially, the samples were subjected to vacuum compaction and pre-drying for 3 minutes at 20 mbar, followed by a vacuum melting step and subsequent cooling and solidification. Suitable temperatures for sample preparation were identified in the range of 408 − 413 K. The vacuum melting step to form the quartz|polymer|quartz
sandwich moulding structure was completed within an additional 10 minutes under continued
vacuum at 20 mbar, allowing for sufficient time for the polymer sample to melt. The VCM
tool was then manually transferred to the cooling unit of the VCM Essentials setup and the

sample was allowed to cool to room temperature for 5 minutes without active cooling. For
dynamic mechanical analysis (DMA) experiments, samples were prepared using the VCM
bar tool instead of the circular die, at temperatures between 353 − 373 K under a pressure of
20 mbar. The samples obtained were approximately 35 mm in length, 12 mm in width, and
0.50 mm in thickness.
Method 2
For each sample 70 mg were weighed under atmospheric protection in a glove bag
(AtmosBag, Sigma-Aldrich Company Limited, Gillingham, Dorset, UK) which was purged
with dry nitrogen gas (relative humidity < 1%) to avoid moisture sorption from atmospheric
water vapour during preparation (Fig. 2.7). The powder samples were pressed into 13 mm
diameter disks using a load of 0.8 tons. The pellets were each between 300 − 650 µm
in thickness, and were placed between two z-cut quartz windows of 2.05 mm thickness.
This sandwich structure was sealed in the sample holder and used immediately following
preparation for THz-TDS measurements.

Cold finger
ple encased in heat
shield
s

ple holder
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Excess liquid
nitrogen output
Motor

Temperature
controller input

a)

b)
Atmosbag
glove bag

Hydraulic pellet
press

c)

Fig. 2.7 Tool for sample preparation. a) Hydraulic pellet press, b)13 mm pellet die used for
sample powder pellet preparation (Specac Ltd, Orpington, Kent, UK).

2.3.2

Variable temperature THz-TDS measurement setup

Reference and sample holders were designed and constructed for the THz-TDS experiments, and were composed of Cu (90 %), Ni (7 %), Si (2 %), Cr (1 %) to ensure suitable heat
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transfer and tensile strength. The holder includes two compartments and can accommodate a
sample and a reference (Fig. 2.8 a). Each holder includes a top cell and a bottom cell which
can be screwed together by the internal threads and assembled with the cold finger that is
e)
adjusted
vertically to fit the existing cryostat.

d)

f)

a)

b)
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Sample encased in heat
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cells

1 mm
thick
window

Excess liquid
nitrogen output
Motor

f)

a)

a)
d)

a)

c)

c)

d)

d)

Sample holder

f)

c)
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d)
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e)
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Fig. 2.8 Experimental setup for variable temperature THz-TDS experiments. a) Photo and
design of sample and reference holder and cold finger used for THz-TDS measurements, b)
cryostat used, c) commercial TeraPulse 4000 instrument, d) complete setup of cryostat with
attached transfer tube.
Experiments performed were conducted at variable temperatures (ranging from 90 −
410 K) using a continuous flow cryostat. In the experimental setup the vacuum box includes
a hole to which the cryostat is clamped. Initially, the vacuum box is purged and liquid
nitrogen is allowed to flow via a transfer tube from a dewar to the cryostat (Fig. 2.8) and
low temperature measurement at 90 K can be conducted. The terahertz optics were purged
with dry nitrogen and the sample chamber was evacuated with a vacuum pump in order to
reduce water vapour, as water is strongly absorbing at terahertz frequencies. The cold finger
was moved vertically using a motorised linear stage to switch between sample and reference
at each measurement temperature. The temperature of the sample was measured using a
silicon diode mounted to the copper cold finger of the cryostat. The temperature controller
used was a Lake Shore model 331 (Lake Shore Cryotronics Inc, Westerville, Ohio, USA).
For each series of measurements a sample and a reference were loaded into the cryostat, the
cryostat chamber was evacuated to 10 mbar, and the cold finger was cooled to a temperature

Hydraulic pellet
press

1 mm
thick
window

f)
e)
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of 90 K. The cryostat was allowed to equilibrate for 10 − 15 minutes at 90 K and the first
set of sample and reference measurements was acquired. Subsequently, the cold finger was
heated using temperature intervals of 10 K (at a rate of 2 K min−1 ). At each temperature
the system was allowed to equilibrate for 3 minutes before a set of sample and reference
measurements were acquired. For each temperature, the sample and the reference were
measured at the centre position, with typically 1000 waveforms co-averaged for each, for
approximately 1 minute.

2.3.3

Differential scanning calorimetry (DSC)

A Q2000 Differential Scanning Calorimeter (TA Instruments Inc, New Castle, Delaware,
USA) was used to determine the calorimetric glass transition temperature (Tg,DSC ), defined
by the onset temperature for each material. 2–3 mg of sample material were placed in
hermetically sealed aluminum pans under a constant flow of nitrogen atmosphere (flow rate
of 50 mL min−1 ) . The temperature and heat flow of the instrument were calibrated using
indium (T m = 430 K, ∆Hfus = 29 J g−1 ). This instrument and setup protocol in Method 1, 2,
3, and 4 listed below were used.
Method 1
For the polymer samples, each material was heated at 3 K min−1 from room temperature
to above its melting temperature Tm . Following the melt of the polymer, the sample was
cooled to approximately 213 K at a rate of 3 K min−1 . The sample was subsequently heated
again through Tg at a rate of 3 K min−1 . The modulation frequency was 0.003 K s−1 .
Method 2
For lyophilised polymeric microspheres, samples were heated at a rate of 10 K min−1
to 358 K and subsequently cooled down to 293 K at 40 K min−1 . Then, the samples were
heated from 293 K through Tg to 358 K again at a rate of 10 K min−1 .
Method 3
For lyophilised formulations, samples were cooled at a rate of 3 K min−1 from room
temperature to approximately 243 K. The samples were subsequently heated at a rate of
10 K min−1 to 295 K and then at 5 K min−1 to 373 K. The modulation frequency was
0.006 K s−1 .
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Method 4
For the spray-dried formulations examined in Chapter 6, the samples were cooled at a rate
of 3 K min−1 from room temperature to approximately 243 K, and subsequently heated at a
rate of 10 K min−1 to 295 K, and then at 5 K min−1 to 373 K with a modulation amplitude
of 0.50 K and a period of 80 seconds. For the blank spray-dried excipient mixtures, samples
were heated from 243 K to 423 K at 5 K min−1 with a modulation amplitude of 0.24 K and
period of 40 seconds, after an isothermal period of 5 minutes while the cell was continuously
purged with dry nitrogen at 50 mL/min. Tg,DSC determination was performed following the
same protocol as for the BSA containing formulations, by using the onset temperature.
Method 5
For the spray-dried formulations investigated in Chapter 7, a DSC 3+ differential scanning
calorimeter (Mettler Toledo LLC, Columbus, Ohio, USA) was used to determine Tg,α,DSC .
For each sample, 2 - 10 mg was placed in a 40 µL standard aluminium crucible and closed
using a standard lid (Mettler Toledo) under ambient conditions. Samples were subsequently
heated at a rate of 10 K min−1 from 233 K or 153 K to 353 K.

2.3.4

Dynamic mechanical analysis (DMA)

DMA measurements were performed using the dynamic-mechanical analyser Q800 DMA
from TA Instruments (TA Instruments Inc, New Castle, Delaware, USA), using Method 1 or
Method 2 listed below.
Method 1
For the polymer samples, the oscillation amplitude was set to 20 µm and the test frequency
was held constant at 1 Hz. The DMA measurements were carried out during heating with a
temperature sweep covering the range of 138 − 358 K. The initial stabilisation time at 138 K
was set to 5 minutes, and the heating rate was 3 K min−1 with measurements continuously
acquired throughout heating of the sample. Two experimental repeats were completed for
each material, with a fresh sample prepared before each experimental run. In order to
analyse the DMA data the following methodology was applied: (1) the data was binned into
temperature intervals of 1 K and averaged, (2) the peak position of the local maximum in the
tan δ -curve was determined at low temperatures (below 300 K), (3) the onset value of the
peak due to α-relaxation (which in all cases was well separated from the β -process above
300 K) was determined. Here, tan δ is defined as the loss tangent, i.e. the ratio of the loss
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modulus to storage modulus [82]. When determining Tg,α in the DMA data the onset value
of the tan δ -peak at temperatures above the β -relaxation was used. This is consistent with the
methodology implemented when detecting Tg,β and Tg,α from the THz-TDS data. However,
it is not possible to define Tg,β at low temperatures in terms of its onset value in the DMA
data, as the DMA instrument cannot acquire data at sufficiently low temperatures to reliably
determine the onset of Tg,β . Therefore, the range of the temperatures which the tan δ peak
spans at low temperatures corresponding to the β -relaxation process is reported.
Method 2
For the spray-dried formulations, DMA measurements were performed using argon as
the air bearing gas in multi-frequency-strain mode at a frequency of 1 Hz and an amplitude
of 10 µm. The lower tray of TA Q800 DMA Powder Clamp was filled at ambient conditions
and the cover plate was firmly pressed onto the clamp. The cantilever clamps were tightened
with a torque wrench using a pressure of 2 psi. The furnace was closed and the temperature
was equilibrated at 278 K and kept isothermally for 15 minutes. Then, the temperature was
equilibrated at 138 K and kept isothermally for 15 minutes. The temperature was ramped at a
rate of 2 K min−1 until the α-relaxation peak was observed, or up to a maximum temperature
of 393 K. Each formulation was measured in duplicates and the storage modulus (E ′ ), loss
modulus (E ′′ ), and tan δ responses were recorded. In the equations below, σ is defined as
the applied stress, ε as the applied strain, and δ as the phase lag of a sample measured with
DMA.
σ
cos δ
ε
σ
E ′′ = sin δ
ε
E′ =

(2.26)
(2.27)

E ′′
(2.28)
E′
δ values were normalised for sample mass. The tan δ β -relaxation peaks, defined as
the first transition observed in the tan δ signal above 138 K, were fitted using the Peak
analyser tool of the OriginPro 8.5.0 software package (OriginLab Corporation, Northampton,
Massachusetts, USA) using the Fit Peaks (pro) function with baseline corrected to the
minimal signal value. When no clear second peak (i.e. α-transition peak) could be fitted,
the right limit of the tan δ β -relaxation peak was manually set at the minimum before the
α-relaxation onset. Finally, the mean (n = 2) of the resulting peak amplitude, the full width
at half maximum (FWHM), the area, and the Tg,β ,DMA defined as the temperature of the peak
maximum were calculated for each formulation.
tan δ =
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Microsphere characterisation techniques

Helium pycnometry measurement
The lyophilised microsphere samples were analysed as powders using a helium pycnometer (Micromeritics AccuPyc II 1340, Micromeritics Instrument Corporation, Norcross,
Georgia, USA) to determine the density and specific volume of the microparticles. Approximately 20 mg of each sample were placed in the instrument compartment and measurements
were performed with helium gas at 298 K at a pressure of 10 mbar. No pretreatment
conditions were required. The measurements were repeated for each sample five times.
The average volume of the five repeat measurements was used to determine the density
of each material. For comparison, polymer films of PLGA 50:50 and PLGA 75:25 were
prepared using the vacuum compression molding tool, and these were also analyzed using
helium pycnometry.
Morphology measurement
The particle size and shape of the microsphere particles were characterised for unlyophilised liquid samples and for lyophilised powder samples using a Morphologi G3
instrument (Malvern Panalytical Ltd, Malvern, Worcestershire, UK). Each unlyophilised
liquid sample was dispersed in 1 mL of 5% aqueous PVA solution to allow for spatial
separation of the particles and reduction of agglomerates. The lyophilised powder samples
were prepared for measurement using a dry powder disperser. The instrument captured
images of the individual particles and the morphological properties for each particle were
determined from the images by image analysis using the Morphologi G3 software (Malvern
Panalytical Ltd, Malvern, Worcestershire, UK). For each material the number of particles
counted and the circular equivalent (CE) diameter D[v, 0.1], D[v, 0.5] and D[v, 0.9] percentiles
were reported.
Scanning electron microscopy (SEM)
The range of morphologies of the microspheres was characterised using SEM with a
Zeiss CrossBeam 540 instrument equipped with a Gemini 2 column (Carl Zeiss Microscopy
GmbH, Jena, Germany). To qualitatively analyse the shape and surface of the samples the
lyophilised microspheres were sputter coated with gold using an Emitech 550 (Emitech Ltd,
Ashford, Kent, UK). The samples were then examined under vacuum at an acceleration
voltage of 1 kV, and imaged using secondary electrons via an Everhart-Thornley detector
(Carl Zeiss SMT GmbH, Oberkochen, Germany).
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2.3.6

Protein characterisation techniques

Circular dichroism spectroscopy (CD)
For the lyophilised BSA formulations, circular dichroism (CD) spectroscopy was used
to investigate the structural changes at 278 K and after being heated to 370 K or 410 K
(following a THz-TDS experiment). Neat BSA powder was dissolving in dH2 O and diluted
to a concentration of 3 − 4 µm before analysis. The lyophilised mAb1 formulations were
analysed at 278 K and after being heated to 330 K or 370 K. All mAb1 formulations were
dissolved in dH2 O and diluted to a concentration of 1 µm, calculated using the extinction
coefficient of 207360 M−1 cm−1 [83].
Protein concentration was calculated by measuring absorbance at 280 nm on a Nanovue
spectrophotometer (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using the extinction
coefficient of 43824 M−1 cm−1 . Samples were analysed in a 1 mm cell at 303 K. CD spectra
were acquired using a JASCO J-810 spectropolarimeter (JASCO Inc, Easton, Maryland,
USA). Spectra were recorded over the spectral range of 250 − 190 nm, with a resolution of
0.5 nm, a continuous scan at 50 nm min−1 , and a bandwidth of 1 nm. 10 accumulations
were obtained for each sample and each experiment was repeated three times. CD spectra of
dH2 O were recorded and subtracted from each sample spectrum. Mean residue ellipticity was
calculated using the equation below, where [θ ] is the mean residue ellipticity (◦ cm2 dmol−1 ),
θobs the observed ellipticity, l the path length (mm), c the molar concentration (M), and n
the number of residues (583 amino acids for BSA and 1330 for mAb1).
[θ ] = θobs lcn−1

(2.29)

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy
ssNMR was used to investigate the structural changes of the unheated (278 K) and heated
(370 K or 410 K) lyophilised BSA formulations, and unheated (278 K) and heated (330 K,
or 370 K) lyophilised mAb1 formulation. 13 C CP-MAS spectra were acquired using a Bruker
AVANCE Spectrometer 400 MHz (Bruker UK Limited, Coventry, UK) equipped with a
4 mm CP/MAS 1 H/X BB probe at room temperature, a magic angle spinning (MAS) rate of
12 kHz together with the SPINAL64-proton decoupling pulse sequence during acquisition.
The cross polarisation (CP) efficiency was optimised using a glycine sample. For cross
polarisation, a ramped CP from 50 − 100% with a contact time of 2 milliseconds (ms) was
used. Data were acquired by averaging 1200 free induction decays containing 2048 complex
data points with a total acquisition time of 25 ms and a relaxation delay of 5 seconds (s)
between individual scans unless indicated otherwise. Proton spin-lattice relaxation times

44

Data analysis and experimental methods

T1 were determined by inversion recovery with 13 C detection via CP. For each sample eight
individual time points t were acquired (0.01 s, 0.05 s, 0.1 s, 0.2 s, 0.5 s, 1.0 s, 2.0 s, 5.0
s). Proton spin-relaxation times in the rotating frame T1ρ were determined by varying the
1
1 H spin lock pulse time t
13
SL following a π/2 H pulse with C detection via CP. For each
sample eight individual time points t were acquired (0.1 ms, 1 ms, 5 ms, 10 ms, 20 ms, 30
ms, 40 ms, 50 ms). To obtain T1 and T1ρ values of the BSA and the sucrose, the spectra were
integrated with the T1T2 module in TopSpin 3.5pl7 (Bruker BioSpin Corporation, Billerica,
Massachusetts, USA) in the carbonyl region (165 − 185 ppm) and the alcohol and anomeric
signal region (67 − 102 ppm), to obtain information from the components, respectively. The
data was then exported to MATLAB (The MathWorks Inc, Natick, Massachusetts, USA) and
fitted to the following equations:
−t

M(t) = M0 (1 − 2Ae T1 )
M(tSL ) = M0 e

−tSL
T1ρ

(2.30)
(2.31)

where M(t) is the magnetisation at a given time point t, M0 the magnetisation at equilibrium and A is a correction factor. 13 C spectra were referenced to the methylene signal of
adamantane (δ = 38.48 ppm).
Fourier transform infrared (FTIR) spectroscopy
FTIR spectroscopy was used to examine the change in the secondary structure of the
material. In Method 1 and 2, FTIR spectra were acquired using a Cary 680 FTIR spectrometer
(Agilent Technologies Inc, Santa Clara, California, USA) with 60 scans and a resolution
of 1 cm−1 . In Method 3, a TENSOR II FTIR Spectrometer (Bruker Optics Inc, Billerica,
Massachusetts, USA) was used to obtain the FTIR spectra.
Method 1
For the polymeric microsphere samples, each material (300 µg) was mixed with 100 mg
potassium bromide (KBr) using an agate mortar and pressed into 7 mm self-supporting disks
using a load of 10 tons. At least four spectra were measured for each material at 278 K. The
recorded spectra were normalised based on the total area under the curve [84].
Method 2
For the lyophilised formulations, FTIR spectroscopy was used to examine the change in
the secondary structure at 278 K and after being heated to 330 K, 370 K, or 410 K. The FTIR
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spectrum of the pure excipients was recorded and subtracted from each sample spectrum
by a linear subtraction scaled to the excipient peak at 851 cm−1 . The recorded spectra were
normalised based on the total area under the curve. To estimate the secondary structure
composition each spectrum was smoothed using a Savitsky-Golay derivative function fitted
over 14 cm−1 and the second derivative of the amide I region calculated. Gaussian peaks
were fitted to the second derivative spectrum and the ratio of the peak areas compared to the
total area under the curve was used to estimate the secondary structure content [85].
Method 3
For the spray-dried BSA formulations, samples were heated from 303 to 393 K. Spectra
were recorded (64 scans) following a 5 minute isothermal temperature equilibration period
at 10 K intervals. Both reference and sample spectra were recorded with a resolution of
2 cm−1 over a range of 4000 to 850 cm−1 . Reference spectra were acquired at each 10 K
temperature step and automatically subtracted from sample spectra using the included OPUS
Spectroscopy Software (Bruker Corporation, Billerica, Massachusetts, USA). For the spraydried excipient mixtures, spectra were collected at ambient temperature using a Vertex 70
FTIR spectrometer (Bruker Optics Inc, Billerica, Massachusetts, USA) at 64 scans per
spectrum, including the 4000 to 400 cm−1 range at a spectral resolution of 2 cm−1 . From
these spectra a reference spectrum was acquired at ambient temperature using the same
spectral settings, and was subtracted. Data analysis was performed using version 7.5 of the
OPUS Spectroscopy Software (Bruker Corporation, Billerica, Massachusetts, USA). Data
pre-processing was performed on the absorbance spectra (over the entire spectral range) and
consisted of atmospheric compensation (CO2 and H2 O), rubber band baseline correction
(128 points with exclusion of CO2 bands), and vector normalisation. After obtaining the
amide I and amide II bands, peaks in the bands were identified with a sensitivity of 1% by
applying the second derivative of the spectra using 9 smoothing points. This was based on
the Savitzky-Golay algorithm in the 1700 - 1600 cm−1 and 1580 - 1520 cm−1 range for the
amide I and amide II bands, respectively [86].

2.3.7

52-Week monoclonal antibody (mAb) stability study

In order to evaluate the solid-state stability of the spray-dried mAb formulations, a
52-week storage stability study was performed. The closed vials of the spray-dried mAb
formulations with a 1 bar nitrogen atmosphere were stored at 278 K, 298 K and 313 K. At
each time point a number of closed vials were collected from the specific storage condition
and placed at 278 K before analysis. The spray-dried mAb formulations were subsequently
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subjected to solid-state characterisation or reconstituted to 100 mg mL−1 for aggregationbased stability assessment. Aggregation-based stability assessment of the reconstituted
samples consisted of determining the high molecular weight species (HMWS) and high
molecular weight aggregate (HMWA) content using size-exclusion chromatography (SEC).
Following data collection for all time points, HMWS, HMWA, and turbidity were fitted
linearly in function of time using the linest function included in the Microsoft Excel 2016
software package version 16.0.4738.1000 (Microsoft Corporation, Redmond, Washington,
USA) in order to obtain gradient values for each formulation and storage condition.
Size-exclusion chromatography (SEC)
Size-exclusion chromatography (SEC) was used to relatively quantify multimeric/high
MW species (i.e. dimers, trimers, tetramers) in the reconstituted samples as a measure
for the loss of monomeric mAb. Analysis was performed using an Infinity 1260 high
performance liquid chromatography (HPLC) system (Agilent Technologies Deutschland
GmbH, Waldbronn, Germany) equipped with a TSK-GEL G3000SWXL column (5 µm,
300 mm x 7.8 mm) (Tosoh Bioscience GmbH, Griesheim, Germany) and UV-detector (set
at 280 nm). A filtered 0.2 M Sodium Phosphate (pH 7.0) solution was used as the mobile
phase. Samples were diluted to 5 mg mL−1 using the mobile phase and 50 µL was injected
onto the column. The process was run isocratically at ambient temperature for 15 minutes
with a flow rate of 1 mL min−1 . Two injections were performed for each sample. Peaks
were integrated with Empower (version 7.30.00.00) and the ApexTrack algorithm (Waters
Corporation, Milford, Massachusetts, USA).
Powder reconstitution time
Spray-dried powders were reconstituted at 100 mg mL−1 by injecting a calculated volume
of ultrapure water through the septa of the closed vials using a syringe and 18 gauge needle.
Vials were swirled gently to evenly distribute the solvent. Reconstitution time was defined as
the time needed for all powder present in the vial and in contact with the solvent to dissolve.
After reconstitution the mAb concentration of the obtained solutions was verified using UV
absorbance at 280 nm with extinction coefficient 1.33 mL mg−1 cm−1 .

Chapter 3
Understanding the structural dynamics
of polymers at terahertz frequencies
3.1

Introduction

For a given amorphous polymer, the glass transition process and the molecular dynamics
leading up to this event, play a key role in its chemical stability as well as its physical
and mechanical properties [29, 51, 87]. It has been widely reported that many amorphous
polymers exhibit at least two dielectric relaxation processes: the primary, or α-relaxation
process, that can be observed at temperatures above Tg,α , and the secondary, or β -relaxation
process, which is associated with a secondary process at Tg,β [26, 88–90]. The α-relaxation
process is the central structural relaxation in polymers and is associated with segmental
relaxation motions of a polymer molecule [26, 91]. In the polymer literature, the motions
of the polymeric chain segments (of a few monomeric units) are responsible for the glass
transition of polymers, and Tg is most commonly defined as the temperature where the
segmental relaxation time is approximately 100 seconds [26].
It is well established that the α- and β -relaxation processes are associated with different
molecular motions in the bulk of the polymer material. Overall, the glassy copolymer chains
are more densely packed at low temperatures compared to at higher temperatures. The onset
of Tg,β corresponds to the lowest temperature at which the copolymer system is excited with
sufficient energy to allow for localised reorientational motion of smaller segments within the
copolymer macromolecule [92]. Thus, at low temperatures (below approximately 250 K),
motions which require high activation energies and/or large amounts of free volume are
restricted. In contrast, for the α-relaxation this involves the movement of large segments
of the copolymer backbone [93]. At temperatures above the glass transition, the polymer
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chains are more loosely packed and sufficient thermal energy is available for the copolymer
to cross higher energy barriers giving rise to the α-relaxation. Nonetheless, to date, the origin
and molecular mechanisms associated with the α- and β -relaxation processes in amorphous
polymers remain relatively poorly understood.
The vibrational modes of polylactic acid (PLA) and polyglycolic acid (PGA) have
been investigated in the literature using a wide range of techniques, including terahertz
spectroscopy, Raman and far-IR spectroscopy, and quantum mechanical calculations [94–
96]. For example, it has been shown that with increasing temperature the intermolecular
interactions of PGA can change as the C=O group of PGA shifts from 2.1 THz to a lower
frequency [96]. Furthermore, the role of steric effects, specifically between a carbonyl oxygen
atom and a C–H bond has been investigated for PGA [96]. Poly lactic-co-glycolic acid
(PLGA) is a copolymer of PLA and PGA [97]. PLGA is a biodegradable and biocompatible
copolymer with widespread biomedical applications (Fig. 3.1). It is soluble in a wide range
of solvents and is thermally stable with no appreciable weight loss observed at temperatures
below 473 − 523 K. While the overall mechanical properties of PLGA have been investigated
in detail [98], the relaxation properties of the material are less well understood and there is a
gap in the existing literature since PLGA has yet to be investigated at terahertz frequencies.
When considering the chemical structure of PLGA shown in Fig. 3.1, it can be hypothesised that bond rotations about the C–O bond of the PLGA backbone and the methyl side
groups of PLGA would allow the polymer to adopt a range of conformations, provided
there is sufficient energy and free volume available in the system. In line with the energy
landscape model, it is possible to envision that above Tg,α PLGA can adopt high energy
conformations that include segmental motions of the copolymer backbone. When the PLGA
material is cooled below Tg,β , the high energy conformations of the material freeze, resulting
in the glassy state of PLGA. At Tg,β , PLGA exists in low energy conformations, and the
low terahertz frequencies can excite some local motions of PLGA which can involve small
segments of PLGA.
O
O
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Fig. 3.1 Chemical structure of PLGA, with X number of lactic acid units and Y number of
glycolic acid units.

3.2 Results
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This chapter systematically examines a number of polymer systems by investigating the
behaviour and trends these exhibit as a function of temperature and the values of Tg,β and
Tg,α obtained. The purpose of this work is to better understand the relationship between the
relaxation dynamics and the molecular structure of PLGA systems that vary in molecular
weight (MW) as well as in lactide to glycolide ratio, using THz-TDS and DMA. An explanation of the mechanisms of the α- and β -relaxation processes in amorphous PLGA and why
there is a significant change of the respective glass transition processes for this set of polymer
materials is proposed. Notably, whilst Johari and Goldstein were clearly careful to emphasise
that there is no merit in trying to ascertain that the β -process is originating strictly from either
inter- or intramolecular relaxations, they are explicitly reluctant to incorporate the concept
of free volume into their discussion [27]. This chapter aims to introduce evidence for the
role of free volume and low free energy potential barriers, as free volume is significant when
considering the heights of energy barriers on the energy landscape, which will be discussed
in greater detail in Chapters 5-7.

3.2

Results

THz-TDS experiments were performed as outlined in Chapter 2, and polymer film
samples were prepared following Method 1, using the MeltPrep tool, as outlined in section
2.3.1. DSC and DMA was performed using Method 1 as outlined in sections 2.3.3 and 2.3.4,
respectively. It should be noted that for the DMA data, the notation of Tβ is equivalent to
the notation of Tg,β in the THz-TDS data analysis. The calorimetric Tg,DSC was determined
for each sample and the resulting values are listed in Table 3.1. As expected from Fox-Flory
theory, an increase in Tg with increasing average MW of the respective polymer samples is
observed.
The terahertz spectra of all PLGA materials showed an increase in absorption with
frequency and temperature over the entire investigated range, which is in line with previous
measurements of disordered molecular solids in general and amorphous polymers in particular
(Fig. 3.2). As expected, no discrete spectral features were present in the frequency range
covered by the TeraPulse 4000 instrument and the spectra were dominated by the monotonous
increase with frequency that is characteristic for the rising flank of the broad peak due to
the VDOS [4]. In contrast, the refractive index decreases slightly with increasing frequency
(Fig. 3.2). Given that the terahertz absorption spectra of amorphous materials includes no
distinct spectra features and rather increases with frequency rapidly in a power-law fashion,
the linear regression analysis developed and described in Chapter 2 was used to quantify the
differences in the spectra of the materials across temperatures.
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MDSC
THz-TDS
DMA
MW
Tg,DSC Tg,β Tg,α
Tβ
Tg,α
(kDa)
(K)
(K) (K)
(K)
(K)
PLGA 50:50 7 − 17
311
136 302
N/A
N/A
PLGA 50:50 10 − 25
315
233 317 184 − 260 315
PLGA 50:50 54 − 69
326
243 331 164 − 293 320
PLGA 75:25 4 − 15
313
238 317 218 − 282 322
PLGA 75:25 20 − 30
321
179 308 163 − 298 314
PLGA 75:25 76 − 115
320
178 321 177 − 289 318
PDLLA
18 − 24
319
212 298
N/A
N/A
Table 3.1 Transition temperatures determined by different characterisation techniques. For
THz-TDS Tg,β and Tg,α are reported as onset temperatures. For DMA, Tβ is reported as
the temperature range which tan δ spans below 300 K and Tg,α is reported as an onset
temperature.
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Fig. 3.2 Absorption coefficient spectra (left) and refractive index spectra (right) of high MW
PLGA 75:25 in the temperature range of 90 − 350 K, with 10 K temperature increments
between spectra.
The changes in absorption at 1 THz with temperature for the samples of PLGA 50:50
and PLGA 75:25, and PDLLA are plotted in Fig. 3.3 and 3.4, respectively. It is interesting
to note that for the sample of PDLLA the gradient, m, of the linear fit for the first region
is steeper compared to that of the second region, which is in contrast to all other samples
investigated in this work.
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Fig. 3.3 Mean terahertz absorption coefficient as a function of temperature at 1 THz for PLGA
50:50 a) low, b) medium, and c) high MW. PLGA 75:25 d) low, e) medium, and f) high MW.
Lines show the different linear fits for the different regions. Error bars represent the standard
deviation for n samples: n = 3 for a), d), e), and f), and n = 4 for b) and c).
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Fig. 3.4 Mean terahertz absorption coefficient as a function of temperature at 1 THz for a
medium MW sample of PDLLA. Lines show the different linear fits for the different regions.
Error bars represent the standard deviation for n = 4 samples.
In the case of the low, medium, and high MW materials of PLGA 50:50 and PLGA 75:25
the change in absorption with temperature can be observed to take place over three distinct
regions and two transition temperatures, Tg,β and Tg,α , (Fig. 3.3 a and b, Fig. 3.3 c and d, and
Table 3.1). In the case of PDLLA three distinct regions with two transition temperatures are
apparent (Fig. 3.4). For the DMA data, tan δ was plotted versus temperature for medium and
high MW PLGA 50:50 and for low, medium, and high MW PLGA 75:25, shown in Fig. 3.5.
Low MW PLGA 50:50 material was not examined using DMA, as the Tg,β value of this
material found using the THz-TDS experiments is below the temperature range which could
be measured using the DMA technique, and thus could not be compared. Given that for all
the materials studied the tan δ peaks at low temperatures are relatively broad, the temperature
range over which each tan δ peak spans is specified and the maximum value obtained for
each tan δ β -peak is listed in Table 3.1.
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Fig. 3.5 tan δ as a function of temperature for PLGA 75:25 a) low, b) medium, and c) high
MW, and for PLGA 50:50 d) medium, e) high. Error bars represent the standard deviation
for n = 2. For clarity, error bars are shown for every tenth point. The image on the left of
each plot shows a zoomed-in view of its tan δ peak at low temperatures. The temperature
range which the tan δ peak spans is indicated by a solid black line.
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Discussion

The structural units of the polymer chain act as a collection of kinetic units such that
each is capable of moving independently alongside the cooperative motion of adjacent
macromolecular domains. The PLGA —[C3 H4 O2 ]x [C2 H2 O2 ]y — chains include the methyl
side groups of poly(lactic acid) (PLA) and oxygen atoms at every third position of the
copolymer backbone (Fig. 3.6).
O
O 1

C
C

C
C

O

C

O

2
O

C
H

H

H

Fig. 3.6 Chemical structure and molecular motions of an individual segment of PLGA. The
motions of PLGA can be described by the rotation of its methyl side groups (indicated by
rotation 2) and the rotations of single C–O bonds restricted between the sp2 hybridised C=O
groups (indicated by rotation 1).
Given the relatively low activation energies, two types of motions are possible for the
PLGA chains at low temperatures: (1) the rotation of small polymer segments which include
the methyl side groups, and (2) the rotation of small polymer segments which include C–O
bonds [99, 100]. The C–O bonds are effective electron donors and contribute a large degree
of molecular freedom to the copolymer backbone, thereby enhancing torsional motions in
the copolymer backbone (Fig. 3.6 rotation 1). Based on the data, and extensive investigations
in the literature [39, 40, 91], it is hypothesised that: (1) the rotational motions of individual
polymer segments, described above, and the associated changes in dipole moments are
responsible for the observed changes in the terahertz spectra, and (2) the onset of these
motions is critical to the β -relaxation process in PLGA. At low temperatures the relative
density of the PLGA chain segments is high and the motions of the chain segments are
hindered due to their tight packing. The C–C bonds of the PLGA main chain have hydrogen
atoms and methyl groups attached that sterically hinder rotation about the C-C bonds.
Additionally, the C=O bonds introduce significant structural rigidity to the copolymer chain
due to the restricted rotation about the double bonds of the sp2 hybridised carbon. Therefore,
it is likely that at low temperatures small segments, including the C–O bonds of PLGA, can
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rotate about the backbone carbon atom of the sp2 hybridised C=O groups (Fig. 3.6 rotation
1). The change in conformation of individual chain segments requires little free volume and
the activation energy of the C-O bond rotation is expected to be low as the conformation is
defined by relatively shallow potential energy minima that govern its dihedral angles. This
motion could be coupled or accompanied and indeed facilitated by the rotational motion of
small polymer segments which include the methyl side group (Fig. 3.6 rotation 2), albeit the
methyl rotation itself is not infrared active. It is highly conceivable that such motions can
readily occur at low temperatures, as the rotational barrier for methyl groups is well known
to be rather low, of the order of a few kJ mol−1 [101]. Thus, these types of molecular motion
would give rise to Tg,β of the PLGA materials.
Upon increasing the temperature, the density of the copolymer will decrease further due
to thermal expansion, meaning that in turn the free volume increases. As a result, cooperative
motions can gradually take place alongside the more localised motions that are responsible
for the β -relaxation process [26, 102]. It is commonly accepted that Tg,α coincides with the
glass transition and that this process corresponds to the structural relaxation of the polymer
[102]. Ultimately, the α-relaxation sets in at Tg,α when sufficient free volume and thermal
energy for the large amplitude motions of the intermolecular chains is available.
Role of free volume
Considering the macromolecules of amorphous PLGA as a covalently linked assembly
of mobile segments, where each segment has an associated degree of free movement, the
interlacing chains of random molecular arrangements will result in free volume (which is
essentially the surplus empty space or voids between the copolymer chains). With increasing
free volume the potential energy barriers decrease further for the chain segments to change
in dihedral angle and a wide range of local motions become possible (resulting in the β relaxation process). Notably, using positron annihilation spectroscopy the free volume hole
distribution in a polymer can be measured as a function of temperature [103]. For different
glassy polymers, the size distribution broadens with an increase in the average size of free
volume of the polymer [104]. Thus, for the different molecular weight samples of PLGA
different distributions of free volume are expected, with a shift to a broader distribution at
temperatures above Tg .
It is interesting to note that there is a correlation between the average MW of the
copolymer, the lactide to glycolide ratio, and Tg,β and Tg,α in PLGA. The Fox-Flory equation
is a widely used empirical expression that predicts the behaviour of Tg as a function of
average MW [105, 106]:
Tg = Tg,∞ − K/Mn
(3.1)
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Here Tg,∞ is the glass transition temperature for an ideal polymer chain of infinite length,
K is a proportionality constant, and Mn is the number average MW of the polymer [107].
The equation reflects that a polymer of low MW has more free volume than a polymer of
high MW, since the low MW polymer must have a greater concentration of chain ends for
the same mass of sample. Consequently, an increase in the concentration of chain ends is
accompanied by a decrease in Tg . For a given polymer, an increase in chain end concentration
directly affects the average packing density of the polymer, and the presence of end groups
results in a decrease in the density of the configurational structure in proportion to 1/Mn
[105]. For a given dispersity, the constant K is directly related to the free volume of the
end groups of polymer chains. A rigid polymer such as polystyrene exhibits a strong MW
dependance on Tg that is reflected in high values of Tg,∞ and K, while a more flexible
polymer such as polydimethylsiloxane exhibits smaller values of Tg,∞ and K reflecting that
the MW dependance on Tg is far weaker [107]. Previous work on PDLLA reports values
of Tg,∞ = 330 K and K = 7.30 × 104 K [108]. Using these values, the Fox-Flory equation
yields a predicted Tg,theor. ≈ 326 K for PDLLA which is in reasonable agreement with the
calorimetric measurement of Tg,DSC = 319 K (Table 3.1), yet higher than Tg,α = 298 K. In
the case of poly(lactic acid) (PLA) it has been shown that the structure of the polymer chain
can have a significant influence on Tg . It was found that the value of Tg is reduced in hyperbranched PLA due to an increase in free volume (given the corresponding increase in number
of chain ends) [109]. An additional study, supporting the use of the Fox-Flory equation
to investigate the dependance of Tg on Mn and polymer composition, has been conducted
on PLA [110]. It was shown that Tg increases rapidly with increasing Mn until eventually
reaching a constant value. Furthermore, materials of greater L-stereoisomer content exhibited
an increase in Tg at infinite Mn . Fox and Flory have accumulated a great deal of experimental
evidence to support their theory, and it remains a valuable and generally accepted theory in
relating volume effects and viscosity evaluations and temperature dependence.
Effect of copolymer ratio on molecular mobility
The THz-TDS data shown in Fig. 3.3 demonstrates that there is a significant dependence
of Tg,β and Tg,α on the MW of the PLGA copolymers. As shown by the schematic in Fig. 3.7,
for PLGA 50:50 an increase in the MW of the sample results in a decrease of the free volume.
In the THz-TDS data for PLGA 50:50, three regions with a distinct Tg,β separating the lower
temperature regions for each sample (Fig. 3.3 a, b, and c) are observed. The Tg,β value of
the low MW material (Tg,β = 136 K) is significantly lower than that of the medium MW
samples (Tg,β = 233 K) and of the high MW samples (Tg,β = 243 K). For PLGA 50:50,
the long chains of the medium and high MW materials entangle with each other far more
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than the shorter chains of the low MW materials. Therefore, the higher MW materials have
more chain interactions to overcome before the chains can begin moving. This requires
greater energy and sufficient free volume for the rotational motions to proceed, despite chain
entanglement occurring which increases the entropy of these systems and the values of Tg,β
and Tg,α . As temperature is increased, sufficient thermal energy is supplied to the system
to overcome local and segmental chain interactions that limit molecular mobility at lower
temperatures, thereby increasing the free volume (and mobility). Additionally, the greater
chain entanglement associated with the higher MW samples could contribute to the higher
barriers of the PES which would explain the raised values of Tg,β and Tg,α with increasing
MW.

Free
Volume

Tβ
Less dense packing
freely rotating CH3 groups

Reduced barrier height
PLGA 50:50

PLGA 75:25

PLGA 50:50
Increase in chain entanglement

MW

Higher barriers
restricted motions

PLGA 75:25

MW

Fig. 3.7 Behaviour of the different MW material with increasing temperature and free volume.
The behaviour of PLGA 50:50 is represented by the solid blue line and the behaviour of
PLGA 75:25 is represented by the dashed red line.
For PLGA 75:25 an increase in the MW of the sample results in a decrease in the free
volume of the system, and consequently the higher MW PLGA 75:25 materials exhibit a
similar behaviour to that of low MW PLGA 50:50 (Fig. 3.7). Previous work has shown
that an increase in lactic acid monomer (i.e. relatively more methyl groups present) reduces
polymer mobility due to the steric hindrance introduced by the methyl side groups [111]. This
effect is observed for low MW PLGA 75:25, for which the increased number of methyl side
groups effectively restrict the rotations around the C-O bonds in the PLGA backbone which
results in an increase in Tg,β (compared to low MW 50:50 PLGA). For the α-relaxation, apart
from overcoming potential energy barriers, sufficient free volume is required for large-scale
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motions to take place. The raised Tg,α value of low MW PLGA 75:25 reflects the fact that the
steric effects dominate, attributed to the high entanglement of the increased number of methyl
groups and the copolymer backbone. As the MW is increased in PLGA 75:25, the values
of Tg,β decrease as the free volume effects on the molecular dynamics start to dominate.
For the medium and high MW PLGA 75:25, the increase of methyl side groups which can
freely rotate disrupt the dense packing of the copolymer chains, resulting in an increase
in available free volume and the molecular mobility of the copolymer backbone (Fig. 3.6
rotation 2). This increase in free volume between chains loosens the steric hinderance on the
C–O bond rotational motion of the copolymer backbone and reduces Tg,β , which is exactly
what is observed in medium and high MW PLGA 75:25. As the polymer segments become
more mobile, small isolated regions of free volume between the individual chains merge into
larger regions of free volume, thereby reducing the energy barrier for segmental motions and
resulting in a lower onset temperature of Tg,α .
PDLLA was examined in order to better understand the contribution of the methyl side
group of PLA and the effect of free volume on the glass transition behaviour of PLGA. It
is expected that if the presence of the methyl group introduces steric hindrance to rotations
about the free C-O bonds, the value of Tg,β should increase for the low MW PLGA 75:25.
However, for medium MW PLGA 75:25, the negative effects of steric hindrance of the
methyl side groups should be compensated by an increase in the free volume between chains
which allows for easier backbone rotation and reduced chain entanglement. Fig. 3.4 shows
that the Tg,β value of PDLLA was 212 K (Tg,β = 0.70 Tg,α ), which is lower than the Tg,β
value observed for the PLGA 50:50 material of similar MW. This finding suggests that the
presence of the methyl group results in steric hindrance to rotations about the free C–O bonds
in PDLLA. Notably, the primary difference between PDLLA and PLGA 75:25 is that the
copolymer PLGA backbone includes more flexible C–O bonds which would increase the
free volume between the polymer chains [112].
Finally, to further investigate Tg,β and the β -transition, DMA was used to measure the
temperature dependence of tan δ for samples of low, medium, and high MW PLGA 75:25,
and medium and high MW PLGA 50:50 (Fig. 3.5). Both the β - and α-relaxation processes
were clearly detected using DMA. At temperatures below 300 K, the β -relaxation is observed
as a broad shallow peak followed by a sharp peak associated with the α-relaxation. The
values of Tg,DMA , the onset of the α-relaxation measured by DMA, are in good agreement
with the Tg,α values obtained from the THz-TDS data (Table 3.1). Additionally, the storage
and loss moduli measured by DMA are in good agreement with the Tg,α values obtained
from the THz-TDS data. It is difficult to compare the β -process measured by DMA to that
measured by THz-TDS, since Tg,β is defined for the THz-TDS measurements as an onset
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temperature but the DMA instrument cannot access sufficiently low temperatures to resolve
the onset temperature of the β -process. Therefore, the temperature for the peak of the shallow
β -process is reported together with the range of temperatures for the β -process (Table 3.1).
There are apparent similarities between the gradient of the absorption coefficient versus
temperature in the THz-TDS data to the tan δ of the DMA data. The DMA data shows that
for low MW PLGA 75:25, Tβ is significantly higher compared to that of the medium and
high MW PLGA 75:25 materials (Fig. 3.5). This is in good qualitative agreement with the
THz-TDS data. The measurements of the β -process for PLGA 50:50 using DMA also agree
very well with the THz-TDS experiments, with the β -process shifting to higher temperatures
with increasing MW.
The strength of the tan δ peak in the DMA data has previously been linked with an
increase in the freedom of movement of the polymer [113]. Notably, the intensity of the
tan δ peak is increasing with increasing MW, in line with lower molecular mobility in the low
MW material compared with the high MW PLGA. In contrast, for high MW PLGA 50:50 the
tan δ associated with the β -process is not only pronounced but also much broader than that of
medium MW PLGA 50:50 (Fig. 3.5). It has been suggested that the width of the tan δ peak
correlates with the heterogeneity of the environments of the copolymer and the distribution
of mobilities of the polymer chains [82, 113]. For the higher MW PLGA 50:50 material the
high chain entanglement leads to more heterogeneous regions in this material compared to
the medium MW PLGA 50:50 material which forms a more homogenous polymer network.
This preliminary observation supports the idea that the width of the tan δ peak may correlate
with the number of heterogeneous environments in the polymer network and in turn the
distribution of mobilities of the PLGA chains.

3.4

Conclusions

In this chapter the dynamic properties and relaxations and glass transition behaviour
of PLGA and PDLLA were studied by performing variable temperature THz-TDS measurements. Tg,α as measured by THz-TDS is consistent with the Tg results determined by
DSC for each material, and all the materials examined exhibit three temperature regimes
and distinct transition temperatures, Tg,β and Tg,α . DMA measurements were conducted
in order to further probe the relaxation behaviour of PLGA. For each of the materials the
tan δ versus temperature curve shows two distinct peaks corresponding to the α-relaxation at
higher temperatures and a peak at lower temperatures corresponding to the β -relaxation.
The experimental results are rationalised with the concepts of free volume and Tg,β is
associated with the β -relaxation process where Tg,β corresponds to the point at which the
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material has sufficient thermal energy and free volume for localised motions. In PLGA,
these localised motions include rotations of the C–O bond and methyl side groups. The
α-relaxation is attributed as the contributing process to Tg,α : the point at which the copolymer
structure has further loosened, and with an increase in free volume the long-range segmental
motion of the PLGA chains take place. The main novelty of this chapter concerns the
dynamics of the polymer at temperatures below Tg . This data provides further evidence that
the concepts of low energy potential energy barriers and free volume are by no means mutually
exclusive, but it is intuitive that the increase in free volume with increased temperature
directly lowers the barrier heights that are primarily intermolecular in origin. Thus, in order
to conduct a robust analysis of the dynamic response of a copolymer system, such as PLGA,
it is necessary to consider the combined effects of both temperature and free volume.

Chapter 4
Investigating protein and polymer
interactions in PLGA microspheres at
terahertz frequencies
4.1

Introduction

Poly(D,L-lactide-co-glycolide) (PLGA), polylactic acid (PLA), and polyglycolic acid
(PGA) are widely used as effective drug delivery systems in the form of polymeric microspheres [114, 115]. Microencapsulation has been explored as a promising method for
controlled drug release, as PLGA microspheres have been used to protect the encapsulated
active agent and control the release rate over periods of hours to months [53, 114, 116]. By
applying the correct methodology when preparing microspheres, challenges such as targeting
the drug to a specific organ or tissue and precisely controlling the rate of drug delivery to the
target site can be addressed [53, 117]. The technique of double water-in-oil-in-water (w/o/w)
emulsion has been widely used for the encapsulation of hydrophilic drugs, as this preparative
method minimises the loss of drug activity via contact with the organic solvent [116]. The
basis of this methodology is to emulsify an aqueous solution of the active compound in an
organic solution of the hydrophobic coating polymer. Then, this primary water-in-oil (w/o)
emulsion is dispersed in a second aqueous phase, forming a double water-in-oil-in-water
(w/o/w) emulsion. The solid microsphere is produced as the organic solvent evaporates. A
schematic of the preparation process is shown in Fig. 4.1. By producing and characterising
stable polymeric peptide-loaded microspheres using the double emulsion technique and
understanding the structural dynamics of these systems, the method for producing sustainable
and efficient drug delivery systems could be optimised and aid the pharmaceutical sector.
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Fig. 4.1 Schematic of microsphere sample preparation.
Previous work has shown that an increase in hydrogen bonding interactions between a
drug and a polymer is directly linked to a decrease in the molecular mobility of the system
[51–53]. In Chapter 3 the relaxation behaviour of PLGA and PLA was investigated, and it
was found that with an increase in temperature the copolymer chains can transition through
different conformational environments. Each copolymer is constrained by its characteristic
potential energy landscape and the movement of each PLGA chain is restricted by adjacent
entangled chains. The motivation of this chapter is to investigate whether THz-TDS can be
used to track the strength of hydrogen bonding interactions in different systems, and specifically, provide insight regarding the strength of peptide hydrogen bonds and polymers. Based
on the literature and the findings of Chapter 3, it is expected that for PLGA microspheres
which contain high peptide loading, a strong hydrogen bonding network could form between
the copolymer and peptide, increasing the packing efficiency of the polymer and peptide,
reducing the free volume, and raising the value of Tg,β . In contrast, for PLGA microspheres
with low peptide loading, the hydrogen bonding interactions between copolymer and peptide
would be minimal and have little impact on the value of Tg,β .
In this chapter, PLGA was used as a drug delivery vehicle, and blank PLGA microspheres
(containing no polypeptide) of grades 50:50 and 75:25 (lactide:glycolide ratio) were prepared
using the double emulsion process [116]. Using the same technique, PLGA microspheres
were loaded at low and high concentrations of exendin-4, a glucose-dependent insulinotropic
polypeptide used to treat type 2 diabetes [60]. Studying these systems would allow for a
comprehensive understanding of the relationship between the relaxation dynamics and the
molecular structure of polymeric microspheres with varying peptide concentrations.

4.2

Results

As outlined in section 2.2.2 and 2.2.3, of Chapter 2, microspheres were encapsulated and
lyophilised using Method 1. THz-TDS experiments were performed as outlined in Chapter
2, and amorphous pellet samples were prepared using Method 2 of section 2.3.1. DSC was
performed as described using Method 2 in section 2.3.3. Microspheres were characterised
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as described in section 2.3.5, and FTIR spectroscopy was conducted as described in section
2.3.6 using Method 1.
Helium pycnometry analysis
The pycnometry data shows that increasing exendin-4 loading increases the density of
the material (Table 4.1). The helium pycnometry measurements are in agreement with values
reported in the literature [115].
Material

Peptide Loading
(% m/v)

Density
(g/cm3 )

PLGA 50:50 Film
Microsphere PLGA 50:50
Microsphere PLGA 50:50
Microsphere PLGA 50:50

0
0 (Blank)
1 (Low)
10 (High)

1.39
0.97
1.66
2.09

PLGA 75:25 Film
Microsphere PLGA 75:25
PLGA 75:25
PLGA 75:25

0
0 (Blank)
1 (Low)
10 (High)

1.36
1.41
1.56
1.62

Table 4.1 Helium pycnometry data for PLGA 50:50 and 75:25 copolymer films and
lyophilised microspheres (with peptide loading in aqueous phase (% m/v)).

Morphology measurement analysis
As shown from Table 4.2, preparing the microspheres using an oil-in-water emulsification
yields products with a relatively broad size distribution for both the blank microspheres
and the exendin-4 loaded microspheres before lyophilisation. Following lyophilisation, the
particle size distribution is narrower than before which could be due to the removal of water
and moisture [117]. The Karl Fischer measurements performed revealed that the residual
moisture for each vial was less than 1%. Notably, upon lyophilisation, as water molecules are
removed the peptides and copolymers (in this case exendin-4 loaded PLGA microspheres)
can form an extensive hydrogen bonding network [51, 52] leaving few sites for bonding with
water molecules. Additionally, the system is exposed to various stresses of temperature and
pressure, and these could cause two or more adjacent pores to merge as common pore walls
rupture, and adjacent particles can combine. Thus, the removal of water in the drying step of
lyophilisation would affect the size distribution of the dry particles produced, and a more
narrow particle size distribution compared to a sample in solution could be obtained [118].
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Lyophilised Peptide Loading
(% m/v)

Particles Counted
(Number)

CE D[v, 0.1]
(m)

CE D[v, 0.5]
( m)

CE D[v, 0.9]
( m)

50:50
50:50
50:50

No
No
No

0
1
10

3218
1108
866

77
45
84

119
76
120

176
110
188

50:50
50:50
50:50

Yes
Yes
Yes

0
1
10

763
2321
3839

73
75
68

100
116
110

136
159
156

75:25
75:25
75:25

No
No
No

0
1
10

1909
2479
361

55
68
111

106
114
178

167
170
242

75:25
75:25
75:25

Yes
Yes
Yes

0
1
10

8465
903
1477

63
94
82

112
154
147

163
197
186

Table 4.2 Morphology data for unlyophilised and lyophilised microspheres of PLGA 50:50
and PLGA 75:25, respectively, (with peptide loading in aqueous phase (% m/v)). CE is the
circular equivalent diameter: the diameter of a circle with the same area as the 2D projection
image of the particle.

Exendin-4 is inherently flexible and thus chemical stability is of primary concern. Given
that exendin-4 is a peptide, it lacks a defined protein domain with a characteristic architecture that can undergo unfolding upon exposure to acute freezing and dehydration stresses
of lyophilisation [119]. When comparing the circular equivalent (CE) values of the unlyophilised 50:50 microspheres, the blank samples have a higher CE compared to the low
loaded samples and a lower CE compared to the high loaded samples. The unlyophilised
blank 75:25 samples have a lower CE compared to the 75:25 loaded samples. This can be
explained by considering emulsion stability which dictates microsphere size. For example,
exendin-4 would change the emulsion stability through surfactant-like activity, and the viscosity of the emulsion can increase with higher polymer concentration, polymer MW, and
hydrophobicity [120]. Specifically, as the polymer is more hydrophobic, as is the case for
PLGA 75:25 due to its a higher lactide fraction, more energy would be required to generate
smaller droplets; while for PLGA 50:50 it is expected that smaller droplets could be generated
with less energy input [119]. However, these parameters were not optimised for and beyond
the scope of this work.
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Scanning electron microscopy (SEM) characterisation

Using SEM, qualitative analysis of a representative set of images indicated that the
microspheres examined are predominantly spherical in shape and exhibit a smooth and porous
surface (Fig. 4.2, 4.3, 4.4). The internal structure of fractured spheres revealed a porous
interior. The qualitative analysis of the data showed that for the blank PLGA microspheres
there is no significant difference visually in the porosity of the blank 50:50 and 75:25 systems,
respectively. In contrast, for both the 50:50 and 75:25 systems, the microspheres with high
loading of peptide appeared more porous compared to the microspheres which contained a
low loading of peptide.
a)

b)

20 µm

20 µm

d)

e)

10 µm

20 µm

c)

20 µm

f)

20 µm

Fig. 4.2 Representative SEM micrographs for blank PLGA 50:50 microspheres shown in a),
b), and c) and blank PLGA 75:25 microspheres shown in d), e) and f).
a)

b)

c)

20 µm

20 µm

20 µm

d)

e)

f)

20 µm

100 µm

20 µm

Fig. 4.3 Representative SEM micrographs for low exendin-4 loaded PLGA 50:50 microspheres shown in a), b), and c) and high exendin-4 loaded PLGA 50:50 microspheres shown
in d), e) and f).
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a)

b)

c)

100 µm

20 µm

100 µm

d)

e)

f)

100 µm

100 µm

20 µm

Fig. 4.4 Representative SEM micrographs for low exendin-4 loaded PLGA 75:25 microspheres shown in a), b), and c) and high exendin-4 loaded PLGA 75:25 microspheres shown
in d), e) and f).
Fourier transform infrared (FTIR) spectroscopy data analysis
FTIR was performed for the PLGA 75:25 microsphere samples as shown in Fig. 4.5.
b )

1 .0

A b s o r b a n c e ( a .u .)

A b s o r b a n c e ( a .u .)

a ) 1 .5

0 .5

0 .3
0 .2
0 .1
0 .0
- 0 .1

0 .0
1 4 0 0

1 5 0 0
1 6 0 0
W a v e n u m b e r (c m

1 7 0 0
-1

)

- 0 .2
2 5 0 0

3 0 0 0
3 5 0 0
W a v e n u m b e r ( c m -1 )

4 0 0 0

Fig. 4.5 FTIR spectra of blank microspheres (solid black line), low polypeptide loaded
(solid red line), and high polypeptide loaded (solid blue line) PLGA 75:25 microspheres. a)
shows the wavenumber range of 1300 − 1700 cm−1 and b) shows the wavenumber range of
2500 − 4000 cm−1 .
The absorbance of the peaks at around 3300 cm−1 and 2950 cm−1 increased in intensity
with an increase in polypeptide loading. Negative absorbance is due to over-subtraction of
the water peaks. The peak at 3300 cm−1 originates from the -OH stretch in exendin-4, and
the peak at 2950 cm−1 is assigned to the C-H stretching modes in exendin-4 [84, 121]. The
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amide I band at 1600 − 1700 cm−1 can be attributed to the -C=O stretch, with contributions
from the out-of-phase -CN stretch, -CCN deformation, and -NH in-plane bend, and is
sensitive to the structure of the protein backbone. Additionally, there is an increase in
absorption in the amide I region around 1600 − 1700 cm−1 , and a shift in the frequency of
the mode for the sample with a high polypeptide loading which is indicative of changes in the
hydrogen bonding network [122]. Thus, the FTIR spectra confirm the increase in exendin-4
loading between the blank, low, and high polypeptide formulations, and with this, a change in
the hydrogen bonding network. It was not possible to investigate an only exendin-4 control,
as a stable product could not be lyophilised.
THz-TDS data analysis
For all of the microsphere samples the change in absorption coefficient with temperature
can be observed to take place over three distinct regions and two transition temperatures, Tg,β
and Tg,α (Fig. 4.6 and 4.7). It is worth noting that the values of Tg,α as determined from the
THz-TDS experiments are in good agreement with the calorimetric measurements, Tg,DSC , as
well as the values reported in the literature for these materials (Table 4.3) [123]. Additionally,
Tg,DSC for each material indicates that no phase separation occurred for these samples.
PLGA

Peptide Loading
(% m/v)

Region 1
(cm−1 K−1 )

Region 2
(cm−1 K−1 )

Region 3
(cm−1 K−1 )

Tg,β
(K)

Tg,α
(K)

Tg,DSC
(K)

50:50
50:50
50:50

0 (blank)
1 (low)
10 (high)

0.0026 ± 0.0040 0.0237 ± 0.0010 0.070 ± 0.018
0.0010 ± 0.0012 0.021 ± 0.00062 0.074 ± 0.0044
0.014 ± 0.0013
0.023 ± 0.0012 0.095 ± 0.0052

167
168
219

318
321
330

318
316
317

75:25
75:25
75:25

0 (blank)
1 (low)
10 (high)

0.0087 ± 0.0022
0.0060 ± 0.0016
0.0078 ± 0.0015

179
192
215

313
320
327

317
320
322

0.026 ± 0.00095 0.043 ± 0.0043
0.022 ± 0.0014 0.057 ± 0.0024
0.022 ± 0.0013 0.067 ± 0.0021

Table 4.3 Gradient, m, of the linear fit (y = mx + c) for the respective temperature regions
as well as the respective glass transition temperatures determined based on the THz-TDS
analysis and by DSC for the lyophilised PLGA microspheres (with peptide loading in aqueous
phase (% m/v)).

Investigating protein and polymer interactions in PLGA microspheres at terahertz
frequencies

Absorption Coefficient (cm-1)
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Tg, = 167 K
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b)

Tg, = 168 K
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= 321 K
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Temperature (K)

c)

T
24

0.53 Tg,

T

g,
g,

= 219 K

0.66 T

g,

= 330 K

22
20
18
16
14
12

100 150 200 250 300 350

Temperature (K)
Fig. 4.6 Mean terahertz absorption coefficient as a function of temperature at 1 THz for PLGA
50:50 microspheres. Error bars represent the standard deviation for n samples. a) blank
(n = 4), b) low (n = 3), and c) medium peptide loading (n = 3). Lines show the different
linear fits of the respective regions.
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a)
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Absorption Coefficient (cm-1)

Absorption Coefficient (cm-1)

26

Tg, = 313 K
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b)

Tg, = 192 K
Tg, = 320 K

22
20
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16
14
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Temperature (K)

Temperature (K)
Absorption Coefficient (cm-1)

26
24

0.6 Tg,

c)

Tg, = 215 K

0.66 Tg,

Tg, = 327 K

22
20
18
16
14
12

100 150 200 250 300 350

Temperature (K)
Fig. 4.7 Mean terahertz absorption coefficient as a function of temperature at 1 THz for
PLGA 75:25 microspheres. Error bars represent the standard deviation for n samples a) blank
(n = 3), b) low (n = 3), and c) high peptide loading (n = 3). Lines show the different linear
fits for the different regions.

4.3

Discussion

Understanding peptide and copolymer interactions
As shown in Chapter 3, the different molecular motions of a copolymer chain can be
tracked with changes in temperature, and Tg,β is fundamentally linked to the onset of motions
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in an organic molecule that results in changes of the dihedral angle of one or multiple bonds
in the system. For PLGA this involved local motions of small segments of the copolymer
backbone and side chain groups [101]. With a further increase in temperature, the copolymer
chains were more loosely packed and the activation energy and free volume of the system
increased further, allowing for intermolecular large-scale copolymer motions to occur at the
temperature indicated by Tg,α associated with the α-relaxation process.
Exendin-4 is a polypeptide composed of 39 amino acids, and its structure is thought to
resemble a random coiled chain [60]. The short-range local interactions of a polypeptide
influence the conformational preferences of its amino acid chain [124–126]. Additionally, the
structure of a polypeptide includes planar peptide bonds, typically in the trans configuration
[126]. In general terms, it is well established that the partial double bond character of a
peptide bond gives rise to its planar structure, and free rotation is restricted about this bond
[126]. With sufficient thermal energy and free volume present in the system, two local
motions could take place for exendin-4 which would give rise to the β -relaxation process: (1)
local side chain rotations, and (2) local rotation about two single bonds [124, 127]. Given that
the amino acids of the exendin-4 polypeptide chain are linked by peptide bonds, rotational
freedom arises from the single bonds between an amino group and the α-carbon atom and
the carbonyl group of the peptide backbone. Thus, the two adjacent rigid peptide units can
rotate about these single bonds at specific dihedral angles, with the rotations of these bonds
limited by steric hindrance [126].
Based on the chemical structure of exendin-4, this polypeptide can act as a hydrogen bond
acceptor via its carbonyl groups (-C=O) or as a hydrogen bond donor via its amine group
(-NH), and its hydroxyl groups (-OH) can act as both hydrogen bond donors or acceptors.
The linear PLGA —[C3 H4 O2 ]x [C2 H2 O2 ]y — chains include the methyl side groups of PLA,
oxygen atoms at every third position of the copolymer backbone, and C=O bonds which
introduce significant structural rigidity to the copolymer backbone. Therefore, hydrogen
bonds can form: (1) between the carbonyl groups of PLGA and the amine groups of exendin-4,
(2) between the amine groups of exendin-4 and the hydroxyl group of PLGA, and (3) between
the hydroxyl groups and the carbonyl groups of exendin-4 and PLGA. Additionally, van der
Waals as well as dipole-dipole interactions between the peptide groups and the hydroxyl
groups can serve to stabilise the system [128]. These strong interactions, the dynamics of
which are infrared active, can reduce molecular mobility and improve the physical stability of
these systems [52, 53]. It is conceivable that with additional free volume and thermal energy
input, large-scale rotational motions of the backbone dihedral angles in the polypeptide chain
could occur, which could lead to large-scale changes in chain conformation, contributing to
the α-relaxation process.
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Tracking the dynamics of microspheres using THz-TDS
Three regions with two distinct transition points, Tg,β and Tg,α , for both the PLGA
50:50 and PLGA 75:25 microspheres are observed. For the PLGA 50:50 microspheres
(Fig. 4.6), the high exendin-4 loaded microspheres have a significantly higher Tg,β = 219 K
than the blank and low polypeptide loaded microspheres (Tg,β = 167 K and Tg,β = 168 K,
respectively) . In the polymer dispersion, exendin-4 can form hydrogen-bonds with PLGA.
Intuitively, an increase in exendin-4 loading would correspondingly increase the hydrogen
bonding interactions between the polypeptide and PLGA [127], and reduce the molecular
mobility of the system which would raise the value of Tg,β [50]. Indeed, a significant increase
in Tg,β was observed for the high polypeptide loaded microspheres compared to the Tg,β value
for the blank and low polypeptide loaded microspheres. For the blank and low exendin-4
loaded 50:50 microspheres, the onset for local mobility occurs at approximately the same
value of Tg,β . This suggests that the low polypeptide loaded microsphere behave similarly
to the blank microspheres, due to the limited interaction between peptide and polymer
[125, 129]. For the high exendin-4 loaded 50:50 microspheres Tg,β increases significantly
(Tg,β = 219 K). As more polypeptide is added to the PLGA matrix it forms an extensive
hydrogen bonding network which in turn reduces the configurational entropy of the system
[124, 129]. The resultant interactions between exendin-4 and PLGA appear to be stronger
compared with the interactions between adjacent PLGA chains.
For the PLGA 75:25 microspheres, a similar trend to the PLGA 50:50 microspheres is
observed. The value of Tg,β increases from 179 K for the blank microspheres to 192 K for
the low exendin-4 loaded microspheres, and rises to Tg,β = 215 K for the high exendin-4
loaded microspheres (Fig. 4.7). As shown in Chapter 3, the methyl side group of PLGA
75:25 inhibits polymer mobility and introduce steric hinderance. Thus, for PLGA 75:25 the
steric hinderance caused by the lactide monomer can restrict the intermolecular interactions
between exendin-4 and PLGA, limiting the sites that are able to participate in hydrogen
bonding (most likely making the carbonyl group of PLGA as the more favourable hydrogen
bonding site). With limited sites for hydrogen bonding, less hydrogen bonds can form
between exendin-4 and PLGA, resulting in PLGA chain entanglement, lower mobility, and
reduced free volume. Thus, the findings that the PLGA 75:25 microspheres exhibit higher
Tg,β values compared to the 50:50 microspheres could be explained by steric effects.
Finally, for both PLGA 50:50 and PLGA 75:25 the value of Tg,α increases in the order
of blank < low polypeptide loaded < high polypeptide loaded microspheres (Fig. 4.8).
This suggests that at high temperature, sufficient activation energy and free volume must
be available to facilitate mobility of the polymer and polypeptide. Thus, with increase in
exendin-4 loading, due to steric hinderance the threshold for mobility increases (as reflected
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in the raised value of Tg,α ). Ideally if it were possible to produce a stable lyophilised exendin4 product, it may be feasible to determine whether the exendin alone could aggregate and
lead to the changes observed.

50:50 Film
50:50 Film
Tg,β = 233 K

Steric Hindrance

75:25
Film
75:25
Film
Tg,β = 179 K 75:25
75:25
Microsphere
Microsphere
(High
loading)
(High
Tg,β
= 215 K
loading)

50:50
50:50
Microsphere 75:25
Microsphere 75:25
(High loading) Microsphere
(High
Microsphere
Tg,β
= 219 K (Low
loading)
loading)
(Low
Tloading)
g,β = 192 K

=

50:50
Microsphere
(Low loading)
Tg,β = 168 K

≈

75:25 75:25
Microsphere
50:50 Microsphere
Tg,β =Microsphere
179 K
Tg,β = 167 K

Free
FreeVolume
Volume

Fig. 4.8 Behaviour of the different materials with increasing steric hinderance and free
volume. Blue lines represent the PLGA copolymer (20-30 kDa MW), and solid red circles
represent the exendin-4 molecules (4.2 kDa MW). With an increase in free volume and
decrease in steric hinderance the values of Tg,β is decreased.

4.4

Conclusions

Lyophilised blank PLGA microspheres and PLGA microspheres containing two different
loadings of the polypeptide exendin-4 were produced and characterised, and the dynamics
and relaxations and the glass transition behaviour of these systems were studied by performing variable temperature THz-TDS measurements. All of the microspheres exhibit
three temperature regimes, with distinct Tg,β and Tg,α values. The experimental results are
explained using the concepts of free volume and steric effects introduced in Chapter 3. Tg,β is
the point at which the material has a sufficient amount of activation energy and free volume
to allow for local motions to occur, and Tg,α is the point at which large-scale movement can
take place. In this chapter the onset of the transition temperatures is directly related to the
interaction strength between the polymer and the peptide. This work provides a physical
explanation for the behaviour of these microspheres leading to Tg and is in agreement with
the PES concept [45]. Furthermore, this work provides a framework for understanding the
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dynamics of complex systems, such as lyophilised microspheres, and begins to demonstrate
that the parameter of Tg,β could serve as a valuable criterion for preparing stable formulations.

Chapter 5
Tracking thermally induced
conformational changes in lyophilised
protein formulations using terahertz
spectroscopy
5.1

Introduction

Chapters 3 and 4 showed that the different molecular motions of a material can be tracked
with temperature and that the gradient corresponding to the changes in absorption coefficient
with temperature is directly linked to the molecular mobility of the system. Specifically, the
work on the PLGA systems showed that local dipole mobility is associated with the onset
of Tg,β (regardless of whether these motions originate from side groups or larger domains),
purely depending on the height of the respective energy barriers. This principle can be directly
translated to macromolecules such as proteins. In proteins, individual parts or subunits of the
molecule can exhibit substantial motion upon heating and a distribution of motions can be
active within the bulk of the sample, so long as the local potential energy barrier has been
overcome. Therefore, the motivation of this chapter is to explore the phenomena observed in
Chapters 3 and 4, on a set of lyophilised protein formulations which are highly relevantly to
the pharmaceutical sector.
In the literature, the transition temperature at which internal protein mobility occurs
upon heating from low temperatures has been referred to as the protein dynamical transition
temperature [42, 130]. However, there is some controversy regarding the specific motions
and relaxation processes that are associated with this dynamical transition. The experiments
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of Mizuno and Pikal reported the observation of an endothermic pre-Tg event in the DSC
thermogram when heating lyophilised proteins around 310 − 330 K. This event was attributed
to the onset of protein internal dynamics, and the authors linked these motions to the αrelaxation rather than the β -relaxation [130]. Furthermore, using THz-TDS, protein systems
of oxidised cytochrome c solutions and lyophilised horse heart cytochrome c showed a
sharp increase in the linear temperature dependence of the terahertz dielectric response at
200 K [42]. This was attributed to activated side chain motions which are involved in the
dynamical transition. Additionally, there is some evidence to suggest that the temperature
of the dynamical transition is frequency dependent and also conditional on the presence of
water. Both aspects remain relatively poorly understood and contrasting observations appear
to have been reported [131–134]. Nonetheless, the significance of understanding the onset of
the mobility of protein molecules has been highlighted repeatedly in the literature as the key
to understanding protein stability [130].
In order to prevent degradation and provide stability to a protein while maintaining its
native conformation upon lyophilisation and during storage, an excipient matrix is typically
used. Various studies have shown that sugars, such as sucrose and trehalose, and surfactants
such as polysorbate 80 serve as effective stabilising agents for proteins [56]. Additionally, excipients are typically used to increase solubility and minimise aggregation during
lyophilisation [50]. For example, during the drying process of lyophilisation, arginine can
weakly bind to the protein surface via non-covalent hydrogen bonds and dipole interactions
in solution [135]. Furthermore, given that shaking, shear stress, freezing, and drying can
induce protein misfolding during lyophilisation [136], polysorbate is frequently used to
protect the protein in solution. The advantages of polysorbate 80 is that it is effective at
low concentrations, it is of low toxicity, and it can inhibit protein surface adsorption during
lyophilisation, thereby stabilising the protein [125, 137, 138]. The presence of the excipients
can be related to the extent of hydrogen bonding present in the system and the ability of the
excipients to stabilise the protein. This would in turn affect molecular mobility behaviour of
the protein with heating which can be examined using THz-TDS.
As shown in Chapter 4, with an increase in polypeptide loading of the microspheres the
hydrogen bonding network between the polymer and peptide becomes increasingly extensive,
resulting in reduced free volume, a decrease in molecular mobility, and a higher value of
Tg,β . It follows that with the addition of several excipients to a formulation during the
lyophilisation process, the excipients would form an extensive hydrogen bonded network
with the protein, thereby reducing the free volume and the mobility of the system. Thus,
upon heating, the molecules of a lyophilised formulations can explore a limited number of
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configurations which can be described with the aid of the PES and the schematic shown in
Fig. 5.1.
Pathway 2

Partially
folded

Increase
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Conformation
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Tg, of high
mobility

Further
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Entropy

Lyophilise

Conformation
at sub-Tg

Further
Increase in
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above sub-Tg
Conformation
at Tg of low
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Native State

Temperature
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Low energy

1

Fig. 5.1 Behaviour of lyophilised protein molecules with increasing temperature and activation energy. It can be seen that with an increase in temperature, Pathway 1 depicts that
the system adopts different configurational structures of decreasing entropy, while Pathway
2 shows the molecules assembling in an ensemble of conformations of increasing entropy.
Excipients are not included in the schematic for clarity.
Using Fig. 5.1, it is possible to envision the change in structure and dynamics of a
lyophilised system with heating as a THz-TDS measurement is conducted. Before lyophilisation the protein molecules can exist in an initial configuration, or native state, which
can be characterised as having low entropy and intramolecular enthalpy [35, 36]. Upon
lyophilisation with stress applied to the system, for example adsorption to air−liquid and
solid−liquid interfaces and changes in temperature, the protein can becomes structurally
altered. The excipient molecules associate with the protein molecules and the system can
adopt a different configuration [56], of relatively higher conformational entropy, compared to
that of the protein in its native state. As shown in Fig. 5.1, Pathway 1 includes a complex and
heterogenous ensemble of conformations. First, below Tg,β the lyophilised molecules are restricted in mobility. As the system is heated above Tg,β , with a low input of activation energy,
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the molecules can begin exploring different conformations [65]. With increasing temperature
above Tg,β , the molecules in Pathway 1 can begin adopting different conformations which
could be geometrically similar and of relatively low free energy and enthalpy depending on
the bonding network between the protein and excipients. At Tg,α the molecules can adopt a
relatively low free energy conformation and become trapped in this conformation, and despite
an increase in temperature there would be no apparent change to the molecular mobility of the
system (Fig. 5.1 Pathway 1). In Pathway 2 the molecules experience different conformational
changes with increasing temperature, and above Tg,α the molecular mobility of the system
increases further and the molecules cannot achieve a conformational minimum. Hence, in
order to gain a deeper understanding of the effects of excipients in a formulation and the
resultant changes in protein structure, it is critical to understand the molecular mobility of a
material and its structural dynamics leading up to Tg,α .
In this chapter, the molecular mobility behaviour of eleven distinct lyophilised formulations and the dependance of each on temperature is examined. The effects of different
excipients, including sucrose, trehalose, arginine, and polysorbate 80, on each distinct formulation with either bovine serum albumin (BSA) or a monoclonal antibody (mAb) as the model
active ingredient are investigated. The higher molecular weight and entangled Y-shaped
mAb systems allow for an investigation of the effects of molecular weight and structure
architecture in the lyophilised formulations and can be directly compared to the globular
BSA systems.

5.2

Results

Following Chapter 2, THz-TDS experiments were conducted and amorphous solid sample
pellets were prepared following Method 2 of section 2.3.1. As described in section 2.2.3,
F1-F7 listed in Table 5.1 were lyophilised following Method 2 and F8-F11 were lyophilised
using Method 3. DSC was performed following Method 3 in section 2.3.3. As outlined in
section 2.3.6, CD and Method 2 of FTIR spectroscopy were completed.
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Formulation

Components

F1
F2
F3

2.3 mM BSA, 25 mM histidine-HCl, 265 mM sucrose
1.1 mM BSA, 25 mM histidine-HCl, 265 mM sucrose
1.5 mM BSA, 25 mM histidine-HCl, 130 mM trehalose, 50 mM
arginine-HCl, 1.7 µM (0.02% w/v) polysorbate 80
F4
1.1 mM BSA, 25 mM histidine-HCl, 265 mM sucrose, 3.3 µM (0.04%
w/v) polysorbate 80
F5
0.28 mM mAb1, 25 mM histidine-HCl, 205 mM sucrose
F6
0.49 mM mAb1, 25 mM histidine-HCl, 265 mM sucrose
F7
0.49 mM mAb1, 25 mM histidine-HCl, 265 mM sucrose, 3.3 µM
polysorbate 80
F8
0.14 mM mAb2, 80 mM arginine-HCl, 120 mM sucrose, 20 mM histidine/histidine HCl, 1.7 µM polysorbate 80
F9
1.0 mM mAb2, 80 mM arginine-HCl, 120 mM sucrose, 20 mM histidine/histidine HCl, 1.7 µM polysorbate 80
F10
0.30 mM BSA, 240 mM sucrose, 20 mM histidine/histidine HCl, 1.7 µM
polysorbate 80
F11
2.3 mM BSA, 240 mM sucrose, 20 mM histidine/histidine HCl, 1.7 µM
polysorbate 80
Table 5.1 Lyophilised formulations examined. F1-F4, F10 and F11 include BSA as the active
ingredient, and F5-F9 include a mAb as the ingredient. Formulations were lyophilised as
described in section 2.2.3 of Chapter 2.

5.2.1

Bovine serum albumin (BSA) formulations

Circular dichroism (CD) and Fourier transform infrared (FTIR) spectroscopy data
analyses
CD and FTIR spectroscopy were used to screen for gross structural changes in the BSA
formulations before and after heating and following the addition of polysorbate 80. No
significant changes were observed in the peak positions or intensities in the CD spectra
(Fig. 5.2) and FTIR spectra (Fig. 5.3, 5.4) when either the formulation with or without
polysorbate 80 was heated. The CD spectra of all formulations showed negative bands at
222 nm and 208 nm and a positive band at 193 nm, characteristic of a high α-helical content
(Fig. 5.2) [139]. Similarly, the amide I band (1700-1600 cm−1 ) of the FTIR spectrum showed
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an asymmetric feature centred at approximately ∼1658 cm−1 (Fig. 5.3 b, 5.4) which is
characteristic of a high α-helical content, in agreement with the CD spectra [140].
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Fig. 5.2 CD spectra of BSA formulations. a) Black curve corresponds to the spectrum of the
neat BSA, solid red curve represents F2, solid blue curve represents F3, b) dashed red curve
represents heated F2 (370 K), and dashed blue curve represents heated F4 (410 K).
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Fig. 5.3 a) Full FTIR spectra, b) the amide I region of BSA. Black curve represents neat
BSA, solid red curve represents F2, dashed red curve represents heated F2 (370 K), solid
blue curve represents F4, and dashed blue curve represents heated F4 (410 K). Spectra of the
excipients have been subtracted from each spectra.
The FTIR spectrum of neat BSA is in good agreement with that presented in the work of
Quing et al. [141]. Notably, significant differences were observed between the lyophilised
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BSA formulations and the samples of neat BSA (as received from the supplier). Specifically,
FTIR measurements of the neat BSA showed an α-helix content of 15±8% while the samples
of F2 (both unheated and heated) contained 36 ± 10% and 41 ± 13% α-helix, respectively
(Fig. 5.4). Most notably, the lyophilised formulations included additional peaks in the region
900 − 1200 cm−1 which were attributed to sucrose [142]. In this regard, the interactions
between the excipients and the protein under investigation can cause a shift in the protein
peak positions and shapes, and while linear excipient subtraction will reduce the effects of
the excipients on the spectrum it will not completely remove all the excipient related peaks.
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Fig. 5.4 Secondary structure content as estimated from curve fitting to the second derivative
of the FTIR spectrum. Black bar represents the neat BSA, solid red bar represents F2, solid
blue bar represents F4, dashed red bar represents heated F2, and dashed blue bar represents
the heated F4. Error bars represent the standard deviation for n samples: n ≥ 7 and the
intrinsic uncertainty of 5-10% from the curve fit analysis method.
Solid-state nuclear magnetic resonance (ssNMR) spectroscopy data analysis
ssNMR is a well-established method for studying protein formulations [75]. To investigate
the structural changes on a molecular scale, 13 C CP-MAS spectra of the BSA formulations
before and after heating, and with the addition of 0.04% w/v polysorbate 80, were acquired
and compared to neat BSA and a physical mixture of the formulation components. Fig. 5.5
shows the 13 C data obtained for neat BSA, F2, and a physical mixture of the F2 ingredients.
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Fig. 5.5 13 C CP-MAS NMR spectra of F2 (−), a physical mixture of the formulation
components (−), and neat BSA (−). All the spectra were normalised to the same carbonyl
signal intensity. Data was obtained after averaging 1200 individual free induction decays
(FIDs) for neat BSA and 600 FIDs were averaged for the physical mixture.
The 13 C NMR signals from amides (165 − 185 ppm), the Cα atoms (45 − 60 ppm),
and aromatic (110 − 150 ppm) and aliphatic (5 − 45 ppm) chains in the protein are well
separated from the anomeric (91 and 104 ppm) and alcohol (55 − 85 ppm) carbon signals
of the sucrose. When comparing the spectrum of the formulation with the spectrum of
neat BSA, no significant chemical shift differences can be observed that could imply any
major changes in the protein structure. In contrast, the signals of the anomeric carbon atoms
are clearly shifted. This could be explained by the amorphous structure of the sugar in
the excipient upon lyophilisation compared to the crystalline solid in the physical mixture.
Additionally, the signal line shapes of histidine and sucrose are significantly sharper in
the physical mixture compared to the formulation which indicates phase separation of the
individual components. The broad signal line widths of both sugar and protein signals in the
F2 sample show that upon lyophilisation some homogenisation occurred. When comparing
the individual lyophilised unheated and heated formulation samples with and without the
addition of polysorbate (Fig. 5.6), there are no significant chemical shift changes visible due
to heating or the addition of polysorbate.
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Fig. 5.6 13 C CP-MAS NMR spectra of unheated (278 K) and heated F2 and F4 (370 K and
410 K, respectively) compared to neat BSA (as received from the supplier). All the spectra
were normalised to the same carbonyl signal intensity.
T1 and T1ρ are both measurements of the longitudinal relaxation rate of a sample [143].
T1 experiments work by displacing the spin system from equilibrium and monitoring the time
taken by the sample to return to equilibrium. A T1ρ experiment applies a spin-lock field to the
magnetisation and acts as a measurement of T1 at very low magnetic field strengths [143, 144].
As the strength of the magnetic field is inversely proportional to the timescale of motion
causing relaxation, T1ρ is sensitive to very long timescales, i.e., very slow motions [74, 143].
Additionally, previous studies have shown that the investigation of T1ρ can give insight to
changes in protein mobility in the presence of sugars [75]. By comparing T1 and T1ρ of the
sugar and proteins, it is possible to establish the intimacy of mixing on two different length
scales. Specifically, information about phase separation in the sample on a 2 − 5 nm (T1ρ )
and a 20 − 50 nm (T1 ) length scale can be obtained [74]. Equal relaxation times indicate
homogeneous phases, whereas different relaxation times imply separated phases. Fig. 5.7
shows an overview of the measured T1 and T1ρ relaxation times of the formulations and
neat BSA. The observed T1 and T1ρ relaxation time values of neat BSA were approximately
a factor of 3 and 2 smaller, respectively when compared to F2 and F4. An increase of
relaxation time in proteins is a result of a decrease of the rotational correlation time which
represents the time that the molecule needs to rotate one radian [144]. In the current system
this indicates the formation of bigger average domain sizes with a lower overall mobility,
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due to an aggregation of the protein with the sugars. This is in line with previous reports
describing the stabilisation of proteins by sugars [74]. The individual unheated and heated
BSA and excipient formulations with and without the addition of polysorbate showed no
significant differences in their relaxation times. The T1 and T1ρ relaxation time differences of
sucrose and BSA (Fig. 5.8) are the same within the error of the measurement. This indicates
that no phase separation took place within F2 and F4 upon lyophilisation, and that heating
does not cause phase separation.
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Fig. 5.7 Overview of T1 (left) and T1ρ (right) relaxation times of unheated (278 K) and heated
F2 and F4 (370 K and 410 K, respectively) and unheated and heated neat BSA, as received
from the supplier. The dashed line represents the average of all the respective relaxation time
values of all samples.
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Fig. 5.8 T1 (left axis, black) and T1ρ (right axis, red) differential between the BSA and sucrose
in unheated (278 K) and heated F2 and F4 (370 K and 410 K, respectively). The dashed line
indicates ∆T = 0.
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THz-TDS data analysis

In line with previous measurements of amorphous molecular solids in Chapters 3 and
4, three distinct temperature regions and two transition temperatures can be identified for
each material (Fig. 5.9), and no discrete spectral features were present over the entire
investigated range. The values of Tg,α , as determined from the THz-TDS experiments, are
in good agreement with the calorimetric measurements, Tg,DSC , (Table 5.2) as well as the
values reported in the literature for these materials [145–147]. The changes in absorption at
a frequency of 1 THz with temperature for the formulations are plotted in Fig. 5.10 and 5.11.
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Fig. 5.9 Absorption coefficient spectra of F2 in the temperature range of 110 − 370 K, with
10 K temperature increments between spectra. Solid black line indicates the maximum
absorption coefficient.

Formulation

Region 1
(cm−1 K−1 )

Region 2
(cm−1 K−1 )

Region 3
(cm−1 K−1 )

Tg,β
(K)

Tg,α
(K)

Tg,DSC
(K)

F1
0.033 ± 0.00059 0.062 ± 0.0018 0.021 ± 0.0036 262 336
310
F2
0.021 ± 0.0020 0.054 ± 0.0028 0.023 ± 0.0027 219 339
311
F3
0.027 ± 0.0091 0.074 ± 0.0016 0.0051 ± 0.0028 217 318
302
F4
0.00014 ± 0.0017 0.028 ± 0.0011 0.048 ± 0.0014 205 298
305
Neat BSA
0.034 ± 0.0031 0.071 ± 0.0017 0.12 ± 0.0023
216 331
Table 5.2 Gradient, m, of the linear fit (y = mx + c) for the respective temperature regions
as well as the respective glass transition temperatures determined based on the THz-TDS
analysis and DSC for F1-F4 and neat BSA.
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Fig. 5.10 Mean terahertz absorption coefficient as a function of temperature at 1 THz for a)
F1, b) F2, c) F3, d) F4, and e) neat BSA. Lines show the linear fits for the three different
regions. Error bars represent the standard deviation for n = 3 samples.
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Fig. 5.11 Terahertz absorption as a function of temperature at 1 THz for F2. The X markers
represent the data for cycle 1 of samples heated at 10 K increments, and the O markers
represent the data for cycle 2 of samples quench cooled and reheated at 10 K increments.
Lines show the different linear fits for the different regions. Error bars represent the standard
deviation for n = 2 samples.

5.2.2

Monoclonal antibody 1 (mAb1) formulations

CD and FTIR spectroscopy data analyses
CD and FTIR spectroscopy were used to screen for gross structural changes in the mAb1
formulations before and after heating and following the addition of polysorbate 80. No
significant changes were observed in the peak positions or intensities in the CD (Fig. 5.12) or
FTIR spectra (Fig. 5.13, 5.14), when either the formulation with or without polysorbate 80
was heated. All formulations displayed CD spectra showing a negative band observed at 218
nm and a positive band at 195 nm, characteristic of anti-parallel β -sheet secondary structure
expected in mAbs [139]. Similarly, the amide I band of the FTIR spectrum showed an
asymmetric band centred at ∼1640 cm−1 , with shoulders at ∼1670 cm−1 and ∼1690 cm−1
(Fig. 5.13 b), characteristic of a high β -sheet content, estimated to be for example 56 ± 8%
for unheated F6 (Fig. 5.14) [140].
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Fig. 5.12 CD spectra of mAb1 formulations. Solid and dashed pink curves represent unheated
(278 K) and heated (330 K) F6, respectively, solid and dashed green curves represent
unheated (278 K) and heated (370 K) F7, respectively.
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Fig. 5.13 a) Full FTIR spectra and b) the amide I region of mAb1. Solid and dashed pink
curves represent unheated (278 K) and heated (330 K) F6, respectively, solid and dashed
green curves represent unheated (278 K) and heated (370 K) F7, respectively. Excipients
have been subtracted from each spectra.
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Fig. 5.14 Secondary structure content as estimated from curve fitting to the second derivative
of the FTIR spectrum. Solid and dashed pink bars represent unheated and heated F6,
respectively, solid and dashed green bars represent heated and unheated F7, respectively.
Error bars represent the standard deviation for n samples: n ≥ 4 and the intrinsic uncertainty
of 5-10% from the curve fit analysis method.
ssNMR spectroscopy data analysis
To investigate potential structural changes in the unheated and heated F6 and F7, 13 C
CP NMR data was acquired (Fig. 5.15). Similar to the BSA formulations, no significant
chemical shift changes were observed after heating or with the addition of polysorbate.
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Fig. 5.15 13 C CP-MAS NMR spectra of unheated and heated F6 (330 K) and F7 (370 K)
mAb formulations. All the spectra were normalised to the same carbonyl signal intensity.
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As shown in Fig. 5.16, T1 and T1ρ relaxation times of the formulations were measured.
F6 shows a slight increase of T1 relaxation time after heating, whereas the value appears
unchanged for F7. In contrast to the data obtained for the BSA formulations, where also T1ρ
remained constant, the spin-lattice relaxation time decreases after heating F6 and F7 (which
contain mAb1).
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Fig. 5.16 Overview of T1 (left) and T1ρ (right) relaxation times of unheated and heated
F6 (330 K) and F7 (370 K). The dashed line represents the average of all the respective
relaxation time values of all samples.
As previously mentioned, changes in T1ρ have been correlated to changes in molecular
mobility [75], and indeed this data indicates that the molecular mobility of the protein as
well as the sugars changes after heating. Additionally, the comparison of the relaxation times
of the sugars and protein gives information regarding the homogeneity at different length
scales (Fig. 5.17). The T1 relaxation times in the formulations indicate that the samples are
homogeneously mixed at a 20 − 50 nm length scale, as sucrose and mAb1 have the same
values. The T1ρ relaxation times also indicate a homogeneous phase, except for the heated
F7 sample that indicates a phase separation on the 2 − 5 nm scales (as the relaxation time of
sugar and protein values are different).
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Fig. 5.17 T1 (left axis, black) and T1ρ (right axis, red) differential between the mAb1 and
sucrose in unheated and heated F6 and F7, respectively. The dashed line indicates ∆T = 0.
THz-TDS data analysis
The terahertz spectra of all the mAb1 formulations showed an increase in absorption with
frequency and temperature, and no discrete spectral features were present over the entire
investigated range. The changes in absorption at a frequency of 1 THz with temperature for
the mAb1 formulations as well as for a lyophilised sucrose and glycine mixture are plotted
in Fig. 5.18 and 5.19, respectively. Three distinct temperature regions and two transition
temperatures can be identified for each material. The values of Tg,α , as determined from the
THz-TDS experiments, are in good agreement with the calorimetric measurements, Tg,DSC ,
as well as the values reported in the literature for these materials (Table 5.3) [145–147].
Formulation
sucrose and glycine mixture
F5
F6
F7

Region 1
(cm−1 K−1 )

Region 2
(cm−1 K−1 )

Region 3
(cm−1 K−1 )

0.011 ± 0.0014 0.047 ± 0.0021 0.070 ± 0.0018
0.00056 ± 0.0050 0.061 ± 0.0020 0.020 ± 0.011
0.0033 ± 0.0034 0.023 ± 0.00087 0.053 ± 0.0021
0.0038 ± 0.0047 0.067 ± 0.0011 0.020 ± 0.0046

Tg,β
(K)

Tg,α
(K)

Tg,DSC
(K)

220
151
135
168

303
272
262
334

282
297
304

Table 5.3 Gradient, m, of the linear fit (y = mx + c) for the respective temperature regions,
as well as the respective glass transition temperatures determined based on the THz-TDS
analysis and DSC.
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Fig. 5.18 Mean terahertz absorption coefficient as a function of temperature at 1 THz for a)
F5, b) F6, and c) F7. Lines show the different linear fits of the respective regions. Error bars
represent the standard deviation for n samples: n = 3 for a), c), and n = 4 for b).
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Fig. 5.19 Mean terahertz absorption coefficient as a function of temperature at 1 THz for
a lyophilised mixture of sucrose and glycine. Lines show the different linear fits of the
respective regions. Error bars represent the standard deviation for n = 3 samples.

5.3
5.3.1

Discussion
Understanding the effects of excipients and dynamics of BSA formulations

Given that m ∝ mobility, the following observation was made: for all the formulations
investigated a linear gradient in the region of T < Tg,β is typically lower compared to
Tg,β < T < Tg,α . At temperatures above Tg,α two observations for the change in absorption
with temperature can occur: either the gradient increases further (expected behaviour at high
temperatures for organic materials) or it decreases relative to the region of Tg,β < T < Tg,α
and remains relatively flat at high temperatures (indicating confinement of the molecular
mobility). As shown in Fig. 5.10 and Table 5.2, F1, F2, and F3 exhibit a low gradient and
thus limited molecular mobility below Tg,β and above Tg,α . The increase in slope at Tg,β
indicates that at this temperature there is a sufficient input of thermal energy for the molecules
to mobilise. With a further increase in temperature the slope steepens and becomes constant
at Tg,α , indicating that above this temperature mobility is restricted and it is possible that
the molecules assemble into a low energy configuration. Specifically, the BSA molecules
become trapped in the matrix by energy minima that are relatively more stable than kT for
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F1, F2, and F3 [133]. By considering the energy landscape model, it can be proposed that
for a lyophilised system, Tg,β is the point at which the molecules have sufficient free energy
to escape a local energy well. With a continuous increase in temperature, the molecules can
explore different conformational environments. Upon reaching Tg,α , the molecules can either:
(1) continuously explore different conformational environments, or (2) achieve a confined
state and become trapped in a deep energy minimum as shown in Fig. 5.20.

Fig. 5.20 Schematic of the landscape that lyophilised protein and excipient molecules can
explore at Tg,β , associated with the β -relaxation, and Tg,α associated with the α-relaxation.
In region 2 between Tg,β and Tg,α there is sufficient thermal energy available for the
BSA molecules to overcome local potential energy barriers, mobilise, and explore different
conformational environments. The motions involved could be the most flexible domains
of the BSA molecules which becomes restricted at the low and high temperature regimes.
Therefore, the BSA molecules trapped in a configuration below Tg,β and above Tg,α are
similar to the behaviour of a trapped liquid as it becomes a glass when cooled. The BSA
molecules are restricted and unable to assemble to the lowest energy native state, similar to a
liquid fixed in one of several structures unable to reconfigure to the lowest energy crystal
state. When comparing the behaviour of the different formulations, F1 has a much higher
Tg,β value (Tg,β = 262 K) compared to F2 (Tg,β = 219 K). The difference between these
two formulations is that F1 contains a higher protein concentration relative to histidine and
sucrose, which are used to stabilise the protein structure, compared to F2. Given the lower
relative amount of histidine and sucrose to BSA molecules in F1, the BSA molecules are
more likely to aggregate prior to lyophilisation [56], resulting in a higher Tg,β value for F1.
Furthermore, the THz-TDS spectra of neat BSA exhibits an absorption coefficient which
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increases continuously with temperature, unlike F1, F2, and F3 which include excipients
(Fig. 5.10). This further supports the notion that the terahertz dynamics are dominated by the
protein conformations themselves rather than by the individual excipients. Notably, while
both F1 and F2 exhibit similar Tg,α values as well as restricted mobility above 340 K, F1
and F2 exhibit significantly different Tg,β values. This suggests that the difference in relative
amounts of histidine and sucrose compared to BSA strongly affects the onset of mobility; for
example, the local barriers of the PES responsible for the lowest energy motions. Yet, the
relative amount of excipients appears to have no effect on the large-scale motions that govern
the global mobility assembled at Tg,α : for both F1 and F2, the systems become confined
above Tg,α . In the absence of histidine and sucrose, there was no evidence of any molecular
confinement at temperatures above Tg,α as shown for the neat BSA sample (Fig. 5.10 e). In
the case of more abundantly available sucrose and histidine, the individual protein molecules
can stabilise their conformations by forming weaker and more flexible hydrogen bonds with
the excipients. Given that these protein-excipient interactions must be weaker compared to
the protein-protein interactions, it is likely that the difference in terahertz dynamics which
are observed in these experiments are dominated by the protein conformations themselves
rather than by the excipients or protein interactions. Notably, the loss of molecular mobility
due to confinement by higher energy barriers in the PES below Tg,β and then again above
Tg,α , demonstrates that despite additional heating the mobility of the molecules is restricted
which is exactly what is observed (Fig. 5.10 a, b, c).
The behaviour of BSA is further investigated using THz-TDS by subjecting a sample of
F2 to a cycle of heating, followed by rapid cooling, and then a final heating step in order to
establish whether a hysteresis occurs. Indeed, there is a change in the molecular mobility
behaviour of the material during the second heating cycle. The data in Table 5.2 and Fig. 5.11,
show higher values of m at T ≥ Tg,α in the second heating experiment compared to m ≈ 0
for T ≥ Tg,α in the first heating cycle. This can be visualised by Fig. 5.1: the behaviour of
the system in the first heating cycle follows Pathway 1, where the BSA molecules adopt a
conformational state that corresponds to a local energy minimum of the PES at T ≥ Tg,α ;
following cooling, on the second heating cycle the BSA molecules follow Pathway 2, as the
conformations appear to change sufficiently that repeated heating from 100 K results in a
different trajectory on the PES that does not end up in the confined state at T ≥ Tg,α .
Qualitatively, F3 behaves similarly to that of F1 and F2 (Fig. 5.10). In solution, excipients
such as arginine have been shown to inhibit aggregation via interaction with the protein surface [125, 137]. Trehalose is also commonly used to stabilise proteins during lyophilisation
and hinder aggregation via hydrogen bonding between sugar and protein [50]. Polysorbate 80 has been widely used in the pharmaceutical industry to reduce agitation-induced
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aggregation by protecting the protein from interface induced stresses [136] which can be
caused during lyophilisation. Given that BSA contains hydrophobic pockets and patches and
polysorbate contains hydrophobic fatty acid chains, the main interaction between polysorbate
molecules and BSA would occur via hydrophobic binding into the BSA cavities. Specifically,
at low concentrations of polysorbate 80, the non-ionic polysorbate molecules can adsorb
to exposed hydrophobic patches of BSA, preventing it from unfolding and stabilising it in
solution [136]. However, at high polysorbate 80 concentrations (0.012 mM, 0.0016% w/v)
micelles can form [138]. These are spherical aggregates with the ethylene oxide subunits
of polysorbate pointing outwards, in contact with the surrounding solution, and the long
hydrocarbon tails in the centre pointing away from the water molecules [148]. Throughout
this process, the surface at the air-liquid interface would become saturated; yet the mechanism
by which polysorbate 80 acts remains poorly understood, and its effects on the dynamics of
formulations are of interest.
The THz-TDS data shows that the changes in absorption coefficient gradient for F3,
containing trehalose, arginine, and polysorbate, are more defined with values of Tg,β = 217 K
and Tg,α = 318 K which are lower compared to F1 and F2. This could be due to the
stabilising effects of the excipients. Specifically, the excipients could hydrogen bond to BSA,
reduce its molecular mobility, and thus affect the configurations which the molecules can
explore with heating. Notably, the pronounced gradient between Tg,β and Tg,α of F3, may
indicate the number of conformational environments which the molecules can explore before
reaching an energy minima at Tg,α . In contrast, the THz-TDS data show that F4 exhibits
a continuous increase in absorption coefficient with temperature indicating a continuous
increase in molecular mobility (Fig. 5.10 d), and that the molecules are not trapped in a
local energy minima above Tg,α . It is worth noting that the values of Tg,β and Tg,α are lower
for F4 than all other formulations. Additionally, FTIR measurements of the unheated BSA
sample of F4 showed that it contains a higher content of α-helix compared to the neat BSA
sample (40 ± 11% vs. 15 ± 8%), supporting that lyophilisation and the addition of excipients
resulted in a conformational change to BSA which THz-TDS can detect (Fig. 5.4). Given
that the concentration of polysorbate used in F3 and F4 could allow micelles to form in
solution, it is possible that the micelles of polysorbate 80 precluded the adsorption of the
BSA molecules from the surface/interface, and act to protect BSA from major structural
changes during lyophilisation [136]. Furthermore, the FTIR data suggests that the presence
of polysorbate induces conformational changes to BSA in F4, specifically the increase in the
α-helical content, compared to neat BSA. This could influence the activation energy required
for the molecules in F4 to adopt different configurations, and such changes could result in the
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molecules having a larger degree of freedom for structural relaxations; however, this would
require further investigation.

5.3.2

The effects of free volume on mAb1 formulations

When considering the mechanism by which sugars stabilise a mAb, the focus is on the
global and local mobility of the mAb, the molecular flexibility of the sugar, and the effects of
free volume. In the drying process of lyophilisation, the hydroxyl groups of the sugar can
form hydrogen bonds with mAb1 and substitute the hydrogen bonds between the protein and
water [149]. As the hydrogen bonds are replaced, it is possible that the native structure of
mAb1 is not maintained and its hydrogen bonding network can change [135].
When comparing mAb1 formulations, F5 contains a lower mAb1 concentration and has
a higher value of Tg,β compared to F6 (Table 5.3). For both of these formulations the small
sucrose molecules decrease the free volume of the system by filling the cavities between the
mAb1 molecules. It is intuitive that with a higher concentration of mAb1 molecules there are
more cavities available for sucrose to fill. Given that a comparable amount of sucrose was
added to both formulations, F6 would have more free volume available compared to F5. It
can be suggested that in F5, the small sucrose molecules fill the mAb1 cavities, increasing
the hydrogen bonding interactions, reducing the free volume, and decreasing the molecular
mobility of the system, resulting in Tg,β = 151 K (Fig. 5.18). In contrast, F6 has less cavities
filled by sucrose molecules, and thus reduced hydrogen bonding interactions and increased
free volume, allowing for local mobility to occur at an earlier onset of Tg,β = 135 K. Notably,
the free volume effects have a continuous influence on each system at high temperatures. To
highlight, Tg,α = 272 K is higher for F5 compared to F6 (Tg,α = 262 K). Moreover, a large
separation and steep gradient between Tg,β and Tg,α could suggest that the mAb1 molecules
assemble a larger number of conformations. For example, Fig. 5.18 implies that in F5 mAb1
can adopt a greater number of conformational states, compared to mAb1 in F6 which has a
shallower gradient and a smaller temperature difference between Tg,β and Tg,α . Furthermore,
for the sucrose and glycine mixture the value of Tg,β = 220 K and Tg,α = 303 K are higher
than those of F5 and F6 (Fig. 5.19). This observation could suggest that the local and
large-scale mobility of a system is sensitive to the strength of the hydrogen bonding network
and the free volume effects. In this case, a strong sucrose-glycine hydrogen bonded network
and limited free volume available increase Tg,β and Tg,α .
By examining F7, the effect of the surfactant polysorbate 80 on the mAb1 is evaluated.
In contrast to F5 and F6, where the absorption coefficient continuously increases with
temperature, F7 shows an absorption coefficient plateau above Tg,α (Fig. 5.18 c). With an
input of thermal energy at Tg,β = 168 K the molecules can overcome local energy barriers,
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and with increasing molecular mobility, mAb1 can undergo local motions involving backbone
torsion angles. With a further increase in temperature, the steep absorption coefficient
gradient between Tg,β and Tg,α represents the conformational space of mAb1 which can
be described as an ensemble of conformations, following Pathway 1 of Fig. 5.1. Upon
reaching Tg,α , the mAb1 molecules have low molecular mobility, as indicated by the plateau
of absorption coefficient. Thus, above Tg,α , mAb1 adopts a low energy conformation, and
despite a further increase in temperature, the mAb1 molecules are trapped, as indicated by the
constant gradient (Fig. 5.18). Notably, F7 has the higher values of Tg,β and Tg,α compared
to F5 and F6. This could suggest that in the presence of polysorbate, the hydrogen bonded
network of mAb1 is altered and mAb1 molecules may bind more strongly to each other
than to the interface during lyophilisation [148]. Correspondingly, the increase in binding
between the mAb1 molecules in the lyophilised product would raise the activation energy
barrier for the onset of motions, as indicated by higher values of Tg,β and Tg,α .

5.4

A case study: free volume and excipient effects on BSA
and mAb2 formulations

Thus far, THz-TDS was presented as a technique for detecting the structural changes and
dynamics of formulations which can achieve high mobility with heating, or reaching molecular arrest above Tg,α . Three central findings can be concluded for the specific formulations
examined: (1) the higher the concentration of mAb1 relative to excipients, the greater the
free volume and molecular mobility of the system and the lower the value of Tg,β and Tg,α ;
(2) with higher concentration of BSA protein, relative to excipients, the free volume and
the molecular mobility of the system are reduced which leads to a plateau of the absorption
coefficient gradient above Tg,α ; and (3) specific excipients can interact with a protein and
reduce mobility above Tg,α . In order to systematically investigate these observations and
attempt to generalise the trends observed, four additional formulations were produced. First,
two mAb formulations were produced with a mAb referred to as mAb2, as it is similar in
composition to mAb1 used in F5, F6, and F7 (both mAb1 and mAb2 are recombinant, human
IgG1 monoclonal antibodies). F8 contains a lower mAb2 concentration relative to F9. By
using mAb2, it can be ascertained as to whether the observations found for mAb1, regarding
free volume and structure dynamics, are consistent for a different Y-shaped mAb. Second,
F10 and F11 were produced, with F11 having a significantly higher relative concentration of
BSA to excipients compared to F10. Thus, above Tg,α the absorption coefficient of F11 is
expected to plateau (due to limited mobility). The terahertz spectra of F8, F9, F10, and F11
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showed an increase in absorption with frequency and temperature over the entire investigated
range. Three distinct temperature regions and two transition temperatures can be identified
for each formulation (Table 5.4). The changes in absorption at a frequency of 1 THz with
temperature for the formulations are plotted in Fig. 5.21.
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Fig. 5.21 Mean terahertz absorption coefficient as a function of temperature at 1 THz for
lyophilised mAb2 and BSA formulations. a) F8, b) F9, c) F10, and d) F11. Lines show the
different linear fits for the different regions. Error bars represent the standard deviation for
n = 3 samples.
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Formulation

Region 1
(cm−1 K−1 )

Region 2
(cm−1 K−1 )

Region 3
(cm−1 K−1 )

Tg,β
(K)

Tg,α
(K)

F8
0.040 ± 0.0023 0.070 ± 0.0013 0.022 ± 0.0068 211 340
F9
0.018 ± 0.0020 0.045 ± 0.00075 0.067 ± 0.0015 183 333
F10
0.035 ± 0.0019 0.082 ± 0.0017
0.15 ± 0.010
227 337
F11
0.037 ± 0.0017 0.054 ± 0.0014 0.015 ± 0.0047 219 359
Table 5.4 Gradient, m, of the linear fit (y = mx + c) for the respective temperature regions
as well as the respective glass transition temperatures determined based on the THz-TDS
analysis.

The THz-TDS spectra of F8 and F9 (which contain mAb2), and F10 which contains BSA
(Fig. 5.21) show a continuous increase of absorption coefficient with temperature. At Tg,β ,
with a sufficient input of activation energy into the system and free volume available, the
molecules can begin to locally mobilise and explore different conformational environments.
Above Tg,α the absorption coefficient gradient increases further as a function of temperature,
indicating that the molecular mobility is enhanced, and the molecules can continue to explore
additional conformational states at higher temperatures as the energy barriers (associated
with large-scale mobility for these systems) are overcome.
When comparing the behaviour of the mAb2 formulations, F8 exhibits a higher value
of Tg,β (Tg,β = 211 K) compared to F9 (Tg,β = 183 K). This suggests that the low concentration of mAb2 molecules within F8 have limited free volume and may exist in an initial
conformation which has a relatively high energy barrier to begin local mobility. Thus, the
F8 molecules require a greater thermal energy input and sufficient free volume before local
mobility can begin, compared to F9 which shows an earlier onset Tg,β . Furthermore, these
observations are consistent with the values obtained for Tg,α : Tg,α = 340 K is higher for F8
compared to F9 (Tg,α = 333 K). Notably, the trends observed for mAb2 of F8 and F9 are
similar to the observations made for mab1 of F5 and F6. This supports the claim that there is
an apparent relationship between free volume and cavities in the structure of a mAb [88]. To
highlight, an increase in cavities (with increasing mAb concentration) can be linked with a
lower packing efficiency, fewer van der Waals contacts and hydrogen bonds, reduced binding
free energies, increased molecular mobility, and increased free volume: resulting in a lower
Tg,β value.
When considering the BSA formulations F10 and F11, it is evident that F10 behaves
qualitatively similar to F8 and F9 and as expected F11 exhibits a plateau in its absorption
coefficient at high temperatures, above Tg,α . The prime difference between F10 and F11 is
that F11 has a higher concentration of BSA relative to excipients which reduces the molecular
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mobility of the system. The molecules of F11 (Fig. 5.21 d), follow Pathway 1 of Fig. 5.1:
at Tg,β = 219 K the BSA molecules can begin to locally mobilise and explore different
conformational environments until reaching Tg,α = 359 K, where a plateau in the absorption
coefficient versus temperature is observed as the molecules become trapped in a local energy
minima. This may be due to the inability of the excipients used in F11 to stabilise the
high concentration of BSA molecules during lyophilisation. This further suggests that the
solid-state product of F11 contained a misfolded or aggregated protein, and such structural
effects ought to be further examined.
One final consideration is the role of the excipients in these formulations. It is interesting
to note that F10 nor F11 did not include the excipient arginine in the formulation matrix,
and arginine has been shown to inhibit aggregation [125]. It is possible that in the absence
of arginine, aggregated oligomers of BSA could form in solution upon lyophilisation. This
would explain the higher Tg,β value observed for F10 and F11 which is linked with reduced
free volume and increase in the energy barrier for local mobility. By comparison, in F8 and
F9 arginine could stabilise the mAb2 molecules and hinder aggregation via hydrogen bonding.
Nonetheless, the mechanism by which arginine appears to reduce molecular mobility and the
value of Tg,β and prevent a plateau above Tg,α for the mAb2 formulations requires further
investigation.
Taken together, F8, F9, F10, and F11 further demonstrate that the values of Tg,β and Tg,α ,
and the gradient leading to and above Tg,α are indicative of the strength of the hydrogen
bonding network of each formulation. Moreover, a gradient between Tg,β and Tg,α with a
greater absolute value could indicate that the mAb or BSA molecules have greater molecular
mobility and can explore a greater number of conformational environments. Hence, the
value of Tg,β , Tg,α , and the gradient of the absorption coefficient with temperature will
differ depending on: (1) the energy associated with the initial structure of the mAb or BSA
molecules formed upon lyophilisation, and (2) the energy required for the molecules to
mobilise and explore different conformational environments by overcoming free volume
restrictions and the binding of excipients.

5.5

Conclusions

By performing temperature variable THz-TDS experiments, the structural dynamic
properties of eleven different lyophilised formulations were studied. Furthermore, FTIR
and CD spectroscopy were used to investigate the structural changes of several of the
formulations and showed no change in the secondary structure of the proteins following
heating. However, a decrease in β -sheet content of the neat BSA samples compared to
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the lyophilised formulations was observed. Additional ssNMR measurements investigated
changes of the formulations by 13 C CP-MAS. A spectral analysis of the formulations showed
no major chemical structural changes of BSA. NMR relaxation time measurements of T1
and T1ρ revealed a homogeneous sugar and BSA phase on length scales of 2 − 5 nm and
20 − 50 nm. No changes in the phase mixing were observed after heating or in formulations
containing additional polysorbate 80. A steady increase in absorption coefficient with
increasing temperature was observed for F4, F5, and F6, F8, F9, F10 while the absorption
coefficient plateaus at high temperatures above 300 K for F1, F2, F3, F7, and F11. All the
formulations examined exhibit three temperature regimes with distinct Tg,β and Tg,α values.
Two hypotheses for the pathway protein molecules can proceed upon heating are proposed:
(1) adopting different conformational states until achieving a low energy conformation
and reaching an energy minimum as demonstrated by a plateau in the THz-TDS data,
or (2) the increase in temperature coupled with an increase in entropy leads to the protein
molecules continuously exploring environments of high conformational energy and molecular
mobility. This chapter provides insight into the effects of excipients (including sucrose,
trehalose, polysorbate 80, and arginine) on the dynamics of proteins, and a framework for
understanding the dynamics of complex formulations. Indeed, THz-TDS is an effective
method for measuring the molecular dynamics and temperature-dependant behaviour of
solid-state formulations and could potentially provide a predictive metric for long-term
chemical formulation stability. In Chapter 8, additional work to explore these effects in detail
is considered.

Chapter 6
Uncovering the dynamics of spray-dried
formulations at terahertz frequencies
6.1

Introduction

As shown in Chapter 5, some lyophilised formulations exhibit vibrational confinement
above Tg,α although such confinement is not universal. Based on the observations for the
lyophilised formulations, for the BSA/excipient matrix, the BSA protein molecules can be
envisioned as comparatively rigid clusters of hydrogen-bonded domains. Molecular motions
are limited to localised thermal vibrations, due to kT , that do not have sufficient amplitude
to exceed the local barriers that restrict the molecular confinement. At T > Tg,β , sufficient
thermal energy and free volume are available to overcome these barriers allowing for larger
domains of the protein to become flexible and move with respect to each other without losing
the tertiary structure. This flexibility results in molecular mobility of dipoles that couple to
the terahertz radiation and hence result in the experimentally observed increase in absorption
with temperature. As the number of dipoles does not increase, the change in absorption is
directly proportional to the increase in molecular mobility. These observations provoke the
question: is there a way to discern which formulations will exhibit vibrational confinement
and are these observations specific to lyophilised formulations?
This chapter focuses on formulations produced by spray-drying which has been shown as
an effective method for producing solid particles of relatively narrow size distribution and
high yield and purity. However, similar to lyophilisation, the spray-drying process raises
the concerns of partial protein unfolding due to the high susceptibility of protein molecules
to adsorp at the air-liquid interfaces, where the surface energies can cause the protein to
expose hydrophobic regions leading to protein-protein interactions and aggregation [150].
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As seen in Chapter 5, in order to circumvent aggregation caused by the exposed air-liquid
interfacial area, trehalose, arginine, and polysorbate were used to protect protein molecules
[136]. As water is removed during spray-drying, trehalose can form a considerably more
rigid matrix to which the protein subsequently couples instead of water. This happens largely
by means of hydrogen bonds, but also other weaker dispersion interactions, either directly
to the matrix forming excipient, or by means of a small intermediate molecule capable of
forming hydrogen bonds (such as water, glycerol, or other excipients). The presence of
the matrix forming excipient thus limits the protein mobility while ensuring a hydrogen
bond rich environment to stabilise the protein structure [150]. In this chapter, the effects of
trehalose, arginine, and polysorbate 20 on three distinct spray-dried formulations, with BSA
as the model protein are investigated. By examining several spray-dried systems of similar
composition to the lyophilised formulations examined in Chapter 5, the aim of this work is
to further elucidate the occurrence of vibrational confinement. This chapter also investigates
whether THz-TDS can be used to track the flexibility and thermally induced conformational
changes of protein formulations which are produced using a different manufacturing method,
specifically spray-drying.

6.2

Results

Formulations SF1-SF3 listed in Table 6.1 and the excipients listed in Table 6.2 were
spray-dried following Method 1 outlined in section 2.2.4 of Chapter 2. Following Chapter 2,
THz-TDS experiments were conducted and amorphous solid sample pellets were prepared
following Method 2 of section 2.3.1. DSC was performed following Method 4 in section
2.3.3. FTIR spectroscopy analysis was completed following Method 3 outlined in section
2.3.6.

105

6.2 Results
Formulation

Component

Concentration
% m/m
SF1
BSA
71.7
Trehalose
24.5
Residual water
3.81
SF2
BSA
52.5
Trehalose
17.9
L-arginine HCl
26.6
Residual water
2.93
SF3
BSA
52.4
Trehalose
17.9
L-arginine HCl
26.5
Polysorbate 20
0.260
Residual water
2.85
Table 6.1 Calculated composition of spray-dried powders corrected for measured residual
water.

Spray-dried
Formulation
Component
excipient mixture
% m/m
SF1_Exc
Trehalose
94.4
Residual water
5.64
SF2_Exc
Trehalose
38.9
L-arginine HCl
57.4
Residual water
3.75
SF3_Exc
Trehalose
39.1
L-arginine HCl
57.8
Polysorbate 20
0.560
Residual water
2.45
Table 6.2 Calculated composition of spray-dried excipient mixtures corrected for measured
residual water.

THz-TDS data analysis
The changes in absorption at a frequency of 1 THz with temperature for the formulations
are plotted in Fig. 6.1 a, b, and c. Additionally, Fig. 6.1 d shows the absorption coefficient
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behaviour of the spray-dried excipient mixture for SF3 (containing trehalose, arginine, and
polysorbate 20 in the absence of BSA).
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Fig. 6.1 Mean terahertz absorption coefficient as a function of temperature at 1 THz for (a)
SF1, (b) SF2, (c) SF3, and (d) the spray-dried excipient mixture of SF3. Lines show the
different linear fits for the different regions. Error bars represent the standard deviation for
n = 3 samples.
For all of the systems examined, the change in absorption with temperature can be
observed to take place over three distinct regions and two transition temperatures, Tg,β and
Tg,α . It is worth noting that the values of Tg,α , as determined from the THz-TDS experiments

6.2 Results

107

are in reasonable agreement the calorimetric measurements, Tg,DSC , (Table 6.3) as well as
the values reported in the literature for these materials [145–147].
Formulation

Region 1
Region 2
Region 3
Tg,β Tg,α Tg,DSC
(cm−1 K−1 )
(cm−1 K−1 )
(cm−1 K−1 )
(K) (K)
(K)
SF1
0.028 ± 0.0038 0.083 ± 0.0019 0.017 ± 0.0036 228 327
SF2
0.022 ± 0.0042 0.093 ± 0.0045 0.0010 ± 0.0012 219 332
328
SF3
0.017 ± 0.0032 0.068 ± 0.0042 0.0049 ± 0.0047 228 326
317
SF3 excipient 0.021 ± 0.0077 0.050 ± 0.0016
0.15 ± 0.022
222 341
313
Table 6.3 Gradient, m of the linear fit (y = mx + c) for the respective temperature regions
as well as the respective glass transition temperatures determined based on the THz-TDS
analysis and modulated DSC experiments.

In the measured data (Fig. 6.1, Table 6.3) there is evidence for deviation from the linear
trend in the lowest temperature region in SF1-SF3. Therefore, for each system a linear model
(consisting of three linear regions) was fit to the data set and the overall errors of this fit
were computed. In the non-linear region, a power law function of the form y = axb + c was
fit to the data as shown in Fig. 6.2. The remainder methodology of the fits in the higher
temperature regions was unchanged (i.e. linear as described in Chapter 2). The overall errors
mean squared error (MSE), sum squared error (SSE), and root mean square error (RMSE)
associated with each model were compared, and the model which gave the lowest overall
errors was used for the data set. The power law equation is very commonly used to fit
non-linear data in the absence of any particular underlying physical model, and it has the
advantage that it includes only a limited number of fitting variables and hence is a better
starting point compared to a polynomial equation. In the case of the power law model, the
transition point between the first and second region is defined as the point at which the error
associated with the power law fit becomes greater than the error associated with the linear
fit. Using this methodology, Tg,β could be determined with an accuracy of 10 K given that
a temperature increment of 10 K was used in the experiments. The methodology to define
Tg,α , the intersection point between the two linear regions at high temperatures, remained
unchanged (Table 6.4). Following a comparison of the SSE values obtained for each region
using the linear fit and using the power law fit, and the overall SSE and RMSE values obtained
for each fit for SF1-SF3 (Table 6.5), no significant differences were observed. Additionally,
in the absence of clear physical mechanistic insight, it cannot be conclusively determined
whether a non-linear model would be better suited. Furthermore, given that the data for
lyophilised formulations of similar composition to these spray-dried formulations (discussed
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in Chapter 5), show no deviation from the linear change in absorption with temperature for
T < Tg,β , the data of SF1-SF3 is fit with the linear fit in Region 1 for SF1-SF3.
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Fig. 6.2 Mean terahertz absorption coefficient as a function of temperature at 1 THz for (a)
SF1, (b) SF2, and (c) SF3, respectively. For all samples three regions were identified using
the data analysis routine (n = 3), with the first region fit with the power law function and
Region 2 and 3 fit with the linear function.
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a

Region 1
CI
−1
−1
cm K

SF1 1.7 × 10−9
SF2 5.5 × 10−15
SF3 6.1 × 10−9

b

3.2 × 10−9
2.9 × 10−12
2.6 × 10−8

CI

Region 2
m
SD
−1
−1
cm K

3.9 0.65 0.082
6.3 2.4 0.093
3.1 0.76 0.017

Region 3
m
SD
−1
−1
cm K

0.0019 0.012
0.0045 0.0010
0.0029 -0.0067

Tg,β Tg,α
K

K

0.0024 230 327
0.0012 230 331
0.0025 230 327

Table 6.4 Coefficients of the power law fit (y = axb + c) for Region 1 (R1) and the gradient,
m, of the linear fit (y = mx + c) for Region 2 (R2) and Region 3 (R3). The respective glass
transition temperatures determined based on the THz-TDS are reported. For all samples
three regions were identified using the power law data analysis routine (n = 3).

R1
SSE
cm−2
SF1 1.65
SF2 0.37
SF3 0.43

Linear Fit
R2
R3
Total
SSE
SSE
SSE
−2
−2
cm
cm
cm−2

Total R1
RMSE SSE
cm−1 cm−2

0.31
0.33
0.11

0.64
0.61
0.73

0.013
0.19
0.15

1.97
0.9
0.68

Power law Fit
R2
R3
Total
SSE
SSE
SSE
−2
−2
cm
cm
cm−2

0.72
0.31
0.51
0.26
0.0043 0.013

0.013
0.19
0.057

1.043
0.97
0.75

Total
RMSE
cm−1
0.49
0.66
0.32

Table 6.5 Comparison of SSE for power law fit (y = axb + c) and linear fit (y = mx + c) for
each respective temperature region, as well as the total SSE and RMSE for the overall linear
fit and overall power law fit. For all samples three regions were identified using the data
analysis routine. R1, R2, and R3 represent regions 1, 2, and 3, respectively.

FTIR spectroscopy data analysis
FTIR spectroscopy measurements were conducted in order to probe potential changes in
the secondary protein structure during heating in order to provide context to the THz-TDS
measurements. No clear peak shifts could be observed in the amide I and amide II band for
any of the formulations (Fig. 6.3).
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c)

(a)

d)

(b)

Fig. 6.3 (a) Overlay of FTIR spectra collected for SF3 at different temperatures after a 5
minute isothermal period, and (b) discrete SF3 spectrums stacked by Y offsets. Dashed
vertical lines at 1646 cm−1 and 1533 cm−1 serve as reference lines for the amide I (between
1700 cm −1 and 1600 cm −1 ) and amide II absorption band (between 1580 cm−1 and 1520
cm −1 ), respectively.
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The role of water probed by THz-TDS
The deviation from linearity below Tg,β can be interpreted either by assuming additional
molecular mobility at temperatures below Tg,β , or by the presence of another physical process
that results in a change in absorption in this temperature interval. Given that previously
studied similar formulations prepared by lyophilisation in Chapter 5 showed no evidence
for deviation from the linear change in absorption with temperature for T < Tg,β , to explain
this behaviour attention is focused on the increased concentration of water that is present in
the spray-dried samples. The non-linear change in absorption for T < Tg,β could be due to a
phase transition in water taking place in this temperature region. Based on neutron scattering
experimental data, Koza et al. confirmed previous findings that there is a phase transition
of low density amorphous ice to the cubic phase of crystalline ice at approximately 136 K
[151, 152]. In addition, Ioppolo et al. showed that the absorption spectrum of low density
amorphous ice and that of crystalline cubic ice both do not exhibit any spectral features at a
frequency of 1 THz [153].
Koza et al. showed that the inherent mobility of neat water, amorphous or crystalline, is
very low at the temperatures of Region 1 of this work [151]. However, neutron scattering
studies on BSA and human serum albumin (HSA) have shown that the mobility of such
protein systems is around two orders of magnitude higher compared to that of water [154]. It
is conceivable that the residual water present in the spray-dried formulations SF1-SF3 will
form a disordered phase at low temperatures – regardless of whether it is physically trapped
in the protein, on the surface, or grouped in water rich zones – given the relatively strong
interaction between water and the protein and its overall low concentration, i.e. the likely
absence of bulk water.
In this chapter, the spectra were reported in terms of their relative absorbance and hence it
is not possible to confidently conclude whether there are absolute differences in the absorption
of terahertz radiation between the two phases. However, from previous work it is known
that the terahertz spectral region is highly sensitive to such transitions for organic molecular
materials [155]. What is clear from the data reported by Ioppolo et al. is that water was fully
crystallised at 175 K. It is worth noting that in the experiments of these spray-dried protein
formulations the minimum measured absorption coefficient at a frequency of 1 THz is at
130 K for SF3 and 150 K for SF2. Given that the minimum temperatures of SF1-SF3 agree
with the temperatures found for the phase transformations of amorphous water to crystalline
ice, by Koza et al. and Ioppolo et al., it is possible that the low-temperature non-linear
behaviour observed for SF1-SF3 could be associated with a phase transition from amorphous
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water to crystalline cubic ice. However, such as assignment is very much tentative and based
on the circumstantial indirect evidence discussed. Thus, further work would be required to
challenge this hypothesis.
Effects of excipients on spray-dried BSA formulations
Using THz-TDS with continuous controlled heating, the molecular mobility changes of
each spray-dried system could be tracked. It is evident that the conformational changes of
BSA due to spray-drying and the continuous changes in the configuration of BSA with heating
during the THz-TDS experiment are highly influenced by the excipients: trehalose, arginine,
and polysorbate. Similar to the lyophilised formulations, for the spray-dried formulations
shown in Fig. 6.1, the behaviour of the gradient above Tg,α , is consistent with the trapping of
molecules at high temperatures and the molecular mobility of the system is restricted. For
SF1, SF2, and SF3, at Tg,β an increase in gradient is observed, demonstrating that at this
temperature there is a sufficient input of thermal energy and free volume for the molecules to
explore different conformations. With a further increase in temperature, the slope steepens
and becomes constant at Tg,α . At T > Tg,α , the protein molecules in SF1-SF3 become trapped
by their surrounding matrix and the system appears to be confined in an energy minimum.
In this region, the molecular flexibility and the number of accessible conformational states
is reduced, and thus, no significant change in absorption for any of the spray-dried BSA
containing formulations is observed.
When comparing the behaviour of the different formulations, SF2 exhibits the lowest
Tg,β value (Tg,β = 219 K), suggesting that in this formulation the molecules have to overcome a lower energy barrier for local mobility compared to the molecules in SF1 and SF3
(Tg,β = 228 K). Furthermore, the absolute value of the gradient between Tg,β and Tg,α is
approximately 5 times higher for SF2 compared to SF1 and SF3. Previous work has shown
that an increase in the strength of the hydrogen bonding network of a system results in a
corresponding decrease in its molecular mobility [56]. It can be hypothesised that the number
of conformations which molecules can adopt is represented by the value of the gradient which
lies between Tg,β and Tg,α . Thus, an increase in the hydrogen bonding network between the
BSA molecules and the excipients used should correspond with a decrease in the molecular
mobility of the system [75]. Indeed, SF3 which includes the greatest number of excipients
exhibits the most pronounced plateau in absorption coefficient above Tg,α of m = 0.0049,
indicating a system of restricted mobility, followed by SF2 with m = 0.0010, and finally SF1
with m = 0.017 which includes trehalose as its sole stabilising excipient (Table 6.3).
In order to further demonstrate that THz-TDS probes the dynamics of the BSA molecules
responsible for the dominating response above Tg,α , a blank excipient mixture of trehalose,
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arginine, and polysorbate is shown in Fig. 6.1 d. The measurement of this excipient mixture
indicates two critical observations when compared to SF1, SF2, and SF3: (i) the excipient
mixture exhibits the highest value of Tg,α , and (ii) the absorption coefficient of the excipient
mixture continuously increases with temperature with no indication of a plateau. When
comparing SF3 to a spray-dried mixture of only its excipients, it is evident that the presence
of BSA molecules are responsible for the plateau (i.e. confinement of molecular flexibility)
in molecular mobility above Tg,α in SF3. Moreover, the reduced value of Tg,α and decrease
in molecular mobility of SF3, indicated by the plateau, could be explained by the presence
of an extensive hydrogen bonded network formed between the BSA molecules and the
excipients. It follows that Tg,α and molecular mobility would be higher for the weaker
hydrogen bonded network which is exactly observed in the THz-TDS data for the blank
excipient mixture which does not include BSA (Fig. 6.1 d) and is in line with previous
measurements of Chapters 3 and 4. Notably, the systematically larger standard deviation of
absorption coefficient observed for SF3, compared with the excipient mix, could be attributed
to the presence of BSA protein.
These findings raise the question: what are the possible mechanisms by which each
excipient forms an extensive hydrogen bonding network with BSA which ultimately result
in a plateau of molecular mobility above Tg,α ? It is likely that in SF1, as water is removed
during spray-drying the water molecules are replaced by trehalose molecules throughout the
drying process to form a large interconnected trehalose matrix [156]. The trehalose could
then form a strong hydrogen-bonded network with BSA. In SF2, given that L-arginine is a
positively charged amino acid it could bind to the negatively charged surfaces of BSA [157]
via electrostatic interactions, and the guanidinium group of L-arginine could form salt bridges
with acidic residues of the BSA molecules which would introduce steric hinderance [158]
and reduce the free volume of this system and its molecular mobility. In SF3, polysorbate
can protect BSA from surface adsorption during spray-drying, and form an interconnected
matrix with trehalose and arginine comprised of strong hydrogen bonds [136]. Given that
each formulation includes an ensemble of different initial configurations, the point at which
the molecules will become mobile enough and are subsequently trapped above Tg,α will
differ. This is largely dictated by the BSA molecules and the interactions formed between
the protein and the excipients present in each formulation.
Initially, the lack of observable changes in the secondary structure during heating by
FTIR spectroscopy appears to be in contrast with the increase in molecular motions that was
observed using THz-TDS. However, differences in the energy levels that are probed with both
techniques respectively, should be taken into further consideration. To put the measurements
into context, it is helpful to consider the photon energy of the the amide I and amide II
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bands, as well as the frequency of 1 THz, that was used for THz-TDS data analysis. There is
more than a factor of fifty difference in the energy levels probed using FTIR spectroscopy
(≈ 3−20 J) and THz-TDS (≈ 7−22 J). The bond strength sampled in vibrational spectroscopy
is proportional to aforementioned photon energy and inversely proportional to the mass of
the vibrating oscillator. It is therefore obvious that at terahertz frequencies there is greater
sensitivity to subtle conformational variations compared to conformational variations probed
using FTIR spectroscopy. This is due to the subtle energies dominating intermolecular
interactions such as hydrogen bonding, van der Waals and other dispersive forces which can
be directly probed at terahertz frequencies. Therefore, while FTIR spectroscopy data analysis
did not reveal any changes in secondary structure, this does not imply that no conformational
changes occurred during heating. An FTIR spectrum displays an average of the individual
proteins present in the sample and their relative conformations, therefore if only a relatively
small fraction undergoes a conformational change, this will generally not result in a clear
change in the bands of interest.

6.4

Conclusions

Three spray dried formulations were examined, each containing BSA. By performing
temperature variable THz-TDS experiments the structural dynamic properties of these formulations were studied. Furthermore, FTIR spectroscopy was used to investigate the structural
changes of formulations and demonstrated that there is no change in the α-helix content
following heating. It was found that the absorption coefficient plateaus at high temperatures
for all the BSA formulations and all the formulations examined exhibit distinct Tg,β and Tg,α
values, with Tg,β being the point at which the BSA molecules have sufficient free energy
to escape the local energy well. No significant difference in the magnitude of errors which
would favour the power law fit over the linear fit in statistical terms was found. Unlike
SF1-SF3 that were investigated in this chapter, the lyophilised formulations investigated
in Chapter 5 (despite similar composition) did not demonstrate a deviation from the linear
change in absorption below Tg,β . In the absence of clear compelling mechanistic insight
into the observed behaviour, a linear fit for temperatures T < Tg,β in all formulations was
retained, but note that these observation should be explored in depth to explain this experimental behaviour. This chapter provides evidence for vibrational confinement in all BSA
containing formulations at temperatures above Tg,α following spray-drying. This observation
is consistent for formulations which have a similar excipient matrix yet are produced using a
different manufacturing method (i.e. lyophilisation versus spray-drying). The observations
of Chapters 5 and 6 ultimately lay the foundation to determine whether there is a clear
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correlation between storage stability and the trends observed by THz-TDS for different
formulations.

Chapter 7
Using terahertz spectroscopy to screen
for protein aggregation
7.1

Introduction

Chapters 5 and 6 showed that THz-TDS can be used to measure the vibrational dynamics
of lyophilised and spray-dried formulations and to determine the effects of specific excipients
on protein dynamics. Based on these results, it can be suggested that the ability of the
excipient matrix to slow down fluctuations in local conformations of the protein is related to
the efficacy of the excipient matrix in stabilising protein molecules [71]. Additionally, for
amorphous formulations, effective stabilisation of proteins requires the protein and excipients
to form a single phase without undergoing phase separation during preparation or storage
[72]. Even though the α-relaxation and Tg are traditionally used to estimate the storage
stability of amorphous pharmaceutical solids, it is widely acknowledged that this parameter
generally correlates poorly to protein stability in the solid-state [70]. Furthermore, solid-state
protein formulations with different compositions but comparable initial stability can display
distinctly different stability profiles following extended storage [71, 159]. This is particularly
critical when considering that changes in protein conformation have been linked to protein
aggregation upon reconstitution and loss of therapeutic protein function. Given that the
chemical stability of a protein can be related to its molecular mobility, in order to improve the
storage stability of a protein a rational approach would be to reduce its molecular mobility
[71]. Therefore, by understanding the correlations between molecular mobility behaviour and
chemical composition, the stability of formulations could be improved. Two excipients which
have been widely studied in the literature for their role in stabilising protein formulations are:
trehalose and glycerol.
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While both trehalose and glycerol are typically used to stabilise proteins, trehalose
is a non-reducing disaccharide molecule with a Tg value which is approximately 200 K
greater than that of the small polyol glycerol molecule. When considering the mechanistic
role of trehalose, it can be envisioned that as water is removed, during lyophilisation and
spray-drying, the water molecules are replaced by trehalose molecules to form a large
interconnected trehalose matrix [156, 160]. In doing so, the trehalose molecules form a
strong hydrogen-bonded network with the protein, immobilising and stabilising the protein
molecules and reducing the free volume of the system. The removal of water from protein
formulations is generally associated with an increase in protein stability. When the correct
process and formulation parameters are used, the presence of some water is essential for
ensuring the conformational integrity of the protein in the solid-state. The sugar preferential
exclusion or water entrapment hypotheses state that coupling between the sugar matrix and
the protein is mediated by a layer of residual water at the protein surface. Upon water
removal, rigidity or stiffness of the sugar matrix will increase; yet, a small amount of residual
water needs to be present as it mediates the interaction between the protein and the matrix
[161]. Apart from having a potentially stiffening effect on sugar matrices in dehydrated
protein formulations, glycerol has been widely used as a stabilising agent for liquid protein
formulations. Molecular dynamics simulation data showed that glycerol can prevent protein
aggregation by: (1) preferential exclusion from the protein surface, thereby inhibiting protein
unfolding, and (2) depending on its orientation, glycerol could preferentially interact with
specific hydrophobic protein surfaces to stabilise partially unfolded and aggregation prone
proteins [162]. While the glycerol concentration in these molecular dynamics simulations was
below 38% V/V, a study of the interaction of glycerol and myoglobin showed that glycerol is
preferentially excluded from the protein surface at concentrations below 40% V/V, and above
50% V/V glycerol can partially replace water in the hydration shell [163]. Additionally,
the stability of lyophilised horseradish peroxidase (HRP) and yeast alcohol dehydrogenase
(YADH) sugar glasses has been improved by adding small amounts of glycerol [69, 164].
Previous work has shown that there is a potential correlation between fast dynamics and
protein stability for binary glasses of trehalose and glycerol, and to preserve the enzymatic
activity of lyophilised trehalose glasses a 5 % m/m glycerol/trehalose ratio should be used [69,
164]. This optimal ratio was also observed for low water content lysozyme/trehalose/glycerol
solutions, for which the amide I region and the low frequency Raman spectrum was analysed
[69, 165]. When considering polymers, plasticisation occurs when small excipients with
weakly attractive interactions are mixed with a polymer matrix, resulting in a decrease in
Tg and in a softening of the fragile matrix polymer in the glassy state [166]. The process of
plasticisation can occur by mixing a material of low Tg , such as glycerol, with a material of a
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high Tg , such as trehalose. In anti-plasticisation, the glass mixture is toughened relative to
the pure polymer due to an excipient with strongly attractive interactions being added to the
polymer matrix [166]. Thus, in order to form a system of high stability and rigidity, a low
amount of glycerol should be added to trehalose to prompt the anti-plasticisation process.
In this system, trehalose and glycerol would form an extensive hydrogen bonded network,
thereby reducing the free volume and increasing the density of the glass. Hence, the excipient
molecules forming the heterogeneous matrix of a spray-dried system can be thought of as
reactants participating in a chemical reactions.
Given that it is evident that the excipients chosen for a given formulation are vital in
preventing degradation of the protein and maintaining its native conformation [50], the aim
of this chapter is to establish a clear relationship between the effects and the contributions of
excipient molecules on protein stability during spray-drying, as well as during subsequent
storage. Thus far, the central observations of Chapters 5 and 6 which could be used to
characterise the molecular mobility behaviour of amorphous formulations using THz-TDS
are: (1) the value of the transition temperatures of Tg,β and Tg,α associated with temperatures
at which the molecules have sufficient free volume and energy to begin exploring local or
large-scale conformational changes in space, and (2) the value of the absorption coefficient
versus temperature gradient. In addition to THz-TDS, throughout this thesis complementary
techniques, including FTIR spectroscopy and DMA experiments, have been used to assess the
dynamics of amorphous systems. When considering the utility of these techniques, it should
be noted that while FTIR spectroscopy could detect gross changes in protein secondary
structure (as shown in Chapters 5 and 6) it could not detect subtle structural changes. Using
DMA in Chapter 1 it was possible to define the temperature of the peak maximum, the full
width at half maximum (FWHM), the amplitude, and the value of Tg,β ,DMA which can be
related to material stability [37].
This chapter expands the work of Cicerone and Soles [69] for multi-component protein
formulations, by systematically varying the glycerol and trehalose content for four spray-dried
formulations which contained BSA as the model protein and four spray-dried formulations
which contained a mAb. The formulation with the lowest glycerol content produced in this
work, of 5 % m/m glycerol/trehalose ratio, is comparable to the ratio reported in the literature
as optimal for protein stabilisation [69, 165]. Additionally, a 52-week stability study was
conducted on the mAb formulations to elucidate whether the storage stability of a given
formulation is largely affected by the molecular mobility leading to Tg . Attention is focused
on whether or not the initial energy barrier that has to be overcome before local mobility can
occur will be higher for spray-dried mAb formulations containing small amounts of glycerol.
Additional questions which are investigated in this chapter are: does this behaviour change
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for higher glycerol contents? How do both the onset and the rate of these motions relate to
solid-state protein stability?

7.2

Results

The BSA containing formulations are listed in Table 7.1 and were spray-dried following
Method 2 outlined in section 2.2.4 of Chapter 2. Following Chapter 2, THz-TDS experiments
were conducted and amorphous solid sample pellets were prepared following Method 2 of
section 2.3.1. and DSC was performed following Method 5 in section 2.3.3.

BSAF1
BSAF2
BSAF3
BSAF4

BSA
% m/m

Treh
% m/m

Glyc
% m/m

PS20
% m/m

62.18
60.58
60.65
57.50

31.09
15.14
0
28.75

0
15.14
30.33
1.440

0.25
0.24
0.24
0.23

L-his L-hisHCl
% m/m % m/m

0.65
0.64
0.64
0.60

2.77
2.70
2.70
2.56

Water
% m/m
n = 3 ± SD
3.06
5.56
5.44
8.92

0.20
0.07
0.18
0.12

Table 7.1 Final composition of the spray-dried BSA formulations, containing excipients
trehalose (Treh), Glycerol (Glyc), polysorbate 20 (PS20), L-histidine (L-his), and LhistidineHCl (L-hisHCl).

For the BSA formulations, the changes in absorption at a frequency of 1 THz with
temperature are shown in Fig. 7.1. For all of the formulations, the change in absorption with
temperature can be observed to take place over three distinct regions (dα1 /dT , dα2 /dT , and
dα3 /dT ) and two transition temperatures, Tg,β and Tg,α . The mean Tg,DSC (determined by
DSC) increased with decreasing glycerol content and are in reasonable agreement with Tg,α
determined by THz-TDS (Table 7.2).
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Fig. 7.1 Mean terahertz absorption coefficient as a function of temperature at 1 THz for BSA
formulations. a) BSAF1, b) BSAF2, c) BSAF3, and d) BSAF4. Lines show the different
linear fits for the different regions. Error bars represent the standard deviation for n = 3
samples.
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Formulation
BSAF1
BSAF2
BSAF3
BSAF4

dα1 /dT
dα2 /dT
dα3 /dT
Tg,β
−1
−1
−1
−1
−1
−1
(cm K )
(cm K )
(cm K )
(K)
0.031 ± 0.0014 0.053 ± 0.0014 0.08 ± 0.0018 216
0.035 ± 0.0021 0.17 ± 0.008 0.27 ± 0.0018 239
0.016 ± 0.0034 0.22 ± 0.0075 0.29 ± 0.0068 213
0.043 ± 0.0029 0.096 ± 0.0015 0.24 ± 0.0080 197

Tg,α
(K)
334
327
339
292

Tg,DSC
(K)
306
232
198
274

Table 7.2 Gradient of the linear fit for the respective temperature regions and transition temperatures determined based on the THz-TDS analysis for the spray-dried BSA formulations.
dα1 /dT , dα2 /dT , and dα3 /dT represent temperature region 1, 2, and 3, respectively. Mean
(n = 3) Tg,DSC values, stored at 278 K before measurement are reported.

As shown in Fig. 7.2, the gradient of the temperature regions was influenced by the
glycerol content of the different formulations: an increase in the value of the dα2 /dT and
dα3 /dT , respectively, with increasing glycerol content was observed. It is worth noting that
for these formulations, no clear trend was observed between the values of Tg,β and Tg,α ,
respectively, as glycerol content was varied.
a)

b)
BSAF3

BSAF4
BSAF1

Glycerol content (% m/m)

dα3/dT (cm-1 K-1)

dα2/dT (cm-1 K-1)

BSAF2

BSAF2

BSAF3

BSAF4

BSAF1

Glycerol content (% m/m)

Fig. 7.2 Gradient of THz-TDS data as a function of glycerol content for BSA formulations at
313 K. a) dα2 /dT ( region 2) as a function of glycerol content, and b) dα3 /dT (region 3) as
a function of glycerol content. Vertical error bars represent the standard deviation for n = 3
samples.
The reconstitution time of the BSA formulations increased with decreasing value of
dα2 /dT . The order of increasing reconstitution time in minutes follows: BSAF3 (6.63),
BSAF2 (7.1), BSAF4 (9.1), and BSAF1 (11.8).
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It can be seen from Fig. 7.1 that the onset values of Tg,β and Tg,α are approximately
the same for BSAF1 and BSAF3, however, the value of the absorption versus temperature
gradient above Tg,β is highest for BSAF3 from the formulations examined (Table 7.2).
When assessing the effects of the excipients, it appears that the trehalose matrix in BSAF1
reduces the molecular mobility of the system compared to BSAF3, and glycerol increases
the molecular mobility of BSAF3. It can be suggested that during the drying process the
relatively small glycerol molecules compete with water molecules for active sites on BSA,
thereby increasing water cluster formation and the free volume of the system, allowing for
greater mobility in BSAF3. With additional excipients added to the system, it is expected that
BSAF2 would experience reduced free volume and increased steric hinderance, compared to
BSAF1 and BSAF3 which contain fewer excipients. Indeed, Tg,β of BSAF2 (Tg,β = 239 K)
is the highest from the formulations examined, demonstrating the combined immobilising
effects of trehalose and glycerol as indicated by the later onset of local mobility. In line with
this, above Tg,β BSAF2 exhibits an absorption versus temperature gradient which increases
at a rate between that of the gradients of BSAF1 and of BSAF3, respectively (Table 7.2,
Fig. 7.2). Furthermore, BSAF4 which contains a greater proportion of trehalose to glycerol
exhibits the lowest transition temperature values (Tg,β = 197 K and Tg,α = 292 K), and
highest gradient value below Tg,β . This demonstrates that it is easier for BSAF4 to overcome
the local energy barriers at Tg,β compared to the other formulations examined. This can be
explained by considering that glycerol acts as a plasticiser in BSAF4, by reducing internal
hydrogen bonding and increasing intermolecular spacing and free volume of the system.
While the plasticising effects of adding low amounts of glycerol and relatively high amount
of trehalose in a protein formulation are likely not universal, this excipient combination could
affect the exposed BSA surfaces during spray-drying, and increase the free volume present
around the BSA molecules in BSAF4. Notably, in addition to examining the values of Tg,β
and Tg,α as criterions for the molecular mobility of the systems, the value of the absorption
coefficient versus temperature gradient is highly indicative of the mobility behaviour and the
role of the excipients used in the formulation. Specifically, with increasing glycerol content
the values of both dα2 /dT and dα3 /dT appear to increase.
It is worth noting that there is a positive correlation between an increase in the reconstitution time of the BSA formulations and decrease in the value of dα2 /dT (the gradient
of temperature region 2 in the THz-TDS data). Additionally, the trend of decreased value
of dα2 /dT also corresponds with decreased glycerol content (Fig. 7.2). Since the energy
barriers in the solid-state are those which are needed to overcome in order for dissolution to
proceed, it can be hypothesised that the solid-state interactions of which molecular mobility
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is a measurement of in THz-TDS is reflective of the dissolution rate and properties of the
formulations. In line with the THz-TDS data which shows that BSAF1 has the lowest value
of dα2 /dT corresponding to lower mobility, the reconstitution time for BSAF1 is the longest
of the formulations examined. This reduced mobility could involve the flexible domains of
the protein molecules which could have limited conformational entropy, ultimately affecting
the thermodynamic stability of the formulation [66]. It can be envisioned that the globular
BSA protein which excipient molecules can surround and interact with during spray-drying
form a relatively stable product, and the energy of this hydrogen bonded network can be
directly quantified by observing the behaviour of the system using THz-TDS. Upon reconstitution the hydrogen bonded solid matrix is destabilised, and the rate at which this occurs is
dependant on the conformations of the BSA molecules which are limited by the free energy
of the system. As shown in Chapters 5 and 6, the energy surfaces of protein molecules
can be expressed in terms of the conformational space of the proteins and the free energy
of the system. The enthalpic contributions of the formation of favourable hydrogen bonds,
electrostatic interaction, and van der Waals attraction between different regions of the protein
molecules and the protein and excipient molecules ultimately dictate the free energy of the
system. Upon reconstitution the protein will lose its conformational entropy while the solvent
entropy will increase significantly, resulting in an overall reduction in the free energy of the
system. Given that the total entropy of each system includes the conformational entropy of
the protein molecules and the entropy of the excipient molecules, it can be hypothesised that
as trehalose was added to the protein molecules the overall effects of entropy in the system
were reduced and the free energy was increased. Notably, the reduction in free energy is
determined by the interactions formed between the different protein regions and protein and
solvent, however, this preliminary hypothesis requires further investigation.

7.4

Results of stability study

The mAb containing formulations are listed in Table 7.3, and were spray-dried following
Method 2 outlined in section 2.2.4 of Chapter 2. Following Chapter 2, THz-TDS experiments
were conducted and amorphous solid sample pellets were prepared following Method 2
of section 2.3.1. DSC was performed following Method 5 in section 2.3.3 and DMA
experiments were completed following Method 2 outlined in section 2.3.4. The stability
study was performed as outlined in section 2.3.7.
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7.4 Results of stability study
mAb
% m/m

Treh
% m/m

Glyc
% m/m

PS20
% m/m

L-his L-hisHCl
% m/m % m/m

Water
% m/m
n = 3 ± SD
mAbF1 63.13
31.57
0
0.25
0.66
2.81
1.57
0.07
mAbF2 63.30
15.83
15.83
0.25
0.67
2.82
1.31
0.08
mAbF3 63.48
0
31.74
0.25
0.67
2.82
1.04
0.07
mAbF4 62.22
31.11
1.560
0.25
0.65
2.77
1.45
0.23
Table 7.3 Final composition of the spray-dried mAb formulations, containing excipients trehalose (Treh), Glycerol (Glyc), polysorbate 20 (PS20), L-histidine (L-his), and
L-histidineHCl (L-hisHCl).

Unlike the BSA containing formulations, reconstitution times determined at each time
point did not reveal clear trends for the mAb formulations, apart from mAbF3 exhibiting the
longest reconstitution time. The large variability between reconstitution times, observed for
the different mAb formulations, could be due to particles clumping together or to the vial
wall. Additionally, the increasing difficulty of correctly assessing reconstitution time end
points as sample turbidity increases, could lead to variability in the reconstitution time data.
Dynamic mechanical analysis (DMA) data
For all of the spray-dried mAb containing formulations a set of characteristic parameters of the tan δ β -transition peak, including peak amplitude, full width at half maximum
(FWHM), and peak area were determined (Fig. 7.3, Table 7.4). The amplitude and area of
the fitted mean tan δ β -transition peak showed a clear positive correlation with the glycerol
content of the spray-dried mAb formulations.
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mAbF1
mAbF2
mAbF3
mAbF4

(a)

mAbF3
mAbF3

mAbF2
mAbF1

mAbF2
mAbF1

mAbF4

mAbF4

(b)

(c)

Fig. 7.3 DMA data for spray-dried mAb formulations. (a) Overlay of the tan δ responses
(corrected for sample mass) as a function of temperature (n = 1), (b) the amplitude, and (c)
area of the fitted mean (n = 2) tan δ β -transition peak based on DMA as a function of the
glycerol content. Values were determined on t0 samples stored at 278 K.

Formulation

Peak amplitude FWHM Peak area Tg,β ,DMA
g−1
K
g−1 K
K
mAbF1
0.0212
74.47
1.68
227.17
mAbF2
0.0471
62.08
3.09
224.20
mAbF3
0.0950
57.45
5.81
232.95
mAbF4
0.0203
78.53
1.70
226.29
Table 7.4 Characteristic parameters of the fitted mean (n = 2) tan δ β -transition peak based
on DMA of the spray-dried mAb formulations.
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THz-TDS data analysis

The changes in absorption at a frequency of 1 THz with temperature for the mAb formulations are shown in Fig. 7.4.
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Fig. 7.4 Mean terahertz absorption coefficient as a function of temperature at 1 THz for mAb
formulations. a) mAbF1, b) mAbF2, c) mAbF3, and d) mAbF4. Lines show the different
linear fits for the three regions. Error bars represent the standard deviation for n = 3 samples.
For all of the formulations, the change in absorption with temperature can be observed
to take place over three distinct regions (dα1 /dT , dα2 /dT , and dα3 /dT ) and two transition
temperatures, Tg,β and Tg,α (Table 7.5). All characteristic parameters of the linear fit based
on the THz-TDS analysis were clearly influenced by the excipient composition of the spraydried mAb formulations. It is interesting to note that there is minimal difference between the
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mean Tg,DSC of mAbF1 and mAbF4, however for the BSA formulations, Tg,DSC of BSAF4 is
lower than that of BSAF1.
dα1 /dT
dα2 /dT
−1
−1
(cm K )
(cm−1 K−1 )
0.0015 ± 0.0032 0.043 ± 0.00091
0.016 ± 0.00097 0.054 ± 0.001
0.0093 ± 0.0032 0.12 ± 0.0048
0.021 ± 0.0036 0.055 ± 0.0024

Formulation
mAbF1
mAbF2
mAbF3
mAbF4

dα3 /dT
Tg,β
−1
−1
(cm K )
(K)
0.078 ± 0.0035 178
0.095 ± 0.0031 209
0.19 ± 0.0071 222
0.044 ± 0.0010 190

Tg,α
(K)
268
343
334
344

Tg,DSC
(K)
316
248
219
318

Table 7.5 Gradients for the respective temperature regions, dα1 /dT (region 1), dα2 /dT
(region 2), and dα3 /dT (region 3), as well as the respective transition temperatures of the
spray-dried mAb formulations determined by the THz-TDS analysis. Mean Tg,DSC values
(n = 3) determined for the spray-dried mAb formulations stored at 278 K before measurement
are reported.

As shown in Fig. 7.5 a, the gradient of the second temperature region is influenced by
the glycerol content, as a higher glycerol content results in a higher gradient of dα2 /dT ,
determined by THz-TDS. Fig. 7.5 b shows that as the glycerol content is increased, the value
of Tg,β increases. It is worth noting that similar to the BSA formulations, no clear trend was
observed for the value of Tg,α as glycerol content was varied for the mAb formulations.
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Fig. 7.5 (a) Gradient of the linear fit based on the THz-TDS analysis as a function of the
glycerol content, and (b) Tg,β as a function of the glycerol content of mAbF1, mAbF2,
mAbF3 and mAbF4, respectively. Error bars represent the standard deviation for n = 3
samples.
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Stability study

With regard to the aggregation-based stability study, Fig. 7.6 summarises the high molecular weight species (HMWS) content of the formulations stored at 313 K as a function of
time. Table 7.6 shows the linear fit for the HMWS content as a function of time for samples
stored at 313 K.
mAbF1
mAbF2
mAbF3
mAbF4

Fig. 7.6 High MW species content as a function of time based on size exclusion chromatography (SEC) analysis following reconstitution of samples stored in solid-state at 313 K during
52 weeks. Both injections (n = 2) are depicted for each formulation. Measurements for the
39 weeks time point of mAbF3 were corrected for low recovery.

dHMWS/dt ± SE
R2
% HMWS week−1
mAbF1
0.15
0.0118 0.9323
mAbF2
0.29
0.0116 0.9810
mAbF3
1.91
0.1527 0.9397
mAbF4
0.15
0.0075 0.9713
Table 7.6 Rate of increase of high molecular weight species (HMWS) as a function of time
(dHMWS/dt). The standard error (SE) and coefficient of determination (R2 ) of the linear
fit of the data are reported. Measurements for 39 weeks storage of mAbF3 at 313 K were
corrected for low recovery, and mAbF3 samples at 52 weeks at 313 K could not be injected
into the SEC column.
Formulation

Notably, additional samples were also stored at 278 K and 298 K and showed the same
trends, however, the trends were more pronounced for the samples stored at 313 K. Overall,
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a relative increase in the HMWS over time was observed for all of the formulations. mAbF3
(which contained no trehalose) exhibited the greatest HMWS with time. At the 39 weeks
time point the overall recovery of mAbF3, expressed as the total area under the curve, was
approximately 12% of that at t0 . This indicated that the majority of the mAb species in
mAbF3 were likely too aggregated to pass through the SEC column and were withheld by
the guard column. Furthermore, mAbF3 stored at 313 K for 52 weeks was too viscous to be
injected in the column following reconstitution.
Variation in glycerol content of the spray-dried mAb formulations influenced the mAb
stability in the solid-state during storage at 313 K (Fig. 7.7, 7.8). Specifically, the rate of
increase in HMWS increased with glycerol content. It should be noted that there is little to
no difference between the rate of increase in HMWS of mAbF1 and mAbF4 which contain
no glycerol and 1.56% m/m glycerol, respectively.
a)

b)

mAbF2

mAbF4

Tg,α,THz (K)

Tg,β,THz (K)

mAbF3

mAbF4
mAbF2

mAbF3

mAbF1

mAbF1

d HMWS/dt (% HMWS week-1)

d HMWS/dt (% HMWS week-1)

Fig. 7.7 Stability study data linked with THz-TDS transition temperature data for the mAb
formulations stored at 313 K. a) Tg,β versus dHMWS/dt (the rate of increase of high
molecular weight species (HMWS) as a function of time), b) Tg,α as a function of dHMWS/dt.
Horizontal error bars depict the standard error of the slope as a measure for the precision of
the regression analysis.
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b)
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Fig. 7.8 Stability study data linked with THz-TDS temperature gradient data for the mAb
formulations stored at 313 K. a) dα2 /dT as a function of dHMWS/dt, and b) dα3 /dT as a
function of dHMWS/dt. Horizontal and vertical error bars depict the standard error of the
slope as a measure for the precision of the regression analysis and the standard deviation for
n = 3 samples, respectively.

7.5

Discussion of stability study

Understanding the effects of trehalose and glycerol on spray-dried mAb formulations
When comparing the behaviour of the different formulations, mAbF1 (which does not
contain glycerol) exhibits the earliest onset of Tg,β and Tg,α of the formulations examined
(Fig. 7.4). Similar to the BSA formulations, in mAbF1 trehalose can form a hydrogen-bonded
network with the mAb and immobilise and stabilise the molecules during the spray-drying
process. As additional excipients are added to the system, the mAb would experience greater
steric hinderance (due to entanglement) and a reduction in free volume. Indeed, as shown
for mAbF2 and mAbF3, with increasing glycerol concentration the values of Tg,β and Tg,α
rise as well. The barrier for local mobility is greatest for mAbF3, as it exhibits the highest
value of Tg,β , and once this barrier is overcome mAbF3 has the greatest molecular mobility
and highest gradient values above Tg,β compared to mAbF1, mAbF2, and mAbF4. It can be
suggested that the strong hydrogen bonded network between glycerol and the mAb which
was likely formed upon spray-drying, resulted in a high initial energy barrier which had to
first be overcome before local mobility could occur, and thus raised Tg,β .
As shown in Fig. 7.5, the increasing value of dα2 /dT with increasing glycerol content,
can be attributed to the role of glycerol in serving to increase the flexibility and mobility
of molecules. These observations demonstrate two central findings. First, the onset of
Tg,β and Tg,α can be used as indicators for the barrier to mobility, influenced by the steric
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hinderance and free volume availability (largely dictated by the number of excipients and the
concentration of each excipient used in a formulation). Second, the value of the absorption
coefficient gradient for each temperature region can be used to define the extent of mobility
of the system (largely determined by the role of the excipient and its interactions with the
mAb). As expected, for mAbF4 Tg,β and Tg,α values fall between those of mAbF1 and
mAbF2, suggesting that this combination of glycerol and trehalose reduce the free volume
and raise the barriers for mobility for mAbF4. Moreover, above Tg,α , the value of the
absorption coefficient gradient increases with temperature in the order of: mAbF1, mAbF2,
and mAbF3. The lowest value dα3 /dT is exhibited by mAbF4. This suggests that with
increasing temperature, the combinations of trehalose and glycerol used in mAbF4 form
hydrogen bonds with the mAb and a stiff matrix which reduce the conformational mobility
of the mAb, and could increase its stability at high temperatures.
Using THz-TDS to predict the likelihood of formulation aggregation
As shown in Chapters 5 and 6, Tg,β represents the thermal energy required to overcome
the lowest local energy barrier on the PES. The depth of this minimum can be characterised
by the quantity of energy (heat) required to be added to the system before additional states
can be explored. Large conformational changes or aggregate formation above the level
of dimers is highly unlikely in the solid-state, as illustrated by the work of Koshari et al.
[167]. However, as theorised by Cicerone & Douglas [70], small conformational changes
exposing hydrophobic groups could increase the propensity for protein aggregation upon
reconstitution. Notably, it has been widely shown in the literature that protein aggregation
is ultimately driven by thermodynamics toward a low free energy state. In the PES, a low
free energy state is represented as a deep minimum. From an energy landscape perspective,
with heating at Tg,β parts of the protein can mobilise between energy minima from one
low-energy conformation to another. Due to the inherently lower mobility requirements for
small conformational changes, these are possible at Tg,β .
Given that the energy requirements to overcome the minimum at Tg,β were met for all
mAb formulations stored at 313 K, it is important to consider the observed differences in
solid-state stability over time. Taking into account that dα2 /dT is characteristic for the
shape of the surface of the energy landscape, between deep minima, it can be suggested
that not only the depth and presence of energy minima, but also the roughness of the PES
will dictate the storage stability of proteins in the solid-state. A rougher surface displaying
a large number of relatively shallow energy minima present across the entire surface, and
rough surfaces within the deeper energy wells will cause more hindrance for the molecules
to explore alternative conformational states (which are less kinetically accessible). In the

7.5 Discussion of stability study

133

case of a tangled or aggregated protein system, greater steric hindrance of the system would
lead to slower kinetics [36]. This impact on the process kinetics can be compared to the
increased energy required to push a cart down a rough cobblestone surface versus down a
smooth asphalt surface. Specifically, the changes in protein motions associated with the
β -relaxation would occur on a relatively fast time-scale due to the low-lying energy barriers
between different energy wells. The high energy barriers associated with the α-relaxation
result in slower kinetics observed for this process. Therefore not only the onset and depth of
the energy minima characterised by Tg,β , but also the roughness of the PES which can be
characterised by dα2 /dT govern protein stability in the solid-state.
It can be suggested that solid-state protein formulations containing a larger amount
of HMWS will have higher energy barriers to mobility compared to formulations mainly
composed of monomers, as values are averages of the entire protein population. Specifically,
the higher HMWS content could indicate the presence of non-native protein sub-populations
that will be energetically more favourable in the solid-state than the native conformation.
This loss of conformational integrity is likely on the level of the tertiary structure, rather
than the secondary structure generally probed using FTIR spectroscopy [71]. These HMWS
sub-populations are thus trapped in energy minima of the PES and will have to overcome
higher energy barriers before beginning to explore different conformational environments.
The presence of these higher energy barriers is in line with the higher Tg,β and Tg,α values
measured for mAbF3 and to a lesser extent mAbF2 which contained a higher amount of
HMWS following spray-drying (Fig. 7.5, 7.6, 7.7, 7.8).
As previously noted, the onset of Tg,β and Tg,α can be used as indicators for the barrier
to mobility, influenced by the steric hinderance and free volume availability. It follows that
the formulations which are more aggregated would have higher energy barriers to mobility.
Specifically, an aggregated formulation could include a population of the protein in different
states, some of which are trapped in a low energy structures and some which must overcome
high energy barriers before beginning to explore different conformational environments. This
is in agreement with the observation that mAbF3 shows the greatest aggregation and also
has the highest barrier to mobility, followed by mAbF2, then mAbF4 and finally mAbF1
which exhibits the lowest Tg,β and Tg,α values (Fig. 7.7). Thus, the reduced aggregation
of mAbF1 and mAbF4 could be related to the earlier onset value of Tg,β and lower energy
barrier for motion to occur. Fig. 7.5 and 7.6 clearly show that despite the higher energy
barriers to mobility for non-native state proteins, higher glycerol contents resulted in a higher
dHMWS/dt. This could indicate that the lower energy barrier present for the native-state
monomers in mAbF2 and mAbF3 was likely masked by the significant increase in activation
energy required for the non-native state sub-population present at t0 . Nevertheless, it is
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clear that a glycerol-free trehalose matrix is more efficient in slowing down degradation
processes that lead to an increase in HMWS upon reconstitution. Furthermore, the THz-TDS
spectra shows that above Tg,α mAbF1 and mAbF4 exhibit the lowest mobility (as indicated
by the value of the absorption coefficient gradient) and also show the highest storage stability
(Fig. 7.8). The THz-TDS data is corroborated by a higher glycerol content resulting in an
increased amplitude of the tan δ β -transition peak which serves as a measure for increased
molecular mobility (Fig. 7.3). Additionally, the amount of energy released during the β transition increased with higher glycerol content, indicated by the increase in area under the
tan δ β -transition peak. These observations are consistent with previous work which shows
that low mobility is related to high formulation stability. The findings of this stability study
which link lowest mobility above Tg,α with highest storage stability raise the question: what
is required of a protein system to resist conformational change?
It can be proposed that for an energetically favourable, aggregated prone conformations,
or a system which is highly stable due to strong protein and excipient interactions two
observations would be made: (1) high values for Tg,β , and (2) low values of dα3 /dT above
Tg,α . System which exhibit these trends could resist conformational changes induced by heat.
Therefore, if protein molecules are able to reach a minimum above Tg,α as shown in Chapters
5 and 6, these exist in a relatively stable conformation compared to a system in which the
protein molecules do not reach a minimum above Tg,α .

7.6

Conclusions

In this Chapter, the solid-state dynamics of spray-dried BSA and mAb containing formulations were investigated. THz-TDS data obtained for BSA containing formulation and
combined data of THz-TDS and DMA for the mAb containing formulations showed a clear
relationship between molecular mobility at the local and global length scales and molecular
interactions of proteins with excipient molecules. Additionally, the findings of the 52-week
storage stability study conducted on the spray-dried mAb formulations strongly align with
specific trends observed for the molecular mobility behaviour of the different formulations.
Specifically, an increase in molecular mobility corresponded with reduced storage stability.
Notably, despite Tg,β being observed well-below storage temperatures, the β -relaxation
associated motions have been hypothesised to influence protein stability in the solid-state.
However, to date, there is no comprehensive explanation in the literature which answers the
question: how is protein stability during storage influenced by the β -relaxation? This chapter
answered this question by connecting the shape of the PES to data obtained from the mAb
formulation storage stability study.

Chapter 8
Conclusions and Future Work
Chapters 3 and 4 demonstrate that THz-TDS can be used to track the dynamics of amorphous materials which can be described as follows: at low temperatures, in the glassy state,
the motions of the system are restricted and confined to a local potential energy minimum.
With an increase in temperature, at Tg,β there is sufficient energy present to overcome this
energetic barrier and there is free volume available for the system to undergo local motion
giving rise to the β -relaxation processes. Upon further heating, successively more intermolecular motions can take place until finally at Tg,α , large-scale motions associated with
the α-relaxation process become possible.
The work described in Chapter 3 investigated the dynamics of the polymers PLGA and
PLA by performing DMA and variable temperature THz-TDS experiments. PLGA dynamics,
as measured at terahertz frequencies, were correlated with temperature dependence, molecular
weight (MW), lactide to glycolide ratio, and free volume. The THz-TDS data was used
to detect two distinct glass transition processes, Tg,β and Tg,α . DMA was used to further
probe the β - and α-relaxation processes in PLGA, and results obtained from the DMA
experiments were compared with those obtained using THz-TDS. Tg,β was attributed to the
change in dipole moments associated with the β -relaxation process originating from the
local rotation of C-O macromolecular chain segments. Tg,α was attributed to the change
in dipole moments due to large segmental motion of the copolymer backbone associated
with the α-relaxation process. The experimental results obtained were connected to the free
volume theory proposed by Fox and Flory, and demonstrate that the results are consistent
with the relationship between the experimentally determined Tg,β and Tg,α and free volume
and PLGA dynamics. Further work could examine whether the mechanical properties of
these amorphous copolymers can be directly related to the dynamic processes occurring
at the molecular level. It would be worth studying complex polymer networks such as
dendritic polymers and hyperbranched polymers, since the microstructure and the voids of
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a polymer affect its physical and mechanical properties, relevant to potential engineering
applications. The work on PLGA has shown that it is possible to investigate free volume
effects in amorphous polymers using THz-TDS. In that sense, THz-TDS is comparable to
positron annihlation lifetime spectroscopy (PALS) in estimating free volume effects and
structural relaxations at low temperatures [168]. However, compared to PALS, THz-TDS
measurements are non-contact and non-destructive and the measurements can be conducted
rapidly and are easily accessible. Future work on complex polymer systems would provide
an expanded view on the correlation between the effects of the degree of branching and
temperature on free volume properties and the structural transitions. Based on the data
obtained for PLGA 75:25, it is expected that higher branching and increased steric hinderance
would reduce the value of Tg,β . A detailed investigation using ssNMR could examine whether
at higher temperatures there is a change in the internal structure of the polymer, for example
a transition from a locally ordered region to a more largely amorphous disordered region
due to changes in the packing density of chains. This would further link THz-TDS data to
specific chain rearrangement and molecular chain motions.
Chapter 4 investigated the dynamics of PLGA microspheres prepared by lyophilisation
and the molecular mobility at lower temperatures leading to the glass transition temperature.
This work was motivated by current research which widely explores peptide microencapsulation for the development of novel drug-delivery systems [120]. Specifically, the sustained
release of proteins from biocompatible polymers, such as PLGA, has attracted great interest.
The most frequently studied methods for encapsulating biomolecules include interfacial
polymerisation, solvent double-emulsion, and lyophilisation which were used in this work.
However, an ongoing challenge in the pharmaceutical sector is optimising the methods for
protein encapsulation, since preserving and stabilising the biological properties of encapsulated proteins is a complex process. Specifically, protein unfolding, aggregation, and
instability is observed upon encapsulation [169]. Thus, it is key to maintain the native structure of the protein during encapsulation before further exploring sustained-release delivery
methods. For the microspheres examined, the THz-TDS data showed two distinct transition
processes: Tg,β in the range of 167 − 219 K associated with local motions, and Tg,α in the
range of 313 − 330 K associated with large-scale motions. Using FTIR spectroscopy measurements in the mid-IR region, the interactions between a model polypeptide (exendin-4)
and the PLGA copolymer were characterised. Chapter 4 highlights the relationship between
the experimentally determined Tg,β and Tg,α and free volume and microsphere dynamics. As
highlighted in Chapter 4, terahertz absorption is indicative of the interactions between the
peptide and the polymer and the formation and strength of a more complex hydrogen bonded
network (depending on the concentration of peptide used with polymer). The changes ob-
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served between the different systems indicates that THz-TDS measurements could reflect the
conformational changes and peptide deformations based on the molecular mobility behaviour
of a system with changes in temperature. Distinct peptides of diverse amino acid sequences
are expected to interact differently with a polymer matrix and adopt different conformations
in space. Additionally, the higher the proportion of peptide to polymer, the greater the
expected interactions and the higher the absorption coefficient gradient. By changing the
peptide and using a similar encapsulating environment across a range of systems, changes
to Tg,β and local mobility would be observed. Specifically, the torsional motions of peptide
amino acid residues would alter the energy landscape of the system. From a PES perspective,
changes in binding affinities between a polymer and a protein would cause a redistribution of
the existing protein conformational state population. Thus, THz-TDS could be used to map
the energetic interaction between amino acid residues and polymers which would provide
insight into stabilising macromolecular systems and improving peptide encapsulation in
polymers.
Chapter 5 focused on characterising the vibrational dynamics of protein formulations and
the effects of excipients which are critical for optimising the design of effective formulations.
Six lyophilised formulations containing BSA, five formulations containing a mAb (referred
to as mAb1), and two formulations containing a different mAb (referred to as mAb2) were
investigated. The role of the excipients (polysorbate 80, sucrose, trehalose, and arginine) in
stabilising proteins and the effects of different protein concentrations were examined. By
performing temperature variable THz-TDS experiments the vibrational dynamic properties
of these formulations were studied. FTIR, CD, and ssNMR spectroscopy data was used to
further investigate the structural changes of several of the formulations following heating.
For all of the formulations, the THz-TDS data showed two distinct glass transition processes
of which the lower temperature process was associated with the onset of local motion. Additionally, subtle changes in formulation appeared to influence the behaviour of biomolecules
above Tg,α . The small changes in excipient composition which ultimately dictate the values
of the transition temperatures could suggest a predictive relationship between excipient composition and formulation stability; however, further investigations are required to elucidate
the mechanisms by which excipients stabilise proteins.
The THz-TDS data in Chapter 5 was complemented by data from ssNMR spectroscopy
measurements, where the miscibility of sugar and protein phases was investigated by comparing the T1 and T1ρ relaxation times of the individual components. Previous reports have
shown that T1ρ measurements over a range of temperatures are able to probe changes in
molecular mobility of protein formulations [75]. Given the considerable measurement time
and the technical complexity required to conduct ssNMR measurements at low temperatures,

138

Conclusions and Future Work

the ssNMR experiments performed in this thesis were at a static temperature and were
therefore not able to directly probe changes in molecular mobility (which could be directly
compared to the THz-TDS data). Thus, future work would include variable temperature
solid-state T1 and T1ρ relaxation times along the temperature range of 100 − 400 K. This
would provide information as to whether there is phase separation in the formulations. By
conducting variable temperature ssNMR spectroscopy experiments on the formulations examined in this thesis, changes in electron density could be probed and an increase in the
thermal motions could be detected. This would appear as a line narrowing feature in the
ssNMR spectra. These experiments would capture real-time changes in the motion of the
molecules, and elucidate any otherwise reversible changes which could not be detected when
examining static ssNMR snapshots as shown in Chapter 5. Nevertheless, while THz-TDS
cannot resolve the structure of the protein itself, it is possible to discriminate whether or
not the formulation exhibits an absorption coefficient plateau. A plateau indicates that the
protein has little to no mobility and is locked in a conformation which is sufficiently stable,
and despite additional input of heat the protein molecules resists conformational changes.
Even though spray-drying is commonly used in the food and pharmaceutical industry
to produce dry readily dispersible powder, its applications for producing solid protein
formulations is relatively less common. Chapter 6 focused on understanding the effects
of the excipients and the structural dynamics of several protein formulations, in order to
optimise the stability of formulations and the methodology used to prepare spray-dried
powder products. In Chapter 6 three spray-dried formulations, each containing BSA, were
investigated and the role of the excipients: trehalose, arginine, and polysorbate 20 was
explored. The vibrational dynamic properties of these formulations were studied with
temperature variable THz-TDS experiments, and FTIR spectroscopy was used to investigate
the structural changes of the formulations with heating. For all of the formulations the THzTDS data showed two distinct glass transition processes, Tg,β and Tg,α , and the experimental
results were connected with a physical picture of the changes in the conformational states
of BSA with temperature and the effect of excipients on these formulations. Notably, each
of the spray-dried formulations examined, exhibited a plateau above Tg,α indicating the
trapping of molecules in an energy minima. In contrast, the excipient mixture (which
served as a control measurement) showed an absorption coefficient which continuously
increased with temperature, supporting the claim that the plateau above Tg,α is due to the
dominating dynamics of the protein molecules. Future work could consider additional
experiments investigating different excipients which could serve to stabilise lyophilised and
spray-dried protein formulations. One such investigation could involve adding different
polymeric excipients to protein, drying these formulations, and investigating the effect
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of these excipients on the protein stability following lyophilisation or spray-drying and
subsequent storage (using similar experimental designs as those performed in Chapters 5, 6,
and 7). By using enzymes (as the active protein ingredient) and polymer excipients which
suppress or enhance the enzyme activity, it would be possible to investigate whether THz-TDS
can be used to determine and potentially quantify enzyme activity. Finally, this work showed
that THz-TDS is able to measure binding interactions between materials and the ability of a
protein to sample different conformations. It can be suggested that by studying two binding
proteins it may be possible to use THz-TDS to quantify the binding affinity between two
proteins and the affinity of a substrate to bind to an enzyme pocket [170]. Detecting changes
in binding would be valuable for the pharmaceutical sector in understanding how to enhance
interactions between macromolecules and stabilising protein structures.
The motivations of Chapter 7 was to establish a relationship between the molecular
mobility behaviour observed for a series of spray-dried formulations using THz-TDS and
storage stability. In order to achieve this, four spray-dried formulations containing BSA
and four spray-dried formulations containing a mAb were studied, with increasing glycerol
content which has been shown to increase the mobility of a system and reduce its storage
stability. The THz-TDS data was interpreted in conjugation with the data acquired from a
variety of techniques, in order to demonstrate the relationship between molecular mobility and
the effects and interactions of proteins with excipient molecules. Additionally, the findings
of the storage stability study strongly aligned with specific trends observed for the molecular
mobility behaviour of the different formulations. Specifically, an increase in molecular
mobility corresponded with reduced storage stability. This suggests that the parameter of
molecular mobility measured by THz-TDS could be used to optimise formulation design and
in future stability studies. In the context of stability, one intriguing central finding of this
thesis was the plateau in absorption coefficient above Tg,α observed for several formulations,
and explained using the framework of the PES. When considering the energy landscape
model for a given protein formulation, the free energy of the protein molecules can be
described as a function of available conformations. Additionally, the specific lyophilisation
or spray-drying conditions and excipients used influence the thermodynamic and kinetic
properties of the protein and the surface of its landscape. When considering Fig. 8.1, the
shape of the minima on this energy landscape are affected by enthalpy and entropy terms,
specifically the interactions between the protein and the excipient molecules, and the stresses
induced by the environment (for example heating, drying, and shear stress). Notably, the
molecules can continuously adopt the different structures associated with specific minima as
temperature is increased between Tg,β and Tg,α , and the trapping of molecules at Tg,α occurs
because the molecules reach a minimum which is deep and sharp.
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Fig. 8.1 Illustration of the potential energy barrier showing the different minima between
which a protein molecule can move. A protein can exist in multiple structures and each
different structure of the protein is associated with a minimum. Each minimum is separated
by energy barriers on the potential energy surface. The deepest minimum in the landscape
can be linked with molecules in the most stable state, for example native protein structure.
At low temperatures the protein structure is trapped in a deep energy minimum with limited
molecular ability. With sufficient input of heat energy to the system, the β -process occurs and
the protein can begin to move from one energy minimum to a different energy minimum and
explore an ensemble of conformations. With additional energy input, the α-process occurs
and the protein can overcome greater energy barriers and achieve larger conformational
changes (existing as a folded intermediate). As indicated by the red arrow, the protein cannot
move between folding landscapes and denatures above 400 K.
While THz-TDS has been widely used to investigate organic molecular crystals and
small amorphous molecules, one central contribution of this thesis is that a methodology
was developed for utilising THz-TDS to probe the dynamics of large complex systems,
ranging from polymers and polymer/peptide microspheres to lyophilised and spray-dried
formulations. Furthermore, this thesis explains how protein stability is linked to the β and α-relaxation processes and proposes a methodology for predicting the propensity of a
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solid-state formulation to aggregate using THz-TDS. To elucidate, Chapter 7 demonstrated
that THz-TDS is a powerful technique for screening for protein aggregation and stability, by
identifying which formulations can resist conformational changes induced by heat. Given that
each minimum on the PES is associated with a protein configuration, the intriguing questions
raised by this thesis are: what is the conformation of the protein at the deep minimum which
is associated with the absorption coefficient plateau above Tg,α ? And why do particular
proteins explore greater conformational ensemble along the energy landscape as shown by
THz-TDS?
In the framework of the PES and as identified by THz-TDS measurements, a protein
structure is not merely described by its amino acid sequence, rather by the ensemble of
conformations it can adopt. For example, changes in the mobility of the amino acids and
binding of a protein would alter its landscape and the conformational states it can sample.
The THz-TDS measurements showed that different protein systems could adopt different
conformational states and explore different trajectories on the PES. From an evolutionary
perspective, if a protein is exposed to selective pressures, it should sample different conformational states and its landscape would be altered [171]. It can thus be suggested that proteins
and amino acid sequences that can adopt a greater ensemble of conformational states would
have a greater biological evolutionary divergence. By examining structurally similar proteins
and observing the changes in the conformational states sampled by the different systems, it
may be possible to predict which proteins changed functionality over time. Experimentally,
it would be interesting to measure a mutant heat-shock protein, with a mutation that provided
a novel advantageous functional characteristic, and a non-mutant protein from the same
protein family. It is expected that the mutant protein could explore a greater conformational
ensemble of states. Furthermore, differences in the local and large-scale mobilities of these
systems could be indicative of modified hydrogen-bonding interactions and possibly unique
energy transfer mechanisms associated with the binding site of the protein. Such data could
provide insight to molecular mechanisms and deepen the current understanding of the energy
landscape and its link to protein structure and function. Intriguingly, this would present
THz-TDS as a tool for contributing to better understanding evolutionary networks, and
leaves one imagining the seemingly endless number of questions which THz-TDS data could
answer.
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