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1. Introduction

Therapeutic protein powders can be prepared by spray-drying. This pro-

cess is known to result in solid particles of relatively narrow size distribution

and high yield and purity [1, 2]. Additionally, the spray-drying process is

rapid, semi-continuous, cost-effective, reproducible and scalable. The pro-

cess transforms a liquid into dry particles by atomising the liquid feed in a
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hot drying gas stream [3]. One of the main advantages of spray-drying is

that a wide range of formulations, including heat-sensitive materials, can be

dried using this technique since the droplet surface will retain the wet-bulb

temperature rather than the temperature of the hot drying gas, provided

evaporation is taking place at the droplet surface. By the time the evap-

oration at the droplet/particle surface stops, the drying gas will already

have cooled down, thus limiting the heat exposure of the formulation com-

ponents to the relatively high inlet gas temperatures, and, in combination

with the short process duration, making spray-drying a feasible process for

heat-sensitive materials, including proteins [1, 2, 3]. While spray-drying is

a well established process for small molecules, the additional challenge of

ensuring protein stability of the dried product during storage currently lim-

its its use for biopharmaceutical products [2, 4]. A major concern during

the spray-drying process is the entire or partial unfolding of proteins due

to their high susceptibility to migrate to the air-liquid interfaces where the

surface energies can cause the protein to expose hydrophobic regions, result-

ing in facilitated protein-protein interactions and ultimately aggregation [5].

In order to prevent such undesired aggregation non-ionic surfactants, for ex-

ample polysorbate, are often used to prevent accumulation of protein at the

air-liquid interface, as these small and more mobile surfactants will prefer-

entially position themselves at the interfaces [6]. To put more generally, the

excipients of a formulation are vital in providing stability to the protein by

maintaining its native conformation during the spray-drying process.

When determining the chemical stability of a formulation molecular mo-

bility is a key factor to consider, as an increase in molecular mobility has
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been directly linked to an increase in chemical degradation of a material,

and therefore its storage stability [7]. In order to gain a deeper understand-

ing of the effects of excipients and changes in protein structure it is insightful

to understand the changes in the molecular mobility of a material and its

structural dynamics. Terahertz time-domain spectroscopy (THz-TDS) is a

relatively recent technique which can be used to investigate the vibrational

dynamics of a material [8]. The advantage of this method is that it is a

non-contact technique that can be used to measure molecular mobility and

relaxation dynamics of amorphous materials over a broad temperature range

at frequencies of 0.1−3THz. At least two dielectric relaxation processes, the

primary, or α-relaxation process and the secondary, or β-relaxation process,

are commonly observed in amorphous materials, including those containing

peptides and proteins. The α-relaxation process can be observed at tem-

peratures above the calorimetric glass transition temperature (Tg) and we

therefore designated this glass transition temperature as Tg,α. The relaxation

process associated with the Johari-Goldstein (JG) β-relaxation can still be

observed at temperatures below Tg,α. At Tg,β, the secondary glass transi-

tion, its relaxation time exceeds 100 seconds and the JG β process can no

longer be observed experimentally [9, 10, 11, 12, 13]. For macromolecular sys-

tems, the α-relaxation process is considered to represent large-scale mobility,

whereas the secondary or β-relaxation processes have been associated with

local, small-scale mobility. Similar to the α-relaxation, the JG β-relaxation is

a universal property of disordered materials and the two processes have been

linked by means of a coupling model [14]. We have previously demonstrated

that THz-TDS can be used to detect Tg,α and Tg,β [15, 16]. The exact origin
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and molecular mechanisms associated with the α- and β-relaxation processes

are still subject to some debate. Specifically the JG β-relaxation, is con-

sidered to be predominantly associated with the intermolecular degrees of

freedom of a material [17, 18]. It is worth noting that the potential en-

ergy surface (PES) model proposed by Goldstein is the most intuitive and

comprehensive model to understand the molecular dynamics in amorphous

systems, and that intra- and intermolecular processes are always fundamen-

tally coupled by means of the PES [19]. Furthermore, it is also important

to highlight that there are non-JG, very low energy barrier, secondary relax-

ation processes, such as those due to the methyl rotations, that will still take

place at temperatures below Tg,β.

The aim of this work is to understand the molecular mobility behaviour,

the flexibility and thermally induced conformational changes of three distinct

spray-dried formulations. Specifically, we investigate the effect of different

commonly used excipients, including trehalose, L-arginine HCl, and polysor-

bate 20 on three distinct formulations with bovine serum albumin (BSA) as

the model protein. We propose a relationship between the relaxation dynam-

ics and the molecular structure of the spray-dried protein formulations.

2. Experimental Methods

2.1. Materials

Lyophilised bovine serum albumin (BSA), D(+)-trehalose dihydrate, L-

arginine HCl, and polysorbate 20 were obtained from Sigma-Aldrich (Stein-

heim, Germany) and used as received.
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Table 1: Composition of aqueous feed solutions for spray-drying.

Formulation Component Concentration

mgml−1

F1 BSA 100.00

Trehalose 34.23

F2 BSA 100.00

Trehalose 34.23

L-arginine HCl 50.56

F3 BSA 100.00

Trehalose 34.23

L-arginine HCl 50.56

Polysorbate 20 0.49

2.2. Spray-Dried Sample Preparation

2.2.1. Preparation of Feed Solutions

Feed solutions for spray-drying were prepared by dissolving all the formu-

lation components in ultrapure water (Type 1, ρ ≥ 18.2MΩ cm at 25◦C) in

a beaker up to approximately 75% of the final volume of 25mL. Once clear

solutions were obtained, the solutions were transferred to 25mL volumetric

flasks and diluted further to their final volumes. An overview of the feed

solutions for spray-drying is given in Table 1.

2.2.2. Spray-Drying

The feed solutions were subsequently spray-dried using a a ProCepT

Micro-Spray (ProCepT nv, Zelzate, Belgium) equipped with the Bi-fluid Mi-
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Table 2: Spray-drying process parameters.

Process Parameter Setpoint

Inlet air flow rate 400 Lmin−1

Inlet air temperature 423 K

Nozzle air flow 12 Lmin−1

Feed rate 3 mLmin−1

cro nozzle with 0.4mm 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. Due to the limited batch

sizes (25mL), the medium cyclone was used in combination with the small

collection vessel. An overview of the spray-drying process parameters and

theoretical resultant powder compositions, corrected for the measured resid-

ual water content, are given in Table 2 and Table 3, respectively. Following

the spray-drying process, samples 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 FluroTec R© rubber injection stoppers

(West Pharmaceutical Services, West Whiteland Township, PA, USA) and

aluminium crimp seals (Adelphi Healthcare Packaging, West Sussex, UK).

Additionally, excipient mixtures, i.e. solutions with the same composition

as the feed solutions described in Table 1 with the omission of BSA, were

dried using the same spray-drying process. Calculated powder compositions,

corrected for the measured residual water content, are also given in Table 4.

6



Table 3: Calculated composition of spray-dried powders, and lyophilised excipient mixture

corrected for measured residual water.

Formulation Component Concentration

% m/m

F1 BSA 71.66

Trehalose 24.53

Residual water 3.81

F2 BSA 52.53

Trehalose 17.98

L-arginine HCl 26.56

Residual water 2.93

F3 BSA 52.43

Trehalose 17.95

L-arginine HCl 26.51

Polysorbate 20 0.26

Residual water 2.85
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2.2.3. Lyophilisation

In addition to the spray-dried formulations, excipient mixtures were lyophilised

using an Alpha 2-4 LSCplus freeze-dryer (Martin Christ Gefriertrocknungsan-

lagen GmbH, Osterode am Harz, Germany). Prior to lyophilisation, feed

solutions were filtered using a 0.2µm filter and 4ml of the feed solution were

dispensed per 10ml clear glass vial. Subsequently the vials were submerged

in liquid nitrogen to flash freeze the solutions and reduce the risk of crys-

tallisation during cooling. The vials were then placed into the freeze-dryer,

which was pre-cooled to a shelf temperature of 238.15K, subjected to the

lyophilisation programme described in Table 5 and then stored at 268.15K

pending characterisation. Calculated powder compositions, corrected for the

measured residual water content, are given in Table 4. Amorphicity for all

freeze- and spray-dried samples was confirmed by subjecting aliquots of the

lyophilised powders to X-ray powder diffraction analysis (data not shown) us-

ing an X’pert PRO X-ray diffractometer (PANalytical, Almelo, The Nether-

lands) using the method described in more detail by Batens et al. [20] and

by means of modulated differential scanning calorimetry.

2.3. Modulated Differential Scanning Calorimetry (mDSC)

A Q2000 Differential Scanning Calorimeter (TA Instruments, New Castle,

DE, USA) was used to determine the calorimetric glass transition tempera-

ture (Tg,mDSC, defined by the onset temperature) for each material. 2− 3mg

of sample material were placed in hermetically sealed aluminium pans under

a constant flow nitrogen atmosphere (flow rate 50mlmin−1) and cooled at a

rate of 3Kmin−1 from room temperature to approximately 243K. The sam-

ples were subsequently heated at a rate of 10Kmin−1 to 295K and then at
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Table 4: Calculated composition of dried excipient mixtures, corrected for measured resid-

ual water.

Formulation Component

Spray-dried

excipient

mixture

Lyophilised

excipient

mixture
% m/m % m/m

F1_Exc Trehalose 94.36 97.93

Residual water 5.64 2.07

F2_Exc Trehalose 38.86 39.17

L-arginine HCl 57.39 57.86

Residual water 3.75 2.97

F3_Exc Trehalose 39.15 38.52

L-arginine HCl 57.83 56.89

Polysorbate 20 0.56 0.55

Residual water 2.45 4.04
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Table 5: Lyophilisation parameters used for excipient mixtures.

Section Duration
Shelf

temperature
Vacuum

K Pa

Loading 1 238.15

Freezing 2 2 hours 238.15

Main drying

3 10 minutes 238.15 10.0

4 5 hours 253.15 10.0

5 5 hours 253.15 10.0

6 5 hours 258.15 10.0

7 5 hours 258.15 10.0

8 5 hours 263.15 10.0

9 5 hours 273.15 10.0

10 10 hours 283.15 10.0

11 5 hours 293.15 10.0

12 5 hours 293.15 10.0

Final drying
13 10 minutes 293.15 0.1

14 2 hours 298.15 0.1

15 12 hours 298.15 0.1
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5Kmin−1 to 373K with a modulation amplitude of 0.50 K and a period of

80 seconds.

Standard aluminium pans (TA Instruments) were used for measuring the

dried excipient mixtures (Table 4) as higher glass transition temperatures

were expected for these formulations and the application of a higher max-

imum temperature, i.e. 423.15K, could cause a pressure build-up inside

hermetic pans due to evaporation of the residual water that was present in

the dried excipient mixtures. Samples were heated from 243.15K to 423.15K

at a rate of 5Kmin−1 with a modulation amplitude of 0.24 K and period of

40 seconds, after an isothermal period of 5.00 minutes while the cell was con-

tinuously purged with dry nitrogen at 50 mLmin−1. Tg,mDSC determination

was performed in the same way as for the BSA-containing formulations, by

using the onset temperature.

For samples where the Tg,mDSC could not be determined directly from the

measured thermograms, or where measurements could not be repeated due to

sample restrictions (as was the case for formulation F1, see Table 3), the glass

transition temperatures were estimated using the Fox equation (Equation 1),

where wi and Tg,i are the weight fraction and the glass transition temperature

of the pure excipient.

1

Tg,mix
=

i∑
1

wi
Tg,i

(1)

The Fox equation offers a relatively simple method to estimate glass tran-

sition temperatures, but caution should always be taken when interpreting

the results, as it assumes equal densities of, and equal hetero- and homonu-

clear intermolecular interactions occurring between, the formulation compo-
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nents. Estimates made using the Fox equation are therefore prone to a higher

level of uncertainty than those made using the Gordon-Taylor equation, but

the latter could not be applied due to difficulties with determining the den-

sities of the pure amorphous phases. Using the glass transition temperature

for amorphous water of 136 K as reported in the literature [21, 22], and the

Tg,mDSC that was determined for the dried excipient mixtures, the glass tran-

sition temperature of the anhydrous excipient mixture, Tg,ex, was estimated

as follows:

Tg,ex =
wex

1
Tg,mDSC

− wH2O

Tg,H2O

(2)

The estimated glass transition temperature of the formulation was then

obtained by using the value of Tg,BSA = 407.15K for the glass transition

temperature of neat BSA as reported by Mizuno and Pikal [23].

1

Tg,Fox
=

wex

Tg,ex
+

wH2O

Tg,H2O
+

wBSA

Tg,BSA
(3)

Depending on whether the spray- or freeze-dried excipient mixtures were

used in the calculation the transition temperatures were referred to as Tg,Fox,SD

or Tg,Fox,FD respectively.

2.4. Karl Fischer Titration

A 831 KF Coulometer with generator electrode, coupled to a 774 Oven

Sample Processor (Metrohm AG, Herisau, Switzerland) were used for water

content determination in the spray-dried and lyophilised powders according

to the method described by Batens et al. [20]. Protein containing samples
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were measured in triplicate, where the residual water contents calculated for

the excipient mixtures were based on unique measurements.

2.5. THz-TDS

2.5.1. Sample Preparation

All sample vials were opened and subsequent sample preparation was

carried out in a glove bag (Sigma-Aldrich AtmosBag) which was continuously

purged with dry nitrogen gas (relative humidity < 1%) to avoid moisture

sorption from atmospheric water vapour. The spray-dried powder samples

were pressed into 13mm diameter flat-faced pellets, at a load of 0.5metric

tons. The produced pellets were each between 300−700microns in thickness,

and were placed between two z-cut quartz windows. This sandwich structure

was immediately sealed in the sample holder following preparation.

2.5.2. Experimental Setup and Data Analysis

The THz-TDS spectra were acquired using the methodology introduced

by Shmool and Zeitler [24]. The absorption coefficient and the refractive

index of each sample were calculated using a modified method for extract-

ing the optical constants from terahertz measurements based on the concept

introduced by Duvillaret et al. [25, 26]. The changes in dynamics of the sam-

ples were analysed by investigating the change in the absorption coefficient

at a frequency of 1 THz as a function of temperature using the methodology

introduced previously [24, 8].

2.6. Fourier Transform Infrared Spectroscopy (FTIR)

A TENSOR II FTIR Spectrometer (Bruker, Billerica, MA, USA) equipped

with a Golden Gate attenuated total reflectance (ATR) accessory (Specac,
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Orpington, UK) was used to obtain FTIR spectra of spray-dried BSA for-

mulations in situ while they were heated from 303.15 K to 393.15 K. Spectra

were recorded (64 scans) following a 5 minute isothermal temperature equi-

libration period, at each 10 K step. 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 auto-

matically subtracted from sample spectra by the included OPUS software

package (Bruker). For the spray- and freeze-dried excipient mixtures, addi-

tional spectra for comparison were collected at ambient temperature using

a Vertex 70 Fourier transform infrared (FTIR) spectrometer (Bruker) at 64

scans per spectrum, which included the 4000 to 400 cm−1 range at a spectral

resolution of 2 cm−1, followed by the automatic subtraction of a reference

spectrum, also acquired at ambient temperature and using the same spectral

settings.

Data pre-processing and processing was performed using version 7.5 of

the OPUS software package (Bruker). Data pre-processing was performed

on the absorbance spectra and consisted of atmospheric compensation (CO2

and H2O), rubber band baseline correction (128 points, with exclusion of

CO2 bands) and vector normalisation, all of which were performed over the

entire spectral range. Next, peaks were identified over the entire spectral

range using the proprietary peak picking function of the OPUS software.

The peak picking method used had a sensitivity of 1% and was based on

the second derivative obtained using the Savitzky-Golay algorithm with 9

smoothing points. Only the peaks in the amide I (1700 - 1600 cm−1) and

amide II (1580 - 1520 cm−1) bands were taken into consideration for further
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evaluation [27]. If the standard deviation of the averaged wavenumber value

for a peak, i.e. the averaged peak value across the measured temperatures,

exceeded 2 cm−1, cf. the spectral resolution, the outlier was removed from the

average and regarded as a separate peak after which the standard deviation

was calculated and evaluated again.

3. Results and Discussion

3.1. Thermal Analysis

Table 6 provides an overview of the Tg,mDSC data determined using the

thermograms (see supporting information) that were obtained for the lyophilised

and spray-dried excipient mixtures (see Table 4). The data show a decrease

in Tg,mDSC following Tg,mDSC,F1_Exc > Tg,mDSC,F2_Exc = Tg,mDSC,F3_Exc and

Tg,mDSC,F1_Exc > Tg,mDSC,F2_Exc > Tg,mDSC,F3_Exc for the spray-dried and

lyophilised excipient mixtures, respectively. Based on the data collected for

the lyophilised and spray-dried excipient mixtures alone, we cannot discrimi-

nate whether this effect is caused by the presence of the additional excipients

or the variation in residual water content (see Table 4), since both could

contribute to the plasticising effect on the trehalose matrix. However, when

taking into the account the calculated anhydrous glass transition tempera-

tures summarised in Table 7, it becomes apparent that not only water but

also BSA and the other excipients in the trehalose matrix contribute to the

plasticising effect of the sample. This happens regardless of whether the

spray-dried or lyophilised excipient mixtures were used in the calculations of

the estimated glass transition. It should be mentioned that the calculated

Tg,Fox,SD,anhydrous and Tg,Fox,FD,anhydrous values do differ, while one would ex-
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pect these to be identical, but as these are estimates based on experimental

values, a certain level of discrepancy could not be avoided. Notwithstanding

the discrepancies, the observations and conclusions regarding the plasticising

effects of L-arginine HCl and polysorbate 20 remain valid.

Table 6: Tg,mDSC of dried excipient mixtures.

Formulation Spray-dried excipient mixture Lyophilised excipient mixture

K K

n = 3 ± SD n = 3 ± SD

F1_Exc 331.57 4.49 315.18 2.23

F2_Exc 312.65 0.59 293.26 2.00

F3_Exc 312.78 1.56 288.98 2.67

3.2. Terahertz Spectroscopy

The terahertz spectra of all formulations showed an increase in absorp-

tion with frequency and temperature over the entire investigated range, and

no discrete spectral features were present for the three spray-dried formula-

tions, in line with previous measurements of amorphous molecular solids. As

expected, each spectrum was dominated by the monotonous increase with

frequency, characteristic for the rising flank of the peak due to the vibra-

tional density of states (VDOS) [15]. To further investigate the relationship

between the increase of absorption coefficient and temperature we examined

the temperature dependent changes in absorption losses at a frequency 1THz

in more detail.
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Table 7: Estimated glass transition temperatures of anhydrous samples, Tg,Fox, calcu-

lated using data from spray-dried, Tg,Fox,SD,anhydrous, and lyophilised, Tg,Fox,FD,anhydrous,

excipient mixtures using Equation 1.

Formulation Tg,Fox,SD,anhydrous Tg,Fox,FD,anhydrous

F1 362.69 324.19

F2 329.28 304.00

F3 323.32 303.31

F1_Exc 410.44 397.35

F2_Exc 378.38 362.94

F3_Exc 374.41 362.04

The changes in absorption at a frequency of 1THz with temperature for

the formulations are plotted in Figure 1. Figure 1d shows the behaviour of

the spray-dried excipient mixture of trehalose, arginine, and polysorbate 20

used for F3 but the absence of BSA. For all of the formulations, 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, as determined using a

linear regression methodology outlined previously [24] and shown in Table 8.

It is worth noting that the values of Tg,α, as determined from the THz-

TDS experiments for F2 and F3, are in reasonable agreement with our own

calorimetric measurements (Table 8), Tg,mDSC, as well as the values reported

in the literature for these materials [28, 29, 30]. Notably, the value of the

excipient mixture for F3 exhibits a relatively lower Tg,mDSC value compared

to Tg,α observed by THz-TDS.
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Figure 1: Mean terahertz absorption coefficient as a function of temperature at 1 THz for

formulations F1 (Figure 1a), F2 (Figure 1b), F3 (Figure 1c) and the spray-dried excipient

mixture of F3, i.e. F3_Exc_SD (Figure 1d), respectively. The three lines show the linear

fits for the three different regions. Error bars represent the standard deviation for n = 3

samples.
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Table 8: Gradient, m, of the linear fit (y = mx+ c) for the respective temperature regions as outlined in Section 2.5.2 as well

as the respective glass transition temperatures determined based on the terahertz analysis and mDSC. For all samples three

regions were identified using the data analysis routine.

Formulation m, Region 1 m, Region 2 m, Region 3 Tg,β Tg,α Tg,mDSC

cm−1K−1 cm−1 K−1 cm−1 K−1 K K K

n = 3 ± SD n = 3 ± SD n = 3 ± SD n = 3 n = 3 ± SD

F1 0.028 0.0038 0.082 0.0019 0.017 0.0036 228 327 N/A a

F2 0.022 0.0042 0.093 0.0045 0.0010 0.012 219 332 328.09 N/A b

F3 0.017 0.0032 0.068 0.0042 0.0049 0.0047 228 326 316.84 N/A b

F3_Exc_SD 0.021 0.0077 0.050 0.0016 0.15 0.022 222 341 312.78 1.56 c

a Tg,mDSC could not be determined

b n = 1 due to sample quantity restrictions

c n = 3
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It is important to note that while the fit in Region 1 (see Figure 1) deviates

from linearity, in the absence of clear physical mechanistic insight we cannot

conclusively determine whether a non-linear model would be better suited.

Given the qualitative trend of the data we have briefly explored, strictly in

statistical terms, the suitability of a power law as a simple and commonly

used model with a limited number of fitting parameters. To this end we have

fit the data in Region 1 with a power law of the form y = axb+c and compared

the sum of squared errors (SSE) and root mean square error (RMSE) between

the linear fit and the power law fit for each individual region as well as the

overall data set (see ESI). We found there to be no significant difference in the

magnitude of errors which would favour the power law fit over the linear fit

in statistical terms. In our previous work on lyophilised formulations, which

were of similar composition to F1-F3 that were investigated in this study[31],

we did not observe a deviation from the linear change in absorption below

Tg,β. In the absence of clear compelling mechanistic insight into the observed

behaviour we have chosen to retain a linear fit for temperatures T < Tg,β in

all formulations but note that our observation should be explored in depth

to explain the experimental behaviour. A short discussion on this topic can

be found in the ESI.

Maintaining the native conformational state of BSA is critical in preserv-

ing its activity. However, this is challenging, as the spray-drying process

exposes BSA to various stresses including heat, air-liquid interfacial stress,

dehydration, and shearing of BSA during atomisation. Likewise, lyophilisa-

tion exposes BSA to a range of stresses, including freezing, dehydration and

solid-liquid interfacial stresses [32]. In contrast to the lyophilisation process,
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for which the solid product has a moisture content of 1 − 3%, spray-dried

products have moisture contents ranging from 4 − 10% [2]. An increase in

moisture content of the solid protein formulation has been associated with a

decrease in the chemical stability of the protein [2], and has also been linked

with increased molecular mobility [7, 33]. Using the THz-TDS method, we

can track the changes in molecular mobility of each system by observing

the changes in the absorption coefficient with temperature for each of the

different formulations.

Changes in flexibility and molecular mobility associated with the confor-

mational stability of BSA, both during drying and when subjected to heating

during the THz-TDS experiments, are strongly influenced by the presence of

trehalose, L-arginine HCl, and polysorbate 20 as evident from the THz-TDS

data. As water is removed during spray-drying, excipients like trehalose can

form a considerably more rigid matrix to which the protein subsequently cou-

ples instead of water. This happens largely by means of hydrogen bonds but

also other, weaker dispersion interaction, either directly to the matrix form-

ing 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 [5, 33].

During spray-drying of formulation F1, the water molecules that stabilise the

protein structure are successively replaced by trehalose molecules throughout

the drying process to form an interconnected trehalose matrix [34, 35], where

trehalose forms a strong hydrogen-bonded network with BSA. For F2, the

positively charged amino acid L-arginine can bind to the negatively charged

21



surfaces of BSA [36, 37] via electrostatic interactions in addition to the BSA-

trehalose interactions. Furthermore, the guanidinium group of L-arginine can

form salt bridges with acidic residues of the BSA molecules, which would in-

troduce steric hindrance [38] and reduce the free volume of F2. For F3,

polysorbate can additionally protect BSA from surface adsorption [6] during

spray-drying.

We have previously shown that the different molecular motions of each

system with changes in temperature can be tracked using THz-TDS [24]. The

slope, m (shown in Table 8), corresponds to the changes in absorption coeffi-

cient at 1 THz with temperature, and can be directly linked to the molecular

mobility of the system. For the spray-dried formulations (Figure 1a, Fig-

ure 1b, and Figure 1c), the linear gradient in the region of T < Tg,β is lower

compared to that of the Tg,β < T < Tg,α region, indicating reduced or low

molecular mobility at low temperatures [24]. In the region above Tg,α, the

gradient decreases relative to the region of Tg,β < T < Tg,α, and remains at

a plateau at high temperatures. This indicates that at high temperatures

the molecular mobility of the system becomes restricted, or confined, for the

investigated spray-dried formulations. Notably, we have previously observed

this behaviour for lyophilised BSA and mAb formulations [31]. We found

that such confinement is not universal and only was observed for some of

the lyophilised samples. We hypothesise that at T < Tg,β, the conformations

of BSA molecules are trapped in the local energy minima of their potential

energy surface. For the BSA/excipient matrix, the BSA protein molecules

can be envisioned as comparatively rigid clusters of hydrogen-bonded do-

mains. Molecular motions are limited to localised thermal vibrations due to
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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 [24, 39] allowing for

larger domains of the protein to become flexible and able to move with re-

spect to each other but without losing the tertiary structure. This flexibility

results in molecular mobility of dipoles that couple to the terahertz radia-

tion 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. At

T > Tg,α, the protein molecules in F1-F3 become trapped by their surround-

ing matrix and the system appears to be confined in an energy minimum.

In this region, the molecular flexibility, and with it the number of accessible

conformational states is reduced, and thus, we do not observe any significant

change in absorption for any of the BSA containing formulations.

When comparing the behaviour of the different formulations, F2 exhibits

the lowest Tg,β value (Tg,β = 219K). This suggests that the molecules in

F2 have to overcome a lower energy barrier for the onset of local mobility,

compared to the molecules in F1 and F3 (Tg,β = 228K). Furthermore, the

absolute value of the gradient between Tg,β and Tg,α is approximately 5 times

higher for F2 compared to F1 and F3 (Table 8). Previous work has shown

that an increase in the strength of the hydrogen bonding network of a system,

results in a corresponding decrease in the molecular mobility of the system

[40]. Notably, for F1 we observe the most pronounced apparent deviation

from a linear change in absorption with temperature for T < Tg,β. Given this

potential deviation from linear behaviour we have explored the use of a power
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law instead of a linear equation to fit the data in Region 1 for all formulations

(see supporting information). One explanation of non-linear behaviour could

be due to the increased concentration of water that is present in the spray-

dried samples when compared to lyophilised samples of similar composition

that we studied previously but where no evidence of non-linearity at T <

Tg,β was found [31]. Specifically, the presence of a larger number of water

molecules, which are relatively tightly bound to the protein molecules, could

enhance the flexibility of the protein, similar to a plasticiser in a polymer,

by further increasing the degrees of freedom of the system. In turn, the

potential energy barriers that restrict motion at low temperatures would be

reduced due to the relatively higher mobility of the strong dipoles of the

water molecules in close vicinity to the protein molecules. Such behaviour

would result in a wider distribution of low barrier states that confine the

onset of initial protein motion and hence a more gradual onset of motion

upon heating would be intuitive compared to a formulation where there is

less water present. Notably, following the error analysis routine comparing

the linear fit versus the power law fit in Region 1 (see ESI), we cannot

definitively conclude that a power law fit is the best fit. While a non-linear

change in absorption below T < Tg,β could be due to a phase transition in

water taking place in this temperature region [21, 22, 41, 42] for the spray-

dried formulations, such assignment is tentative and further work would be

required to challenge this hypothesis (see ESI). Hence, we have used a linear

fit for Region 1 of F1-F3 in line with the methodology we have previously

implemented on lyophilised formulations which exhibited no deviation from

linearity [31] and are of similar composition to F1-F3.
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In order to investigate the role of BSA versus the excipients alone, we

measured the change in terahertz absorption for a blank excipient matrix

(Figure 1d). The measurement of this spray-dried excipient mixture indicates

two critical observations when compared to those of F1-F3: (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. The comparison of F3 (Figure 1c) to a spray-dried

mixture of its excipients alone (Figure 1d), shows that a plateau at T > Tg,α

(i.e. confinement of molecular flexibility) depends on the presence of BSA.

The presence of BSA molecules facilitates the formation of a stronger hydro-

gen bonding network at temperatures above Tg,α, and in the case of F3 this

leads to a reduction in Tg,α and a plateau in molecular mobility compared

to the excipient mix alone. In the absence of BSA, the Tg,α and molecular

mobility increase for the weaker hydrogen bonded network, which can be

observed in the THz-TDS data for excipient mixture which does not include

BSA (Figure 1d) and is in line with our previous measurements of small or-

ganic molecular materials as well as polymers [8, 24]. In the present study we

observe evidence that the presence of proteins can result in a stronger hydro-

gen bonding network and even result in confinement of the molecular motions

such as that they become trapped. It is important to highlight that this is not

happening as a matter of principle for all formulations where BSA is present,

but that it requires a specific interplay between the molecular species present

in the formulation. Given the process of spray-drying, it is likely that each

system includes an ensemble of distinct initial conformations, as even native

BSA samples typically already contain some level of oligomers [43]; therefore,
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the point at which the different molecules and molecular species will become

mobile enough and subsequently trapped above Tg,α will differ. Moreover,

aside from initial conformations of the protein molecules, the interactions

between the BSA molecules and the excipients or residual solvents present

in the formulation will affect the values of the transition temperatures. No-

tably, the limiting factors are the number of accessible conformational states

available, free volume, and the thermal energy input into the system.

3.3. Thermal Gradient FTIR Spectroscopy

FTIR 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. Specifically the amide I and amide II bands

were evaluated. Peak shifts were first assessed visually on the overlaid spectra

(see Figure 2), followed by evaluation of the peaks identified using the second

derivative method described in Section 2.6. Applying the second derivative

of the spectra did not reveal any additional peaks or peak shifts. Both

amide bands were evaluated since the H-O-H bending vibration of water

absorbs strongly around 1650 cm−1, thus overlapping with the amide I C=O

stretch vibration (1700 - 1600 cm−1). Therefore, even though amide I is

generally considered to be the more sensitive band with regard to changes

in the secondary structure, amide II was also included in the assessment

as evaporation of residual water (see Table 3) from the spray-dried samples

during heating might influence amide I band characteristics [27]. Despite

the overall absorption intensity increasing with temperature, no significant

changes were observed in the relative peak intensities examined. Spectra

recorded for F1 and F2 can be found in the supporting information.
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No clear peak shifts could be observed in the amide I and amide II band

for any of the formulations. At first sight, the lack of observable changes in

the secondary structure by FTIR during heating 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 tech-

niques 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 bands, as well as the frequency of 1 THz, that was

used for THz-TDS 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 sensitivity to

subtle conformational variations is far higher at terahertz frequencies than at

those probed using FTIR, as the subtle energies dominating intermolecular

interactions such as hydrogen bonding, van der Waals and other dispersive

forces can be directly probed at terahertz frequencies.

In summary, FTIR analysis did not reveal any changes in secondary struc-

ture for the formulations examined, with the sensitivity of FTIR being in-

herently insufficient to reliably resolve subtle changes in the flexibility of the

system.

4. Conclusions

We have examined three unique spray-dried formulations, each containing

BSA. By performing temperature variable THz-TDS experiments we stud-
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Figure 2: Overlay of FTIR spectra collected for F3 at different temperatures. Colour

coding indicates the temperature gradient ranging from low (blue) to high (red). Dashed

vertical lines at 1646 cm−1 and 1533 cm−1 serve as reference lines for the amide I (1700

cm−1 - 1600 cm−1) and amide II absorption band (1580 cm−1 - 1520 cm−1), respectively.
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ied the changes in structural dynamics that these formulations can undergo.

Furthermore, we used thermal gradient FTIR to evaluate the conformational

stability of the protein in the solid state during heating. We have shown that

the Tg,α values found based on the THz-TDS data, are relatively consistent

with the Tg results determined by mDSC for each material. We have found

evidence for vibrational confinement in all BSA containing formulations at

temperatures above Tg,α following spray-drying and have shown that the ab-

sorption coefficient reaches a plateau at high temperatures for all the BSA

formulations. This observation is in contrast to previously studied lyophilised

formulations, where we observed such confinement only in a select number of

cases [31]. The results presented in this work indicate an effect of molecular

mobility confinement above Tg,α, and a forthcoming publication by the au-

thors will investigate the significance of our observations for the solid state

stability of protein formulations. Our findings are likely correlated to the

(protein) stability of the formulations, but further research involving stabil-

ity analysis is required before any conclusions can be drawn regarding this

subject. The presented work put forward a physical hypothesis connecting

the measured experimental data to temperature induced changes in the con-

formational state of BSA and the potential influence of the excipients on

these states. The work thus provides a framework for better understanding

the dynamics of complex formulations and demonstrates that THz-TDS is

an effective method for measuring the molecular dynamics and temperature-

dependant behaviour of spray-dried solid-state formulations.
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