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A B S T R A C T

Pharmaceutical peptides are susceptible to aggregation in solution, making stabilization by addition of suitable 
excipients essential. To investigate this stabilization, lengthy and cost-intensive experiments are often necessary. 
In this work, a differential scanning calorimetry (DSC) based method was developed that allows a rapid 
assessment of the stabilization properties of excipients regarding the aggregation of pharmaceutical peptides. 
The stabilization properties of investigated excipients are derived from the thermal behavior around Tg’, the 
glass-transition temperature of the excipient-rich phase after freezing, as a function of repeated freeze-thaw 
cycles.

The pharmaceutical peptide glucagon was investigated in combination with the excipients trehalose and 
lactose. In addition to the type of excipient, the concentration ratio of peptide/excipient was also varied. Lactose 
proved to better stabilize glucagon solutions compared to trehalose. On the one hand, the onset of aggregation 
could be delayed and after aggregation started the aggregation kinetics were slowed down. In addition, it was 
shown that a high excipient to peptide ratio, regardless of the type of excipient tested, reduces the aggregation 
tendency of glucagon.

1. Introduction

Aside from classical biopharmaceuticals such as monoclonal anti
bodies, pharmaceutical peptides have become increasingly important. 
Although being smaller representatives of biopharmaceuticals, peptides 
face the same or even increased challenges regarding their short and 
long-term stability in aqueous solution. With degradation often 
observed after hours, peptides are classically either stored in the frozen 
state, or freeze-dried (Joshi et al., 2000; Matilainen et al., 2008). Storage 
in the frozen state is employed during early stages of formulation and 
drug product development, if freeze-drying is not applicable, or if the 
stability of the biopharmaceutics in the refrigerated liquid is not suffi
cient (Avis and Wagner, 2010). Although degradation of peptides is 
slowed down in the frozen state, aggregation of the peptides can be 
amplified due to the crystallization of water during freezing. The peptide 
is subjected to interfacial stress during crystallization through the for
mation of ice/solution interfaces (Authelin et al., 2020). To inhibit 

aggregation during storage in the frozen state, excipients such as di
saccharides, e.g., sucrose are added to the peptide solution (Connolly 
et al., 2015). During freezing, these excipients retain a liquid phase, also 
called freeze concentrate, to stabilize the peptide, subsequently termed 
amorphous phase. As long excipients do not crystallize and are kineti
cally stabilized, this amorphous phase is in meta-stable equilibrium with 
the solid water, i.e., ice phase (Steven L. Nail et al., 2002). The peptides, 
the excipient, and the residual unfrozen water are confined to this 
amorphous phase, with the residual water concentration in the amor
phous phase given by the solubility of water (Steven L. Nail et al., 2002). 
As soon as the temperature is lowered below the glass transition tem
perature of the amorphous phase (classically termed Tg’), further crys
tallization of water is kinetically inhibited, and no change of the 
composition in the amorphous phase occurs. The corresponding con
centration of solutes (excipient and peptide combined) at and below Tg’ 
is called wg’. Tg’ is dependent on the composition of excipients and 
peptides used. A phase with peptide in the monomeric form has a 
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different Tg’ than a phase with peptides in aggregated form, due to its 
different mean molar mass (Levine and Slade, 1988).

Three possible stabilization theories have been proposed to describe 
the behavior of excipients used as stabilizers during freezing and 
thawing: (1) the vitrification theory, (2) the water replacement theory, 
or (3) a combination of the two aforementioned mechanisms. For the 
vitrification theory, kinetic stabilization of the peptide in the amorphous 
phase is assumed. Within this theory, aggregation tendency of the bio
pharmaceutical is connected to the molecular mobility governed by 
global and local relaxation within the lyophilizate. (Chang et al., 2005; 
Cicerone and Douglas, 2012; Groёl et al., 2021; B. Wang, Tchessalov, 
Cicerone, et al., 2009; Yoshioka and Aso, 2007). For the water 
replacement theory, interactions such as hydrogen bonding between 
biopharmaceutical and excipients are assumed to be responsible for 
stabilization in solution. The interactions with the water molecules need 
to be replaced by interactions with the excipient molecules when the 
amorphous phase is formed upon water removal/crystallization (Andya 
et al., 1999; Arsiccio and Pisano, 2018; Cleland et al., 2001; Pisano et al., 
2024; B. Wang, Tchessalov, Cicerone, et al., 2009, 2009).

Few works describing the stabilizing capabilities of excipients on 
peptides are reported in literature. Fang et al. investigated the influence 
of excipients on the stability of the pharmaceutical peptide glucagon 
during freeze-drying and subsequent storage using mass spectrometry 
and chromatography. They showed a superior stability for formulations 
containing trehalose in comparison to those including β-cyclodextrins 
and hydroxyethyl starch. However, the impact of freezing-induced 
stresses on peptide stability was not investigated alone.(Fang et al., 
2012) Wewer Albrechtsen et al. studied the aggregation behavior of 
glucagon and the glucagon-like peptide 1 in human plasma after short 
and long-time storage and after freeze-thawing using activity assays. 
During their studies no significant effect of freeze-thawing on the ag
gregation of glucagon was observed.(Wewer Albrechtsen et al., 2015) 
Matilainen et al. studied the influence of various cyclodextrins on the 
chemical stability of glucagon in liquid and freeze-dried state using mass 
spectrometry and chromatography. They found stabilizing capabilities 
of cyclodextrins to be superior to lactose.(Matilainen et al., 2008, 2009)

The aim of the work is to present a simple and easy approach to 
assess the stability of peptides during freezing, by monitoring the change 
in the glass-transition temperature of the amorphous phase (Tg’) over 
repeated freeze-thawing cycles using differential scanning calorimetry 
(DSC). This method allows for simultaneous application of freeze-thaw 
stressing, detection of aggregation, evaluation of cryo-protective prop
erties of excipients, and determination of the solubility of water, all in 
one measurement. Furthermore, this method only requires a minimal 
amount of material (few µ-liters). Experiments were performed using a 
model peptide in combination with two excipients. Glucagon was used 
as model peptide, as it is known to aggregate under stresses and mis
handling (Onoue et al., 2004; Pedersen, 2010). Sucrose was not 
considered as excipient, as at low pH, this excipient induces hydrolysis 
(US Pharmacopeia 24, 1999). Instead, trehalose was chosen as excipient, 
as it does not undergo acid hydrolysis. Lactose was considered as 
excipient as recent studies found its capabilities in stabilizing lyophi
lized glucagon through molecular dynamics and microfluidic modula
tion spectroscopy (Pisano et al., 2024). The solubility of water of the 
peptide/excipient formulations was also modeled using the equation of 
state Perturbed-Chain Statistical Association Fluid Theory (PC-SAFT). 
This method allows for a low effort and fast differentiation of stabilizing 
capabilities of excipients and may aid in future preliminary formulation 
screenings.

2. Materials and methods

2.1. Chemicals

Lactose-anhydrate with a purity of ≥99 %, D-(+)-Trehalose-dihy
drate with a purity of ≥99 %, Tri-sodium citrate dihydrate with a purity 

of ≥99 %, lyophilized Glucagon with a purity of ≥95 %, and Polysorbate 
20 were all purchased from Sigma-Aldrich Co. LLC (Milano, Italy). For 
the preparation of formulations, water for injection was used.

2.2. Solid-liquid equilibrium

The solubility of water was calculated using Eq. (1), assuming an 
equilibrium of the chemical potential in the ice phase and the amor
phous phase and the immiscibility in the solid phase (Stephan and 
Mayinger, 1999). 

xw⋅γw = exp

(

−
hSL

w
RTSL

w
⋅
(

1 −
T

TSL
w

))

(1) 

The solubility of water, expressed by the mole fraction xw, can be 
calculated as a function of the melting temperature TSL

w and enthalpy hSL
w , 

the temperature T and the activity coefficient γw of water. Specific in
teractions such as van der Waals forces and hydrogen bonds are 
considered by the activity coefficient.

2.3. PC-SAFT

The activity coefficients necessary for the calculation of the solid- 
liquid equilibrium are derived from the residual Helmholtz energy 
Ares. Ares is calculated with the Perturbed-Chain Statistical Association 
Fluid Theory (PC-SAFT) (Gross and Sadowski, 2001, 2002). In this 
process, Ares is composed of different fractions. Ahard− chain accounts for 
hard-chain repulsions, Adispersion accounts for attractive interactions, and 
Aassociation accounts for hydrogen bonding. 

Ares = Ahard− chain + Adispersion + Aassociation (2) 

For the calculation of Ares, each molecule is described as a chain of 
mseg

i segments, with each segment having a diameter σi. In addition, the 
dispersion-energy parameter ui/kB, the association-energy parameter 
eAiBi/kB, and the association volume kAiBi are considered. These quanti
ties are calculated using Berthelot–Lorentz (Lorentz, 1881) mixing rules, 
introducing an adjustable binary interaction parameter kij. 

σij = 1 /2
(
σi + σj

)
(3) 

uij =
̅̅̅̅̅̅̅̅uiuj

√ (
1 − kij

)
(4) 

The binary interaction parameter kij can be temperature dependent 
with a constant value kij,0K at 0 K and a temperature slope kij,T. 

kij = kij,T⋅T + kij,0K (5) 

For the calculation of the association energy and volume, mixing 
rules of Wolbach and Sandler (Wolbach and Sandler, 1998) were used. 

εAiBj = 1 /2
(
εAiBi + εAjBj) (6) 

κAiBj =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κAiBiκAjBj

√
( ̅̅̅̅̅̅̅̅σiσj

√

1/2
(
σi + σj

)

)3

(7) 

The PC-SAFT pure component parameters are listed in Table 2. The 
three parameters mseg

i , σi, and association scheme of glucagon are 
derived from the peptides primary structure and are composed of the 
sum of the respective amino acids. The amino acid sequence can be 
found in literature (Joshi et al., 2000). The remaining dispersion-energy 
parameter ui/kB, the association-energy parameter εAiBi/kB, the associ
ation volume kAiBi and the binary interaction parameter kij were fitted to 
the solid-liquid equilibria.

For the calculation of the solubility of water binary interaction pa
rameters were used and are listed in Table 3. The binary interaction 
parameters of trehalose/water, lactose/water and glucagon/water were 
fitted to the solubility of water for the sub-zero temperature range. The 
binary interaction parameters of glucagon/trehalose and glucagon/ 
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lactose were fitted to the solubility of water for the systems glucagon/ 
trehalose/water and glucagon/lactose/water, respectively.

2.4. Peptide/excipient formulation sample preparation

The solute concentration (both peptide and excipient) was 30 wt% in 
total. Therefore, a total solute mass of 10 mg was measured and intro
duced into 1.5 ml Eppendorf tubes. Water for injection was used to 
prepare the buffer. 50 mM sodium citrate buffer (pH 3) was prepared 
and the corresponding amount of buffer to achieve the total solute 
concentration was added to the Eppendorf tubes. Tubes were not shaken 
to prevent mechanical stressing. Analysis started as soon as all solutes 
were dissolved.

2.5. Measuring the thermal behavior of peptide systems using DSC

For the measurement of the peptide aggregation and the solubility of 
water, (modulated) differential scanning calorimetry (DSC) was used. A 
Q200 DSC from TA Instruments (New Castle, DE, USA) was used. The 
instrument was calibrated using indium. For the measurement, 20–40 
mg of the peptide/excipient solutions were hermetically sealed in an 
aluminum pan. An empty aluminum pan was used as reference. The pan 
was cooled to − 60 ◦C with a rate of 5 K/min. Temperature was held for 2 
min. It was then heated with 1 K/min to 5 ◦C to prevent thermal 
stressing. For freeze-thaw stress testing, this cycle was repeated 12 
times. Solubilities of water were evaluated according to literature. 
(Mohan et al., 2002) The modulated DSC measurement were conducted 
with a modulation rate of 0.159 K/min. Tg’ was interpreted as the 
infliction point of the non-reversing heat flow and was analyzed using 
the software TA universal analysis from TA Instruments. The expected 
deviation in the measurement of Tg’ is around 0.5 K for two separate 
samples where the mean deviation of Tg’ between the high and the low 
concentrated sample is 0.42 K. The sensitivity within one sample/
measurement is much greater, where also smaller deviations of Tg’ can 
be detected and quantified, as can be seen in Table 1.

2.6. Visual observations on peptide aggregation post freeze-thaw cycling 
in a freeze-dryer

For the visual inspection of aggregation of glucagon formulations 
containing trehalose or lactose the pilot-scale freeze-dryer LyoBeta 25 
(Telstar, Terrassa, Spain) was used. 1 ml of sample with a total solute 
concentration of 5 wt%, consisting of a) 1:1 ratio of glucagon:excipient 

and b) 1:3 ratio of glucagon:excipient was pipetted into 5 ml glass vials 
and put in the freeze-dryer together with blank samples containing 
water. Shelf temperature was lowered with 1 K/min to − 60 ◦C and held 
for 30 min. It was then raised with 1 K/min to 25 ◦C and held for 30 min. 
This cycle was repeated 12 times. The samples were observed using a 
camera attached to the outside of the freeze-dryer.

2.7. Aggregation detection using size-exclusion chromatography

The size-exclusion chromatography set-up used for the qualitative 
detection of glucagon aggregation consisted of an Infinity II Quarternary 
system from Agilent Technologies (Santa Clara, California, USA) with an 
Superdex 200 Increase 10/300 GL SEC column from Cytiva (Marl
borough, USA), a G7115A diode array detector, a G7162A refractive 
index (RI) detector, and a miniDawn light scattering detector (Wyatt 
Technology Corporation, Santa Barbara, USA). A flowrate of 0.75 ml 
min-1 of the above characterized citrate buffer was set for analysis. An 
injection volume of 10 µl of sample was used. The glucagon concen
tration for the unstressed/native reference sample was 1 wt%. To check 
for freeze-induced aggregation, a 1:1 glucagon/trehalose sample was 
stressed using DSC as described above. The hermetic pan was then 
opened and diluted with citrate buffer to match the 1 wt% glucagon of 
an unstressed reference sample. Before analysis the sample was centri
fuged at 5000 RPM for 2 min to separate the solution from the formed 
gel-phase. For the calculation of the molecular weight of the glucagon 
samples the specific refractive index (dn/dc) of 0.182 was used (Hoppe 
et al., 2008).

3. Results

3.1. Multiple freeze-thaw cycling using DSC to determine the aggregation 
propensity

In order to assess the peptides stability against aggregation, the 
peptide sample was stressed by repeated freeze-thaw cycles within the 
DSC measurements. The samples were prepared as described in the 
method section. A typical result of these repeated Tg’ measurements is 
shown in Fig. 1. Starting after a certain number of freeze-thaw cycles, a 
distinct shift to lower temperatures in the position of Tg’ can be 
observed. This shift is caused by peptide aggregation in the course of the 
freeze-thaw cycles. The cycle number, at which the shift occurs, is a 
measure for the peptide’s aggregation propensity. The lower the num
ber, the higher the aggregation propensity in the given system. The 
evaluation of the aggregation kinetics is based on the number of cycles 
from the start of aggregation until no further changes in heat flow are 

Table 1 
Tg’ of the freeze-thawing cycles of 1:3 glucagon:trehalose mixture, 1:1 glucagon: 
trehalose mixture, 1:3 glucagon:lactose mixture, and 1:1 glucagon:lactose 
mixture. Indicated as 1:1 glucagon:trehalose lower concentration is the lower 
concentrated mixture to compare to the effect of storage on aggregation of the 
same mixture at 5 ◦C.

Cycle Tg’ / ◦C

1:3 
glucagon: 
trehalose

1:1 
glucagon: 
trehalose

1:1 glucagon: 
trehalose 
lower 
concentration

1:3 
glucagon: 
lactose

1:1 
glucagon: 
lactose

1 − 30.61 − 28.84 − 28.77 − 29.27 − 27.45
2 − 30.58 − 28.92 − 28.69 − 29.56 − 27.55
3 − 30.53 − 28.85 − 28.69 − 29.45 − 27.45
4 − 30.63 − 28.77 − 28.92 − 29.48 − 27.12
5 − 30.68 − 29.08 − 28.99 − 29.45 − 27.58
6 − 30.68 − 28.70 − 29.12 − 29.43 − 27.57
7 − 30.81 − 29.54 − 29.02 − 29.48 − 27.37
8 − 30.61 − 31.54 − 29.58 − 29.43 − 27.37
9 − 30.83 − 30.87 − 31.09 − 29.45 − 28.11
10 − 30.86 − 31.90 − 31.76 − 29.60 − 29.24
11 − 31.22 − 31.26 − 32.20 − 29.84 − 29.12
12 − 32.30 − 31.62 − 31.76 − 30.02 − 28.73

Fig. 1. Schematic diagram of the effect of repeated stressing of a peptide 
formulation in the DSC. Temperature range around Tg’ is shown. Indicated by 
the dotted lines and the red arrow is the shift in Tg’ from the Tg’ of the native 
peptide to the Tg’ of the aggregated peptide.
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measured, indicating that aggregation is complete.

3.2. DSC based assessment of peptide aggregation

The newly developed method was used to assess the aggregation 
behavior of glucagon in combination with excipients trehalose and 
lactose. The ratio of glucagon:excipients was varied to investigate the 
effect of glucagon concentration on the aggregation behavior.

3.2.1. Trehalose as excipient
Experimental results on Tg’ for a 1:3 glucagon:trehalose mixture are 

shown in Fig. 2 (left). Thawing cycle one is shown in green. Thawing 
cycle twelve is shown in red. The cycles in between are gradually 
colored. This color code is used for all following figures. Thermograms 
for the starting eight cycles are almost identical. Consequently, the 
measured Tg’ as well as its position in the thermogram are also nearly 
identical. After nine cycles, a shift of Tg’ to lower temperatures can be 
observed. In addition, there is a widening of the glass transition tem
perature region. Tg’ is reduced by 0.22 K after cycle nine compared to 
cycle eight. The shift after cycle ten, eleven, and twelve is even more 
pronounced with a difference in Tg’ to cycle eight of 0.25 K, 0.61 K, and 
1.69 K respectively. Tg’ of the individual cycles of all experiments are 
given in Table 1. Even after twelve cycles, the heat flow curve in the 
thermogram was still shifting, and no superimposition of the last two 
cycles was observable.

Experimental results on Tg’ for a 1:1 glucagon:trehalose mixture are 
shown in Fig. 2 (right). For this ratio, thermograms for the starting five 
cycles were almost identical. The first shift of Tg’ was measured for cycle 
six. In addition to the shift of Tg’ occurring earlier (lower number of 
cycles), the shift of the glass transition to lower temperatures was larger. 
For the two subsequent cycles seven and eight, measurements revealed a 
shift in Tg’ of 0.46 K and 2.46 K compared to cycle five. After eight 
freeze-thaw cycles, no further change in the thermogram and Tg’ posi
tion was measured. All subsequent thermograms are identical and 
indicate that the equilibrium state was reached in this case. A second 
visualization of the DSC data, in which the individual cycles are stacked 
on top of each other, is provided in the SI.

3.2.2. Lactose as excipient
Experimental results on Tg’ for a 1:3 glucagon:lactose mixture are 

shown in Fig. 3 (left). For this ratio, thermograms for the starting ten 
cycles are almost identical. The subsequent freeze-thaw cycles showed a 
small shift in the glass transition compared to the previous cycles. A 
maximum deviation of 0.40 K in Tg’ was measured. The last two ther
mograms did not overlap indicating that the equilibrium state was not 
reached in this case.

Experimental results on Tg’ for a 1:1 glucagon:lactose mixture are 
shown in Fig. 3 (right). For this ratio, thermograms for the starting eight 
cycles are almost identical. Starting with cycle nine, a progressive shift 

to lower temperatures for Tg’ was measured with a maximum shift of 
1.44 K in Tg’ after cycle twelve compared to cycle eight. Again, the last 
two thermograms did not overlap indicating that the equilibrium state 
was not reached in this case.

Since the stress tests by freeze-thawing with twelve cycles required 
about 12 h, an experiment was designed to confirm, that instabilities/ 
aggregates were not induced by storage for 12 h alone. Therefore, two 
samples of a 5 wt% solutes concentration (1:1 glucagon:trehalose 
mixture) were prepared. The first sample was stressed via DSC like the 
samples before. The measured Tg’ are listed in Table 1. The second 
sample was stored at 5 ◦C for the same duration (12 h). 5 ◦C represents 
the highest temperature undergone by the stressed sample during freeze- 
thawing cycles. The relevant thermograms are shown in Fig. 4a. The 
thermogram of the unstressed sample is shown in green and thus rep
resents the initial state of the sample. The blue curve shows the ther
mogram after storage in the refrigerator at 5 ◦C for 12 h No deviation 
from the initial (green) state is observed. The red curve illustrates the 
thermogram of the freeze-thawed sample. As expected, a shift in the 
position of the glass transition of the stressed sample can be observed, 
confirming that the shift was induced by freeze-thawing.

3.2.3. Multiple thermal events within DSC measurements
In addition to the shift in the glass transition, an exothermic event 

prior to the glass transition was observed in all samples once the shift in 
Tg’ occurred. Modulated DSC was performed to better investigate the 
nature of this thermal event, as illustrated in Fig. 4b. In addition to the 
heat flow signal (bottom), the reverse heat flow (top) is also shown. The 
affected temperature range is highlighted in gray. A broad exothermic 
peak can be seen starting at the cycle where aggregation occurs and thus 
the glass transition is shifted. To exclude a second glass transition, the 
reverse heat flow of the sample was analyzed. No signal can be seen in 
the gray shaded area of the reverse heat flow.

3.3. Visual determination of peptide aggregation

For optical validation of aggregation, a freeze-thaw stress test in a 
pilot-scale freeze-dryer was performed. The drying chamber of the 
freeze dryer can be viewed through the plexiglass door, thus enabling 
visual examination of the samples during freeze-thawing. As described 
in the methods section, a 1:3 and a 1:1 glucagon:excipient ratio was 
prepared for trehalose and lactose. In addition, pure water samples were 
also analyzed to provide a reference. Fig. 5 (top) shows the initial states 
of the liquid formulations. All liquids were colorless, clear and showed 
no sign of turbidity. Formulations after one freeze-thaw cycle are shown 
in Fig. 5 (middle). It was noticeable that 1:1 glucagon:lactose and 
glucagon:trehalose samples showed turbidity, suggesting peptide ag
gregation, while the 1:3 glucagon:excipient samples were still clear after 
one cycle. Fig. 5 (bottom) shows the formulations after twelve freeze- 
thaw cycles. All samples containing glucagon were opaque.

Fig. 2. Freeze-thawing thermograms around the region of Tg’ shown. Thawing cycle one is shown in green. Thawing cycle twelve is shown in red. The cycles in 
between are gradually colored. Solute concentration is 30 w%. left) 1:3 glucagon/trehalose mixture. right) 1:1 glucagon/trehalose mixture.
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3.4. Size-exclusion chromatography of peptide solutions

After stressing glucagon using DSC, analyses was performed using 
size-exclusion chromatography. A 1:1 glucagon:trehalose sample was 
stressed using DSC and then prepared for size-exclusion chromatog
raphy analysis as described in the methods section. As a reference, a non- 
stressed 1:1 glucagon:trehalose sample was also measured. The results of 
the size-exclusion chromatography analysis are shown in Fig. 6. The 
light scattering signal of the non-stressed sample is shown in black and 
the light scattering signal of the stressed sample is shown in red. The 
average molecular weight of the native sample for the second peak is 
3590 Da The average molecular weight of the stressed sample for the 
second peak is 3656 Da These values match the native glucagon mo
lecular weight. The integrated peak area of the non-stressed sample is 
factor 2.2 higher than the integrated peak area of the stressed sample. 
This implies that the concentration of glucagon in the stressed sample is 
lower than in the non-stressed sample. Prior to the native peptide a 
higher molecular weight species elutes, presumably being soluble pep
tide aggregates.

3.5. Solubility of water in peptide/excipient mixtures

3.5.1. Experimental
Besides measuring the aggregation behavior, the solubility of water 

of the respective systems was measured simultaneously using DSC 
(within the same experiment), as described in the materials and methods 
section. Knowledge of the solubility of water allows for temperature 
dependent determination of residual water content (1 –solutes weight 
fraction) in the amorphous phase during and after freezing. The 

solubility of water was measured for binary systems containing either 
trehalose, lactose, or glucagon in combination with water. Additionally, 
ternary systems containing the mixtures glucagon/trehalose and 
glucagon/lactose in combination with water were also investigated. In 
Fig. 7 the solubility of water in solutions with for increasing glucagon: 
excipient ratios is illustrated. The results show the solubility of water in 
the respective mixtures spans over a broad concentration range from a 
solute weight fraction of 0.4 up to 0.9.

By gradually increasing the glucagon:trehalose ratio from pure 
trehalose to pure glucagon (system water/glucagon/trehalose) the sol
ubility of water decreases continuously. According to the evaluation 
method described in the material and methods section, the last experi
mental data point for each glucagon:trehalose ratio at the highest 
measurable concentration represents wg’ at Tg’. Experimental results 
thus also reveal that Tg’ increases with increasing glucagon:trehalose 
ratio from − 32 ◦C in pure trehalose, over − 31 ◦C in the 1:3 glucagon: 
trehalose mixture, − 28 ◦C in the 1:1 glucagon:trehalose mixture, − 26 ◦C 
in the 3:1 glucagon:trehalose mixture, to − 15 ◦C in pure glucagon. The 
characteristic value of wg’ of trehalose was determined to be 0.775.

A comparable behavior was observed when using lactose as excip
ient. By gradually increasing the glucagon:lactose ratio from pure 
lactose to pure glucagon (system water/glucagon/lactose) the solubility 
of water decreases continuously. Again, Tg’ increases with increasing 
glucagon:lactose ratio from -32 ◦C in pure lactose, over − 30 ◦C in the 1:3 
glucagon:lactose mixture, to − 28 ◦C in the 1:1 glucagon:lactose mixture. 
Wg’ for lactose was determined to be 0.873.

3.5.2. Solubility modeling using PC-SAFT
To reduce experimental efforts in the development of new 

Fig. 3. Freeze-thawing thermograms around the region of Tg’ shown. Thawing cycle one is shown in green. Thawing cycle twelve is shown in red. The cycles in 
between are gradually colored. Solute concentration is 30 w%. left) 1:3 glucagon/lactose mixture. right) 1:1 glucagon/lactose mixture.

Fig. 4. Freeze-thawing thermograms around the region of Tg’ shown. left) Green line shows thawing cycle one of 1:1 glucagon/trehalose mixture. Solute con
centration is 5 w%. Red line shows thawing cycle twelve. The blue line shows a thawing cycle after 12 h of storing at 5 ◦C. right) Thermograms of 1:1 glucagon/ 
trehalose mixture. Solute concentration is 30 w%. Bottom: Thawing cycle one is shown in green. Thawing cycle twelve is shown in red. The cycles in between are 
gradually colored. Top: The reverse heat flow of thawing cycle one is shown in light green. The reverse heat flow of thawing cycle twelve is shown in dark blue. The 
cycles in between are gradually colored.
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formulations, water solubility was modeled using the equation of state 
PC-SAFT. Pure-component parameters for glucagon and the interaction 
parameter between glucagon and water were fitted to experimental 
solubility data measured for the respective binary systems within this 
work (Fig. 7), as described in the materials method section. The binary 
interaction parameters between glucagon and trehalose as well as 
glucagon and lactose were fitted to the solubility of water in glucagon/ 
trehalose and glucagon/lactose mixtures. All parameters used within 
this work are listed in Table 2 and Table 3.

4. Discussion

4.1. Rapid assessment of aggregation propensity of frozen peptide 
formulations

The DSC enabled assessment of peptide aggregation propensity for 
samples containing glucagon is reliable and in agreement with results 
obtained using orthogonal measuring techniques. Additional analysis 
was performed with optical investigation after freeze-thaw cycles per
formed in a pilot-scale freeze-dryer and size-exclusion chromatography- 
multi angle light scattering measurements after stressing by DSC. For the 
optical investigations, a turbidity/gelation of the sample was detected 
after one freeze-thaw cycles for the 1:1 excipient:glucagon formulations, 
but not the 3:1 excipient:glucagon formulations. After 12 cycles both 
formulations showed turbidity. This matches the DSC enabled stabili
zation investigation, since there the 1:1 excipient:glucagon samples also 
first showed aggregation during stressing and both formulations 
aggregated eventually. This does qualitatively overlap with the DSC 
results, but not quantitatively, since different attributes are measured in 
the DSC and in the freeze-drier leading to different cycle numbers for the 
onset of aggregation in the DSC and the occurrence of turbidity in the 
freeze-drier. Decrease in the light scattering signals detected in the size- 
exclusion chromatography-multi angle light scattering measurements 
(see Section 3.4) indicate a decreasing peptide/aggregate concentration 
in the samples, presumably through liquid-liquid phase separation/ 
precipitation of the aggregates throughout the multiple freeze-thaw 
cycles. This is plausible as the Tg’ shifts to lower temperatures. The 
peptide concentration thus decreases in the amorphous phase. In term, 
the concentration of excipient increases and approaches the Tg’ of pure 
excipient in water. If soluble (high-molecular weight) aggregates would 
occur, a Tg’ shift to higher temperatures would be expected. The overlay 
of the thermograms after the first DSC cycle with a fresh sample and 
after 12 h of storage at 5 ◦C (Section 3.2.2) confirms that aggregation is 
not caused by simple storage but by freeze-thaw stressing.

The pre-Tg’ thermal event (Section 3.2.3) was shown not to be a 
second glass transition. Results indicate it to be a reversible process that 
occurs just before the glass transition in samples with aggregated pep
tide, as the event continues to be seen even in fully aggregated samples. 
Thus, aggregation itself can be ruled out as the causative mechanism. 
The phenomenon will be further elaborated in future works.

4.1.2. Stabilization of glucagon in frozen formulations
By comparing trehalose and lactose used for the stabilization of 

glucagon (results Section 3.2.1 and 3.2.2), two conclusions can be 
drawn. Firstly, it is advantageous if a high excipient to peptide ratio is 

Fig. 5. Pictures of liquid glucagon/excipient formulations at 25 ◦C at different 
time points: top/initial state) directly after preparation; middle/Cycle 1) after 
one freeze-thawing cycle; bottom/Cycle 12) after twelve freeze-thawing cycles.

Fig. 6. Light scattering signal after size-exclusion chromatography of two 
glucagon/trehalose samples. Shown in black is the light scattering signal of a 
non-stressed 1:1 glucagon/trehalose sample. Shown in red is the light scattering 
signal of a stressed 1:1 glucagon/trehalose sample.
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present. The better stabilization at a low glucagon concentration can 
either be attributed to a decreased stress of glucagon at the ice/amor
phous phase interface and/or to beneficial interactions between 
glucagon and the excipients at low glucagon concentrations. Secondly, 
our method indicates that lactose is superior over trehalose if used as 
excipient for stabilizing glucagon in applications with freeze-thawing 
involved. If used at the same peptide:excipient ratio, lactose can stabi
lize glucagon for one additional cycle at low glucagon concentration 
(1:3 glucagon:excipient) and two cycles at a high glucagon concentra
tion (1:1 glucagon:excipient). These results were also confirmed by vi
sual observation of aggregation in freeze-thawed samples.

4.1.3. Predicting water solubility and wg’ in frozen formulations
Results show that the solubility of water for the systems containing 

trehalose, lactose, and glucagon is closely matched and can reliably be 
predicted for sub-zero temperatures. The measured wg’ of trehalose 
corresponds to the values from literature of 0.833 (Hatley and Franks, 
1991) and more recently 0.780 (Zäh et al., 2023). The wg’ for lactose is 
also much higher than the first ever published value of 0.592 (Levine 
and Slade, 1988) but corresponds to the more recent value of 0.853 (Zäh 
et al., 2023).

The knowledge about the influence of peptide on wg’ can be used for 
the design of freeze-drying processes, wg’ can be used to estimate the 
mass of ice and thus the primary drying time. The PC-SAFT parameters 
for glucagon can be used to determine the influence of the peptide on the 
interactions between peptide, excipients, and water in the amorphous 
phase, which can be crucial for the stability in frozen formulations.

5. Conclusion

In this work we presented a novel approach for the fast assessment of 
excipient impact on peptide aggregation during freezing. We investi
gated the aggregation behavior of the model peptide glucagon in com
bination with trehalose and lactose.

The advantage of this new DSC method is that statements about the 
stabilizing effects of excipients on peptides can be made in a short time 
without the need of freeze-drying in a conventional freeze-dryer and 
subsequent storage. The number of freeze-thawing cycles that the pep
tide and excipient solution can withstand without aggregating can be 
used to assess how the excipients in the amorphous phase affect 
glucagon stability under freeze-thawing stress. It also enables the effi
cient and rapid screening of different excipients, by combining stressing 
and the simultaneous detection of aggregation. The small amount of 
sample allows a material-friendly and cost-effective analysis. In contrast 
to the classic method, in which large-volume samples are repeatedly 
freeze-thawed in the freeze-dryer to make qualitative statements about 
aggregation, the method presented in this work allows for making 
quantitative statements, e.g., determining the number of freeze-thawing 
cycles that do not compromise peptide stability. It is also possible to 
detect incomplete/gradual aggregation.

It was shown that low peptide/high excipient concentration is 
beneficial for glucagon and that lactose is able to stabilize glucagon 
better and longer during freeze-thaw cycles than trehalose. The valida
tion tests using a pilot-scale freeze-dryer and size-exclusion chroma
tography further supported the previously obtained findings. 
Additionally, we investigated the phase behavior of glucagon in com
bination with trehalose and lactose. We fitted PC-SAFT parameters for 
glucagon, allowing to model the impact on phase behavior for future 
formulation development.

Using the newly developed approach, it is now possible to judge the 
stabilizing potential of excipients efficiently at a very early stage in 
formulation development (where low amounts of drug are available), 
reducing material and labor cost.

Fig. 7. Phase behavior of glucagon/excipient mixtures. a) Solubility of water in trehalose (orange circles), 1:3 (light orange triangles), 1:1 (cream diamonds), 3:1 
(light violet hexagons) glucagon/trehalose mixtures, and in glucagon (violet pentagons). The according colored lines show the modeling of the solubility of water 
using PC-SAFT. b) Solubility of water in lactose (orange circles), 1:3 (light orange triangles), and 1:1 (cream diamonds) glucagon/lactose mixtures. The according 
colored lines show the modeling of the solubility of water using PC-SAFT.

Table 2 
PC-SAFT pure-component parameters of the substances used in this work.

Substance Mi / g mol-1 mi
seg / mol g-1 σi / Å ui kb

-1 / K εAiBi kb
-1 / K kAiBi Ni

assoc Ref.

trehalose 342.30 0.04000 2.856 319.85 5000.0 0.100 8/8 (Held et al., 2013)
lactose 342.30 0.04188 2.811 319.21 5000.0 0.100 8/8 (Held et al., 2013)
glucagon 3482.70 0.05466 2.673 330.00 1850.0 0.100 8/3 this work
water 18.02 1.20147 a 353.94 2425.7 0.045 b 1/1 (Cameretti and Sadowski, 2008)

a σ = 2.7927 + 10.11 ⋅ exp(− 0.01775 ⋅ T) –1.417 ⋅ exp(− 0.01146 ⋅ T). bTypo in reference (Cameretti and Sadowski, 2008).

Table 3 
PC-SAFT binary interaction parameters used and fitted in this work.

Substances kij,T / K-1 kij,0K Temperature range / K

trehalose/water 0.000350 − 0.140 238–273
lactose/water − 0.000239 0.020 238–273
glucagon/water − 0.000320 0.020 238–273
glucagon/trehalose 0.000003 − 0.029 238–273
glucagon/lactose − 0.000500 0.100 238–273

M. Zäh et al.                                                                                                                                                                                                                                     European Journal of Pharmaceutical Sciences 204 (2025) 106954 

7 



Nomenclature

Latin 
Symbol

Description Unit

Aassoc Fraction association J/mol
Adisp Fraction dispersion J/mol
Ahc Fraction hard chain J/mol
Ares Residual Helmholtz Energy J/mol
kij Interaction parameters –
mseg Number of segments mol g-1

p Pressure Pa
R General gas constant J/mol⋅K
T Temperature K
Tg’ Maximum glass transition temperature of amorphous 

phase achievable through freezing
K

T0i
SL Melting point K

ui/kB Dispersion energy K
x Mole fraction liquid phase mol 

mol-1

Δh0i
SL Melting enthalpy J/mol

w Weight fraction –
wg’ Weight fraction of amorphous phase at and below Tg’ –
Greek 
Symbol

Description Unit

γ Activity coefficient –
εAiBj/kB Energy of association K
κAiBj Association volume –
ρ Density kg m-13

σ Segment diameter Å

CRediT authorship contribution statement

Maximilian Zäh: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Methodology, Investigation, Formal 
analysis, Data curation, Conceptualization. Christoph Brandenbusch: 
Writing – review & editing, Visualization, Supervision, Project admin
istration, Methodology, Funding acquisition, Formal analysis, Concep
tualization. Fiora Artusio: Writing – review & editing, Visualization, 
Supervision, Methodology, Investigation, Conceptualization. Gabriele 
Sadowski: Resources, Project administration, Funding acquisition. 
Roberto Pisano: Writing – review & editing, Supervision, Resources, 
Methodology, Conceptualization.

Acknowledgements

Funded by the Deutsche Forschungsgemeinschaft (DFG, German 
Research Foundation) under Germany’s Excellence Strategy - EXC 2033 
- 390677874 –RESOLV. Translation into German required: “Gefördert 
durch die Deutsche Forschungsgemeinschaft (DFG) im Rahmen der 
Exzellenzstrategie des Bundes und der Länder–EXC 
2033–Projektnummer 390677874–RESOLV”. The PC-SAFT calculations 
shown in this work were carried out using the software Solcalc. The 
Solcalc license was provided by amofor GmbH, Dortmund, Germany.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.ejps.2024.106954.

Data availability

Data will be made available on request. 

References

Andya, J.D., Maa, Y.F., Costantino, H.R., Nguyen, P.A., Dasovich, N., Sweeney, T.D., 
Hsu, C.C., Shire, S.J., 1999. The effect of formulation excipients on protein stability 
and aerosol performance of spray-dried powders of a recombinant humanized anti- 
IgE monoclonal antibody. Pharm. Res. 16 (3), 350–358. https://doi.org/10.1023/A: 
1018805232453.

Arsiccio, A., Pisano, R., 2018. The preservation of lyophilized human growth hormone 
activity: how do buffers and sugars interact? Pharm. Res. 35 (7), 131. https://doi. 
org/10.1007/s11095-018-2410-9.

Authelin, J.‑.R., Rodrigues, M.A., Tchessalov, S., Singh, S.K., McCoy, T., Wang, S., 
Shalaev, E, 2020. Freezing of Biologicals revisited: scale, stability, excipients, and 
degradation stresses. J. Pharm. Sci. 109 (1), 44–61. https://doi.org/10.1016/j. 
xphs.2019.10.062.

Avis, K.E., Wagner, C.M., 2010. Cryopreservation: Applications in Pharmaceuticals and 
Biotechnology. CRC Press.

Cameretti, L.F., Sadowski, G., 2008. Modeling of aqueous amino acid and polypeptide 
solutions with PC-SAFT. Chem. Eng. Process.: Process Intensification 47 (6), 
1018–1025. https://doi.org/10.1016/j.cep.2007.02.034.

Chang, L.L., Shepherd, D., Sun, J., Ouellette, D., Grant, K.L., Tang, X.C., Pikal, M.J., 
2005. Mechanism of protein stabilization by sugars during freeze-drying and storage: 
native structure preservation, specific interaction, and/or immobilization in a glassy 
matrix? J. Pharm. Sci. 94 (7), 1427–1444. https://doi.org/10.1002/jps.20364.

Cicerone, M.T., Douglas, J.F., 2012. β-Relaxation governs protein stability in sugar-glass 
matrices. Soft Matter. 8 (10), 2983. https://doi.org/10.1039/c2sm06979b.

Cleland, J.L., Lam, X., Kendrick, B., Yang, J., Yang, T., Overcashier, D., Brooks, D., 
Hsu, C., Carpenter, J.F., 2001. A specific molar ratio of stabilizer to protein is 
required for storage stability of a lyophilized monoclonal antibody. J. Pharm. Sci. 90 
(3), 310–321. https://doi.org/10.1002/1520-6017(200103)90:3<310::AID- 
JPS6>3.0.CO;2-R.

Connolly, B.D., Le, L., Patapoff, T.W., Cromwell, M.E., Moore, J.M., Lam, P., 2015. 
Protein aggregation in frozen trehalose formulations: effects of composition, cooling 
rate, and storage temperature. J. Pharm. Sci. 104 (12), 4170–4184. https://doi.org/ 
10.1002/jps.24646.

Fang, W.‑.J., Qi, W., Kinzell, J., Prestrelski, S., Carpenter, J.F, 2012. Effects of excipients 
on the chemical and physical stability of glucagon during freeze-drying and storage 
in dried formulations. Pharm. Res. 29 (12), 3278–3291. https://doi.org/10.1007/ 
s11095-012-0820-7.

Gross, J., Sadowski, G., 2001. Perturbed-chain SAFT: an equation of state based on a 
perturbation theory for chain molecules. Ind. Eng. Chem. Res. 40 (4), 1244–1260. 
https://doi.org/10.1021/ie0003887.

Gross, J., Sadowski, G., 2002. Application of the Perturbed-Chain SAFT Equation of State 
to Associating Systems. Ind. Eng. Chem. Res. 41 (22), 5510–5515. https://doi.org/ 
10.1021/ie010954d.

Groёl, S., Menzen, T., Winter, G., 2021. Calorimetric investigation of the relaxation 
phenomena in amorphous lyophilized solids. Pharmaceutics 13 (10). https://doi. 
org/10.3390/pharmaceutics13101735.

Hatley, R.H.M., Franks, F., 1991. Applications of DSC in the development of improved 
freeze-drying processes for labile biologicals. J. Therm. Anal. 37 (8), 1905–1914. 
https://doi.org/10.1007/bf01912221.

Held, C., Sadowski, G., Carneiro, A., Rodríguez, O., Macedo, E.A., 2013. Modeling 
thermodynamic properties of aqueous single-solute and multi-solute sugar solutions 
with PC-SAFT. AIChE J. 59 (12), 4794–4805. https://doi.org/10.1002/aic.14212.

Hoppe, C.C., Nguyen, L.T., Kirsch, L.E., Lee, E., Wiencek, J.M., 2008. Characterization of 
seed nuclei in glucagon aggregation using light scattering methods and field-flow 
fractionation. J. Biol. Eng. 2, 10. https://doi.org/10.1186/1754-1611-2-10.

Joshi, A.B., Rus, E., Kirsch, L.E., 2000. The degradation pathways of glucagon in acidic 
solutions. Int. J. Pharm. 203 (1–2), 115–125. https://doi.org/10.1016/S0378-5173 
(00)00438-5.

Levine, H., Slade, L., 1988. Thermomechanical properties of small-carbohydrate–water 
glasses and ‘rubbers’. Kinetically metastable systems at sub-zero temperatures. 
J. Chem. Soc. Faraday Trans. 1: Phys. Chem. Condens. Phase 84 (8), 2619. https:// 
doi.org/10.1039/F19888402619.

Lorentz, H.A., 1881. Ueber die anwendung des satzes vom virial in der kinetischen 
theorie der gase. Ann. Phys. 248 (1), 127–136. https://doi.org/10.1002/ 
andp.18812480110.

Matilainen, L., Larsen, K.L., Wimmer, R., Keski-Rahkonen, P., Auriola, S., Järvinen, T., 
Jarho, P., 2008. The effect of cyclodextrins on chemical and physical stability of 
glucagon and characterization of glucagon/gamma-CD inclusion complexes. 
J. Pharm. Sci. 97 (7), 2720–2729. https://doi.org/10.1002/jps.21209.

Matilainen, L., Maunu, S.L., Pajander, J., Auriola, S., Jääskeläinen, I., Larsen, K.L., 
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