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A B S T R A C T   

This paper explores how vacuum foam-drying of a protein is influenced by formulation parameters by investi-
gating the foam structure, physical properties of the foam, and the stability of the protein. Recombinant human 
bile salt-stimulated lipase was used as a model of a protein drug. The stability of the lipase was evaluated through 
activity measurements. Two disaccharides (sucrose and trehalose), strongly tending to an amorphous form, were 
used as matrix formers, and the physical properties were assessed through residual water content, glass transition 
temperature, and crystalline state. Moreover, some formulations included surfactants with different sizes and 
structures of the head group. The alkyl chain length was kept constant to only investigate the impact of the 
surfactant head group, in the presence of the lipase, on the foamability and surface coverage of the lipase. The 
study demonstrated that the lipase allowed for a dry, solid foam with a foam overrun of up to 2600 %. The wall 
thickness of the dry, solid foam was estimated to be 20–50 µm. Clear differences between sucrose and trehalose 
as matrix former were identified. The lipase showed no tendency to lose activity because of the drying and 
rehydration, despite a proportion of the lipase covering the surfaces of the dry material.   

1. Introduction 

Proteins, and other biologics, can be converted into the solid form to 
improve long-term storage stability and to enable other product formats 
than liquid formulations. Freeze-drying is the most commonly employed 
technology to produce dry formulations of proteins and other biologics. 
Vacuum foam-drying is a drying method that evaporates solvent at a 
pressure below the boiling point of the solvent allowing for a rapid 
drying when a foam is formed without a freezing step (Bronshtein, 
2004). Vacuum foam-drying is a fast process compared to freeze-drying 
and has been proposed as an alternative due to the mild conditions for 
thermosensitive materials such as proteins, vaccines, and microbes 
(Abdul-Fattah et al., 2007a; Abdul-Fattah et al., 2007b; Abdul-Fattah 
et al., 2007c). Ohtake et al (Ohtake et al., 2011a; Ohtake et al., 
2011b), showed no difference in activity and stability by comparing a 
vacuum foam-dried vaccine formulation with its commercially available 
corresponding freeze-dried product. Moreover, Jangle and Pisal (Jangle 
and Pisal, 2012), found similar results regarding the recovery and 

stability of a vacuum foam-dried protein formulation. They also found 
that compared to the freeze-dried protein formulation, the vacuum 
foam-dried protein formulation exhibited lower residual moisture con-
tent. The decrease in residual moisture contents was connected to the 
better recovery and stability of the protein formulation. Studies on 
vacuum foam-drying have often been conducted at conditions that 
allowed for freezing due to evaporative cooling (Abdul-Fattah et al., 
2007b; Abdul-Fattah et al., 2007c; Ohtake et al., 2011a; Ohtake et al., 
2011b; Jangle and Pisal, 2012). Moreover, other studies have not sys-
tematically compared different formulation parameters and their effect 
on foam structure and biological activity. 

To retain the activity and facilitate long-term storage, solid protein 
formulations generally require excipients. These excipients can be ex-
pected to influence the foaming, the stability of the solid state, and thus 
the functionality of the biologics. It has previously been shown that the 
glassy (amorphous) state is an advantage for the stability of entrapped 
biologics (Carpenter et al., 2002). In addition, the excipients need to 
replace the water in stabilizing hydrogen bonds between protein and the 
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surrounding water. Disaccharides such as sucrose and trehalose present 
these interactions and are commonly employed as excipients in solid 
protein formulations. 

Proteins are amphiphilic by nature and can be distributed to different 
phases and interfaces. Protein adsorption to interfaces typically pro-
motes denaturation, aggregation, or loss of activity (Javadi et al., 2020). 
The introduction of other surface-active excipients may reduce the 
surface adsorption of proteins, which has been shown for spray drying 
(Andersson et al., 2019; Andersson et al., 2018; Nuzzo et al., 2015; 
Millqvist-Fureby et al., 1999a) as well as freeze-drying (Millqvist-Fureby 
et al., 1999b)., Abdul-Fattah et al (Abdul-Fattah et al., 2007a; Abdul- 
Fattah et al., 2007b; Abdul-Fattah et al., 2007c), demonstrated that 
the surface exposure of solid protein and vaccine particle formulations 
prepared by vacuum foam-drying depended on formulation parameters, 
i.e., with or without a surfactant. Surfactant-free formulations were 
predominantly enriched at the surface by the protein or vaccine parti-
cles, whilst the introduction of a surfactant in the formulation reduced 
the surface exposure of the protein or vaccine particles. Thus, by 
including surfactants in the solid protein formulations that compete and 
decrease the surface exposure of proteins in spray drying and vacuum 
foam-drying may offer control of the proteins’ stability during storage 
(Abdul-Fattah et al., 2007b). 

The objective of this study is to investigate the effects of vacuum 
foam-drying and different formulation parameters on a bioactive pro-
tein. A recombinant human Bile Salt-Stimulated Lipase (lipase) was used 
as a model to probe the effects of vacuum foam-drying on protein sta-
bility and activity. The lipase is a glycosylated protein with a molecular 
weight of 84 kDa, which can be regarded as representative of many 
globular mammalian proteins. The influence of the matrix components 
and the presence of competing surface-active components was investi-
gated. Trehalose and sucrose were chosen as matrix formers. Addition-
ally, three surfactants were chosen for this study; one ethoxy-ethylene 
sorbitan ester (polysorbate) and two alkyl polyglycosides with different 
anomeric compositions; to explore the effect on foam formation and 
structure. The properties in focus were the morphology of the dried foam 
on macro- and microlevels, protein stability, and matrix solid state 
properties. X-ray Photoelectron Spectroscopy (XPS) and biological assay 
were utilized to determine protein distribution and activity. Thermal 
Gravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC), 
and X-ray Powder Diffraction (XRPD) were utilized to determine resid-
ual moisture content and solid-state properties of the dried material. 
Furthermore, Scanning Electron Microscopy (SEM) was used to image 
morphological variations and to compare the characteristics of each 
formulation. 

2. Materials and methods 

2.1. Materials 

Materials used in the dried mixtures were sucrose and trehalose (Ph. 
Eur. Merck, KGaA, Germany). Recombinant human bile salt-stimulated 
lipase (lipase) (provided by Swedish Orphan Biovitrum AB, Stockholm, 
Sweden) was delivered with a concentration of 24.1 mg/mL, formulated 
with 0.6 mg/mL sodium dihydrogen phosphate dihydrate; 1.0 mg/mL 
disodium hydrogen phosphate hydrate; 1.5 mg/mL sodium chloride; 
and adjusted to pH 7. The lipase solution was stored at − 80 ◦C. Sur-
factants Polysorbate 20 (PS20) was provided by Croda Nordica AB with 
a purity of >99.99 %, α-dodecylmaltoside (aC12G2) and β-dode-
cylmaltoside (bC12G2) were provided by Enza Biotech AB (Sweden) 
with a purity of >99.99 % and 99.74 %, respectively. 

2.2. Methods 

2.2.1. Preparation of solutions 
Prior to solution preparation, lipase aliquots were thawed at room 

temperature. The lipase and sucrose or trehalose were prepared in two 

mixtures: either at ratios 1/99; or at ratio 4/96 (w/w, dry weight); with 
and without 0.1 % (w/w, dry weight) of surfactants PS20, aC12G2 and 
bC12G2), respectively. This generated a total of 16 formulations. The 
total solids (t.s.) content was kept at 30 % w/w. Deionized water was 
used as a solvent for all systems. 

2.2.2. Vacuum foam-drying 
Solutions were subjected to vacuum foam-drying using a freeze- 

dryer with a single chamber equipped with one temperature- 
controllable shelf, pressure sensor, and two temperature probes 
(Epsilon 2–4 LSCplus, Martin Christ GmbH, Germany). Vacuum foam- 
drying was carried out in clear tubing vials of 8 mL volume and 20 
mm inner diameter (Schott, Germany) filled with 1 mL solution. Based 
on pre-trials showing that the foaming of the individual vials is some-
what stochastic, ten vials of each formulation were processed in parallel 
to display this character. 

The shelf temperature was kept at 30 ◦C during the process. The 
pressure was decreased from atmospheric pressure to 7 hPa at a rate of 
100 hPa/min. Primary drying was carried out at 7 hPa for 2 h. The 
secondary drying was initiated by lowering the chamber pressure to 0.5 
Pa and holding for 40 h. The vials were closed under 0.5 Pa, sealed with 
rubber stoppers, and crimped with aluminum caps. Immediately after 
the process was finalized, all samples were stored at − 86 ◦C to preserve 
the physical state of the samples. All samples were analyzed directly 
after thawing. 

2.2.3. Photographs and foam assessment 
The vacuum foam-dried solids were photographed with a Samsung 

SM-G970F mobile camera (Samsung Galaxy S10e) without a flashlight 
from the light source. To minimize background effects, black paper was 
used and placed behind and below the vials. The photographs were 
taken in manual mode with a 1.5 aperture and shutter speed of 1/50. 

The solid foams were assessed for fraction of foamed vials, appear-
ance, and foam overrun (FO). The appearance refers to what is inter-
preted as the typical appearance of the foamed vials in the experiment. 
The foam overrun of the solid foams is described by using Eq. (1), 

FO =
vsf − vs

vs
• 100[%v/v] (1)  

where vsf and vs are the estimated volume of the solid foam (obtained 
from the maximal height of the foam in the vial) and the volume of the 
solid matrix (using the density of amorphous sucrose, 1.52 g/mL), 
respectively. 

2.2.4. X-ray photoelectron spectroscopy (XPS) 
The surface composition of pure components (sucrose, trehalose, and 

lipase), and powder samples were characterized using X-ray Photo-
electron Spectroscopy (AXIS UltraDLD X-ray photoelectron spectrom-
eter, Kratos Analytical, UK). The reference lipase was prepared by 
freeze-drying. The compositions of PS20, aC12G2, and bC12G2 were 
calculated based on their molecular formulae, omitting hydrogen. 

Samples were taken out of the vial, gently crushed, transferred into 
aluminum pans, and placed in a high vacuum (4×10− 7 Pa). The samples 
were irradiated with well-defined X-ray radiation (monochromatic Al X- 
ray source), resulting in the emission of photoelectrons from the 
outermost surface layer. The depth of the analysis is approximately 1–5 
nm, with a signal that decays exponentially with depth. The position and 
area of the peaks in the spectrum obtained enabled quantitative deter-
mination of the atomic composition of the sample surface analyzed 
down to a depth of about 5 nm and over an area of approximately 
700×300 µm. Two spots were analyzed for each sample. The relative 
surface coverage of protein at the surface of the powder samples based 
on the nitrogen signal is obtained by Equation (2). 

Sp,s =
XN,s

XN,ref
⋅100[% a/a] (2) 
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Here XN,s is the atomic fraction of nitrogen from the XPS measure-
ment of the sample, and XN,ref is the atomic fraction of nitrogen from the 
XPS measurement of a pure lipase reference. 

2.2.5. Activity assay 
The enzymatic activity of reconstituted lipase formulations was 

measured in accordance with an activity assay developed by Swedish 
Orphan Biovitrum AB. The lipase of each formulation was dissolved to a 
concentration of 0.5 µg/mL in a pre-filtered hydrolysis buffer pH 7 with 
0.1 % bovine serum albumin (BSA) containing: 100 mM sodium phos-
phate; and 150 mM sodium chloride. All lipase formulations were 
diluted with the hydrolysis buffer to a concentration of 0.5 µg/mL. 200 
µL of 0.5 µg/mL lipase formulations were pipetted into a microtiter 96- 
well plate. The lipase was activated by preparing an activation buffer, by 
adding 20 mM sodium cholate in the previously prepared hydrolysis 
buffer (with 0.1 % BSA) to a ratio of 1/5 (v/v). 25 µL of activation buffer 
was added in each lipase-containing well. Prior to the start of the assay, 
samples were incubated just above room temperature at 27 ◦C for 5 min. 
5 mM of the substrate 4-nitrophenyl butyrate (PNBP) was dissolved in 
the hydrolysis buffer at a ratio of 1/4 (v/v) to create a substrate solution. 
The substrate solution was immediately vortexed for 45 s. 25 µL of the 
freshly prepared substrate solution was also added to the lipase- 
containing wells to start the assay. The assay method included shaking 
for 10 s and the progress of the reaction was followed spectrophoto-
metrically at 400 nm, for 120 s, with a data collection interval of 20 s, 
using a Varioscan Lux Multimeter microplate reader. Through linear 
regression, a slope of the curve could then be calculated. The coefficient 
of correlation for the standard curve (R2) was at least 0.99. The activity 
of untreated lipase was measured using the same procedure, resulting in 
a specific activity of 2.48 µAU/s, and this was used as a reference value 
for 100 % retained activity. The residual lipase activity was calculated as 
the ratio of lipase activity in the sample and the lipase activity in the 
reference sample. Each sample was measured in triplicates. 

2.2.6. Scanning electron microscopy (SEM) 
The dried foam in a vial was crushed into small particles by light 

grinding with a spatula. Small amounts of vacuum foam-dried particles 
were placed on a double-sided carbon tape adhered to an aluminum 
holder. All samples were analyzed using a Quanta 250 FEG ESEM 
scanning electron microscope (FEI, Czech Republic). The samples were 
placed in the chamber and the images were taken under a high vacuum 
(0.1–1 hPa) with an Everhart-Thornley Detector (ETD) at an accelera-
tion voltage of 2 kV. 

The SEM images and data from this study represent a set of 20–40 
images collected at varying magnifications (25x, 100x, and 250x) from 
at least two different spots on the sample. 

2.2.7. Differential Scanning Calorimetry (DSC) 
AA Mettler Toledo DSC 1 STARe system was used to perform the 

Differential Scanning Calorimetry measurements. Prior to measure-
ments calibration checks were performed with indium and zinc as 
reference materials. The reference material checks (Tm and ΔH) were 
within acceptable limits. Samples were measured with a material weight 
of 1–6 mg. The materials were weighed in an aluminum pan sealed with 
a lid, and an empty aluminum sealed pan was used as a reference. 

The thermal transitions of the powder samples were evaluated by 
holding the material for 1 min at 20 ◦C before heating it to 250 ◦C with a 
heating rate of 10 ◦C/min. All the measurements were performed under 
a nitrogen gas flow of 50 mL/min and evaluated in duplicates. The glass 
transition temperature (Tg) was observed as a step change in the ther-
mogram and was evaluated as the midpoint of the step change. The 
crystallization of sucrose (Tcryst) was observed as a broad exothermic 
peak, and the melting of sucrose (Tmelt) was detected as a broad endo-
thermic peak. The net crystallization enthalpy of sucrose was evaluated 
in the temperature range of 80–180 ◦C. The dehydration of trehalose 
dihydrate was detected as an endothermic peak, and the dehydration 

enthalpy was evaluated in the range of 85–95 ◦C. The evaluation of the 
thermal events is illustrated in Supplementary Information Fig. S1. 

The degree of crystallinity of sucrose and trehalose (CSUC, CTRE) was 
calculated by Eqs. (3) and (4), respectively. 

CSUC =
ΔHmelt − ΔHcryst

ΔHmelt.ref
⋅100 [% w/w] (3) 

where ΔHmelt, ΔHcryst, and ΔHcryst.ref are the sample’s melting 
enthalpy, the sample’s crystallization enthalpy, and the melting 
enthalpy of reference crystalline sucrose, respectively. 

CTRE =
ΔHdeh

ΔHdeh.ref
⋅100 [% w/w] (4)  

where ΔHdeh and ΔHdeh.ref are the sample’s dehydration enthalpy of 
trehalose dihydrate and the dehydration enthalpy of reference trehalose 
dihydrate, respectively. 

2.2.8. Thermal gravimetric analysis (TGA) 
The thermogravimetric measurements were performed with a Met-

tler Toledo thermogravimetric analyzer, TGA2. The instrument was 
calibrated using Isatherm, nickel, and a silica ferric alloy (Trafoperm®) 
with a magnet placed on the sample to detect the temperature at which 
their magnetic properties change upon heating. 

Samples were measured with a material weight of 1–5 and placed in 
a sample crucible. Before measurements, the crucibles were placed and 
cleansed using a high-temperature oven for 1 h at 900 ◦C, ramp rate 
4 ◦C/s up to 900 ◦C. All crucibles during the cleaning program were 
exposed to air. For sample evaluation, the temperature was held at 25 ◦C 
for 1 min, then increased to 250 ◦C with a heating rate of 10 ◦C/min, 
followed by isotherm at 250 ◦C for 1 min. A nitrogen gas flow of 50 mL/ 
min was set during the measurement. Removal of residual moisture was 
seen as a decrease in mass content between 60 and 150 ◦C. Each sample 
was measured in duplicates. 

2.2.9. X-ray powder diffraction (XRPD) 
The dry foam in a vial was crushed to small particles by light grinding 

with a spatula, and a small sample (20–50 mg) was smeared to cover the 
centerpiece of Zero Background Holders (ZBH:s), mounted in stainless 
steel holders and placed in the diffractometer. This type of holder 
required no baseline correction. A PANalytical X’Pert PRO diffractom-
eter, equipped with a Copper (Cu), long fine focus X-ray tube (CuKα; λ =
1.5418 Å), and a PIXcel detector. Automatic divergence and anti-scatter 
slits were used together with 0.02 rad Soller slits and a Ni-filter. The scan 
length was approximately 17 min and measurements were performed at 
room temperature (approximately 22 ◦C). To increase the randomness 
samples were spun during the analysis. The samples were analyzed be-
tween 2 and 40◦ in 2θ using 255 detector channels. All measurements 
were evaluated using the XPert HighScore software. 

3. Results 

The lipase was dried in two different starting concentrations (1 % 
and 4 % of the solids), two different matrix formers (sucrose and 
trehalose), neat (no surfactant), and with surfactants polysorbate 20 
(PS20), and two alkyl polyglycosides (APG) (α-dodecylmaltoside 
(aC12G2) and β-dodecylmaltoside (bC12G2)) generating a total of 16 
formulations. The total solids (t.s.) content was 30 % w/w in all for-
mulations. The formulations were assessed in terms of the material’s 
physical appearance, solid-state characteristics, and lipase activity. 

3.1. Foam appearance and morphology after drying 

The appearance of the solid foams was observed visually. Repre-
sentative photographs of the vacuum foam-dried samples are shown in 
Fig. 1, and all vials are shown in Fig. S2. Table 1 summarizes the foam 
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Fig. 1. Representative images of vacuum foam-dried formulations in vials of 1/99 (% w/w) lipase/SUC (a-d), 1/99 (% w/w) lipase/TRE (e-h), 4/96 (% w/w) lipase/ 
SUC (i-l) and 4/96 (% w/w) lipase/TRE (m-p), respectively. 

Table 1 
Summary of vacuum foam-dried lipase with matrix formers sucrose (SUC) or trehalose (TRE) with and without surfactants polysorbate 20 (PS20), α-anomer of 
dodecylmaltoside (aC12G2) or β-anomer of dodecylmaltoside (bC12G2). The error is represented as the standard error of the mean (SEM) (n = 10).  

Formulation, % 
w/w 

Foam appearance of 
vials. (n = 10) 

Foam Overrun 
% Eq [1] 
v/v (Mean ±
SEM) 

Solid foam wall 
thickness (µm) 

Formulation, % 
wt/wt 

Foam appearance (n =
10) 

Foam Overrun 
% Eq [1] 
v/v (Mean ±
SEM) 

Solid foam wall 
thickness (µm) 

Lipase/SUC, 1/ 
99 

100 % foamed. 
Some spattering. 
90 %Flattened. 
10 % Depressed. 

1300 ± 90 20–40 Lipase/TRE, 1/99 100 % foamed. 
Moderate spattering. 
Depressed. 

1400 ± 70 20–40 

Lipase/SUC 1/ 
99 
PS20 

100 % foamed. 
Some spattering. 
90 % Expanded. 
10 % Flattened 

1800 ± 120 30–50 Lipase/TRE 1/99 
PS20 

100 % foamed. 
Moderate spattering. 
Depressed. 

1100 ± 40 30–50 

Lipase/SUC 1/ 
99 
aC12G2 

100 % foamed. 
No spattering. 
60 % Expanded. 
40 % Flattened. 

2100 ± 150 30–50 Lipase/TRE 1/99 
aC12G2 

100 % foamed. 
40 % Some spattering. 
Expanded. 
60 % Moderate 
spattering. Depressed. 

1600 ±60 30–40 

Lipase/SUC 1/ 
99 
bC12G2 

100 % foamed. 
No spattering. 
90 % Expanded 
10 % Flattened. 

2400 ± 190 20–40 Lipase/TRE 1/99 
bC12G2 

100 % foamed. 
Moderate spattering. 
Flattened 

1400 ± 30 30–40 

Lipase/SUC, 4/ 
96 

100 % foamed. 
Some spattering. 
Expanded. 

2200 ± 110 20–40 Lipase/TRE, 4/96 100 % foamed. 
Extensive spattering. 
Depressed. 

1000 ± 80 30–40 

Lipase/SUC 4/ 
96 
PS20 

100 % foamed. 
Some spattering. 
Expanded. 

2400 ± 90 30–40 Lipase/TRE 4/96 
PS20 

100 % foamed. 
Moderate spattering. 
Depressed. 

1400 ± 60 30–50 

Lipase/SUC 4/ 
96 
aC12G2 

90 % foamed1. 
No spattering. 
80 % Expanded 
10 % Flattened. 

2300 ± 310 30–40 Lipase/TRE 4/96 
aC12G2 

100 % foamed. 
Extensive spattering. 
Depressed. 

900 ± 140 20–30 

Lipase/SUC 4/ 
96 
bC12G2 

100 % foamed. 
No spattering. 
Expanded. 

2600 ± 90 20–40 Lipase/TRE 4/96 
bC12G2 

100 % foamed. 
50 % Some spattering. 
Expanded. 
50 % Extensive 
spattering. Depressed. 

2000 ± 130 30–50  

1 One vial showed no instance of foaming and therefore was not included in the assessment of the foam appearance. 
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appearance, quantifies the foam overrun (FO, Eq. (1), and, when 
possible, quantifies the solid foam wall thickness for all dried samples 
(from SEM). In addition, reference samples of sucrose and trehalose at 
30 % t.s. were vacuum foam-dried but will not be discussed any further. 
The results are displayed in Supplementary Information Fig. S3. 

Most of the formulations formed solid foams in all of the vials. Fig. 1 
shows the typical appearance of the solid foams, and was described by 
its shape, i.e., “expanded” (gathered solid foam with a raised center), 
“flattened” (gathered solid foam with no raised center), or “depressed” 
(gathered solid foam with an inverted center, generating a shrunken 
appearance) and by spattering (on the walls and neck of the vials), i.e., 
“non”, “some”, “moderate”, “extensive”, respectively. All the solid foams 
with sucrose as matrix former demonstrated a quite homogenous 
appearance, as the solid foams were shaped either as expanded or flat-
tened, with no or some spattering, and FO of 1300–2600 %. The solid 
foams with trehalose as matrix former, on the other hand, showed a 
heterogenous appearance, exhibiting all shapes, i.e., expanded, flat-
tened, or depressed, and most types of spattering, i.e., some, moderate, 
or extensive, and FO of 900–2000 %. No solid foam with trehalose as 
matrix former demonstrated “no spattering”. In general, the solid foams 
with sucrose as matrix former displayed greater FO-values compared to 
the corresponding solid foams with trehalose as matrix former. 

3.1.1. Sucrose as matrix 
Neat, 1 % lipase demonstrated a flattened foam, with some spatter-

ing and an FO of 1300 %. The addition of a surfactant typically gener-
ated an expanded foam, generally with no or some spattering, and 
increased the FO to 1800–2400 %. In contrast to PS20, aC12G2, and 
bC12G2 had a greater impact on expanding the solid foam, decreasing 
the spattering from some to none, and exhibiting increased FO, Table 1. 

Neat, 4 % lipase showed a similar appearance as neat, 1 % lipase, 
although the FO was increased from 1300 % to 2200 %. 4 % lipase and 
the addition of a surfactant generated solid foams with a similar 
appearance to 1 % lipase and a surfactant, and the FO also increased 
from 1800 %, 2100 %, and 2400 % to 2400 %, 2300 %, and 2600 %, 
respectively. Only aC12G2 displayed two types of solid foam pattern: 80 
% of vials presented an expanded solid foam whilst 10 % of vials pro-
duced a flattened solid foam and no spattering. 

3.1.2. Trehalose as matrix 
Neat, 1 % lipase displayed a depressed solid foam with moderate 

spattering and FO of 1400 %. The inclusion of surfactants affected the 
foam appearance and FO differently. PS20 displayed a depressed solid 
foam, with moderate spattering. aC12G2 produced either an expanded 
solid foam with moderate spattering or a depressed solid foam with 
moderate spattering, whilst bC12G2 demonstrated a flattened solid 
foam, with moderate spattering. 

Neat, 4 % lipase presented a depressed solid foam with extensive 
spattering and a FO of 1000 %. The addition of surfactants showed an 
ambiguous foam appearance. Comparable to 1 % lipase with PS20, at 4 
% lipase, PS20 exhibited a depressed solid foam, moderate spattering, 
and an FO of 1400 %. Furthermore, aC12G2 demonstrated a depressed 
solid foam, extensive spattering, and an FO of 900 %. bC12G2 exhibited 
two types of foam pattern, with 50 % of foamed vials establishing an 
expanded solid foam with some spattering, and 50 % of foamed vials 
forming a depressed solid foam with extensive spattering. 

3.2. Morphology of vacuum foam-dried materials 

All vacuum foam-dried material typically exhibited longer straight 
ridges juxtaposed to smoother, regular domains. No visual differences in 
the micro-scale morphology were observed. For all samples, the dry 
foam wall thickness ranged from 20–50 µm (Table 1, Fig. 2, and Sup-
plementary Information Fig. S4). 

3.3. Surface composition of vacuum foam-dried particles 

The surface composition of vacuum foam-dried samples was 
analyzed by X-ray Photoelectron Spectroscopy (XPS). XPS is a highly 
surface-sensitive technique and quantitatively detects elements heavier 
than H down to a depth of 5 nm. The atom nitrogen (N) is only found for 
the lipase, thus seen as a confident indicator of the amount of lipase at 
the surface. The surface coverage for the lipase is simply estimated using 
Equation (2). The underlying assumption is that no other component 
covers the lipase close to the surface, and the thickness of the lipase layer 
is at least equal to the depth of analysis (5 nm). The estimated surface 
coverage ranged from 3–36 %, Fig. 3 and Table 2. Furthermore, the XPS 
results demonstrate three trends: the surface coverage increased for all 4 
% lipase formulations compared with all 1 % lipase formulations; all 
formulations with PS20 decreased the surface coverage of the lipase; and 
all formulations with matrix former trehalose demonstrated a higher 
lipase surface coverage compared to all formulations with sucrose as 
matrix former. 

3.4. Activity of vacuum foam-dried lipase 

The residual activity for all formulations was measured and 
compared with a reference solution of untreated lipase. Fig. 2 demon-
strates the residual activity of lipase in all formulations which ranged 
from 70–260 %. Neat lipase formulations at high concentrations 
exhibited an increased activity compared to neat lipase formulations at 
1 % concentration. In comparison to 1 % lipase concentration, lipase 
formulations at 4 % concentration, using sucrose as matrix former, with 
aC12G2 or bC12G2 generated an increased activity whilst PS20 
demonstrated a decrease in activity. The opposite was observed for 4 % 
lipase concentration and trehalose as matrix former, where the addition 
of PS20 increased the activity, whilst the inclusion of aC12G2/bC12G2 
decreased the activity. 

3.5. Solid-state characteristics of the matrix 

The materials were characterized based on residual water content 
(RWC), glass transition temperature (Tg), and the melting and recrys-
tallization of sucrose or dehydration of crystal water of trehalose, 
respectively, see Supplementary Information Figs. S5 and S6. The results 
from DSC and TGA measurements are presented in Table 3. For all 
formulations, the RWC-values ranged from 3.2–3.9 %, whilst the Tg- 
values were in the spectrum of 43–57 ◦C. The RWC-values showed no 
difference comparing formulations by 1 % and 4 % concentrations of 
lipase; matrix former sucrose and trehalose; with or without the addition 
of surfactant. Formulations with sucrose as matrix former exhibited Tg- 
values of 43–50 ◦C, whilst formulations with trehalose as matrix former 
demonstrated Tg-values of 52–57 ◦C. Typically, DSC thermograms of 
sucrose crystallization displayed one broad and exothermic peak in the 
range of 58–136 ◦C and melting showed one broad and endothermic 
peak in the range of 128–182 ◦C, whilst DSC thermograms of dehydra-
tion of trehalose dihydrate displayed one small and narrow endothermic 
peak in the range of 75–97 ◦C. 

The calculated crystallization values for all lipase formulations 
ranged from <1–12 % are shown in Table 3. The degree of crystallinity 
generally decreases with increasing lipase content. The melting enthalpy 
of sucrose and the dehydration enthalpy of trehalose dihydrate corre-
spond well with literature values for sucrose (Beckett et al., 2006) and 
trehalose (Sussich et al., 1998). It can be observed that the error of the 
residual water content correlates with the error of the melting enthalpy, 
indicating that the error reflects the homogeneity/heterogeneity of the 
material (a regression analysis gives an F value of 5.54 and a p-value of 
0.034, see Supplementary Information Fig. S7). It can also be noticed 
that the heterogeneity is lower for trehalose samples than for sucrose 
samples, but there is no difference between 1 % and 4 % lipase content. 

X-ray powder diffraction (XRPD) was used for dried materials to 
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Fig. 2. Representative SEM image of vacuum foam-dried lipase/trehalose at 4/96 (% w/w) depicting top dry foam (a) and thickness of dry foam (b).  
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distinguish between the amorphous and the crystalline state. All for-
mulations showed a sharp scattering decay followed by a weak halo 
pattern between 12–22◦ 2θ for the sucrose-based formulations and 
14–25◦ 2θ for the trehalose-based formulations, respectively. Moreover, 
sucrose showed two maxima in the halo pattern, one at 14◦ and the other 
at 20◦ 2θ. Trehalose demonstrated one maximum in the halo pattern, at 
18◦ 2θ. Crystallinity was observed for some samples. The crystalline 
sucrose samples showed sharp peaks at 11.8, 12.8, 13.8, 18.9, 19.6, 

24.8◦. The crystalline trehalose materials showed peaks at 12.6, 13.6, 
14.6, 15.4, 17.2, 21.2, 23.8 and 26.6◦. The results are in good agreement 
with previous observations of sucrose and trehalose dihydrate (Roe and 
Labuza, 2005). The formulation matrix was considered completely 
amorphous (A) when the diffractogram demonstrated an absence of any 
sharp peaks, amorphous with few crystalline elements (A(+c)) when the 
diffractogram showed one or few peaks on top of a halo-pattern, and 
amorphous with crystalline elements (A + c) when the diffractogram 
generated clear sharp peaks on top of a halo-pattern. All lipase formu-
lations with sucrose as matrix former demonstrated good agreement 
between DSC- and XRPD-data. In general, the lipase formulations with 
trehalose as matrix former showed fair agreement. The exceptions were 
1/99 and 4/96 (w/w) lipase/TRE with bC12G2. The materials were 
placed in a − 86 ◦C freezer immediately after finalized vacuum foam- 
drying for later analysis and are therefore expected to represent the 
properties of the freshly produced samples. While DSC and TGA were 
analyzed on the same vial, a different vial was used for the XRPD 
measurements. Inhomogeneities in the samples and between vials might 
explain the observed differences between XRPD and DSC evaluations of 
crystallinity. 

4. Discussion 

Fig. 6 illustrates the general principle of vacuum foam-drying and 
follows: 1) The process starts as a solution; 2) The pressure reduction 
induces boiling at the vapor equilibrium temperature of the sample; 3) 
During boiling, bubbles form and break (unstable foams), whilst the 
solvent (water) evaporates, and the solute concentration increases. 
Evaporative cooling reduces the temperature in the sample while the 
sample is heated from the shelf. The operational pressure is selected to 
prevent the sample from freezing; 4) Once a sufficiently high solids 
content is reached in the liquid, the unstable foam solidifies into a stable 
but soft foam (rubbery state of the matrix); 5) The solid foam forms as 

Fig. 3. Lipase surface coverage, based on % nitrogen (N) atomic concentration, for neat (no surfactant) (●), with PS20 (○), with aC12G2 (×), and with bC12G2 (+) 
with either sucrose (blue) or trehalose (red) as matrix former. Overlapping points have been notched in the horizontal direction to improve clarity. The dashed lines 
are a guide for the eye. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
The surface coverage, based on % nitrogen (N) atomic concentration, of vacuum 
foam-dried lipase formulations, estimated by X-ray Photoelectron Spectroscopy. 
Measurements were performed in duplicates and the error is represented as the 
standard error of the mean (SEM).  

Formulation, % w/w Element (%, atomic conc.) Lipase surface 
coverage 
Eq. [2], (%)  

C N O  

Lipase/SUC, 1/99 53 ± 0.5 1.3 ± 0.1 45 ± 0.7 9.0 ± 0.4 
Lipase/SUC, 1/99, PS20 53 ± 0.1 0.5 ± 0.1 47 ± 0.1 3.3 ± 0.3 
Lipase/SUC, 1/99, aC12G2 53 ± 1.1 0.9 ± 0.2 46 ± 1.3 6.0 ± 0.9 
Lipase/SUC, 1/99, bC12G2 53 ± 0.4 1.0 ± 0.2 47 ± 0.6 6.9 ± 0.8 
Lipase/TRE, 1/99 57 ± 0.6 2.4 ± 0.0 41 ± 0.6 17 ± 0.1 
Lipase/TRE, 1/99, PS20 57 ± 0.1 1.5 ± 0.1 42 ± 0.1 10 ± 0.3 
Lipase/TRE, 1/99, aC12G2 56 ± 1.0 2.6 ± 0.1 42 ± 1.1 18 ± 0.4 
Lipase/TRE, 1/99, bC12G2 55 ± 0.0 2.9 ± 0.6 42 ± 0.6 20 ± 2.7 
Lipase/SUC, 4/96 54 ± 1.4 3.0 ± 0.2 43 ± 1.6 21 ± 1.0 
Lipase/SUC, 4/96, PS20 54 ± 0.0 2.0 ± 0.0 44 ± 0.0 14 ± 0.0 
Lipase/SUC, 4/96, aC12G2 53 ± 0.9 2.8 ± 0.1 44 ± 1.1 19 ± 0.5 
Lipase/SUC, 4/96, bC12G2 55 ± 1.0 2.8 ± 0.0 42 ± 1.0 20 ± 0.0 
Lipase/TRE, 4/96 57 ± 0.1 5.1 ± 0.1 38 ± 0.2 35 ± 0.5 
Lipase/TRE, 4/96, PS20 57 ± 0.4 3.9 ± 0.0 39 ± 0.4 27 ± 0.0 
Lipase/TRE, 4/96, aC12G2 59 ± 2.3 5.2 ± 0.8 36 ± 0.4 36 ± 3.5 
Lipase/TRE, 4/96, bC12G2 59 ± 0.2 5.1 ± 0.2 35 ± 0.1 35 ± 0.8 
Reference lipase 62 ± 0.2 14 ± 0.2 20 ± 0.0 100 ± 0.0  
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further moisture is removed (matrix enters into a glassy state); 6) Sec-
ondary drying is initiated by reducing the pressure further to remove 
water to obtain a sufficiently dry product (dry, solid foam) with 3–4 % 
residual water content. 

Once the secondary drying was completed, several clear observations 
were noticed (Table 1 and Fig. 1): the foam overrun ranged from 
approximately 900–2600 %; the foam appearance varied from expanded 
to depressed; and the spattering varied from none to extensive. From the 
results, it is clear that a higher lipase content generates a higher overrun 
and a more expanded dry, solid foam. The addition of surfactants was 
observed to give some further expansion of the dry, solid foams. There is 
also a clear difference between sucrose with high foam overrun and 
expanded dry, solid foams compared to trehalose with less expanded 
and more depressed dry, solid foams. Samples with weak foaming 
(trehalose-based dry, solid foams) also showed a large spattering 
tendency. 

An intriguing observation is that sucrose and trehalose behave 
differently in vacuum foam-drying in several different aspects: different 
foam morphology, different tendency of spattering, and different surface 
composition. Despite the similarities in molecular structure, the way 
sucrose and trehalose interact with water differs somewhat. Compared 
to sucrose, trehalose has been shown to interact to a greater extent with 

water (Olsson and Swenson, 2020; Lerbret et al., 2005; Branca et al., 
2005; Branca et al., 2001; Gharsallaoui et al., 2008). Several studies 
indicate that trehalose interacts with more water molecules at a given 
concentration, and molecular dynamics simulations indicate that 
trehalose may cluster in solution which sucrose does not (Lerbret et al., 
2005). However, it should be noted that these studies concern sugar 
concentrations that are well below the concentrations encountered in 
vacuum foam-drying, close to the point of reaching the stable but soft 
foam stage. Gharsaouli et al., investigated the hydration number of su-
crose, trehalose, and other sugars in a wide concentration range, and 
found that at concentrations below 50 wt% trehalose had a higher hy-
dration number than sucrose, but for concentrations above 50 wt% su-
crose and trehalose exhibit very similar hydration numbers 
(Gharsallaoui et al., 2008). At the stage when a stable but soft foam is 
formed the sugar concentration is about 70 wt%, and thus the hydration 
of sucrose and trehalose would be similar. Still, the viscosity at the same 
concentration is expected to be higher for trehalose than for sucrose. The 
solubility of trehalose is lower than for sucrose, and it appears that the 
supersaturated state is more unstable for trehalose than for sucrose. 
Spattering occurs before the formation of a soft foam, thus at concen-
trations below 70 wt%, and the viscosity, and perhaps in particular the 
extensional viscosity, may be of importance for this feature. However, 

Table 3 
Summary of solid-state properties for vacuum foam-dried formulations. The error is represented as the standard error of the mean (SEM) (n = 2).  

Formulation 
lipase/matrix (w/ 
w) ± surfactant 

Residual 
Water Content 
(%) (Mean ±
SEM) 

Glass Transition 
Temperature (◦C) 
(Mean ± SEM) 

Crystallisation 
temperature of 
sucrosea (◦C) 

Melting temperature of 
sucroseb or dehydration 
temperature of trehalose 
dihydratec (◦C) 

Net crystallization 
enthalpy of sucrosed and 
dehydration enthalpy of 
trehalose (J/g) 

Crystallinity Eq. 
[3] and Eq. [4] 
(%) 

Matrix 
solid-state 
by XRPDe 

Lipase/SUC, 1/99 3.8 ± 0.38 43 ± 0.73 86 ± 0.73 169 ± 1.2 16 ± 5.0 12 A + c 
Lipase/SUC, 1/99 
+ PS20 

3.2 ± 0.00 46 ± 0.29 86 ± 0.29 169 ± 0.25 5.4 ± 0.41 4 A + c 

Lipase/SUC, 1/99 
+ aC12G2 

3.2 ± 0.16 50 ± 0.27 98 ± 0.27 172 ± 0.64 12 ± 8.9 9 A + c 

Lipase/SUC, 1/99 
+ bC12G2 

3.3 ± 0.13 48 ± 0.17 86 ± 0.17 166 ± 0.70 11 ± 4.4 8 A + c 

Lipase/TRE, 1/99 3.3 ± 0.10 52 ± 0.13 NA 90 ± 0.24 4.6 ± 1.0 5 A + c 
Lipase/TRE, 1/99 
+ PS20 

3.2 ± 0.020 57 ± 0.22 NA 90 ± 0.23 6.5 ± 1.4 7 A + c 

Lipase/TRE, 1/99 
+ aC12G2 

3.6 ± 0.070 52 ± 0.13 NA 88 ± 0.36 1.9 ± 0.0 2 A + c 

Lipase/TRE, 1/99 
+ bC12G2 

3.5 ± 0.030 53 ± 0.37 NA 90 ± 0.070 4.7 ± 0.23 5 A 

Lipase/SUC, 4/96 3.4 ± 0.15 49 ± 0.10 105 ± 0.10 168 ± 0.42 2.9 ± 5.2 2 A(+c) 
Lipase/SUC, 4/96 
+ PS20 

3.7 ± 0.17 48 ± 0.68 110 ± 0.68 169 ± 0.35 2.1 ± 1.3 2 A(+c) 

Lipase/SUC, 4/96 
+ aC12G2 

3.8 ± 0.19 49 ± 0.020 113 ± 0.020 167 ± 0.54 2.5 ± 0.54 2 A 

Lipase/SUC, 4/96 
+ bC12G2 

3.4 ± 0.16 49 ± 0.60 118 ± 0.60 167 ± 0.37 1.9 ± 0.78 <1 A 

Lipase/TRE, 4/96 3.6 ± 0.040 57 ± 0.41 NA 87 ± 0.060 0.8 ± 0.050 <1 A 
Lipase/TRE, 4/96 
+ PS20 

3.4 ± 0.010 57 ± 0.63 NA 88 ± 0.71 2.6 ± 0.57 3 A(+c) 

Lipase/TRE, 4/96 
+ aC12G2 

3.9 ± 0.11 55 ± 0.27 NA 88 ± 0.050 6.7 ± 1.7 7 A + c 

Lipase/TRE, 4/96 
+ bC12G2 

3.9 ± 0.070 55 ± 0.40 NA 81 ± 1.7 0.5 ± 0.12 <1 A + c 

Anhydrous 
crystalline 
Sucrose 
(reference) 

NAf NA NA 190 ± 0.0 132 ± 0.13 100 C 

Crystalline 
Trehalose 
dihydrate 
(reference) 

NA NA NA 93 ± 0.13 90 ± 0.070 100 C  

a Crystallisation of anhydrous sucrose is regarded as the observed crystallization point of sucrose in the formulations. 
b Melting of anhydrous sucrose is regarded as the observed melting point of sucrose in the formulations. 
c Dehydration of trehalose dihydrate is regarded as the release of crystal-bound (dihydrate) water of trehalose in the formulations. 
d Crystallisation enthalpy of sucrose is considered as the net difference between sucrose recrystallization and melting of anhydrous sucrose. 
e XRPD to detect the diffractogram pattern for each formulation. The matrix is considered amorphous (A), amorphous with one or few crystalline peaks (A(+c)), or 

amorphous with crystalline peaks (A + c). 
f Not available. 
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the mechanism(s) behind the effects of sugar-water interactions on the 
foam formation under vacuum remains yet to be explained. 

The XPS data demonstrated a partial lipase surface coverage, ranging 
from 3–36 %. As highlighted by the XPS data, increasing the lipase 
content from 1 % to 4 % consistently generated more lipase adsorbed at 
the air/liquid interface, Fig. 4 and Table 2. The surface of the dried 
material is not saturated with lipase at 1 % nor 4 % lipase content, 
implying that more lipases can adsorb at the surfaces of the unstable 
foam. The difference in lipase surface coverage for the sucrose- and 
trehalose-based dry, solid foams, might be attributed to the unstable 
foam stage and how the rise in viscosity affects the lipase’s ability to 
interfacial adsorption before the unstable foam solidifies into a stable 
but soft foam. It has been established that trehalose demonstrates a 
higher viscosity than sucrose at the same concentration and temperature 
(Branca et al., 2001; Galmarini et al., 2011). However, it would be ex-
pected that a higher viscosity reduces the diffusion rate of the lipase and 
hence would result in lower surface adsorption of the lipase. Since the 
surface coverage of the lipase was consistently higher for all trehalose- 
based dry, solid foams (Fig. 3), compared to all sucrose-based dry, 
solid foams, the difference in surface coverage might be attributed to at 
which concentration the disaccharides transition the unstable foam into 
a stable but soft foam, or a different effect of the respective sugars on 
phase segregation of lipase at high total solids concentration. 

Here the effect of surfactants on lipase surface coverage in vacuum 
foam-drying was explored using the surfactants polysorbate 20 (PS20) 
and dodecyl maltosides (aC12G2 and bC12G2), where the alkyl chain 
length was kept constant (12 carbons in alkyl-chain). These surfactants 
differ regarding the size of the head group, where the head group for 
PS20 and aC12G2/bC12G2 occupies approximately 60 Å2 (Kanduč 
et al., 2021) and 40 Å2 (Szymczyk et al., 2018), respectively. The 
addition of surfactants displayed a consistently different effect on the 
lipase surface coverage. Whilst PS20 reduced the surface coverage for all 

lipase formulations, the lipase surface coverage was unaffected for 
aC12G2 and bC12G2. This indicates that the size of the head group in-
fluences the lipase surface coverage. In addition, PS20 has a large and 
flexible head group, whilst the alkyl maltosides carry smaller and rigid 
head groups. Adler et al., studied the effect of the ratio of PS80 to BSA in 
spray drying using trehalose as a matrix former (Adler et al., 2000). They 
noticed that an increase in the surfactant concentration from 0.1 % to 1 
% (w/w) effectively excluded the surface adsorption of BSA. Even 
though the lipase surface coverage in the presence of aC12G2 or bC12G2 
was unaffected, it should be noted that the surfactant level in the present 
experiment was low, 0.1 % (w/w), but still above the critical micelle 
concentration of the respective surfactants. The reduced surface 
coverage of proteins was also shown by Millqvist-Fureby et al., in two 
other studies, for freeze-dried and spray-dried trypsin with and without 
the presence of the surfactant polysorbate 80, which has the same head 
group architecture as PS20 (Millqvist-Fureby et al., 1999a; Millqvist- 
Fureby et al., 1999b). However, the concentration of surfactants might 
also influence the surface coverage of proteins. 

A common feature for lipases is that they are active at the oil/water 
interfaces and that the surface interaction tends to increase the enzy-
matic activity. Already in the solution, the lipase adsorbs at the gas/ 
water interface. The unstable foam stage of primary drying, where the 
solution oscillates between an unstable foam and a concentrated solu-
tion (Fig. 6), creates temporary vapor/liquid interfaces. The adsorption 
of macromolecules to a surface is fast and can be expected to occur on 
the time scale of the bubble’s lifetime (Meerdink, 1994). Since the un-
stable foam stage generates the formation and collapse of unstable 
bubbles multiple times until solidification, it is possible that a relatively 
large fraction of the total lipase would have adsorbed to, or interacted 
with, the interface at some time during the unstable foam stage of the 
drying process. The activity measurements of all lipase formulations 
were performed on reconstituted materials and were either preserved or 

Fig. 4. Lipase activity for neat (no surfactant) (●), with PS20 (○), with aC12G2 (×), and with bC12G2 (+) with either sucrose (blue) or trehalose) red) as matrix 
former. Measurements were performed in triplicates and values were presented as mean values with standard error of the mean (SEM). Overlapping points have been 
notched in the horizontal direction to improve clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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enhanced. A plausible explanation might be that whilst in the unstable 
foam stage, exposure to many new vapor interfaces alters the confor-
mation of the lipase. Human lipases typically contain a small flexible 
loop that partly covers the active site (Salhi et al., 2021). This loop opens 
in contact with hydrophobic domains (oil or vapor) which increases the 
lipase activity (Salhi et al., 2021; Bläckberg and Hernell, 1981; O’Con-
nor and Wallace, 1985). Whilst in the unstable foam stage of primary 
drying, surface adsorption might have conformed the loop to expose the 
active site. This theory can be supported by the activity measurements, 
for the neat (no surfactant) lipase formulations, which exceeded 100 %. 

As Figs. 3 and 4 demonstrate, no correlation was established between 
the activity and the surface coverage for the lipase formulations in the 
presence of a surfactant. The activity was also difficult to correlate with 
the degree of crystallinity and diffractogram patterns (Table 3 and 
Fig. 5). Observations from the X-ray diffractograms depicted that all 
lipase formulations showed an amorphous baseline (Fig. 5). The calcu-
lated crystallinity based on the DSC thermograms (Table 3) showed 
some correlation with the diffractograms but was not fully consistent. A 
completely amorphous baseline with <1 % matrix crystallinity consis-
tently exhibited activity values above 200 %, regardless of surface 
coverage, matrix former (trehalose or sucrose), and with or without the 
presence of any surfactant, Fig. 7. Even though all the lipase formula-
tions activity was either preserved and/or enhanced, domains of crys-
tallinity still seem to correlate with the observed lipase activity to some 
extent. Crystallization of the matrix former typically counteracts the 
functionality of proteins and can result in decreased activity. Millqvist- 
Fureby et al., noticed that crystallization of the matrix former induced 
loss of protein activity (Millqvist-Fureby et al., 1999a; Millqvist-Fureby 
et al., 1999b). 

The function of secondary drying in freeze-drying is to remove the 
residual water trapped inside the matrix, mainly through diffusion and 
desorption. A longer secondary drying is expected to efficiently remove 
more trapped residual water. This study used 40 h of secondary drying. 

The wall thickness of the vacuum foam-dried material displayed 
considerably higher wall thickness (20–50 µm) (Table 1 and Fig. S2). In 
a previous freeze-drying study, we achieved 1 % residual water with an 
estimated wall thickness of 1–5 µm using a secondary drying time of 6 h 
(Osanlóo et al., 2023). Compared to the freeze-dried material, the 
diffusion distance for trapped water in the vacuum foam-dried material 
is thus longer (at least four times), and hence the required drying time is 
correspondingly extended (at least 16 times, assuming a constant 
diffusion coefficient) to reach a comparable water content. The residual 
water content in the vacuum foam-dried material was measured in the 
range of 3–4 %, which is about three times the residual water content in 
a comparable freeze-dried material (Tang and Pikal, 2004). 

The water content is related to the solid-state properties and long- 
term physical stability, as mentioned above, and in particular to the 
glass transition temperature. The Tg is affected by the properties of all 
components in the formulation. Here the material properties of the 
carbohydrates and water dominate due to the high content of carbo-
hydrates and very low Tg of pure water. 

The Tg of a saccharide-water system can be described using the 
Gordon-Taylor equation (Roos and Drusch, 2015). 

Tg,mix =
Tg,glass⋅wglass + Kglass,aq⋅Tg,aq⋅(1 − wglass

)

wglass + Kglass,aq⋅
(
1 − wglass

) (5)  

where, Tg,glass and Tg,aq describe the glass transition temperature (in K) of 
component glass-former and water, wglass and waq describe the mass 
fraction of component glass-former and water, and Kglass,aq is a constant 
defined for the particular system. The constant, Kglass,aq, in the equation, 
is fitted to the experimental results. Roos has also proposed that Kglass,aq 
of sugars can be predicted from the Tg of the dry material (Roos and 
Drusch, 2015) by using: 

Kglass,aq = Tg,glass⋅a+ b (6) 

Fig. 5. XRPD-diffractograms of 1/99, lipase/SUC (a), 1/99, lipase/TRE (b), 4/96, lipase/SUC (c), and 4/96, lipase/TRE (d) for neat (no surfactant) (blue), with PS20 
(red), with aC12G2 (yellow) and with bC12G2 (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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where Kglass,aq is the Gordon-Taylor constant for a system where 
substance glass is a disaccharide and substance aq is water, a is a fitting 
constant, if Tg is expressed in ◦C or K it is equal to 0.0293, and b is − 4.39 
if Tg is expressed in K or 3.61 if Tg is expressed in ◦C. 

The equations focus on the combination of disaccharides (sucrose or 
trehalose) and water. Dry sucrose has a reported Tg in the range of 
60–70 ◦C, whilst trehalose has a reported Tg in the range of 100–130 ◦C 
(Roe and Labuza, 2005; Roos, 1993). In this paper, the assumptions are 
that dry sucrose has a Tg of 67 ◦C, whilst dry trehalose has a Tg of 117 ◦C. 
Water has a much lower Tg of − 135 ◦C. The obtained K-values were 5.6 
(sucrose) and 7.0 (trehalose). 

Table 4 summarizes the experimental Tg and the predicted Tg, 
calculated through Eqs. (5) and (6). A pronounced difference between 
predicted and experimental Tg was noticed for all the sucrose-based 
formulations, whilst the trehalose-based formulations demonstrated 
reasonable agreement. Interestingly, all the sucrose-based formulations 
obtained experimental Tg-values higher than the corresponding 

predicted Tg-values. Notice, that all the samples were placed in a − 86 ◦C 
freezer directly after vacuum foam-drying to preserve the status of the 
freshly produced samples and were thawed at room temperature when 
analyzed. It can be expected that the water content in the material is 
determined by the process and is most likely heterogeneously distrib-
uted. Thus, the Tg-measurements reflect the non-equilibrium character 
of the material. 

5. Conclusion 

This study has highlighted the effects of vacuum foam-drying on the 
foam formation for protein formulations. The study also explored the 
influence of the matrix and the presence of competing surface-active 
components. 

The presence of a lipase allowed for a dry, solid foam with a foam 
overrun between 900–2600 %. The wall thickness of the dry, solid foam 
was estimated to be 20–50 µm. There was a difference between sucrose 

Fig. 6. Schematic overview aimed to illustrate the vacuum foam-drying process.  

Fig. 7. Lipase activity as a function of matrix crystallinity by DSC. XRPD highlights if the matrix is amorphous with clear crystalline peaks (filled), amorphous with 
one or few peaks (half filled), or amorphous (no filling). 
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and trehalose as matrix former. The sucrose-based dry, solid foams were 
expanded into the center of the vial with almost no material at the walls 
above the upper surface of the dry, solid foam. The trehalose-based dry, 
solid foams were more dispersed over the walls, even above the upper 
surface of the dry, solid foam. The sucrose-based dry, solid foams had a 
higher overrun than the trehalose-based dry, solid foams. 

The lipase partially covered the surface of the dry, solid foam ma-
terial. In comparison to the average concentration, the lipase segregated 
and was over-represented at the surface. The presence of potentially 
competing surfactants (PS20) may reduce the surface coverage of the 
lipase. However, the other evaluated surfactants did not influence the 
surface coverage after vacuum foam-drying at the concentrations used 
here (aC12G2 or bC12G2). 

The lipase did not show any tendency for loss of activity after drying 
and rehydration. On the contrary, the enzymatic activity of the lipase 
was either preserved or enhanced. 

The increased presence of lipase in the formulations reduced the 
crystallization of the matrix. The glass transition temperature (Tg) of the 
sucrose-based dry, solid foams was surprisingly high compared to its 
predicted Tg-values. In comparison to the predicted Tg-values, the 
experimental Tg-values for all trehalose-based dry, solid foams were very 
similar. The discrepancy between measured and predicted Tg-values of 
sucrose as matrix former indicates that the materials are not at equi-
librium when the drying process is finished. 
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