
Vol.:(0123456789)1 3

Pharmaceutical Research (2023) 40:1283–1298 
https://doi.org/10.1007/s11095-023-03498-w

ORIGINAL RESEARCH ARTICLE

Impact of Different Saccharides on the In‑Process Stability of a Protein 
Drug During Evaporative Drying: From Sessile Droplet Drying 
to Lab‑Scale Spray Drying

Johanna Dieplinger1,2 · Joana T. Pinto1 · Michael Dekner3 · Gerald Brachtl3 · Amrit Paudel1,2 

Received: 15 December 2022 / Accepted: 5 March 2023 / Published online: 3 April 2023 
© The Author(s) 2023

Abstract
Objectives Solid biopharmaceutical products can circumvent lower temperature storage and transport and increase remote 
access with lower carbon emissions and energy consumption. Saccharides are known stabilizers in a solid protein produced 
via lyophilization and spray drying (SD). Thus, it is essential to understand the interactions between saccharides and proteins 
and the stabilization mechanism.
Methods A miniaturized single droplet drying (MD) method was developed to understand how different saccharides stabilize 
proteins during drying. We applied our MD to different aqueous saccharide-protein systems and transferred our findings to SD.
Results The poly- and oligosaccharides tend to destabilize the protein during drying. The oligosaccharide, Hydroxypropyl 
β-cyclodextrin (HPβCD) shows high aggregation at a high saccharide-to-protein molar ratio (S/P ratio) during MD, and the 
finding is supported by nanoDSF results. The polysaccharide, Dextran (DEX) leads to larger particles, whereas HPBCD 
leads to smaller particles. Furthermore, DEX is not able to stabilize the protein at higher S/P ratios either. In contrast, the 
disaccharide Trehalose Dihydrate (TD) does not increase or induce protein aggregation during the drying of the formulation. 
It can preserve the protein’s secondary structure during drying, already at low concentrations.
Conclusion During the drying of S/P formulations containing the saccharides TD and DEX, the MD approach could antici-
pate the in-process (in) stability of protein X at laboratory-scale SD. In contrast, for the systems with HPβCD, the results 
obtained by SD were contradictory to MD. This underlines that depending on the drying operation, careful consideration 
needs to be applied to the selection of saccharides and their ratios.
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Introduction

Dry powder of protein biopharmaceuticals is generally 
produced via lyophilization. In recent years, there has been 
increasing interest in using spray drying as an alternative 
process for developing dry powder biopharmaceuticals. This 
technique enables rapid drying of a protein-excipient solu-
tion atomized as droplets in a hot stream of air to produce 

dry powder particles. The benefit of spray drying is inherent 
to its single-step nature and rapid processing times, which 
could allow its application to the continuous manufactur-
ing of biopharmaceuticals [1–3]. Compared to lyophiliza-
tion, spray drying became a favoured alternative due to its 
lower energy consumption [4, 5]. Furthermore, the particle 
size distribution (PSD) of dry powders produced via spray 
drying shows good reproducibility, and produced particles 
are generally small in size, providing additional advantages 
of this technique from a drug delivery standpoint such as 
for inhalation [5, 6]. For the ProCept spray dryer used in 
this study, the size of particles generated using the different 
nozzle types can be between 1 – 350 µm [7]. Based on the 
authors experience with the bifluid nozzle, the average parti-
cle sizes obtained are between 1 µm (Division 10,  Dv10) and 
90 µm (Division 90,  Dv90) [8, 9]. A great variety of excipi-
ent classes can aid in the protection of the protein during 
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drying, i.e., surfactants, amino acids, saccharides, polymers, 
or other proteins [10–14]. The excipients of main interest in 
this work are saccharides which have been shown to stabilize 
proteins during freeze-drying based on their size and steric 
hindrance [15]. During spray drying of protein-saccharide 
formulations, the protein is trapped in a glassy saccharide 
matrix, which leads to protein stabilization [15–17]. Two 
main mechanisms about how saccharides can stabilize pro-
teins during drying have been widely discussed and reported 
elsewhere, namely the water replacement theory and the vit-
rification theory [1, 16, 18–22]. Additionally, in a recent 
study, different saccharides were analyzed according to their 
ability to successfully stabilize bovine serum albumin (BSA) 
after spray drying [23]. In the past 20 years, the production 
of biopharmaceuticals by spray drying has greatly increased 
[10], yielding the first commercial products, e.g. inhalable 
insulin Exubera® in 2006. [24]. In 2015 the first aseptic 
biologic produced via spray drying, Raplixa®, was approved 
by the US-FDA [25, 26]. However, the development of the 
spray drying process requires the use of a considerable 
amount of material to obtain an adequate good powder yield 
for analysis. Due to the limited availability and costs of biop-
harmaceutical materials, during the early phase of formu-
lation development, miniaturized screening workflows can 
enable the generation of a considerable amount of data with 
a limited amount of material. Different miniaturized screen-
ing approaches are existing and are being used for predicting 
particle formation during spray drying. Generally, this can 
be divided into single droplet or film casting experiments. 
For single droplet drying, four main approaches have been 
described in greater detail elsewhere [27–29]: free-falling 
droplet, levitation of droplet (acoustic or air flow), droplet 
hanging on a thin glass filament, or dispensed on a hydro-
phobic surface. In thin film preparation, a liquid is dispensed 
on a hot surface and dried inside an adequate container [30]. 

Thin film drying experiments were reported to be comple-
mentary to drying experiments of single droplets [30]. The 
advantages and disadvantages of the different mentioned 
droplet drying techniques are presented in Table I.

So far, there is a lack of systematic screening approaches 
for selecting excipients for the spray drying of biopharmaceu-
ticals. Likewise, aware of this issue, Morgan et al., 2019, have 
developed a screening and selection of excipient approach 
for spray drying of viral vectors [31]. Their work aimed to 
confirm the conservation of particle morphology between 
screening (miniaturized drying approaches) and methods 
for production (spray drying) [31]. In our work, we aimed 
to develop a similar approach that would enable the simple 
and miniaturized screening of excipients by giving us valu-
able understanding of the aggregation behaviour of protein-
saccharide formulations during spray drying at lab-scale. We 
based our work on the approach by Both et al., 2019, where 
a sessile droplet apparatus was used to study single droplet 
drying by dispensing the sample on a hydrophobic membrane. 
[33]. Our miniaturized approach developed at the small scale 
has proven to successfully relate to the drying behaviour at the 
lab scale for the di- and oligosaccharides TD and DEX used, 
but not for the polysaccharide HPβCD. The simple setup does 
not require levitation, can be easily replicated in other labora-
tories, requires only small sample amounts (µL), and can offer 
valuable insights into the spray drying process when applying 
TD and DEX as excipients in the formulations.

Materials and Methods

Materials

The formulation of a highly water-soluble protein (hereon 
referred to as ‘protein X’) presenting a molecular weight 

Table I  Summary of Positive and Negative Aspects of Acoustic Levitation, Film Casting, and Other Single Droplet Techniques

Miniature techniques Advantages Disadvantages

Acoustic levitation - Monitoring of kinetics and droplet shape during the dry-
ing process [27]

- Contactless drying minimizes unwanted change in drop-
let morphology

- small amounts of material needed [31]

- Evaporation rate indirect [27]
- Acoustic waves influence the drying process and droplet 

position [27]
- Production of large particles & long drying times [31]

Film casting - Information on evaporation rate, kinetic and thermody-
namic powder stability [32]

- Solvent evaporation not representing droplet geometry 
[32]

Free-falling droplet - Mimics the drying process as of a spray dryer [29] - Individual droplet analysis difficult [27]
- Drying process cannot be tracked consistently [29]

Pendant droplet drying - Different parameters of interest can be measured concur-
rently [29]

- Development of particle morphology can be monitored 
[27]

- Difficult to put droplet into desired position [29]
- Filament interferes with droplet morphology and transfer 

of heat [29]

Sessile droplet drying - Possible to track size and temperature of the droplet as 
well as morphology and crust formation [28]

- Interference of hydrophobic surface with droplet mor-
phology and transfer of heat [28]
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of  ~52 kDa was provided by Takeda (Vienna, Austria) and used 
in this study. The lyophilized formulation contained the protein 
of interest in a concentration  ≥80% w/w. Additionally, albu-
min, polyethylene glycol, polysorbate 80, and salts were also 
present. The disaccharide Trehalose Dihydrate (hereon referred 
to as ‘TD’) (Merck KGaA, Germany; Mw = 378.33 g/mol), the 
cyclic oligosaccharide Hydroxypropyl-β-cyclodextrin, Klep-
tose® HP ORAL GRADE (hereon referred to as ‘HPβCD’) 
(Roquette Frères, France; Mw = 1,501 g/mol) and the polysac-
charide Dextran 40 EP (hereon referred to as ‘DEX’) (Phar-
macosmos A/S, Denmark; Mw = 40,000 g/mol) were selected 
based on their different molecular weights, structures, and their 
known potential to stabilize proteins [14, 34–37]. They were 
used to prepare aqueous saccharide-protein solutions (further 
referred to as ‘S/P-formulations’) for miniaturized drying and 
spray drying (Table II). According to information about TD 
obtained from literature [34–37], 321:4 mM was chosen as the 
upper S/P molar ratio for using this disaccharide. For HPβCD, 
61:4 mM was chosen as the upper S/P molar ratio based on 
available material. For DEX, 6:4 mM was chosen as the upper 
S/P molar ratio as this represented the maximum solubility with 
the protein in the formulation. The value of 4 mM of protein 
used in the formulation instead of 1 mM originates from the fact 
that 20% w/w was set as a fixed protein concentration for each 
formulation. Purified water (TKA Wasseraufbereitungssysteme 
GmbH, Germany) was used as a solvent. A BIO-RAD Gel Fil-
tration Standard (Bio-Rad Laboratories Ges.m.b.H., Austria) 
was used for the relative quantification of monomer, dimer, and 
aggregate species by size exclusion chromatography (SEC).

Methods

Sessile Single Droplet Drying (MD)

Our developed miniaturized approach was a sessile single 
droplet drying method (referred to as the ‘MD’-method 

henceforth). For that, a droplet was dispensed onto a flat, 
hydrophobic surface (Fig. 1).

An EasyDrop equipment (EasyDrop, Krüss GmbH, 
Germany) with the software Drop Shape Analysis (DSA1 
v1.92, Krüss GmbH, Germany) was used for following the 
drying process (Fig. 2). The magnification of 1 × zoom was 
applied during the measurements and a 1.8 mm tip was 
used to dispense single droplets with a volume of 15 μL 
onto a polypropylene-film, (pp-film) (Idena self-adhesive 
book film, 0.05 mm thickness), fixed to the top of a hydro-
phobic membrane (Teflon, roughed with K320 sandpaper) 
and placed on a hot plate (Hei-Standard magnetic stirrer, 
Heidolph, Germany) at a maximum hot plate temperature 
of 75 °C. This temperature was chosen based on the melt-
ing temperature  (Tm) of the protein X detected with Dif-
ferential Scanning Calorimetry (DSF). The EasyDrop setup 
uses a halogen bulb as a light source and a monochrome 
interline CCD, 25/30 fps camera. The pictures of the single 
droplets were taken every minute for 15 min. The dried 
droplets were then removed from the pp-film and frozen 
until further analyses. The droplet drying was performed 
under standard room conditions (14.0—18.3 % RH and 

Table II  Overview of Different 
Formulations and Their 
Composition of Protein X 
and Saccharides (Trehalose 
Dihydrate- TD, Hydroxypropyl-
β-Cyclodextrin- HPβCD, and 
Dextran- DEX) in Water

3.84–3.85  mM is the fixed protein X concentration in each formulation (20%w/w). LR = low ratio, 
MR = medium ratio; HR = high ratio

Formulations Saccharide class Saccharide used Mw sac-
charide [g/
mol]

Saccharide 
concentration 
[mM]

S/P molar 
ratio 
[mM]

X_blank_MD - - - - 0:1
TD_X_HR_MD Disaccharide TD 378.33 321.13 83.7: 1
TD_X_MR_MD Disaccharide TD 378.33 79.99 20.8: 1
TD_X_LR_MD Disaccharide TD 378.33 20.04 5.21:1
HPβCD_X_HR_MD Oligosaccharide HPβCD 1,501.00 60.49 15.7: 1
HPβCD_X_MR_MD Oligosaccharide HPβCD 1,501.00 15.13 3.93:1
HPβCD_X_LR_MD Oligosaccharide HPβCD 1,501.00 0.49 0.13:1
DEX_X_HR_MD Polysaccharide DEX 40,000.00 6.00 1.56:1
DEX_X_MR_MD Polysaccharide DEX 40,000.00 1.28 0.33:1
DEX_X_LR_MD Polysaccharide DEX 40,000.00 0.64 0.17:1

Fig. 1  Schematic representation of the miniaturized method. The 
droplet is heated from the bottom by a hot plate (heat flow is indi-
cated by black arrows).
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20.5 – 22.1 °C). For dispensing the single droplets, Ham-
ilton syringes with Krüss needles have been used. A timer 
was used to track the drying process over 15 min. A laser 
thermometer (Testo 845 Infrared Thermometer, US) with 
a measurement range of -35 to  +950 °C and a reference 
accuracy of up to  ± 0.75 °C was used to monitor the drop-
let temperatures during the process. The temperatures of 
the hot plate (start and end) and the pp-film (start and end) 
were measured as well.

Analysis of Drying Rate, Shape, Volume, and Aspect 
Ratio of Evaporating Droplet

All presented figures were created using the OriginPro soft-
ware, Version 2021 (OriginLab Corporation, Northampton, 
MA, USA).

The evaporation rate (drying rate) was calculated according 
to Eq. (1) [38]:

where d is the diameter of the droplet over time, d
0
 is the 

initial droplet diameter, k is the evaporation rate, and t  is 
time. To this end, the radius r of a spherical droplet having 
the same volume as the spherical cap over time was assumed 
and calculated according to Eq. (2):

To determine the evaporation rate, the radius of the 
droplet was plotted over time and the evaporation rate 
k determined as the slope of the segment of the curve.

(1)d2(t) = d2
0
− kt

(2)r =
3

√

V

4.19

Assuming a spherical cap, which is the region of a 
sphere that lies above (or below) a given plane the drop-
let volume ( V  ) and surface (S) was calculated according to 
Eqs. (3) and (4), respectively [39]:

where, h is the height and a is the radius of the base circle. 
The height and the radius of the base were manually deter-
mined for all time points based on the pictures taken from 
the drop analysis software. Further the surface-to-volume 
ratio (S/V ratio) was calculated for each droplet, by simply 
dividing the value of the droplet surface after 15 min of 
drying by the value of the droplet volume after 15 min of 
drying. The aspect ratio (AR) was calculated for the dried 
particles using Eq. (5), where w is the width and h the cor-
responding height of a particle. Thus, the closer the value is 
to 1, the more spherical (or cubical) the particle is, values 
approaching zero indicate a needle shape.

Spray Drying (SD)

The aqueous S-P formulations (20% w/w protein and dif-
ferent saccharide contents) were spray dried on a lab scale 
spray dryer (4M8-TriX, ProCepT, Belgium) equipped with 
a drying chamber of 1.4 m height. A 0.6 mm bi-fluid atom-
izing nozzle was used and the spray dryer was operated in 
open air loop. For the pump speed (20%; corresponded to 
1.3–2.8 g/min), the air speed (0.8  m3/min), air inlet tem-
perature (110 °C), nozzle pressure (0.6 bar) and cyclone 
airflow (180 L/min), the values were set and used as such 
for all spray drying experiments. The resulting outlet tem-
perature (between 49.6 – 56.5 °C) was matched to the 
droplet temperature used during the MD and the powders 
were maintained for a maximum of 15 min inside the hot 
environment of the powder collector vessel in line with 
the timescales of the MD experiments. At the end of the 
experiments, the powders were stored in a fridge (2–8 °C) 
until further analysis.

Differential Scanning Fluorimetry (nanoDSF) of Feed 
Solution

The characterization of protein formulations in freshly 
prepared solutions was performed using a nanoDSF 
system (Prometheus NT. Plex, NanoTemper Technolo-
gies GmbH, Germany). The Tryptophan fluorescence of 

(3)V =
1

6
�h(3a2 + h2)

(4)S = �(a2 + h2)

(5)AR =
w

h

Fig. 2  Overview of the Easydrop-setup developed for single drop-
let drying: (1) objective of camera, (2) light source, (3) Hamilton 
syringe, (4) Teflon-membrane with pp-film on top and (5) hot plate.
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protein X was measured between 330 and 350 nm, provid-
ing the unfolding temperature,  Tm, of the protein, at which 
50% of the protein is folded and 50% is unfolded. The 
temperature during the measurements was increased from 
20 °C to 95 °C at a rate of 1 °C/min and 40% excitation 
power. For the sample preparation, 20 µL of each sam-
ple was pipetted into 384 well plates and centrifuged for 
5 min at 5100 rpm (T = 20 °C). After centrifugation, the 
capillaries used for the analysis with the nanoDSF were 
filled with the samples through capillary forces, avoid-
ing the formation of air bubbles. The measurements were 
performed in quintuplets (n = 5). The  Tm values of the 
protein alone and in the presence of the selected excipi-
ents measured in the drying relevant solution were used 
as a stability descriptor for the comparison.

Size Exclusion Chromatography (SEC)

The protein samples were analysed via SEC (n = 3) using 
an Agilent 1260 lnfinity HPLC-System (Agilent Technolo-
gies Inc., USA), equipped with a pre-column and a separa-
tion column. The software Empower™ 3 Feature Release 3 
(Waters Corporation, USA) was used for data analysis. The 
phosphate buffer (pH = 7) was used as the mobile phase at 
a flow rate of 1 mL/min and the SEC column temperature 
was set to 20 °C to separate the protein sample by size. The 
injection volume of each sample was 25 μL and the concen-
tration of the measured samples was 20 mg/mL. BIO-RAD 
Gel Filtration Standard (Bio-Rad Laboratories, Inc., USA) 
was used for the relative quantification of monomer, dimer, 
and aggregate species.

Analysis of Particle Size Distribution (PSD)

Laser Diffraction (HELOS/KR, Sympatec GmbH, Ger-
many) was used to evaluate the particle size distribution 
of the protein powders produced by spray drying (n = 3). 
The optical mode R2 (for a size range of 0.45–87.5 μm) 
was chosen. The dry dispersion system (RODOS, Sym-
patec GmbH, Germany) was coupled to a vibrating drain 
(Vibri, Sympatec GmbH, Germany) to disperse the powder 
samples for analysis. A dispersing pressure of 2 bar was 
suitable to disperse the particles during a sampling time 
of 120 s. Windox5 Software (Sympatec GmbH, Germany) 
was used to analyse the volumetric particle size distribu-
tions. The S/V ratio was calculated by dividing SMD (Sau-
ter Mean Diameter) by the VMD (Volume Mean Diam-
eter). The diameters  Dv10,  Dv50 and  Dv90 were used to 
calculate the span of the sample’s particle size distribution. 
 Dv10, for example, describes the 10% of particles that are 
of that specific size in the volume distribution,  Dv50 and 
 Dv90 describe 50% and 90%, respectively. The distribution 
width or span was calculated according to Eq. (6):

Karl Fischer Titration (Moisture Content)

Determination of the water content of the spray dried pro-
tein powders (n = 3) was performed by Karl-Fischer titra-
tion (Titroline 7500 KF, SI Analytics, Germany) at condi-
tions of 21.2 °C temperature and 25.7% humidity. Between 
40 and 50 mg of powder (for a single measurement) were 
placed in the titrator cell. Using methanol (Aquastar® 
CombiMethanol, Merck KGaA, Germany), the water con-
tent was extracted for 1 h from the powders and was further 
quantified.

Wide Angle X‑Ray Scattering (WAXS)

The WAXS analysis was performed for the original sac-
charide powders as well as the spray dried powders of pro-
tein and saccharide A high-flux laboratory camera (Hecus 
S3-Micropix, Austria) was equipped with a high-brilliance 
micro-beam delivery system and a point-focus optics 
(FOX3D), operated at 50W (1 mA and 50 kV) at an X-ray 
wavelength was 1.542 Å. A 1D-detector (PSD-50, Hecus 
X-ray Systems, Austria) was used to record the WAXS data 
within the angular range: between 17° < 2Ɵ < 27°. The spray 
dried powder samples were measured at room temperature 
and as singlets (n = 1). The samples were transferred into 
glass capillaries (inner diameter of 2 mm) and exposed to the 
X-ray beam (diameter of 200 μm) for 600 s under constant 
rotation (9 rpm) to ensure the angular averaging of the scat-
tering patterns of the powders.

Results and Discussion

Miniaturized Drying (MD)

When drying protein X in presence of different saccharides 
contained in the aqueous formulation, different performance 
of the saccharides used have been observed in terms of pro-
tein stability, evaporation rate, and resulting particle prop-
erties (volume, S/V ratio, and AR). The approximate S/P 
molar ratios are summarized in Table II (the same for MD 
and SD).

Impact of MD on Protein Stability

The stability of protein X upon MD was examined using 
the relative content of protein aggregates and monomers 
determined via SEC-analysis. Interestingly, the drying of 
protein X formulation without saccharides, did not cause 

(6)span =
Dv

90
− Dv

10

Dv
50
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any statistically significant changes in terms of aggregate 
and monomer content of protein X (Fig. 3).

It was further observed, that adding TD in different ratios 
to the formulation with protein X, did not affect the aggre-
gate and monomer content of the protein X. Strictly speak-
ing, the percentage of aggregation in the presence of TD 
was very similar to when protein X was dried without the 
presence of any saccharide in the formulation. This revealed 
that the selected protein alone was stable during drying and 
no additional benefit in terms of stability was observed when 
the saccharides were added. In other words, the addition of 
TD did not induce aggregation and hence, does not lead to 
destabilization of the protein.

The situation with the use of HPβCD in the formulation 
with protein X, was different and complex. At HR, a significant 
destabilizing effect on the protein X was observed after MD, 
shown by increased aggregation and decreased monomer con-
tent (Fig. 3). Overall, the number of aggregates decreased and 
the amount of monomer increased when reducing the HPβCD-
content in the formulation with protein X. This indicates that 
HPβCD might be inducing protein aggregation rather than 
reducing it. Looking into the existing literature, Serno et al., 
2011, reported that β-CDs tend to bind to the exposed hydro-
phobic residue of protein (by including the part of aromatic 
amino-acids to the CD cavity) and act as molecular chaperone 
to stabilize the aggregation prone proteins [40]. Milani et al., 
2020, found out that it depends on the ratio, in which HPβCD 
is used within the protein formulations, whether it will act as 
a lyoprotective saccharide or as a surface-active agent, the lat-
ter requiring lower amounts below 1% w/v. The authors found 

it to be most effective to use HPβCD in rather low weight 
ratios of 1:0.25 – 1:0.05 % for stabilization of IgG and further 
stated, that it is very difficult to assign a specific mechanism 
to a potential stabilization effect [41]. The inactivation of the 
enzyme β-galactosidase during spray drying, was reported 
to be prevented by adding HPβCD to the formulation [42]. 
Additionally, HPβCD stabilized IgG-based therapeutics during 
freeze-drying as well [43].

The same observations previously made with HPβCD, are 
true when DEX was used in its HR during MD. The frac-
tion of aggregates decreased and the amount of monomer 
concurrently increased when the DEX-content was reduced 
in the formulation containing protein X. When comparing 
the specific S/P molar ratios, in which the three different 
saccharide classes have been used at, regarding their aggre-
gation propensity, TD outperforms HPβCD, which in turn 
outperforms DEX. For the latter two, the stability of protein 
X was higher when using less amount in the formulations.

NanoDSF measurements were performed in order to shed 
more light on the observations made during MD. In nanoDSF 
measurements, the thermodynamic stability of proteins is 
analyzed by measuring the protein melting temperature  (Tm), 
while solutions of the biomolecule are heated up at a con-
trolled rate. Therefore, the higher the  Tm of a biomolecule, the 
more resistant it is to thermally induced unfolding [44–46]. In 
Fig. 4A, it can be seen that the  Tm-value for protein X alone is 
at 72.96 ± 0.24 °C. This value is quite similar to the values of 
TD, HPβCD and DEX used in their LR. Looking closer into 
the performance of each of the saccharides on the  Tm shows 
that the addition of TD at MR and HR resulted in an increase 
in the  Tm of protein X (Fig. 4B). This observation could indi-
cate the beneficial effect of protecting protein X formulations 
from unfolding while heating its solutions.

For DEX, a similar stabilization trend was observed. 
Interestingly, the “temperature-window” of the thermal 
denaturation of protein for DEX samples during nanoDSF 
experiments seems about 10 °C broader (~69 – 94 °C) than 
for the other formulations tested (~67 – 83 °C), suggesting 
a slower denaturation. However, when looking at DEX in 
more detail, the observations made during MD and nanoDSF 
did not align and rather give inconsistent results. During 
MD, higher concentrations of this polysaccharide present in 
the formulations lead to destabilization of protein X, instead 
of stabilizing it. Interestingly, HPβCD tested at higher ratios, 
led to a decrease in  Tm of protein X, indicating an induction 
of protein aggregation already in solution (Fig. 4C). This 
interpretation was reasoned by the fact that, if no saccharide 
was present in the formulation, the  Tm was even higher than 
that of the formulation containing HR or MR of HPβCD. 
Indeed, this last observation with HPβCD matches with 
the MD-results, where the higher ratios of HPβCD were 
observed to detrimentally affect the stability of protein X 
formulations during drying (Fig. 3). Used in HR, HPβCD 

Fig. 3  Statistical evaluation of the aggregates obtained by SEC-
analysis (n = 3) of dried single droplets after MD (statistical differ-
ences are noted with asterisks: * p <  = 0.05, ** p <  = 0.01 and *** 
p <  = 0.001). The Bonferroni correction was applied.
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seems to destabilize the secondary structure of protein X, 
which aligns with the obtained DSF results.

As a possible explanation for the different observa-
tions between MD and nanoDSF we think, that the method 
applied in nanoDSF analysis might play a role. We pro-
pose that it might not be able to account for solute diffu-
sion mechanisms, which occur during MD. Overall,  Tm as 
the temperature of reversible unfolding, is not necessarily 
the same as  Tagg, that represents the temperature at which 
protein denaturation or aggregation starts. Hence, it makes 
sense that the DSF results obtained did not directly match 
with the aggregation content we have observed. The value 
for  Tagg usually is lower than the value observed for  Tm, 
meaning, that the protein will start to aggregate before it will 
undergo unfolding at  Tm in some cases [47]. Hence, the S/P 
formulation containing DEX at HR experienced aggregation 
already before unfolding at  Tm during nanoDSF analysis. 
The next section will be dealing with discussions about how 

these mechanisms could have influenced the drying of the 
droplets and their resulting particle properties.

Impact of MD on Protein Particle Formation

The previously described miniaturized setup was used to 
monitor the particle formation when drying single droplet of 
formulations containing protein X and different saccharides. 
Based on generated droplet pictures, the evaporation rates, 
AR and S/V ratios were derived. Figure 5 presents different 
droplet shapes observed while performing MD.

As can be seen, the drying of protein X solution without 
any saccharides results in dried particles with a “hat-shape” 
morphology (Fig. 5) [48]. This morphology is a conse-
quence of the underlying mechanism and rate of the dif-
fusion of solutes during water evaporation from the drying 
sessile drop. In such a MD, a pinned droplet is dried. As the 

Fig. 4  The first derivative of nanoDSF fluorescence spectra (n = 5) at 350 nm. The mean  Tm ± standard error of the protein X with/without Sac-
charides present in the formulations are shown. For better visualization, only relevant regions are presented based on the maximum value of  Tm. 
Note: A represents the blank, containing protein X only., while B presents protein X with TD, C protein X with HPβCD and D protein X with 
DEX. 
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drying proceeds, the temperature from the contact surface 
will be diffused throughout the whole droplet – from the 
bottom (the pinned contact area) to the top – and the droplet 
will be dried as a consequence. These established tempera-
ture gradients in sessile drops will be the driving force, next 
to the Marangoni effect, for solute diffusion from bottom to 
the top of the droplets [49]. In the case a crust has already 
formed, the solvent will diffuse out of the drying droplet’s 
crust, leaving a “hat-shaped” droplet behind [48], which 
appeared to be observed in this work. The Marangoni effect 
represents an interfacial flow, which works to restore the 
equilibrium of the solute concentrations at the interface of 
air and liquid, leading to circulation of the solute inside the 
drying droplet. This Marangoni flow is caused by differences 
in surface tension and can be reduced by surface-active 
agents [29]. Adding different saccharides to the formula-
tion containing protein X, led to different evaporation rates 
during droplet drying, naturally affecting the dried particle’s 
morphology (Fig. 6). Protein X without the addition of any 

saccharide had an AR around 0.30 ± 0.05 (Fig. 7A). Our 
observations, that the pinned droplets first dry at the edges 
due to inhomogeneous evaporation and as a consequence, 
show a hat-shape morphology, align with Shao et al., 2021 
[49] and Larson et al., 2014 [48]. According to the authors, 
the Marangoni effect could lead to increased velocities and 
could direct the particles to the droplet centre, where they 
will then accumulate and hence are supposed to create the 
typical hat-shape [48].

In the case of TD, adding more TD to the protein X for-
mulation, led to a slightly faster evaporation (Fig. 6) than 
protein X alone. This is a natural phenomenon, as less water 
is present when more solids are added to the solution. The 
evaporation rate for TD used in HR compared to the evapora-
tion rate when drying protein X only, decreases around 40% 
for the latter. Furthermore, the particle shapes of TD used 
in MR and LR as well as their evaporation rates, show very 
similar values to the protein dried without saccharides. Fur-
thermore, the presence of more TD leads to dried particles 

Fig. 5  Droplet shapes of min-
iaturized single droplet drying 
experiments of formulations 
with different S/P molar ratios 
of TD, HPβCD or DEX and 
protein X. Protein X without 
saccharides is presented as 
blank.
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with a very low AR (Fig. 7) suggesting a flat droplet shape, 
as the typical “hat-shape” morphology of protein X was lost 
with increasing TD content. Instead, particles with rather 
oblong shape were obtained, resulting in a higher S/V ratio 
and a lower AR. We assume that this also was caused by the 
higher solid content present in the droplet. During evapora-
tion, the amount of solvent will decrease, leading to a high 
concentration of solids. A resulting viscous slurry will retard 
the solute diffusion [49]. Hence, the solutes cannot migrate 
anymore from the bottom to the top of the droplet and the 
“hat-shape” morphology is lost. Due to its smaller molecular 
size, TD might be able to stabilize protein X better than the 
much larger saccharides HPβCD and DEX, as steric hin-
drance will not be a problem for smaller molecules like TD 
to establish functional interactions with protein molecules 
for the stabilization. Nevertheless, none of the mentioned 
changes in droplet drying dynamics influenced the protein 
stability significantly.

In the case of HPβCD addition, the increasing concen-
trations also led to the disappearance of the “hat-shaped” 
morphology of the protein particles, to an increase in S/V 
ratio and a decrease in AR, as was observed for TD. How-
ever, with HPβCD, surprisingly, a higher evaporation rate 
was observed when used at MR. Using HPβCD at HR, a 
notably lower evaporation rate was observed. This is a very 
significant and vital observation, given that the presence 
of HPβCD showed to destabilize the protein X when ana-
lysed with nanoDSF (Fig. 4C). Furthermore, the slower the 
evaporation rate, the more time the protein X will be spend-
ing in solution with HPβCD, leading to higher aggregation 
observed for HPβCD at its HR (Fig. 8).

In the case of DEX, very voluminous, uniform and 
large particles were obtained, when this polysaccharide 
was added to the formulation of protein X (Fig. 5). These 
particles showed a low S/V ratio and a high AR and the 
evaporation rate during drying was slower, if DEX was pre-
sent in lower concentrations. This was indeed not surpris-
ing, as DEX is known to be a hygroscopic polymer which 
can retain water [50, 51]. Based on this, the more DEX is 
added, the more water is retained in the dried particle and 
the slower the evaporation rate, leading to the mentioned 
voluminous particles having a high AR. These described 
differences in droplet drying dynamics seem to destabilize 
the protein X formulation in the presence of high concen-
trations of DEX, confirmed by the observation that more 
aggregates were detected in these samples (Fig. 3). We 
hypothesized, the destabilization here is caused by phase 
separation of DEX and protein X during sessile droplet dry-
ing. The steric hindrance of large DEX molecule will not 
allow the two molecules to readily come close enough to 
build out hydrogen bonds [52]. For other polymers it has 
been observed, that increased solid concentrations of these 
type of excipients, led to phase separation and increased 

Fig. 6  Different evaporation rates (µm/s) derived from measurements 
of dried droplets produced by miniaturized drying experiments are 
shown. Presented values are mean values and corresponding standard 
deviations are shown as error bars.

Fig. 7  The AR (A) and the droplet volume (mm3) with AR (B) of 
droplets dried by MD are presented. Presented values are mean values 
and corresponding standard deviations are shown as error bars.
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aggregation in the protein rich phase [53, 54]. Furthermore, 
this phase separation during sessile droplet drying, caused 
by DEX and other species of high molecular weight, has 
been elucidated recently [55]. In the latter work, the authors 
showed that DEX has a tendency to accumulate at the con-
tact line between droplet and surface, whereas other species 
of high molecular weight, like polyethylene glycol, rather 
show a tendency to stay at the droplet centre [55]. We pro-
pose, that a similar phenomenon might be at work during 
our presented experiments.

Following these results and to gain more information 
on the relevance of these phenomena, we spray dried all 
discussed formulations of different S/P molar ratios. The 
results of these spray drying runs will be discussed in the 
next section.

Spray Drying (SD)

In order to understand how these observations obtained dur-
ing MD could translate to larger scale drying, during which 
the evaporation timescales are a great deal faster, the same 
S/P ratios have been used to prepare protein X formulations 
for spray drying experiments. The spray drying experiments 
should give us more details on the destabilization of HPβCD 
and the performance of the other two saccharides when dry-
ing protein X in larger scale in their presence and absence.

Impact of SD on Protein Stability During Drying

When protein X was spray dried without the presence of 
any saccharides in the formulation, a statistically significant 

increase in aggregates was observed, compared to the origi-
nal lyophilized powder used here also (Fig. 9). The WAXS 
analysis (n = 3) of all the different spray dried powders con-
taining protein X, showed typical amorphous halo for all 
samples (supplementary Figure, S1).

The percentage of aggregation after SD in presence of 
saccharides at their HR, is presented (as mean ± standard 
error) in increasing order and compared to protein X without 
saccharides: TD (4.83 ± 0.01) < HPβCD (4.82 ± 0.01) < X 
(5.22 ± 0.04) < DEX (7.21 ± 0.31). Based on these observa-
tions it can be assumed, that protein X is best stabilized in 
terms of lowest aggregation using the disaccharide TD or 
the cyclic oligosaccharide HPβCD in the formulation. This 
means, that even small amounts of TD did not lead to a 
statistically significant increase in protein aggregation after 
SD and still were able to protect the protein’s structure. It 
can be attributed to the smaller size of this disaccharide and 
its higher molecular flexibility, due to which the miscibil-
ity between protein and saccharide is increased, and hence, 
protein stabilization is improved. Moreover, such smaller 
disaccharides are able to get into very close contact with 
the surface of the protein as they are less limited by steric 
hindrance, by which larger saccharides would be strongly 
affected. Because of steric hindrance, such larger saccharides 
cannot get in close contact with the surface of the protein 
and therefore, could lead to the formation of cavities causing 
destabilization of the protein [15, 56]. After all, it is gener-
ally known, that the strength of hydrogen bonds depends 

Fig. 8  Comparison of evaporation rates (µm/s) and aggregation of 
different formulations examined during MD. Presented values are 
mean values and corresponding standard deviations are shown as 
error bars.

Fig. 9  Statistical evaluation of the aggregates obtained by SEC-anal-
ysis (n = 3) of dried powders after SD (statistical differences are noted 
with asterisks: * p <  = 0.05, ** p <  = 0.01 and *** p <  = 0.001). 
The Bonferroni correction was applied, which is more suitable for a 
smaller sample size. Blank = ProtX formulation without saccharides, 
undried.
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strongly on the distance between the two bonding partners, 
meaning, the closer the bonding partners (namely saccharide 
and protein in this scenario) can get into contact, the stronger 
the hydrogen bonds created. Clearly, steric hindrance would 
have a strong negative impact on the successful formation 
of hydrogen bonds. It is noteworthy, that for disaccharides 
like TD, which are naturally smaller in size than oligo-or 
polysaccharides, the mechanism of protein stabilization is 
most probably attributed to the formation of hydrogen bonds 
with the protein [57]. Concerning the main mechanisms of 
protein stabilization by TD, vitrification theory is the first 
one in which the protein is captured and restricted in its 
movements by the glassy matrix of TD. Secondly, the pref-
erential exclusion or water replacement theory, in which the 
backbone of a protein could be targeted by TD-molecules 
for favourable binding. When in its unfolded (denatured) 
state, the protein’s surface area is much larger than it would 
be in its folded (native) state, providing more area for TD-
molecules to bind to [58].

The spray dried protein X formulations containing 
HPβCD at its HR showed even a lower percentage of aggre-
gation when compared to the protein X spray dried without 
any saccharides (Fig. 9). It is very interesting to observe 
that, as the content of HPβCD is reduced, the mean per-
centage of aggregation in the spray dried powders (± stand-
ard error) increases as follows: HR (4.82 ± 0.01) < MR 
(5.07 ± 0.04) < X (5.22 ± 0.04) < LR (5.34 ± 0.03). This 
observation is contradictory to the observations made with 
HPβCD in the MD. Milani et al., 2020, reported different 
ways in which HPβCD could stabilize proteins during dry-
ing as well as that this stabilization could be dependent on 
a molecular level. Furthermore, they report that HPβCD 
could stabilize proteins in two ways: either it might bind 
to hydrophobic residues of amino acids or it acts on the 
surface of the protein and protects the structure in this way, 
but it is difficult to pinpoint the relative contribution of these 
mechanisms [41].

Furthermore, in contrast to the findings and conclusions 
reported about HPβCD by Milani et al., 2020, Rospiccio et 
al., 2021 connected the mentioned destabilizing effect with 
the very weak surface activity of HPβCD [41, 59]. Accord-
ing to the authors, this saccharide will be inefficient in sta-
bilizing a surface active protein during drying [59]. In our 
case, the protein X alone has shown a similar surface activity 
as HPβCD within the examined liquid formulations, namely 
57.10 ± 2.08 mN/m for HPβCD at HR and 52.76 ± 0.63 
mN/m for protein X. The authors further postulated the 
amphiphilic character as a hypothesis for stabilization suc-
cess of HPβCD as the interaction takes place between its 
hydrophobic cavity and the backbone of the protein [59]. 
Ohtake et al., 2011, pointed out that during the atomization 
step in SD of proteins, the interfacial surface area between 
water and air is very large. Therefore, one of the mechanisms 

in which HPβCD could stabilize the protein, would be to 
compete with the water-air interface. On top of all, the one 
being reported to be the most important, once again is the 
inhibition of denaturation of proteins at the surface by sur-
face active agents [60]. In this scenario, polysorbate 80 and 
HPβCD, can both be present on the surface.

All of these mentioned observations are congruent in our 
results, that HPβCD tends to destabilize the protein during 
SD and MD, but more prominent during MD, confirming 
our results about the non-translatability with this saccha-
ride between the two drying approaches. The main protein 
stabilization by HPβCD is assumed to be caused by the 
mechanism of interfacial competition. The interfacial area 
available during MD is much smaller than for the droplet 
generated during SD for the same volume of liquid. Thus, 
this interfacial competition would be less relevant or at least 
not comparable between SD and MD. Especially for HR 
used during MD, the availability of only a smaller interfacial 
area might lead to destabilization of the protein by HPβCD. 
In contrast, the interfacial area available during SD is much 
larger and hence, HPβCD used at HR will be equally use-
ful in protein stabilization as the MR and LR. Admittedly, 
the exact molecular mechanism behind the protein desta-
bilization by HPβCD during evaporative drying could not 
be elucidated from the present data we have. In addition, 
despite there are published studies reporting HPβCD bind-
ing to nonpolar segment of protein in liquid formulation [40, 
59], such data are rare or not existing to our knowledge and 
would be crucial for advancing HPβCD as the solid biolog-
ics excipient for spray dried products.

When looking at the performance of DEX, a statistically 
significant reduction of aggregates was observed after dry-
ing, when DEX was used at its LR in the formulations with 
protein X (Fig. 9). However, the percentage of aggregates 
increases with increasing DEX concentration. This observa-
tion is in agreement with that made during MD. Hence, DEX 
used in low amounts could therefore be a potential candidate 
in stabilization of protein structure during drying.

Impact of SD on Protein Particle Formation

Spray drying of protein X formulations without the presence 
of any saccharides (formulation X-blank_SD in Table III) 
yielded particles with a size of 12.10 ± 0.37 µm, which was 
found to be an intermediate size when comparing to the sizes 
of spray dried formulations with presence of saccharides 
(Table III). The addition of different saccharides to the pro-
tein X formulation indeed led to significant differences in the 
particle size span, SMD, VMD and S/V ratio, depending on 
the saccharides used. When TD was used in HR, the particle 
size increased, compared to protein X alone. However, the 
particle sizes tended to decrease, when TD was used in MR 
or LR in the formulations.
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In the case of HPβCD, the particle sizes significantly 
change, when used in lower amounts within the formula-
tion (Table III). Here, HPβCD used at HR leads to a par-
ticle size of 12.02 ± 0.28 µm, which is similar to the one 
observed for protein X without any saccharides. In more 
detail, the principle of atomization during spray drying is 
based on decreasing the surface tension of the liquid feed, 
to achieve formation of spherical droplets of small size, 
as the authors state [61]. This nearly 100-fold decrease 
in saccharide amount between HR and LR, leads to parti-
cles of size 9.32 ± 0.32 µm. Hence, for HPβCD the same 
clear trend is observed that using lower amounts in the 
formulations produces smaller particles (Table III). The 
surface tension of different formulations are provided in 
the supplementary information (Table S2). HPβCD is a 
special case as it might be able to cause molecular inclu-
sion and act as a surfactant. Based on the results it seems, 
that there is an ideal molar ratio, in which it could be used 
[59, 62].

Moving further to DEX it was observed, that using 
DEX in the formulations increased the particle size in 
general. The higher the DEX content, the smaller the 
S/V ratio, the higher the aggregation (Fig. 10) and the 
larger the particle size with 21.05 ± 0.40 µm presenting 
the largest particle size of all examined formulations 
(Table III).

Comparing DEX used in its HR against its LR, a decrease 
in particle size of around 40% can be observed. This nearly 
tenfold decrease in saccharide amount between HR and LR, 
leads to particles with a size of 12.32 ± 0.30 µm. Mandato 
et al., 2012, reported that the droplet size generated by a 
nozzle is larger, if the density, surface tension or the viscos-
ity of a formulation is increased [63]. The largest particles 
were obtained with DEX with a size of 21.05 ± 0.40 µm, 
compared to all other formulations tested, after SD. Under-
lining what we have observed, the authors mention, that a 

highly viscous solution is expected to increase its resistance 
to the force of atomization, which will lead to increased 
particle sizes. Although for bi-fluid nozzles, the influence of 
the hydrodynamic properties of the formulations are not as 
strong as for other nozzle types, for example mono-disperse 
droplet generators, during this work, the impact of these 
properties could be detected when DEX was used in its HR 
[63]. Ohtake et al., 2011, reported for lyophilization, that 
DEX of certain molecular weights (for example DEX of 
40 kDa size) fail to stabilize proteins most probably due to 
their size, causing steric hindrance [60], which has already 
been explained in Sect. 3.1.2. Amongst other important 
interactions, strong hydrogen bonds are essential for a sta-
ble secondary protein structure [52]. Additionally, the mois-
ture content for spray dried protein formulations containing 

Table III  Results of PSD and 
KF Analysis of Spray Dried 
Powders are Summarized

The mean values of PSS (Particle Size Spans), SMD (Sauter Mean Diameter), VMD (Volume Mean Diam-
eter), S/V ratio (Surface-to-Volume ratio) and moisture content are presented for formulations of different 
S/P molar ratios. (Note: Values are presented as mean ± standard error, n = 3)

Formulations PSS SMD / µm VMD / µm S/V ratio Moisture content /%

X_blank_SD 1.60 ± 0.05 5.28 ± 0.31 12.10 ± 0.37 0.44 ± 0.02 7.38 ± 0.13
TD_X_HR_SD 1.70 ± 0.06 5.41 ± 0.25 13.03 ± 0.25 0.41 ± 0.01 6.59 ± 0.66
TD_X_MR_SD 1.83 ± 0.08 4.74 ± 0.25 11.36 ± 0.43 0.42 ± 0.01 5.19 ± 0.28
TD_X_LR_SD 1.79 ± 0.01 4.83 ± 0.07 10.85 ± 0.11 0.45 ± 0.00 5.10 ± 0.22
HPβCD_X_HR_SD 1.66 ± 0.02 5.22 ± 0.19 12.02 ± 0.28 0.43 ± 0.01 6.98 ± 0.15
HPβCD_X_MR_SD 1.88 ± 0.03 4.41 ± 0.15 10.05 ± 0.30 0.44 ± 0.01 4.69 ± 0.07
HPβCD_X_LR_SD 1.93 ± 0.02 4.11 ± 0.11 9.32 ± 0.32 0.44 ± 0.00 5.39 ± 0.21
DEX_X_HR_SD 2.82 ± 0.04 5.97 ± 0.10 21.05 ± 0.40 0.28 ± 0.00 8.02 ± 1.36
DEX_X_MR_SD 1.89 ± 0.06 5.47 ± 0.33 13.65 ± 0.56 0.40 ± 0.01 5.91 ± 1.59
DEX_X_LR_SD 1.82 ± 0.04 5.25 ± 0.09 12.32 ± 0.30 0.43 ± 0.00 7.39 ± 0.75

Fig. 10  Comparison of particle sizes (µm) and aggregation of differ-
ent spray dried formulations. Presented values are mean values and 
corresponding standard deviations are shown as error bars.
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DEX, is the highest compared with other saccharides used 
(Table III). It might be that more time or seconday drying is 
required for lowering the moisture content, as these droplets 
are larger in size and DEX is hygroscopic. Furthermore, the 
moisture content with DEX shows similar values as for the 
formulation, in which no saccharide was present and protein 
alone was dried. Furthermore, the more DEX used in the for-
mulations, the higher the moisture content of the spray dried 
powder and the slower the previously discussed evaporation 
rates in MD. This suggests to use as less DEX as possible in 
the formulation, if smaller, drier particles are desired.

Comparison of Particle Behaviour and In‑Process 
Stability of MD Versus SD

The S/V ratios presented in Fig. 7 (for MD) and in Table III 
(for SD) support the statement that particles produced by SD 
are generally of much smaller sizes than particles produced 
by MD.

The Pearson’s r correlation plot (Fig. 11) shows strong 
linear (significant) connections between the chosen param-
eters for MD and SD experiments as their correlation param-
eters are very close to + 1 and/or -1. Negative linear (signifi-
cant) correlations (deep blue colours) are observed between 
“diameter/VMD” with “evaporation rate/moisture” and “S/V 
ratio” with “evaporation rate/moisture”.

Furthermore, positive linear (significant) correlations 
(deep red colours) are observed between “diameter/VMD” 
with “S/V ratio”. This means, naturally, that the evapora-
tion rate and the moisture content will decrease as the drop-
let diameters decrease. The correlation coefficients were 

-0.97 (n = 20, p-value < 0.0001, 95% CI) and -0.95 (n = 20, 
p-value < 0.0001, 95% CI).

Moreover, the S/V ratio of the droplets will increase as 
their diameters increase. Here, the correlation coefficient 
was 0.94 (n = 20, p-value < 0.0001, 95% CI). In summary, 
this correlation proves the comparability of the results of 
the presented two drying techniques as it represents a highly 
significant connection. It shall be mentioned that for this 
correlation, it neither can be accounted for possible shear 
forces being present during SD and absent during MD, nor 
interfacial phenomena like the Marangoni effect being more 
pronounced during MD than SD.

In the case of HPβCD, the results of SD and MD are not 
entirely comparable (Fig. 12) and further experiments need 
to be carried out to gain deeper knowledge about the (de)
stabilization mechanism of this saccharide. Lower amounts 
of saccharides actually work for SD and for MD, but the same 
is not true for higher amounts, which do not work for MD 

Fig. 11  The Pearson correlation plot is presented. Equivalent data 
obtained from MD and SD are analysed to detect any possible corre-
lations between the two techniques. The numbers indicate the nature 
of correlation, namely a negative correlation for values around -1, a 
positive correlation for values around + 1 and the value 0 indicates no 
correlation.

Fig. 12  Aggregates obtained by SEC analysis of droplets by MD 
(A)  and powders by SD (B)  of different S/P molar ratios has been 
statistically compared (pairwise). Similar performance of excipients 
is shown by automatic categorizing into corresponding groups a, b 
and c. Presented values are mean values and corresponding standard 
deviations are shown as error bars. The Bonferroni correction was 
applied, which is more suitable for a smaller sample size. A signifi-
cance level of 0.05 was used.



1296 Pharmaceutical Research (2023) 40:1283–1298

1 3

and show tremendously increased aggregation (group “a” in 
Fig. 12A). After a statistical pairwise comparison of aggrega-
tion between MD (Fig. 12A) and SD (Fig. 12B), it is obvious 
that HPβCD at HR after MD behaves different than all other 
ratios. Therefore, it has been categorized into a different group 
than the other HPβCD ratios. Although DEX at HR stands out 
as well in group b, it, however, is grouped within the same 
groups as the other DEX ratios used during MD. In the case 
of SD, all saccharides are categorized into similar groups, 
except DEX used at HR, which was sorted into its own group.

In this work it has been shown that different  Mw-saccharides 
lead to different droplet sizes. For the MD approach, larger 
particles have been produced. For SD, in contrast, drying hap-
pened much faster and smaller droplets have been produced in 
general. Comparing the MD with a “pinned” droplet approach 
and the SD experiments with “non-pinned” or contactless 
droplet drying approach, a difference in solute movement 
during evaporation can be expected. During evaporation and 
drying of a droplet, the droplet shrinks and the solute will be 
enriched at the droplet surface, at which the solvent is being 
evaporated [38]. Saccharides have smaller molecular weights 
than the larger proteins, which are therefore much slower in 
diffusing away from the droplet’s surface to the droplet’s cen-
tre during drying, making them prone to aggregation at the 
interface [38, 64].

Conclusion

Our study made a direct comparison of different saccharides 
used at varying ratios as the stabilizers of protein during a 
miniaturized single droplet drying (MD) and spray drying 
(SD). During the MD, HPβCD and DEX used at high ratio 
(HR) were not able to protect the protein against aggrega-
tion, compared with other ratios and saccharides and hence 
led to the destabilization of the protein. In contrast, dur-
ing SD, similar results were observed for DEX but not for 
HPβCD. While the developed MD approach was able to 
anticipate the in-process protein stability of formulations 
containing protein X and the saccharides TD or DEX, it 
yielded contrasting results for using HPβCD. Due to the 
obvious differences in the drying configuration of two tech-
niques and different possible mechanisms involved in the in-
process (de-) stabilization by the selected excipients, protein 
formulation screening based on miniaturized single droplet 
drying, might not always be representative of SD outcomes. 
For instance, the non-translatability of MD to SD in the case 
of HPβCD could be due to the discussed higher air–liquid 
ratio offering a larger interface with more HPβCD molecules 
being present during SD. However, the differences observed 
between the two set-ups, underline that the use of different 
saccharides and respective ratios need to be carefully con-
sidered, depending on the drying unit operation to be used. 

As was seen in this work, the stabilization mechanism can 
strongly depend on the drying principle, when comparing 
the results for HPβCD between MD and SD.

Based on these observations using protein X, further 
experiments are required to translate this MD approach to 
other protein therapeutics and for the specifically with the 
contrasting results given by HPβCD. At present, we are car-
rying out succeeding studies using identical approach for the 
known proteins presenting distinct molecular weights and 
chemistry. We also further hope to get more insights into 
the (de- stabilization mechanism of distinct saccharides at 
different scales (MD and SD) through molecular modeling. 
Additionally, a wider space of SD process parameters need 
to be explored. Altogether, learnings and available informa-
tion on the excipient selection for protein SD can be better 
understood and will no longer be only based on the field of 
lyophilization of biologics.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11095- 023- 03498-w.

Acknowledgements Thanks to the support of the RCPE lab team that 
helped with different analyses. Rinner Paul, Piller Michael, Bhuiyan 
Feroz, Neubauer Eva, Neubauer Christoph, Luschin-Ebengreuth Ger-
fried, Sindler Wolfgang, Sattler Reingard and Afonso Urich Jesus 
Alberto. Many thanks to Roquette for kindly providing us with the sac-
charide HPβCD and to Takeda and Maag for their support in this project.

Funding Open access funding provided by Graz University of Technol-
ogy. This work was funded through the Austrian COMET–Competence 
Centres for Excellent Technologies programme including Takeda Manu-
facturing Austria AG and Maag Germany GmbH as project partners. 
The COMET programme is operated by the Austrian Research Promo-
tion Agency (FFG) on behalf of the Federal Ministry for Transport, 
Innovation and Technology (BMVIT) and the Federal Ministry for Digi-
tal and Economic Affairs (BMDW). Our projects are also funded by 
Land Steiermark and the Styrian Business Development Agency (SFG).

Data Availability Data are available upon request.

Declarations 

Conflict of Interest All authors declare the following interests: MD 
and GB are employees of Takeda Manufacturing Austria AG; JTP, JD 
and AP are employees of the Research Centre Pharmaceutical Engi-
neering GmbH, which received funding for their work from Takeda 
Manufacturing Austria AG and Maag Germany GmbH.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/.

https://doi.org/10.1007/s11095-023-03498-w
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1297Pharmaceutical Research (2023) 40:1283–1298 

1 3

References

 1. Ziaee A, Albadarin AB, Padrela L, Femmer T, O’Reilly E, Walker 
G. Spray drying of pharmaceuticals and biopharmaceuticals: Criti-
cal parameters and experimental process optimization approaches. 
Eur J Pharm Sci [Internet]. 2019;127(October 2018):300–18. 
Available from: https:// doi. org/ 10. 1016/j. ejps. 2018. 10. 026.

 2. Ziaee A, Albadarin AB, Padrela L, Ung MT, Femmer T, Walker G, et 
al. A rational approach towards spray drying of biopharmaceuticals: 
The case of lysozyme. Powder Technol [Internet]. 2020;366:206–15. 
Available from: https:// doi. org/ 10. 1016/j. powtec. 2020. 02. 057.

 3. Ferreira M, Martins J, Hirvonen J, Santos HA. Spray-drying for 
the formulation of oral drug delivery systems. Nanotechnology 
for oral drug delivery. 2020. 253–284 p. Available from: https:// 
doi. org/ 10. 1016/ B978-0- 12- 818038- 9. 00007-7.

 4. Pennington MW, Karounos D, Bai C. Alternative strategies which 
help improve sustainability and “green” peptide manufacturing. 
Chim Oggi - Chem Today. 2021;39(2):36–39.

 5. Walters RH, Bhatnagar B, Tchessalov S, Izutsu K. Next genera-
tion drying technologies for pharmaceutical. J Pharm Sci [Inter-
net]. 2014;103(9):2673–95. Available from: https:// doi. org/ 10. 
1002/ jps. 23998.

 6. Thorat BN, Sett A, Mujumdar AS. Drying of vaccines and biomol-
ecules. Dry Technol [Internet]. 2020;0(0):1–23. Available from: 
https:// doi. org/ 10. 1080/ 07373 937. 2020. 18252 93.

 7. Procept. PROCEPT Spray Dryer / Chiller [Internet]. 2022. Avail-
able from: https:// proce pt. be/ equip ment/ spray- dryer- chill er/. 
Accessed 13 Feb 2023. 

 8. Pinto JT, Stranzinger S, Kruschitz A, Faulhammer E, Stegemann 
S, Roblegg E, et al. Insights into the processability and perfor-
mance of adhesive blends of inhalable jet-milled and spray dried 
salbutamol sulphate at different drug loads. J Drug Deliv Sci 
Technol [Internet]. 2018;48:466–77. Available from: https:// doi. 
org/ 10. 1016/j. jddst. 2018. 10. 014.

 9. Pinto JT, Zellnitz S, Guidi T, Roblegg E, Paudel A. Assessment 
of dry powder inhaler carrier targeted design: a comparative case 
study of diverse anomeric compositions and physical properties 
of lactose. Mol Pharm. 2018;15(7):2827–39.

 10. Pinto JT, Faulhammer E, Dieplinger J, Dekner M, Makert C, 
Nieder M, et al. Progress in spray-drying of protein pharmaceu-
ticals: Literature analysis of trends in formulation and process 
attributes. Dry Technol [Internet]. 2021;0(0):1–32. Available 
from: https:// doi. org/ 10. 1080/ 07373 937. 2021. 19030 32.

 11. Zhang Y, Zhang H, Ghosh D. The stabilizing excipi-
ents in dry state therapeutic phage formulations. AAPS 
PharmSciTech. 2020;21(4):133.

 12. Baynes BM, Wang DIC, Trout BL. Role of arginine in the stabilization 
of proteins against aggregation. Biochemistry. 2005;44(12):4919–25.

 13. Labrude P, Rasolomanana M, Vigneron C, Thirion C, Chaillot B. 
Protective effect of sucrose on spray drying of oxyhemoglobin. J 
Pharm Sci. 1989;78(3):223–9.

 14. Cleland JL, Lam X, Kendrick B, Yang J, Yang TH, Overcashier 
D, et al. A specific molar ratio of stabilizer to protein is required 
for storage stability of a lyophilized monoclonal antibody. J Pharm 
Sci. 2001;90(3):310–21.

 15. Tonnis WF, Mensink MA, De Jager A, Van Der Voort MK, Fri-
jlink HW, Hinrichs WLJ. Size and molecular flexibility of sug-
ars determine the storage stability of freeze-dried proteins. Mol 
Pharm. 2015;12(3):684–94.

 16. Grasmeijer N, Tiraboschi V, Woerdenbag HJ, Frijlink HW, Hin-
richs WLJ. Identifying critical process steps to protein stability 
during spray drying using a vibrating mesh or a two-fluid nozzle. 
Eur J Pharm Sci. 2018;2019(128):152–7.

 17. Mensink MA, Frijlink HW, van der Voort Maarschalk K, Hinrichs 
WLJ. How sugars protect proteins in the solid state and during 

drying (review): Mechanisms of stabilization in relation to stress 
conditions. Eur J Pharm Biopharm [Internet]. 2017;114:288–95. 
Available from: https:// doi. org/ 10. 1016/j. ejpb. 2017. 01. 024.

 18. Grasmeijer N. Improving protein stabilization by spray dry-
ing: formulation and process development. University of 
Groningen. 2016.

 19. Lins RD, Pereira CS, Hünenberger PH. Trehalose-protein 
interaction in aqueous solution. Proteins Struct Funct Genet. 
2004;55(1):177–86.

 20. Schüle S, Schulz-Fademrecht T, Garidel P, Bechtold-Peters K, 
Frieß W. Stabilization of IgG1 in spray-dried powders for inhala-
tion. Eur J Pharm Biopharm. 2008;69(3):793–807.

 21. Batens M, Shmool TA, Massant J, Zeitler JA, Van Den Mooter G. 
Advancing predictions of protein stability in the solid state. Phys 
Chem Chem Phys. 2020;22(30):17247–54.

 22. Carpenter JF, Crowe JH. An infrared spectroscopic study of the 
interactions of carbohydrates with dried proteins. Biochemistry. 
1989;28(9):3916–22.

 23. Chen Y, Ling J, Li M, Su Y, Arte KS, Mutukuri TT, et al. 
Understanding the impact of protein-excipient interactions on 
physical stability of spray-dried protein solids. Mol Pharm. 
2021;18(7):2657–68.

 24. Sadrzadeh N, Miller DP, Lechuga-Ballesteros D, Harper NJ, Ste-
venson CL, Bennett DB. Solid-state stability of spray-dried insulin 
powder for inhalation: chemical kinetics and structural relaxation 
modeling of exubera above and below the glass transition tem-
perature. J Pharm Sci [Internet]. 2010;99(9):3698–710. Available 
from: https:// doi. org/ 10. 1002/ jps. 21936.

 25. McKeage K. Raplixa™: a review in improving surgical haemo-
stasis. Clin Drug Investig. 2015;35(8):519–24.

 26. BioPharm International. FDA approves first spray-dried biologic. 
May 15th, 2015. [Internet]. Available from: https:// www. bioph 
armin terna tional. com/ view/ fda- appro ves- first- spray- dried- biolo 
gic. Accessed 08 Sept 2021. 

 27. Fu N, Woo MW, Chen XD. Single droplet drying technique to 
study drying kinetics measurement and particle functionality: a 
review. Dry Technol. 2012;30(15):1771–85.

 28. de Souza LR, Ré MI, Arlabosse P. Drying droplet as a template 
for solid formation: a review. Powder Technol. 2020;359:161–71.

 29. Boel E, Koekoekx R, Dedroog S, Babkin I, Vetrano MR, Clasen C, 
et al. Unraveling particle formation: from single droplet drying to 
spray drying and electrospraying. Pharmaceutics. 2020;12(7):1–58.

 30. Both EM, Tersteeg SMB, Boom RM, Schutyser MAI. Drying 
kinetics and viscoelastic properties of concentrated thin films as a 
model system for spray drying. Colloids Surfaces A Physicochem 
Eng Asp [Internet]. 2020;585(September 2019):124075. Available 
from: https:// doi. org/ 10. 1016/j. colsu rfa. 2019. 124075.

 31. Morgan BA, Xing Z, Cranston ED, Thompson MR. Acoustic 
levitation as a screening method for excipient selection in the 
development of dry powder vaccines. Int J Pharm [Internet]. 
2019;563(February):71–8. Available from: https:// doi. org/ 10. 
1016/j. ijpha rm. 2019. 03. 026.

 32. Weuts I, Van Dycke F, Voorspoels J, De Cort S, Stokbroekx S, 
Leemans R, et al. Physicochemical properties of the amorphous 
drug, cast films, and spray dried powders to predict formulation 
probability of success for solid dispersions: Etravirine. J Pharm 
Sci [Internet]. 2011;100(1):260–74. Available from: https:// doi. 
org/ 10. 1002/ jps. 22242.

 33. Both EM, Siemons I, Boom RM, Schutyser MAI. The role of vis-
cosity in morphology development during single droplet drying. 
Food Hydrocoll. 2018;2019(94):510–8.

 34. Sane SU, Wong R, Hsu CC. Raman spectroscopic characterization 
of drying-induced structural changes in a therapeutic antibody: 
correlating structural changes with long-term stability. J Pharm 
Sci. 2004;93(4):1005–18.

https://doi.org/10.1016/j.ejps.2018.10.026.
https://doi.org/10.1016/j.powtec.2020.02.057.
https://doi.org/10.1016/B978-0-12-818038-9.00007-7
https://doi.org/10.1016/B978-0-12-818038-9.00007-7
https://doi.org/10.1002/jps.23998.
https://doi.org/10.1002/jps.23998.
https://doi.org/10.1080/07373937.2020.1825293.
https://procept.be/equipment/spray-dryer-chiller/
https://doi.org/10.1016/j.jddst.2018.10.014.
https://doi.org/10.1016/j.jddst.2018.10.014.
https://doi.org/10.1080/07373937.2021.1903032.
https://doi.org/10.1016/j.ejpb.2017.01.024.
https://doi.org/10.1002/jps.21936
https://www.biopharminternational.com/view/fda-approves-first-spray-dried-biologic
https://www.biopharminternational.com/view/fda-approves-first-spray-dried-biologic
https://www.biopharminternational.com/view/fda-approves-first-spray-dried-biologic
https://doi.org/10.1016/j.colsurfa.2019.124075
https://doi.org/10.1016/j.ijpharm.2019.03.026.
https://doi.org/10.1016/j.ijpharm.2019.03.026.
https://doi.org/10.1002/jps.22242.
https://doi.org/10.1002/jps.22242.


1298 Pharmaceutical Research (2023) 40:1283–1298

1 3

 35. Gikanga B, Turok R, Hui A, Bowen M, Stauch OB, Maa YF. 
Manufacturing of high-concentration monoclonal antibody for-
mulations via spray drying-the road to manufacturing scale. PDA 
J Pharm Sci Technol. 2015;69(1):59–73.

 36. Andya J, Maa Y, Costantino H, Nguyen P, Dasovich N, Sweeney 
T, et  al. The effect of formulation excipients on protein sta-
bility and aerosol performance of spray-dried powders of a 
recombinant humanized anti-IgE monoclonal antibody. Pharm 
Res. 1999;16:350–8.

 37. Batens M, Massant J, Teodorescu B, Van den Mooter G. For-
mulating monoclonal antibodies as powders for reconstitution at 
high concentration using spray drying: Models and pitfalls. Eur J 
Pharm Biopharm [Internet]. 2018;127(February):407–22. Avail-
able from: https:// doi. org/ 10. 1016/j. ejpb. 2018. 02. 002.

 38. Vehring R. Pharmaceutical particle engineering via spray drying. 
Pharm Res. 2008;25(5):999–1022.

 39. MathWorld W. Spherical cap [Internet]. Available from: https:// 
mathw orld. wolfr am. com/ Spher icalC ap. html. Accessed 07 
Apr 2021. 

 40. Serno T, Geidobler R, Winter G. Protein stabilization by cyclodex-
trins in the liquid and dried state. Adv Drug Deliv Rev [Internet]. 
2011;63(13):1086–106. Available from: https:// doi. org/ 10. 1016/j. 
addr. 2011. 08. 003.

 41. Milani S, Faghihi H, Roulholamini Najafabadi A, Amini M, Mon-
tazeri H, Vatanara A. Hydroxypropyl beta cyclodextrin: a water-
replacement agent or a surfactant upon spray freeze-drying of IgG 
with enhanced stability and aerosolization. Drug Dev Ind Pharm 
[Internet]. 2020;46(3):403–11. Available from: https:// doi. org/ 10. 
1080/ 03639 045. 2020. 17241 31.

 42. Branchu S, Forbes RT, York P, Petren S, Nyqvist H, et al. Hydroxy-
propyl-beta-cyclodextrin inhibits spray-drying-induced inactivation 
of beta-galactosidase. J Pharm Sci. 1999;88(9):905–11.

 43. Wu HH, Garidel P, Michaela B. HP- β -CD for the formulation 
of IgG and Ig-based biotherapeutics. Int J Pharm [Internet]. 
2021;601(March):120531. Available from: https:// doi. org/ 10. 
1016/j. ijpha rm. 2021. 120531.

 44. Magnusson AO, Szekrenyi A, Joosten HJ, Finnigan J, Charnock 
S, Fessner WD. nanoDSF as screening tool for enzyme libraries 
and biotechnology development. FEBS J. 2019;286(1):184–204.

 45. Maschberger M, Resch M, Duhr S, Breitsprecher D. Exploring 
protein stability by nanoDSF prometheus NT.48 – The stability 
expert. Nanotemper technol GmbH [Internet]. 2015. Available 
from: https:// www. nanot emper- techn ologi es. com. Accessed 18 
Feb 2021. 

 46. Gao K, Oerlemans R, Groves MR. Theory and applications of 
differential scanning fluorimetry in early-stage drug discovery. 
Biophys Rev. 2020;12(1):85–104.

 47. Brader ML, Estey T, Bai S, Alston RW, Lucas KK, Lantz S, et 
al. Examination of thermal unfolding and aggregation profiles of 
a series of developable therapeutic monoclonal antibodies. Mol 
Pharm. 2015;12(4):1005–17.

 48. Ronald G. Larson (Dept. of Chemical Engineering, University of 
Michigan, Ann Arbor M 48109). Transport and Deposition Pat-
terns in Drying Sessile Droplets. AIChE J. 2014;60(5):1538–71.

 49. Shao X, Hou Y, Zhong X. Modulation of evaporation-affected 
crystal motion in a drying droplet by saline and surfactant con-
centrations. Colloids Surfaces A Physicochem Eng Asp [Internet]. 
2021;623(May):126701. Available from: https:// doi. org/ 10. 1016/j. 
colsu rfa. 2021. 126701.

 50. Park JK, Khan T. Other microbial polysaccharides: Pullulan, scleroglu-
can, elsinan, levan, alternant, dextran [Internet]. Handbook of Hydrocol-
loids: Second Edition. Woodhead Publishing Limited; 2009. 592–614 
p. Available from: https:// doi. org/ 10. 1533/ 97818 45695 873. 592.

 51. Kawaizumi F, Nishio N, Nomura H, Miyahara Y. Calorimetric and 
compressibility study of aqueous solutions of dextran with special 
reference to hydration and structural change of water. Polym J. 
1981;13(3):209–13.

 52. Langkilde A, Kristensen SM, Lo Leggio L, Mølgaard A, Jensen 
JH, Houk AR, et al. Short strong hydrogen bonds in proteins: a 
case study of rhamnogalacturonan acetylesterase. Acta Crystallogr 
Sect D Biol Crystallogr. 2008;64(8):851–63.

 53. Simpson RJ. Stabilization of proteins for storage. Cold Spring 
Harb Protoc. 2010;5(5).

 54. Schein CH. Solubility as a function of protein structure and sol-
vent components. Biotechnology (N Y). 1990;8(April):308–17.

 55. Watanabe C, Yanagisawa M. Evaporation patterns of dextran–
Poly(Ethylene Glycol) droplets with changes in wettability and 
compatibility. Life. 2022;12(3):1–11.

 56. Mensink MA, Nethercott MJ, Hinrichs WLJ, van der Voort 
MK, Frijlink HW, Munson EJ, et al. Influence of miscibility of 
protein-sugar lyophilizates on their storage stability. AAPS J. 
2016;18(5):1225–32.

 57. Tzannis ST, Prestrelski SJ. Moisture effects on protein-excipient 
interactions in spray-dried powders. Nature of destabilizing effects 
of sucrose. J Pharm Sci. 1999;88(3):360–70.

 58. Jain NK, Roy I. Effect of trehalose on protein structure. Protein 
Sci. 2009;18(1):24–36.

 59. Rospiccio M, Arsiccio A, Winter G, Pisano R. The role of cyclo-
dextrins against interface-induced denaturation in pharmaceuti-
cal formulations: a molecular dynamics approach. Mol Pharm. 
2021;18(6):2322–33.

 60. Ohtake S, Kita Y, Arakawa T. Interactions of formulation excipi-
ents with proteins in solution and in the dried state. Adv Drug 
Deliv Rev [Internet]. 2011;63(13):1053–73. Available from: 
https:// doi. org/ 10. 1016/j. addr. 2011. 06. 011.

 61. Santos D, Maurício AC, Sencadas V, Santos JD, Fernandes MH, 
Gomes PS. Spray drying: an overview. Biomater Phys Chem New 
Ed. 2018. Available from: https:// doi. org/ 10. 5772/ intec hopen. 
72247

 62. Munin A, Edwards-Lévy F. Encapsulation of natural polyphenolic 
compounds; a review. Pharmaceutics. 2011;3:793–829.

 63. Mandato S, Rondet E, Delaplace G, Barkouti A, Galet L, Accart 
P, et al. Liquids’ atomization with two different nozzles: Modeling 
of the effects of some processing and formulation conditions by 
dimensional analysis. Powder Technol. 2012;224:323–30.

 64. Wilson NE, Topp EM, Zhou QT. Effects of drying method and 
excipient on structure and stability of protein solids using solid-
state hydrogen/deuterium exchange mass spectrometry (ssHDX-
MS). Int J Pharm [Internet]. 2019;567(April):118470. Available 
from: https:// doi. org/ 10. 1016/j. ijpha rm. 2019. 118470.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.ejpb.2018.02.002.
https://mathworld.wolfram.com/SphericalCap.html
https://mathworld.wolfram.com/SphericalCap.html
https://doi.org/10.1016/j.addr.2011.08.003.
https://doi.org/10.1016/j.addr.2011.08.003.
https://doi.org/10.1080/03639045.2020.1724131.
https://doi.org/10.1080/03639045.2020.1724131.
https://doi.org/10.1016/j.ijpharm.2021.120531.
https://doi.org/10.1016/j.ijpharm.2021.120531.
https://www.nanotemper-technologies.com
https://doi.org/10.1016/j.colsurfa.2021.126701.
https://doi.org/10.1016/j.colsurfa.2021.126701.
https://doi.org/10.1533/9781845695873.592
https://doi.org/10.1016/j.addr.2011.06.011.
https://doi.org/10.5772/intechopen.72247
https://doi.org/10.5772/intechopen.72247
https://doi.org/10.1016/j.ijpharm.2019.118470.

	Impact of Different Saccharides on the In-Process Stability of a Protein Drug During Evaporative Drying: From Sessile Droplet Drying to Lab-Scale Spray Drying
	Abstract
	Objectives 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and Methods
	Materials
	Methods
	Sessile Single Droplet Drying (MD)

	Analysis of Drying Rate, Shape, Volume, and Aspect Ratio of Evaporating Droplet
	Spray Drying (SD)
	Differential Scanning Fluorimetry (nanoDSF) of Feed Solution
	Size Exclusion Chromatography (SEC)
	Analysis of Particle Size Distribution (PSD)
	Karl Fischer Titration (Moisture Content)
	Wide Angle X-Ray Scattering (WAXS)


	Results and Discussion
	Miniaturized Drying (MD)
	Impact of MD on Protein Stability
	Impact of MD on Protein Particle Formation

	Spray Drying (SD)
	Impact of SD on Protein Stability During Drying
	Impact of SD on Protein Particle Formation

	Comparison of Particle Behaviour and In-Process Stability of MD Versus SD

	Conclusion
	Anchor 28
	Acknowledgements 
	References


