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Protein therapeutics and formulation challenges
Since the introduction of recombinant proteins and monoclonal antibodies in the
1980s, millions of people have benefited from protein therapeutics and vaccines
developed through modern biotechnology. At this moment the US Food and Drug
Administration (FDA) has approved 125 biotechnology-based medicines and more
than 418 are currently under development (1). Most of these biopharmaceuticals are
protein based drugs such as enzymes, hormones, biological response modifiers,
hematopoietic growth factors, interferons, interleukins, monoclonal antibodies and
vaccines.  Prognoses of the World Health Organization (WHO), e.g., that at least 117
million people will die from AIDS by 2030 (2) or that cancer rates could further
increase by 50 % to 15 million new cases in the year 2020 (3), indicate that new types
of drugs and treatments are urgently required. Current and next-generation
biopharmaceuticals are expected to become increasingly important in the prevention
and treatment of these and other life-threatening and severe diseases, including
different types of cancer, hepatitis, multiple sclerosis, heart attack, stroke, diabetes etc.
(4).
Although highly potent as therapeutics, proteins are difficult to formulate as a stable
product. Proteins are complex molecules composed of numerous reactive chemical
groups and a delicate three-dimensional structure consisting of primary, secondary,
tertiary and quaternary structure elements (4, 5). Because of their complexity, proteins
have more stability issues than conventional drugs. A number of physicochemical
(conformational) or chemical changes can occur during purification, formulation,
handling and storage of protein drugs (5-7). Even small changes in protein structure
can have a significant impact on protein activity and/or cause immunogenicity
problems (8).
Therefore, pharmaceutical scientists are faced with the challenge of stabilizing
proteins during processing, formulation, storage and handling.
In general, protein molecules are too big, too hydrophilic and too unstable to be
administered via non-invasive routes. Consequently, protein therapeutics are almost
exclusively administered parenterally. Ready-to-use liquid formulations have been
generally preferred due to the convenience of manufacturing and use by hospital
personnel or patients. However, developing stable aqueous protein formulations is
often a problem. Denaturation and aggregation can be easily induced by numerous
stress factors to which protein in aqueous solution is sensitive, such as heating,
agitation, freezing, exposure to interfaces, etc. (6). In addition, chemical changes, such
as hydrolysis or deamidation, are also mediated by water. Dried formulations have
been successfully used to overcome stability problems and properly dried
formulations help to maintain adequate physical and chemical stability of the protein
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drug during shipping and long-term storage. As seen from Figure 1, drying of
bioproducts such as protein drugs is a common formulation strategy nowadays:
approximately 46 % of the marketed biopharmaceuticals are lyophilized formulations
(9).

 

46%

32%

1%

1%

5%

11%

2%
2%

Lyophilized

Solution

Suspension

Depot

Tissue

Oral forms

Frozen solutions

Other

Figure 1. FDA-approved protein, peptide, vaccine (including viral and bacterial), oligonucleotide and
cell-based products grouped according to dosage form. Adopted from Costantino et al. (9).

Pharmaceutical considerations for stable dried protein formulations
Dried protein formulations are in general more stable that liquid ones. However,
during drying and reconstitution of powder protein denaturation, aggregation and/or
loss of activity can occur (6, 10, 11).
Although each protein requires an individual stabilization approach and each drying
technique has its own stabilization principles, there are some general requirements
that would govern protein stabilization during drying process and subsequent storage:

-  The formulation and process should be designed in such a way that protein
unfolding during drying, storage and reconstitution is inhibited.

-  Dried proteins should be embedded in an amorphous excipient matrix with a glass
transition temperature (Tg) high above the storage temperature (5, 6). A low Tg
facilitates excipient crystallization and, consequently, protein denaturation (6, 12).

-  The water content of dried formulations has to be low, ca. 1 % (6). Because of its
very low Tg (-135 °C), water acts as a plasticizer and decreases the Tg of dried
formulations (6).

-  For complete and rapid reconstitution, dried products should have a large surface
area, e.g. in the form of a porous freeze-dried cake.
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Supercritical fluid drying of proteins
Among the drying processes available, lyophilization, or freeze-drying, is the most
commonly used technique for protein pharmaceuticals (5, 6, 9, 16). However, freeze-
drying is an expensive, time and energy consuming process and in the modern
pharmaceutical industry there is a constant search for faster and less expensive
processes. Moreover, some proteins are susceptible to damage during the freezing step
and freeze-drying is not a method of choice if microparticulate powders with well-
defined particle characteristics are needed, e.g. for pulmonary delivery (4, 17).
Supercritical fluid (SCF) drying has been proposed as a promising alternative to
lyophilization (18). SCF drying is applying SCF as a drying medium (antisolvent) with
its unique property of having liquid-like solvent power with gas-like transport
properties (18-20). As SCF, carbon dioxide is often used because of its relatively low
critical temperature and pressure, as well as its nontoxic, nonflammable and
environmental friendly characteristics. In the process used in this thesis, the protein

Formulation variables Desired attributes 
 

Examples 

Stabilizer Inhibitor of degradation 
Effective at low concentration 
Physically and chemically stable 
Good safety record 

Sugars, surfactants, salts, 
antioxidants 

Buffer Good buffering capacity 
Stable to temperature change, to 
process change 
Good safety record 

Phosphate, acetate, citrate, 
histidine, glutamine 

Solubilizer Improve the solubility 
Effective at low concentration 
Chemically stable 
Good safety record 

Salts, amino acids, surfactants 

Tonicity modifier, bulking agent Inert 
Good safety record 

Sodium chloride, sorbitol, 
mannitol, glycine 

 

Table I. Important components of protein formulations*

*adopted from Carpenter et al. (6)

The fulfillment of these criteria requires a careful selection of process and formulation
parameters. Protein formulations usually contain stabilizers, such as disaccharides,
buffer components, amino acids, and surfactants (see Table I). Drying without
excipients leads to at least partially denaturated proteins, often resulting in irreversible
aggregation either immediately after processing or after storage (10, 11, 13-15). Good
formulation practice involves a rational selection of a minimum number of
components for maximum protein stabilization.
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Table II. Pros and cons of SCF spraying as protein stabilization method

* (21, 22)

Advantages Disadvantages 
 

Fast, single step 

Cheap 

No freezing step 

Relatively low operating temperature 

Possibility to make and design microparticles 

Large capacity 

Sterilizing properties* 

Supercritical carbon dioxide has low water 

extraction capacity 

Organic cosolvents may induce protein 

denaturation 

Low processing pH may induce protein 

denaturation 

No established method 

 

 

solution and SCF are co-introduced through a coaxial nozzle into a particle formation
vessel. Advantages and limitations of this technique are summarized in Table II. This
and other SCF drying methods are discussed in more detail in Chapter 2. Clearly, for
the purpose of protein stabilization SCF drying is still in its infancy. Therefore, to
fully judge the potential of SCF drying for the successful stabilization of protein
formulations, more experience and investigation is needed.

Aim and organization of this thesis
In this thesis the capability of SCF drying for protein stabilization, using a
supercritical spraying process, was investigated. The primary goal was to gain new
fundamental insights into the effect of processing and formulation parameters on the
stability of proteins during and after drying from aqueous solution, as well as after
storage and reconstitution. In particular, relationships between processing and
formulation parameters, characteristics of the dried product and protein stability were
studied to identify the critical parameters for successful protein stabilization by SCF
drying. This work, together with the work of Bouchard, who mainly focused on
process design and engineering aspects of SCF drying of proteins (23), was intended
to give a new impetus to the development of SCF processes for stabilizing
pharmaceutical proteins.

In Chapter 2 a literature overview on SCF drying of proteins is given. Besides an
overview of existing drying techniques with their advantages and disadvantages, three
issues are discussed. Firstly, the fundamentals of SCF drying are discussed and a
classification of existing SCF processes for protein drying is given. Secondly, the
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literature dealing with particle formation is reviewed. Finally, investigations of protein
stabilization through SCF technologies are presented.

In Chapter 3 stabilizing properties of sucrose and trehalose in SCF drying of proteins
are investigated. Lysozyme and myoglobin are used as model proteins and formulated
with an excess of sugar (1:100 (w/w) protein-to-sugar ratio). A direct comparison is
made between lyophilized and SCF dried formulations with regard to protein stability
and powder properties. The results indicate that formulations with a low protein
content are successfully stabilized by lyophilization, but not entirely by SCF drying.

Therefore, formulations containing a higher protein content are investigated in
Chapter 4. Solid-state stability and stability upon reconstitution are investigated for
lysozyme formulated with sucrose or trehalose, both immediately after drying and
during three months storage. Besides the protein-to-sugar ratio, the composition of the
SCF fluid is varied. The results indicate that both the operating conditions and the
formulation are critical for successful protein stabilization and that SCF spraying can
yield stable, amorphous protein formulations.

Inhomogeneity and phase separation between protein and stabilizers can result in
protein destabilization. In Chapter 5 a relatively new technique, near-infrared (NIR)
imaging is applied for assessing the homogeneity of dried protein-sugar mixtures. The
suitability of NIR for this purpose is demonstrated and a SCF dried protein-sugar
mixture is shown to be homogeneous as compared to its lyophilized counterpart.

Experience from freeze-drying or spray-drying has shown that the success of a certain
stabilizer may depend on the drying method used. In Chapter 6 the behavior in SCF
spraying of 15 more or less commonly used sugars, polyols and polysaccharides is
compared. Process conditions as well as characteristics of dried products are
presented. The results show that the production of stable amorphous sugar matrices is
possible by SCF drying: lactose, maltose, trehalose, raffinose, cyclodextrin, low-
molecular-weight dextran and inulin can form free-flowing powders that remain
amorphous for at least 3 months. Sucrose, however, has to be mixed with other sugars
to form a stable amorphous powder.

Chapter 7 deals with the stabilization of human serum IgG. The results show that,
besides following stabilization principles previously established for lysozyme and
myoglobin, the formulation and the process have to be fine-tuned to the specific
requirements of IgG.
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Chapter 8 summarizes the results and conclusions in this thesis. Furthermore,
perspectives of SCF drying for the stabilization of proteins are discussed.
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ABSTRACT

Therapeutic proteins have become essential in the treatment of many diseases. Their
formulation in dry form is often required to improve their stability. Traditional freeze
drying or spray drying processes are often harmful to labile proteins, and could be
replaced by supercritical fluid (SCF) drying to produce particles with defined
physicochemical characteristics in a mild single step. A survey of the current SCF
drying processes for proteins is presented to give insight into the effect of SCF drying
on protein stability and to identify issues that need further investigation. Methods used
for drying aqueous and organic protein solutions are described. In particular, effects of
process and formulation parameters on particle formation and protein stability are
discussed. Although SCF methodology for drying proteins is still in its infancy, it can
provide a serious alternative to existing drying methods for stabilizing proteins.
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INTRODUCTION

In the past few decades therapeutic proteins have become an important category of
drugs for the treatment of life-threatening and chronic diseases. Since proteins are
mostly administered by injection, protein formulations are subject to extremely
stringent quality criteria. In particular, stabilization of these products is of crucial
importance, because proteins can undergo a variety of chemical and physical
degradation reactions (1).
In general, the long term stability of proteins is greatly enhanced when they are stored
in dry rather than liquid formulations (2).
      Many commercially available protein drugs are freeze-dried formulations (3-5).
Although many proteins have been stabilized successfully by freeze-drying, this
technique has some serious drawbacks: it is time- and energy-consuming, and
therefore expensive. Besides, it often leads to incomplete recovery of the intact
protein, because of process-induced degradation (i.e. during the freezing and drying
phases) (4-6). Moreover, as freeze-dried procedures usually generate cakes rather than
powders, lyophilization is not the drying method of choice when microparticles with
defined, narrow size distributions are required, e.g., for pulmonary protein delivery
(7).
      Alternative drying techniques have been explored for drying pharmaceutical
protein formulations, each of which has its specific advantages and disadvantages
(Table I). Among the available drying techniques, supercritical fluid (SCF) drying is
especially attractive for reasons of mild process conditions, cost-effectiveness, possible

Table I. Comparison of techniques used for drying of proteins a)

a) +: favorable; -: unfavorable.

 Freezing 

stress 

Heating 

stress 

Process 

speed 

Particle 

design 

Capacity Sterilizing 

properties 

Freeze-drying - + - - +/- - 

Spray drying + - + + + - 

Vacuum drying + +/- - - +/- - 

Spray freeze drying + - +/- + +/- - 

SCF drying + +/- + + + + 
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SUPERCRITICAL DRYING TECHNOLOGY

Supercritical fluids
A fluid is qualified as supercritical (SC) when its pressure and temperature exceed
their respective critical values (Pc; Tc) (Figure 1). Above the critical temperature, it is
not possible to liquefy a gas by increasing the pressure, but the density increases
continuously with increasing pressure. Other physical properties such as viscosity and
diffusivity vary as well, but remain gas-like. Hence, the fluid has unique thermo-

 

Solid 

Liquid 

Supercritical region 

Gas 

Critical point 
31.5°C, 75.8 bar 

Triple point 
-56.6°C, 5.3 bar 

Pc 

Tc 

Figure 1. Schematic pressure-temperature diagram of  CO2.

sterilizing properties of SC carbon dioxide (SC-CO2) (8), capability of producing
microparticulate protein powders, and feasibility of scaling up.
      The application of SCF techniques for drying of proteins is relatively new: the first
papers on this subject appeared at the beginning of the 1990s (9). The techniques have
rapidly gained interest, resulting in several articles. The aim of this paper is to give an
overview of the available literature dealing with SCF drying methods in the production
of pharmaceutical protein powders. SCF processes have also been applied for making
release systems for controlled delivery of proteins or other bioactive components (10-
13), but this is beyond the scope of this paper.
      In the following section we explain SCF drying principles in relation with the
drying of proteins from organic and aqueous solutions. Next, we give an overview of
the effect of SCF drying process and formulation parameters on the formation and
stability of protein powders. In the final section we summarize the state of the art of
SCF drying technology and discuss the potential of this technique for the stabilization
of protein pharmaceuticals.
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physical properties under these conditions: it is able to penetrate substances like a gas
and dissolve materials like a liquid (14).
      Apart from their high diffusivity, up to two orders of magnitude higher than that of
liquids (14), SCF are recognized for their adjustable solvent power. The increase of
process pressure results in a higher solubility as the SCF takes liquid-like solvent
properties with increasing density. SCF are remarkably good solvents for apolar
compounds (15) such as cholesterol or α-tocopherol (16), but poor solvents for
proteins (17).
To customize the solvent power of SCF further, modifiers such as cosolvents can be
added (18, 19). In such mixtures of three (Figure 2) or more compounds, the solubility
of one component in the others is influenced by the pressure and temperature until
reaching the mixture critical point (e.g., for CO2 containing 0.031 molar fraction of
dimethyl formamide (DMFA), the mixture critical point rises to 123.1 bar and 65ºC
from 75.8 bar and 31.5°C for pure CO2) (20) where compounds become fully miscible
within one another (21).

Technique Name Abbreviation 

Anti-solvent 

precipitation 

Gas Anti-Solvent GAS (17) 

Spray drying in SCF Supercritical Anti-Solvent SAS (72)  

 Precipitation with Compressed Anti-

solvent 

PCA (73)  

 Aerosol Solvent Extraction System ASES (74)  

 Solution Enhanced Dispersion by 

Supercritical fluids 

SEDS (75)  

 Supercritical Anti-Solvent 

precipitation with Enhanced Mass 

transfer 

SAS-EM (76)  

Effervescent atomization Carbon dioxide Nebulization with a 

Bubble-Dryer 

CAN-BD (44) 

 Depressurization of an Expanded 

Liquid Organic Solution 

DELOS (77)  

 

Table II. SCF drying techniques
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Supercritical fluids
The SCF functions as anti-solvent for the protein and as extraction agent for the
solvent. For the pharmaceutical industry, SC-CO2 is appealing since it is “generally
regarded as safe” by the FDA. Moreover, carbon dioxide has an easily accessible
critical point (31.5ºC, 75.8 bar) (Figure 1) does not cause oxidation, it is available in
large quantity at high purity grade, it leaves no traces behind, it is inexpensive, non-
flammable, environmentally acceptable and easy to recycle or to dispose of.
      Alternatives such as SC ammonia and SC ethane have been explored. The former,
however, produced completely denatured proteins (18). The latter gave results
comparable to SC-CO2 when considering the particle size and improved the biological
activity of insulin when compared to SC-CO2 (22), but it is undesirable because of its
high flammability.
      A modifier is frequently added to the drying medium to increase the solubility of
less soluble solvents, such as water, in the SCF phase. Ethanol has been most
commonly used in combination with proteins (Table III-V), as it appears to have only
limited effect on the protein stability in the process, owing to short contact times (23).

Solvent
Solvents should have a high solvent power for the protein, preferably be highly soluble
in the drying medium, and be compatible with the protein. Dimethyl sulfoxide
(DMSO) and DMFA have been used because they satisfy the first two requirements
(9), even though they have some denaturing effect (24) and are toxic. Spherical nano-
sized particles of numerous proteins were produced using DMSO. A number of
solvents such as methanol, ethanol, 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), ethyl
acetate and dichloro methane (DCM) have also been used (Table III). Except for HFIP,
their poor solvent power for proteins makes them poor candidates. DCM has mainly
been used as solvent for protein co-precipitated with controlled release biomaterials
(10, 11, 25).
      Water is the friendliest solvent for proteins and most relevant when dealing with
aqueous protein formulations, but it is poorly soluble in SC-CO2. For the organic
solvents mentioned above, the operating pressure can be chosen such that they are
completely miscible with CO2. For water, there is no such mixture critical pressure,
CO2 not being completely miscible at any pressure. To enhance the solubility of water,
modifiers such as ethanol, are usually added to the SCF (Figure 2).
An important issue related to water is the pH drop during the drying process (26).
Without buffering, the pH may drop to 2.5-3, due to the dissolution of CO2 in the
water phase, causing a harsh environment for most proteins. Still, several processes
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Figure 2.Ternary phase diagram for the CO2,
C2H5OH and H2O system at 35°C and 100 bar.
(%) SCF and (%) liquid molar fraction,
respectively (69-71).

Table III. Studies of proteins dried by anti-solvent precipitation

Proteins Solvent  Temperature 
(°C) 

Comments: 
Particles Size (μm) 

Shape 

References 

 Modifier* Pressure (bar) Biological activity 
(BA) 

 

Insulin DMSO 35-50°C 1.4-8  
Spherical to poorly 

spherical 

(18, 50) 

Insulin MeOH  0.05-0.45 
 Discrete spheres 

(18, 50) 

Insulin MeOH 35°C 
109 bar 

0.2  
Agglomeration 

(18, 50) 

Insulin EtOH  0.05-0.3 (18, 78) 
Insulin EA  0.3-0.7 (18, 78) 
Lysozyme DMSO 18-35°C 0.05-0.3 

Spheres 10% 
92-100% BA 

(18, 50) 

Lysozyme DMSO 45°C 0.05-0.3  
Spheres, polydisperse 

60% BA 

(18, 50) 

Lysozyme DMSO 19-35°C 0.2-0.3  
Spheres, amorphous 

75% BA  

(51) 

Lysozyme DMSO 
DMF* 

 0.1 (18, 78) 

Lysozyme DMSO 
EtOH* 

 0.02-0.04 (18, 78) 

Lysozyme DMSO 
AA* 

 0.05x0.25 (18, 78) 

Lysozyme MeOH  0.01-0.05 (18, 78) 
Lysozyme EtOH 

H2O* 
 0.05-1.0 (18, 78) 

Myoglobin DMSO   (18, 78) 
Myoglobin DMSO 35°C 

109 bar 
0.05 (50) 

Myoglobin MeOH  0.05-0.3 (18, 78) 
 



chapter 2

24

Figure 3. SCF anti-solvent process:
the solution is first placed in the vessel; the drying medium, SC-CO2, is then added by bubbling it
through the solution or mixed in by stirring; following precipitation, the solvent-containing SCF is
released, the product is flushed with fresh SCF until the solvent is completely removed, and then the
pressure is released to recover the dry product.

CO2 

Pump 
Expanded 
solution 

Particle formation 
vessel 

Particles 

Vent – to separation vessel 

of solvent power and, consequently, protein supersaturation and precipitation (Figure
3). Using this method, lysozyme, insulin and myoglobin were precipitated from
organic solutions (Table III).
      The main disadvantage of this process is the lack of control of particle formation.
This is especially true in batch operating conditions, because the level of
supersaturation is not maintained. Moreover, extensive particle agglomeration may
occur due to the low fluid viscosity in SCF (29).

Spraying into a SCF
The anti-solvent precipitation process has been improved by adding an atomization
step to the initial process (Figure 4a). The protein solution is sprayed via an

have shown to be capable of producing protein powders from non-buffered aqueous
solution with preserved structure and activity (see Tables IV and V). If necessary,
buffered solutions can be used (27, 28).

Operation mode
Anti-solvent precipitation
In this process, the SCF is added to the pressure vessel containing the protein solution.
The solute precipitates during the dissolution of the SCF in the solvent, causing a loss
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atomization device into the vessel containing the SC-CO2. Several authors have shown
that this process enables producing particles with a narrow size distribution, uniform
shape and desired physicochemical characteristics (9, 21). Atomization is achieved by
forcing the solution through a capillary (25), orifice (9), or nozzle (7), into a SCF
environment. Atomization devices will be further detailed in the section about
equipment requirements.
      In SCF spraying processes, the anti-solvent precipitation concept remains, but
happens at the droplet level. This offers a favourably higher anti-solvent to solvent
ratio, an increase in surface area and mass transfer rate and, hence, an acceleration of
the drying process to a time range of seconds. The rate is particularly fast when the
operating pressure reaches the mixture critical pressure. The drying process is then
controlled by mixing of miscible fluids rather than mass transfer over the interface of
the droplets in the spray.
      When the miscibility of the fluids is poor, particularly in systems containing water
and carbon dioxide, mass transfer requires special attention. The mass transfer can be
improved by increasing the drying medium to solvent ratio, decreasing the droplet
size, or the relative velocity between the solvent and drying medium. Improvement of
the mass transfer can be achieved efficiently by an enhanced spraying process where
the protein solution is mixed together with a SCF stream at the injection point of the
vessel (Figure 4b) (21).
      To further improve particle characteristics, especially prevention of the
agglomeration of particles, the use of emulsions and improved spraying devices were
studied (30). Preparation of a water-in-oil emulsion before atomization takes
advantage of the solubility of the drying medium, the SCF, in the oil phase of the
emulsion. It was successful at producing a variety of protein powders, such as insulin
particles of small size range (>95% of the particles having a diameter <5μm).
However, as emulsification of aqueous protein solutions with organic solvents can
induce severe protein denaturation (31), one should be cautious when applying this
method for the drying of proteins.

Equipment requirements
Drying processes using a SCF clearly set other demands to the equipment than freeze
drying or (freeze) spray drying. The use of high-pressure equipment requires the
implementation of specific safety measures and higher investments than those for
traditional process equipment. As compensation, it may also be smaller than freeze-
drying and spray-drying equipment, because the process is faster. Therefore, initial
capital investments for SCF drying processes can be competitive with standard
processes (32).
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(a) SCF spraying process: the solution is sprayed into a vessel previously filled with the SCF; as the
SCF penetrates the droplets, proteins precipitate; the drying of the protein particles is completed by the
circulating SCF.

Figure 4.  Protein drying by spraying in SCF.

(b) Enhanced spraying process: the solution is sprayed together with the SCF into a vessel previously
filled with the SCF; the SCF help the atomization as its flow rate is considerably higher than that of the
solution. After drying and depressurization, the protein particles precipitated from the solution are
recovered from the filter at the outlet of the particle formation vessel.
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Table IV. Studies of proteins dried by SCF spray drying

Proteins Solvent Temperature 
(°C) 

Comments:  
Particles Size (μm) 

Shape 

References 

 Modifier* Pressure (bar) Biological activity (BA)  
 

Albumin HFIP 37°C 
82.7-96.5 bar 

1.3-2.9 (65) 

Albumin H2O 
EtOH* 

20-45°C 
155 bar 

0.9-1.3 
Spheres 

(57, 58) 

Alkaline phosphatase H2O 
EtOH* 

40°C 
99.8 bar 

1.5 
90% BA 

(79) 

Alkaline phosphatase H2O 
EtOH* 

40°C 
100 bar 

<1 
90% BA 

(79)  

Alkaline phosphatase H2O 
EtOH* 

40°C 
100 bar 

Spheres 
95-100% BA 

(60) 

Alkaline phosphatase, 
trehalose 1:10  

H2O 
EtOH* 

40°C 
100 bar 

Needles and spheres 
95-100% BA 

(60) 

Alkaline phosphatase, 
trehalose 1:2 

H2O 
EtOH* 

40°C 
100 bar 

Spheres 
95-100% BA 

(60) 

Carbonic 
anhydrase/PLG 

MC+H2O 35°C 
240 bar 

10-100 (61) 

Catalase H2O+PeOH 
EtOH* 

 91%BA (30) 

Catalase EtOH+H2O 35°C 
90 bar 

1 
Crystallized 

(55) 

Catalase EtOH+H2O 35°C 
90 bar 

<1 
Crystallized 

(54) 

Chymotrypsin-PLA MC 20.4°C 
130 bar 

1-2 (25) 

α-Chymotrypsin DMSO 36°C 
136 bar 

6.5% BA (80) 

α-Chymotrypsin DMSO 
H2O* 

36°C 
136 bar 

14% BA (80)  

α-Chymotrypsin H2O 36°C 
136 bar 

0.2-0.6 
Spheres 
59% BA 

(81) 

α-Chymotrypsin H2O 25°C 
136 bar 

0.2-0.6 
Spheres 
91% BA 

(81) 

Helicobacter pylori 
adhesion protein A 
(HpaA)/PHB 

MC+H2O 50°C 
180 bar 

 (61) 

Helicobacter pylori 
adhesion protein A 
(HpaA)/PHB 

MC+H2O 35°C 
240 bar 

 (61) 

Holcus lanatus 
protein 
extract+dextran 

DMSO 40°C 
120 bar 

Partially agglomerated (39) 
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Table IV. continued

Proteins Solvent Temperature 
(°C) 

Comments:  
Particles Size (μm) 

Shape 

References 

 Modifier* Pressure (bar) Biological activity (BA)  
 

Insulin DMSO 25-35°C 
86.2 bar 

1.9-3.8 
Spheres 

(9, 63) 

Insulin DMSO 28-46°C 
90.6-142 bar 

1.8-3% (52, 64)  

Insulin DMSO 35°C 
109 bar 

0.05 
Agglomerates 

(50) 

Insulin DMFA 35°C 
86.2 bar 

2.5 
Spheres 

(9) 

Insulin HFIP 37°C 
82.7-96.5 bar 

1-1.9 
3-6% 

(65) 

Insulin H2O 
EtOH* 

45°C 
155 bar 

0.05-0.20 
Spheres 

93-95% monomer 

(57, 58)  

Insulin H2O 
EtOH* 

25°C 
150 bar 

8.2-11.8 (22) 

Insulin H2O+PeOH 
EtOH* 

 <5 
<5% 

(30) 

Insulin EtOH:H2O 35°C 
90 bar 

1-5 
Spheres 

(55) 

Insulin EtOH:H2O 35°C 
90 bar 

<5 
Spheres 

1x3 
Needles 

(54) 

Insulin, mannitol DMSO 35°C 
120 bar 

21.8 
rectangular 

(40)  

Insulin, mannitol EtOH:H2O 35°C 
150 bar 

11.9 
rectangular 

(40)  

Insulin-PLA MC 34°C 
100 bar 

1-5 (25) 

Insulin-PLA DMSO:MC 19-38°C 
102-130 bar 

1-5 (25) 

Insulin, PEG, PLA DMSO 16-22°C 
130 bar 

0.4-0.7 
Spheres, smooth 

(10) 

Insulin, PEG, PLA DMSO:DCM 37-38°C 
102.5-105 bar 

1-5 Spheres, 
agglomerated 

(11) 

Insulin, PEG, PLA DMSO:DCM 19.8°C 
130 bar 

0.5-2 Spherical, single (11) 

Insulin, PLA DMSO:DCM 25°C 
130 bar 

0.7 Spherical, single (13) 

Insulin, PEG, PLA DMSO:DCM 25°C 
130 bar 

0.4-0.5 Spherical,  
single to network-like 

(13) 

Lactase H2O+PeOH 
EtOH* 

 68% BA (30) 
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Table IV. continued

Proteins Solvent Temperature 
(°C) 

Comments:  
Particles Size (μm) 

Shape 

References 

 Modifier* Pressure (bar) Biological activity (BA)  
 
Lactase, 
10% mannitol 

H2O+PeOH 
EtOH* 

 85% BA (30) 

Lysozyme DMSO 26.6-45°C 
73.4-115 bar 

1-5  
Loose aggregates 

2.5-7.4% 
88-100% BA 

(52, 64)  

Lysozyme DMSO 37°C 
96.5 bar 

2 (7) 

Lysozyme DMSO 37°C 
96.5 bar 

0.3 (7) 

Lysozyme DMSO 37°C 
96.5 bar 

0.2-1.2  
 

(33) 

Lysozyme DMSO 40°C 
80 bar 

2.5-5.3  
 

(53) 

Lysozyme DMSO 40°C 
150 bar 

2.6  
Agglomerated spheres 

(53) 

Lysozyme H2O 
EtOH* 

40°C 
99.8 bar 

2 
100% BA 

(79) 

Lysozyme H2O 
EtOH* 

35-45°C 
155 bar 

0.4-0.6  
Spheres 

96%-98% 

(57, 58)  

Lysozyme H2O 
EtOH* 

55°C 
150 bar 

95% BA (32) 

Lysozyme H2O 
EtOH* 

55°C 
200 bar 

0.8  
95% BA 

(68) 

Lysozyme H2O 
EtOH* 

40-50°C 
100-200 bar 

1.6-4.9 
63%-101% BA 

(56) 

Lysozyme H2O 
EtOH* 

40°C 
100 bar 

99% <10µm 
96% BA 

 

(60) 

Lysozyme H2O 
EtOH* 

40°C 
100 bar 

<1 
94% BA 

(36) 

Lysozyme H2O 
EtOH* 

37°C 
100 bar 

4.5-6.0% (33) 

Lysozyme H2O 
Organic 
solvent* 

 95% BA (82) 

Lysozyme,  
lactose  

H2O 
EtOH* 

20°C 
155 bar 

0.1-0.2  
Spheres, Partially 

agglomerated 

(41) 

Lysozyme,  
lactose  

H2O 
EtOH* 

20°C 
155 bar 

0.1-0.5  
Spheres, Agglomerated 

(41) 

Lysozyme, 
 lactose  

H2O 
EtOH* 

20°C 
155 bar 

<20  
Plates, Agglomerated 

(41) 

Lysozyme,  
trehalose 1:10 

H2O 
EtOH* 

40°C 
100 bar 

99% <10µm  
Needle and spheres 

104% BA 

(60) 
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Abbreviation used in the table: A, acetone; AA, acetic acid; DCM, dichloro methane; DMFA, dimethyl
formamide; DMSO, dimethyl sulfoxide; EA, ethyl acetate; EtOH, ethanol; HFIP, 1,1,1,3,3,3-hexafluoro-
2-propanol; IPA, isopropyl alcohol; MC, methyl chloride; MeOH, methanol; PeOH, n-pentanol; TEA tri-
ethylamine

Table IV. continued

Proteins Solvent Temperature 
(°C) 

Comments:  
Particles Size (μm) 

Shape 

References 

 Modifier* Pressure (bar) Biological activity (BA)  
 

Lysozyme,  
trehalose 1:5 

H2O 
EtOH* 

40°C 
100 bar 

92% <10µm  
Needle and spheres 

96% BA 

(60) 

Lysozyme,  
trehalose 1:1 

H2O 
EtOH* 

40°C 
100 bar 

96% <10µm 
98% BA 

(60) 

Lysozyme,  
trehalose 2:1 

H2O 
EtOH* 

40°C 
100 bar 

97% <10µm 
97% BA 

(60) 

Lysozyme,  
trehalose 4:1 

H2O 
EtOH* 

40°C 
100 bar 

97% <10µm 
101% BA 

(60) 

Lysozyme, PLA DMSO+MC 19.7-20.8°C 
130 bar 

1-2 (25) 

rhDNAse H2O 
EtOH* 

20-45°C 
155 bar 

0.4-1.0 Spheres 
0-33% monomer 

(57, 58)  

rhDNAse H2O 
EtOH* 

20-45°C 
155 bar 

5.9-11.0 Agglomerate 
0-40% monomer 

(38) 

rhDNAse H2O 
EtOH, TEA* 

20-35°C 
155 bar 

5.5-8.5 Agglomerate 
97% monomer 

(38) 

rIgG H2O 
EtOH* 

45°C 
175 bar 

38.2-48.5 % BA (27) 

Therapeutic peptide H2O 
Organic 
solvent* 

 100% BA (82) 

Trypsin DMSO 26.6-46.5°C 
73.4-136 bar 

5.4-7.3% 
73-88% BA 

(52, 64)  

Trypsin H2O 
EtOH* 

55°C 
200 bar 

1.5 
Spheres 
36% BA 

 

(68) 

Trypsin H2O 
Organic 
solvent* 

 36% BA (82) 

Trypsin H2O+PeOH 
EtOH* 

 80% BA (30) 

Trypsin, 10% 
mannitol 

H2O+PeOH 
EtOH* 

 94% BA (30) 

Urease, DL:PLG H2O, 
A:EA:IPA 

38°C 
160 bar 

6  
Discrete, spheres 

(83) 
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The main design criterion for SCF drying equipment investigated to date is the
atomization device. Other factors such as the residence time, and vessel size and
geometry have hardly been investigated so far. Various injection devices and
mechanisms have been applied. In the most simple form, nozzles introduce the protein
solution directly into the vessel (9). Ultrasonic nozzles (electric ultrasound generator)
were shown to produce finer droplets and increase mass transfer rates improving the
drying rate (7, 33). As proteins are exposed to ultrasounds only for a very short time
through the nozzle, no adverse effect of the ultrasounds was observed on their activity.

To enhance the solvent-SCF mixing, as applied in enhanced spraying (Figure 4b),
coaxial nozzles (Figure 5) containing two or three concentric annuli inlets have been
used. These coaxial nozzles are constructed with (34) or without (35) a mixing
chamber, or with a central outlet around which are disposed a number of outer orifices
(36). The outcome of a coaxial versus a standard nozzle for processed polymer
solution was the production of individual particles instead of flocks (37). Apart from
the observation of a small decrease in particle size when using a coaxial ultrasonic
nozzle versus a standard coaxial nozzle (38), no vis-à-vis studies for proteins are yet
available. Other alternatives are mixing devices in which impinging flows of SCF and
solution are forced through an orifice (35), through a T-shaped mixer to improve the
mixing (39), V-shaped mixer (40) or a coaxial nozzle in which the SCF flow induces
ultrasounds causing a turbulent mixing of the phases and improving the mass transfer
(41).

Figure 5. Coaxial nozzles a) 2-way, concentric annuli, with internal chamber, b) 3-way, concentric
annuli, without internal chamber, c) 2-way with outer orifices.
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Processing using SCF for effervescent atomization
Besides its use as drying medium, SC-CO2 can also be used to enhance atomization at
atmospheric pressure (44). In this process, the SC-CO2 is first dissolved in the protein
solution at pressures between 80-100 bar and temperatures between 20°C and 50°C.
The solution is then sprayed to atmospheric conditions (Figure 6). Upon spraying, the
CO2 expands causing the break up of the drops into finer droplets, which are then dried
to powders by a flow of heated nitrogen. The authors claim that this process is able to
rapidly dry proteins. This is most likely due to an improved atomization, because apart
from the atomization, this process is similar to traditional spray drying because of the

A scale-up study performed with an aqueous solution of lysozyme indicated that the
morphology of the particles was similar when the flow rates were increased
proportionally to the size of the precipitation vessel, i.e. when the residence time was
kept constant (32). In another study the residence time was prolonged by adding a
second vessel in series (22). As a result, the volumetric mean particle size of insulin
was reduced from 12 μm in average diameter (based on volume) to 8μm. However,
this reduction could also be due to the equipment design presenting a constriction
between the vessels, which might break up the particles.
Challenges associated with the industrial production of protein powders may be the
atomization (larger nozzle or multiple nozzles), residual solvent (toxicity, long-term
protein stability), particle recovery (efficiency, agglomeration, automatic vial filling,
aseptic conditions), and recycling of process fluids and process evolution towards a
continuous process (42, 43).

Figure 6. Effervescent atomization: The solution is sprayed together with the SCF into a vessel under
atmospheric pressure. The SCF helps the atomization by breaking up the solution jet as it expands. The
particles can then be recovered from the vessel.
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Table V. Studies of proteins dried by effervescent atomization

Proteins Temperature 
(°C) 

Comments: 
Particle size (μm) 

Shape 

References 

 Pressure (bar) Biological 
activity (BA) 

 

Lysozyme 32°C 
103 bar 

1-3 
Irregular 
92% BA 

(28) 

Lysozyme, 10% 
mannitol 

32°C 
103 bar 

1-3 
Irregular 
95% BA 

(28) 

Lysozyme, 10% 
sucrose 

32°C 
103 bar 

1-3  
Spheres 
98% BA 

(28) 

Lysozyme,  
10% sucrose, tween-20 

32°C 
103 bar 

1-3 
Spheres, smooth 

90% 

(28) 

Trypsogen-sucrose 20-50°C 
80-100 bar 

1  
Aggregates 

(47) 

Lactate dehydrogenase 32°C 
103 bar 

1-3 
15% BA 

(28) 

Lactate dehydrogenase, 
10% mannitol 

32°C 
103 bar 

1-3 
40% BA 

(28) 

Lactate dehydrogenase, 
10% sucrose 

32°C 
103 bar 

1-3 
65% BA 

(28) 

Lactate dehydrogenase, 
10% sucrose,tween-20 

32°C 
103 bar 

1-3 
95% BA 

(28) 

RhDNase 32°C 
80-100 bar 

75% < 3 
99% BA 

(45) 

Ovalbumin, trehalose 
(50:50) 

 Discrete particles (46) 

 

analogous droplets drying conditions, conveying inherent interfacial stresses. An
additional advantage of this method may be that the operating temperatures are lower
than in traditional spray drying.
Protein powders (Table V) such as recombinant human deoxyribonuclease (rhDNase)
(45), lysozyme, lactate dehydrogenase (LDH) (28), ovalbumin (46) and trypsogen
(47), mostly containing excipients and less than 2% water, were produced using this
technique. Effervescent atomization produces stresses similar to traditional spray
drying, which resulted in a clear drop of the LDH activity when excipients were
omitted (28).
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PARTICLE FORMATION AND CHARACTERISTICS

One of the major general applications of SCF processing is the production of fine
particles. In the pharmaceutical field, this is particularly interesting for the
development of dry-powder inhalation systems, and (needle-free) dry powder injection
systems. Some reviews are dealing with the general concept of particle formation in
SCF (21, 48). In these reviews mainly the temperature and pressure have been
considered as factors determining the particle morphology. Here we also discuss the
effect of processing and formulation parameters on the properties of the protein
particles. Unfortunately, comparative data are very scarce, making the effect of the
different process parameters difficult to quantify or even identify.

General principles of particle formation
Modifying the pressure and/or temperature has a tremendous effect on the SCF
density. As the fluid flow characteristics and the break up of the spray are strongly
affected by the density of the medium, these parameters are expected to have a strong
effect on the resulting properties of the particles. The temperature is also expected to
affect the solubility of the protein and the anti-solvent in the solvent, and the solubility
of the solvent in the anti-solvent, thus modifying the precipitation kinetics and crystal
growth (49).
As mentioned earlier, the solubility of organic solvents in CO2 is much larger than the
solubility of water. This influences the drying rate and the precipitation and
crystallization dynamics (e.g. nucleation rate, diffusion, phase homogeneity, etc.). For
instance, particles produced from DMSO are usually of nano-scale size and from
aqueous solutions result in micron-size clusters (Table IV), because the high solubility
of DMSO and SC-CO2 results in a rapid achievement of the supersaturation conditions
and a faster precipitation, reducing the opportunity for crystal growth. Therefore, the
process parameters for drying from organic and aqueous solutions will be discussed
separately.

Particles from organic solutions
It has been observed in anti-solvent precipitation that increasing the lysozyme
concentration resulted in smaller particles (50). This technique generally yields nano-
sized particles, except for insulin in DMSO, which formed clusters up to 8 µm in
diameter. Mixing during the precipitation phase stimulated the formation of spherical
amorphous particles. The increase of temperature was the parameter causing the main
effect, inducing agglomeration of particles (51).
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When spraying is used in combination with anti-solvent precipitation, temperature,
pressure, nozzles and organic solvents have shown some effect on the particle
formation from organic solvents. Within the temperature (25 and 35°C) and
concentration ranges (5 and 15 mg/ml) explored for lysozyme dissolved in DMSO, the
particle morphology was relatively insensitive to the temperature and protein
concentration (9). A temperature increase from 35.5 to 45°C resulted in the formation
of larger primary particles (52). Increasing the process pressure from 80 to 150 bar
resulted in an increase of the particle agglomeration (53).
Improving the droplet formation process by utilizing ultrasounds resulted in a
substantial reduction of the lysozyme particle size from 2 µm to 0.3-0.4 µm (7, 33).
For unknown reasons precipitation of catalase from 90% ethanol resulted in
crystallized particles instead of typical amorphous formations (54, 55).

Particles from aqueous solutions
Similar observations concerning the effect of nozzles, pressure, temperature and
concentration were made in aqueous systems. The use of a coaxial ultrasonic nozzle
versus a standard coaxial nozzle resulted in the production of smaller particles (from
~68% (w/w) to ~61% of particles >10 µm) (38). Increasing the pressure for lysozyme
processing from 100 to 200 bar resulted in the production of 90% of the particles being
smaller than 5.2 mm in diameter, instead of smaller than 10.5 µm. The higher diffusion
coefficient of water in SC-CO2 at increased pressure, favoring nucleation over crystal
growth, was suggested to be responsible for the smaller particle size (56). The same
phenomena could explain that an increase of temperature caused a decrease in particle
size for lysozyme and rhDNase (from 35 to 45°C), and for albumin (bovine) (from 20
to 35°C) (57). Increasing the lysozyme, insulin or albumin concentrations (15 to 50, 10
to 30 or 15 to 80 mg/ml, respectively) resulted in a decrease of particle size (57). It
was observed for various proteins that lowering the relative flow rate of SC-CO2 to the
solvent and modifier produced smaller particles (32). Because of the poor water
solubility in SC-CO2, an increase in the protein solution flow rate, while maintaining
constant drying medium and modifier flow rates, could impede the precipitation. An
ethanol mole fraction of 0.2 or higher in the SCF was required to precipitate proteins
(58).

Particles from formulated proteins
Excipients, such as sugars, in aqueous solutions affect not only the protein stability,
but also the particle formation and morphology. As excipients are often used in a larger
concentration than the therapeutic protein itself, their precipitation characteristics (e.g.,
solubility, crystallization) will drive the precipitation dynamics and the morphology of
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the product. Lactose had the tendency to crystallize and caused phase separation and
the appearance of particle families (amorphous spherical protein particles and lactose
crystals), unless used in less than 10% (w/w solids) concentration with lysozyme (38,
41). This problem is not restricted to SCF processes as it was previously reported for
traditional spray drying of mixtures, such as trehalose:trypsinogen (59). Increasing the
lactose fraction from 15% (w/w) to 35% (w/w) with rhDNase resulted in more
agglomeration of the amorphous particles (38).
Formulations containing sucrose resulted in spherical particles with smooth surfaces.
In contrast, SCF drying of mannitol-containing formulations resulted in less
homogeneous particles, even for a solid fraction of only 10% (w/w) (30) which is far
below values typically used in freeze drying (6). The lower solubility of mannitol and
its propensity to form crystals might have affected the particle morphology.
Higher contents of trehalose in lysozyme/trehalose or alkaline phosphatase (AP)/
trehalose mixtures (1:10 w/w) resulted in powders with two populations of particles:
needle shaped and spherically shaped particles. The lower trehalose content powders
(1:2 w/w protein to sugar) showed the spherical particles population only (60).
Surfactants were used in some cases because they were essential to the process, like in
the preparation of emulsions (30, 61) or to smooth the particle surface in effervescent
atomization (28).

PROTEIN STABILITY

There are only a limited number of published articles in which protein structure and
stability issues are addressed for material dried in SCF. Therefore, it is difficult to
derive general relationships between processing and formulation parameters on the one
hand and protein stability on the other. However, it may be possible to extrapolate
some general concepts from the freeze-drying literature. In freeze-drying, preserving
protein structure during processing is a crucial step in achieving long-term stability of
proteins. As in freeze-drying, protein stability during SCF drying is likely to be
affected by process parameters and formulation. As proteins dried by SCF processes
are exposed to stress conditions that are different from freeze-drying stresses, it can be
expected that protective mechanisms against SCF process-induced protein degradation
are also different. On the other hand, simply designing a formulation that allows the
protein to survive the process still does not assure stability during long-term storage.
However as a start, one can assume that the long-term stability of proteins
formulations dried with SCF is dependent on similar formulation parameters as those
known for freeze-dried protein products, e.g., low residual moisture levels and Tg
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values exceeding the highest temperature encountered during shipment and storage
(62). Following the chronological development of SCF drying of proteins, we will first
discuss studies on the drying of proteins from organic solvents, next the drying of non-
formulated proteins from aqueous solution, and finally the drying of (aqueous) protein
formulations. An overview of the relevant literature on protein stability in SCF drying
processes is given in Tables III-V. The studies mentioned below all refer to SCF
spraying in SCF, unless otherwise mentioned.

Proteins dried from organic solvents
Proteins that were dissolved in organic solvents and dried by spraying in SCF often
show increased ß-sheet content and concomitant loss of  α - helicity, as detected by a
shift of the amide I band in Raman and FTIR spectra of dried powder. This was
reported for insulin dried from DMSO or DMFA (9, 63), for insulin, lysozyme and
trypsin dried from DMSO (52, 64) and for insulin dried from HFIP (65, 66). HFIP was
used since halogenated alcohols are helix formers, increasing the amount of ordered
structure in the protein. Moreover, HFIP is much more volatile than DMSO and,
hence, should facilitate the removal of residual solvent. Although there were changes
in the structure of dried proteins, after dissolution in water Raman and FTIR spectra of
all proteins mentioned above were similar to those of aqueous non-treated proteins,
indicating that the conformational changes were reversible upon reconstitution (52).
Moreover, insulin powders recovered essentially full biological activity on
reconstitution in water (9).

Regarding the structural changes induced by SCF drying the question arises: what are
the most critical process parameters affecting protein structure? First of all, the extent
to which structural perturbations in the solid state were induced during processing
were protein-specific: lysozyme<trypsin<insulin (52). Some of the changes might be
attributed to exposure of the proteins to organic solvent (63). On the other hand, higher
operating temperatures (9, 52) and pressures led to more extensive β-sheet-mediated
intermolecular interactions in the precipitates (52), indicating that the drying process
itself also contributes to conformational changes. The recovered biological activity
also varied with the drying conditions applied, but it was not possible to find obvious
correlations between precipitation conditions, structural changes in the solid state and
recovered biological activity upon reconstitution for insulin, lysozyme or trypsin (52).
Upon redissolution in water, lysozyme sprayed in SCF regained between 88-100% of
its biological activity and trypsin regained between 69-94% of its biological activity.
The varying recovery illustrates that process parameters do have an effect on the
protein activity. Then again, insulin samples processed over a wide range of operating
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conditions recovered essentially complete biological activity upon reconstitution,
which is in agreement with the work of Yeo et al. (9). In another investigation process
conditions (pressure, solution concentration, and solution flow rate) had little effect on
the structure of insulin precipitated by spraying in SCF (66).

Increasing the operating temperature in the range tested led to a slightly greater
structural perturbation of insulin (63). On the other hand, it was found that within the
temperature (25 and 35°C) and concentration ranges (5 and 15 mg/ml) explored, there
was no significant difference between the biological activity of processed and
unprocessed product (9).
A discrepancy between recovered secondary structure and preserved biological activity
was also observed for lysozyme dried from DMSO under different process conditions:
temperature, pressure, protein concentration and flow rates of SC-CO2 and protein
solution were varied (53). DSC and high-performance cation-exchange
chromatography indicated that the drying process did not cause major denaturation of
lysozyme, but the retained biological activities of the samples varied between 44% and
100%, depending on the experimental conditions. The operating pressure (80-150 bar)
was the most critical parameter affecting the biological activity: the higher the
pressure, the more biological activity was retained. In a follow-up study it was
suggested that some loss of biological activity at a low working pressure of 80 bar
could be related to prolonged exposure of precipitates to DMSO (56).

Proteins dried from aqueous solution
Therapeutic proteins are usually produced in aqueous rather than organic solution.
Therefore, and because organic solvents may harm the native protein structure, SCF
drying of aqueous protein solutions is of particular interest for pharmaceutical
applications.
Traditional drying techniques were compared to SCF drying using aqueous solutions
of lysozyme (67). The recovered enzymatic activity of samples dried by spraying in
SCF (95.0%) was better than for spray-dried (85.3%) or freeze-dried (89.3%) samples.
The water content depended on the drying method used, but there was no clear
relationship between water content and recovered biological activity. When the same
SCF drying process was applied to aqueous solutions of trypsin, less than 40% of the
enzymatic activity was recovered (68). This is in agreement with previously reported
protein-specific effects of SCF drying (52).

Drying of lysozyme, albumin, insulin and rhDNase caused considerable destabilization
of some of these proteins (57). While lysozyme and insulin retained almost full
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monomer content, 97% and 93% respectively, albumin and especially rhDNase were
affected to a much larger extent by processing. For albumin the monomer content was
reduced from 86% in the original material to 50-75% after drying. For rhDNase at
most 33% of monomer was recovered. Although there was no clear general effect of
process temperature (20-55 °C) or protein concentration (10-80 mg/ml) on the stability
of the proteins, it was reported for rhDNase that with increasing temperature (20-45
°C) recovery of the monomer decreased from 33% to 0%. Likely, optimal process
parameters are protein specific and have therefore to be established for each individual
protein.
In the above mentioned studies, the consequences of SCF drying from aqueous
solutions on protein secondary structure were not reported. The Raman spectra of
lysozyme dried under different process conditions, temperature, pressure, and flow
rates of the protein solution and cosolvent (ethanol), showed some disturbance of the
secondary structure (+4 cm-1 to +9 cm-1 shift of the amide I band) (56). This study
differs from previous reports (52, 63), because here the smallest shift (+4 cm-1) in
amide I band region was obtained at the highest working pressure (200 bar). The
biological activity ranged between 63%-101% and a fairly good correlation between
the magnitude of the peak shift and the biological activity was observed. Still it is not
clear which process parameter was most detrimental to protein stability. As compared
with a previous study where lysozyme was dried from DMSO (53), the activity of
dried lysozyme from an aqueous solution appeared to be less sensitive to operating
pressure. It was suggested that a key factor for the formation of intact dry proteins was
the ratio of water, ethanol and CO2 in a single homogeneous phase (Figure 2). When
this criterion was not fulfilled, loss of bioactivity was observed (the lowest biological
activity at 150 bar and 45 °C). In contrast, the highest activity was observed at 200 bar
and 40 °C, which, according to the authors, is the most likely working condition to
form particles from a single homogeneous phase (56).

Formulated proteins
From stability data on numerous protein formulations and experience with other
drying techniques it is to be expected that preservation of protein structure and
function during processing and long-term storage should be achieved by adding
stabilizers (2).
An aqueous formulation of recombinant human immunoglobulin G (rhIgG) containing
sucrose, sodium chloride, sodium citrate and Tween 20 was sprayed in SCF (27). After
drying and rehydration, UV and SEC profiles were indistinguishable from those of the
reference standard. However, the retained antigen-binding activity, as assessed by
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ELISA, was unexpectedly low (<50%). According to the authors, the activity loss was
likely to be a reflection of subtle alterations induced in sensitive rhIgG regions.
Unfortunately, the stabilizing effect of the individual excipients was not investigated
and no comparison was made with unformulated protein.

The importance of formulation for preserving the structure and activity of lysozyme
and LDH during effervescent atomization of aqueous protein solutions was illustrated
in a study by Sellers et al. (28). In the absence of excipients, lysozyme was observed
to undergo perturbations of its secondary structure, as observed by FTIR
measurements of the dried protein. In the presence of sucrose these structural changes
were minimized. Addition of Tween 20 did not improve the retention of its native
secondary structure in the dried solid. Upon reconstitution, all lysozyme powders (with
or without excipients) regained almost complete activity, and SEC profiles were
similar to those of non-treated protein. In the absence of stabilizers, LDH suffered
irrecoverable loss of activity (only 15 % recovered) on reconstitution. LDH was
stabilized during dehydration by the addition of 10 % (w/w) sucrose and almost
complete preservation of activity was achieved with the further addition of Tween 20.
Stable dry protein powders by co-precipitation of AP or lysozyme with trehalose were
produced by spraying in SCF (60). It was demonstrated that each stabilizer/protein
couple has an optimal stabilizer/protein ratio among the different ratios tested ranging
between 0:1 and 10:1 (w/w). The retained enzymatic activity was between 95-100%
and it was shown, by measuring enzymatic activity, that AP/trehalose co-precipitated
particles were more stable under different storage conditions than the equivalent
freeze-dried product.
In another study insulin/mannitol formulations were dried in order to improve insulin
absorption via lung administration. SCF drying was compared with conventional spray
drying. No insulin degradation during these processes was observed by HPLC and
SDS-PAGE, but the hypoglycemic effect of SCF dried powder was increased after
intratracheal administration in rats, compared with spray dried powder. This might be
partly attributed to the observed difference in the dissolution rates (40).

SUMMARY AND PERSPECTIVES

Considering the examples from the literature described herein, it is clear that SCF
drying of proteins is still in its infancy, but at the same time holds great promises for
protein stabilization. Similarly to other drying methods, the quality of proteins dried
with SCF depends on the operating conditions, the formulation, and the nature of the
protein, as schematically depicted in Fig. 7. The design of an effective SCF drying
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process includes the selection of an appropriate drying technique (such as spraying in
SCF), drying medium, modifiers, protein solvent, and applied pressure and
temperature, which together must lead to a stable protein product that is safe to
administer to patients. Regarding protein stability, resistance to SCF drying processing
is clearly protein dependent, but process conditions like temperature, pressure and
composition of the SCF-cosolvent-solvent mixture are important as well. In terms of
particle formation, the selection of an appropriate atomization device is primordial, as
well as the optimization of the temperature, pressure and composition of the protein

Figure 7. Schematic illustration of interrelationships between protein species, SCF drying process and
formulation in SCF drying, all of which can affect product characteristics.
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solution to obtain uniform particle populations of predefined size and morphology.
Most likely, several key process parameters have to be optimized simultaneously for
achieving a pharmaceutically acceptable dried protein product (Fig. 7). A complicating
factor is that optimization of particle characteristics may require process conditions
that do not lead to the most stable protein product and vice versa. Moreover, the
optimal process conditions are likely to depend upon the protein species and
composition of the formulations. Clearly, further research is required to identify and
predict the main stress factor(s) during the SCF drying process in order to rationally
optimize the process in conjunction with the formulation. Moreover, studies of other
therapeutically relevant proteins are necessary to gain insight into the general
applicability of SCF drying of proteins. Such studies are warranted because of the
continuous growth in number and volume of biotechnology products used in therapy
and the limited drying capacity currently available. The possibility to obtain large
amounts of high quality protein powders in a single step can make SCF drying a
serious alternative to existing drying techniques for the stabilization of pharmaceutical
proteins.
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ABSTRACT

Supercritical fluid (SCF) drying has been proposed as an alternative for freeze-drying
to stabilize proteins. Here we studied the influence of sucrose and trehalose during
SCF drying on the protein stability and the physical powder characteristics of
lysozyme and myoglobin formulations. The results obtained with SCF drying were
compared with the results after freeze-drying of the same solutions. Aqueous protein
solutions, with or without sugar, were sprayed into a SCF mixture of carbon dioxide
and ethanol. The dried products were analyzed by residual water measurements,
scanning electron microscopy, X-ray powder diffraction and differential scanning
calorimetry. After reconstitution the protein structure was studied by UV/VIS, circular
dichroism and fluorescence spectroscopy, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and bioactivity assay (lysozyme). The SCF dried and freeze-dried
formulations showed comparable water contents, but their physical properties were
substantially different. All freeze-dried cakes were amorphous with fully preserved
protein structure. SCF dried sucrose-containing formulations showed agglomerated
crystalline particles, whereas SCF dried trehalose-containing formulations appeared to
consist of amorphous spherical particles. Particle morphology of excipients-free
proteins was protein specific. Nearly all SCF dried lysozyme could be readily
reconstituted, but for myoglobin significant fractions of SCF protein did not dissolve,
especially in the absence of sugars. Covalent aggregation was not observed for the two
proteins. For the recovered soluble fractions, the secondary protein structure was
preserved. The tertiary structure was preserved for lysozyme, but not entirely for
myoglobin. Surprisingly, during SCF drying trehalose was less protective than sucrose
for myoglobin.
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INTRODUCTION

Recent developments in biotechnology have resulted in a rapidly increasing number of
therapeutic proteins. The relative instability of new potential protein therapeutics
requires systematic approaches to rationally design stable protein formulations (1, 2).
In the presence of water proteins can undergo a variety of chemical and physical
degradation reactions (3) and one of the ways to achieve long-term stability is to dry
protein formulations (1, 4, 5). Among the several drying techniques available, our
research interest is supercritical fluid (SCF) drying as a relatively new drying method
for protein stabilization (6, 7).
SCF drying is especially attractive for reasons of mild process conditions, cost-
effectiveness, possible sterilizing properties of supercritical carbon dioxide (SC-CO2),
capability of producing microparticulate protein powders and feasibility of scaling-up.
However, general rules regarding protein stabilization by SCF drying are yet to be
established. For instance, it is not known how stabilizers affect the physical properties
of SCF dried powder (e.g., appearance, solubility and crystallinity) and how they
influence protein stability during the processing and on long-term storage.

Spraying into SC-CO2 as a drying process to stabilize protein formulations was
reported in only a few publications (8-10). Partial preservation of the protein structure
and activity after SCF drying has been reported for recombinant immunoglobulin G1
(8). However, no information about particle morphology and crystallinity of the dried
formulation was given. Sellers et al. (11) studied the protein structure and powder
characteristics of dried lysozyme formulations, but the process used was similar to
traditional spray-drying, i.e. SC-CO2 was used for enhancing the atomization only.

The aim of this work was to gain more insight into the potential of SCF processing for
the drying of aqueous protein solutions in the presence of frequently used stabilizers,
sucrose and trehalose. As model proteins lysozyme and myoglobin were used.
Lysozyme is widely used as a model protein with a measurable functional activity
(12). Myoglobin has characteristic spectral features, which enables monitoring subtle
changes in the interaction between the protein and the heme group (13). To assure that
physico-chemical properties of the SCF dried formulation will depend mainly on the
sugar used, a high sugar-to-protein ratio was selected (100:1 (w/w)). The solutions
were dried by spraying into SC-CO2 and dry formulations further analyzed for protein
integrity in the reconstituted solutions and physical characteristics of the dried
powder. To directly compare the SCF process with freeze-drying, the same solutions
were freeze-dried. To the best of our knowledge, this is the first time that a direct
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comparison is made between SCF drying and freeze-drying of the same protein
formulations with regard to protein structure preservation. For comparison, sugar free
protein solutions were dried as well to obtain pure amorphous material. Our results
show clear differences between the crystalline/amorphous properties of SCF dried
formulations containing sucrose or trehalose, whereas in freeze-drying both sugar
cakes were amorphous. Surprisingly, under the chosen conditions the SCF dried
trehalose formulation, although amorphous, gave the most significant changes in
myoglobin tertiary structure.

MATERIALS AND METHODS

Materials
Hen egg white lysozyme (~70000U/mg) was purchased from Fluka (Buchs,
Switzerland), myoglobin (from horse heart), trehalose (crystalline, dihydrate from
Saccharomyces cerevisiae), Micrococcus lysodeikticus (Micrococcus luteus) were
acquired from Sigma-Aldrich (Steinheim, Germany) and sucrose (crystalline,
European Pharmacopeia grade) from Riedel- de Haën. All other chemicals used were
obtained from commercial suppliers and were analytical grade.

Protein formulations
Protein formulations used in SCF drying and freeze-drying were prepared by
dissolving the protein (lysozyme or myoglobin) and excipients in reverse-osmosis
(RO) water. 25 g solution was prepared for each formulation containing 0.1 % (w/w)
protein and 10 % (w/w) excipient (sucrose or trehalose). When excipient-free protein
(further called “unformulated protein”) solution was dried, the protein concentration
used was 2 % (w/w). For each formulation at least three batches were dried.

SCF drying
SCF drying was performed in a supercritical drying apparatus, type SFP4 (Separex,
Champigneulles, France). The drying process used consisted of spraying the aqueous
protein solution into a SCF mixture containing CO2 and ethanol. Drying is basically
achieved by the extraction of water towards the SCF phase. A small amount of ethanol
is expected to condense into the droplet, which could help the precipitation of the
sugar and protein within the drop to occur by anti-solvent precipitation. The
theoretical principles are summarized in our previous publication (6).
The scheme of the experimental set-up is shown in Figure 1. Temperature and pressure
were selected such that the CO2 and ethanol were fully miscible. Flow rates (ethanol,
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CO2 solution) were optimized in such a way that the resulting mixture would be a
homogeneous phase, the residual water content in the powder could be sufficiently
low, and spherical particles could be produced. The appropriate solution flow rate was
optimized for sucrose because this turned out the most difficult excipient to dry,
because sticky powders or pastes were easily obtained under non-optimized
conditions. The resulting operating conditions were as follows: SC-CO2 was supplied
at a flow rate of 250 g/min by a diaphragm pump (Lewa) and mixed in a T-mixer with
an ethanol flow (25 ml/min) added with a piston pump (Gilson). This mixture was
then directly fed to the atomization device (concentric coaxial two-fluid nozzle with
inner and outer diameter 0.15 mm and 1.1 mm, respectively), together with the protein
solution, which was added at a flow rate of 0.5 ml/min using a syringe pump (Isco).
The pressure in the cylindrical 4-liter vessel (inner diameter 10 cm,) and CO2 flow rate
were controlled using the exit valves of the vessel. The pressure and temperature were
maintained at 100 bar and 37 °C for all components, before and after drying. After
completion of the spraying process, the ethanol flow was stopped and the vessel was
flushed for 16 minutes with SC-CO2 to remove the residual ethanol before
depressurization and product recovery. The dry powder was collected and recovered
from the filter on the bottom of the vessel once the pressure was released.
Dry powders were characterized by residual moisture content, scanning electron
microscopy (SEM) and X-ray powder diffraction (XRPD) measurements immediately
after drying; the remaining powder was stored under nitrogen in air-tight containers at
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Figure 1. Scheme of the experimental set-up of the SCF drying system used in this study.
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4 °C until further analysis.  Powders were further analyzed by differential scanning
calorimetry (DSC). For the characterization of rehydrated proteins, prior to analysis
powders were reconstituted in RO water and solutions were centrifuged at 5000 rpm
for 4 min to remove undissolved material. The clear supernatants were used for further
analysis. All analyses were done within a week from powder production.
To calculate the amount of completely reconstituted protein, the protein
concentrations in the solutions before centrifugation and in the corresponding
supernatants were determined by the Peterson protein assay (14). The differences were
expressed as percentage of undissolved protein (see Table I). Residual error of the
method was between 3-4 %.

Table I. Summary of SCF dried protein formulations: water content, fraction of
undissolved protein, lysozyme bioactivity and myoglobin A409nm/A280nm ratio a)

 

 

Lysozyme  Myoglobin  

Sample Water 
content (%) 

Undissolved 
protein (%) 

Bioactivity 

(%) 

Water 
content (%) 

Undissolved 
protein (%) 

A409nm/A280nm 

Reference 

(not dried 
protein) 

5.9   6.8  4.7-5.4 

SCF dried:       

Unformulated 

(excipient-
free)   

4.2±1.3 3.9±1.7 95.8±6.4 3.5±1.3 >35 4.4-4.6 

Sucrose  3.0±0.9 5.7±2.9 99.1±3.9 2.6±1.0 

 

12.8±12.5 4.1-4.4 

Trehalose 

 

4.1±1.7 5.9±3.2 98.1±4.0 2.4±1.4 

 

8.4±6.6 4.1-4.4 

Freeze-dried:       

Unformulated 

 

3.7±0.5 0 101.1±8.3 3.7±1.3 2.5±2.5 5-5.1 

Sucrose 

 

4.2±0.3 0 101.2±4.2 3.5±0.3 0 5-5.1 

Trehalose 

 

4.3±0.8 0 98.6±1.2 3.1±0.4 0 4.2-4.3 

a) Values represent average ± SD of 3 independent batches, except for A409nm/A280nm: n=2, values
represent lower-upper value. Lysozyme bioactivity values and myoglobin A409nm/A280nm ratios
are based on soluble part of the formulations.



Supercritical fluid drying of protein formulations

57

Freeze-drying
The freeze-drying procedure described below was selected to obtain comparable water
contents as in SCF drying. Protein formulations were freeze-dried in a ZIRBUS
sublimator 400 (ZIRBUS technology, Bad Grund, Germany). The shelf temperature
was lowered to -45 °C, and freezing was completed within ca 10 min. After cooling at
-45 °C, primary drying was initiated. The temperature of the frozen product was
maintained between -40 °C and -45 °C for 30 min at a pressure of 0.12 mbar, after
which the shelf temperature was increased to 20 °C to complete drying at the same
pressure. This stage of drying was carried out for 24 h. Lyophilization was terminated
by automatic stoppering of the vials in the freeze-dryer.
Amorphous sucrose and trehalose as the references for the XRPD and DSC
measurements were prepared from aqueous sugar solutions (10 % (w/w)) by an
established freeze-drying procedure (15). The amorphous character of the products
was confirmed by DSC and XRPD (see below).

Residual moisture content
Residual moisture content of dried formulations was measured with the Karl-Fisher
method on a Metrohm 756 KF (Metrohm, Herisau, Switzerland) as described in the
manufacturer’s manual. The samples (ca. 30g) were dispersed in methanol and the
water content was determined. Methanol was used as a blank. The water content of
every formulation is given as the average of the calculated water contents of 3
independent batches.

Scanning electron microscopy (SEM)
SEM (JSM-5400, Jeol, Peabody, USA) images were used to examine the morphology
of the dried particles. Conductive double sided tape was used to fix the particles to the
specimen holder before sputtering them with a thin layer of gold.

Differential scanning calorimetry (DSC)
DSC was performed on a Q-1000 calorimeter (TA instruments, New Castle, Delaware,
USA). Dry powder (5-10 mg) was placed in an aluminum pan that was hermetically
sealed. For conventional DSC measurements, samples were equilibrated at 0 °C and
heated at a rate of 10 °C/min. For modulated DSC (MDSC) measurements, samples
were heated at a rate of 1 °C/min and a modulation of ±1 °C/min. MDSC was run to
distinguish reversible thermal events such as glass transition temperature (Tg) from
irreversible thermal events.
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X-ray powder diffraction (XRPD)
XRPD was performed using a D8 Discover X-ray diffractometer with a general area
detector diffraction system (Bruker AXS, Madison, USA). The incident Cu radiation
of 1.54 Å was used and the sample-to-detector distance was set to 6 cm. An incident
beam with a cross section of 0.5 mm was used and dried sample powders were
prepared in a 0.5-mm thick holder. Background (air scattering) was measured for the
same sampling time, typically 30 minutes, and subtracted from each measurement.
Data were integrated along the χ angle, giving rise to plots of intensity versus
scattering angle (2θ). Diffraction profiles were used to confirm the amorphous or
crystalline state of the powders.

Spectroscopic analysis of protein structure
Absorption spectra from 240-350 nm for lysozyme or from 240-700 nm for myoglobin
(path length 1 cm) were acquired with a Lambda 2 UV/VIS spectrophotometer
(Perkin-Elmer, Ûberlingen, Germany) at room temperature. For myoglobin the ratio
between the peak heights at 409 nm and 280 nm (A409nm/A280nm ratio) was calculated
from the spectra.
Far-UV (195-260 nm) circular dichroism (CD) spectroscopy was performed at room
temperature in a 0.02-cm quartz cuvette and near-UV/VIS CD (250-310 nm or 250-
450 nm) in a 1-cm quartz cuvette with a dual beam DSM 1000 CD spectrometer (On-
Line Instrument Systems, Bogart, GA, USA). The subtractive double-grating
monochromator was equipped with a fixed disk, holographic gratings (2400 lines/mm,
blaze wavelength 230 nm) and 1.24 mm slits. Each measurement was the average of at
least 5 repeated scans. The measured CD signals were converted to delta molar
extinction (Δε).
Intrinsic tryptophan fluorescence emission spectra were measured on a Fluorolog
fluorimeter (Jobin Yvon-Horriba, Edison, NJ, USA). The excitation wavelength was
set at 295 nm to selectively excite the tryptophan residues. The excitation and
emission slits were set at 5 nm. Measurements were carried out at room temperature in
a quartz cuvette (1 cm path length). Concentrations of analyzed solutions were
adjusted to A280nm<0.1. Spectra were normalized for the concentration differences.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was performed under reducing (samples were solubilized with sample
buffer containing β-mercaptoethanol) and non-reducing (without β-mercaptoethanol)
conditions at 200 V at room temperature on a Biorad Protean III system (Biorad,
Veenendaal, The Netherlands). The gels consisted of a separating gel containing 15 %
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(w/v) acrylamide and 0.1 % SDS, and a stacking gel containing 5 % acrylamide and
0.1 % SDS. The electrophoresis buffer was 25 mM tris (hydroxymethyl)
aminomethane, 192 mM glycine and 0.1 % (w/v) SDS. Amount of solution loaded on
the gel was adjusted to 1-2 μg of protein per lane.  Protein bands were stained with
Coomassie Brilliant Blue and afterwards with a silver stain kit (Bio-Rad, Veenendaal,
The Netherlands) to increase sensitivity. A low range molecular weight standard (Bio-
Rad) was used for determination of the molecular weight.

Enzymatic activity
Lysozyme enzymatic activity was determined by using a bacteriolysis assay based on
the decrease in optical dispersion at 450 nm of a M. luteus suspension (12). Enzymatic
activity is expressed as a percentage of activity of reference lysozyme solution.

RESULTS

Analysis of the dried formulations
The water contents of the freeze-dried cakes and the powders obtained by SCF drying
were comparable (Table I). SEM was used to evaluate particle morphology and size in
SCF dried formulations. As can be seen from Figure 2 the particle morphology was
dependent on the formulation composition. For the unformulated proteins, particle
morphology was protein dependent. SEM pictures show for myoglobin particles
reminding of collapsed capsules and varying in size between 1-20 μm. Lysozyme
particles formed were diverse in shape and size, with small primary particles (mostly
< 1 μm) that were agglomerated in bigger clusters (up to ~ 20 μm), which have been
reported earlier for SCF dried lysozyme (7). For the formulated proteins, particle
morphology was primarily dependent on the excipients. Whereas trehalose
formulations consisted mainly of smooth, spherical particles with a size range of 1-20
μm, sucrose formulations consisted of agglomerated structures. A similar morphology
was seen when pure sugars were SCF dried. Figure 2 shows representative SEM
pictures for each sugar.
DSC thermograms of SCF dried formulations are shown in Figure 3. DSC scans of
amorphous sugars (freeze-dried) and crystalline sugars (as received) are shown for
comparison. For all samples conventional DSC and MDSC scans were performed.
MDSC scanning confirmed the presence of a Tg by distinguishing it as reversible
event.
In Figure 3a conventional DSC thermograms of SCF dried lysozyme-sucrose
formulation, amorphous sucrose and crystalline sucrose are shown. The DSC
thermogram of the SCF dried lysozyme-sucrose formulation shows only a melting



chapter 3

60

peak and no Tg, and is similar to the thermogram obtained with crystalline sucrose,
indicating that the SCF sucrose formulation is also crystalline. MDSC gave the same
results.

 

Figure 2. SEM pictures of SCF dried myoglobin (left upper panel) and lysozyme (right upper panel),
trehalose-containing (left middle panel) and sucrose-containing protein formulation (right middle panel),
and pure SCF dried trehalose (left lower panel) and sucrose (right lower panel).



Supercritical fluid drying of protein formulations

61

(a) (b)

(c)

Figure 3. DSC thermograms:
(a). Conventional DSC of sucrose samples: SCF dried lysozyme-sucrose formulation (solid line);
amorphous, freeze-dried sucrose (dotted line); crystalline sucrose (dashed line).
(b). MDSC of trehalose samples (total scans): SCF dried lysozyme-trehalose formulation (solid line);
amorphous, freeze-dried trehalose (dotted line); crystalline trehalose dihydrate (dashed line). Inset
represents the enlargement of the Tg area of amorphous trehalose.
(c). MDSC of SCF dried lysozyme-trehalose formulation (split thermal events): total scan (solid line);
non-reversing heat flow events (dashed line); reversing heat flow events (dotted line).Direction of the
total heat flow (y-axes) resembles the direction of exothermic events. The y-axis scale is arbitrary and its
magnitude differs for the various thermograms. Each thermogram is a representative example of 2 DSC
runs.

Figure 3b shows MDSC thermograms (total scans) of SCF dried lysozyme-trehalose
formulation, amorphous trehalose and crystalline trehalose dihydrate (amorphous and
crystalline properties of the references were checked with XRPD). The MDSC
thermogram of the SCF dried lysozyme-trehalose formulation shows the presence of a
Tg (ca. 36 °C), directly followed by so-called enthalpic relaxation (16), and an
exothermic peak at ca. 70 °C representing crystallization of amorphous trehalose.
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However, the DSC scans of SCF dried lysozyme-trehalose formulations differ from
those of amorphous trehalose for the presence of an endothermic event around 100 °C,
beyond the exothermic crystallization peak (ca. 70 °C). A similar endothermic event is
also observed for crystalline trehalose dihydrate, suggesting the formation of trehalose
dihydrate in the SCF dried lysozyme-trehalose formulation at ca. 70 °C and
subsequent dehydration during the DSC run (Figure 3b). In Figure 3c the total MDSC
scan of SCF dried lysozyme-trehalose is split to analyze reversing and non-reversing
events. Indeed, the reversing scan confirms the presence of a Tg, and thus an
amorphous phase in this sample.
Myoglobin showed DSC results comparable to those of lysozyme with both sugars
(data not shown), indicating that the sugar rather than the protein dictates the physical
characteristics of the SCF dried powders, as expected.
Furthermore, DSC thermograms of freeze-dried formulations (for both proteins and
both sugars) were similar in shape to DSC thermograms of amorphous sucrose and
trehalose references shown in Figure 3a and 3b.
XRPD measurements were used to support the DSC data (Figure 4). In Figure 4a, the
diffraction pattern of sucrose formulations of myoglobin and lysozyme are presented.
For comparison, the XRPD patterns of amorphous and crystalline sucrose are shown
as well. The results indicate that the SCF dried protein-sucrose formulations were
crystalline. This was also true for pure SCF dried sucrose (results not shown). In
Figure 4b the XRPD scans of myoglobin-trehalose and lysozyme-trehalose
formulations, and amorphous and crystalline trehalose (dihydrate) are shown. In
XRPD scans of the SCF dried trehalose formulations of both proteins no peak
resembling the crystalline phase is observed, confirming the amorphous character of
these formulations.
Overall, the above results show that SCF dried formulations and freeze-dried
formulations, although containing comparable water contents (see Table I), had
substantially different physical properties. All freeze-dried formulations resulted in
amorphous cakes. Although the SCF dried protein-trehalose formulations were also
amorphous, their Tg (ca. 36 °C) was much lower as compared to their freeze-dried
counterparts (Tg ca. 70 °C). SCF dried protein-sucrose formulations were not
amorphous but crystalline.
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Analysis of reconstituted proteins
In this section, results of reconstituted SCF dried formulations are presented. Freeze-
dried results are only scarcely discussed, when necessary for the comparison with SCF
dried formulations. Reconstitution of lysozyme powder formulations was almost
complete, resulting in less than 6 % undissolved material (see Table I). The amount of
undissolved myoglobin was substantially higher: more than 35 % of the unformulated
SCF dried myoglobin remained undissolved; in the presence of sucrose or trehalose
still ca. 8-12 % remained undissolved (Table I). Freeze-dried formulations could be
completely reconstituted (Table I). For the SCF dried formulations, undissolved
protein was removed from the reconstituted powders by centrifugation and the
supernatants were used for further analysis.
The enzymatic activity of SCF dried unformulated lysozyme and lysozyme formulated
with sugars was fully preserved (Table I).
UV spectra of redissolved lysozyme formulations were similar to that of lysozyme
solution before drying (not shown). Myoglobin has two characteristic peaks when it is
analyzed by UV/VIS spectroscopy (Figure 5). One peak is a typical protein absorption
peak (280 nm) and the other, the so-called Soret band (409 nm), results from
interactions of the heme with the heme pocket of myoglobin. The position and
intensity of the Soret band as well the absorbance ratio A409nm/A280nm can be used for

Figure 4a Figure 4b

Figure 4. XRPD scans:
(a). XRPD patterns of sucrose samples (from the bottom to the top): freeze-dried sucrose (dotted line),
SCF dried myoglobin-sucrose formulation (solid line); SCF dried lysozyme-sucrose formulation (dashed
line); crystalline sucrose (dashed-dotted line).
(b). XRPD patterns of trehalose samples (from the bottom to the top): freeze-dried trehalose (dotted
line), SCF dried myoglobin-trehalose formulation (solid line); SCF dried lysozyme-trehalose
formulation (dashed line); crystalline trehalose dihydrate (dashed-dotted line).
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overall estimation of the myoglobin structure and heme environment changes (13, 17,
18). The reported A409nm/A280nm ratio is about 4-5 for different species of myoglobin
(17-19). We compared the A409nm/A280nm ratio of SCF dried myoglobin formulations
with that of reference myoglobin (Table I). The presented values in Table 1 and the
appearance of the UV/VIS spectra (Figure 5) indicate that SCF drying did not induce
major conformational changes. Rather, small differences in the spectra as compared to
reference myoglobin suggest that some minor changes in myoglobin structure and/or
in protein-heme interactions may have occurred.
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Figure 5. UV/VIS absorption spectra of SCF dried myoglobin formulations: Myoglobin reference (solid
line); SCF dried unformulated myoglobin (dashed line); SCF dried myoglobin-sucrose formulation
(dotted line), SCF dried myoglobin-trehalose formulation (dashed-dotted line). The spectrum of
unformulated myoglobin shows a lower intensity because a substantial fraction of undissolved material
was removed from the supernatant (Table I).

Far-UV and near-UV/VIS CD spectroscopy were used for monitoring the secondary
and tertiary structure, respectively, of the proteins. No changes in CD spectra in the
far-UV and near-UV region were observed for the SCF dried lysozyme formulations
as compared to the reference lysozyme solution (data not shown). For myoglobin,
none of the formulations showed changes in secondary structure according to far-UV
CD (data not shown). However, in the near-UV and in the Soret regions, the CD
spectra showed differences in peak intensity between reference myoglobin and SCF
dried myoglobin formulations (Figure 6). For all dried formulations the intensity of
the Soret CD band had decreased. Unformulated myoglobin and myoglobin-sucrose
formulation showed comparable spectral intensities, whereas the trehalose formulation
showed the most significant decrease in intensity. These results support our
conclusions based on UV/VIS spectroscopy, i.e. SCF dried myoglobin shows small
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but significant differences in the tertiary structure or in protein-heme interactions,
especially for the myoglobin-trehalose formulation.
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Figure 6. CD spectra of SCF dried myoglobin formulations (near-UV and Soret region):
Myoglobin reference (solid line); SCF dried unformulated myoglobin (dashed line); SCF dried
myoglobin-sucrose formulation (dotted line), SCF dried myoglobin-trehalose formulation (dashed-
dotted line).

In native myoglobin tryptophan fluorescence is quenched by the heme, which results
in a low emission intensity (20). This is consistent with reference myoglobin, which
showed weak fluorescence (Figure 7). As can be seen from Figure 7, all SCF dried
formulations showed an increase in fluorescence intensity, indicating changes in the
heme-protein interaction (13). Unformulated myoglobin and the sucrose formulation
showed a similar intensity increase; the most significant increase was observed for the

Figure 7. Normalized fluorescence emission spectra of SCF dried myoglobin formulations:
Myoglobin reference (solid line); SCF dried unformulated myoglobin (dashed line); SCF dried
myoglobin-sucrose formulation (dotted line), SCF dried myoglobin-trehalose formulation (dashed-
dotted line).
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trehalose formulation. On the other hand, all freeze-dried formulations showed spectra
comparable to those of the reference (non-dried) myoglobin; (data not shown). SDS-
PAGE of reconstituted solutions showed for all SCF dried protein formulations
similarity in band position, consistent with monomeric protein, when compared to the
reference protein. No new bands where observed in SCF dried lysozyme and
myoglobin formulations on gels run under reducing or non-reducing conditions (data
not shown), indicating the absence of covalent aggregates.

DISCUSSION

In this study we have investigated the capabilities of sucrose and trehalose to preserve
the structure of lysozyme and myoglobin during a SCF drying process, in comparison
with an established freeze-drying process. Differences were observed between the
SCF and freeze-dried formulations, as well as between the stabilizing effect of sucrose
and trehalose in SCF dried formulations. Besides the observation that in SCF dried
material the protein was partly aggregated (see Table I), the bioactivity of
reconstituted lysozyme was fully preserved and no changes in the structure were
observed by CD and fluorescence spectroscopy. For myoglobin, far-UV CD spectra
indicated preservation of the secondary structure. However, some changes in the
tertiary structure of myoglobin occurred, as noticed by a decrease in CD signal in the
near-UV and the Soret region and an increase in tryptophan fluorescence for all SCF
dried myoglobin formulations. These results probably reflect changes at the level of
heme-myoglobin interactions (13, 17-20) rather than a gross change in myoglobin
conformation.

The stabilization of myoglobin as indicated by the selected formulation parameters
was not fully achieved in SCF dried formulations, whereas the selected sugars and
protein-to-sugar ratio were sufficient for the stabilization of myoglobin in freeze-
drying. Still, the presence of sugars improved the recovery of SCF dried myoglobin
(Table I), although the difference in concentration between formulated and
unformulated myoglobin might also play a role. From the existing knowledge from
other drying techniques it can be expected that the presence of stabilizers such as
certain sugars is necessary for successful drying and storage stability of the dried
proteins (1, 21, 22). Remarkably, the sugars used in the present study, sucrose and
trehalose, had a strong impact on the particle morphology (Figure 2), and showed
distinct physical characteristics. Whereas both sucrose and trehalose were amorphous
when freeze- or spray-dried, the sucrose formulations showed crystalline
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characteristics after SCF drying (Figure 3a and Figure 4a). On the other hand, the
trehalose formulations showed XRPD patterns similar to amorphous rather than
crystalline trehalose (Figure 4b). The DSC thermograms of these formulations show
the presence of a Tg and a subsequent crystallization peak upon heating (Figure 3b).
This is comparable with the thermogram of freeze-dried, amorphous trehalose.
However, the presence of an endothermic peak (ca. 100 °C) just after the
crystallization peak is comparable with the broad endothermic event (ca. 70-120 °C)
seen with crystalline trehalose dihydrate (Figure 3b).
This endothermic event has been interpreted differently by several authors (16, 23, 24)
but always attributed to the presence of trehalose dihydrate. This endothermic peak
was reported for amorphous trehalose as a consequence of crystallization, but only
when the water content was higher than 6 % (24). In our case the amorphous trehalose
formulations measured by DSC had water contents between 2.5-4.0 %. However, the
Tg (ca. 36 °C, Figure 3c) of the trehalose formulations was much lower than would be
expected from the water content (15, 24). Moreover the freeze-dried trehalose
formulations with comparable water content (Table I) gave higher Tg values (ca. 70
°C).  Thus, the endothermic peak and the low Tg could be characteristics of a wet
amorphous phase (>6 % residual water). As the trehalose formulations had a lower
overall water content (< 4.0 %), the low Tg might be due to an inhomogeneous water
distribution through the dried sample. This could lead to high local water
concentrations in some parts of the dried powder, which may consequently lead to the
crystallization observed during DSC. Another possibility is that trehalose was not
completely amorphous from the beginning (i.e., in the freshly dried powder) and
contained some crystal nuclei, which could not be detected by X-ray diffraction (25).
Such crystalline nuclei may act as starting points for the crystallization observed in
DSC.
Interestingly, the highest extent of the alterations of the myoglobin structure was
observed for the trehalose formulation, whereas crystalline sucrose was less
detrimental. It could be that the sucrose formulation, although crystalline, is a stable
system, whereas the trehalose forms a heterogeneous system, locally differing in water
content and/or the presence of crystalline phases. This could also make trehalose an
unstable matrix and changes of the formulation matrix in time could influence the
protein conformation (21, 26).
In summary, this study showed the possibility to produce dry protein-sugar
formulations by SCF drying with preserved gross structure of lysozyme and
myoglobin. However, there are some important issues to be addressed. First of all, the
percentage of undissolved protein is still high when compared to freeze-drying (Table I).
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Considering the differences between the recovery of lysozyme and myoglobin,
formulation and process parameters probably have to be optimized for each protein on
a case by case basis. Also, long-term stability studies are necessary to estimate the
storage stability of SCF dried protein formulations. We showed distinct physical
powder properties and stabilizing effects on the protein conformation when different
sugars were used in SCF drying. Furthermore, the physical properties of SCF dried
sucrose and trehalose formulations substantially differed from those of the same
freeze-dried formulations, which remained amorphous and showed full preservation of
protein conformation. Clearly, the drying principles of freeze-drying and SCF drying
are completely different. In freeze-drying the properties of the frozen solution have a
large influence on the properties of the final dried product. In SCF drying the freezing
step is bypassed, but factors like mixing and mass transport rates, droplet size,
composition of the SCF, etc. can play a crucial role in the drying kinetics and the
physical properties of the dried product. Therefore, further optimization of
formulation (e.g., protein-to-stabilizer ratio, selection of stabilizers) and process (e.g.,
flow rate, selection of the nozzle type) parameters is necessary, which will be
addressed in follow-up papers. The acquired insights in this study can be used to
optimize the SCF drying process, in conjunction with rational formulation design, for
the stabilization of protein pharmaceuticals.
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ABSTRACT

The aim of this work was to produce stable, sugar-containing protein formulations by
supercritical fluid (SCF) drying.
SCF drying of lysozyme solutions with and without added sucrose or trehalose was
performed in a SCF composed of CO2 and ethanol or CO2 only. The protein-to-sugar
ratio was varied between 1:0 and 1:10 (w/w). Dried formulations were stored at 4 °C for
three months and analyzed by Karl Fischer titration, scanning electron microscopy, X-
ray powder diffraction, differential scanning calorimetry, and Fourier transform infrared
spectroscopy. Lysozyme stability after reconstitution was determined by an enzymatic
activity assay, UV/VIS spectroscopy, and SDS-PAGE.
Smooth, spherical particles of 1-25µm size were obtained. All formulations were initially
amorphous. Crystallization during storage only occurred with a protein-to-sugar ratio of
1:10 and could be avoided by performing SCF drying without ethanol. Absence of residual
ethanol in dried trehalose formulations increased the glass transition temperature up to
120 °C. Lysozyme in dried formulations was structurally stable, with exception of the
1:0 and 1:1 protein-to-sugar ratios, where reversible protein aggregation occurred. No
difference in the stabilizing effect on protein was seen between sucrose and trehalose. In
conclusion, stable sugar-based protein formulations can be obtained by SCF drying if
the proper protein-to-sugar ratio is chosen and if the addition of ethanol to the SCF is
avoided.
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INTRODUCTION

Supercritical fluid (SCF) drying offers the possibility to quickly obtain large amounts
of protein powders with controlled particle morphology, which makes SCF drying an
attractive alternative to existing drying techniques for the stabilization of
pharmaceutical proteins. However, literature data on protein drying by this technique
are limited (1, 2). Therefore, systematic studies on the effects of operating conditions
and formulation parameters on protein stability are necessary to obtain better insight
into the potential of SCF drying for the production of solid protein formulations.
In a previous study, we compared the preservation of lysozyme and myoglobin
structure by sucrose and trehalose during SCF drying and lyophilization (3). The
selected formulations with low protein-to-sugar ratio (1:100 (w/w)) worked well for
freeze-drying but were not optimal for SCF drying. Freeze-drying was superior to SCF
drying with regard to the preservation of protein structure upon reconstitution and the
prevention of sugar matrix crystallization. It was shown that the composition of
protein solutions needs to be optimized for SCF drying, and that long-term stability of
both the dried matrix and the incorporated protein should be tested. Investigation of
protein structure in the solid state is important, because solid state stability is often
related to the preservation of protein structure after rehydration (4-8). Amorphous
excipient matrices are generally regarded to be necessary for achieving long-term
stability, and crystallization of the matrix has been reported to lead to protein
destabilization (6, 9).
In the present study we aimed at obtaining stable SCF dried protein-sugar powders
with favorable physicochemical properties for ensuring the stability of encapsulated
protein. To achieve this, we focused on optimization of protein-to-sugar ratio and
process optimization. Several protein-to-sugar ratios (1:1, 1:4 and 1:10 (w/w)) were
tested and solutions were dried with or without ethanol in SCF phase. Ethanol has
been generally recommended to enhance solubility of water into SCF (3, 10).
Lysozyme was used as a model protein and sucrose and trehalose as commonly used
stabilizers.

MATERIALS AND METHODS

Materials
Hen egg white lysozyme (~7*104 U/mg) was purchased from Fluka (Buchs,
Switzerland). Trehalose (crystalline, dihydrate from Saccharomyces cerevisiae) and
Micrococcus lysodeikticus (Micrococcus luteus) were acquired from Sigma-Aldrich
(Steinheim, Germany). Sucrose (crystalline, European Pharmacopeia grade) was
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purchased from Riedel-de Haën (Honeywell, Germany). All other chemicals were
obtained from different commercial suppliers and were of analytical grade, unless
mentioned otherwise.

SCF drying
Protein solutions, excipient-free (only containing protein) or with sugars (sucrose or
trehalose) in a 1:1, 1:4 and 1:10 (w/w) protein-to-sugar ratio, were dried in a type
SFP4 (Separex, Champigneulles, France) supercritical drying apparatus as described
previously (3). Protein solutions were sprayed into an SCF mixture containing CO2

and ethanol or only CO2. In the first case (further referred to as condition A), the flow
rates used were 0.5 ml/min for the protein solution, 250 g/min for the supercritical
CO2 (SC-CO2), and 25 ml/min for the ethanol. When no ethanol was used during SCF
drying (condition B), the CO2 flow rate was doubled (500g/min) and the protein
solution flow rate decreased (0.25 ml/min) to compensate for the decrease in water
extraction capacity of the supercritical phase. The pressure and temperature were
maintained at 100 bar and 37 °C for all components, before and after drying. After
completion of the spraying process, the ethanol flow was stopped and the vessel was
flushed for 16 min with SC-CO2 to remove residual solvents (water and/or ethanol)
before depressurization and product recovery. The dry powder was recovered from the
filter on the bottom of the vessel. For selected samples, part of the powder was
immediately placed into vacuum oven for additional drying at 55 °C for 24 h. All dried
products were stored under nitrogen in air-tight containers at 4 °C.

Physical properties of SCF dried powders
Residual water content. Samples (ca. 30 mg) of the SCF dried formulations were
dispersed in methanol and the residual water content of the formulations was
measured by the Karl-Fischer method using a Metrohm 756 KF instrument (Metrohm,
Herisau, Switzerland) as described in the manufacturer’s manual. Methanol was used
as a blank.
Residual ethanol content. Quantification of the residual ethanol in the powder was
done by gas chromatography (GC) (Chromopack CP9002, Bergen op Zoom, The
Netherlands). Approximately 20 mg of powder (SCF dried lyzozyme trehalose 1:10
(w/w) formulations), accurately weighed, was dissolved in 1 g of water and the
solution was placed into a 2-ml GC vial before capping it. Standards, freeze-dried
lysozyme trehalose (1:10 (w/w)) containing known amounts of added ethanol, were
prepared in the same way as SCF dried powder. A volume of 0.1 to 0.5 μl of standard
solution was then injected directly into the column (Varian, CP SIL 5CB, 25 m,
0.53 mm, film thickness 5 μm) at a 120 ºC isotherm. Data were analyzed using



77

Supercritical fluid drying of protein formulations

Galaxie Chromatography Workstation (Varian Inc.). A blank solution containing
standard without ethanol was injected as well to check background signal. 0.3 ìl of
each SCF dried sample was injected. A calibration curve was made by plotting the
AUC of the ethanol peak against the ethanol content of the standards and linear
regression (r2=0.9993).
Scanning electron microscopy (SEM). SEM (JSM-5400, Jeol, Peabody, USA) images
were used to examine the morphology of the dried particles. Conductive double-sided
tape was used to fix the particles to the specimen holder before covering them with a
thin layer of gold.
Modulated differential scanning calorimetry (MDSC). MDSC was performed on a Q-
1000 calorimeter (TA instruments, New Castle, Delaware, USA). Dry powder samples
(5-10 mg) in sealed aluminum pans were heated from 0 °C to 170 °C at a rate of 1 °C/
min and a modulation of ±1 °C/30 s. MDSC enabled to distinguish reversible thermal
events such as glass transition temperature (Tg) from irreversible thermal events.
X-ray powder diffraction (XRPD). XRPD was performed using a D8 Discover X-ray
diffractometer with a bi-dimensional area detector (Bruker AXS, Madison, USA)
according the procedure described earlier (3).

Protein structure in the solid state
Protein structure in the solid state was studied by Fourier transform infrared (FTIR)
spectroscopy using a Bio-Rad FTS6000 FTIR spectrometer with Win-IR Pro software,
version 2.95 (Cambridge, USA). KBr pellets were prepared by mixing 5-10 mg of
SCF dried formulation with approximately 150 mg of spectroscopy grade KBr and
pressing the mixture into a pellet (diameter 13 mm) at a pressure of 260 MPa. The
number of scans per experiment was set to 256, the scan speed to 0.16 cm/s, and the
resolution to 2 cm-1. The spectra were corrected for water vapour and smoothed with a
7-point Savitsky-Golay smoothing function (11). The 2nd derivative spectra were
smoothed using a 7-point Savitsky-Golay smoothing function and subsequently
inverted. The amide I region of the spectra (1720 – 1600 cm-1) was used for analyzing
protein secondary structure. To compare spectra and to quantify changes in protein
secondary structure, 2nd derivative spectra were truncated between 1720 and 1600 cm-1,
baseline-corrected, and area-normalized to unity (12).

Protein structure after reconstitution
UV/VIS spectroscopy. Absorption spectra between 240 and 350 nm were acquired at
room temperature using a Lambda 2 UV/VIS spectrophotometer (Perkin-Elmer,
Ueberlingen, Germany). Optical density (OD) above 320 nm was taken as an
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indication for the presence of aggregates (11). In absence of aggregates, absorption at
280 nm was used for protein concentration determination (3).
Enzymatic activity. Lysozyme enzymatic activity was determined using a bacteriolysis
assay based on the decrease of optical density at 450 nm of a M. luteus suspension in
presence of lysozyme (13). Enzymatic activity is expressed as percentage of activity
with respect to a reference lysozyme solution.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE
was performed under reducing (sample buffer containing b-mercaptoethanol) and non-
reducing (without b-mercaptoethanol) conditions using a Biorad Protean III system
(Biorad, Veenendaal, The Netherlands) as described before (3).

RESULTS AND DISCUSSION

Particle morphology and size
One of the advantages of SCF drying is the possibility to produce particles with
desired characteristics. As can be seen from the scanning electron microscopy images
in Figure 1, the addition of sugars affected particle morphology and resulted in
smooth, spherical particles with sizes ranging from 1 to 25 µm, whereas agglomerated
structures and collapsed spheres were obtained when pure lysozyme solution was
dried. Particle morphology and size were independent of sugar type and composition
of the SCF (not shown).

Figure 1. SEM images of SCF dried lysozyme formulations. From left to the right: excipient-free lysozyme, 1:1 (w/
w) lysozyme:sucrose and 1:1 (w/w) lysozyme:trehalose formulations. SCF drying condition A: protein solution flow
rate: 0.5 ml/min, CO2 flow rate: 250 g/min, ethanol flow rate: 25 ml/min (scale bar is 10 μm).

Matrix crystallization upon SCF drying with a CO2 / ethanol mixture
The addition of ethanol to SC-CO2 is generally considered necessary for an efficient
drying of aqueous solutions by SCF techniques (10). Accordingly, at first a SCF
composed of CO2 and ethanol was used for drying aqueous solutions of lysozyme and
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sucrose or trehalose. Table I shows the physicochemical properties of SCF dried
formulations with different protein-to-sugar ratios. The formulations had residual
water contents between 2.5 % and 5 %. All formulations were amorphous upon SCF
drying, as confirmed by XRPD (see Figure 2a for sucrose formulations) and by the
presence of a glass transition in MDSC scans (Table I). It can be seen from Table I that
the glass transition temperature (Tg) of all formulations was fairly low, between 15 °C
and 45 °C. Since this is in vicinity of the storage temperature of 4 °C, crystallization
of the sugar matrix is theoretically possible (6, 14, 15) and indeed occurred with the
lysozyme-sucrose formulation (1:10 (w/w)) already after one month (Figure 2b) and
lysozyme-trehalose formulations with a protein-to-sugar ratio of 1:10 during three
months storage (Table II). Crystallization during storage did not occur with protein-to-
sugar ratios of 1:4 and 1:1, indicating that increasing the protein concentration in

Table I. Water content, glass transition temperature (Tg) and lysozyme enzymatic activity of
SCF dried formulations.

* Average ± SD of 3 independent batches
** Minimum and maximum value of 2 independent batches
*** Percentage ± SD of 3 independent batches relative to unprocessed lysozyme

Enzymatic Activity (%) *** Formulation Water content* 

(%) 

Tg** 

(ºC) Immediately after drying After 1 month 

storage 

     

Lysozyme 

(excipient-free) 

4.2 ± 1.8  99.6 ± 3.6 97.6 ± 4.4 

     

Lysozyme:sucrose     

1:10 (w/w) 2.4 ± 1.4 15.2-31.0 96.6 ± 2.2 94.0 ±2.9 

1:4 (w/w) 4.7 ± 0.8 14.2-38.0 98.7 ± 4.8 98.5 ± 5.3 

1:1 (w/w) 2.8 ± 0.7 31.0-34.0 101.9 ± 6.7 100.6 ± 4.0 

     

Lysozyme:trehalose     

1:10 (w/w) 2.6 ±0.8 36.9-46.0 99.9 ± 8.2 101.5 ± 6.8 

1:4 (w/w) 4.0 ± 0.3 25.8-32.2 100.2 ± 2.1 96.7 ± 4.8 

1:1 (w/w) 3.5 ± 1.5 34.1-40.8 101.8 ± 6.4 105.3 ± 9.2 
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formulations prevents sugar crystallization. This shows that  sugar crystallization can
be prevented using a minimum fraction of protein as also has been reported for other
protein-sugar matrices obtained by different drying techniques (16-18). A possible
explanation for this is the formation of hydrogen bonds between sugars and protein
molecules (6, 14, 15), which prevent interactions between sugar molecules that lead to
nucleation and crystallization. The mechanism of preventing crystallization by
hydrogen bond interactions has been proposed for mixtures of indomethacin and
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Figure 2. XRPD scans of SCF dried lysozyme:sucrose formulations  in comparison with crystalline sucrose. From
bottom to the top: SCF dried 1:1 (w/w) lysozyme:sucrose formulation, 1:10 (w/w) lysozyme:sucrose formulation and
crystalline sucrose.
a. Scans taken immediately after SCF drying.
b. Scans taken after one month of storage at 4 °C.

Lysozyme:sucrose (w/w) Lysozyme:trehalose (w/w) 

1:1 1:4 1:10 1:1 1:4 1:10 

Time 

(days) 

Protein 

aggreg 

Sugar 

crystal 

Protein 

aggreg 

Sugar 

crystal 

Protein 

aggreg 

Sugar 

crystal 

Protein 

aggreg 

Sugar 

crystal 

Protein 

aggreg 

Sugar 

crystal 

Protein 

aggreg 

Sugar 

crystal 

0 - - - - - - - - - - - - 

30 + - - - - + + - - - - - 

90 Not studied - - Not studied Not studied - - - / + + 

 

Table II. Protein aggregation and sugar crystallization in SCF dried formulations.*

*Aggregation as detected by FTIR
 Crystallization as detected by XRPD
(-, not detected; +, detected; -/+, detected in 1 out of 3 formulations)
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polyvinylpyrrolidones (19). In addition, presence of other molecules can prevent sugar
crystallization also due to dilution of the sugar molecules by other molecules and
reduced molecular motions in the dried matrix (20).

Protein stability upon SCF drying with a CO2 / ethanol mixture
The structural stability of lysozyme in SCF dried formulations was studied by FTIR
spectroscopy. The main peak at 1657 cm-1 in the spectra (Figures 3a and 3b) was
associated to α-helix, which is the dominant secondary structure in unperturbed
lysozyme (11). Increase in intensity of two peaks at 1695 and 1625 cm-1 indicated the

formation of intermolecular β-sheets, i.e. aggregation of lysozyme in the sugar
matrices (4, 11). Lysozyme dried without sugars contained aggregated protein as
indicated by the intense peaks at 1695 and 1625 cm-1 (Figure 3a). Lysozyme dried with
sugars contained much less aggregated protein. As can be seen from Figure 3a, the
addition of sucrose or trehalose resulted in an increase of the peak representing α-
helical structure and a concomitant decrease of the peaks representing aggregated
protein. No significant differences between the formulations with different protein-to-
sugar ratios were observed for sucrose (see Figure 3b) and trehalose formulations (not
shown).
During storage for up to three months at 4°C, no structural change of lysozyme was
observed by FTIR in sucrose and trehalose formulations with protein-to-sugar ratios of
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Figure 3. Second derivative FTIR spectra of freshly prepared SCF dried lysozyme formulations.
a. Effect of sugars: excipient-free lysozyme (solid line), 1:10 (w/w) lysozyme:sucrose (dashed line), 1:10 (w/w)
lysozyme:trehalose (dotted line).
b. Comparison of different protein-to-sugar ratios: 1:1 (w/w) lysozyme:sucrose (solid line), 1:10 (w/w)
lysozyme:sucrose (dotted line).
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1:10 and 1:4 (not shown). However, both sucrose and trehalose formulations with a
protein-to-sugar ratio of 1:1 showed enhanced aggregation of lysozyme after already
one month storage (Table II, Figures 4a and 4b), indicating that in these formulations,
the amount of sugar is insufficient to prevent protein-protein interactions (6, 14,
21).This aggregation was reversible upon reconstitution, as confirmed by the absence
of a scattering signal above 320 nm in UV spectroscopy and the absence of aggregate

bands in reducing and non-reducing SDS-PAGE. Furthermore, the enzymatic activity
upon reconstitution of aggregated lysozyme was between 97 % and 100%.
Nevertheless, it is important to choose protein-to-sugar ratios where structural alteration
and aggregation in the solid state should not occur, because these processes are
irreversible for many proteins (6, 22) and may lead to immune reactions in patients
upon administration (6, 22).

Effect of residual water and ethanol
The above results show that stable, SCF dried protein formulations can be achieved by
optimizing the protein-to-sugar ratio, which leads to mutual stabilization of protein
and sugar molecules in the sense that aggregation of the former and crystallization of
the latter are prevented. However, absolute values of Tg between 15 °C and 45 °C
(Table I) are clearly too low to be considered safe in the case of accidental warming to
higher temperatures. These low Tg values could not be explained solely by a residual
water content of the SCF dried powders between 2.5 % and 5 % (Table I). For
example, we reported previously for freeze-dried lysozyme-trehalose formulations with
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Figure 4. Second derivative FTIR spectra of SCF dried formulations with 1:1 (w/w) lysozyme:sugar ratio, right
after the drying (solid line) and after 1 month of storage at 4 °C (dotted line).

4a Formulation containing sucrose 4b Formulation containing trehalose
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similar water content (c.a. 4 %) Tg value of around 70 °C (3). Furthermore, for dried
trehalose with comparable water content is expected to have higher Tg of 80-90 °C
based on Fox equation (3, 20). It was hypothesized that residual ethanol, which had
partitioned from the SCF into the microspheres during drying, could be responsible
for the unexpected decrease of Tg, and this hypothesis was evaluated with lysozyme-
trehalose formulations with a protein-to-sugar ratio of 1:10. Table III confirms that in
addition to a residual water content of around 5 %, microspheres contained a
substantial fraction of residual ethanol of around 10 %. Subjecting these microspheres
to an additional drying step in a vacuum stove (see materials and methods) decreased
the residual water and residual ethanol contents to values between 2 % and 3 % (Table
III). Although this resulted in an increase of Tg from about 25 °C to around 55 °C,
crystallization of the sugar matrix during three months storage at 4 °C still occurred.

Table III. Effect of SCF processing conditions on physical properties of dried lysozyme-
trehalose (1:10 (w/w)) formulations.

Formulation containing lysozyme trehalose 

in 1:10 (w/w) ratio  

Water content 

(%)* 

Ethanol content 

(%)* 

Tg (ºC)* 3 months storage 

(Crystallization)  

 

 

Ethanol Secondary 

drying** 

    

+ - 4.7-5.4 8.7-10.9 22.1-29.2 + SCF condition A*** 

+ + 2.0-2.5 2.2-2.9 52.3-57.0 + 

- - 3.3-4.4 n.d. 52.0-70.0 - SCF condition B*** 

- + 1.6-1.8 n.d. 119.6-121.5 - 

 
*lower-upper values of two formulations tested
**Secondary drying: vacuum oven, 55 ºC for 24 h
***SCF drying condition A: protein solution flow rate: 0.5 ml/min, CO2 flow rate: 250 g/min, ethanol
flow rate: 25 ml/min; SCF drying condition B: protein solution flow rate: 0.25 ml/min, CO2 flow rate:
500 g/min, ethanol flow rate: 0 ml/min

In order to further assess the relevance of residual ethanol for Tg and for sugar
crystallization, SCF drying without addition of ethanol to the SC-CO2 was performed
(see materials and methods). As can be seen from Table III, microspheres prepared in
this way had a residual water content of about 4 %. There was a further increase of Tg
to about 65 °C, which was comparable to the Tg (ca. 70 °C) reported for freeze-dried
trehalose formulations with a similar water content (3). Crystallization of the sugar
matrix during three months storage at 4 °C did not occur. Even higher Tg values of
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about 120 °C, at a residual water content of 1.5 % to 2 %, were achieved by subjecting
these microspheres to secondary drying in the vacuum stove. Also these particles
showed no crystallization of the sugar matrix during three months storage at 4 °C
(Table III).
These results clearly demonstrate that residual ethanol in the dried lysozyme-
containing sugar microspheres has a strong plasticizing effect, and that avoiding
ethanol entirely during SCF drying is an effective way of obtaining stable, amorphous
sugar matrices with high Tg. Importantly, change in SCF drying procedure did not
have a negative effect on lysozyme structural stability, as can be seen from the FTIR
spectra in Figure 5. This was also confirmed by analysis upon reconstitution: UV
spectroscopy showed no scattering above 320 nm, indicating the absence of
aggregates in solution, and the enzymatic activity of lysozyme upon reconstitution was
fully preserved (data not shown).

Figure 5. Second derivative FTIR spectra of SCF dried formulations with 1:10 (w/w) lysozyme:trehalose: dried
under condition A, 0.5 ml/min protein solution, 250 g/min SC-CO2 and 25 ml/min ethanol flow rate, (solid line);
dried under condition B, 0.25 ml/min protein solution, 500 g/min SC-CO2 and 0 ml/min ethanol flow rate, (dashed
line)
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CONCLUSIONS

The present work demonstrates that residual ethanol acts as a plasticizer in SCF dried
powders, thereby decreasing the Tg and destabilizing the amorphous character of the
sugar matrix. In contrast to previous reports (2, 3, 7, 10), SCF drying of aqueous
solutions without the addition of ethanol proved to be feasible. For the studied sugar
based protein formulations, this resulted in high Tg values of the amorphous sugar
matrices. Crystallization of these matrices during storage at 4 °C was not observed,
and the encapsulated protein remained structurally stable.
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Optimization of the protein-to-sugar ratio may be an additional strategy for improving
the stability of SCF dried protein formulations. Our results show that when the glass
transition temperature is close to the storage temperature, an optimal protein-to-sugar
ratio prevents both crystallization of the sugar matrix and structural alteration and
aggregation of encapsulated protein. Finding this optimal protein-to-sugar ratio is
therefore important for the stability of a formulation in case of accidental heating to
high temperatures.
Overall the present work demonstrated that stable, sugar-based protein formulations
can be obtained by SCF drying. As compared to freeze drying, applying SCF drying
for this purpose brings along a substantial increase of production speed and the
possibility to produce free-flowing particles of a defined size.
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ABSTRACT

The aim of this work was to investigate the applicability of near-infrared (NIR)
imaging for assessing the homogeneity of dried protein-sugar formulations.
Physical mixtures of lysozyme and trehalose in different ratios were prepared and
analyzed by near-infrared (NIR) imaging with a spatial resolution of 10 µm or 40 µm.
To define and select the best imaging strategy, besides visual inspection of the images,
several approaches for data processing were tested: single wavelength intensity, peak/
height ratio of two specific wavelengths, correlation coefficient with a reference
spectrum and principal component analysis (PCA). In order to relate the contrast
directly to concentration differences of lysozyme and trehalose, quantitative models
were created based on correlation coefficient and partial least squares (PLS)
regression. The selected imaging method was applied to compare the homogeneity of a
supercritical fluid (SCF) dried and a freeze-dried lysozyme-trehalose mixture.
All tested methods confirmed each other and showed spatial heterogeneity in the
lysozyme and trehalose contents of the physical mixtures. However, multivariate data
processing methods (correlation coefficient and PCA/PLS) resulted in more distinct
contrasts than univariate approaches (single wavelength analysis) and allowed a
quantitative estimation of the homogeneity. As shown by NIR imaging in combination
with the correlation coefficient or the PLS method, the SCF dried lysozyme-trehalose
formulation was at least as homogeneous as its lyophilized counterpart, at 10 µm pixel
size resolution.
It was concluded that NIR imaging can be a useful tool for studying the homogeneity
of dried protein-sugar formulations.
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INTRODUCTION

Production of stable protein formulation has been focus of many investigations in the
last few decades (1, 2). A common approach to stabilize proteins is to dry them, e.g.
by freeze drying, spray drying or supercritical fluid (SCF) drying (1, 3, 4). During
drying and during storage protein denaturation can occur (1, 5, 6). Therefore addition
of stabilizing excipients is generally required. Usually non-reducing sugars such as
sucrose or trehalose are used (1, 7, 8).
Regarding the quality of the dried product, homogeneous distribution of protein and
sugar can be expected to improve stability. Exclusion of protein from sugars could
lead to aggregation during storage (1, 9, 10) and phase separation has been reported to
be responsible for failure in protein stabilization (10-13). Thus, assessment of the
homogeneity of dried protein-sugar mixtures could give useful information about the
quality of the dried product. Phase separation may be difficult to detect with
conventional methods such as differential scanning calorimetry (DSC) because of
relatively low thermal signals, or scanning electron microscopy (SEM) where
distinction is made based on visual observation. Near-infrared (NIR) imaging could be
the method of choice (14) because it can determine spatial distributions of different
components in pharmaceutical samples based on their specific NIR bands. NIR
imaging is a fast, non-invasive technique, which enables monitoring of large sample
areas and requires relatively small amounts of sample. The added value of NIR
imaging is that besides visual inspection of images it is possible to locally quantify the
concentrations and thus measure (in)homogeneity.

Recent improvements in the technical characteristics of NIR imaging equipment have
resulted in the possibility to use NIR imaging for fast scanning of powder blend
homogeneity (14, 15). By recording an image of a sample, a picture based on NIR
absorption is created. Every pixel contains a NIR spectrum. By focusing on the
differences in NIR spectra, every pixel can be classified as a certain component or
mixture of more components. In principle NIR imaging will provide information
about the surface of the sample, but due to a certain penetration depth (dependent on
the wavelength) a top layer will be analyzed. A typical pixel size for NIR imaging is
40 µm or 10 µm. The penetration depth, defined as DP50, varies between 180 µm at
1200 nm, 50 µm at 1600 nm and 30 µm at 2400 nm (16). At the given depths, 50 % of
the information (signal) is still retrieved. Based on the variation in penetration depth
and pixel size, one pixel in a NIR image will provide information of a volume of
about 10 pL for a 10 µm pixel size and about 160 pL for a 40 µm pixel size (for an
average penetration depth of 100 µm).
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In this work we investigated the possibility to use NIR imaging for studying the
homogeneity of dried protein-sugar mixtures. Firstly, physical lysozyme-trehalose
mixtures were prepared and measured by NIR imaging. Several data processing
approaches were compared to establish the optimum imaging strategy. With the
selected strategy we studied the homogeneity of SCF dried and freeze-dried lysozyme-
trehalose formulations. Our data show that NIR imaging can be a useful tool for
measuring the degree of homogeneity of dried protein-sugar formulations.

MATERIALS AND METHODS

Materials
Hen egg white lysozyme (~70000 U/mg) was purchased from Fluka (Buchs,
Switzerland) and trehalose (crystalline, dihydrate from Saccharomyces cerevisiae)
was acquired from Sigma-Aldrich (Steinheim, Germany). All other chemicals used
were obtained from commercial suppliers and were analytical grade.
Preparation of protein-sugar mixtures
Different proportions of pure lysozyme and trehalose, previously ground to obtain
powder (with particle size between 5-35 µm), were mixed in a mortar, without further
grinding in order to create relatively inhomogeneous samples. The lysozyme content
in the mixtures was 0, 10, 50, 80 and 100 % (w/w). These mixtures were used to
determine a suitable imaging strategy and to make a calibration curve for estimating
the average concentration of lysozyme and trehalose in unknown samples.
Test samples were prepared by drying a solution containing 5 % lysozyme and 5 %
trehalose (protein-to-sugar ratio 1:1 (w/w)). The solution was dried by a SCF drying
process described before (7), or by freeze-drying, in a ZIRBUS sublimator 400,
according the procedure reported previously by Zografi et al (17).

Sample pre-treatment
In principle no sample preparation is necessary for NIR imaging. However, using
powder samples as such can result in a relatively large variation between spectra
caused by scattering and specular reflectance of individual particles. The larger the
particles are, the more apparent this effect will be. Additional grinding of powders in a
mortar would reduce these unwanted effects and improve the quality of the image, but
would also affect the sample itself, particularly the homogeneity of the sample.
Therefore, it was decided to press a tablet of each sample in order to create a more
defined and suitable surface area. Pressing a tablet will also affect the sample, but it is
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assumed that the homogeneity of the sample as a tablet will still be representative for
that of the powder.

Data acquisition and data pre-treatment
All images were recorded with a Sapphire NIR Imager (Spectral Dimensions) using
Sapphire Go Software (version 1.0). Magnifications corresponding to a 10x10 µm
pixel or 40x40 µm pixel size were used. Spectra were recorded between 1200 and
2400 nm with 4 nm increments using 16 replicates. Before data handling, the original
images were truncated to 160 x 160 pixel images (total 25600 pixels). All raw
reflectance spectra were converted using Isys 3.1 software (Spectral Dimensions) into
absorption spectra and normalized: mean centered and scaled to unit variance by
spectrum. After normalization the second derivative of each spectrum using Savitsky
Golay (SG) filters (9/3) was calculated.

Imaging strategy
The reference samples (physical mixtures of lysozyme and trehalose) were used to
determine a suitable imaging strategy. Within an image a high contrast between the
two components is necessary to investigate homogeneity. The contrast of an image can
be based on a large number of spectral properties. The following strategies were
chosen to be investigated in more detail: (1) the intensity of a single wavelength,
specific for trehalose or lysozyme; (2) the peak-height ratio of two wavelengths,
specific wavelengths for trehalose and lysozyme; (3) the correlation coefficient with a
reference spectrum; (4) the score value of a principal component from a principal
component analysis (PCA). If PCA describes the lysozyme – trehalose variation well,
partial least squares regression (PLS) can be used to create a quantitative regression
model. The first two approaches are based on specific wavelengths, whereas the last
two are based on the entire spectra. If a clear and strong absorption band occurs for a
specific component it is normally possible to make use of a single wavelength based
contrast image to show the spatial distribution of that specific component. If the
intensity at this wavelength is also dependent on other (physical or chemical)
properties, the use of a reference wavelength is recommended as used in peak-height
ratio based contrast images. The correlation coefficient based contrast image is based
on the correlation coefficient of the spectrum of a single pixel with a reference
spectrum, like pure lysozyme or trehalose. The correlation coefficient is very sensitive
to spectral variations anywhere in the spectral wavelength range. In principle, the
correlation coefficient is not used for quantitative regression, but a known relation
between concentration and correlation coefficient can provide a quick and simple
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estimation of the concentration of any component of which a reference spectrum is
available. Both lysozyme and trehalose can be used as a reference spectrum, which
results in independent estimations of lysozyme and trehalose. The correlation
coefficient is calculated according to equation 1:
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where xi = response at wavelength ‘i’ of spectrum x (reference) and yi = response at
wavelength ‘i’ of spectrum y (sample).
PCA is a very common data analysis tool for large amounts of highly co-linear data
(18, 19). Similar to the correlation coefficient, PCA is based on the entire wavelength
range. PCA is a multivariate projection method designed to extract and display the
systematic variation in a data matrix. PCA is used to represent a multivariate data set
as a low dimensional plane, usually consisting of 2 to 5 dimensions (principal
components) such that an overview of the data is obtained. Principal components are
new uncorrelated linear functions of the original variables. The relation between the
variation described by a principal component and the original variables is given by
loadings or loading weights for each original variable. If for a certain variation,
described by a specific principal component, loading values of the original variables
are high, then that particular original variable is important for that variation. Less
important or redundant variables show low loading values. The first principal
component describes the largest systematic variation in the data set, the systematic
variation described by the following principal components decreases with every
component. The score of each sample (spectrum) for a specific principal component is
related to the relative position of that sample in the total data set, for the particular
variance described by the accompanying principal component.
Contrast images can be created based on the score value of each spectrum within an
image of a specific principal component, which describes a specific spectral variation.
In contrast with PCA models which describe variation qualitatively, PLS regression is
a common tool for multivariate quantitative models (18). PLS is a regression extension
of PCA, which is used to relate two data matrices, X (spectra) and Y (reference
values), with each other. In analytical chemistry PLS is mainly used for multivariate
calibration. Since the whole spectra are used in the modeling, the multivariate PLS
model results in better predictive precision, and also much improved selectivity in
comparison with traditional univariate calibration.
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Selection of data processing method
The average second-derivative NIR spectrum of lysozyme and trehalose was
calculated in order to investigate wavelength areas corresponding to specific
absorption bands of lysozyme and trehalose (Figure 1). A specific absorption band for
trehalose at 1432 nm is clearly present. This absorption band corresponds to the first
overtone of the O-H stretch (20, 21). Some other, less intense, specific wavelengths

Figure 1. Average 2nd derivative (SG 9/3) NIR spectra of lysozyme and trehalose, after normalization.

can be assigned to trehalose as well, but they show overlap with the lysozyme
spectrum. The lysozyme spectrum also contains specific bands: at 1496 nm (N-H
stretch first overtone, CO-NHR), 1980 nm (N-H anti-symmetric stretch + amide II
combination band), 2048 nm (N-H symmetric stretch + amide II combination band)
and 2168 nm (2x amide I + amide III combination band). Regarding the shape of the
trehalose spectrum, the absorption bands of lysozyme at 1496 nm and 2168 nm will
probably be most suitable to distinguish between lysozyme and trehalose.

RESULTS AND DISCUSSION

Imaging strategy
To define an appropriate imaging strategy, hand made physical mixtures were used to
test several data processing methods. Selected methods were further investigated and
compared in order to define the best way to quantitatively estimate the degree of
homogeneity. Also, a suitable spatial resolution was selected.
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Single wavelength based images
In Figure 2 images of the lysozyme-trehalose reference mixtures (hand made physical
mixtures) are given based on the specific wavelengths of trehalose (1432 nm) and
lysozyme (1496 nm and 2168 nm). In the first row of Figure 2 the contrast of the
images is based on the intensity at 1432 nm, a higher intensity corresponding to a
darker contrast. As expected, 100 % trehalose contains the darkest contrast while pure
lysozyme shows the lightest contrast. The second and third rows, both resulting in
comparable images opposite to the first row, are based on specific wavelengths of
lysozyme. The inhomogeneous character of the reference mixtures containing 50 %
and 80 % lysozyme can be seen, although differences in contrast within these images
seem relatively small.

Peak-height ratio based images
In Figure 3 images of the 0, 10, 50, 80 and 100 % lysozyme reference mixtures are
given based on the peak-height ratio of 1496/1432 nm and 2168/1432 nm in order to
enhance the spectral difference between lysozyme and trehalose. The images in both
rows are visually almost identical, but the 2168/1432 nm ratio seems to result in a
somewhat sharper image. The difference in contrast of the reference mixtures is
clearly larger than in the single wavelength based images (cf. Figure 2).

Figure 2. Contrast images of lysozyme–trehalose (physical) mixtures containing 0, 10, 50, 80 and 100 %
lysozyme (160 x 160 pixels, pixel size = 40 µm) based on single wavelength intensity at 1432, 1496 and
2168 nm of 2nd derivative NIR spectra after normalization. The higher the peak intensity, the darker the
contrast.
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Correlation coefficient based images
In Figure 4 the images of the reference samples based on the correlation coefficient
with lysozyme and with trehalose are given. In this approach information of the entire
spectrum is used which could result in a higher sensitivity. In addition, the correlation
coefficient can be calculated with lysozyme and trehalose independently. The

difference in contrast between pure lysozyme and trehalose but also within the images
of the reference mixtures based on the correlation coefficient in Figure 4 is
substantially larger than the difference in contrast in Figures 1 to 3. As expected, the
contrast of the images related to lysozyme (Figure 4, upper row) is complementary to
that of the images related to trehalose (Figure 4, lower row).

Figure 4. Contrast images of lysozyme-trehalose (physical) mixtures containing 0, 10, 50, 80 and 100 %
lysozyme (160 x 160 pixels, pixel size 40 µm) based on correlation with pure lysozyme and pure
trehalose, 2nd derivative NIR spectra after normalization. A correlation of 1.000 corresponds to a white
contrast image.

Figure 3. Contrast images of lysozyme–trehalose (physical) mixtures containing 0, 10, 50, 80 and 100 %
lysozyme (160 x 160 pixels, pixel size 40 µm) based on peak-height ratio 1496/1432 nm and 2168/1432
nm of 2nd derivative NIR spectra after normalization. A dark contrast corresponds to a low ratio.
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Principal component analysis based images
In Figure 5 the images of the reference samples are given based on the score value of
the second principal component. The second principal component shows the strongest
relation with the trehalose-lysozyme variation in comparison with the other principal
components. From the images in Figure 5 it can be concluded that the selected second
principal component describes the lysozyme-trehalose variation. The loadings
corresponding to the second principal component are given in Figure 6. The images
show more difference in contrast than the single wavelength and peak-height ratio
based images, but somewhat less than the correlation coefficient based images. The
loadings spectrum (Figure 6) contains absorption bands characteristic for lysozyme
and trehalose, which implies that those specific wavelengths are important for the
variation in the contrast image. The shape of the loadings spectrum confirms that the
second principal component is dependent on lysozyme and trehalose variation and that
the second principal component can be used for describing sample homogeneity.

Figure 6. Loadings corresponding to 2nd principal component based on 2nd derivative (SG 9/3) NIR
spectra after normalization of lysozyme-trehalose reference samples.

Figure 5. Contrast images of lysozyme-trehalose mixtures containing 0, 10, 50, 80 and 100 % lysozyme
based on the score value of the second principal component, 2nd derivative NIR spectra after
normalization.
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Methods for homogeneity assessment
It can be concluded that multivariate approaches (i.e. correlation coefficient and PCA
analysis) result in a more distinct contrast than univariate approaches (single
wavelength or peak ratio method). Correlation coefficient mapping and PLS
regression were selected as data processing methods for further homogeneity
investigations of dried samples. In order to assess the homogeneity, a (semi-)
quantitative relation between the correlation coefficient and the concentration
lysozyme and trehalose should be known. When this relation is known, the lysozyme
and trehalose concentration are predicted independently by the pure component
reference spectra. When using a PLS regression model, the resulting contrast of the
images is proportional to the predicted lysozyme concentration, which is inversely
proportional to the trehalose concentration. A PLS model is expected to be more
robust than a correlation coefficient based method with respect to spectral variations
that are not due to concentration differences, because the regression coefficients of the
corresponding PLS factors are high for important wavelengths and low for less
important or redundant wavelengths. In contrast to PLS regression, the correlation
coefficient will decrease for every spectral variation regardless whether this variation
is due to concentration differences of lysozyme and trehalose or not. It is expected that
the precision of the predicted value using the correlation coefficient is higher for the
concentrations around the pure components, while the precision is expected to be
lower for mixtures. For PLS it is expected that the standard error of prediction is
larger for the pure components (edge of the model range) compared to the mixtures.

Concentration versus correlation coefficient
When homogeneity is investigated based on the contrast of an image, it is necessary to
know how the variation in contrast is related to the concentration of the component of
interest. Theoretically the correlation coefficient must be related to the concentration
of lysozyme and trehalose. In order to determine this relation, the correlation
coefficient of the average spectra of the reference mixtures with pure lysozyme and
pure trehalose was calculated and plotted against the corresponding concentration
lysozyme. In Figure 7 the relation between the correlation coefficient and the
concentration of lysozyme or trehalose can be observed; the concentration of
lysozyme and trehalose can be calculated from the correlation coefficient ‘r’ according
to the following equations, which were obtained by 2nd order least squares data fitting:

Lysozyme concentration (%) = 227.60(rLys)
2-151.35(rLys)+26.14 (2)

Trehalose concentration (%) = 198.97 (rTreh)
2-107.67(rTreh)+13.12 (3)
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From the residuals of these relations between correlation coefficient and concentration
as described in Figure 7, the standard error for the prediction of the concentration
lysozyme and trehalose was estimated at about 2 % for both lysozyme and trehalose.

Figure 7. Correlation coefficient of average image NIR spectra of reference samples (containing 0, 10,
50, 80 and 100 % lysozyme) with pure lysozyme (circles) and pure trehalose (squares); 2nd derivative
NIR spectra, after normalization.

When the correlation coefficient with lysozyme is high, the correlation coefficient
with trehalose is expected to be low, and vice versa, because the investigated mixtures
are based on only these two components. In order to prove that areas within an image
containing a lower correlation coefficient for lysozyme contain a higher correlation
coefficient for trehalose, correlation coefficient images of the reference sample 50 %
lysozyme–50 % trehalose with lysozyme and with trehalose were averaged into a new
image. The average image should show a significantly lower standard deviation as
compared to both individual images. Indeed, Figure 8 shows that the images based on
the correlation coefficients with lysozyme and trehalose show a much higher contrast
and range in correlation coefficient than the average correlation image. It can
therefore be assumed that the lysozyme and trehalose equations (2) and (3), based on
the correlation coefficient are specific with respect to lysozyme and trehalose.
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PLS regression
In PLS regression a number of significant factors, which individually describe a
typical and independent variation between the spectra of the 5 reference mixtures,
were used to predict the lysozyme (or trehalose) concentration directly from unknown
samples. The average spectra of the reference mixtures were used to create a PLS
model of 2 significant factors (first two PLS factors), which describes 98 % of the
total spectral variance and 100 % of the total variance of the reference values. Because
the explained spectral variation of the PLS model is near 100 %, nearly all spectral
variation is important in the model. The total described variance of the reference
values is 100 % (rounded off), which implies that the model predicts nearly all the
present variation of the reference values (exactly 100 % = no calibration error). Based
on full cross validation, the correlation coefficient between theoretical and predicted
value equals 0.9981 and the estimated standard error of prediction is about 2 %.

Spatial resolution
Because of the penetration depth of NIR radiation, it is expected that each pixel
contains a mixture of lysozyme and trehalose, unless very large (larger than the
penetration depth) particles consisting of pure compounds are present. This effect is
even more pronounced when powder samples are pressed into tablets. For
homogeneity investigation the physical mixtures were recorded using both 10 µm and
40 µm resolutions. Both images showed heterogeneous distribution (authors’
observation). However, the total sample area is directly related to the pixel size and
for getting the best representative area and more accurate average reference spectra,
40 µm resolution images were selected for the reference mixtures (Figure 10). On the
other hand, in order to enhance (spatial) resolution with respect to the detection of
agglomerates of lysozyme or trehalose, images of the SCF dried and lyophilized
samples were recorded using a magnification corresponding to a 10 µm pixel size (the
highest possible spatial resolution) instead of a 40 µm pixel size.

Figure 8. Correlation coefficient image with lysozyme and trehalose and the resulting average image.



chapter 5

102

Determination of homogeneity
The homogeneity within an image is related to the variation with respect to the
lysozyme and trehalose concentration. Within one image, the distribution of the
correlation coefficient or predicted concentration from the PLS model was shown to
be a measure for homogeneity. Furthermore, the differences between calculated
concentrations are also used for comparison of homogeneity between references and
samples (as shown in the last column in Tables I and II). The standard deviation (SD)
of the distribution of the concentration was used to assess homogeneity. The SD of a
pure component image was considered to be representative of a homogeneous sample.
By using a minimum and maximum value of three times SD, nearly 100 % of the
concentration range within an image is covered. In Table I the correlation coefficients
and their standard deviation are shown for lysozyme and trehalose. Lysozyme and
trehalose concentrations derived from the correlation coefficient, based on equations
(2) and (3), and the PLS model are shown in Figure 9a and Figure 9b.
From Table I and Figures 9a and 9b, it can be concluded that the reference mixture
containing 50 % lysozyme and 50 % trehalose is, as expected, most inhomogeneous.

Table I: Concentration range of lysozyme and trehalose for each reference sample based on the
correlation coefficient with pure lysozyme and trehalose.

1) Difference in min-max concentration based on equation (2)
2) Difference in min-max concentration based on equation (3)

Correlation coefficient with pure 
lysozyme 

  
Lysozyme 
(%) 

 
 SD of correlation 
coefficient Average Min 

-3 * SD 
Max 
+3 * SD 

 
Difference1) 
Min-max 
(%) 

1 100 0.0037 0.9835 0.9724 0.9946 6.6 
2 80 0.0174 0.9316 0.8794 0.9838 28.5 
3 50 0.0414 0.8028 0.6786 0.9270 53.2 
4 10 0.0293 0.5001 0.4122 0.5880 13.4 
5 0 0.0182 0.3809 0.3263 0.4355 2.4 
 

Correlation coefficient with pure 
trehalose 

  
Trehalose 
(%) 

 
SD of correlation 
coefficient Average Min 

-3 * SD 
Max 
+3 * SD 

 
Difference2) 
Min-max 
(%) 

1 0 0.0164 0.3827 0.3335 0.4319 4.3 
2 20 0.0410 0.5785 0.4555 0.7015 30.1 
3 50 0.0384 0.8001 0.6849 0.9153 48.6 
4 90 0.0108 0.9421 0.9097 0.9745 17.4 
5 100 0.0062 0.9857 0.9671 1.0043 10.6 
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Figure 9 a. Calculated lysozyme concentration based on the correlation coefficient and PLS regression.
Block bars represent average concentration and error bars represent min-max concentration range (±3
SD).

Figure 9 b. Calculated trehalose concentration based on the correlation coefficient and PLS regression.
Block bars represent average concentration and error bars represent min-max concentration range (±3
SD).

The concentration range of lysozyme from 28.2 % to 81.4 % covers a concentration
difference of nearly 50 % based on the correlation coefficient and about 40 % based
on PLS regression. Pure lysozyme and trehalose show a concentration difference of
6.6 % and 2.4 % respectively, based on the correlation coefficient method, due to
spectral variance, which is not related to concentration differences but to spectral
noise and probably physical differences within a sample, like surface and density
differences. The PLS regression model shows a wider concentration range for the pure
compounds of about 15 %. Because the correlation coefficient can not become >1, it is
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expected for the correlation coefficient to show a somewhat smaller concentration
range compared to the normal distributed PLS prediction.

Application of NIR for studying sample homogeneity
In our previous work (7) we indicated possible inhomogeneity in SCF dried protein-
sugar formulations. Therefore, using NIR imaging we compared the homogeneity of a
SCF dried formulation with that of a freeze-dried formulation, both containing equal
fractions of lysozyme and trehalose.
Images of the SCF dried sample and the freeze dried sample were recorded using a
resolution corresponding to a 10 µm pixel size. The contrast of the images based on
the correlation coefficient with lysozyme and trehalose (Figure 10a) and PLS
regression (Figure 10b) was compared to the reference sample, a physical mixture
containing 50 % lysozyme and 50 % trehalose (images C), recorded with a resolution
corresponding to a 40 µm pixel size. The reference sample shows heterogeneous
images (Figure 10, images C) with clearly visible areas where the local lysozyme
concentration significantly deviates from the average lysozyme concentration, which
is in line with the above results. The concentration range of lysozyme in the physical
mixture covers 28 % to 81 % while the trehalose concentration varies
complementarily and ranges from 33 % to 81 % (Figure 10a). Based on the PLS
model, the lysozyme concentration range of the reference sample is somewhat smaller
and lies between 29 % and 70 %.The images of the SCF dried sample (images A in
Figure 10) do not show visual marks of inhomogeneity based on correlation
coefficient analysis with lysozyme and trehalose (Figure 10a) or PLS regression
analysis (Figure 10b).
Accordingly, the correlation coefficient distributions of the SCF dried sample images
are much narrower than the distribution within the reference (physical mixture). Based
on the correlation coefficient, calculated concentration ranges in the SCF dried sample
are 38 %-47 % and 36 %-44 %, for lysozyme and trehalose, respectively (Table IIa).
So, the calculated differences between the maximum and minimum concentrations are
8-9%, which is comparable to the calculated differences for the pure compounds (cf.
Table I) and much smaller than the differences of about 50% for the reference mixture
(Figure 11). Also based on PLS prediction, a similarly small lysozyme concentration
difference (8.4 %) is observed for the SCF dried sample as compared to the physical
mixture (Table IIb, Figure 11). Altogether, these data point to a homogeneous SCF
dried sample at the resolution level of the NIR imaging method (10 µm pixel size).
The freeze-dried sample (Figure 10, images B) is visually homogeneous when
compared to the physical mixture (images C) but slightly less homogeneous compared
to the SCF dried sample (images A), as reflected by the distributions of the correlation
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Figure 10 a
Contrast images based on the correlation coefficient with pure lysozyme (upper panel) and pure
trehalose (lower panel). Image A: SCF dried sample (160 x 160 pixels, pixel size 10 µm). Image B:
freeze-dried sample (160 x 160 pixels, pixel size 10 µm). Image C: physical mixture of 50 % lysozyme
and 50 % trehalose (160 x 160 pixels, pixel size 40 µm). Contrast bars related to the concentration of
each component in the mixture are added on the right side of the images. Correlation coefficient
distributions are shown below each image.

Figure 10 b
Contrast image based on predicted concentration lysozyme with PLS regression. Image A: SCF dried
sample (160 x 160 pixels, pixel size 10 µm). Image B: freeze-dried sample (160 x 160 pixels, pixel size
10 µm). Image C: physical mixture of 50 % lysozyme and 50 % trehalose (160 x 160 pixels, pixel size
40 µm). A contrast bar representing the distribution of lysozyme concentration is added on the right side
of the images, and the accompanying distributions of the predicted concentrations below each image.
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coefficients (Figure 10a) and those of the lysozyme concentration (Figure 10b and
Figure 11). The average concentrations and concentration ranges based on the
correlation coefficient and the PLS model are given in Tables IIa and IIb.
The average concentrations of lysozyme and trehalose of the SCF dried sample and
the freeze dried sample deviate from expected 50 %. Regarding the precision of the
correlation coefficient model and the PLS model individually a smaller deviation
between the two models would be expected. The PLS model should provide the most
accurate prediction at the 50 % concentration level compared to the correlation
coefficient model. The correlation coefficient based model could be sensitive to the
other variations than lysozyme and trehalose concentration especially considering the
fact that the calibration samples were prepared from the mixtures of pure materials
and not from the SCF or the freeze dried sample. Therefore, an extra spectral variation
in the SCF and freeze dried sample could cause this concentration deviation. However,
this was not considered as critical in order to assess concentration differences within
the samples for the homogeneity investigation.
Information on homogeneity of SCF dried powders is very important for further
development of SCF processes for stabilizing proteins. In our previous work (7) we
suggested inhomogeneity of the sugar matrix as a possible reason for protein
instability in some of the SCF dried powders when compared to freeze-dried
formulations. The data of the present study indicate that the problem of observed
protein instability in SCF drying lies not in inhomogeneous distribution of protein and
sugar but rather in other formulation and/or processing parameters, which will be
addressed in follow-up studies.

Figure 11. Homogeneity based on the calculated concentration range (differences in concentration
minimum and maximum) of SCF dried and freeze-dried samples compared to reference sample (physical
mixture of 50 % lysozyme and 50 % trehalose). Shown concentration ranges are calculated based on
correlation coefficient with lysozyme (black bars) and trehalose (grey bars), and on PLS (white bars).
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CONCLUSIONS

In this work we investigated the possibility to apply NIR imaging for studying the
homogeneity of protein-sugar mixtures. Among the imaging approaches studied,
correlation coefficient mapping provides the most discriminating spectral images
regarding the lysozyme and trehalose concentration. In addition, there is a clear
relation between correlation coefficient and concentration, which makes the
correlation coefficient based images suitable for quantification of homogeneity.
Besides the correlation coefficient, the PLS regression model is also suitable for

Table IIa: Concentration range of lysozyme and trehalose for SCF dried and freeze-dried
samples containing lysozyme and trehalose (1:1 (w/w)), based on the correlation coefficient

with pure lysozyme and trehalose

1)based on equation (2)
2)based on equation (3)

Correlation coefficient with 
pure lysozyme 

Calculated 
concentration1 
lysozyme 

Image Sample SD of 
correlation 
coefficient 

Average Min 
-3*SD 

Max 
+3*SD 

Average 
(%) 

Min 
(%) 

Max 
(%) 

Difference 
Min-max 
(%) 

A SCF dried 0.0075 0.7594 0.7369 0.7819 42.5 38.2 47.0 8.8 
 

B Freeze- 
dried 

0.0100 0.7922 0.7621 0.8223 49.1 43.0 55.6 12.6 

          
Correlation coefficient with 
pure trehalose 

Calculated 
concentration2 
trehalose 

Image Sample SD of 
correlation 
coeffiecient 

Average Min 
-3*SD 

Max 
+3*SD 

Average 
(%) 

Min 
(%) 

Max 
(%) 

Difference 
Min-Max 
(%) 

A SCF dried 
 

0.0071 0.7252 0.7039 0.7465 39.7 35.9 43.6 7.7 

B Freeze- 
dried 

0.0099 0.7213 0.6916 0.7510 39.0 33.8 44.5 10.7 

 

Table IIb: Concentration range of lysozyme and trehalose for SCF dried and freeze-dried
samples containing lysozyme and trehalose (1:1 (w/w)), based on the PLS regression

Predicted concentration 
Lysozyme 

Predicted concentration 
Trehalose 

Image Sample 

Average 
 (%) 

Min  
(%) 

Max 
 (%) 

Average 
(%) 

Min 
 (%) 

Max 
(%) 

Difference 
Min-Max 
(%) 

A SCF dried 
  

58.0 54.0 62.4 42.0 37.6 46.0 8.4 

B Freeze-
dried B  

59.5 53.4 65.5 40.5 34.5 46.6 12.1 
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quantitative interpretation of homogeneity. The PLS regression model is somewhat
more accurate than the correlation coefficient method, whereas at the concentration
limits, e.g. 100 % lysozyme or 0 % lysozyme, the correlation coefficient model is
more accurate. Both models clearly showed homogeneity of a SCF dried lysozyme-
trehalose mixture as compared to a freeze-dried mixture of the same composition. So,
NIR imaging in combination with the two imaging approaches is a suitable technique
for studying homogeneity of dried protein formulations.
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ABSTRACT

The processibility of fifteen carbohydrates, more or less commonly used, was
investigated as excipients in supercritical fluid drying. The focus was on the ability to
produce amorphous powder, the stability of the powders towards crystallization, and
the residual water and ethanol content. The aqueous solutions were sprayed into a
pressurized carbon dioxide – ethanol mixture flowing cocurrently through a coaxial
two-fluid nozzle. The powder characteristics appeared to be influenced by the
supersaturation level reached during the SCF-drying process and by the properties of
the sugar species (such as water solubility and glass transition temperature) or the
solution viscosities. The stability and the residual solvent content of a selected set of
sugars and some mixtures were further analyzed. The stability of amorphous powders
was investigated at 4ºC, room temperature, 40ºC and 50ºC. Lactose, maltose,
trehalose, raffinose, cyclodextrin, low-molecular-weight dextran and inulin could form
free-flowing powders that remained amorphous during the 3 months stability study.
Sucrose had to be mixed with other sugars to form a stable amorphous powder.
Ethanol could be entrapped in supercritical fluid dried low molecular weight sugars,
whereas polysaccharide powders were free of ethanol. Measures to prevent or
overcome the presence of ethanol are discussed.
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INTRODUCTION

Supercritical fluid (SCF) drying methods are attractive for the production of
pharmaceutical formulations in dry powder form as these technologies can be adapted
to the production of free-flowing microparticulates in a single step. Among others,
SCF techniques have been investigated for stabilizing pure and formulated dried
proteins (1-6), and could be an alternative for other drying methods. SCF drying has
the advantage of avoiding drying stresses such as freeze damage, as in freeze-drying
or denaturation by heat, as in spray-drying. However, other stresses (low pH or
organic solvents) might be caused by the SCF-drying process. Even though dry protein
formulations are generally composed of a large fraction of amorphous sugars, polyols
or polysaccharides for in-process as well as long-term stabilization (7), only limited
effort has been put towards the comprehension of the precipitation behavior of sugars
in SCF processes.

In freeze-drying of pharmaceutical proteins, sucrose and trehalose are commonly used
stabilizers (7). The high viscosity of these carbohydrate solutions at low temperature
is a major factor in the inhibition of the crystallization of the sugar during the freeze-
drying process. Besides stabilization, sugars, polyols and polysaccharides are also
added as bulking agent. Mannitol, for instance, is often used to facilitate the drying.
This excipient crystallises rapidly forming a porous structure improving the drying
rate of the cake (7).

Unlike freeze-drying, the SCF-drying process from aqueous solutions involves a
spraying step and higher temperatures; consequently affecting the kinetics of the
system and the sugar selection. In this respect, SCF-drying is more closely related to
spray-drying. This technique is commonly used for the production of lactose (8) and
mannitol particles used for pharmaceutical applications such as inhalation and tablet
production (9-11). Spray-drying is also considered for the direct preparation of
formulations for inhalation containing peptides (12), hormones (13), enzymes (14),
DNA (15), etc. Numerous challenges are inherent to the spraying of carbohydrate
solutions for drying purposes. First of all, the solubility of many sugars is very high,
compared to other compounds (e.g., proteins), which causes them to precipitate late in
the drying process. Second, the metastable zone (i.e., solute concentration above the
solubility but below unstable supersaturation condition where spontaneous
crystallization is probable) of sugars is normally wide and high levels of
supersaturation can be reached before precipitation occurs (16, 17). Third, the higher
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viscosity of the solution (i.e., compared to other solutions generally spray-dried) is
detrimental to the atomization process as the break down of the jet of solution into
drops is limited or can even be inhibited. This causes a reduction of the surface area
of the droplet available for mass transfer (e.g., evaporation of the water from the
droplet). Fourth, the sticky drops of sugar solution have the tendency to accumulate
on surfaces, even at very low residual water content. Finally, sugar particles are
prone to remain soft, and therefore easily deform and agglomerate, because of the
low glass transition temperature (Tg) of the particles caused by the residual solvent
content (18).

Challenges with sugars also persist with the powder form, especially with amorphous
products. The amorphous state is thermodynamically metastable and measures must
be taken to preserve that physical state to avoid degradation of the product.
Furthermore, the hygroscopicity of the powder is an important factor to consider as it
might complicate the handling of the product, its packaging and its stability.

Most studies on the drying of pure sugars using supercritical carbon dioxide (SC-
CO2) have been done with lactose, but maltose, sucrose and trehalose have also been
occasionally investigated (20-26). In all these studies, supercritical (SC-CO2) was
used together with a modifier to increase the water-solubility in the SCF phase, and
the solution was injected simultaneously into a pressurized vessel through a multiple
fluid nozzle. Mixing of the liquid and SCF-drying medium occurred at the nozzle,
causing precipitation of the solute, similar to the process used in this study. However,
a direct comparison between the precipitation characteristics of these sugars is
difficult as the process conditions – nozzle, solvent, modifier, pressure, and
temperature – were all different. Only a few general trends can be depicted from the
studies. Temperature and pressure seemed to have insignificant effects on the particle
size, morphology and residual water content (19). Illustrative to the importance of the
choice of sugar is that amorphous spongy spheres were formed with maltose and
trehalose, whereas crystals were produced with sucrose and lactose under the same
conditions (20). Unfortunately, no explanations for these different behaviors were
given.

A number of the physicochemical properties of the solute or solution, such as
solubility, Tg, nucleation and crystallization rates and viscosity, are expected to
influence its behavior during processing. The effect of the solubility is such that the
time required to achieve saturation of either sucrose and lactose solutions from a 10%
(w/w) solution will be significantly affected by their respective solubilities (21-23).
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To get an overview of the phenomena happening during traditional drying processes,
the drying paths expected in freeze and spray-drying are illustrated in a typical water-
sugar phase diagram (Figure 1). While increasing the concentration of a sugar
solution, the viscosity increases towards infinity when approaching the Tg. Similarly,
the diffusion rate of sugar decreases. The diffusion rate of water decreases as well as
but to a lesser extent (24). In freeze-drying, a solution is rapidly cooled at least until
its Tg to increase its viscosity and therefore avoid the formation of crystals. In spray-
drying, the Tg is reached by rapidly evaporating the water using hot air. The time
required to reach the Tg at the processing temperature should then be shorter than the
induction time to crystallization if an amorphous product is desired.

In SCF-drying, the path followed in the process is similar to that of a spray-drying
process. However, the temperature of the drying medium is significantly lower (35-
40ºC instead of above 100ºC) meaning that if only evaporation is considered, a larger
amount of water needs to be evaporated at a higher rate to reach Tg before

Figure 1. Typical phase diagram of a system water + sugar showing the equilibrium liquidus and solidus
lines and the non-equilibrium extension of the liquidus line and the glass transition curve. The solid
arrow indicates the direction of increase of viscosity (η) and induction time to crystallization (I), the
dashed arrow the path followed during freeze-drying, the dotted arrow the path followed during spray-
drying and the dashed double-dotted arrow the path followed during SCF-drying.
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crystallization occurs. A significant difference between spray-draying and SCF-drying
is that in the SCF-drying process it is possible to add modifiers to the drying medium
(SCF phase) which also act as an anti-solvent on the solute, accelerating its
amorphous precipitation and perhaps kinetically preventing crystallization.
The present study contains two distinct parts. The first section focuses on the selection
of fifteen carbohydrates (Table I) suitable for use as stabilizers in SCF-drying in
relation to the physical properties of the product. The effect of the physicochemical
properties of these sugars and their solutions are considered in an analysis of the
limiting factors of the application of the SCF-drying technology. The second section is
a detailed investigation of a selected set of sugars to address more specifically two
aspects: the stability of the amorphous powder towards crystallization and the residual
solvent content. Issues related to the stability of the amorphous powder were tackled
by considering the process conditions and the use of sugar mixtures. The process
conditions, the utilization of ethanol and the post-treatment of the powder were
considered to reduce the residual solvent content of the powder.

MATERIAL AND METHODS

Materials
D-Saccharose (sucrose; EP), and D-(+)-maltose monohydrate were purchased from
Riedel-deHaen (Steinheim, Germany). D-Trehalose dihydrate (EP), glucose anhydrous
(USP), maltitol (+98%), xylitol (+99%), and dextran from Leuconostoc
mesenteroides, Strain No. B-512 (HMW dextran; Mr~68800, clinical grade) were
purchased from Sigma (Steinheim, Germany). D-Lactose anhydrous (EP), D-mannitol
(EP), D-leucrose (+98%), D-(+)-raffinose pentahydrate (+99%), (2-hydroxypropyl)-
β-cyclodextrin (Mr~1380; further referred to as cyclodextrin), and dextran from
Leuconostoc spp. (LMW dextran; Mr~6000) were purchased from Fluka (Steinheim,
Germany). D-Sorbitol (+98%) was purchased from Aldrich (Steinheim, Germany).
Short chain inulin (90-95%, 812 monomers, Frutafit®IQ) was supplied by Sensus
(Rosendaal, The Netherlands). Technical grade ethanol (100%, Chemproha.,
Dordrecht, The Netherlands) was used and CO2 (grade 3.5) was purchased from Hoek
Loos (Schiedam, The Netherlands).

Amorphous sugars
Amorphous sugars were prepared by freeze-drying (ZIRBUS sublimator 400, ZIRBUS
Technology, Bad Grund, Germany) with conditions similar to those suggested by
Saleki-Gerhardt and Zografi (25). Lactose, maltose and sucrose solutions (10% w/v)
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were placed on shelves pre-cooled at -45ºC for 72 h, -30ºC for 48 h and finally at 0ºC
for another 48 h and 60ºC for 48 h. Trehalose and raffinose (10%  w/v) were placed on
shelves pre-cooled at -45ºC for 72 h, -30ºC for 48 h, 0ºC for 48 h and 60ºC for another
48 h. Mixtures of sugars were processed like sucrose when freeze-dried.

Supercritical fluid drying
In the experimental set-up (Figure 2) (type SFP4, Separex, Champigneulles, France),
the SC-CO2 was supplied by a diaphragm pump. The ethanol added from a piston
pump was mixed with the SC-CO2 in a T-mixer. This fluid was then directly fed
through the outer outlet of a coaxial nozzle (inner and outer diameter of respectively
0.15 mm and 1.1 mm). The sugar solution was simultaneously added through the inner
outlet of the nozzle using a syringe pump. The pressure in the cylindrical 4-litre
precipitation vessel (10 cm inner diameter) was controlled using the exit valves of the
vessel. Aqueous solutions were sprayed into a pressurized precipitation vessel together
with SC-CO2 enriched with ethanol through a coaxial nozzle. Once the desired
temperature (37ºC) and pressure (100 bar) in the particle formation vessel and
incoming SC-CO2 and ethanol streams were achieved, the pressurized aqueous
solution was sprayed into the vessel. After completion of the spraying process, the
vessel was flushed with sufficient SC-CO2 (more than twice the volume of the vessel)
to remove the residual ethanol from the vessel. Following depressurization, the
powder was collected from the filter of the precipitation vessel.
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Figure 2. Basic scheme of the experimental set-up.
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Scanning electron microscopy
Scanning electron microscopy (Jeol JSM-5400, Peabody, USA) images were used to
examine the morphology of particles. Conductive double sided tape was used to fix
the particles to the specimen holder before sputtering them with a thin layer of gold. In
some instances, cryogenic conditions were used to prepare (carbon coating) and scan
the samples.

X-ray powder diffraction (XRPD)
XRPD was performed using a D8Discover X-ray diffractometer with general area detector
diffraction system (Bruker AXS, Madison, USA). The sample was set at 6 cm of the
diffractometer possessing a 2-dimensional (1024x1024 channels) detector. The incident
Cu radiation of 1.54 Å was used with a beam of 0.5 cm cross section. The powders were
prepared in a 0.5 mm thick sample holder. Data were integrated along the χ angle to
obtain the intensity as a function of the scattering angle (2θ). Diffraction profiles were
used to confirm the amorphous or crystalline state of the powders.

Differential scanning calorimetry (DSC)
Modulated DSC was performed on a Q-1000 calorimeter, TA instruments (New
Castle, Delaware, USA) to distinguish between reversible events, such as Tg, and non-
reversible events (e.g., crystallization). 5-10 mg of dry powder was sealed
hermetically in an aluminium pan. The Tg was determined by heating the samples at a
rate of 1°C/min and a modulation of ±1ºC/min.

Residual water, ethanol and carbon dioxide analysis
The residual water content of dried powders was measured with the Karl-Fischer method
(KF) using a coulometer (Metrohm, 756 KF, Herisau, Switzerland) as per manufacturer
instructions. Methanol (1 ml) was added to ~10 mg of powder, mixed, and left to extract
for at least 30 minutes before analysis by injecting 50 μl of the methanol into the
coulometer. The water content of every sample is given as the average of the measured
residual water contents of 3 repeated analyses, the standard deviation being always smaller
than 0.1 % residual water content.

Stability studies
The powders were recovered into ~100 mg samples and stored individually in 1-ml
vials. The hermetically closed vials were exposed to different temperature conditions: 3
months at 4ºC, 3 months at room temperature, 10 days at 40ºC, and 5 days at 50ºC. A
new vial was opened for each analysis.
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A thermogravimetric analysis (TGA) balance (TA Instruments, SDT 2960, New
Castle, Delaware, USA; Software Thermal Advantage version 1.1A and Universal
Analysis 2000 version 4.1D) was coupled to a Fourier Transform Infrared (FTIR)
spectrometer (Thermo Nicolet Corporation, Nexus with TGA interface; Software
OMNIC version 7.18) to probe for residual ethanol, CO2 and water in the powder.
Approximately 5 mg of powder was placed into an open alumina crucible. Samples
were then heated at a rate of 5ºC/min from 30 to 200ºC. The balance was purged by a
constant flow of helium (100 ml/min) to transport the gases released during heating to
the FTIR. The gas phase was then analyzed on-line by FTIR to detect ethanol, CO2

and water vapor.

Quantification of the residual ethanol in the powder was performed by gas
chromatography (GC) (Chromopack CP9002, Bergen op Zoom, The Netherlands).
Approximately 20 mg of powder and 1 ml of water was placed into a 2-ml GC vial
before capping it. A volume of 0.1 to 0.5 μl of solution was then injected directly into
the column (Varian, CP SIL 5CB, 25 m, 0.53 mm, film thickness 5 μm) at a 120ºC
isotherm for analysis (Software Galaxie Chromatographie Workstation, version
1.8.501.1, Varian Inc.). The calibration was achieved by preparing an aqueous solution
containing 2% (w/w) of the studied sugar (previously freeze-dried) and 0.1% ethanol.
Volumes between 0.1 and 0.5 μl of solutions were then injected. The peak area of
ethanol was selected to prepare the calibration curve by linear regression (correlation
coefficient r2= 0.9852).

Powder hygroscopicity
Approximately 10 mg of powder of known residual water content was aliquoted into
1-ml glass vials. These open vials were stored for 2 hours in desiccators over saturated
salt solutions - NaCl (78% RH) and MgCl2 (32% RH) - which were placed in a
temperature controlled incubator at 30ºC. After exposure, the residual water content
was measured by KF titration and the water absorption calculated.

Particle size distribution
The particle size distributions of powders produced by SCF-drying were measured by
laser diffraction (Sympatec, HELOS BF/MAGIC) using a 100 mm lens and analyzed
according to the Fraunhofer theory. The powder was dispersed in the laser beam with
a RODOS (Sympatec GmbH, Germany) and 0.5-3 bar of compressed air.



chapter 6

122

Table I. Evaluation of sugar, polyol and polysaccharides for processing by SCF-drying.

* The measured values of Tg (ºC) are for amorphous freeze-dried products.

Powder was recovered from most compounds. Syrup of maltitol, sorbitol, xylitol and
HMW dextran was obtained. The recovered glucose was a foamy paste similar to
marshmallow candy. A similar product was recovered from the precipitation of
sucrose, but in that case the paste could be recovered as a powder upon cooling of the
product from process to room temperature. All powders were soluble and dissolved
within seconds.

RESULTS AND DISCUSSION

Selection of potential sugar, polyol and polysaccharide excipients
Powder formation
Sugars, polyols and polysaccharides were processed by SCF-drying. For this
comparative study, a 10% (w/w) solution concentration was used, and solution,
ethanol and SC-CO2 flow rates were set at 0.5, 25 and 267 g/min, respectively, to
evaluate which stabilizers are most appropriate to be included into a sugar-containing
protein formulation processed by SCF-drying. The first criterion was the capability to
form a powder. As a second criterion, the product should keep its powdery properties
for at least 15 minutes, to allow easy handling and sampling (i.e., no caking, melting,
or becoming gummy). The third criterion was a sustained amorphicity of the powders
over 24 hours to perform XRPD analysis. The crystallinity of the powder was verified
as the stabilizing excipient of a solid protein formulation should be mainly
amorphous. The fourth criterion was the complete dissolution of the powders.

Tg (ºC ) Sugar / Polyol / 
Polysaccharide Measured* Literature 

Product Crystallinity  

Glucose n/a 36 (26) Paste n/a 
Lactose 118 108 (25) Powder Amorphous 
Leucrose n/a 89.5 (27) Powder Amorphous 
Maltose 98 100 (28) Powder Amorphous 
Raffinose 118 102 (25) Powder Amorphous 
Sucrose 71 74 (25) Powder Crystalline 
Trehalose 117 115 (25) Powder Amorphous 
Maltitol n/a 39 (29) Syrup n/a 
Mannitol n/a 15 (30)) Powder Crystalline 
Sorbitol n/a -1 (30) Syrup n/a 
Xylitol n/a -29 (29) Syrup n/a 
Cyclodextrin 250 n/a  Powder Amorphous 
Dextran, LMW 208 n/a  Powder Amorphous 
Dextran, HMW 225 n/a  Syrup n/a 
Inulin 129-134 n/a  Powder Amorphous 
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A) Raffinose B) Sucrose 

C) Trehalose D) Mannitol 

E) Cyclodextrin F) Dextran, LMW 
 

Figure 3. SEM pictures of various SCF-dried carbohydrates.

Particle morphology
Figure 3 shows typical morphologies of particles prepared by SCF-drying. Using the
screening process conditions, amorphous particles – lactose (not shown), raffinose
(Figure 3A), trehalose (Figure 3C), cyclodextrin (Figure 3E), inulin (not shown), and
LMW dextran (Figure 3F) – were spherical with a relatively smooth surface.
Comparatively, sucrose particles (Figure 3B) had a more irregular spheroid shape and
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edges could be identified on their surface. Their shape suggests that the particles could
have been amorphous at one point during drying but recrystallized. The crystallized
mannitol (Figure 3D) had formed into long, thin, single needles (0.5-2μm wide, 10-
100 μm long). Except for sucrose, the particles look well detached from each other.

Effect of physicochemical properties on SCF-drying
Numerous physicochemical properties of the sugars and their solution might affect the
SCF-drying process. From the results, the effect and interaction of the Tg, viscosity of
the sprayed solution, viscosity of the saturated solution if available, solubility of the
sugar in water and water-ethanol mixtures on the powder formation are discussed.
The ability to form a dry free-flowing powder appeared to be closely related with the
Tg of the material. Most compounds – glucose, maltitol, sorbitol and xylitol – from
which a powder could not be produced have a Tg (Table I) close or below the process
temperature (37ºC). This means that only a small difference in the amount of residual
water causes the transition between the amorphous dry product being a viscous liquid
state instead of a glass state. The droplets containing these sugars would then be prone
to coagulation as they could remain soft and sticky even after complete removal of the
water. Furthermore, they would be prone to crystallization in presence of humidity as
their Tg is below the process temperature. For example, the Tg of mannitol is below
the process temperature, and its powder was identified as crystalline by XRPD right
after SCF-drying. As mannitol precipitated into long needles with sharp edges (Figure
3D), the polyol has probably directly crystallized following nucleation. With the
exception of sucrose, all sugars and polysaccharides were amorphous powders upon
formation.

Besides Tg, the anti-solvent effect of the ethanol during precipitation and the
solubility of the solute in water and water-ethanol may also affect the powder
formation process. For example, for solutions containing the same percentage of solid
per weight, the amount of water that needs to be removed to reach saturation depends
on the solubility of the solute. The solubilities of sugars, polyols and polysaccharides
in water, and in 50, 95 and 100% (w/w) ethanol at 37ºC were investigated in a
separate paper (31). The difference in solubility of the sugars was extreme: from about
0.133 to 0.769 g/g solution in water, and 0.002 to 0.693 g/g solution in 50% ethanol.
Overall, no clear correlation could be identified between the solubility and the ability
to form powder in SCF-drying. However, when considering only sugars (mono-, di-
and trisaccharides), glucose is the only one which has both a high solubility and low
Tg, suggesting that the combination of both high solubility in water-ethanol and low
Tg is problematic in the production of SCF-dried powders. Polysaccharides do not
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show this uniformity in their behavior. The solubility is highly polysaccharide
dependent and can vary from very low to very high, even in ethanol. The saturated
solution of cyclodextrin was so viscous that it could not be stirred, while the viscosity
of saturated solution of the other polysaccharides was comparable to that of saturated
solutions of other sugars. However, all studied polysaccharides have a very high Tg.
Macromolecules generally have a higher Tg (Table I), so their solidification can occur
already at a higher residual water content as the Tg rapidly reaches a value above the
process temperature which will facilitate the recovery of powder.

Another aspect to be considered is the supersaturation, which may occur during
cooling of the sugar solutions. It was also previously shown that the width of the
metastable zone (i.e., the level of supersaturation that can be achieved) measured
during anti-solvent precipitation with ethanol is wider for sugars than for mannitol
(31). This might in part explain why mannitol is crystalline while the sugar powders
are usually amorphous: once the ethanol fraction in the droplet gets high enough, the
solubility drops and the mixture precipitates so rapidly that crystallites cannot get
organized into crystals.

The viscosity of aqueous 10% sugar, polyol and polysaccharide solutions, and
saturated water-ethanol sugar and polyol solutions was also previously investigated
(31). The viscosity of a 10% HMW dextran solution was four to five-fold higher than
the viscosity of the other sugar solutions (~5 mPa s versus 1-1.25 mPa s). This high
viscosity affected the spraying process by hindering the jet break-up into droplets. The
poor atomization results in a longer drying time because of the smaller ratio between
the surface and the volume of the drop.
The viscosity of saturated solutions also gives important indications about the drying
process, especially about the evaporation of the liquid phase from the droplet as the
viscosity and the diffusion are inversely correlated. The viscosities of the sorbitol
(>>100 mPa s) and sucrose (92 mPa s) solutions are much higher than the viscosity of
trehalose (9.5 mPa s), maltose (9.0 mPa s), lactose (2.1 mPa s), raffinose (3.0 mPa s)
and mannitol (1.9 mPa s) (31). Therefore, particles of sucrose and sorbitol should then
be more difficult to dry.

To establish the main factors involved in the successful recovery of powders from the
SCF-drying process, a comparative table considering the Tg, viscosity of the sprayed
solution, viscosity of the saturated solution (if available), and the solubility in water
and 50% ethanol was created (Table II). Based on the physicochemical properties, the
compounds were rated for the possibility of forming powder, and assuming that
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Table II. Predicted powder formation and amorphicity of the powder produced by SCF-drying
based on the physicochemical properties of the solute and solution*.

*The scale goes from very high, +++, to very low, --- .
a Tg: +++ > 120ºC, ++ > 90 ºC, + > 70ºC, --- < 40ºC.
b Viscosity of 10% solution: +++ < 1.3 mPa s, + < 2 mPa s, --- > 4 mPa s.
c Viscosity of saturated solution: +++ < 3.5 mPa s, + < 10 mPa s, - < 100 mPa s, --- > 100 mPa s or gel.
d Solubility in water: +++ < 0.4 g/g solution, ++ > 0.4 g/g solution, + > 0.5 g/g solution ºC, - > 0.55 g/g
solution, -- > 0.6 g/g solution, --- > 0.7 g/g solution.
e Solubility in 50% ethanol: +++ < 0.1 g/g solution, ++ > 0.1 g/g solution, + > 0.2 g/g solution, - > 0.3
g/g solution, --> 0.4 g/g solution, --- > 0.5 g/g solution.
f A narrow metastable zone signifies that only a low supersaturation has to  be achieved before
precipitation occurs. Grading was assigned based on comparison of the few available data: +++
narrowest, ++  very narrow, +  relatively narrow, -  relatively wide.
g A wide metastable zone signifies that high supersaturation might be achieved before simultaneous
precipitation occurs, encouraging the production of an amorphous product. Grading was assigned based
on comparison of the few available data: +++  widest, ++  quite wide, -  relatively narrow, ---  narrowest.

Viscosity at 37ºC Solubility at 37ºC Width metastable zone Prediction of SCF-dried 
product characteristics 

Compound 
 
 
 

Tga 

 
 
 

10%b Saturatedc Waterd 50% 
Ethanole 

Powderf Amorphousg Powder Amorphous 

Glucose --- +++ + -- - n/a n/a +/- --- 
Lactose ++ +++ +++ +++ +++ ++ - +++ + 
Leucrose ++ +++ + -- -- n/a n/a +/- ++ 
Maltose ++ +++ + + ++ + ++ ++ ++ 
Raffinose ++ +++ +++ +++ +++ n/a n/a +++ ++ 
Sucrose + +++ - --- -- - +++ - ++ 
Trehalose ++ +++ + + ++ n/a n/a ++ ++ 
Maltitol --- +++ + -- - n/a n/a +/- --- 
Mannitol --- +++ +++ +++ +++ +++ --- +++ --- 
Sorbitol --- +++ --- --- --- n/a n/a -- --- 
Xylitol --- +++ + --- --- n/a n/a - --- 
Cyclodextrin +++ +++ --- - --- n/a n/a -- +++ 
Dextran, LMW +++ + - +++ +++ n/a n/a ++ +++ 
Dextran, HMW +++ -- - ++ +++ n/a n/a - +++ 
Inulin +++ +++ +++ +++ ++ n/a n/a +++ +++ 

 

powder is produced, if it is expected to be amorphous. The rating for the production of
powder was based on the viscosity, the solubility and the width of the metastable zone
(powder), and the amorphicity was based on the Tg and the width of the metastable
zone (amorphous). Because of the lack of specifications on the processibility of
chemicals by SCF-drying, all properties were assumed to have an equivalent effect on
the product formation. This table suggests, for instance, that the production of
mannitol powder is extremely easy, but that the powder should be crystalline, whereas
the production of HMW dextran powder is delicate, but the powder should be
amorphous.
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The physicochemical characteristics used in Table II correlate quite well to the
experimental data (Table I). The only two major deviations are cyclodextrin and
leucrose. In the case of cyclodextrin, the recovery of powder is possible as the
saturated solution forms a very stiff porous gel that can be dried by the SC-CO2.
Leucrose is very similar to glucose and maltitol in solubility, but the Tg of leucrose is
significantly higher than those of glucose and maltitol. The viscosity of the starting
solution seems to have a strong influence on the spraying process (HMW dextran),
and should be sufficiently low to ensure proper atomization. Diluting the solution
might be a way to counteract the effect of the high initial solution viscosity.

Particle properties of selected amorphous powders
Selected compounds that could be processed into amorphous powder were further
assessed for the stability of their amorphous character. Two strategies were adopted to
increase the stability of amorphous powders: the first one is the modification of the
process conditions – process flow rates and solution concentration – and the second
one involves the mixing of different sugars.

Effect of process conditions on the powder properties
The results of the investigation on the effect of the solution concentration and process
flow rates - CO2, ethanol, and solution - are summarized in Table III. Conditions that
led to the production of protein microspheres - 420 g/min CO2, 20 g/min ethanol, and
0.5 g/min solution - in a previous study (32) were selected as standard conditions for
comparison purposes. Lactose, maltose, trehalose and raffinose powders were
produced from these conditions, but a paste of sucrose was recovered. Sucrose powder
could be produced when increasing the ethanol flow rate to 40 g/min. When
decreasing the CO2 flow rate to 250 g/min and keeping the other parameters of the
standard conditions, sucrose powder was produced, but it was crystalline. Contrary to
sucrose, trehalose powder could be produced even when no ethanol was added to the
SC-CO2. Powders of other sugars had similar characteristics irrespective of the
process conditions.

XRPD profiles of amorphous trehalose powders produced by SCF-drying and freeze-
drying are given in Figure 4. Comparable characteristic amorphous profiles were also
obtained with the other compounds studied (not shown). The similarity between the
XRPD patterns of amorphous powders produced by different techniques indicates that
a similar amorphous phase was produced by different ways. The slight distortion of
the scans could not be explained by some degree of crystallinity. However, the
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presence of residual compounds or nano-pores could cause deviations in the shape of
the XRPD profiles.

Whereas sucrose was crystalline, all other sugars and polysaccharides remained
amorphous for at least 12 weeks of storage at 4ºC or at room temperature, or for 10
days at 40ºC. Also, most remained amorphous when exposed to 50ºC for 5 days,
except two sets of process conditions used with trehalose (Table III).

The given hygroscopicities of the powders (see Table III) are more informative than
quantitative as we determined an order of magnitude of the water uptake by the
powder just after production and described its effect on the powder appearance.
Therefore, the water content of the powder was not constant before exposure to
various humidity levels. The only powders that were resistant to the exposure to 78%
relative humidity (40ºC) for 2 hours were the cyclodextrin and LMW dextran, which
were only slightly caked. Inulin, the other polysaccharide investigated turned into a
paste. Lactose samples were paste-like and most raffinose powders melted. Maltose
and trehalose samples behaved in various ways. Finally, the exposure of the powders
to 32% relative humidity (40ºC) for 2 hours left their appearance untouched.

Depending on the process conditions, a mixture of amorphous and crystalline sucrose
was sometimes produced, but crystallization was completed within a few hours.



129

Selection of suitable excipients and process conditions

Table III. Stability and residual water content of amorphous sugars processed by SCF-drying.

a The stability of the powder was verified by its crystallinity after aging for 12 weeks at 4ºC, 12 weeks at
room temperature, 10 days at 40ºC and 5 days at 50ºC. A: Amorphous; C: Crystalline; A+C:
Amorphous-crystalline mixture; -: Not measured.
b The hygroscopicity is indicatively expressed as a – to +++ scale. -: around 2 fold increase of residual
water content, +/-: 2-3 fold increase, +: 4-10 fold increase, +++: more than 10 fold increase, n/a: not
available. The appearance of the product after 2 hours of exposition to 78% RH is also given. ~Cake:
Slight caking; Cake: Caked product could be broken down to powder during handling; Paste: Spongy
and sticky cake; Melt: powder turned into a single drop-like mass.
c n.a.: not applicable

Flow rates (g/min) Sugar Concentration % 
(w/w) CO2 Ethanol Solution 

Crystalline/ 
Amorphousa 

Temperature (ºC): 

4-room-40-50 

Residual 
water 

content % 

Hygrob Tg (ºC)c 
(measured)

Lactose 10 250 20 0.50 AAAA 
Powder 

1.8 +/- 
Paste 

44 

Lactose 10 420 20 0.50 AAAA 
Powder 

5.5 +/- 
Paste 

43 

Lactose 10 420 20 0.25 AAAA 
Powder 

2.2 + 
Paste 

51 

Maltose 10 250 20 0.50 AAAA 
Melt 

1.6 + 
Melt 

47 

Maltose 10 420 20 0.50 AAAA 
Powder 

3.9 +/- 
Paste 

32 

Maltose 10 420 20 0.25 AAAA 
Powder 

2.3 + 
Cake 

47 

Maltose 35 420 20 0.25 AAAA 
Powder 

1.6 + 
Melt 

54 

Sucrose 10 250 20 0.50 C--- 
 

3.4 n/a n/a 

Sucrose 10 420 20 0.50 ---- 
 

n/a n/a n/a 

Sucrose 10 420 40 0.50 C--C  
Powder  

0.1 n/a n/a 

Sucrose 10 420 20 0.25 A+C--C  
Powder  

3.0 n/a 15 

Sucrose 35 420 20 0.25 A+C--C  
Powder 

1.5 n/a 13 

Trehalose 10 250 20 0.50 AAAA  
Powder 

2.5 +/- 
Paste 

42 

Trehalose 10 420 20 0.50 AAAA  
Powder 

5.9 - 
Cake 

38  

Trehalose 10 420 40 0.50 AAAC  
Powder 

0.6 +++ 
Paste 

27 

Trehalose 10 420 20 0.25 AAAA  
Powder 

3.8 +/- 
Paste 

66 

Trehalose 35 420 20 0.25 AAAC 
~Cake 

1.5 + 
Cake 

40 

Trehalose 10 420 0 0.25 A--- 
n/a 

3.3 
n/a 

41 

Raffinose 10 250 20 0.50 AAAA  
Powder 

2.4 + 
Paste 

30 

Raffinose 10 420 20 0.50 AAAA  
Powder 

3.7 +/- 
Melt 

31 

Raffinose 10 420 40 0.50 AAAA  
Powder 

0.4 +++ 
Melt 

24 

Raffinose 10 420 20 0.25 AAAA  
Powder 

2.6 +/- 
Melt 

43 

Cyclodextrin  10 250 20 0.5 AAAA  
Powder 

2.0 + 
~Cake 

262 

Dextran, 
LMW 

10 250 20 0.5 AAAA  
Powder 

4.8 +/- 
~Cake 

120 

Inulin 10 250 20 0.5 AAAA  
Powder 

7.0 - 
Paste 

128 
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Possibly an amorphous product was first precipitated, but its Tg was so low that
crystallization started during or soon after the processing. Another explanation could
be that nuclei were produced during drying initiating the crystallization. Compared to
trehalose aqueous solutions, the self diffusion of water through a sucrose matrix is
slower (24). This, combined with the high viscosity of saturated sucrose solution,
could result in a high residual water content during processing, favoring
crystallization.

The appearance of the powders after aging at 50ºC was registered for interpretation of
the DSC the behavior of SCF and freeze-dried sugars differed during measurements
(e.g, freeze-dried trehalose melted in the hermetically closed pan while SCF-dried
trehalose foamed, and could even partially leak out of the pan). Furthermore, the
simultaneous occurrence of heat flow related processes (e.g., Tg, evaporation of
solvents, crystallization, etc.) might preclude accurate interpretation of the DSC scans.
The Tg measured (Table III) were ~40ºC below the calculated value with Gordon-
Taylor equation (33) considering the residual water content (34). It is also suspected
that the measured Tg are underestimated as 7 and 21 samples had Tg’s below 40ºC
and 50ºC respectively, but none of the samples crystallized during these stability
studies. Furthermore, the appearance of only 2 samples changed during at 50ºC (Table
III). The stability studies might have been too short to observe crystallization from an
amorphous powder. However, in presence of nuclei, crystallization would have been
expected to occur very rapidly (35). As the Tg measured did not correlate with the Tg
predicted, the potential residual ethanol and CO2 entrapped in the powder will be
further investigated in the “Residual water, ethanol and CO2 in the powder” section.

Effect of carbohydrate mixtures on the physical stability of the powders
The investigations of carbohydrate mixtures focused on sucrose, trehalose, raffinose
and maltose. Raffinose is known to affect the crystallization of sucrose from aqueous
solution (36). Furthermore, trehalose and raffinose inhibited the crystallization of
amorphous sucrose (37, 38). Maltose has been investigated solely because it has many
similarities with trehalose: hydrate forming, same molecular weight, similar solubility
and Tg. Finally, a mannitol-sorbitol mixture was processed to verify if the presence of
nuclei could be sufficient to trigger the precipitation of a compound that did not
precipitate by itself during SCF-drying.
All sugar mixtures remained amorphous through aging, even sucrose and trehalose
mixtures prepared in a ratio of 6:1 (Table IV). It was therefore possible to measure a
Tg for sucrose-containing mixtures. These Tg’s (14-36ºC) were always below the
process temperature (37ºC) and could explain that the pure sucrose was always at least
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partially crystalline directly after processing. In the case of maltose, two Tg’s were
measured. This could be the result of a phase separation between the two sugars. The
residual water content was usually around 2%.
Powder was retrieved from the mixture of mannitol-sorbitol (Table IV), whereas syrup
was recovered when sorbitol was used by itself (see Table I). The powder was
partially amorphous and partially crystalline. The rapid crystallization of mannitol,
because of its low solubility and its low supersaturation concentration (31), could have
supplied the seeds to encourage the precipitation of sorbitol.

Table IV. Stability and residual water content of amorphous sugar mixtures processed by
SCF-drying.

a The stability of the powder was verified by its crystallinity after aging for 12 weeks at 4ºC, 12 weeks at
room temperature, 10 days at 40ºC and 5 days at 50ºC. A: Amorphous; C: Crystalline; A+C: Mixture of
amorphous and crystalline phases; -: Not measured
b &: Two Tg’s were identified; n/a: not available

Flow rates (g/min) 
 

Sugar  
Concentration  

% (w/w) CO2 Ethanol Solution 

Crystalline/ 
Amorphousa 

(4-room-40-50) 
Tg (ºC)b Residual water 

content % (w/w) 

Sucrose:Trehalose 1:1 
 

10 250 20 0.5 AAAA 23 2.4 

Sucrose:Trehalose 1:1 
 

10 420 20 0.25 AAAA 19-30 2.0-4.1 

Sucrose:Trehalose 1:1 
 

35 420 20 0.25 AAAA 19-34 2.3 

Sucrose:Trehalose 6:1 
 

10 420 20 0.25 AAAA 14 2.2 

Sucrose:Trehalose 1:6 
 

10 420 20 0.25 AAAA 45 2.4 

Sucrose:Maltose 1:1 
 

10 420 20 0.25 AAAA 14 & 82 0.6 

Trehalose:Maltose 1:1 
 

10 420 20 0.25 AAAA 45 & 87 1.2 

Sucrose:Raffinose 6:1 
 

10 420 20 0.25 AAAA 31-36 1.7 

Trehalose:Raffinose 6:1 
 

10 420 20 0.25 AAAA 50 2.8 

Mannitol:Sorbitol 1:1 
 

10 420 20 0.25 A+C--- n/a 2.0 

 

Residual solvent composition and process improvement
Residual compounds in the powder
Except for polysaccharides, the residual water content was less than 4%, and below
2% in many occasions (Table III and IV). The measured residual water contents
seemed too low to solely justify the underestimated 40ºC theoretical Tg of sugars
calculated using the Gordon-Taylor equation (33, 34). One potential reason for this
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discrepancy is that not only water was left in the product, but also ethanol and CO2.

For analysis of residuals by TGA-FTIR, the powder sample was heated in the TGA
where its mass was monitored. The gas released by the heating process was
continuously analyzed in-line by FTIR. By combining both techniques (Figures 5 and 6),
the weight loss of the sample could be related to the evaporation of one of the residual
compounds (ethanol, CO2 or water). The TGA scan shows sharp changes in slope
(Figure 5), indicating the release of different residual compounds. The overall
intensity of the FTIR signal (Figure 6) remained low until ~75ºC (11.5 min). Two
waves of release were then detected from 11.5 min (~75ºC) and 15.5 min (~95ºC).
After 20.5 min (~120ºC) the intensity of the FTIR signal went back down to almost
background level The individual FTIR profiles (Figure 6) were used to identify the
compounds released at each step detected by TGA.
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Figure 5. TGA of trehalose processed by SCF-drying after post treatment and aging. Standard (thick
black line): process conditions used during screening; Post-treatments: Extra CO2 (thick dark grey line):
the double amount of CO2 was used to flush the product after precipitation, vacuum (thin black line):
the powder was under vacuum at room temperature for 30 minutes, 24 hrs @ 50ºC (medium weight
medium grey line): the powder was in an oven at 50ºC for 24 hours; Aging: 6 months (thick light grey
line): Sample produced the standard process conditions used during screening and aged for 6 months at
room temperature.
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The residual content of other sugars was also investigated by TGA-FTIR at least four
months after their preparation to minimize the CO2 amount left in the powder (Table
V). Only water was detected in sucrose and polysaccharide powders. Similar ethanol
and water residual releases were observed for trehalose, lactose, maltose and
raffinose. TGA-FTIR results (not shown) showed that the residual water content
measured by KF (Table V) was released from the powder below a temperature of 70-
75ºC. The weight loss (Figure 5) measured during that first stage was 1.5-2.5% which
could comprise some CO2 as slight fluctuations of the characteristic FTIR CO2 peaks
(2340 and 2370 nm) (Figure 6) were observed. At a temperature of 70-75ºC, ethanol
was finally released (peaks at 910, 1030, 1260, 1410, 2930, and 3000 nm).
Independently of the sample, the ethanol extraction occurred in two waves (Figure 6
insert). The first wave was completed at 95-120ºC and corresponded to 5-5.5% of the
initial weight of powder (2.5% in the case of raffinose). The second wave stretched
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Figure 6. FTIR of released residual ethanol and CO2 during TGA analysis of trehalose. The depicted
results were (from bottom to top) from measurements at 70ºC: CO2, 85ºC: CO2 and ethanol, 125ºC:
ethanol and 150ºC: CO2 and ethanol free. Characteristic peaks are indicated with straight line arrows for
ethanol, dotted arrows for CO2 and braces for water. Insert: Total intensity of FTIR signal during TGA
of SCF-dried trehalose with the standard process conditions showing the two waves of ethanol release.
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until 130-135ºC and resulted in another 0.5-2% weight loss (4% in the case of
raffinose). The total ethanol content of these powders varied between 6.0-7.5%, and
no clear sugar specific trend could be identified.

Significant amounts of CO2 were released in combination with water until 65-70ºC,
and with ethanol until 80-85 ºC when analyzing fresh powders (Figure 6) The quantity
of CO2 entrapped in powder was estimated ~2% by analyzing the total residual content
by TGA-FTIR, the ethanol content by GC and water content by KF.

From the analysis of the residual solvents in the powders, it appears that both water
and CO2 can diffuse out of the amorphous di/trisaccharide powders more easily than
the ethanol. Amorphous powders of polysaccharides were ethanol free.

Table V. Residual (% w/w) water (KF) and ethanol (TGA-FTIR) of SCF-dried sugarsand
polysaccharides measured after >4 months storage.

% Ethanol Sugars / 
Polysaccharides 

% Water 
1st wave 2nd wave 

% Total 
ethanol 

Lactose 2.5 5.0 1.0 6.0 
Maltose 1.5 5.5 0.5 6.0 
Raffinose 2.0 2.5 4.0 6.5 
Sucrose <1.0 0 0 0 
Trehalose 2.0 5.5 2.0 7.5 
Cyclodextrin 6.0 0 0 0 
Dextran, LMW 6.0 0 0 0 
Inulin 4.0 0 0 0 
 

Comparison with freeze-drying
For comparison, the TGA-FTIR analysis was also performed on freeze-dried trehalose
from aqueous solution (Figure 7). In that case, the water signal was much clearer than
the one detected from SCF-dried samples and extended until 160ºC, even though the
amount of water measured by KF was only 1.5%. As the energy input required for
extracting the water from the freeze-dried powder is higher than the SCF-dried
powder, we can suspect that the structure of the amorphous powder is different.

Sucrose, trehalose, raffinose and cyclodextrin were also freeze-dried from aqueous
solutions containing 50% ethanol (w/w). This was performed to mimic the variation in
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solution composition during SCF-drying as ethanol condenses on the aqueous droplet
(39). The XRPD probed crystallinity of the freeze-dried and SCF-dried products was
in line: sucrose was crystalline with both techniques, while trehalose, raffinose and
cyclodextrin were amorphous. Sucrose has shown to be extremely prone to
crystallization. It is unclear if the cause of the crystallinity is the more rapid
crystallization of sucrose compared to the other sugars or if ethanol has a larger
influence on the crystallization of sucrose. It remains that appropriate conditions must
be met to stabilize its amorphous state if it is to be used in therapeutic protein
formulations.
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Figure 7. TGA of freeze-dried (FD) or SCF-dried (SCF) trehalose with or without the use of ethanol.
Freeze-drying from aqueous solution: thick black line; freeze-drying from aqueous-ethanol solution:
thick grey line; SCF-drying from aqueous solution: thin black line; SCF-drying from aqueous solution
using SC-CO2 enriched with ethanol: thin grey line. The compounds detected by FTIR are noted. The
dashed lines indicate the limits of the range of temperature during which the evaporation of prominently
one compound (water, CO2 or ethanol (EtOH)) occurs.

The residual ethanol content after freeze-drying was 5.5% for sucrose, 13.6% for
trehalose, 9.3% for raffinose and below the detection limit for cyclodextrin. These
values of residual ethanol are higher than those of SCF-dried sugars. Thus the
presence of ethanol in samples prepared by SCF-drying is not process specific. It is
suspected that the sugars might have a certain affinity for the ethanol or that the
diffusion of ethanol from the amorphous sugar is constrained by the amorphous
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matrix. As solidification of amorphous matrices of macromolecules are expected to
occur at a higher water content, the porosity of the matrix should be higher allowing
water as well as ethanol and CO2 to diffuse out more easily.

Minimizing the residual ethanol content
Post-treatment strategy
The force the release of the residual ethanol from SCF-dried trehalose (9.5% (w/w)
ethanol) was attempted by doubling the CO2 flushing period after the spraying process
(9.4% (w/w) ethanol) or putting the powder under vacuum for 30 minutes (9.0% (w/w)
ethanol), but it had no significant effect (Figure 5). However, exposing the powder to
50ºC for 24 hours at atmospheric pressure resulted in the loss of about 50% of the
residual ethanol (3.0% (w/w) ethanol). Aging a sample for 6-months at room
temperature caused a decrease of 20% of its residual ethanol (i.e., from 9.5% to 7.5%
residual ethanol, Figure 5). From these results, it is clear that once present in the
amorphous matrix, ethanol was difficult to remove.

The slow release of CO2 and especially ethanol can be related to their molecular size.
It was shown by Rampp et al. (24) that a deeply supercooled solution (e.g., amorphous
phase) of carbohydrates may form a rigid three-dimensional hydrogen-bonded
network through which water molecules can still diffuse. Similarly, the pores of rigid
hydrogen bonded network of the SCF-dried sugars might be just large enough to let
water diffuse out of the matrix, but small enough to keep the larger ethanol molecules
entrapped, whereas the CO2 molecules slowly diffuse out of the porous structure.

Ethanol utilization strategy
Trehalose was also used in a series of experiments where the modifier, ethanol, was
added directly to the aqueous solution instead of the SCF-phase. When adding ethanol
to the sugar solution (50% w/w), and not to the SCF-phase, the residual ethanol
content of the powder fell below the detection level. However, when ethanol was also
added to the SCF-phase, the residual ethanol level was similar to what was measured
when no ethanol was added to the aqueous phase. The direction of the mass transfer
during SCF-drying and the porosity of the particles could explain the absence of
residual ethanol in the product.

Recommendations
The residual ethanol is of major concern as it might not be acceptable for some
applications like formulations containing labile pharmaceutical proteins. Further
investigation is required to understand the affinity of ethanol for the sugar matrices,
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and to control its release from the powder. Correlations between the crystallization,
the low Tg measured and the ethanol fraction also require closer consideration.
Various options could also be assessed to resolve the issue of the residual ethanol
content such as the use of other organic solvents with a higher affinity for CO2 than
for water, adjust the process conditions such that the use of an organic modifier is not
required, or prepare porous matrices allowing the efficient release of the ethanol.

CONCLUSIONS AND RECOMMENDATIONS

The production of relatively stable amorphous sugar matrices is possible by SCF-
drying. A wide metastable zone, a solubility of 10-50% (w/w) in water at the process
temperature, low viscosity of both the aqueous solution being sprayed and the
saturated solution, and high Tg is a combination that is expected to lead to the
production of amorphous powder.
Trehalose, maltose, raffinose, lactose, cyclodextrin, LMW dextran and inulin showed
good powder formation and stability properties. The combination of carbohydrates
was a useful strategy to avoid the crystallization of amorphous powders, even for
easily crystallizable sucrose. Furthermore, the use of mixtures could allow the
production of powders of compounds that have shown not to precipitate under
standard SCF-drying conditions.
The process conditions should be selected in such a way that the water can be
completely extracted by the SCF phase, meaning that the proportion between the
streams should at least be within the complete miscibility zone of the CO2-ethanol-
water system. Polysaccharide powders were free of residual ethanol. To produce
ethanol free powders of other sugars, ethanol could be added to the aqueous solution
instead of the SC-CO2.



chapter 6

138

REFERENCES

1. N. Jovanovic, A. Bouchard, G. W. Hofland, G.-J. Witkamp, D. J. A. Crommelin,
and W. Jiskoot. Stabilization of Proteins in Dry Powder Formulations Using
Supercritical Fluid Technology. Pharm Res. 21: 1955-1969 (2004).

2. N. Jovanovic, A. Bouchard, G. W. Hofland, G.-J. Witkamp, D. J. A. Crommelin,
and W. Jiskoot. Distinct effects of sucrose and trehalose on protein stability
during supercritical fluid drying and freeze-drying. Eur J Pharm Sci. 27: 336-
345 (2006).

3. J. Jung and M. Perrut. Particle design using supercritical fluids: Literature and
patent survey. J Supercrit Fluids. 20: 179-219 (2001).

4. N. R. Foster, F. Dehghani, R. T. Bustami, and H.-K. Chan. Generation of
lysozyme-lactose powders using ASES process. In ISASF (ed), 6th
International Symposium on Supercritical Fluids, Vol. 3 (ISASF, ed), Versailles,
2003, pp. 1831-1836.

5. S. P. Velaga and J. Carlfors. Supercritical fluids processing of recombinant
human growth hormone. Drug Dev Ind Pharm. 31: 135-149 (2005).

6. D. P. Nesta, J. S. Elliott, and J. P. Warr. Supercritical fluid precipitation of
recombinant human immunoglobulin from aqueous solutions. Biotech Bioeng.
67: 457-464 (2000).

7. W. Wang. Lyophilization and development of solid protein pharmaceuticals. Int
J Pharm. 203: 1-60 (2000).

8. J. Broadhead, S. K. E. Rouan, and C. T. Rhodes. The spray drying of
pharmaceuticals. Drug Dev Ind Pharm. 18: 1169-1206 (1992).

9. J. Berggren, G. Frenning, and G. Alderborn. Compression behavior and tablet-
forming ability of spray-dried amorphous composite particles. Eur J Pharm. Sci.
22: 191-200 (2004).

10. G. F. Palmieri, P. Wehrle, and A. Stamm. Evaluation of spray-drying as a method
to prepare microparticles for controlled drug release. Drug Dev Ind Pharm. 20:
2859-2879 (1994).

11. P. Di Martino, M. Scoppa, E. Joiris, G. F. Palmieri, C. Andres, Y. Pourcelot, and
S. Martelli. The spray drying of acetazolamide as method to modify crystal
properties and to improve compression behavior. Int J Pharm. 213: 209-221
(2001).

12. M. Irngartinger, V. Camuglia, M. Damm, J. Goede, and H. W. Frijlink.
Pulmonary delivery of therapeutic peptides via dry powder inhalation: effects of
micronization and manufacturing. Eur J Pharm Biopharm. 58: 7-14 (2004).

13. N. R. Rabbani and P. C. Seville. The influence of formulation components on

'

'



139

Selection of suitable excipients and process conditions

the aerosolization properties of spray-dried powders. J Control Release. 110:
130-140 (2005).

14. A. S. Selivanov. Stabilization of cellulases using spray drying. Eng in Life Sci.
5: 78-80 (2005).

15. B. F. Oliveira, M. H. A. Santana, and M. I. Re. Spray-Dried Chitosan
Microspheres as a pDNA Carrier. Drying Technol. 24: 373-382 (2006).

16. Z. Bubnik and P. Kadlec. Sucrose solubility. In M. Mathlouthiand P. Reiser
(eds), Sucrose; Properties and applications (M. Mathlouthiand P. Reiser, eds),
Blackie, London, 1995, pp. 101-125.

17. G. Vaccari and G. Mantovani. Sucrose crystallisation. In M. Mathlouthiand P.
Reiser (eds), Sucrose; Properties and applications (M. Mathlouthiand P. Reiser,
eds), Blackie, London, 1995, pp. 33-74.

18. B. R. Bhandari, N. Datta, and T. Howes. Problems associated with spray drying
of sugar-rich foods. Drying Technol. 15: 671-684 (1997).

19. S. Palakodaty, P. York, and J. Pritchard. Supercritical fluid processing of
materials from aqueous solutions: the application of SEDS to lactose as a model
substance. Pharm Res. 15: 1835-1843 (1998).

20. M. H. Hanna and P. York. Methods and apparatus for particle formation, PCT
Int. Appl., (Bradford Particle Design Plc., UK). Wo, 1999, pp. 47 pp.

21. J. E. Bailey, Editors, and et al. Ullmann’s Encyclopedia of Industrial Chemistry,
Sixth Edition, 2000 Electronic Release, 2000.

22. S. O. Jonsdottir, S. A. Cooke, and E. A. Macedo. Modeling and measurements
of solid-liquid and vapor-liquid equilibria of polyols and carbohydrates in
aqueous solution. Carbohydr Res. 337: 1563-1571 (2002).

23. D. P. Miller, J. J. de Pablo, and H. Corti. Thermophysical properties of trehalose
and its concentrated aqueous solutions. Pharm Res. 14: 578-590 (1997).

24. M. Rampp, C. Buttersack, and H. D. Ludemann. c,T-Dependence of the
viscosity and the self-diffusion coefficients in some aqueous carbohydrate
solutions. Carbohydr Res. 328: 561-572 (2000).

25. A. Saleki-Gerhardt and G. Zografi. Non-isothermal and isothermal
crystallization of sucrose from the amorphous state. Pharm Res. 11: 1166-1173
(1994).

26. K. Kawai, T. Hagiwara, R. Takai, and T. Suzuki. Comparative Investigation by
Two Analytical Approaches of Enthalpy Relaxation for Glassy Glucose,
Sucrose, Maltose, and Trehalose. Pharm Res. 22: 490-495 (2005).

27. D. P. Miller and J. J. De Pablo. Calorimetric Solution Properties of Simple
Saccharides and Their Significance for the Stabilization of Biological Structure



chapter 6

140

and Function. J Phys Chem. B. 104: 8876-8883 (2000).
28. L. S. Taylor and G. Zografi. Sugar-Polymer Hydrogen Bond Interactions in

Lyophilized Amorphous Mixtures. J Pharm Sci. 87: 1615-1621 (1998).
29. Y. Roos. Melting and glass transitions of low molecular weight carbohydrates.

Carbohydr Res. 238: 39-48 (1993).
30. M. Siniti, J. Carre, J. M. Letoffe, J. P. Bastide, and P. Claudy. The thermal

behavior of hexitols. Part 1. Vitrification and crystallization of iditol, mannitol,
sorbitol, and dulcitol. Thermochim Acta. 224: 97-104 (1993).

31. A. Bouchard, G. W. Hofland, and G.-J. Witkamp. Properties of sugar, polyol and
polysaccharide water-ethanol solutions. J Chem Eng Data. (Submitted, 2006).

32. A. Bouchard, N. Jovanoviæ, W. Jiskoot, E. Mendes, G.-J. Witkamp, D. J. A.
Crommelin, and G. W. Hofland. Lysozyme particle formation during
supercritical fluid drying: Particle morphology and molecular integrity. J
Supercrit Fluids. (In press, 2006).

33. M. Gordon and J. S. Taylor. Ideal copolymers and the second-order transitions
of synthetic rubbers. I. Noncrystalline copolymers. J Appl Chem. 2: 493-500
(1952).

34. Q. Lu and G. Zografi. Phase behavior of binary and ternary amorphous mixtures
containing indomethacin, citric acid, and PVP. Pharm Res. 15: 1202-1206
(1998).

35. K. G. Van Scoik and J. T. Carstensen. Nucleation phenomena in amorphous
sucrose systems.  Int J Pharm. 58: 185-196 (1990).

36. B. M. Smythe. Sucrose crystal growth. I. Rate of crystal growth in pure
solutions. Aust J Chem. 20: 1087-1095 (1967).

37. K. D. Roe and T. P. Labuza. Glass Transition and Crystallization of Amorphous
Trehalose-sucrose Mixtures. Int J Food Prop. 8: 559-574 (2005).

38. K. M. Leinen and T. P. Labuza. Crystallization inhibition of an amorphous
sucrose system using raffinose. J. Zhejiang Univ. SCIENCE B. 7: 85-89 (2006).

39. Á. Martín, A. Bouchard, G. W. Hofland, G.-J. Witkamp, and M. J. Cocero.
Mathematical modeling of the mass transfer from aqueous solutions in  a
supercritical fluid during particle formation. J Supercrit Fluids. (ASAP, 2006).







chapter           7
Stabilization of IgG by
supercritical fluid drying –
optimization of formulation
and process parameters
Nataša Jovanovic1, Andréanne Bouchard2,
Gerard W. Hofland2, Geert-Jan Witkamp2,
Daan J.A. Crommelin1 and Wim Jiskoot1,3

1Department of Pharmaceutics, Utrecht Institute of Pharmaceutical Sciences (UIPS), Utrecht
University, Utrecht, The Netherlands

2Delft University of Technology, Process Equipment section, Delft, The Netherlands
3Division of Drug Delivery Technology, Leiden/Amsterdam Center for Drug Research
(LACDR), Leiden University, Leiden, The Netherlands

Submitted for publication

'



chapter 7

144

ABSTRACT

The aim of this study was to stabilize human serum IgG by a supercritical fluid (SCF)
drying process. Solutions containing IgG (20 mg/ml) and trehalose or hydroxypropyl-
ß-cyclodextrin in 1:4 (w/w) ratio, were sprayed into a SCF phase consisting of CO2

and ethanol. Initially, a set of drying conditions previously developed to successfully
stabilize lysozyme and myogobin formulations was used: flow rates of 0.5 ml/min for
the aqueous protein solution, 250 g/min for the supercritical CO2 (SC-CO2) and 25 ml/min
for the ethanol. The pressure and temperature were maintained at 100 bar and 37 ºC.
Dried formulations were analyzed by Karl Fisher titration, scanning electron
microscopy, X-ray powder diffraction, and modulated differential scanning
calorimetry. Protein structure was studied in the solid-state by Fourier transform
infrared spectroscopy and after reconstitution by UV/VIS, circular dichroism and
fluorescence spectroscopy, gel permeation chromatography and SDS-PAGE. When
IgG was dried under the above-mentioned conditions, substantial amount of insoluble
aggregates were formed. Addition of buffer helped to reduce the fraction of insoluble
material but not of soluble aggregates. Full stabilization could be achieved by
adjusting the process conditions: drying without ethanol while keeping the other
conditions the same, or drying with ethanol at a temperature below the critical point
(20 ºC). In conclusion, it is possible to stabilize human IgG by SCF drying provided
that the formulation and process conditions are tailored to meet the specific
requirements for the protein.
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INTRODUCTION

A common approach to stabilize pharmaceutical proteins is to lyophilize them (1).
Although many commercially available protein drugs are freeze-dried formulations,
this technique has some disadvantages: it is time- and energy consuming, may induce
process-induced degradation during the freezing and drying phases (1-3), and is less
suitable when protein particles with a well-defined, narrow size distribution are
required, e.g., for pulmonary protein delivery (4). Supercritical fluid drying (SCF) has
been  advocated as an attractive alternative for freeze-drying because it avoids these
limitations (4, 5). However, the scarce literature on SCF drying of proteins is mainly
devoted to particle engineering with no or limited investigation of protein integrity or
storage stability (4-7), describes the drying of pure, unformulated proteins (6, 7), or
reports incomplete protein stabilization (7, 8). Nesta et al. showed the possibility to
obtain SCF dried immunoglobulin G (IgG), formulated with sucrose (8). However,
only one formulation was tested, there was no information on storage stability, and the
authors acknowledged the need for process improvement.
Recently we compared sucrose and trehalose as stabilizers for lysozyme and
myoglobin in SCF drying (9) and showed the possibility to produce homogeneous
protein-sugar powders with SCF drying (10). Furthermore, we have been able to
stabilize lysozyme (Chapter 4) and myoglobin (unpublished data) using a 1:4 (w/w)
protein-to-excipient ratio and trehalose or hydroxypropyl-ß-cyclodextrin (HP-ß-CD)
as excipients. We also showed that SCF drying can be used instead of freeze-drying as
an intermediate drying step in the production of human serum IgG (11).
The aim of this work was to study whether the process and formulation conditions that
resulted in stable myoglobin and lysozyme powders can be extrapolated to a more
complex and pharmaceutically relevant protein, human serum IgG. We show that IgG
was sensitive to process-induced aggregation and therefore required formulation and
process optimization to achieve full protein stabilization.

MATERIALS AND METHODS

Materials
Polyclonal human serum IgG (lot no.: 144401001) was a kind gift from Sanquin
(Amsterdam, The Netherlands). Trehalose (crystalline, dihydrate from Saccharomyces
cerevisiae) was acquired from Sigma-Aldrich (Steinheim, Germany) and HP-ß-CD
was purchased from Fluka (Buchs, Switzerland). Aqueous solutions were prepared in
reverse-osmosis water. Technical grade ethanol (100%) was used and carbon dioxide
(grade 3.5) was purchased from Hoek Loos (Schiedam, The Netherlands). All other
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chemicals were obtained from different commercial suppliers and were of analytical
grade, unless mentioned otherwise.

Drying of protein formulations
SCF drying
IgG solutions were dried in a type SFP4 (Separex, Champigneulles, France)
supercritical drying apparatus as described previously (9). IgG (final concentration 20
mg/ml) with trehalose or HP-ß-CD (80 mg/ml) was dissolved in water or in buffer. As
buffer, sodium phosphate (10 mM, pH 5.0 or pH 6.2), sodium citrate (10 mM, pH 6.2)
or sodium acetate (10 mM, pH 5.0) were used. Protein solutions were initially sprayed
into supercritical CO2 (SC-CO2) which contained ethanol to enhance the solubility of
water in SC-CO2 (4, 12).
In the first set of experiments, the same conditions were used as reported earlier (9):
flow rates of 0.5 ml/min for protein solution, 250 g/min for the supercritical CO2 (SC-
CO2) and 25 ml/min for the ethanol. The pressure and temperature were maintained at
100 bar and 37 ºC. This set of conditions is further in the text called “conditions 1a”.
In the second set of experiments, variations on the standard conditions (conditions 1a)
were made, as indicated in Table I. Briefly, conditions marked as 1 and 2 included
drying with ethanol, whereas during SCF drying under conditions 3, no ethanol was
used. Two temperatures were tested for all conditions, 37 ºC (in the supercritical
region) and 20 ºC (below the critical point).
After completion of the spraying process, the vessel was flushed for 16 min with SC-
CO2 before depressurization and product recovery. The dry powder was recovered
from the filter on the bottom of the vessel and stored under nitrogen in air-tight
containers. Part of the powders was analyzed within 3 days after drying and the rest
was stored at 4 ºC and 40 ºC for 4 weeks to estimate storage stability. For the analysis
of rehydrated protein, prior to analysis powders were reconstituted in water and
solutions were centrifuged for 5 min at 10000 rpm to remove undissolved material (8).
To calculate the amount of completely reconstituted protein, the protein
concentrations in the solutions before centrifugation and in the corresponding
supernatants were determined by the Peterson protein assay (9).

Physical properties of SCF dried powders
Residual water content
Samples (ca. 30 mg) of the SCF dried formulations were dispersed in methanol and
the residual water content of the formulations was measured by the Karl-Fischer
method using a Metrohm 756 KF instrument (Metrohm, Herisau, Switzerland) as
described in the manufacturer’s manual. Methanol was used as a blank.



147

IgG stabilization by supercritical fluid drying

Scanning electron microscopy (SEM)
SEM (JSM-5400, Jeol, Peabody, USA) images were used to examine the morphology
of the dried particles. Conductive double-sided tape was used to fix the particles to the
specimen holder before covering them with a thin layer of gold.
Modulated differential scanning calorimetry (MDSC)MDSC was performed on a Q-
1000 calorimeter (TA instruments, New Castle, Delaware, USA). Dry powder samples
(5-10 mg) in sealed aluminium pans were heated from 0 °C to 170 °C at a rate of 1 °C/
min and a modulation of ±1 °C/30 s.
X-ray powder diffraction (XRPD)
XRPD was done as described earlier (9).

Protein characterization
FTIR
Protein structure in the solid state was studied by FTIR spectroscopy using a Bio-Rad
FTS6000 FTIR spectrometer with Win-IR Pro software, version 2.95 (Cambridge,
USA). KBr pellets were prepared by mixing 5-10 mg of SCF dried formulation with
approximately 150 mg of spectroscopy grade KBr and pressing the mixture into a
pellet (diameter 13 mm) at a pressure of  260 MPa. The number of scans per
experiment was set to 256, the scan speed to 0.16 cm/s, and the resolution to 2 cm-1.
The spectra were corrected for water vapour and smoothed with a 7-point Savitsky-
Golay smoothing function (13). The 2nd derivative spectra were smoothed using a 7-
point Savitsky-Golay smoothing function and subsequently inverted. The amide I
region of the spectra (1720 – 1600 cm-1) was used for analyzing protein secondary
structure. To compare spectra and to quantify changes in protein secondary structure,

Table I. Process conditions used for SCF drying of IgG formulations.

Flow rates  
Process conditions Protein flow rate 

(ml/min) 
Ethanol flow rate 

(ml/min) 
CO2 flow rate 

(g/min) 

 
Temperature 

(ºC) 

 
Pressure 

(bar) 
Conditions 1a 

 
0.5 25 250 37 100 

Conditions 1b 
 

0.5 25 250 20 100 

Conditions 2a 
 

0.5 25 416 37 100 

Conditions 2b 
 

0.5 25 416 20 100 

Conditions 3a 
 

0.5 0 500 37 100 

Conditions 3b 
 

0.5 0 500 20 100 
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2nd derivative spectra were truncated between 1720 and 1600 cm-1, baseline-corrected,
and area-normalized to 1.00 (14).
Circular dichroism (CD) and fluorescence spectroscopy
Far-UV and near-UV CD as well as fluorescence spectroscopy were used to check
protein conformation, following a procedure described earlier (9).
UV/VIS spectroscopy
Absorption spectra between 240 and 350 nm were acquired at room temperature using
a Lambda 2 UV/VIS spectrophotometer (Perkin-Elmer, Ueberlingen, Germany).
Optical density (OD) above 320 nm was taken as an indication for the presence of
aggregates (13).
Gel permeation chromatography (GPC)
A BioSep-SEC-S 3000 300x7.8 mm column (Phenomenex®, USA) was used for GPC
analysis. The mobile phase was prepared by dissolving 17.9 g Na2HPO4, 1.0 g NaN3

and 46 g NaCl in 2 l water and adjusting the pH to 7.0, and was passed through a 0.2 μm
filter prior to use. The mobile phase was delivered to the column at a flow rate of 0.5
ml/min by a Waters 600 controller equipped with an autosampler (model 717, Waters).
Chromatographs were recorded with an absorbance detector (Waters 2487, dual λ
absorbance detector). IgG standards with concentration range 2.5-12.5 mg/ml were
prepared from reference material with known concentration (IgG from Sanquin).
Sample concentration was ca. 10 mg/ml and the injection volume was 20 μl. A
calibration curve was made based on the area under the curve (AUC) of standards and
linear regression analysis (R2=0.99987). Monomer, dimer, aggregate and fragment
contents are expressed as a percentage of total AUC.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
SDS-PAGE was done as described earlier (9).

RESULTS AND DISCUSSION

Formulation optimization
When aqueous (non-buffered) IgG solutions were SCF dried following the drying
conditions (marked as conditions 1a in Table I) and formulations composition used
previously for lysozyme and myoglobin (9), the recovery of soluble protein was
incomplete (see Table II), especially for IgG formulated with HP-β-CD. Moreover,
GPC showed that the soluble fraction of both non-buffered formulations contained 19-
21 % soluble aggregates.
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One of the reasons for this incomplete recovery of SCF dried IgG formulations could
be acid-instability of IgG (15, 16). Precipitation of monoclonal IgG has been reported
after incubation at low pH and readjustment to neutral pH (15). A certain pH drop (pH
3-4), depending on protein concentration, pressure and temperature in the
precipitation vessel, can be expected for non-buffered solutions during the drying
process (17). The sensitivity of IgG to low pH was tested under atmospheric
conditions. IgG solutions at different pHs (2.0, 4.0, 5.0, 6.2) were incubated for 1 h at
37 ºC and UV scans were taken. None of the solutions showed an increase in
scattering (OD intensity > 320 nm) (data not shown). However, after readjustment of
the pHs to pH 6.2, scattering was observed for solutions incubated at pH 2.0 and pH
4.0 (see Figure 1). These results demonstrate that pH stabilization is required during
SCF drying of IgG formulations. Therefore, several buffers often used in other drying
techniques were tested, whereas SCF drying conditions were kept the same
(conditions 1a).
Addition of phosphate buffer helped in decreasing the percentage of insoluble protein
(Table II). No difference was seen between the effect of phosphate buffer pH 5.0 and
pH 6.2. Similar results were also obtained with citrate buffer pH 5.0, indicating that
the pH rather than the buffer species was responsible for the stabilizing effect. Acetate
buffer failed to protect the protein in SCF drying, as acetic acid is dissolved in CO2

and removed from the drying vessel together with CO2 during the SCF drying, leaving
an alkaline dried powder.

Table II. Recovered percentage of soluble protein for different IgG formulations dried under
conditions 1a*

*25 ml/min ethanol, 250g/min CO2, 37 °C, see Table I.
**lower-upper value of two batches

Excipient Buffer pH of reconstituted 
solutions 

Percentage of dissolved 
protein (%) 

    
Non-buffered 

 
6.0 92.2-92.4** 

Phosphate pH 5.0 
 

5.0. 99.5 ± 2.0 (n=3) 

Trehalose 

Phosphate pH 6.2 
 

6.2 100.6-103.2** 

    
Non-buffered 

 
6.8 61.1 ± 4.7 (n=3) 

Phosphate pH 5.0 
 

5.0 98.1± 0.8 (n=3) 

Phosphate pH 6.2 
 

6.2 98.2 ± 1.5 (n=3) 

Citrate pH 6.2 
 

6.2 94.8-104.0** 

HP-β-CD 

Acetate pH 5.0 
 

10.1  50.9-53.0** 
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Figure 1. UV scans of IgG solutions incubated at 37 ºC for 1 h at different pHs after readjustment of pH
to pH 6.2. Solid line: untreated reference solution (pH 6.2); dashed line: IgG solution incubated at pH
2.0; dotted line: IgG solution incubated at pH 4.0; dashed-dotted line: IgG solution incubated at pH 5.0.
Inset represents enlargement of 300-350 nm region.

Since phosphate buffers were shown to positively affect protein recovery, for further
work only IgG formulations (with trehalose or HP-ß-CD) in phosphate buffer pH 6.2
were used. These formulations were amorphous as determined by XRPD and MDSC,
and contained smooth, spherical particles (Figure 2) with comparable water contents
(Table III).

Table III. Water content of the SCF dried IgG formulations and GPC analysis of the soluble
fraction *

*IgG solutions were buffered with 10 mM phosphate, pH 6.2, and dried under conditions 1a; results are
expressed as mean ± standard    deviation
**lower-upper limit (n=2)

GPC results (% of total AUC) Formulation 
IgG (w/w) 

Water 
content 

(%) Monomers Dimers 
 

Oligomers Fragments 
 

Reference 
IgG (starting 
material)** 
 

 94.7-95.0 0.8-1.4 <0.5 4.0-4.4 

Trehalose  
 

2.6 ± 1.1 70.9 ± 5.7 7.1 ± 1.1 17.1 ± 6.3 4.9 ± 0.5 

HP-β-CD 
 

2.6 ± 1.1 76.6 ± 7.0 6.4 ± 0.8 12.7 ± 7.3 4.0 ± 0.2 
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Figure 3. Second derivative FTIR spectra of SCF dried IgG formulations (buffered with 10 mM
phosphate, pH 6.2, conditions 1a). Solid line: SCF dried IgG HP-ß-CD formulation; dotted line: SCF
dried IgG trehalose formulation.

Protein structure in the dry powders was checked by FTIR. As reported earlier (18),
IgG shows two characteristic bands at 1640 cm-1 and 1690 cm-1, reflecting the
presence of β-sheet structure. As seen from Figure 3, IgG formulation with HP-ß-CD
showed less β-sheet structure when compared to the IgG-trehalose formulation (peak
1640 cm-1), but there is an increase in the shoulder at 1653 cm-1. This has not been
reported as a typical peak for IgG. This region (1650 cm-1 - 1658 cm-1) is usually
assigned to α-helical structure but the 1650 cm-1 – 1655 cm-1 region could represent
unordered structures as well (13, 19).

 

Figure 2. SEM pictures of SCF dried IgG formulations (conditions 1a, phosphate buffer pH 6.2) with
trehalose (left) and  HP-ß-CD (right) as excipients.

The formulations were investigated further after reconstitution for preservation of the
protein conformation. Figures 4a and 4b show the far-UV and near-UV CD spectra of
the trehalose-containing and HP-β-CD-containing IgG formulations to be comparable
to those of the reference IgG solution. Also fluorescence spectroscopy showed no
major differences between freshly prepared and the SCF dried IgG formulations
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Figure 4. CD spectra of SCF dried IgG formulations (buffered with 10 mM phosphate, pH 6.2,
conditions 1a) compared to reference IgG. Solid line: reference IgG; dotted line: SCF dried IgG HP-ß-
CD formulation; dashed line: SCF dried IgG trehalose formulation.
a. Far-UV CD spectra (path length 0.02 cm, protein concentration 0.5 mg/ml).
b. Near-UV CD spectra (path length 1.0 cm, protein concentration 0.5 mg/ml).

Figure 4a Figure 4b

(Figure 5). The fluorescence emission maximum was at 337-338 nm in all cases. Only
small differences in signal intensity were seen, which may be due to minor
conformational changes or experimental errors in the protein concentration assay. So,
although some structural differences in the solid state were observed between the
trehalose-containing and HP-ß-CD-containing IgG formulations, this did not
measurably affect the protein structure in solution. Still, although both formulations
showed excellent recovery of soluble protein (Table II) and preservation of structure in
solution (Figures 4 and 5), GPC showed that the percentage of soluble dimers and
larger aggregates (oligomers) had significantly increased as compared to the starting
material (Table III).
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Figure 5. Fluorescence spectra of SCF dried IgG
formulations (buffered with 10 mM phosphate,
pH 6.2, conditions 1a) compared to the reference
IgG. Solid line: reference IgG; dotted line: SCF dried
IgG HP-ß-CD formulation; dashed line: SCF dried
IgG trehalose formulation. Protein concentration ca.
0.05 mg/ml.
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Process optimization
In the previous section, we showed that the addition of a buffer to the IgG
formulations prevented process-induced formation of insoluble aggregates. However,
properly buffered formulations still contained soluble aggregates. The next step was to
address potentially critical process parameter(s) for protein stabilization in SCF
drying. In Chapter 4 we showed that SCF dried lysozyme formulations contained high
amounts of residual ethanol (ca. 8 %) when dried under conditions 1a. Although this
did not influence lysozyme stability after drying, for a bigger and more sensitive

The presence of aggregates was confirmed by UV spectroscopy: UV spectra of SCF
dried formulations showed some scattering (OD significantly above baseline levels at
wavelengths > 320 nm, Figure 6). Since SDS-PAGE did not show any difference
between SCF dried formulations and reference IgG under non-reducing (single band
with an apparent MW of ca. 150 kDa) and reducing conditions (double band with
apparent MW of ca. 50 kDa and 25 kDa) (data not shown), we conclude that the
aggregates were non-covalent in nature. Furthermore, the aggregates probably
consisted of native like protein units, because CD and fluorescence scans did not show
significant conformational changes when compared to the reference, non-dried IgG
(Figures 4 and 5), despite the high oligomer content (12-17 %) seen in GPC.
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Figure 6. UV spectra of SCF dried IgG formulations (buffered with 10 mM phosphate, pH 6.2,
conditions 1a) compared to the reference IgG. Solid line: reference IgG; dotted line: SCF dried IgG HP-
ß-CD formulation; dashed line: SCF dried IgG trehalose formulation. Inset represents enlargement of
300-350 nm region. Protein concentration ca. 0.5 mg/ml.
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protein, such as IgG, it can be expected that ethanol presence could have more impact
on stability (20). Another process parameter to be considered is the working
temperature (37 ºC). Although incubation of IgG at 37 ºC for 50 min (i.e., the duration
of the spraying process) did not cause aggregation (authors’ observation), the
combination of elevated temperature, the presence of ethanol and the spraying process
could induce aggregation. Therefore, several drying conditions were tested for the
phosphate buffered (pH 6.2) IgG formulations. The solutions were dried at 37 ºC and
20 ºC, with different ethanol fractions in the SCF drying medium (see Table I for
drying conditions).
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From the left to right: IgG reference (white bar); SCF formulations dried under conditions 1a, conditions
1b, conditions 2a, conditions 2b, conditions 3a (from pale grey to black bars) and conditions 3b (black-
white stripped bar). Note that the last set of conditions were tested only for HP -ß-CD.
a. SCF dried IgG HP-ß-CD formulations
b. SCF dried IgG trehalose formulations

Figure 7. GPC results of SCF dried IgG formulations (buffered with 10 mM phosphate, pH 6.2) under
different drying conditions. Protein flow rate (0.5 ml/min) and pressure (100 bar) were kept the same,
whereas ethanol and CO2 flow rates were changed as follows: conditions 1 (25 ml/min and 250 g/min);
conditions 2 (25 ml/min and 416 g/min) and conditions 3 (0 ml/min and 500g/min). Temperature was
either 37 ºC (a) or 20 ºC (b).  Y-axis represents percentage of total AUC.
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All formulations showed complete recovery of soluble protein after reconstitution (not
shown). The GPC results for the HP-ß-CD-containing IgG formulations dried under
the different conditions are shown in Figure 7a. Based on GPC, the best formulations
were obtained when no ethanol was used either at 37 ºC or 20 ºC. Interestingly,
ethanol has been used to improve solubility of water into SC-CO2 (12), but we showed
here as well as in Chapter 4 that it was possible to successfully SCF dry different
types of protein without ethanol. Those formulations did not show increased
aggregation (oligomer content) as compared to reference IgG (< 0.5 %). There was
some increase in dimer content (4-5 %) when compared to reference IgG (ca. 1 %),
whereas the content of fragments (4-5 %) was unchanged. When ethanol was used at
37 ºC in any ratio to CO2, the soluble aggregate content was significantly higher (>12 %).
Interestingly, when IgG solutions were dried at 20 ºC (subcritical conditions), ethanol
did not seem to have a severe negative effect. In that case the amount of aggregates
was ca.1 % for both drying conditions, conditions 1b and conditions 2b.
Trehalose formulations gave similar results as HP-ß-CD formulations (Figure 7b).
Both formulations were also checked for protein conformation and no differences
were seen in CD and fluorescence spectra when compared to reference IgG (data not
shown).
There could be a few explanations for the less detrimental effect of ethanol at lower
temperature (20 ºC) when compared to drying at 37 ºC. Firstly, the protein could have
been exposed to lower ethanol concentrations during drying at 20 ºC. According to a
modeling study by Angel et al. (21), at higher operating temperatures more ethanol
and CO2 are condensing into the aqueous droplets during particle formation than at
lower temperatures. Secondly, at lower temperatures the density of SCF fluid is higher
(5), which might result in change of mechanism of droplet drying and lead to
decreased entrance of ethanol into droplet and therefore less exposure of protein to
ethanol. Finally, a direct temperature effect could be also an explanation since IgG is
not very stable in the presence of ethanol at ambient or elevated temperatures (20, 22).
For this reason, Cohn fractionation of blood proteins is done at -5 to 0 ºC (22).
Storage stability of the non-aggregated formulations was estimated after 4 weeks
storage (dried with conditions 3a, no ethanol in the SCF process). No change in
solubility or increase in amount of aggregation was seen for the HP-ß-CD-containing
and trehalose-containing formulations stored at 4 °C and 40 °C (Figures 8a and 8b).
Moreover, CD and fluorescence spectra showed no evidence of conformational
changes of the IgG for the stored formulations (results not shown).
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CONCLUSIONS

In conclusion, the results of the present study show that stable, aggregate-free IgG
formulations can be obtained by SCF drying. This is in line with the studies described
in the thesis of Bouchard showing that SCF drying can be used as an intermediate step
during purification of IgG (11). For SCF drying of IgG formulated with trehalose and
HP-ß-CD, usage of a buffer and avoidance of ethanol turned out to be critical for
protein stabilization. Like for freeze-drying, for SCF drying some general guidelines
should be followed, but this is clearly not sufficient: the process and the formulation
should be adjusted to the properties of the protein. General recommendations for
protein stabilization by SCF drying include the use of buffers, stabilizers such as
carbohydrates, avoidance of the use of ethanol, and/or subcritical drying at lower
temperatures. When following these guidelines and selecting appropriate process/
formulation parameters, SCF (or subcritical) drying can be a valuable process for
making stable microparticulate protein powders.
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Figure 8. GPC results of SCF dried IgG formulations (conditions 3a): freshly prepared (white bars),
stored for 4 weeks at 4 ºC (grey bars) or 40 ºC (black bars). Y-axis represents percentage of total AUC.
a. SCF dried IgG HP-ß-CD formulation
b. SCF dried IgG trehalose formulation
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Summary

Pharmaceutical proteins are potent drugs for the treatment of several serious and life-
threatening diseases. However, the complex and sensitive nature of protein molecules
requires special attention in the development of stable dosage forms. If stabilization as
a liquid formulation fails, drying of protein formulations has been accepted as the best
alternative.
In this thesis the potential of supercritical fluid (SCF) drying for the stabilization of
proteins was studied. So far, SCF drying of proteins has been largely restricted to
proteins dissolved in an organic solvent such as dimethyl sulfoxide (DMSO) (1, 2).
However, organic solvents can cause damage to the protein of interest and
pharmaceutical protein bulk products usually are aqueous solutions. Therefore, SCF
drying of proteins from aqueous solutions is highly preferred and much more relevant
to pharmaceutical proteins. The low solubility of water in supercritical-CO2 (SC-CO2)
has been reported to be a major hindrance for SCF drying of aqueous solutions (2, 3).
To enhance the solubility of water in SC-CO2, miscible organic solvents (modifiers)
such as ethanol are usually added to the supercritical phase.
Up until now, SCF drying of aqueous protein solutions has received little attention and
most of the publications mainly deal with particle formation (1). However, for
pharmaceutical applications the complex and sensitive nature of proteins requires more
comprehensive studies, including detailed physicochemical characterization of protein
and dried matrix (4, 5), and identification of formulation and process parameters
critical for successful protein stabilization by SCF drying.
The aim of this thesis was to investigate the capability of a SCF spraying process for
the stabilization of proteins by drying them from aqueous solutions. Success criteria
included the generation of a stable dried protein in a matrix with desirable
physicochemical properties such as amorphous state, high glass transition temperature
(Tg) and full recovery of the protein structure after reconstitution. These desired
outcomes both hold for freeze-drying and when using other drying techniques (4).

After a general introduction (Chapter 1), Chapter 2 reviews the existing knowledge
about SCF drying of proteins. It was concluded that SCF drying can be a good
alternative to existing drying techniques, but further research has to be done to gain
better insights into the effect of SCF drying on protein stability and to identify key
parameters in formulation and process design for successful protein stabilization.

In Chapter 3, a direct comparison was made between SCF drying and freeze-drying.
This is the first time that such a comparison was made with regard to protein structure
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preservation and physicochemical properties of dried formulations. The aim was to
gain more insight into the potential of SCF drying of aqueous protein solutions in the
presence of frequently used stabilizers, sucrose and trehalose, for stabilization
purposes. Lysozyme and myoglobin were used as model proteins. This study showed
the possibility to produce dry protein-sugar formulations by SCF drying. However,
where the selected formulations with a low protein-to-sugar ratio (1:100 (w/w))
worked well for freeze-drying, they were not optimal for SCF drying. SCF dried
myoglobin showed conformational changes and a high percentage of undissolved
protein, which was not observed when the same formulations were freeze-dried.
Moreover, for both proteins SCF dried sucrose formulations turned out to be
crystalline and trehalose formulations showed Tgs as low as ca. 30 °C. These physical
characteristics were significantly different from those of the same freeze-dried
formulations, which remained amorphous, had high Tg values and showed full protein
preservation. It was concluded that further optimization of the formulation and the
SCF drying process was necessary for full protein stabilization.

In Chapter 4 we aimed to obtain stable SCF dried lysozyme formulations. In
particular, the effects of protein-to-sugar ratio as well as the composition of the SCF
phase on physicochemical properties, such as amorphicity, Tg and residual solvent
content of the dried powder, and on the stability of the protein were studied. An
optimal protein-to-sugar ratio prevented both crystallization of the sugar matrix and
structural alteration and aggregation of encapsulated protein. However, the
formulations showed low Tg, which is deleterious for long-term stability (4-7). This
low Tg was ascribed to the presence of unexpectedly high amounts of residual ethanol
(8-10 %), which acted as a plasticizer, thereby reducing the Tg. In this chapter we
showed that SCF drying of aqueous solutions without adding ethanol to the
supercritical phase is possible. This approach in combination with secondary drying
(vacuum oven) yielded stable amorphous formulations with high Tg values.

In Chapter 5 a relatively new technique, near-infrared (NIR) imaging, for studying the
homogeneity of dried protein-sugar formulations was introduced. Assurance of the
homogeneity of dried products is important, as exclusion of protein from sugars has
been reported to be responsible for failure in protein stabilization. NIR imaging with
its spatial resolution of 10 μm or 40 μm should be sensitive enough to estimate
homogeneity of SCF dried powders having a particle size between 5 and 35 μm.
Several imaging approaches for NIR data processing were tested and the best imaging
strategy was used to compare the homogeneity of a SCF dried and a freeze-dried
lyzosyme-trehalose formulation. It was shown that a SCF dried lysozyme-trehalose
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mixture was at least as homogenous as the freeze-dried formulation at 10 μm pixel
resolution.
For successful protein stabilization excipients such as sugars, polyols or
polysaccharides are frequently used in freeze-drying. Applicability of these stabilizers
in SCF drying has not been investigated comprehensively until now.

In Chapter 6 we studied for 15 potential stabilizers the ability of SCF spraying to
produce amorphous powders with acceptable physicochemical characteristics such as
stability towards crystallization, low residual solvent content and controlled particle
characteristics. It was possible to produce amorphous powders with most of the
stabilizers tested. For readily crystallizing excipients, such as sucrose, the use of
mixtures was a way to avoid crystallization. Again, as seen in chapter 4, ethanol was a
major concern as its presence in powder was shown to have a strong plasticizing
effect.

In Chapter 7 we aimed to stabilize pharmaceutically relevant protein, human serum
IgG by a SCF drying process by applying the same stabilization principles which
worked for myoglobin and lysozyme. Some general guidelines could be established
for successful protein stabilization by SCF drying but this is not sufficient: the process
and the formulation should be adjusted to the properties of the protein. For IgG the
addition of buffer helped to reduce the fraction of insoluble material but not of soluble
aggregates. Full stabilization could be achieved by adjusting the process conditions:
drying without ethanol while keeping the other conditions the same, or drying with
ethanol at a temperature (20 ºC) below the critical point.

Overall, the results presented in this thesis show that SCF drying is capable of
producing stable proteins embedded in an amorphous matrix. This makes SCF drying
an attractive alternative to other drying techniques, such as freeze-drying.
Some general recommendation established for protein stabilization in freeze-drying are
valid for SCF drying as well. The addition of a sugar to the protein formulation
prevents protein aggregation in the solid state (Chapter 4) as well as after
reconstitution (Chapters 3 and 7). An amorphous matrix with a high Tg (Chapters 4
and 6) is preferred to avoid crystallization, which is proven to be detrimental for
proteins (4, 7). Most of the commonly used stabilizers gave amorphous matrices
(Chapter 6). However, sucrose was more difficult to process as amorphous powder
(Chapters 3 and 6).
Although some general formulation rules for protein stabilization may hold true for all
drying techniques, drying principles of SCF drying and freeze-drying are clearly
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different. In SCF drying the freezing step is bypassed (5, 8), but factors like mixing,
mass transport rates (3), droplet formation (9) and composition of the SCF fluid
(Chapters 4 and 7) can play a crucial role in drying kinetics and properties of dried
products, as well as in the choice of the excipients. Designing a SCF drying process to
obtain a stable protein turned out to be a delicate interplay between excipient selection
and process optimization. SCF composition was important for successful drying.
Although reported to be necessary for drying of aqueous solutions (2, 3), the use of
ethanol in SCF drying turned out to be detrimental for formulation stability. Ethanol
acted as plasticizer, decreasing the Tg as shown in Chapters 4 and 6, which resulted in
sugar crystallization during storage. The cause of the presence of high residual ethanol
levels in dried formulation despite flushing with CO2 (Chapters 4 and 6) are unclear
and should be addressed in further studies. Although lysozyme stability was not
affected by the presence of ethanol or matrix crystallization, it could affect the stability
of less stable proteins. Indeed, the presence of ethanol in the SCF phase resulted in the
formation of large amounts of soluble IgG aggregates (Chapter 7).
Interestingly, it was possible to dry without ethanol or any other co-solvent with
selected formulation and process parameters (Chapters 4 and 7). Moreover, secondary
drying in vacuum oven removed water and resulted in amorphous powders with a Tg
as high as freeze-dried cakes of the same composition (Chapter 4).
Based on the results of this thesis, recommendations for protein stabilization by SCF
drying include the use of buffers and stabilizers (such as carbohydrates), avoidance of
ethanol in SCF and/or working at lower temperatures (subcritical conditions).
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Application Advantages* 

Formulation of stable microparticulate protein 

powders  

Narrow size distribution with desired size and 

morphology 

Control over dissolution rate and bioavailability 

Freezing step/temperature extremes avoided 

Economical advantage  

Others: 

Production of controlled released systems 

 

 

 

Tissue engineering 

 

Controlled particles characteristic 

Avoidance of high temperatures 

Avoidance of organic solvents 

 

Avoidance of organic solvents 

 
* For each application, the important advantages over existing techniques are mentioned.

Perspectives of SCF drying of pharmaceutical proteins

One might ask, why struggle to develop a new method when there is a well-established
and accepted drying method, namely freeze-drying?! SCF drying at this stage will not
take over the leading role of freeze-drying in standard production protocols for protein
powders. However, some specific characteristics of SCF make it an attractive method
in several application areas. The most feasible applications of SCF drying for
pharmaceutical protein formulations are listed in Table I.

Table I. Applications of SCF drying of proteins

Formulation of stable microparticulate protein powders
Stable protein particles with a narrow size distribution are required for new protein
delivery routes such as dry inhalers, needle-free injections and various controlled-
release systems (3, 10). Until now, the most commonly used methods for particle
production are spray-drying, spray-freeze drying, recrystallization using solvent
evaporation, and milling and sieving. Apart from spray-drying, other techniques have
the disadvantage to include multiple steps resulting in poor control over the particle
morphology and size distribution. Spray-drying produces particles with suitable size
and morphology but exposes the protein to locally high temperatures. On the other
hand, SCF drying is a single-step process, with a mild operating temperature and
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yields in particles of defined morphology and narrow size distribution. Control over
particle production is possible because of the unique flexibility of SCF (3). Variation
of pressure or temperature results in a change of viscosity and diffusivity of the SCF
and, consequently, its solvent power and transport properties. This, together with the
possibility to easily vary the flow rates of SC-CO2, modifier and/or protein solution,
and the nozzle geometry, enables manipulation of mass transfer, droplet formation and
supersaturation, and thus the production of particles with desired characteristics.
Moreover, control over particle size and surface area enables control over the
dissolution rate and bioavailability of the dried protein. Additionally, SCF drying as a
single-step, fast and low energy-consuming process, is attractive from an economical
perspective.
Besides particle formation, an additional advantage of SCF drying compared to freeze
drying is that the freezing step and/or temperature extremes are avoided, which
enables potentially better stabilization conditions for proteins sensitive to these
stresses.
In this thesis we showed that it is possible to produce stable microparticulate protein
powders by adjusting formulation and process parameters. However, there are issues
which require further investigation.
An important issue is the addition of modifiers to the SCF phase. Advantages of using
a modifier should be a faster process because of an enhanced water extraction capacity
of the supercritical phase and better control over the particle design by influencing
mass transfer. However, ethanol was shown to be deleterious for protein and powder
physical stability (Chapters 4, 6 and 7). There are several approaches to solve this
problem. Here we showed that avoidance of ethanol in SCF or drying at lower
temperatures (subcritical conditions) gave good stabilization results. Another solution
could be the use of other modifiers. In the PhD work of Bouchard (11), several
modifiers were tested: acetone, methanol, ethanol, and isopropanol. Modeling of mass
transfer showed that some modifiers (acetone and isopropanol) enter water droplets
during the drying to a lesser extent than ethanol. This could result in a lower
percentage of residual solvent in dry powder than when ethanol was used. However,
the potential of this approach for the stabilization of protein pharmaceuticals remains
to be evaluated further.
Another issue in SCF drying which needs to be further investigated is controlled
distribution of equal amounts of the dried powders over individual vials. Freeze-drying
in pharmacy is typically done on the final product in the final dosage form. In contrast,
SCF drying has been mainly related to the bulk processing. The distribution of bulk
into single-dosage or multi-dosage containers is still to be addressed. Probably, it
would require the addition of an autosampling device for aseptic powder filling to the
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SCF drying line. Here, powder flow properties and homogeneity of the powders are
critical parameters and should be further investigated.

Controlled-release and tissue engineering applications
SCF drying may not only be used to obtain powders with desired particle
characteristics (as discussed above); microimpregnation and micropencapsulation of
proteins in biocompatible polymers may be a possibility as well (3, 12, 13). This opens
opportunities for production of controlled-release systems (13). For instance, protein
loaded particulate drug delivery systems are attractive for nasal and pulmonary
vaccination (14, 15). Conventional methods of forming controlled-release
microspheres such as extrusion, spray cooling, spray drying, coacervation, and
interfacial polymerization fail to produce particles of defined size distribution.
Moreover, some of these methods also expose labile drugs to thermal stresses (3). SCF
drying may offer a good alternative for producing such delivery systems.
In the field of tissue engineering, the design of porous structures made of
biodegradable polymers (polymeric scaffolds) is a hot item. Usage of pressurized CO2,
allows creating porous foams, which can be used as scaffolds in tissue engineering
without the use of organic solvent (3). Moreover, because of mild operating conditions
during SCF processing, various growth factors necessary for cellular growth in
scaffolds, could be added during production of such foam structures.
In conclusion, SCF drying of proteins offers a viable alternative to conventional
protein stabilization approaches. Moreover, the specific characteristics of SCF make it
an attractive method in several application areas, including protein delivery and tissue
engineering.
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SAMENVATTING

Therapeutische eiwitten zijn veelbelovende geneesmiddelen voor de behandeling van
ernstige en levensbedreigende ziekten. De ingewikkelde en gemakkelijk afbreekbare
structuur van eiwitmoleculen vereist extra aandacht bij het ontwikkelen van stabiele
toedieningsvormen voor therapeutische eiwitten. Wanneer een waterige oplossing van
het eiwit onvoldoende stabiel blijkt, wordt een gedroogde eiwitformulering gezien als
het best mogelijke alternatief.
In dit proefschrift wordt de bruikbaarheid van superkritisch drogen (SKD) voor het
maken van stabiele eiwitformuleringen onderzocht. Tot nu toe is het SKD van eiwitten
grotendeels beperkt geweest tot eiwitten die opgelost waren in organische
oplosmiddelen zoals dimethylsulfoxide. Organische vloeistoffen kunnen echter schade
toebrengen aan de eiwitstructuur. Bovendien vindt de productie van therapeutische
eiwitten gewoonlijk plaats in waterige oplossingen. Daarom heeft voor therapeutische
eiwitten het SKD uit waterige oplossingen heeft daarom sterk de voorkeur. De lage
oplosbaarheid van water in superkritische koolstofdioxide (SK-CO2) wordt algemeen
gezien als een belangrijk probleem voor het SKD van waterige oplossingen.  Om de
oplosbaarheid van water in SK-CO2 te verbeteren, worden met SK-CO2 mengbare
oplosmiddelen, zoals ethanol, toegevoegd aan de superkritische fase.
Tot nu toe is in de literatuur weinig aandacht besteed aan het SKD van waterige
eiwitoplossingen en de publicaties behandelen voornamelijk de vorming van deeltjes
(1). Farmaceutische toepassingen van eiwitten vereisen echter uitgebreide fysisch-
chemische karakterisering van het eiwit en de gedroogde formulering. Bovendien dient
vastgesteld te worden welke formulerings- en procesvariabelen belangrijk zijn voor het
succesvol stabiliseren van de eiwitstructuur door SKD.
Het doel van dit proefschrift was om te onderzoeken of het mogelijk is om met SKD
eiwitten vanuit waterige oplossingen te stabiliseren. Criteria om van een geslaagd
proces te kunnen spreken waren het ontstaan van een gestabiliseerd droog eiwit in een
drager met de gewenste fysisch-chemische eigenschappen (bij voorkeur een amorfe
matrix met een hoge glasovergangstemperatuur (Tg)) en volledig behoud van de
oorspronkelijke eiwitstructuur (in de gedroogde toestand en na het weer toevoegen van
water). De beschreven criteria zijn zowel geldig voor vriesdrogen als voor het gebruik
van andere droogtechnieken.
Na een algemene inleiding (Hoofdstuk 1) geeft Hoofdstuk 2 een overzicht van de
bestaande kennis omtrent het SKD van eiwitten. Er werd geconcludeerd dat SKD een
goed alternatief zou kunnen zijn voor de bestaande droogtechnieken, maar dat verder
onderzoek nodig is om beter inzicht te verkrijgen in het effect van SKD op de
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stabiliteit van eiwitten en om de belangrijkste proces- en formuleringsvariabelen vast
te stellen om eiwitten succesvol te kunnen stabiliseren.
In Hoofdstuk 3 werd een vergelijking gemaakt tussen het effect van SKD en
vriesdrogen op de stabiliteit van lysozym en myoglobine. Dit is de eerste keer dat er
een directe vergelijking gemaakt werd tussen de twee droogmethoden, waarbij
gekeken werd naar het behoud van de eiwitstructuur en de fysisch-chemische
eigenschappen van gedroogde formuleringen. Het doel was om meer inzicht te krijgen
in de mogelijkheid om SKD te gebruiken voor het drogen van waterige
eiwitoplossingen in de aanwezigheid van veelgebruikte stabilisatoren, saccharose en
trehalose. De formuleringen met een lage eiwit-suikerverhouding (1:100 g/g) bleken
goed te stabiliseren met vriesdrogen, maar waren niet optimaal voor SKD.
Superkritisch gedroogd myoglobine toonde veranderingen in de ruimtelijke structuur
en een hoog percentage onopgelost eiwit, hetgeen niet werd waargenomen als dezelfde
oplossing werd gevriesdroogd. Bovendien bleek voor beide eiwitten dat de
superkritisch gedroogde saccharose formuleringen kristallijn waren en voor de
trehalose formuleringen dat de Tg’s rond de 30 %C lagen. Deze fysische eigenschappen
waren significant verschillend van die van de overeenkomstige gevriesdroogde
formuleringen, welke amorf waren, hoge Tg waarden hadden en volledig
structuurbehoud van het eiwit toonden. De conclusie was dat verdere optimalisatie van
de formulering en het SKD proces nodig zijn om volledige eiwitstabilisering te
bereiken.
In hoofdstuk 4 was het doel om via SKD stabiele lysozym formuleringen te maken. De
invloed van de eiwit-suikerverhouding en de samenstelling van de superkritische fase
op de fysisch-chemische eigenschappen (zoals mate van amorf zijn, de Tg en het
restant oplosmiddel in het droge poeder) en de stabiliteit van het eiwit werden
bestudeerd. De optimale eiwit-suikerverhouding verhinderde zowel kristallisatie van
de suikerdrager als structuurveranderingen en samenklonteren van het ingesloten eiwit.
Deze formuleringen hadden echter een lage Tg, hetgeen ongewenst is voor de
stabiliteit tijdens opslag. Deze lage Tg werd toegeschreven aan de aanwezigheid van
onverwacht grote hoeveelheden achtergebleven ethanol (8-10 % g/g), wat
functioneerde als weekmaker. In dit hoofdstuk toonden we aan dat SKD van waterige
oplossingen zonder toevoeging van ethanol aan de superkritische fase mogelijk is.
Deze aanpak in samenhang met een secundaire droogfase (in een vacuümoven) leverde
stabiele amorfe formuleringen met hoge Tg-waarden.
In hoofdstuk 5 werd een relatief nieuwe techniek, nabij-infrarood (NIR) imaging,
geïntroduceerd voor de bestudering van de homogeniteit van gedroogde eiwit-suiker
formuleringen. Het is van belang dat de gedroogde producten homogeen van
samenstelling zijn, omdat beschreven is dat fasescheiding tussen eiwit en suiker kan
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leiden tot instabiliteit van het eiwit. NIR imaging met zijn ruimtelijk oplossend
vermogen van 10 – 40 ì m is gevoelig genoeg om de homogeniteit van superkritisch
gedroogde poeders met een deeltjesgrootte van 5-35 ì m vast te stellen. Een aantal
mogelijkheden om afbeeldingen weer te geven door middel van NIR-dataverwerking
werden getest en de beste methode werd gebruikt om de homogeniteit van
superkritisch gedroogde en gevriesdroogde lysozym-trehalose formuleringen met
elkaar te vergelijken. Aangetoond werd dat een superkritisch gedroogd lysozym-
trehalosemengsel tenminste net zo homogeen was als de gevriesdroogde formulering.
Voor het succesvol stabiliseren van eiwitten door middel van vriesdrogen, worden
hulpstoffen zoals suikers, polyolen en polysacchariden vaak toegepast. De
bruikbaarheid van deze stabiliserende hulpstoffen in SKD was tot nu toe niet volledig
bestudeerd. In hoofdstuk 6 werden 15 mogelijke stabilisatoren onderzocht op hun
vermogen om via SKD amorfe poeders te produceren met beheersbare
deeltjeseigenschappen, welke niet uitkristalliseren en kleine hoeveelheden residueel
oplosmiddel bevatten. Het bleek mogelijk om van de meeste onderzochte stabilisatoren
amorfe poeders te produceren. Voor relatief snel kristalliserende hulpstoffen, zoals
saccharose, bleek het mengen met een andere suiker een methode te zijn om
kristallisatie te vermijden. Net als in hoofdstuk 4 bleek de aanwezigheid van ethanol in
het poeder een groot nadeel, omdat dit als weekmaker fungeerde en zodoende de Tg
verlaagde.
In hoofdstuk 7 beoogden we humaan serum immunoglobuline G (IgG) door SKD te
stabiliseren. Hierbij pasten we dezelfde uitgangspunten toe die bruikbaar waren
gebleken voor myoglobine en lysozym. In de praktijk bleek dit echter niet voldoende:
het proces en de formulering moesten aangepast worden aan de eigenschappen van het
eiwit. Voor IgG hielp de toevoeging van buffer om de vorming van onoplosbare, maar
niet die van oplosbare aggregaten tegen te gaan. Volledige stabilisatie werd bereikt
door de procesomstandigheden aan te passen, namelijk door te drogen zonder ethanol
bij gelijke overige omstandigheden, of door te drogen met ethanol bij een temperatuur
(20%C) beneden het kritische punt.

De in dit proefschrift beschreven resultaten tonen aan dat SKD bruikbaar is om
stabiele eiwitformuleringen te produceren. Hierdoor wordt SKD een aantrekkelijk
alternatief voor andere droogtechnieken, zoals vriesdrogen.
Algemene aanbevelingen voor stabilisatie van eiwitten door middel van vriesdrogen
gelden ook voor  SKD. De toevoeging van een suiker aan de eiwitformulering
voorkomt het vormen van eiwitaggregaten in zowel de vaste toestand (Hoofdstuk 4)
als na reconstitutie (Hoofdstuk 3 en 7). Een amorfe drager met hoge Tg (Hoofdstuk 4
en 6) heeft de voorkeur omdat hiermee kristallisatie, waarvan bekend is dat dit zeer
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schadelijk is voor eiwitten, tegengegaan wordt. De meeste van de gewoonlijk
gebruikte stabilisatoren geven een amorfe drager (Hoofdstuk 6). Saccharose bleek
echter moeilijk tot amorf poeder te verwerken door middel van SKD (Hoofdstukk 3 en  6).
Hoewel voor alle droogtechnieken enkele algemene bereidingsregels voor
eiwitstabilisering gelden, verschillen de processen van SKD en vriesdrogen duidelijk
van elkaar. In SKD ontbreekt de invriesstap, maar kunnen factoren zoals mengen,
massatransportsnelheid, druppelvorming en samenstelling van de superkritische
vloeistof (Hfdst 4 en 7) een bepalende rol spelen in de kinetiek van het droogproces,
de eigenschappen van het gedroogde product en de keuze van de hulpstoffen. Het
ontwerp van het superkritische-droogproces ten einde een stabiele eiwitformulering te
verkrijgen bleek in de praktijk een subtiel samenspel tussen de keuze van de
hulpstoffen en de procesoptimalisatie. De samenstelling van de superkritische vloeistof
was belangrijk voor het succesvol drogen. Het gebruik van ethanol, waarvan
aangegeven was dat het noodzakelijk was voor het SKD van waterige oplossingen met
behulp van SK-CO2, bleek funest voor de stabiliteit van de bereiding. Ethanol gedroeg
zich als weekmaker, waardoor de Tg verlaagd werd (Hoofdstuk 4 en 6), wat aanleiding
gaf tot kristallisatie van de suikers tijdens opslag. De oorzaak van de aanwezigheid van
hoge percentages achtergebleven ethanol in gedroogde bereidingen ondanks het
doorleiden van CO2 (Hoofdstuk 4 en 6) zijn onduidelijk en dient verder uitgezocht te
worden. Hoewel de stabiliteit van lysozym niet beïnvloed werd door de aanwezigheid
van ethanol of dragerkristallisatie, zou het de stabiliteit van minder stabiele eiwitten
negatief kunnen beïnvloeden. De aanwezigheid van ethanol in de superkritische
vloeistof was aanleiding tot grote hoeveelheden oplosbare IgG-aggregaten (Hoofdstuk 7).
Belangrijk was dat het mogelijk bleek om te drogen zonder ethanol of andere
bijgemengde oplosmiddelen, indien de juiste bereidings- en procesparameters gekozen
werden. (Hoofdstuk 4 en 7). Bovendien bleek een tweede droogstap in een
vacuümoven het water te verwijderen en een amorf poeder te geven met een Tg die net
zo hoog bleek als die van gevriesdroogde cakes van dezelfde samenstelling
(Hoofdstuk 4).
Op grond van de resultaten van dit proefschrift, omvatten aanbevelingen voor het
stabiliseren van eiwitten door middel van SKD, het gebruik van buffers en
stabilisatoren (zoals koolhydraten), het vermijden van ethanol in superkritische fase
en/of het uitvoeren van de werkzaamheden bij lagere temperaturen (subkritische
omstandigheden).



177

Serbian summary

   

 

  (  ,  , )  

          . 

,         

    .       , 

         

-   .        

           

 .         

          

.  

 

,            

   .    ,     

     .        

e   . ,    ,   

    .   ,  

      , ,  

  .,       ,  

          

.         , 

      .      

          

  .           

       .    

 

       . 

 46 %         

  . ,     

:           

    ,         

   .        

   .     .   

 

           . 

 (  )   CO2    

 .    ( )    

 ,      .     

.          .   

            .   

       (   -     

 2  ).        

           

  .       

          .   



178

appendix

 

  -              

            

 .        

( . , ,  - ,  -  .)    

  (  , ,   

   .).      

         

     . 

 

         - : 

, ,   (  3, 4  7).   

         :  

 (   )      

 . ,        

      .  -   

  .           

     - ,       

 . ,           -

        . 

 

         -   

        

      . 



179

Abbreviations

ABBREVIATIONS

AP, alkaline phosphatase;
CD, circular dichroism;
CO2, carbon dioxide;
DCM, dichloromethane;
DMFA, N,N-dimethylformamide;
DMSO, dimethyl sulfoxide;
DSC, differential scanning calorimetry;
FTIR, Fourier transform infrared spectroscopy;
GPC, gel permeation chromatography;
HFIP, 1,1,1,3,3,3-hexafluoro-2-propanol;
HP-ß-CD, hydroxypropyl-ß-cyclodextrin;
IgG, immunoglobulin G;
LDH, lactate dehydrogenase;
MDSC, modulated DSC;
NIR, near infrared;
OD, optical density;
PCA, principal component analysis;
PLGA, poly(lactide-glycolide);
PLS, partial least squares regression;
rhDNase, recombinant human deoxyribonuclease;
rhIgG, recombinant human immunoglobulin G;
RO, reverse osmosis;
SC-CO2, supercritical carbon dioxide;
SCF, supercritical fluid;
SD, standard deviation;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
SEM, scanning electron microscopy;
SG, Savitsky Golay;
Tg, glass transition temperature;
XRPD, X-ray powder diffraction;



180

appendix

Curriculum Vitae
Nataša Jovanovic was born in Leposavic in Serbia. She finished primary school and
highschool (“Gimanzija”, Serbian school system similar to the Dutch “Gymnasium”)
in her hometown. In October 1994 she moved to Belgrade, to study pharmacy at the
University of Belgrade. She graduated with distinction (cum laude) in the spring of
2000. From 2000 until 2002 worked at the Faculty of Pharmacy, University of
Belgrade. During this period she was involved in research and teaching activities at the
faculty, worked in the team responsible for the translation in Serbian of 5th European
Pharmacopoeia and also worked part time for six months in a local pharmacy. In
November 2002 she moved to Utrecht, The Netherlands to start a PhD project at the
Department of Pharmaceutics, Utrecht University. The project was collaboration with
TU Delft and the results are presented in this thesis. From January 2007, Nataša is
working as a group leader in the Department of Pharmaceutics, Organon, Oss, The
Netherlands.

''



181

List of publications

LIST OF PUBLICATIONS

Nataša Jovanovic, Andréanne Bouchard, Gerard W. Hofland, Geert-Jan
Witkamp, Daan J.A. Crommelin and Wim Jiskoot. Stabilization of proteins in
dry powder formulations using supercritical fluid technology (Pharm Res, 21:
1955-1969 (2004)).

Nataša Jovanovic, Andréanne Bouchard, Gerard W. Hofland, Geert-Jan
Witkamp, Daan J.A. Crommelin and Wim Jiskoot. Distinct effects of sucrose and
trehalose on protein stability during supercritical fluid drying and freeze-
drying (Eur J Pharm Sci, 27: 336-345 (2006)).

Nataša Jovanovic, Ad Gerich, Andréanne Bouchard and Wim Jiskoot. Near-
infrared imaging for studying homogeneity of protein-sugar mixtures (Pharm
Res, 23: 2002-2013 (2006)).

Nataša Jovanovic, Andréanne Bouchard, Marc Sutter, Michiel Van Speybroeck,
Gerard W. Hofland, Geert-Jan Witkamp, Daan J.A. Crommelin and Wim Jiskoot.
Stable sugar-based protein formulations by supercritical fluid drying
(submitted for publication).

Nataša Jovanovic, Andréanne Bouchard, Gerard W. Hofland, Geert-Jan
Witkamp, Daan J.A. Crommelin and Wim Jiskoot. Stabilization of IgG by
supercritical fluid drying: optimization of formulation and process
parameters (submitted for publication).

Andréanne Bouchard, Nataša Jovanovic, Wim Jiskoot, Eduardo Mendes, Daan
J.A. Crommelin, Gerard W. Hofland and Geert-Jan Witkamp. Lysozyme particle
formation during supercritical fluid drying: Particle morphology and
molecular integrity (J. Supercrit Fluids, 40: 293-307 (2007)).

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Eduardo Mendes,
Daan J.A. Crommelin, Wim Jiskoot, and Geert-Jan Witkamp. Selective
production of polymorphs and pseudomorphs using supercritical fluid
crystallization from aqueous solutions (Accepted for publishing in Cryst
Growth Des).

'

'

'

'

'

'

'



182

appendix

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Wim Jiskoot,
Eduardo Mendes, Daan J.A. Crommelin and Geert-Jan Witkamp. Supercritical
fluid drying of carbohydrates: Selection of suitable excipients and process
conditions (submitted for publication).

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot and Geert-Jan Witkamp. Ways of manipulating the
polymorphism of glycine during supercritical fluid crystallisation (submitted
for publication).

Andréanne Bouchard, Nataša Jovanovic, Jan Over, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot and Geert-Jan Witkamp Carbon dioxide drying as an
intermediate unit operation in the production of immunoglobulin G
(submitted for publication).

Andréanne Bouchard, Nataša Jovanovic, Anne H. de Boer, Ángel Martín, Daan
J.A. Crommelin, Wim Jiskoot, Gerard W. Hofland and Geert-Jan Witkamp. Effect
of spraying conditions and nozzle design on the shape and size distribution of
particles obtained with supercritical fluid drying (submitted for publication).

Andréanne Bouchard, Nataša Jovanovic, Ángel Martín, Gerard W. Hofland, Daan
J.A. Crommelin, Wim Jiskoot and Geert-Jan Witkamp Effect of the modifier on
the particle formation and crystallisation behaviour during precipitation from
aqueous solutions (submitted for publication).

Poster and podium presentations:

Nataša Jovanovic, Andréanne Bouchard, Gerard W. Hofland, Geert-Jan Witkamp,
Daan J.A. Crommelin and Wim Jiskoot. Supercritical fluid drying for the
stabilization of IgG formulations. PSWC, April 2007, Amsterdam, The
Netherlands.

Nataša Jovanovic, Marc Sutter, Andréanne Bouchard, Michiel Van Speybroeck,
Gerard W. Hofland, Geert-Jan Witkamp, Daan J.A. Crommelin and Wim Jiskoot.
Protein stabilization by encapsulation in supercritical fluid dried sugar
microspheres. PSWC, April 2007, Amsterdam, The Netherlands.

'

'

'

'

'

'

'



183

List of publications

Nataša Jovanovic, Andréanne Bouchard, Marc Sutter, Michiel Van Speybroeck,
Gerard W. Hofland, Geert-Jan Witkamp, Daan J.A. Crommelin and Wim Jiskoot.
Optimization of protein-to-sugar ratio for protein stabilization by supercritical
drying technology. BioProcess International Conference, February 2006, Prague,
Czech Republic.

Nataša Jovanovic, Daan J.A. Crommelin and Wim Jiskoot. Challenges in
formulation and stabilization of pharmaceutical proteins, IMSCNS, July 2006,
Novi Sad, Serbia.

Nataša Jovanovic, Andréanne Bouchard, Daan J.A. Crommelin, Gerard W.
Hofland, Geert-Jan Witkamp, and Wim Jiskoot. Stabilization of myoglobin by
supercritical fluid drying. Pharmaceutical Sciences Fair and Exhibition, June 2005,
Nice, France.

Nataša Jovanovic, Andréanne Bouchard, Marc Sutter, Michiel Van Speybroeck,
Gerard W. Hofland, Geert-Jan Witkamp, Daan J.A. Crommelin and Wim Jiskoot.
Optimization of formulation parameters for protein stabilization by supercritical
drying technology studied by FTIR. AAPS Annual Meeting and Exposition,
November 2005, Nashville, USA.

Nataša Jovanovic, Andréanne Bouchard, Daan J.A. Crommelin, Gerard W.
Hofland, Geert-Jan Witkamp, and Wim Jiskoot. Stabilization of myoglobin
formulations using supercritical drying technology. AAPS Annual Meeting and
Exposition, November 2004, Baltimore, USA.

Nataša Jovanovic, Andréanne Bouchard, Daan J.A. Crommelin, Gerard W.
Hofland, Geert-Jan Witkamp, and Wim Jiskoot. Lysozyme stabilization by a
supercritical drying process. PSWC and GPEN, May 2004, Kyoto, Japan.

Nataša Jovanovic, Andréanne Bouchard, Daan J.A. Crommelin, Gerard W.
Hofland, Geert-Jan Witkamp, and Wim Jiskoot. Stabilization of pharmaceutical
proteins by supercritical fluid drying. Socrates course: - Innovative therapeutics:
from molecules to drugs, July 2003, London, UK.

'

'

'

'

'

'

'



184

appendix

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin,  Wim Jiskoot and Geert-Jan Witkamp. Selective crystallisation of
glycine polymorphs using supercritical fluid CO2. PSWC, April 2007, Amsterdam,
The Netherlands.

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot, and Geert-Jan Witkamp, Effect of the modifier on the
particle formation and crystallization behavior during precipitation from aqueous
solutions, 8th International Symposium on Supercritical Fluids, November 2006,
Kyoto, Japan.

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot, and Geert-Jan Witkamp, Effect of the modifier on the
particle formation and crystallization behavior during precipitation from aqueous
solutions, 8th International Symposium on Supercritical Fluids, November 2006,
Kyoto, Japan.

Andréanne Bouchard, Nataša Jovanovic, Wim Jiskoot, Daan J.A. Crommelin,
Gerard W. Hofland, Geert-Jan Witkamp, Pharmaceutical particulates prepared
using supercritical fluid drying, 13th international Workshop on Industrial
Crystallization - BIWIC 2006, September 2006, Delft, The Netherlands.

Andréanne Bouchard, Nataša Jovanovic, Daan J. A. Crommelin, Wim Jiskoot,
Gerard W. Hofland, and Geert-Jan Witkamp. Crystallinity of sugars dried with
supercritical CO2. 10th Meeting on Supercritical Fluids, December 2005, Colmar,
France.

Andréanne Bouchard, Nataša Jovanovic, Wim Jiskoot, Daan J.A. Crommelin,
Gerard W. Hofland, and Geert-Jan Witkamp, Supercritical drying of therapeutic
proteins: Effects of co-solvent of particle morphology and molecular integrity.
5th Netherlands Process Symposium (NPS5), October 2005, Veldhoven, The
Netherlands.

Andréanne Bouchard, Nataša Jovanovic, Daan J. A. Crommelin, Wim Jiskoot,
Gerard W. Hofland, and Geert-Jan Witkamp. Crystallisation behaviour of sugars
precipitated by supercritical fluids. International symposium in industrial
crystallisation, September 2005, Dresden, Germany.

'

'

'

'

'

'

'



185

List of publications

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot, and Geert-Jan Witkamp, Selective production of
pharmaceutical excipients using supercritical fluid drying. New Advances in
Crystal Growth & Nucleation Summer School, August 2005, Barga, Italy.

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot. Nozzle selection for the supercritical-drying of
lysozyme, Particulate processes in the pharmaceutical industry, June 2005,
Montreal, Canada.

Andréanne Bouchard, Nataša Jovanovic, Geert-Jan Witkamp, Daan J.A.
Crommelin, Wim Jiskoot, and Gerard W. Hofland. Lysozyme particle formation
from aqueous solution, International symposium on supercritical fluids, May 2005,
Orlando, USA.

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot and Geert-Jan Witkamp. Nozzle selection and
optimisation of process conditions for the supercritical-drying of lysozyme. ISASF
9th Meeting on Supercritical Fluids, June 2004, Trieste, Italy.

Andréanne Bouchard, Nataša Jovanovic, Gerard W. Hofland, Daan J.A.
Crommelin, Wim Jiskoot, and Geert-Jan Witkamp. Supercritical drying of
lysozyme from aqueous solution. Proceedings of the 6th International Symposium
on Supercritical Fluids, April 2003, Versailles, France.

'

'

'

'

'



186

appendix

ACKNOWLEDGMENTS/DANKWOORD/ZAHVALNICA

And now it is finally finished! What are 4 years! I still remember my first days in the
Netherlands: rainy November 2002, strange language, everywhere people biking,
despite cold, windy weather, professors which refused to be called professors but only
by their first name… But even then I had a good feeling about “the adventure” I started
and I followed that feeling. And now, looking back to what happened in the last four
years, I can say it was one of the most challenging periods of my life, professionally
but even more privately. But, I am still glad that I did it!
However, I was not alone in this journey. There were people with whom I worked. Also
people who believed in me, supported me and helped me. And to those people I
dedicate this chapter.

First of all I would like to thank to my supervisors: Wim Jiskoot and Daan
Crommelin.
Wim, you are good person, excellent scientist and great writer of English texts (and all
other texts as well)! However, your sharp humor and impatience were sometimes a real
challenge to deal with during our work meetings. But I think that we managed very
well and that the pleasure of working together was mutual. Thank you for the chance to
learn from you.
Daan, your knowledge and managing skills are incredible. You are everywhere:
meetings, congresses, universities, companies, abroad, a real “flying Dutchman”. And
still, when we had meetings, you were always dedicated and well informed about the
subject. You are strict but fair and compliments from you were not that rare as people
were saying. I liked also the “brainstorming” evenings at your place when we had
excellent discussions. Working with you was challenging and stimulating and I am glad
to have you as my promotor.

This project was a collaboration between Utrecht University and Delft University.
Therefore I would like to thank our Delft group: Geert-Jan Witkamp, Gerard
Hofland and Andréanne Bouchard. Geert-Jan, thank you for the pleasant meetings,
your positive attitude and your input in this project. Gerard, you were the “key” person
for the communication in our project, the “bridge” and the “buffer” between Utrecht
and Delft. Thank you also for help in understanding complex issues of
thermodynamics, phase diagrams and supercritical fluid properties. Andréanne, our
supervisors did a good job, managing to direct two different fields of expertise and two
different personalities to the same goal. And we managed! I am sure that we both



187

Acknowledgements

learned a lot about the cooperation and joint work. And I think that it was for both of
us fun and a challenge to switch now and then working places: for you coming to
Utrecht and working on the small-scale lab and for me, coming to Delft and working
in a large-scale environment, surrounded with huge pumps, big vessels and other
heavy equipment. Good luck with the new job in Denmark.

Before I continue further with all collaborators in this project, I would like to mention
“the causative factor” of my move to the Netherlands: Prof. Henk de Jong (Leiden
University). Dear Henk thank you for your advice “to look carefully at all possibilities
which come on your way…”. I did look carefully, took my chance and I am here
today.

During this project we had twice a year so-called the user committee meetings, where we
discussed the progress of the project. I would like to thank to all participants to these
meetings: Tina Ariën (J&J Pharmaceutical Research & Development, Janssen
Pharmaceutica), Jan Over (Sanquin), Leo de Leede (OctoPlus), Ries de Winter and
Mike Ugwoke (Solvay Pharmaceuticals), Geert Woerlee and Hubert Pellikaan
(FeyeCon), for their critical questions, comments and input. It was always more than
helpful for me to get feed-back from the “industry people” and to have good discussions
and different views on the project development.

Then, I would like to thank Ad Gerich (Department of Pharmaceutics, Organon) for the
pleasant and successful cooperation on near-infrared imaging. Ad, it was fun to work
with you and we did it well: one publication and, moreover, a chance for me to get in
contact with Organon. And now we are colleagues!

This project required different expertise. Among others, protein characterization by FTIR
seemed to be necessary. I would like to thank Marco van de Weert from the Danish
University of Pharmaceutical Sciences for introducing us to the FTIR technique.

During my presentation at PharmSciFair, I met Wouter Hinrichs (Department of
Pharmaceutical Technology and Biopharmacy, Groningen). Wouter thanks for the nice
discussions about protein stabilization. I am sorry that four years were not long enough
to explore well the stabilization capacity of the inulin you sent me.

In Delft I often worked with Michel van den Brink (Process and Energy Laboratory,
Delft University of Technology). Michel, thank you for making SEM photos and your



188

appendix

help with the GC analysis. I am grateful to Dr. Eduardo Mendes (Polymer Materials
and Engineering, Delft University of Technology) for the use of the X-ray powder
diffractometer.  Furthermore, I would like to thank Fager Kamalizadeh for being an
extra hand in some of the last drying experiments and Bas Vermeulen for helping
sometimes in the sample “delivery service” between Utrecht and Delft.

The last phase of this book I did with help of Marjoke Rijksen. Dear Marjoke, thank
you for your patience and excellent lay-out and cover design of the thesis.

Then, I am coming back to the place where everything started: Department of
Pharmaceutics, Utrecht University. I always say, if you want to learn a lot about
pharmaceutical sciences this is the right place to be! There is broad expertise in different
fields and there is a great social life. In this big group of 50-60 people you can’t feel
alone: “borrels”, parties, birthdays, sports, dinners… there is always something going
on, even science. It is amazing how high the level of interconnections and communication
between the people is. I really enjoyed my time there: THANKS!!!
However, there are some people whom I would like to mention specially:

First of all, head of the Department, Wim Hennink. Dear Wim, you are really like a
“father” of this big family, taking care that everything is running smoothly, managing
projects and people and most of all, always having time to join us with all social events.
Wim, especial thanks for your support during the last year of my stay at your department.

Then, the “engine” of the department, Mies van Steenbergen. If someone reads
acknowledgments of all PhD students who worked in the department, your name is always
there. And that has a reason. Your experience and knowledge in the lab, with different
techniques and with people is great. Thank you for all help with DSC, GPC and all other
things. Thank you for your optimism and “positive attitude to the machines because they
are sensing our stress and then start giving troubles “.

During my project I worked closely with Marc Sutter. Dear Marc, I have been always
astonished with the amount of knowledge you have. Everything you start you do with
great passion and dedication. And I admire your patience to explain and transfer
knowledge. Thank you for being a good colleague and great friend.



189

Acknowledgements

In my first year I got lot of help from Suzanne Hermeling. Dear Suzanne, thank you for
introducing me into the lab work and support in my first days in the Netherlands. Also
thanks to Deef and your family for the nice dinners and the bike tours in Limburg.

When I arrived in the Netherlands, my first accommodation was the home of the Talsma
family. Dear Herre, thank you for all, from the administrational trouble shooting in the
beginning until your help with the Dutch summary of the thesis in the end. Dear Ismet,
Selma and Dirk, you are my Dutch family and I am lucky to have you. In your home I
feel almost like in Serbia. Thank you for being there for me.

After a month in the Netherlands I got a roommate from Germany: Birgit Romberg.
Dear Brig, for three years we shared all good and less good things of our PhD time. I
enjoyed our time and our long conversations. I love that I can talk about everything with
you. We will stay in contact. Good luck with your promotion.

There are two ladies and good friends who have been my right hand in organization of
the things around the thesis defence: my dear paranimfen Maryam Amidi and Marion
Oudshoorn. Dear Maryam, you came two years later but from the first moment we
could talk as if we knew each other for the whole life. I enjoyed our going out, our
conversations and our “Nice adventure” (you know: night clubs etc…    ). And there is
more to come, I am waiting for you to move to Utrecht, but also we still have to organize
a trip to Serbia and Iran. Looking forward…Dear Marion you were “baby AIO” when
you started, but you have become a good and reliable friend. I am looking forward to our
sauna and spa days. Good luck with finishing your thesis. I am sure that your French
charm and excellent organizational skills (I guess that comes from your Dutch family
side) will open many future possibilities for you .

I had the luxury possibility to talk my mother language (Serbian) at my work. Draga
Lidija hvala ti za svu podršku, ljubav i rame za plakanje kada je bilo teško. Hvala ti za
sve šale i viceve kojima si me svakodnevno “bombardovala” . Family Oosting: Tony,
Nina, Mark, thank you for the nice dinners, laugh and joy. I am looking forward for
more of Tony’s wine selection, for our long political discussions (spiced with wine, of
course) and Latino dancing with Daizy.

I was also lucky to have Barbara de Jong-van Amstel, always willing to help with all
administrational things. Dear Barb, thank you for nice conversations, after-party rides

 and support when I needed.



190

appendix

I would like to thank to my students: Beatriz Sandoval Castaño and Michiel Van
Speybroeck. Dear Bea, you did a good job and part of your work is written in Chapter 3
of this thesis. It was a pleasure to have a smiling and a Spanish girl full of temperament
in the lab. Good luck with your job in Spain. Dear Michiel, from the first moment you
came it was clear I got a very smart student. I enjoyed our work and I could completely
rely on your results. Your work is part of Chapter 4 of the thesis. And as I already told
you, I do not have any doubts that you will make a good job whatever you do. Good luck
with your PhD project in Belgium.

Martin and Camiel thank you for being good colleagues and friends. Mark, I will miss
you “Amsterdam humor”, good luck with the new job. Dear Niels, I enjoyed very much
your enthusiasm and broad knowledge. Looking forward for more of our talks…

To thank properly to all people I worked with is not possible (I would risk to have an
acknowledgment chapter as long as a thesis). Therefore, to everybody else from the
Department of Pharmaceutics, thank you for being good colleagues!

Besides my lab life I had some time for my private life . I would like to thank my dear
friends who made this time valuable.

Dear Laura, I still remember that trainer wanted to kick us from the swimming pool
because we talked too much, and that was only our first conversation. That is always
with two of us, the moment we see each other we can talk and talk… Let’s keep this
friendship and good luck with chasing your EU career.
Lieve Nicoline, jij bent een schat en een goede vriendin. De eerste persoon tegen wie ik
Nederlands durfde te praten. Bedankt voor alle mooie momenten, steun en vriendschap.
Norman en Nicoline, wij hebben iemand verloren maar wij hebben elkaar nog steeds en
dat is voor mij zo belangrijk. Verder wil ik Dimka en Nico bedanken voor de gezellige
momenten, dinertjes en steun. Dimka en Nicoline, lieve meiden, nu heb ik eindelijk
meer tijd en wij kunnen iets meer samen doen.
Lieve Woela, Maria en Costa, bedankt voor de gezellige dinertjes en avonden. Lieve
Woela, nu is mijn “weekend schrijven” klaar en ik heb meer tijd voor onze gesprekken.
Ik verheug me er echt op.
Lieve Karin, bedankt voor jouw begrip, het gezellige eten en jouw altijd mooie woorden
en steun. Ik hoop dat ik nu meer tijd heb om jullie (jou en Wim) te bezoeken.



191

Acknowledgements

Also I would like to thank my “Serbian Utrecht University club” for the good time and
fun we had during our regular meetings: Tanja, Jelena P, Jelena B, Vlado, Marija,
Dragana, Nado hvala vam prijatnim trenucima i kafenisanju! Nikola, sada cu imati
malo više vremena da realizujemo ideju o web sajtu (mi u Nl). Vidimo se, znate vec,
zadnjeg petka u mesecu ☺. Dejane i Tanja hvala vam na uvek toplom gostoprimstvu u
vašem domu. Olja konacno obe imamo više vremena za posete. Draga Zoro hvala ti na
prijatnim vikendima u Nemackoj.

To all my friends and relatives in Serbia: Hvala vam na podršci i lepim trenucima!

Verder wil ik Marco Ferment, Erik Koper, Jan en Bernadette, Jochem en Heleen,
Taco en Inge, Jan-Mathijs en Yvonne, Marius, Fredrik Jan en Fleur, Allard en
Georgette, Rogier en Robijn, en alle andere vrinden van Eds clubje bedanken voor de
leuke feesten, bezoeken, en steun in zijn laatste maanden. Dear Huub, we went together
through a difficult time and supported each other. Good luck…

And now I would like to dedicate a few words to someone who is not among us anymore.
To a man who marked my life in the last 3.5 years. Dear Edward, from the moment we
met we had a wonderful time together. And it was always like that until 2006: we
understood, supported and loved each other. Unfortunately, it seems that not always
good things are meant to last long. In 2006 you got the terrible news about the disease
and you started your fight. And we all around you... Despite your strength, optimism and
great spirit, you lost this fight. And we lost you. Asking now why all this happened doesn’t
really help. Some things we will never understand. What helps is to memorize your life
motto and positive spirit: “Carpe diem! Try to enjoy life!” I will never forget our moments
together, traveling around Europe and the USA, flying lessons, sailing, drinking wine in
the Griftpark in the summer sunset... And I will try to do what I am sure you would like
me to do: to move on and take the best out of life!
Thanks to all people who supported me through this difficult period last year.

I would not be who I am and where I am, if I would not have such a great family.
Growing up surrounded with love, support and freedom to choose made me strong.
Therefore, the last words of this thesis are dedicated to the people with whom
everything in my life started: my family in Serbia.



192

appendix

Mama i tata hvala za ljubav, toplinu i podršku. Hvala vam za nesebi nost i bezgrani nu veru 

u svoju decu i naše odluke. Mama ako budem bar pola tako dobra i požrtvovana majka kao ti, 

moja e deca biti sre na. Tata, mi se razumemo i bez re i (pa ne kažu ljudi bez razloga da 

sam isti otac ), hvala ti što si negovao i razvijao moju radoznalost i ambiciju. Hvala mojim 

divnim sestrama i mojim najboljim drugaricama na ljubavi i podršci. Ivana i Bojana, znam 

da vam nije uvek bilo lako da imate “preterano” ambicioznu stariju sestru ali nadam se da ste 

svesne koliko sam ponosna na vas i koliko vas volim. Ma znate vi to ve  dobro . U 

medjuvremenu smo dobili jos dva nova lana: Sale sre na sam što je tako dobar ovek u našoj 

porodici. I naravno prošle godine se rodila mala Jovana, naša radost i razonoda.  

A ima emo mi još puno razloga da slavimo i da se radujemo... 

 

 

 

Family, friends and colleagues: 

 

XBA A 

THANK YOU 

BEDANKT 

 


